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Abstract

Tumor necrosis factor α (TNF) is a cytokine with a broad spectrum of activities. TNF has a critical role in the
pathogenesis of various immune cell-mediated diseases, including ulcerative colitis (UC), Crohn’s disease
and graft-versus-host disease (GvHD). In most cells and tissues, TNF induces a pro-inflammatory and
proliferative response, but fails to promote cell death unless transcription or translation is blocked. A major
exception are intestinal epithelial cells (IECs), in which TNF potently triggers cell death, contributing to
intestinal tissue destruction and enteropathy in the course of the abovementioned diseases. The underlying
mechanism that renders IECs susceptible towards TNF is at present not fully understood. We therefore
aimed to elucidate the key factors in the TNF signaling pathway, which regulate the TNF sensitivity in IECs.
Since inhibitor of apoptosis proteins (IAPs) are highly relevant in the regulation of the pro-survival signals
induced by the TNF receptor, the focus of this PhD project lied on the potential role of IAPs in TNF-mediated
IEC apoptosis. One major problem in quantifying the cell death-promoting and enteropathy-inducing action
of TNF in vivo is the transient character of IEC apoptosis. Therefore, this thesis also aimed at developing an
objective and quantitative assessment method for cell death in IECs in vitro. This is achieved by exploiting
a physiologically relevant three-dimensional intestinal organoid cultivating model to study TNF-induced cell
death in vitro. A third aim was to show a potential role of endogenous TWEAK (TNF-related weak inducer
of apoptosis) in TNF-induced enteropathy in a disease model of acute GvHD. Intestinal organoid cell death
was quantified by microscopy-based and colorimetric methods. Furthermore, the quantitative validity of
the method was determined and compared with standard in vivo and cell-based techniques upon treatment
with prototypical cell death stimuli. TNF-mediated cell death in IECs could be demonstrated in intestinal
organoids, an IEC cell line (YAMC cells) and in vivo. In comparison to liver tissue, IECs were found to express
low levels of IAPs. Co-treatment with TWEAK or a Smac mimetic compound, both known to result in reduced
availability of cIAP1 and cIAP2 at the TNFR1 complex, highly augmented TNF-mediated cell death in IECs,
which is in accordance with their protective function against TNF. Importantly, neither TWEAK nor Smac
mimetic treatment had any effect on chemotherapeutic agent-induced apoptosis. Additionally, genetic
deficiency of cIAP1, but not of cIAP2 or XIAP, resulted in a strongly increased TNF-induced cell death in IECs,
while none of these proteins appear to have an essential function in regulating TNF-induced liver damage.
In another study with a collaborating group, we show that the sensitization of IECs towards TNF-induced
apoptosis by endogenous TWEAK plays a crucial role in a disease model of acute GvHD. Mice treated with
a blocking antibody against the TWEAK receptor Fn14 showed reduced intestinal epithelial damage in
response to TNF injection. As a conclusion, a promising alternative method to in vivo and cell line-based
experiment was developed and validated, that allows reliable and large scale quantification of IEC viability.
Possible applications, such as pre-clinical screening for potential toxic activity of drugs or the investigation
of key proteins in cell death pathways, were proposed and tested. We further demonstrated that TNFmediated IEC death highly depends on the availability of cIAP1 at the TNFR complex. We successfully
identified cIAP1 as a key regulator of TNF sensitivity in the intestinal epithelium. Moreover, we provided
evidence that in contrast to other tissues and cells cIAP1 and cIAP2 have a non-redundant role in the
intestine. Hence, cIAP1 might have important implications for the pathogenesis of intestinal diseases, in
which TNF is involved, such as CD, UC and GvHD.
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Zusammenfassung
Tumornekrosefaktor α (TNF) ist ein Zytokin mit einem breiten Spektrum an Aktivitäten, welches bei der
Entstehung vieler Immunzell-vermittelter Krankheiten wie Ulcerative Colitis (UC), Morbus Crohn (CD)
und der Graft-versus-Host Reaktion (GvHD) eine entscheidende Rolle spielt. In den meisten Zellen
und Geweben induziert TNF lediglich eine inflammatorische und proliferative Zellantwort. TNF ruft
jedoch keinen Zelltod hervor, wenn nicht zugleich die Transkription oder die Translation der Zielzelle
inhibiert wird. Eine Ausnahme stellen intestinale Epithelzellen (IECs) dar, bei denen TNF effektiv
eine starke Zelltodantwort auslöst, und dadurch zu intestinaler Gewebezerstörung und Enteropathie im
Verlauf der oben genannten Krankheiten führt. Der zugrundeliegende Mechanismus, welcher die
Sensitivität der IECs gegenüber TNF hervorruft, ist zurzeit nicht vollständig geklärt. Deshalb wollten wir
die entscheidenden Faktoren des TNF-Signalweges identifizieren, welche diese Sensitivität der IECs
vermitteln. Da die „Inhibitor of Apoptosis“ Proteine (IAPs) entscheidend bei der Regulierung der
Zellantwort nach TNF-Stimulierung beteiligt sind, lag der Fokus dieser Doktorarbeit auf deren
möglicher Rolle bei der TNF-vermittelten IEC Apoptose. Ein wesentliches Problem bei der
Quantifizierung des Zelltod-fördenden Wirkung von TNF in IECs ist dessen transiente Natur in vivo.
Daher war ein weiteres Ziel dieser Arbeit die Entwicklung und Validierung einer quantitativen und
objektiven Beurteilungsmethode für IEC-Zelltod. Dies wurde durch die Verwendung der physiologisch
relevanten dreidimensionalen Kultivierungsmethode von Darmgewebe-Organoiden erreicht. Ein drittes
Ziel war es zu zeigen, dass endogenes TWEAK („TNF-related weak inducer of apoptosis“) eine potentiell
wichtige Rolle bei der TNF-induzierten Enteropathie in einem Krankheitsmodell für akute GvHD
spielt. Der Zelltod in Darmgewebe-Organoiden wurde durch mikroskopische und colorimetrische
Methoden beschrieben. Des Weiteren wurde die quantitative Validität der Methode nach
prototypischen Zelltod-Stimuli bestimmt und Standardmethoden für zellbasierte- und in vivo
Zelltodquantifizierung gegenübergestellt. TNF-vermittelter Zelltod in IECs konnte in DarmgewebeOrganoiden, intestinale Darmzelllinien und in vivo nachgewiesen werden. Im Vergleich zu Lebergewebe
zeigten IECs ein niedriges Expressionslevel der IAPs. Co-Behandlung mit TWEAK oder einem Smac
mimetic-Wirkstoff und die dadurch hervorgerufene reduzierte Verfügbarkeit von cIAP1 und cIAP2 am
TNFR1 Komplex führte in IECs zu einer extremen Verstärkung des TNF-vermittelten Zelltods. Weder die
Behandlung mit TWEAK noch mit Smac mimetics hatte jedoch einen Effekt bei Chemotherapeutikainduzierter Apoptose. Weiterhin wurde gezeigt, dass ein genetischer Knockout von cIAP1, aber nicht von
cIAP2 oder XIAP, eine starke Sensitivierung von IECs gegenüber TNF hervorruft, während keines dieser
Proteine eine Rolle beim Schutz von Leberzellen zu spielen scheint. In einer weiteren KollaborationsStudie zeigten wir, dass die Sensitivierung von IECs gegenüber TNF durch endogenes TWEAK eine
wesentliche Rolle in einem Krankheitsmodell für GvHD spielt. Mäuse, die mit einem blockierenden
Fn14-Antikörper behandelt wurden, zeigten nach TNF-Injektion eine geringere Anzahl an IEC-Zelltod.
Zusammenfassend wurde eine vielversprechende Alternative zu Zelllinien-basierten und in vivoExperimenten entwickelt und validiert, welche die Quantifizierung von IEC-Viabilität im großen
Maßstab erlaubt. Schließlich werden mögliche Anwendungsbereiche für die entwickelte Methode
vorgeschlagen, z.B. präklinische Screenings für potentielle Arzneimitteltoxizität oder die Erforschung von
Schlüsselproteinen in Zelltod-Signalwegen. Es wurde darüber hinaus gezeigt, dass der TNF-vermittelte
Zelltod stark von der Verfügbarkeit von cIAP1 am TNFR abhängig ist. Wir konnten cIAP1 als
möglichen Schlüsselfaktor für TNF-Sensitivität in IECs identifizieren. Des Weiteren konnte gezeigt
werden, dass cIAP1 und cIAP2 nicht-redundante Rolle im Darm spielt, im Gegensatz zum Lebergewebe.
Daher könnte cIAP1 eine wichtige Bedeutung bei der Pathogenese von TNF-induzierten
Darmgewebeschäden durch Krankheiten wie CD, UC und GvHD, zukommen.
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2 General Introduction
2.1 The gastrointestinal tract

2.1.1. Anatomy and function of the gastrointestinal tract
The role of the gastrointestinal tract (GIT) is to ensure the physical and chemical breakdown (digestion)
of food, the efficient absorption of nutrients across the intestinal epithelium and the elimination of
indigestible remnants through feces. This is accomplished by a set of compartments that are connected
in series and form the alimentary canal, which consists of esophagus, stomach, small intestine, large
intestine and rectum (Moglia et al., 2009). Transportation processes via peristaltic movements ensure
the directed split-lot transfer of the luminal content along and between the compartments. Moreover,
the epithelial layer of the intestine also provides a physical and immunological barrier by separating the
body from the environment that forms a continuum with the intestinal lumen (Abreu et al., 2000). It
protects against harmful entities like pathogenic microorganisms, which might be present within the
lumen of the alimentary canal (Gorbach and Tabaqchali, 1969). Taken together, the intestinal epithelial
layer has the delicate role of regulating the selective absorption of nutrients, while protecting the body
from the entry of potentially dangerous molecules or microbial organisms (McCracken and Lorenz,
2001).
The overall structural and anatomical organization of the GIT combines its major functions of nutrient
digestion, resorption, transportation, excretion as well as barrier provision, and displays a basic
structural similarity throughout its length. In this sense it consists of 4 layers: mucosa, submucosa,
muscularis externa and adventitia or serosa, which can be identified in all mammalian alimentary organs
(Palmeri et al., 2005). However, the individual compartments can strikingly differ in the appearance of
these layers, particularly the mucosa shows much variability (Hoffman et al., 2014). The esophagus, for
instance, has a multi-layered epithelium surrounded by a pronounced muscle layer to fulfill its
specialized transport function (Kalabis et al., 2008). In contrast to this, the principal function of the small
intestine is the uptake of nutrients, which is mediated and facilitated by a single cell epithelial mucosal
layer, consisting mainly of absorptive enterocytes (Turner, 2009).
Generally, the mucosa of the GIT consists of the epithelium, the underlying lamina propria, and the
muscularis mucosa. The lamina propria can be seen as the junction of the epithelial basal membrane
and underlying loose connective tissue (MacDonald and Monteleone, 2001). It has numerous lymphatic
and blood vessels, which ensure the distribution of the absorbed nutrients to the whole body. In
addition, the lamina propria harbors immune cells like lymphocytes, eosinophils and macrophages
(Mahida et al., 1997). As a matter of fact, the intestine possesses the largest mass of lymphoid tissue in
the body. The gut-associated lymphatic tissue (GALT) is considered to act as an immunological barrier
for pathogens (Eberl and Lochner, 2009). The submucosa contains likewise many blood and lymph
vessels, as well as intramural nerve plexi, that are placed in a dense irregular connective tissue. These
nerve plexi are called Meissner’s plexi and are organized as a network of unmyelated fibers together
with ganglion cells. They consist of sensory fibers and motor neurons of the enteric division of the
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autonomic nerve system (Van de Graaff, 1986). The muscularis externa is structured into an inner
circular and an outer longitudinal smooth muscle layer. Both layers work closely together, controlled by
the autonomic nervous system, to undergo slow, rhythmic waves of contractions, which propel the
luminal content along the digestive tract, a process known as peristalsis (Spencer and Smith, 2001). This
thesis primarily deals with the small intestine and the colon as the most important tissues for nutrient
absorption. Therefore, the focus will be on the organization of these organs.
The small intestine can be subdivided into 3 proximal-distal sections: the duodenum, jejunum and ileum,
which can be distinguished by their morphology and their function (Mayhew and Middleton, 1985). The
most striking differences between these components will be briefly presented in this section. In the
duodenum, Brunner’s glands can be identified in the submucosa, which secrete a viscous alkaline fluid
consisting of glycoproteins and bicarbonate ions into the lumen (Griffith and Harkins, 1956). This,
together with the bicarbonate from the pancreas, helps in protecting the proximal mucosa of the small
intestine by neutralizing the acidic chyme from the stomach. In the jejunum, as well as in the distal part
of the duodenum, plicae circulares (valves of Kerckring) can be found. These are large folds in the
mucosa with a core of submucosal tissue and widely project into the intestinal lumen, thereby enlarging
the absorptive surface (van Kruiningen, 1988). In the ileum, large aggregates of lymphoid nodules can
be found, that are referred to as Peyer’s patches (Cornes, 1965). They are located in the lamina propria
and extend into the submucosal tissue. Peyer’s patches are assumed to be important in the immune
surveillance and response to putative pathogenic organisms within the intestinal lumen (Van Kruiningen
et al., 2002). This is achieved by microfold (M) cells, a specialized kind of epithelial cells exclusively found
in these structures. M cells are permanently sampling luminal antigens by transcytosis and the passage
of antigens from the luminal side to mononuclear phagocytes (MNP), which in turn present these
antigens to B and T lymphocytes (Jung et al., 2010). When these antigens are derived from potentially
dangerous pathogens, an immune response is triggered. Intriguingly, under physiological conditions the
immune system can tolerate antigens that are derived from commensal bacteria at the same time
(Kagnoff, 1975). The major function of the colon is the reabsorption of water and electrolytes and
thereby the compaction of the stool (Phillips and Giller, 1973). Basically, the undigested nutriments have
to be eliminated from the body without excessive loss of water. The colon is also the site, where the
majority of the microbiota-dependent fermentation takes place (Flint et al., 2012).
2.1.2.

The intestinal epithelium

All parts of the small and large intestine are lined by a specialized single-cell layered epithelium. This
epithelial layer provides efficient absorption of nutrients, yet selectively prohibit entry of noxious
molecules, luminal microorganisms and their antigens (Turner, 2009). This barrier function is ensured
by the presence of tight junctions (TJ), large molecular complexes that, together with adherens junctions
(AJ), link the intestinal epithelial cells (IECs) to each other and seal the intercellular spaces on the luminal
surface (Peterson and Artis, 2014). Thus, they regulate the passage of molecules through the paracellular
space.
The epithelial cells of the small intestine are organized into villi and crypts, two functionally and
morphologically distinct structures. Villi are relatively large, finger-like protrusions pointing towards the
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gut lumen. They are the actual site of nutrient absorption and enlarge the absorptive surface area (van
der Flier and Clevers, 2009). Multiple crypts of Lieberkühn, smaller and tubular invaginations towards
the submucosal tissue, surround the base of each villus (see Fig. 2.1). The mucosa of the colon lacks villi
and consists exclusively of crypts that invaginate from a flat surface epithelium deeply into the
submucosa (Clevers, 2013).
A hallmark of the intestinal epithelium is its enormous self-renewing capacity. For instance, cells from
the murine small intestine are completely replaced within 4 to 5 days (Barker et al., 2010). This imposes
a requirement for a compensatory regeneration throughout life, that is driven by small populations of
adult stem cells, residing within specialized niches. It is known that the crypt base is home to these
intestinal stem cells, which constantly give rise to a progeny population of fast proliferating cells within
the crypt region (Grosse et al., 2011). These so-called transit-amplifying (TA) cells undergo up to 6 rounds
of cell division (Crosnier et al., 2006). While proliferating, TA cells already partially differentiate and
migrate along the crypt axis (see Fig. 2.1). Reaching the crypt-villus junction, these IEC progenitors stop
dividing and are already fully differentiated into distinct epithelial lineages (Rubin et al., 1991). They
proceed to migrate along the crypt-villus axis, presumably caused by constant pressure of newly
generated cells that demand space (Pinto and Clevers, 2005). One villus is estimated to be fed by up to
10 surrounding crypts in a ribbon-like manner (Simons and Clevers, 2011).
In mice, terminally differentiated cells reach the tip of the villi after 3 to 4 days. Here, they die by a
detachment-dependent programmed cell death mechanism called anoikis and are shed into the lumen
(Edelblum et al., 2006). The exact processes of this type of programmed cell death are poorly
understood, however, some studies indicate that anoikis involves activation of caspase 3 (Grossmann et
al., 1998). Interestingly, the shedding process occurs without any disturbance of the intestinal integrity,
consequently ensuring the intestinal barrier function (Watson et al., 2005). In the colon, where no villi
exist, differentiated cells are shed into the lumen from the flat surface epithelium after 3 to 5 days by a
homologous mechanism, while proliferation takes place within the crypt region (Strater et al., 1995). In
summary, the intestinal epithelium can be seen as a conveyor belt with a constant flow of proliferating
and differentiating cells, which are finally removed and substituted by their successors.
2.1.3.

Cell types of the intestinal epithelium

The terminally differentiated lineages of the intestinal epithelium have highly specialized functions and
can be divided into absorptive cells, mucus-secreting goblet cells, hormone-producing enteroendocrine
cells and bactericidal peptide-expressing Paneth cells (see Fig. 2.1). The columnar-shaped absorptive
cells of the intestine are generally called enterocytes, and colonocytes in particular when present in the
colonic mucosa (Roediger and Truelove, 1979). Enterocytes are the most abundant differentiated cell
type in the small intestine and are responsible for the absorption of sugars, peptides, amino acids, lipids,
vitamins and unconjugated bile salts (Sancho et al., 2003). Furthermore, they secrete a cocktail of
enzymes with hydrolytic activity and IgA antibodies into the intestinal lumen (Kett et al., 1990). In order
to further increase the effective absorption surface area, their apical plasma membrane is folded into
microvilli (brush border), microscopically small finger-like extensions (Hansen et al., 1999). Colonocytes
have specialized transporters at their plasma membrane site, which actively transport cations from the
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gut lumen into their cytoplasm. This results in an osmotic gradient, which also allows for a flux of water
across the epithelium and as a consequence contributes to the compaction of stool (Hayslett et al.,
1982). Goblet cells are cone-shaped cells that secrete a protective, glycoprotein-rich mucus, which
serves as a lubricant and stains PAS (periodic acid-Schiff) positive (Specian and Oliver, 1991). Their
abundance is lowest at the proximal parts of the intestine, like the duodenum, but increases towards
the more distal intestinal compartments to finally reach its maximum in the colon. The goblet cellderived mucins form a layer on the intestinal epithelium, and are thought to facilitate efficient nutrient
absorption, and at the same time to inhibit the diffusion of macromolecules and the adherence of
luminal microorganisms (Johansson et al., 2011). The role of enteroendocrine cells, which represent
approximately 1% of all epithelial cells, is the regulation of various functions of the GIT in an endocrineor paracrine-like fashion (Theodorakis et al., 2006). Paneth cells secrete antimicrobial enzymes like
lysozyme, α-defensins (called crypdins in murine tissue) and phospholipase A, in this way contributing
to innate immunity and antimicrobial defense (Porter et al., 2002). They escape the flow of migrating
cells by a yet poorly understood mechanism and reside at the base of the crypt. The life span of Paneth
cells lasts up to 3 weeks, substantially longer than other differentiated epithelial cells of the intestine
(Ireland et al., 2005). Under normal physiological conditions, Paneth cells only occur in the epithelium
of the small intestine. Since their apical acidophilic granules are very refractive, Paneth cells can be easily
identified by light microscopy. Of note, Paneth cells strongly contribute to the maintenance of the small
intestinal stem cell pool by secreting niche factors, as will be discussed in more detail in section 2.1.5
(Sato et al., 2011). Besides the already abovementioned M cells, another cell population with host
defense function and regulation can be found within the intestinal epithelium: intraepithelial
lymphocytes (IELs) (Brunner et al., 2001). They consist of different T cell subsets, like CD4+ and CD8αβ+
TCRαβ+ cells but also unconventional lymphocytes with CD8αα+ homodimers, which can be further
segregated into TCRαβ+ and TCRγδ+ subsets (Takagaki et al., 1989). They constitute the frontline against
invading pathogens and secrete a variety of immuneregulatory and activating cytokines (IL-2, IL-4, IL-17
and IFNγ) (Lundquist et al., 1996). Interestingly, IEL actively invade the epithelium and are therefore no
progeny of intestinal stem cells but of lymphoid progenitors. Up to 10% of all cells present in the
intestinal epithelium can be IELs (Poussier and Julius, 1994).
The complex processes of proliferation, differentiation and cell death that are essential to maintain the
intestinal structures have to be tightly regulated. On the one hand, arising excessive cell death might
impair the intestinal barrier function and thus result in an uncontrolled invasion of bacteria into the
submucosal tissue and local inflammation. On the other hand, an uncontrolled proliferation is believed
to favor adenoma formation of epithelial cells, and thus to present an essential driving force of tumor
development in the gut. Hence, the structural and functional integrity of the gut can only be sustained
if the rates of proliferation in the crypt and the cell death at the villus tip are equal under steady-state
conditions. Regarding the intestinal stem cells (ISCs), two models have been competing over the last
decades: the ‘stem cell zone model’, that was indroduced by Leblond, Cheng and Bjerknes (Bjerknes and
Cheng, 1981b; Cheng and Leblond, 1974)and the ‘+4 position model’ by Potten (Potten, 1977). The next
paragraph will present these models and the overall biology of intestinal stem cells.
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2.1.4.

The biology of intestinal stem cells

In 1972, a population of irradiation-susceptible, undifferentiated cells with high mitotic activity was
identified at the very base of the crypts, interspersed with the Paneth cells (Cheng and Leblond, 1974).
These cells were presumed to be intestinal stem cells and called crypt base columnar (CBC) cells
(Altmann and Leblond, 1982). However, the stem cell identity of CBC cells could only be indirectly proven
through specific radioactive labeling or introduction of heritable somatic marks (Bjerknes and Cheng,
1981a). Radioactive labeling or accumulation of mutations also appeared in several lineages of
differentiated cells after a certain period of time, indicating that CBC cells are the common ancestor of
these differentiated cells of the intestinal lining (Bjerknes and Cheng, 1999). Nevertheless, a direct proof
for the stem cell identity of CBC cells was not reported until 2007, when CBC cell-specific markers were
found. One of the most important stem cell markers of the intestine is Lgr5 (Leu-rich repeat-containing
G protein-coupled receptor 5), an orphan 7-transmembrane helix receptor and WNT target gene that is
selectively expressed in CBC stem cells, which was visualized by using Lgr5-LacZ or Lgr5-GFP reporter
mice (Barker et al., 2007). Moreover, in vivo lineage tracing in a Lgr5-EGFP-IRES-Cre-ERT2/R26R-lacZ
mouse model confirmed that all major differentiated lineages of the intestinal epithelium were LacZ
positive and thus validated Lgr5+ CBC cells as self-renewing, multipotent intestinal stem cells (Barker et
al., 2007). This was further confirmed by ex vivo assays, in which only GFP-positive cells of crypts from
the Lgr5-GFP reporter mouse were able to expand in culture under permissive conditions (Sato et al.,
2009). Worth mentioning are also other CBC stem cell marker besides Lgr5, e.g. OLFM4, MSI1, ASCL2
and SMOC2, which are less commonly used (see Fig. 2.1 F) (Barker, 2014).
The ‘+4 position model’ favors the existence of intestinal stem cells that reside directly above the Paneth
cell compartment, on average at the fourth position counted from the crypt base (Potten, 1977). As CBC
cells, they are reported to be highly radiation-sensitive, a characteristic feature shared with many other
somatic stem cells. These cells were alternatively called label-retaining cells (LRCs), since they have been
reported to retain DNA-labels like BrdU (Potten et al., 2009). Label-retaining is a common feature of
non-dividing cells or quiescent stem cells, respectively. Nevertheless, since +4 position LRCs do divide, it
is proposed that the label retaining is a result of asymmetric cell division, which segregates old (labeled)
and newly synthesized (unlabeled) DNA strands into stem cells and their progeny (Morrison and Kimble,
2006). The best-described marker gene for +4 stem cells is Bmi1, which is expressed predominantly in
cells of the proximal parts of the small intestine (Yan et al., 2012). Other reported markers (e.g. HOPX1,
LRIG1 or TERT) have been shown to be insufficient to exclusively indicate +4 cells, or resulted in
inconsistent lineage tracing findings (see Fig. 2.1 F) (Barker, 2014). Bmi1 encodes a component of the
Polycomb repressor, which is implicated in the regulation of replication in various somatic stem cells. By
using a Bmi1-IRES-CreERT2/R26R-lacZ mouse model for in vivo lineage tracing, it was demonstrated that
+4 cells are indeed self-renewing, multipotent stem cells that are contributing to long-term epithelial
homeostasis (Sangiorgi and Capecchi, 2008). Furthermore, intestinal self-renewal was disturbed after in
vivo ablation of the BMI1+ cell population, and sorted BMI1+ single cells were able to generate intestinal
organoids under permissive culture conditions (Tian et al., 2011). However, since Bmi1 expression is not
specifically observed in +4 cells, but also robustly seen to occur in CBC cells in some scientific groups,
these data currently a matter of vigorous debate (Munoz et al., 2012).
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Albeit the ‘stem cell zone model’ and the ‘+4 model’ are opposed in several properties, they are not
necessarily contradictory when formulating a more plastic model of stem cell identity. This model
describes CBC cells as active stem cells responsible for epithelial homeostasis under physiological
conditions, whereas it considers the more quiescent +4 cells to act as reserve stem cells, which are
activated upon injury to positively affect tissue regeneration (Clevers, 2013). In vivo lineage tracing
experiments of BMI1+ cells after acute ablation of Lgr5+ CBC cell ablation revealed that +4 cells support
the repopulation of the Lgr5+ stem cell pool (Buczacki et al., 2013). This ‘crypt plasticity model’ also
suggests that early progeny TA cells can reacquire stem cell identity to ensure maintenance of epithelial
homeostasis in the eventuality of a catastrophic loss of stem cells (van Es et al., 2012).

Fig. 2.1: Structural or organization, eptihelial self-renewal and stem cell maintenance in the small and large bowel.
A-B Morphology and organization of the small (A) and large (B) intestine as scanning electron micrographs. C-D
Schematic view of the constant proliferation and self-renewal of the small (C) and large (D) intestine. In the small
intestine, constant migration of epithelial cells leads to shedding of mature epithelial cells and anoikis at the villus tip.
(E) Schematic diagram of cellular differentiation in the small intestine. TA proliferating cells (blue) are generated from
from crypt-base resident stem cells (green). While differentiating into absorptive enterocytes (white), Goblet cells
(brown), or enteroendocrine cells (orange), they keep constantly migrating. In the small intestine, Paneth cells (yellow)
and ‘backup +4 stem cells’ can be found at the crypt base. F Stem cell markers of CBC stem cells and +4 stem cells. G
Schematic view of mesenchymal and Paneth cell-derived stem cell maintenance factors. ASCL2: achaete-scute complex
homolog 2; BMI1: B lymphoma Mo-MLV insertion region 1 homolog; CBC: crypt base columnar cell; DLL4: delta-like
ligand 4; EGF: epidermal growth factor; HOPX: homeodomain-only protein; LGR5: leucine-rich repeat-containing Gprotein coupled receptor 5; LRIG1: leucine-rich repeats and immunglobulin-like domains protein 1; MSI1: Musashi
homolog 1; SMOC2: SPARC-related modular calcium-binding protein 2; TA: transit amplifying; TERT: telomerase reverse
transcriptase. Source: modified from Barker N; Nat Rev Mol Cell Biol 2014.
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2.1.5.

The stem cell niche

As mentioned above, Paneth cells are not only assigned a defensive role, but also directly contribute to
the stem cell niche at the crypt bottom (Sato et al., 2011). Interestingly, sorted single Lgr5+ stem cells
fail to generate intestinal organoids in the absence of a growth factor cocktail in the culture medium
(see section 2.6.2). However, when combined with Paneth cells, Lgr5+ cells could expand ex vivo without
any need of additional cytokines, suggesting that Paneth cells secrete the necessary growth factors for
stem cell maintenance (Sato et al., 2011). This effect was confirmed by using an inducible system for
genetic ablation of Paneth cells, where in the absence of Paneth cells, the population of Lgr5+ stem cells
was accordingly reduced (Garabedian et al., 1997). Taken together, Paneth cells are able to secrete
factors, which sustain ISC survival and proliferation and suppress ISC differentiation. Moreover, these
factors have been identified as WNT3, EGF (epidermal growth factor), TGFα (transforming growth factor
α) and DLL4 (delta-like ligand 4) via transcriptional profiling (see Fig. 2.1 G) (Sato et al., 2011). Opposed
to this, underlying mesenchymal cells attenuate stem cell maintenance by the secretion of Frizzledrelated proteins (sFRPs), a mechanism that might prevent over-proliferation of ISCs (Gregorieff et al.,
2005). Additionally, mesenchymal cells create a gradient of BMP2 (bone morphogenic protein 2) and
BMP4 along the crypt axis, and consequently drive TA differentiation (He et al., 2004). Ex vivo data
indicate that the Wnt agonist R-Spondin-1 is indispensible for the maintenance of ISCs, but its in vivo
source is yet unknown (Sato et al., 2009). Taken together, the maintenance of the intestinal homeostasis
is a complex process that involves various signaling molecules influencing stemness, proliferation and
differentiation on the one hand, and cell death on the other hand.

2.2.

Pathophysiological conditions of the intestine

The constant self-renewal and the barrier function of the intestinal epithelial layer are maintained by
regulated proliferation and cell death, respectively. However, if excessive cell death prevails, the
subsequent disturbance of the homeostasis leads to epithelial disintegration, luminal bacteria invasion
and inflammation, and might result in diarrhea and malabsorption (Di Sabatino et al., 2003; Iwamoto et
al., 1996). Two groups of stimuli leading to enteropathic epithelial cell death are distinguished:
chemical/physical stressors and immune cell-mediated stimuli. The next chapters will further delineate
the respective subgroups of cell death triggers.
2.2.1.

Chemical and physical stressor-induced enteropathy

Given the fact that the intestine is a highly proliferative organ, it demonstrates an immense intrinsic
susceptibility to anti-cancer therapies, such as irradiation and chemotherapy (Jin, 2012). Particularly
stem cells and TA cells display a high sensitivity towards genotoxic treatments, such as irradiation and
chemotherapeutic drugs, apparently owing to their high cell division and DNA synthesis rate (Moore,
1986). As a consequence thereof, DNA damage-induced cell death is most often encountered in the
crypt region of the intestine and to a lesser extent in the terminally differentiated villus region. Massive
intestinal epithelial injury and immune cell ablation is called ‘mucositis’, a condition that is one of the
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most prominent and dose-limiting side effects of tumor patient treatment, leading to a discomforting of
the patient after anti-cancer therapy with symptoms like diarrhea, malabsorption, villus atrophy and
secondary infections (Xian, 2003). Besides chemotherapeutic treatments, damage of the intestinal
epithelium can also originate from the ingestion of hazardous toxic agents or nano-particles, or via
luminal pathogen-derived toxic products (Kalive et al., 2012; Valverde et al., 2008).
2.2.2.

Immune cell-mediated enteropathy

A hallmark of all immunopathological conditions in the intestine is an uncontrolled activation of immune
cells. This leads to the generation of cytotoxic effector functions and a release of pro-inflammatory
cytokines, which either directly damage the intestinal epithelium via cell death induction or disrupt the
epithelial TJs (MacDonald and Spencer, 1992). Eventually, both effects cause gut barrier dysfunction and
further accelerated inflammation by submucosal bacterial infiltration (Sommer and Backhed, 2013).
However, whether the unrestrained activation of immune cells and inflammation of the tissue causes
cell death and epithelial barrier disintegration, or whether the barrier disruption leads to bacterial
invasion into submucosal tissue, and thereby triggers the inflammatory response, remains elusive. But
regardless of what the causes and what the consequences are, they clearly might lead to a mutual
synergistic enhancement of the inflammatory response, which can be seen as a vicious cycle (Maynard
et al., 2012). In particular, members of the tumor necrosis factor (TNF) family, such as TNFα and Fas
(CD95) ligand, have been shown to convey immune cell-mediated damage to the intestinal epithelium.
Well known conditions of immune cell-mediated enteropathies are inflammatory bowel disease (IBD)
(Sanders, 2005), graft-versus-host disease (GvHD) (Washington and Jagasia, 2009) and coeliac disease
(Maiuri et al., 2001).
2.2.3.

Inflammatory bowel disease (IBD)

IBD is a collective term that subsumes various relapsing or chronic immune-related disorders that in
principle can occur anywhere in the gastrointestinal epithelial lining (Baumgart and Sandborn, 2007).
The most frequent forms of IBD are Crohn’s disease (CD) and ulcerative colitis (UC), affecting about 2.2
million people in Europe, yet there are minor classes like lymphocytic or collagenous colitis, which are
less often diagnosed (Cosnes et al., 2011). Hallmarks of IBD are a local inflammatory response, along
with excessive intestinal epithelial cell death, leading to disruption of the intestinal epithelium and
intestinal barrier dysfunction (Sartor, 2006). The pathogenesis of IBD is complex and incompletely
understood, and has a multifactorial etiology. It involves an individual genetic predisposition component
as well as an environmental factor or lifestyle component, which together elicit persistent activation of
intestinal mucosal immune responses against the gut microbiome (Jostins et al., 2012; Khor et al., 2011).
In some patients with IBD, treatments with antibiotics effectively ameliorate the course of the disease,
and most murine colitis models fail to develop in germ-free animals (Elson et al., 2005). This indicates
that intestinal microbiota is an important factor in IBD progression. Some specific pathogens have been
incriminated in IBD development, but so far none has been confirmed as causative (Sartor, 2008).
Therefore, IBD can be thought of as a disrupted communication between host and intestinal microbiota.
Polymorphisms in genomic regions, that are significantly associated with IBD, are either linked to specific
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signaling molecule genes (e.g. Il-10, CARD9, TNFSF8) or transcription factors (NKX2-3, ZMIZ1, SMAD3)
(Lees et al., 2011). Furthermore, specific genes that can be assigned to contribute at various levels to
the IL-12/IL-12R and IL-23/IL-23R pathways, or polymorphisms within specific loci with multiple
potentially involved genes (e.g. 1q32, 5p13, 9q32, 9q34) are often associated with IBD (Cho and Brant,
2011; Uhlig et al., 2006). The majority of the aforementioned genes is thought to regulate innate
immune responses. For instance, IL-10 is known to inhibit the activation of adaptive immune cells via
the inhibition of pro-inflammatory cytokine expression (Kuhn et al., 1993). In fact, many signaling
molecules of the innate immune response, e.g. toll-like receptors (TLR) have been identified to be
functionally involved in the pathogenesis of IBD, particularly TLR4 (Fort et al., 2005). Consistent with
this, mice with double deficiency in MyD88 and TRIF, the two possible TLR downstream scaffolding
proteins, fail to develop experimental intestinal inflammation (Slack et al., 2009). Interestingly, some
but not all of the associated genes are also linked to other immunopathologic conditions, mainly to autoimmune diseases like type I diabetes, systemic lupus erythematosus (both IL-10), psoriasis (IL-23R),
multiple sclerosis (5p13, ZMIZ1) and asthma (SMAD3) (Cho and Brant, 2011). Gene alterations with
specific association with either CD of UC will be discussed later.
The cocktail of released cytokines, which directly or indirectly induces damage of the intestinal
epithelium, includes IFNγ, TNFα, IL-1β, IL-2, IL-6, IL-12, IL-13, IL-17, IL-23 and IL-27 (Neurath, 2014).
Comparable to gut microbiome-derived antigens in IBD, nutrition-derived antigens are able to trigger an
unrestrained immune response, a mechanism believed to cause food allergies and celiac disease (Volta
and De Giorgio, 2012). The course of IBD is evidently immune cell-mediated, however, whether it is a T
cell disorder or an exclusive overreaction of the innate immune system is under debate. The involvement
of macrophages as a connecting link between innate and acquired immune cells is also possible, and
could conglomerate both theories in a manner in which a sustained microbial-induced activation of
innate immune cells lead to a strong over-activation of TH1, TH17 and cytotoxic T cells (Fries et al., 2013;
Kadayakkara et al., 2012). In accordance with this, various studies illustrate that both innate immune
cells, including NK cells, as well as the adaptive immune system are relevant for disease progression
(Brandtzaeg et al., 2006; Heller et al., 2002; Hue et al., 2006; Slack et al., 2009). Since CD, UC and GvHD
are of high significance for this thesis, more information will be given in the following chapters.
2.2.4. Crohn’s disease (CD)
In CD patients, discontinuous patchy gut inflammations with skip lesions usually emerge in the distal
ileum or the colon. The inflammation of the tissue is transmural, meaning that it involves all layers of
the bowel wall (Xavier and Podolsky, 2007). Aggregates of macrophages, which form granulomas are a
common histopathologic feature of CD. The symptoms of CD are diarrhea, abdominal cramping and pain,
fever, anaemia, weight loss and fatigue (Almadi et al., 2011). In some reported cases, the inflammation
also secondarily manifests in other tissues and organs, like skin, joints, liver, eye and mouth (Greenstein
et al., 1976). The chronic bowel inflammation in CD patients can lead to further complication, like
stenosis, formation of abscesses and fistulas (Maconi et al., 2003). Moreover, CD patients also have a
significantly higher risk of developing colon cancer (Bernstein et al., 2001). There are several gene loci
or regions, which are specifically connected to CD. Among these, NOD2 (CARD15) polymorphism is the
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most common and also the first one that was discovered (Hugot et al., 2001). It encodes an intracellular
microbe recognition receptor of the innate immune response system, which binds muramyldipeptide
(MDP) to further activate the pro-inflammatory NFκB pathway (Barnich et al., 2005). Also, CD has been
linked to polymorphisms in the genomic regions of 5q31, 9q32, 10q21 and 22q13 (Cho and Brant, 2011).
Intriguingly, genes that encode pivotal proteins for the regulation of the autophagy machinery, such as
ATG16L1 and IRGM, as well as genes involved in the unfolded protein response pathway, such as XBP1,
are associated with CD, implicating that these processes play an important role in the pathogenesis of
the disease (Kaser et al., 2008; Massey and Parkes, 2007).
2.2.5.

Ulcerative colitis (UC)

Unlike CD, UC is rather continuous than patchy, and mainly affects the colon and rectum (Edwards and
Truelove, 1964). Moreover, inflammation and ulcers typically impact only the mucosa, compared with
the deeper lesions observed in CD. Histopathological features include neutrophil infiltration and abscess
formation at the site of inflammation (Lennard-Jones, 1989). Symptoms include bloody diarrhea, fever,
abdominal pain and cramping, weight loss and fatigue (Rao et al., 1988). Like in CD, secondary
manifestations of an UC-derived inflammatory response can occur in other organs (skin, eyes, joints,
mouth and liver) (Danzi, 1988). Gene loci that are predominantly associated with UC include a major
histocompatibility complex region (6p21), FCGR2A (Fc fragment receptor), a common genetic region for
cytokines, like IFN-γ, IL-22 and IL-26 (12q14), and 2 regions that affect the epithelial defense (7q22 and
20q13) (McGovern et al., 2010).
2.2.6.

Treatment of IBD

For some patients, changing diet and lowering stress is likely to reduce the symptoms and improve the
quality of life (Danese et al., 2004). Classically, the medical treatment of IBD is individual for each patient
and depends on the severity of the disease. Commonly, 5-aminosalicylates (e.g. sulfasalazine,
mesalamine) are used to treat mild to moderate forms of IBD as a first line treatment (Sutherland, 1998).
When this treatment exhibits no effect, an antibiotic treatment follows, mostly with metronidazole or
ciprofloxacin (Sands, 2000). In cases of moderate to severe forms of IBD and when antibiotic treatment
failed, treatment with the fast-acting anti-inflammatory corticosteroids (e.g. prednisone,
hydrocortisone) is used. However, owing to their strong systemic side-effects, the last option is not
recommended for long-term treatment (Sidoroff and Kolho, 2012). In severe forms of IBD or poor
responsiveness to other medications, immunosuppressive drugs, like 6-mercaptopurine, azathioprine,
cyclosporins or methothrexate are applied in order to ameliorate the symptoms. Unfortunately, the
onset time of these drugs is very long and they show severe side effects (Khan et al., 2011). There are
also surgical options for treating IBD, e.g. removal of the inflamed parts of the colon (colectomy) or
resection. In this regard, while the prognosis after surgery is quite good for UC patients, a relapse in CD
patients is sadly very frequent (Pastore et al., 1997).
A new approach for IBD treatment is the application of ‘biologics’, which act against key molecules of
the disease. These include chimeric antibodies (infliximab), human antibodies (adalimumab,
golimumab) and humanized Fab fragments (certolizumab pegol) against TNF, as well as IgG-TNF receptor
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fusion proteins (etanercept) (Baumgart and Sandborn, 2007). These therapies offer very high efficiency,
leading to remission in up to 68% of IBD patients. Unfortunately, at least in case of infliximab, one third
of patients loses responsiveness within the first years of treatment, probably due to anti-drug antibody
formation, and need to be switched to another TNF inhibitor therapy (Danese et al., 2011). Moreover
ustekinumab, a monoclonal antibody against IL-12 and IL-23, is being investigated as a potential
therapeutic agent for CD (Mannon et al., 2004). Recently, antibodies have been developed, that target
adhesion molecules of the integrin family, which mediate leukocyte adhesion and transmigration, for
instance natalizumab acting against α4 integrin, or vedolizumab and etrolizumab acting against β7
integrin (Marsal and Agace, 2012). Additionally to biologics, small molecules like tofacitinib, a selective
JAK1 and JAK3 inhibitor, are promising agents for the treatment of UC (Sandborn et al., 2012).
Excessive cell death, primarily induced by TNF, has a key role in IBD pathology, which is shown by the
massive therapeutic impact of anti-TNF antibodies. In virtue of the importance of TNF-mediated cell
death, the next chapter will further focus on the regulation and signaling of apoptosis and necroptosis
(see section 2.3.5). The importance of inhibitor of apoptosis proteins (IAPs) in regulating cell death and
protecting cells from TNF-mediated cell death induction will be discussed afterwards (see section 2.4.1).
2.2.7.

Graft-versus-host disease (GvHD)

GvHD only develops after allogeneic hematopoietic cell transplantation (allo-HCT), which is a common
treatment for various malignant and non-malignant diseases of the hematopoietic system (Shlomchik,
2007). The basis of this disease is a massive immune response of the donor cells against normal nontransformed host cells, being recognized as a foreign entity. The risk of GvHD is strongly connected to
the HLA (human leucocyte antigen) (in)compatibility of the donor with the host (Kanda et al., 2004).
Acute GvHD is one of the most common reasons for mortality after allo-HCT, due to excessive cell death
in the GI tract, liver and skin (Fontaine et al., 2001). In order to prevent this fatal effect, patients
undergoing allo-HCT are usually treated with immunosuppressive agents like glucocorticoids,
antimetabolites or cyclosporine A throughout their entire life. Interestingly, GvHD susceptibility is
strongly associated with polymorphisms of the NOD2 gene (Nalle and Turner, 2015).

2.3.

Unregulated and programmed cell death

All multicellular organisms are dependent on a more or less constant number of cells that has to be
tightly regulated. To reach cellular homeostasis, proliferation has to be counterbalanced by a
corresponding built-in latent capacity of cells to die: programmed cell death (PCD). Since various tissues
are constantly proliferating, for instance the intestinal epithelium, as already discussed, compensational
PCD is a fundamental process that takes place at any time within the body. In fact, cell death is crucial
for the elimination of unwanted, harmful, aged, damaged, infected or autoreactive cells during
development, homeostasis and pathogenesis (Fulda et al., 2010). So far, various forms of cell death have
been identified, which can be distinguished morphologically and biochemically. Apoptosis, necrosis and
necroptosis represent different modes of cell death, which will be focused on in this chapter. Being the
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prototypic form of PCD, apoptosis will be compared to necrosis, which is not a PCD but referred to as an
unregulated form of cell death. Furthermore, necroptosis will be introduced as a relatively novel
mechanism of PCD that morphologically resembles necrosis.
2.3.1.

Apoptosis

The term apoptosis was introduced in 1972, where it was defined in a physiological and
pathophysiological context of cell death by prominent morphological characteristics, such as nuclear
fragmentation, chromatin condensation, cytoplasmic shrinkage and an intact membrane with blebbingfeatured formation of apoptotic bodies (Kerr et al., 1972). The removal of individual apoptotic cells was
shown to be adopted by phagocytic cells, which engulf and eliminate fragmented apoptotic cells, while
the overall structure of the surrounding tissue is not affected (Fadok et al., 1998). Biochemical features
of apoptosis were later identified to include DNA cleavage into inter-nucleosomal fragments,
phosphatidylserine externalization and the cleavage of intracellular substrate proteins by specific
proteases (Cohen et al., 1994; Martin and Green, 1995). The executive machinery of apoptosis was first
investigated via a genetic approach using the model organism Caenorhabditis elegans (Liu and
Hengartner, 1999). During embryogenesis of this nematode worm, a fixed number of 1090 somatic cells
are produced, of which 131 cells undergo apoptosis at reproducible locations and times, allowing a
complete fate mapping of each cell. Mutations in at least 14 C. elegans genes were shown to impact
apoptosis and were thus categorized as ‘cell death abnormal’ (ced) mutations (Horvitz, 1999). Most of
these genes were highly conserved and enabled scientists to identify and investigate their mammalian
homologs that either regulate or execute apoptosis.
The sophisticated mechanisms of apoptosis involve a cascade of enzymatic events that are separated
into two distinct pathways: the extrinsic or death receptor-activated pathway, and the intrinsic or
mitochondrial pathway (Fulda and Debatin, 2006). However, to date there is strong evidence that these
pathways are linked and to a certain degree influence each other, ultimately converging on the same
execution pathway.
One common feature of the extrinsic and intrinsic pathway is the activation of caspases (Degterev et al.,
2003). These are proteases with a cysteine residue at their active site, which allows them to cleave their
target proteins at an aspartic acid residue. However, different caspases have specific recognition
sequences of the neighboring amino acids (McStay et al., 2008). Caspases exist as inactive pro-enzymes
(zymogens) that can be functionally grouped into 3 classes: initiator, effector and inflammatory caspases
(Li and Yuan, 2008). Initiator caspases (caspase 8, 9 and 10) can be regarded as sensors for apoptotic
elicitors, and are therefore at a proximal position of the apoptotic signaling cascade (Chen and Wang,
2002). Usually, they are activated by clustering and/or cross-autoproteolytic cleavage. Effector caspases
(caspase 3, 6 and 7) are direct target molecules of the proteolytic activity of initiator caspases, and are
the executors of the apoptotic program (Slee et al., 2001). They act by cleaving certain key proteins,
whose activity is closely linked to the apoptotic biochemical and morphologic features, like chromatin
condensation, cell shrinkage and membrane blebbing. Inflammatory caspases (caspase 1, 4 and 5) have
not been linked to apoptosis yet, but are involved in pro-inflammatory responses (Martinon and
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Tschopp, 2004). For example caspase 1 has been reported to be involved in cytokine maturation by the
proteolytic cleavage of pro-IL-1β to IL-1β (Mariathasan et al., 2004).
2.3.2.

The intrinsic (mitochondrial) pathway

The intrinsic pathway is initiated by a diverse array of non-receptor-mediated stimuli, like growth factor
deprivation, toxins, hypoxia, hyperthermia, viral infections as well as (chemo)genotoxic- or radiationinduced DNA damage (See Fig. 2.2) (Kujoth et al., 2005). Its execution involves the permeabilization of
the mitochondrial outer membrane (MOMP). The key role in the intrinsic apoptosis pathway is adopted
by members of the Bcl-2 family, whose originator was originally identified as a proto-oncogene in B cell
lymphoma (Gross et al., 1999; Kroemer, 1997). To date, 25 members of this family are known and
subdivided into three classes: (i) pro-survival Bcl-2 proteins (e.g. A1, Mcl-1 Bcl-w, Bcl-xL and Bcl-2), which
inhibit apoptosis by directly interacting with pro-apoptotic molecules; (ii) executioners (Bax and Bak),
which are directly involved in the MOMP execution; and (iii) BH3-only proteins (e.g. Bim, Bid, Bad, Puma,
Noxa, Bfm, Hrk and Bik), which can be viewed as stress sensors that sensitize the cell to apoptosis by
inactivating pro-survival Bcl-2 proteins (Volkmann et al., 2014). While existing at low expression levels
or in an inactive state under normal conditions, BH3-only proteins are upregulated or activated in the
presence of apoptotic stimuli (Guadagno et al., 2013). The competition with Bax or Bak in binding of prosurvival Bcl-2 proteins indicates an indirect antagonizing mode of action of BH3-only proteins via an
‘inhibition of inhibitor’ mechanism (Letai et al., 2002; Willis et al., 2007). However, an additional direct
Bax/Bak-activating effect of some BH3-only proteins (e.g. Bim and Bid) has been reported as well (Kim
et al., 2006; Korsmeyer et al., 2000). However, the exact mechanism of apoptosis regulation and the Bcl2 protein interaction network is still under debate. Once activated, Bax and Bak mediate pore formation
within the outer mitochondrial membrane in a yet poorly understood process, thereby leading to MOMP
and the release of proteins from the inter-mebranous space of the mitochondrium, among them and
most importantly cytochrome c (Goldstein et al., 2000). Released cytosolic cytochrome c, together with
dADP, is recruited to Apaf1 (apoptotic protease activating factor 1), which leads to the exposure of the
CARD (caspase activation and recruitment domain) motif of Apaf1 (Zou et al., 1999). This enables the
formation of the apoptosome, a heptameric multimolecular complex of Apaf1 :: cytochrome c :: dADPmonomers, which facilitate the rapid recruitment and activation of pro-caspase 9 via CARD motifdependent homotypic interactions (Hill et al., 2004; Riedl and Salvesen, 2007). The formation of this
activation platform for this initiator caspase is a pre-requisite for the intrinsic apoptosis pathway.
Therefore, the apoptosome ensures caspase 9 activity and activation by providing proximity, which in
turn leads to proteolytic cleavage and activation of effector caspases like caspase 3.
2.3.3.

The extrinsic (ligand-induced) pathway

The extrinsic apoptosis pathway is initiated by a ligand-induced transmembrane receptor activation see
Fig. 2.2). These ‘death ligands’ and their corresponding cognate ‘death receptors’, including FasL and
Fas, TNF and TNFR1, as well as Apo2L/TRAIL and DR4/5, are members of the TNF superfamily and TNF
receptor superfamily, respectively (Wang and El-Deiry, 2003). Death receptors are type 1 membrane
proteins and contain a cytoplasmic death domain (DD), a conserved 80 amino acids sequence with a
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specific fold (Huang et al., 1996). In the following, the sequential events of the extrinsic apoptosis
induction are depicted for FasL/Fas. Upon ligation of a trimeric death ligand, receptor clustering and the
conformational change within the cytoplasmic region of Fas allow the direct recruitment of FADD (Fasassociated protein with death domain) to its DD via homotypic interaction (Scott et al., 2009). FADD
functions as an adaptor protein with a DD domain for death receptor binding and a death effector
domain (DED) that promotes homotypic interactions with the DED of pro-caspase 8, leading to the
recruitment of this initiator caspase to the receptor site and to the formation of the so-called DISC
(death-inducing signaling complex) (Dickens et al., 2012). The proximity-induced activation model states
that dimerization of pro-caspase 8 at the DISC leads to auto-proteolytic processing and yields in caspase
8 – its active form – that in turn activates downstream effector caspases, such as caspase 3 (Shi, 2004).
Another potential target for the proteolytic activity of caspase 8 is Bid. Cleavage of Bid results in
truncated Bid (tBID), which can trigger the activation of Bax/Bak and consequent MOMP execution (Li
et al., 1998). Cells, in which death receptor signaling-induced caspase 3 activation is sufficient to elicit
apoptosis are called type I cells (Scaffidi et al., 1998). However, the cross-talk mechanism via tBID and
signal amplification via the mitochondrial pathway is essential for the apoptosis induction in specific
types of cells, in which death receptor-driven caspase cascade activation alone is not sufficiently strong
to execute cell death (Scaffidi et al., 1999). Those cell types – referred to as type II cells – include
hepatocytes or pancreatic β-cells (Jost et al., 2009).
Both apoptosis pathways join together into the same execution phase, which is incepted with the
activation of effector caspases. Being activated by any initiator caspases, caspase 3 is considered to be
the most significant effector caspase (Kumar, 2007). The majority of the morphologic and biochemical
hallmarks of apoptosis can be ascribed to the activity of caspase-3, which is mediated by proteolytic
cleavage of target proteins. Caspase 3 has been shown to cleave ICAD (inhibitor of caspase-activated
DNase), which leads to CAD release and DNA fragmentation (Enari et al., 1998). In addition, caspase 3
inactivates DNA topoisomerases and DNA repair enzymes, such as PARP (Lazebnik et al., 1994).
Altogether, this ensures the inactivation and destruction of potential genome-integrated viral genes.
Furthermore, caspase 3 activity lead to caspase 6 activation, which in turn is able to cleave lamin A and
C (Ruchaud et al., 2002). Moreover, several structural proteins like vimentin, cytokeration 18, fodrin,
gelsolin and actin are known targets of activated caspase 3, and probably linked to apoptotic cell
rounding and shrinkage (Slee et al., 2001). The direct involvement of effector caspase in the impairment
of the aminophospholipid translocase, which facilitates phosphatidylserine (PS) exposure, is still under
debate (Mandal et al., 2005). PS is reported to be a key ‘eat me’ signal, and mediates phagocytic uptake
and clearance of apoptotic bodies and cellular leftovers (Ravichandran, 2010). Recently, it has been
demonstrated that XK-related protein 8 (XKR8), an enzyme that mediates PS scrambling, is activated by
caspase 3-induced cleavage (Suzuki et al., 2013). Taken as a whole, intrinsic and extrinsic apoptosis
pathways join together and activate the execution machinery that ensures orchestrated DNA
degradation, loss of cellular function and structure, and finally mediate the phagocytic clearance of
apoptotic cells.
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Fig. 2.2: Schematic pathway of intrinsic and extrinsic apoptosis induction. Two possible pathways trigger an apoptotic
cellular response via the activation of caspases, which activate their target proteins by proteolytic cleavage: the death
receptor (extrinsic) pathway recruits and activates caspase 8 via FADD, which leads to caspase 3 activation. In the
intrinsic (mitochondrial-associated) pathway, apoptotic stimuli lead to the activation/stabilization of BH3-only proteins.
These prevent pro-survival Bcl-2 homologs from inhibiting Bax and Bak to form mitochondrial MOMP. Cytosolic
cytochrome c joins with Apaf-1 and dATP to form the apoptosome, leading to caspase 9 activation, which cleaves and
activates caspase 3. Caspase 3 executes the apoptotic program by cleavage of its substrate proteins. XIAP, which inhibits
caspase 9 and caspase 3 activation, is inactivated after MOMP-induced cytosolic translocation of Smac/DIABLO and
Omi/HtrA2. Apaf-1: apoptotic protease-activating factor 1; Bcl: B cell lymphoma; BH3: Bcl-2 homology domain 3; CK-18:
cytokeratin-18; cyt c: cytochrome c; dATP: desoxy adenosine triphosphate; DIABLO: direct IAP-binding protein with low
pI; DISC: death inducing signaling complex; FADD: Fas-associated protein with death domain; HtrA2: high temperature
requirement protein A2; ICAD: inhibitor of caspase-activated DNase; MOMP: mitochondrial outer membrane
permeabilization; PARP: poly-ADP ribose polymerase; Smac: second mitochondria-derived activatior of caspases;

2.3.4.

Necrosis

In contrast to apoptosis, which is referred to as PCD, necrosis is often seen as an accidental and
uncontrolled, caspase-independent and putative pathological form of cell death (Farber, 1994). In
accordance with this, the causes of necrosis might be mechanical trauma, ischemia, hypo- or
hyperthermia and osmotic shock (Broker et al., 2005). Apart from those physical causes, proteins that
impair cell membrane integrity by pore formation (e.g. bacterial toxins, complement factors, venoms)
prompt a necrotic phenotype (Proskuryakov et al., 2003). In contrast to apoptosis, loss of membrane
integrity, cytoplasmic swelling (oncosis) and membrane disruption are hallmarks and early events during
necrosis. The swelling of organelles, in particular mitochondria, and bioenergetic failure are also typical
morphological features of necrosis. Apoptosis can be observed in individual cells with an unaffected
surrounding tissue, while necrosis often affects whole areas of tissue and multitude of cells
(Vanlangenakker et al., 2008).
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As a consequence of plasma membrane rupture during necrotic cell death, cytoplasmic content is
released to the extracellular space. Several cytoplasmic factors are known to act as danger-associated
molecular pattern molecules (DAMPs), which can initiate and perpetuate an inflammatory immune
response (Sansonetti, 2006). Some examples for DAMPs are extracellular ATP, HMGB1, S100 and DNA
fragments (Kono and Rock, 2008). To a certain extent, this might be advantageous, as immune cell
infiltration and inflammation leads to effective clearance of putative present pathogens and accelerated
wound healing. On the other hand an excessive and sustained inflammatory response can lead to
pathological conditions, like arthritis or IBD (Sonnenberg and Artis, 2015). Of note, apoptosis, which
does not stimulate the release of DAMPs, is referred to as immunologically silent, meaning that under
normal conditions, no inflammatory response and immune cell activation is elicited (Green et al., 2009).
Therefore, apoptosis is depicted as ‘tidy’ cell death, and necrosis as ‘messy’ cell death. In the absence of
phagocytic capacity (e.g. in cell culture conditions), membranes of apoptotic cells disrupt at a very late
stage of apoptosis, leading to a necrotic phenotype, that is termed secondary necrosis, yet this process
is considered to not significantly take place in vivo (Renvoize et al., 1998).
2.3.5.

Necroptosis

The view of necrosis as an uncontrolled form of cell death opposing to PCD was challenged, when it was
shown that certain cell death stimuli, like TNF, interferon γ (IFNγ), ATP depletion, double-stranded RNA
and pathogens were revealed to induce necrosis, but follows defined steps and signaling events
reminiscent of a cell death program (Vanlangenakker et al., 2012). In 2005, the term necroptosis was
introduced for this type of programmed necrosis, which was defined by the requirement of the kinase
activity of receptor-interacting serine/threonine protein-kinase (RIPK) 1 and 3, and the ability to be
inhibited by necrostatin-1 (Nec-1), a small molecule RIPK1 kinase inhibitor (Degterev et al., 2005). Like
necrosis, necroptosis is biochemically characterized by a lack of caspase activity and chromatin
condensation, as well as an early cell membrane rupture and release of DAMPs (Kaczmarek et al., 2013).
Intriguingly, necroptosis in vitro is primarily linked to impaired caspase 8 activity, which can occur by
direct chemical inhibition via small molecules (e.g. zVAD or QVD), deletion of caspase 8 or its recruiting
factor FADD, or a high expression of RIPK3 or caspase 8-inhibiting proteins (e.g. cFLIP, see 2.5.6) (Han et
al., 2011). Active caspase 8 normally prevents necroptosis by proteolytic cleavage of RIPK1, which gets
thereby inactivated (Lin et al., 1999). Therefore, in the absence of caspase 8, RIPK1 is able to recruit
RIPK3 via homophilic interaction of their RHIM domains (Wu et al., 2014). The complex of RIPK1/RIPK3
– also called necroptosome – is activated by cross-autophosphorylation of the two kinases (Cho et al.,
2009). The activated necroptosome results in a recruitment and phosphorylation of the pseudokinase
mixed lineage kinase domain-like protein (MLKL), which is supposed to be the main effector molecule
of necroptosis (Silke et al., 2015). Phosphorylated MLKL forms an oligomer that has been shown to bind
to phosphoinositol lipids. This allows it to form pores that leads the disruption of the plasma membrane
as well as intracellular membranes, and thereby loss of cellular membrane integrity (Dondelinger et al.,
2014; Wang et al., 2014). On top of this, the regulator of mitochondrial dynamics PGAM5 was reported
to be a target protein of MLKL and probably might contribute to ROS formation (Wang et al., 2012).
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Beside the possible necroptosis induction after TNF signaling, which will be presented in detail in chapter
2.5.6, TLR and NLR signaling has been demonstrated to be able to lead to necrosome formation
(Vanlangenakker et al., 2012). The consequently released DAMPs potentially serve as a ‘find me’ signal
to attract innate immune cells and to trigger an inflammatory response for pathogen targeting
(Pasparakis and Vandenabeele, 2015). Since apoptosis induction is a well-known anti-viral response of
infected cells, many viruses developed a way to inhibit caspase activity (e.g. CrmA of cowpox virus, P35
of baculovirus, vICA of CMV and E6 of HPV-16) or apoptosis capacity to prevent their host from
undergoing cell death (Ameisen et al., 2003). In those cells, necroptosis is regarded as a backup
mechanism, which is fail-safe and caspase-independent, and moreover even promoted by caspase
inhibition (Cho et al., 2010). However, a strong unregulated necroptotic response is also thought to be
implicated in a variety of pathological conditions, including IBD, and either Nec-1 treatment or RIPK3
deficiency was able to reduce symptoms of disease model systems drug-induced liver injury,
pancreatitis, atherosclerosis, renal ischemia/reperfusion injury and certain neurodegenerative diseases
(Zhou and Yuan, 2014). Taken together, the notion of apoptosis as the preferred default way for
(patho)physiological cell death has been questioned by the findings during the last decade.

2.4.

Inhibitor of apoptosis proteins (IAPs)

Inhibitor of apoptosis proteins (IAPs) represent a group of negative regulators of cell death and have
thus aroused growing interest as potential drug targets in a wide range of malignancies (LaCasse et al.,
1998). However, despite being best known for regulating caspases and thus apoptosis, it has been shown
that they play a crucial role in diverse biological processes, like immunity, inflammation, cell cycle and
migration (Lopez and Meier, 2010). Originally, they were identified in baculovirus, where viral inhibitor
of apoptosis proteins have been shown to play a significant role in propagation of virus by inhibition of
host cell apoptotic defenses (Crook et al., 1993). IAPs are evolutionary conserved and defined by the
presence of 1 to 3 zinc-binding fold Baculovirus IAP Repeat (BIR) domains (Miller, 1999). There are 8
known BIR containing (BIRC) genes in mammals, which might have evolved via gene duplications. They
encode the following proteins: NAIP (neuronal apoptosis-inhibitory protein; BIRC1), cIAP1 (cellular IAP1,
BIRC2), cIAP2 (BIRC3), XIAP (X-linked IAP, BIRC4), survivin (BIRC5), apollon/bruce (BIRC6), livin (BIRC7)
and ILP2 (IAP-like protein 2, BIRC8) (Dubrez-Daloz et al., 2008). Not all of these IAPs are directly involved
in apoptosis regulation, yet some members regulate pro-survival signaling by other means, such as cell
cycle control (e.g. survivin & apollon/bruce) or inflammation (Salvesen and Duckett, 2002). With
exception of NAIP, survivin and apollon/bruce, all IAPs have a C-terminal RING (Really Interesting New
Gene) domain, which affiliates them to the RING E3 ubiquitin ligases family (Vaux and Silke, 2005). To
comprehend the role of these enzymes, the ubiquitin proteasome system will briefly be introduced in
chapter 2.4.1. Subsequently, the core functions and anti-apoptotic mechanisms with the focus on cIAP1,
cIAP2 and XIAP will be reviewed. Please note that the role of cIAP1 and cIAP2 at the TNF receptor
complex will be discussed in the context of TNF signaling in 2.5.3.
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2.4.1.

IAPs act as ubiquitin ligases and caspase inhibitors

The term ubiquitination refers to post-translational covalent attachment of the small protein ubiquitin
to target proteins (Hershko et al., 2000). To achieve this, the concerted activity of an ubiquitin-activating
enzyme (E1) and ubiquitin-conjugating enzyme (E2) are needed. In the presence of an ubiquitin ligase
(E3), the E2 ultimately promotes the formation of an isopeptide bond between the C-terminus of
ubiquitin and the ε-amino group of a lysine residue of the target protein (Scheffner et al., 1995). This
can occur either directly (RING E3 ligases) or indirectly, involving an obligate thioester intermediate with
the active-site cysteine of the E3 (HECT ligases or RING-between-RING ligases) (Metzger et al., 2012;
Wenzel et al., 2011). Since ubiquitin itself has seven lysine residues (K6, K11, K27, K33, K48 and K63),
these can be used to form inter-ubiquitin linkages, consequently leading to straight and/or branched
polyubiquitin chains (Komander and Rape, 2012). Additionally, the α-amino group of the N-terminal
methionine (M1) of ubiquitin can be used as ubiquitin acceptor, resulting in linear (N-terminal to Cterminal linked) ubiquitin chains. Hence, the different inter-ubiquitin linkage types result in a structural
polyubiquitin chain identity that allows proteins with ubiquitin-binding domains (like the UBA domains
of cIAP1, cIAP2 and XIAP) to specifically bind to 1 or more types of chain (Wilkinson et al., 2001). As a
result, the type of polyubiquitination of a target protein determines its fate and downstream signaling
events. For instance, the formation of K48-linked ubiquitin chains usually leads to proteasomal
degradation of the target protein, whereas K63-linked ubiquitin chains at the TNF receptor can cause
modulated protein-protein interactions that lead to a signaling platform stabilization, and recruitment
and activation of effector kinases (see chapter 2.5.4) (Liu and Chen, 2011). Moreover, the ubiquitination
of target proteins is a reversible process, due to the activity of deubiquitinating enzymes (DUB), cysteine
proteases or metalloproteases, which specifically cleave the isopeptide bonds within ubiquitin chains or
the peptide bonds within linear ubiquitin chains, or eventually between ubiquitin(s) and its substrate
proteins (Ritorto et al., 2014).
Although cIAP1 and cIAP2 are potentially able to interact and bind to caspases, a direct caspase
inhibition in a biochemical sense could only be reported for XIAP so far (Eckelman and Salvesen, 2006).
Furthermore, XIAP uses its E3 ligase activity to regulate the activity of caspase 9, 3 and 7 by initiating
their proteasomal degradation (Galban and Duckett, 2010). With respect to TNF signaling, E3 ligase
activity of cIAP1 and cIAP2 mediates enhanced survival via signaling platform stabilization, which favors
mitogen-activated protein kinase (MAPK) activation and induction of anti-apoptotic canonical nuclear
factor kappa B (NFκB) target genes (see 2.5.4). Apart from that, cIAP degradation after recruitment to
certain receptors of the TNF receptor superfamily (e.g. FN14 or CD40) leads to the stabilization of NFκB
inducing kinase (NIK) and subsequent activation of non-canonical NFκB (Razani et al., 2011). IAPs also
act in a pro-survival manner when XIAP ubiquitinates PTEN, which increases Akt phosphorylation (Yi et
al., 2015), or when cIAP1 ubiquitinates the c-Myc regulatory protein MAD1, and thereby activates c-Myc
(Xu et al., 2007). Given their important role in cell death protection, IAPs have to be tightly regulated to
prevent their potential tumor-promoting capability.
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2.4.2.

Regulation of IAPs

The main regulatory mechanism of cells to overcome IAP-mediated apoptosis inhibition is IAP
neutralization via antagonistic proteins (Kearney et al., 2013). Like cytochrome c, these antagonistic
protein factors are released from the mitochondria to the cytosol after MOMP induction. One example
for this type of protein is Omi/HtrA2, a serine protease that cleaves and thereby inactivates a variety of
IAPs, including cIAP1, cIAP2 and XIAP (Yang et al., 2003). Beyond that, Smac/DIABLO (Second
mitochondrial activator of caspases / Direct IAP-Binding protein with LOw pI) neutralizes the caspaseinhibitory properties of the IAP family of proteins, particularly XIAP, by direct binding (Verhagen et al.,
2000). The interaction with IAPs is provided by a AVPI tetrapeptide at the N-terminal end of
Smac/DIABLO, and enables it to bind to all IAP family members with the exception of NAIP (MartinezRuiz et al., 2008). As a matter of fact, Smac/DIABLO can even promote degradation of cIAP1 and cIAP2,
but not XIAP, by promoting homodimer formation and thereby facilitating proximity-induced autoubiquitinylation and proteasomal targeting (Yang and Du, 2004). Nevertheless, Smac3, a splice variant
of Smac/DIABLO has been shown to negatively affect XIAP stability (Fu et al., 2003). In summary, IAPs
are important negative regulators of apoptosis, which act by various mechanisms, including caspase
binding, caspase degradation and enhancement of pro-survival signaling pathways. Additionally, their
function has to be counteracted to effectively induce apoptosis.

2.4.3.

IAPs in cancer and as targets for anti-cancer drugs

The fact that IAPs suppress apoptosis by enhancing survival signaling, together with the observation that
various IAPs are upregulated in many types of cancer, led to the idea that they could represent a
promising drug target for anti-cancer therapy. Indeed, high levels of XIAP, cIAP1 or cIAP2 have been
shown to be present in almost every tested cancer cell line or biopsy samples (Tamm et al., 2000). Tumor
biopsies with a high expression of survivin, another IAP protein member mainly present in embryonal
tissues, but normally absent in differentiated cells, correlates with poor prognosis, treatment failure and
an increased relapse rate (Mesri et al., 2001). Overexpression of IAPs, especially XIAP and cIAP1, has
been reported in a variety of cancer types (Gyrd-Hansen and Meier, 2010), such as breast cancer (Foster
et al., 2009), acute myeloid leukemia (AML) (Hess et al., 2007), colorectal and ovarian cancer (Silasi et
al., 2008). Furthermore, it was reported that a strong expression of XIAP correlates with a poor prognosis
in patients with renal carcinoma (Mizutani et al., 2007).
A potential strategy to target IAPs involves Smac-derived peptides, which use their AVPI tetrapeptide
motif to efficiently bind and inactivate IAPs (Sun et al., 2008). However, on account of their degradation
by serum proteases and their minor potential to pass cell membranes, their in vivo potency is quite low.
An alternative approach is the post-trancriptional control of IAP expression by using antisense
oligonucleotides, but with similar problems of low in vivo potency (Chen et al., 2000). A more promising
class of IAP inhibitors are Smac-mimetics (Fulda and Vucic, 2012). These are small molecules that
antagonize IAPs by structural mimicking the AVPI motif (Flygare and Fairbrother, 2010). To date, a
multitude of small molecular IAP antagonists have been developed and some of them are already used
in clinical studies of anti-cancer therapy, either alone or in combination with classical chemotherapeutic
drugs (Chen and Huerta, 2009). Smac-mimetics are subdivided into monovalent and bivalent IAP
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antagonists. Under steady-state conditions, one crucial BIR motif binds the C-terminal RING domain of
cIAP1 and cIAP2, keeping them in an auto-inhibited state (Dueber et al., 2011). The AVPI-mimicking motif
of monovalent Smac-mimetic (e.g. LCL 161, LBW242, MV1, GDC-0197, AT-406) binds to this BIR domain
and induces a conformational change, which on the one hand induces the release of the RING domain,
and on the other hand allows RING-mediated dimerization (de Almagro and Vucic, 2012). The
dimerization of the RING-domains of cIAP1 or 2 activates their E3 ligase activity and thereby leads to
their auto-ubiquitination and subsequent proteasomal degradation (Feltham et al., 2011). In some
cancer cell lines, this results in a cIAP1/2 antagonism-dependent TNF-induced cell death (Vince et al.,
2007). The generally more potent bivalent Smac-mimetics (e.g. BV6, birinapant, HGS1029) consist of 2
structural AVPI-motifs that are connected by a chemical linker, which is thought to enhance cIAP1/2
dimerization and thus their degradation (Lu et al., 2008). Unlike monovalent antagonists, bivalent Smacmimetics can effectively target XIAP activity as well by simultaneous binding to the BIR2 and BIR3
domains, which is a prerequisite for blocking its caspase-inhibiting function (Ndubaku et al., 2009).
In summary, by inhibiting apoptotic signals and caspase activation, and based on the evidences
described above, IAPs are seen as potential tumor progressors, which often have been found to be
overexpressed in a plethora of tumors. Furthermore, (co-)treatment with Smac-mimicking molecules
might be a promising anti-cancer therapy.

2.5.
2.5.1.

Tumor necrosis factor
TNF and the TNF superfamily

Over one century ago it was found that tumor regression occurred in cancer patients after treatment
with crude bacterial extracts (Coley, 1910). While inducing tumor necrosis this ‘therapy’ also triggered a
severe systemic inflammatory reaction. In 1975, a protein factor from endotoxin-treated animals could
be shown to induce tumor cell lysis in culture, and thereupon was named ‘tumor necrosis factor’
(Carswell et al., 1975). This factor was finally cloned, isolated and characterized in 1985 and turned out
to be a prototypic member for a whole protein family, the tumor necrosis superfamily (Aggarwal et al.,
1985). To date, tumor necrosis factor is one of the most intensively studied cytokines of the immune
system.
The tumor necrosis factor superfamily (TNFSF) comprises 19 known trimeric ligands. As a common
property, they mediate pro-inflammatory signaling by binding to one or more members of a family of
29 receptors with 1 to 6 cysteine-rich extracellular domains. This family of proteins was termed tumor
necrosis factor receptor superfamily (TNFRSF) (Wajant et al., 2003). Noteworthy, none of the TNFRSF
members has enzymatic activity (e.g. kinase) within its respective cytoplasmic tail, but the subgroup of
death receptors contains a DD within the cytoplasmic region, which allows the recruitment of specific
adaptor proteins (Aggarwal, 2003). This thesis will focus on two cytokines of the TNFSF: its prototypic
member TNF, as well as TWEAK (TNF-related weak inducer of apoptosis).
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2.5.2.

TNF

The pro-inflammatory cytokine tumor necrosis factor α (TNFSF2, TNFα, TNF) is initially expressed as a
homotrimer of type II transmembrane proteins (26 kDa each) and is a central mediator for systemic as
well as local inflammation (Jones et al., 1989). The soluble form of TNF is generated by a proteolytic
cleavage of the membrane bound trimeric pro-TNF (tmTNF) at its extracellular site by the
metalloprotease ‘TNF alpha converting enzyme’ (TACE/ADAM17) (Black et al., 1997). The resulting
soluble form (sTNF) is a homotrimer of TNF protomers (17 kDa each). Therefore, tmTNF-mediated
signaling acts in a juxtacrine fashion with a dependence on direct cell-cell interaction, whereas sTNF is
able to promote paracrine and systemic functions (Grell et al., 1995). The primary source of TNF are
activated macrophages, for example in response to lipopolysaccharides (LPS) stimulation or other
bacterial products, but also monocytes, lymphocytes, dendritic cells, NK cells and even IECs are able to
secrete this factor (Akira et al., 2001; Michie et al., 1988). LPS and other pathogen-derived factors are
known as pathogen-associated molecular patterns (PAMP), a group of molecules that bind to pathogenrecognition receptors (PRR), e.g. toll-like receptors (TLR), and hence assist in triggering an adequate
innate immune response (Aderem and Ulevitch, 2000). TNF has been demonstrated to primarily regulate
activation and recruitment of immune cells. Thus, it has a key role in host defense and responses to viral
and bacterial infections (Ellerin et al., 2003). For instance, TNF-deficient mice display a strongly increased
susceptibility to intracellular pathogens, e.g. Mycobacterium tuberculosis (O'Brien et al., 1999),
Trypanosoma cruzi (Rothe et al., 1993), Listeria monocytogenes (Bekker et al., 2001) and Streptococcus
pneumonia (Silva et al., 1995), indicating the importance of this cytokine in the defense against
pathogens and formation of functional granulomas (Roach et al., 2002). On the other hand, acute high
concentrations of TNF can induce a septic shock-like syndrome (SIRS, systemic inflammatory response
syndrome), and chronically elevated levels of systemic TNF can result in cachexia (Ghezzi and Cerami,
2005). Promoting a local inflammatory response, TNF facilitates leukocytes extravasation to the site of
inflammation, thereby leading to typical signs of inflammation, like redness and swelling. However, a
deregulated TNF production is likely to be involved in many pathological disorders, like Alzheimer’s
disease, rheumathoid arthritis, multiple sclerosis and IBD (Tracey, 2002). In spite of its name and its
given tumor regressing potential, TNF can even promote cancer in some circumstances by its role as an
important driver of inflammation (Balkwill, 2009). On the level of cellular signaling, TNF is known to
induce a variety of effector functions that are in some respect even contradictory: the outcome of TNF
signaling can be pro-survival, a pro-inflammatory response and proliferation on the one hand, in contrast
to apoptosis, or a necrotic-like phenotype on the other hand.
2.5.3.

TNF signaling and its various outcomes

TNF exerts its biological function by interacting with its cognate membrane receptors, TNF receptor 1
(TNFR1, p55, CD120a) and TNF receptor 2 (TNFR2, p75, CD120b). Whereas TNFR1 is ubiquitously
expressed, a pronounced TNFR2 expression is restricted to immune cells and endothelial cells (CabalHierro and Lazo, 2012). TNFR1 is fully activated by sTNF and tmTNF, while TNFR2 can exclusively be
activated by tmTNF, although it is able to bind sTNF with high affinity (Grell et al., 1995). The binding of
TNF to the pre-assembled TNFR results in in the translocation of the ligand-receptor complex to
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cholesterol-rich membrane microdomains (lipid rafts) and a conformational change in the cytoplasmic
domain of the receptor (Legler et al., 2003). The downstream signaling events upon TNF-induced ligation
of both TNFR are distinct but partially overlapping (Tartaglia et al., 1993). The principal reason for this is
a structural difference of the cytoplasmic domain of the two receptors: the DD of TNFR1 allows the
recruitment and homotypic interaction of DD-containing adaptor molecules, like TNFR1-associated
death domain protein (TRADD), an important component of TNFR1 signaling (Hsu et al., 1995; Rothe et
al., 1995). TRADD acts as an assembly platform, allowing other factors to be recruited to the receptor
site, most importantly TNF receptor-associated factor (TRAF) 2 and TRAF5 (Rothe M Science 1995).
Another crucial protein that is recruited by TRADD is receptor-interacting serine/threonine-protein
kinase 1 (RIPK1) (Hsu et al., 1996). Furthermore, TRAF2 or TRAF5 recruit cIAP1 and cIAP2 (Mahoney et
al., 2008). This protein complex, comprising TNFR1, TRADD, RIPK1, TRAF2 or TRAF5, cIAP1 and cIAP2, is
called complex I, whose stability is determining cellular fate (Vince et al., 2009). As will be expanded in
the next section, complex I is crucial for NFκB activation and activation of MAPK signaling, ultimately
leading to expression of pro-inflammatory and anti-apoptotic proteins, and thus cell survival (Lee et al.,
2004). Alternatively, complex II can form, which is known to induce apoptosis in a caspase 8-dependent
manner (see section 2.3.3 and 2.5.6). Moreover, in a scenario with insufficient abundance or activity of
caspase 8, a third complex consisting of RIPK1 and RIPK3 can be formed (complex IIb). This complex
initiates necroptosis, as described in detail in sections 2.3.5 and 2.5.6. Being part of all three possible
TNFR signaling complexes, RIPK1 is in general accepted as a central molecular switch for the transition
between survival, apoptosis or necroptosis, depending on its ubiquitination status or its proteolytic
cleavage by caspase 8, respectively (Micheau and Tschopp, 2003).
2.5.4.

TNFR1 complex I: NFκB signaling and MAPK signaling induction via TNF

The activation of NFκB is an important step in cellular signaling responses to various stimuli, e.g.
bacterial/viral infections, physical/oxidative stress as well as hyperosmotic shock (Hoffmann and
Baltimore, 2006; Oeckinghaus and Ghosh, 2009). The most important regulatory mechanism for NFκB
activation are posttranslational protein modifications, like phosphorylation and ubiquitination.
The key decision maker providing complex I stability, and thus NFκB activation, is the enzymatic activity
of cIAP1 and cIAP2 at the assembled signaling complex (see Fig. 2.3) (McComb et al., 2012). These cIAPs
use their E3 ubiquitin ligase activity to transfer ubiquitin molecules to RIPK1 and TRAF2/5, resulting in
K63-linked polyubiquitin chains covalently attached at these target proteins (Ea et al., 2006). K63
polyubiquitin chains – most importantly on RIPK1 – have two major consequences: in the first place,
they strongly increase the stability of complex I, and secondly, they provide a recruitment platform for
various important downstream signaling molecules. One of these poly-K63 ubiquitin recruited molecule
complexes is LUBAC (linear ubiquitin chain assembly complex), the only known E3 ligase activity, which
promotes the generation of M1 ubiquitin linkages, leading to linear ubiquitin chains (Ikeda et al., 2011).
LUBAC is composed of SHARPIN (Shank-associated RH domain-interacting protein), HOIL-1L (hemeoxidized IRP2 ligase-1) and HOIP (HOIL-1 interacting protein), all together forming a 600 kDa ternary
complex (Tokunaga et al., 2011). As a result, recruited LUBAC mediates the transfer of linear ubiquitin
chains to its target protein RIPK1 at the TNFR signaling complex I and thereby further stabilizes it (Haas
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et al., 2009). Apart from that, attachment of linear ubiquitin chains to RIPK1 stimulates the recruitment
of the IκB kinase (IKK) complex to the TNFR1 signaling platform. This complex consists of two kinase
subunits (IKKα and IKKβ), as well as the regulatory subunit NFκB essential modulator (NEMO, IKKγ)
(Walczak et al., 2012). Containing a UBD, NEMO is essential for the recruitment of the preformed IKK
complex to linear ubiquitin chains. Nevertheless, the complex can also be recruited to K63-linked
polyubiquitin chains, yet with a much lower affinity (Rahighi et al., 2009). It is tempting to speculate that
recruitment of NEMO might be modulated by the relative concentration ratio of the respective
polyubiquitin species present within complex I. Another complex that forms after stabilization by
polyubiquitin chains at the TNFR signaling platform, consists of TGFβ-activated kinase 1 (TAK1) and
either MAP3K7-binding protein (TAB) 2 or TAB3 (Liu and Chen, 2011). The TAB-TAK1 complex plays an
indispensable role in the activation of the IKK by mediating its phosphorylation (Deng et al., 2000).
Intriguingly, the TAB-TAK1 complex is only recruited to K63-linked ubiquitin chains (Kanayama et al.,
2004). This means, that a full activation of NFκB via the IKK complex, that involves its recruitment to
complex I and its phosphorylation, is most efficient if RIP1-attached K63-linked and linear ubiquitin
chains occur at the same time at complex I. This scenario brings the IKK complex in close proximity to its
activator, the TAB-TAK1 complex. In line with this, cell lines with a knockdown of one of the LUBAC
components show a strong reduction in NFκB activation (Boisson et al., 2012). Phosphorylation of the
IKK complex via TAB-TAK1 activates its kinase activity, allowing it to phosphorylate in turn IκBα (inhibitor
of κB α) at its serine residues S32 and S36 (Zandi et al., 1997). This initiates a subsequent K48-linked
polyubiquination of IκBα, followed by its proteasomal degradation (Beg et al., 1993). Under nonstimulated steady-state conditions, IκBα binds to the transcription factor p65 (RelA), consequently
masking its nuclear localization signal (NLS). In the classical ‘canonical’ NFκB pathway, p65 forms a
heterodimer with p50, and acts as the key transcriptional activator of pro-inflammatory, anti-apoptotic
and proliferative target genes (Hoffmann and Baltimore, 2006). In order to achieve this, p65/p50
translocates into the nucleus and activates NFκB-controlled transcription (Matthews and Hay, 1995).
Interestingly, two known target genes of NFκB are TNF and IκBα, as well as many other proteins that are
involved in TNFR signaling, such as IAPs and cFLIP (Lavrik, 2014). While additional cellular TNF secretion
amplifies the signal on a paracrine/autocrine level, increased expression of IκBα provides a negative
feedback regulation of the NFκB pathway (Arenzana-Seisdedos et al., 1995). In addition to its IKK
activating role at the TNFR site, the TAB-TAK1 complex is also capable of phosphorylating mitogenactivated protein kinase kinases, such as MKK3/6 and MKK4/7, which trigger the activation of the stress
stimuli responsive p38 MAPK or c-Jun N-terminal kinase (JNK) pathway, respectively (Wang et al., 2001).
Both pathways control cellular differentiation, survival or apoptosis, depending on the signaling context.
2.5.5.

Signal transduction of TNFR2 and the TWEAK receptor Fn14

Lacking a DD and hence not being able to directly recruit the adaptor molecule TRADD, TNFR2 is known
to recruit TRAF1 and TRAF2 in a TRADD-independent manner (Rothe et al., 1995). As a consequence,
cIAP1 and cIAP2, but not RIPK1, are recruited to TNFR2. In unstimulated cells, TRAF1/TRAF2 and
cIAP1/cIAP2 are known to exist as an already pre-formed cytoplasmic complex that is interacting with
NFκB-interacting kinase (NIK), which results in cIAP1/2-mediated constitutively ubiquitination and
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proteasomal degradation of NIK (Zarnegar et al., 2008). Recruitment of TRAF1/2 and cIAP1/2 to TNFR2
stabilizes NIK, which is then able to phosphorylate and activate IKKα. Activated IKKα in turn
phosphorylates the NFκB precursor protein p100 and in this way triggers its proteolytic cleavage to p52,
which can interact with RelB, translocate into the nucleus and transactivate NFκB target genes
(Vallabhapurapu et al., 2008). Since this NFκB pathway involves other transcription factors and differs
from the abovementioned canonical NFκB pathway in the array of activated genes, it is referred to as
non-canonical NFκB pathway. Beyond, TNFR2 also stimulates canonical NFκB activation, but due to
absence of RIPK1 at the receptor complex and the lack of linear ubiquitination, the potency of NFκB
activation is much weaker (Mattson and Meffert, 2006). Like TNFR1, TNFR2 activates JNK and p38 MAPK
pathways in a TAB-TAK1-dependent manner (Rothe et al., 1995).
The TWEAK receptor Fn14 also lacks a DD and is thus not able to directly induce cell death, like TNFR1
(Wajant et al., 2003). However, through the recruitment of TRAF2, TRAF5 and cIAP1/2, Fn14 can elicit
the canonical and non-canonical NFκB pathway through the activation of the TAB-TAK1 complex or NIK
stabilization, respectively (Wicovsky et al., 2009). Moreover, Fn14 can induce MAPK activation, such as
JNK, p38 and ERK1/2. Altogether this leads to the transcriptional activation of pro-inflammatory and
survival-mediating genes.
2.5.6.

TNFR1 complex IIa and IIb: apoptosis and necroptosis induction via TNF

As mentioned previously, ubiquitination of RIPK1 is a crucial step for the stability of TNFR complex I,
which is highly dependent on the activity of cIAP1/2 (see Fig. 2.3). If these proteins are absent or
insufficiently active, or if the activity of the DUB CYLD (cylindromatosis protein) is predominant, RIPK1
leaves complex I, which consequently disintegrates (Li et al., 2006). That allows the formation of an
alternative platform (complex IIa), which consists of TRADD, RIPK1, Fas-associated protein with death
domain (FADD) and caspase 8 (Micheau and Tschopp, 2003). This alternative TNFR signaling platform
can promote the classical extrinsic pathway of apoptosis via activation of the initiator caspase 8 (see
section 2.3.3 and Fig. 2.3). Furthermore, this complex is able to inhibit necroptosis via the inactivation
of RIPK1 and RIPK3 by caspase 8-dependent proteolytic cleavage (He et al., 2009). Nonetheless, when
caspase 8 activity is impaired – for example by gene deletion, virus infection or pharmacological
inhibition – intact RIPK1 and RIPK3 form a heterodimer (necrosome, complex IIb) that facilitates their
phosphorylation and subsequent activation (see Fig. 2.3) (Christofferson and Yuan, 2010). The
expression levels of RIPK1 and RIPK3 are known to be essential for the execution of necroptosis, and the
levels of RIPK3 protein have been demonstrated to determine sensitivity towards necroptosis (Cho et
al., 2009). Correspondingly, caspase 8-deficient mice, but not caspase 8 / RIPK3 double knockout mice,
show embryonic lethality, highlighting the indispensable role of caspase 8 in necroptosis prevention
(Kaiser et al., 2011). On the other hand, the deletion of RIPK1 leads to commensal bacteria-dependent
perinatal lethality. Remarkably, RIPK1 kinase-dead knock-in mice display no defects in effective NFκB
activation, whereas cell death induction is completely abolished, indicating that complex I requires RIPK1
as a platform protein and its kinase function is presumably important for necroptosis induction
(Takahashi et al., 2014).
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Nevertheless, it is currently generally accepted that RIPK1 is a central molecular switch in TNFR1
signaling, and that the RIPK1 ubiquitination status and proteolytic cleavage determine all downstream
signaling events. As both, the activation and the inactivation of caspase 8, would lead to alternative
modes of cell death, the question arises, if complex I disintegration is an irreversible process that
ultimately leads to apoptosis or necroptosis, or if there is still a survival route of the cell. A possible
answer to this might come from the activity of cFLIP (cellular FLICE-like protein), an endogenous inhibitor
of caspase 8, which exists in different isoforms, including a short and a long splice-variant among others
(Irmler et al., 1997). cFLIPL (cFLIP long) shares high structural similarity with caspase 8, but lacks its
catalytic activity and has been demonstrated to inhibit caspase 8-mediated apoptosis in a variety of
study systems (Chang et al., 2002; Krueger et al., 2001). Of interest, when forming a heterodimer with
cFLIPL, caspase 8 still possesses partial catalytic activity, which allows the initial caspase 8 processing
that results in a 43 kDa cleavage product (Micheau et al., 2002). However, cFLIPL inhibits the final
cleavage that yields in the release of the fully active caspase 8 and apoptosis execution. Recently it was
shown that partially activated caspase 8 is sufficient to inhibit RIPK1 by proteolytic cleavage (Oberst et
al., 2011). Therefore, cFLIPL might have a key role in inhibition of both, apoptosis and necroptosis, by
the formation of a cFLIPL/caspase 8 heterodimer (Boatright et al., 2004). In contrast, the short isoform
of cFLIP – cFLIPS (cFLIP short) – is solely composed of 2 DEDs, but lacks the pseudocaspase domain, which
is present in cFLIPL (Kavuri et al., 2011). The short cFLIP isoform is known to prevent the partial caspase
8 activation, and thus cannot contribute to the inactivation of RIPK1 and subsequent necroptosis
inhibition (Feoktistova et al., 2011). Therefore it is widely accepted, that cFLIPS admittedly inhibits
apoptosis through caspase 8 inhibition in a heterodimer formation-dependent process, but at the same
time, it promotes necroptosis. De facto, both isoforms of cFLIP have been shown to be upregulated in
biopsies from CD and UC patients in comparison to control patients, suggesting a potential IBDpromoting inhibition of caspase 8 in these situations (Caprioli et al., 2008).
Taken together, cellular fate after TNF ligation is diverse and even contradictory. The important key
decision makers of complex I stability (and thus survival) are cIAP1/2 ubiquitin ligase activity and
ultimately the proper K63- and linear polyubiquitination of RIPK1 as well as its counteraction by DUBs.
For induction of apoptosis or necrosis, the key decision maker is the expression and activity of caspase
8, which can be regulated or inhibited by the different cFLIP isoforms.
2.5.7.

TNF-mediated effects in the intestinal epithelium

Besides its importance in the mediation of inflammatory responses by recruitment and activation of
immune cells, the (patho)physiological role of TNF-signaling in the intestinal tissue is mostly mediated
by (1) the increase in intestinal epithelial permeability by the modulation of TJs, and (2) a direct induction
of cell death in IECs by either apoptosis or necrosis. The modulation of TJs and the elevated transepithelial permeability by TNF is mediated through different mechanisms. The best-studied mechanism
is the TNF-mediated induction of myosin light chain kinase (MLCK) via MAPKs or NFκB, which in turn
controls the TJ barrier function destabilization by perijunctional actomyosin condensation (Blair et al.,
2006; Graham et al., 2006). Additionally, it was reported that TNF stimulation also has a direct impact
on the mRNA expression of crucial TJ components, like ZO-1 (Song et al., 2009) or occludin (Cui et al.,
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2010). The TNF-mediated induction of cell death in IECs is a process, which is yet incompletely
understood. In almost all other cells and tissues, TNF induces a pro-inflammatory and pro-survival
response that is mediated by complex I. However, cells can be sensitized by different co-stimuli that
destabilize TNFR1 complex I by inhibiting cIAP1/2 activity or recruitment (e.g. Smac-mimetics), or by the
inhibition of NFκB-mediated induction of pro-survival genes by blocking transcription (e.g. Actinomycin
D, ActD) or translation (e.g. Cycloheximide, CHX). A prominent example for this observation are
hepatocytes, where TNF alone fails to induce apoptosis, but co-treatment with ActD or the liver-specific
transcription blocking agent GalN results in severe liver cell apoptosis (Leist et al., 1994; Nagaki et al.,
1999). This observation emphasizes that the intestinal epithelium is an exceptional example for TNFmediated apoptosis, which takes place independently of transcriptional arrest (Piguet et al., 1998).
Keeping in mind that elevated TNF-levels and excessive epithelial cell death is a crucial hallmark of IBD,
the mechanism of TNF sensitivity in these cells is of particular scientific and therapeutic interest.
However, since cell death is a very transient process within the intestinal epithelium, studying TNFmediated IEC cell death in the organism comes with many difficulties, and as a result the mechanism is
yet poorly understood. The next section will therefore sum up previous methods for IEC cell death
determination and further present a new approach in assaying IEC viability in a physiological context.

Fig. 2.3: Signaling complexes of TNFR1 and determination of cellular fate. Stimulation of TNFR1 can induce either
activation of NFκB, apoptosis or necroptosis. cIAP: cellular inhibitor of apoptosis protein; cFLIPL/S: cellular FLICE-like
protein long/short; CYLD: cylindromatosis protein; FADD: Fas-associated protein with death domain; IκB: inhibitor of
κB; HOIL-1: heme-oxidized IRP2 ubiquitin ligase 1; HOIP: HOIL-1 interacting protein; K: lysine; M: methionine; NEMO:
NFκB essential modulator; NFκB: nuclear factor κB; LUBAC: linear ubiquitin chain assembly complex; MLKL: mixed
lineage kinase domain-like protein; Sharpin: shank-associated RH domain-interacing protein; TRADD: TNF-associated
protein with death domain; RIPK1/3: receptor-interacting serine/threonine-protein kinase 1/3; TAB2/3: TAK-binding
protein 2/3; TAK1: TGFβ activated kinase 1; TNF(R): tumor necrosis factor (receptor); TRAF2/5: TNFR-associated factor;
Ub: ubqiquitin; XIAP: X-linked inhibitor of apoptosis protein. Source: modulated from Vanden Berghe T, Nat Rev Mol
Cell Biol 2014.
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2.6.
2.6.1.

Intestinal organoids
Advantages and disadvantages of cellular systems versus in vivo systems

Scientific research on IECs can be a challenging process. Multiple cell lines originated from the small or
large intestine are often used as model system (Hubatsch et al., 2007). However, as each of these cell
lines is either immortalized or intestinal tumor-derived, there are some limitations. These include lack
of differentiation and cellular diversity, a probable genetic instability and loss of function of various
crucial cellular processes, like cell cycle control and apoptosis (Wodarz and Nathke, 2007). Moreover,
general drawbacks for classical cell culture systems apply, which would be a lack of epithelial polarity
and epithelial integrity as well as the absence of systemic factors (e.g. an inflammatory responses or
bystander effects). Moreover, there are important limitations in representing certain biologically
relevant environments when using cell lines. In this regard, a special intestinal cell feature is the constant
exposure to bacteria and PAMPs, which is absent under the clean conditions of the cell culture system.
With this in mind, one should be very cautious in interpreting results deduced from cell lines, particularly
with respect to cell death and systemic effects. One well-known example for such systemic effects is the
i.p.-administration of LPS in mice, after they readily develop enteropathy, whereas LPS has no direct
effect on intestinal cell lines. This is due to the LPS-induced macrophage activation – most prominent in
the liver resident Kupffer cells – that induces a cytokine storm, including TNF, which leads to a systemic
inflammation and intestinal damage (Lehmann et al., 1987). Another well-studied example is the
cytostatic agent cyclophosphamide, which shows no in vitro toxicity, since this pro-drug is only active
after liver-dependent metabolization (Waxman and Schwartz, 2003).
In vivo mouse models have the advantage of direct experimentation in the intact intestine, and beyond
that, also take all systemic components, like immune, endocrine and circulatory systems into account.
However, these systemic ramifications within the organismic context are often seen as a ‘black box’, and
can also be disadvantageous for the study, as the isolation of a specific effect on a definite tissue like
the intestinal epithelium is not given (Butcher et al., 2004). In addition, performing mouse
experimentation raises several ethical issues and requires approval of the ethical review committee for
animal welfare. Apart from that, animal housing and experimentation is expensive and time-consuming,
and data obtained from animal experiments are not always easily replicated in a human system.
However, in vivo studies in mice have proven an excellent system, especially with respect to the
multitude of available genetically engineered mouse strains, including conditional/constitutive knockout
or knock-in mice, and inducible knockouts or knock-in mice, respectively. Ultimately, both the use of cell
line and mouse models for intestinal research have advantages and disadvantages, and considering the
scientific question, an educated decision should be made concerning the optimal use of each system.
2.6.2.

Development of intestinal organoids as ex vivo system

In 1969, researches introduced a new method in which gastrointestinal tissue explants were used to
combine the advantages of in vitro culture and primary intestinal tissue (Browning and Trier, 1969). This
method was further developed two decades later, where chelating agents (e.g. EDTA) were used to
isolate intact crypts from intestinal tissue, in order to be used for ex vivo experiments (Flint et al., 1991).
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However, with a survival half-life of 6-8 hours and a maximum survival of 24 h, intestinal tissue explants
and isolated crypts were not suitable for experiments that exceeded this time window, like in the case
of cytotoxicity studies. Therefore, the persistent increase of background in cell death readouts due to
spontaneous cell demise generated difficulties in the interpretation of the stimulus-elicited cell death.
Thus, the development of an ex vivo system with a long-term survival of cultured tissue/crypts was
necessary.
Detailed information of the intestinal stem cell identity and its niche, gathered in the last decade,
enabled scientists to establish a long-term ex vivo culture of intestinal epithelial tissue. By applying
growth signals that stimulate the self-renewing capacity of crypt-residing intestinal stem cells, the group
of Hans Clevers was able to culture and expand isolated intestinal crypt-derived cells for a theoretically
infinite time. These growth factors include a relatively high concentration of the Wnt agonist R-Spondin
1, stimulation of MAPK pathway and pro-survival Akt signaling by EGF, inhibition of Bone Morphogenic
Protein (BMP)-mediated stem cell differentiation by Noggin, and extracellular matrix (ECM)-mediated
outside-in survival signaling. As a consequence, intestinal stem cells – either as sorted Lgr5+ single cells
or within the isolated crypt – are embedded into an ECM-mimicking 3D semi-solid laminin- and collagenrich droplet (matrigel), which is overlayed with medium that contains the abovementioned growth
factors (Sato et al., 2009). Under these culture conditions, Lgr5+ single sorted intestinal stem cells divide
and proliferate, forming a hollow single cell-layered spheroid structure with a central lumen within 10
days. In the case of isolated crypts, this culture method induces a similar spheroid structure, which is
generated via the closure and rounding-up of the initially cup-shaped crypts within 12 hours. After 2-3
days of culture, buds from the central spheroid form, leading to functionally and morphologically
specifying crypt-like domains. These crypt-like domains contain Paneth cells and Lgr5+ stem cells at their
base and a transit-amplifying compartment at their stalk. The central spheroid, representing the villuslike domain, is fed with differentiating cells from the crypt-like domains and contains functional goblet
cells as well as enterocytes (Cao et al., 2015). Terminally differentiated cells are ultimately extruded into
the central lumen of the villus-like domain, where they accumulate and are eventually released by a
temporal rupture of the central spheroid. The whole structure of crypt- and villus-like domain is
therefore of high physiological relevance, since it is able to mimic most functional cellular components
and characteristics of the intestinal epithelium, like stem cell retention, proliferation, migration,
differentiation and cell shedding. In virtue of the close resemblance to the intestinal epithelium in the
context of the organ, these structures are commonly called intestinal organoids, or mini-guts (Stelzner
et al., 2012). Cultured in this manner, organoids can be maintained indefinitely via their periodic
dissociation and passaging, and even cryopreservation has been demonstrated (Miyoshi and
Stappenbeck, 2013). Thus, the advancement in this method has led to the development of a novel model
system, combining crucial physiological properties of in vivo mouse models with the benefits of cell
culture models, allowing the manipulation of certain genes or specific environmental variables.
2.6.3.

Applications for intestinal organoids

Despite their great potential, until recently intestinal organoids have almost exclusively been used for
the investigation of the regulation of intestinal stem cell biology, growth and differentiation. For
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instance, the role of Paneth cells in stem cell maintenance has been identified using Paneth cell
depletion in intestinal organoids, which resulted in loss of Lgr5+ cells (Sato et al., 2011). With increasing
attention for this method, a variety of techniques have been developed that are based on intestinal
organoids. These include changes in protein expression using lentiviral transduction with overexpressing
or shRNA constructs. On top of that gene function can also be investigated by the usage of crypts form
genetically modified mice and subsequent organoid culture, allowing the comparison with wild type
mice-derived organoids. Additionally, a growing number of analytical read-out systems, such as
microarrays, immunohistochemistry and mass spectrometry, have been used in combination with
intestinal organoids (Leushacke and Barker, 2014; Sato and Clevers, 2013).
In the recent past, intestinal organoids have also been considered as a disease model system. For
instance, intestinal organoids have been used for addressing the role of Paneth cell degranulation in IBD
(Farin et al., 2014). To achieve this, specific staining methods and microscopy, or colorimetric assays that
determine organoid cell viability might be used (Grabinger et al., 2014). Additionally, immune cellmediated disorders of the intestine, like UC, CD, celiac disease or sepsis, might be investigated by either
co-culture with immune cell (sub)populations or the addition of cytokines. Moreover, the role of
commensal or pathogenic microorganisms and host-microbe interactions in intestinal diseases could be
investigated by injecting them into the lumen of the organoids (Wilson et al., 2015).
The already abovementioned organoid-based cell viability staining method, which is part of this thesis,
can likewise be applied for potentially harmful agents, for example in pre-clinical drug screenings.
Especially orally administered drugs might have a strong impact on mucosal tissues, such as the
intestinal epithelium. In particular chemotherapeutic agents often induce severe side-effects in the
intestine epithelium due to the high proliferation rate in the intestinal crypts (see chapter 2.2.1). For
therapeutic purposes, organoids have been successfully transplanted into recipient mice with damaged
intestinal epithelium (Yui et al., 2012). Going beyond, one might think of gene-based therapeutic
approaches transplanting genetically modified organoids (Schwank et al., 2013). Taken together,
intestinal organoids are a great research tool, allowing physiologically highly relevant studies on the
intestinal epithelium ex vivo. Furthermore, they allows the easy quantification of cell death in the
intestinal epithelium and thus might help to reveal specific mechanisms of cell death pathways, e.g. as
elicited by TNF.
In summary, the intestinal epithelium shows an exquisitely high sensitivity towards TNF, a process which
is yet poorly understood. As TNF fails to induce cell death in almost any other cell line or tissue, but
rather induces pro-inflammatory responses, the TNFR1-mediated signaling events in intestinal cells
might differ in critical steps, ultimately rendering those cells susceptible towards TNF. Of particular
interest in this regard are members of the IAP family.

31

3 Aim of this thesis
TNF is involved in numerous inflammatory diseases of the bowel, including CD, UC and GvHD.
Accompanied by excessive intestinal cell death, disturbed tissue homeostasis and defective gut barrier
function, it is believed that TNF-mediated IEC death plays an important role in the pathogenesis of these
inflammatory diseases.
The primary aim of this thesis was to determine the relevant factors, which render IECs specifically
susceptible to the death-promoting action of TNF, while this cytokine fails to induce cell death in most
other tissues and cell lines, unless transcription is blocked. A particular focus of this work was the role
of IAPs in this process, which was elucidated by an induction of IAP depletion and pharmacological
inhibition. Furthermore, we determined the expression levels of IAPs in IECs in comparison to nonsensitive tissues and cell lines, and determine the role of specific IAP family members by assessing TNFmediated IEC death in gene-deficient mice. To show the specificity of TNF-mediated cell death on
intestinal tissue, we also took a look at TNF-induced liver damage throughout the experiments.
Since cell death within the intestinal epithelium is a very transient process, the cell-death promoting and
enteropathy-inducing action of TNF is hard to quantify in vivo. As a second objective, we therefore aimed
to adopt the intestinal organoid culture system for using it as a cytotoxicity determination method with
a high physiological relevance. On this basis, we were planning to develop an objective assay for the
quantitative readout of organoid viability, and to validate this alternative ex vivo method by direct
comparison with current standard techniques, including in vivo- and cell line-based experiments.
Together with our collaborators, our third aim was to show that endogenous TWEAK plays a crucial role
in TNF-mediated IEC death and enteropathy in a disease model of acute GvHD.
Chapter A provides a comprehensive review of the current research status of cell death within the
intestinal epithelium. The review outlines the regulation of cell death in the intestinal epithelium under
physiological and pathophysiological conditions, with a special focus on TNF induced cell death in IECs.
Chapter B describes the development of an intestinal organoid-based ex vivo viability assay and
proposes possible applications, including biomedical research and pre-clinical determination of druginduced side-effects. We not only describe a number of microscopy- and colorimetric-based scoring
methods for intestinal organoid survival or death, but we also compare these data with standard in vivo
and cell line-based toxicity assays.
Chapter C presents a crucial role of TNF and intestinal cell death in a model of acute GvHD and describes
the ability of TWEAK to enhance TNF-induced cell death. A feasible therapeutic potential of Fn14
blockade in intestinal GvHD is demonstrated. We show that treatment with an Fn14-blocking antibody
inhibited intestinal cell death in TNF-challenged mice.
Chapter D comprises a manuscript, where we investigated the role of IAPs in the regulation of TNFinduced cell death of IECs by combining in vivo, ex vivo and cell line-based experiments. We use different
approaches for the reduction of local IAP activity at the TNFR site to unravel their crucial role in
protecting IECs from TNF-mediated cell death. Furthermore, we reveal that cIAP1 deficiency, but not of
cIAP2 or XIAP, highly sensitizes IECs towards TNF-mediated cell death, suggesting a non-redundant role
of cIAP1 in the protection against the IEC-specific pro-apoptotic action of this cytokine.
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4 Statement of contribution
Chapter A: Cell death at the intestinal epithelial front line.
The conduction of experimental mice treatment, IHC staining and microscopic imaging, which can be
seen as an end-result in Fig. 1 was performed by me. The manuscript was written by M.E.D. and
constructively reviewed by T.B. and me.
Chapter 6: Ex vivo culture of intestinal crypt organoids as a model system for assessing cell death
induction in intestinal epithelial cells and enteropathy.
The major parts of the experiments were planned and performed and evaluated by me (Fig. 1, 3, 5-7
and Suppl. Fig. 1). Some experiments, such as live/dead staining of intestinal organoids and serial diluted
organoid viability assessment was done by my student L.L. under my supervision (Fig. 2 and 4). M.L. and
J.-P. M. helped with their professional opinion on alternative in vitro method validation and intestinal
organoid culturing technique, respectively. The first draft of the manuscript was written by me and
finalized by T.B., who also designed and supervised the study.
Chapter C: Blocking TWEAK-Fn14 interaction inhibits hematopoietic stem cell transplantation-induced
intestinal cell death and reduces GVHD.
The major portion of experimental procedures, the data analysis and the manuscript preparation was
performed by our collaborators in Würzburg. My contribution to this publication was the conduction of
in vivo experiments with BALC/c (n=18) or C57BL/6 (n=24) mice, which were treated with an Fn14blocking antibody and TNF. I performed the immunohistochemistry stainings, as well as the microscopic
quantification of the intestinal cell death and subsequent statistical analysis. The results are shown in
Fig. 3B (BALB/c) and Suppl. Fig. 2 (C57BL/6).
Chapter D: Critical and non-redundant role of inhibitor of apoptosis protein 1 (cIAP1) in TNF-induced
intestinal epithelial cell death.
The major part of cellular, ex vivo and in vivo experiments was conducted by me (Fig. 1, 2B, 3B-E, 4-7 as
well as Suppl. Fig. 1-4). J.D. performed most biochemical experiments (Fig. 2A & 3A). C.S., E.D. and N.E.
helped in conducting animal experiments. J.S., H.W., U.N., W.W.-L.W. and C.R.H. provided knockout
animals or valuable reagents, and constructively reviewed the manuscript draft. This study was designed
and supervised by T.B., who also wrote the manuscript.
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Chapter A:
Cell death at the intestinal epithelial front line.
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Due to its constant regeneration the intestinal epithelium is not only a tissue with very high
proliferation rates, but also with very prominent physiological and pathophysiological cell
death induction. The normal physiological differentiation and maturation of intestinal
epithelial cells (IECs) leads to their shedding and apoptotic cell death within few days,
without disturbing the epithelial barrier integrity. In contrast excessive IEC cell death induced
by irradiation, drugs and inflammation severely impairs the vital functions of this tissue. In
this review we discuss cell death processes in the intestinal epithelium in health and disease,
with special emphasis on TNF receptor family-triggered cell death.

BOX 1: Highlights
Facts:
•

In the intestinal epithelium high proliferative rates coexist with high cellular demise
contributing to maintenance of epithelial barrier function.

•

Apoptotic cell death plays a relevant role in the physiological tissue turnover as well
as pathophysiological damage of the intestinal epithelium.

•

The fate of IECs is regulated by a complex interplay between proliferation and
survival signals on one hand, and apoptosis and necroptosis on the other.

•

Disturbance of these processes can result in chronic inflammation and lethality.

•

The detailed understanding of TNF-dependent cell death mechanisms in IECs will
help to develop specific therapies for the treatment of intestinal immunopathologies.

Open Questions:
•

Why are IECs more susceptible to TNF stimulation than other tissues and cells and
what is the biological benefit of this susceptibility?

•

What is the relevance of necroptosis in the maintenance of physiological epithelial
functions and the pathophysiological damage of the epithelium?
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INTRODUCTION
The total number of cells present during the life of a multicellular organism is highly
regulated by cell division and importantly, also by non-accidental and non-pathological
pathways of cell death. Cells, which are no longer required by the organism, auto-induce their
own death by activating tightly controlled intracellular cell death mechanisms known as
programmed cell death. This process is especially important in organs like the gut, where
high proliferative cell rates coexist with a high rate of cellular demise in order to maintain
healthy tissue homeostasis and organ functionality. In addition, a high number of microbes
and bacteria, largely exceeding that of total cells in the human body, reside in close proximity
to the intestinal epithelium. Therefore, programmed cell death may also play an essential role
as a self-protective mechanism by preventing infected cells to persist or even proliferate, and
thereby disseminating potential pathogens, while maintaining proper barrier function of the
rest of the intestinal epithelium. It is noteworthy that an imbalance of these processes has
been involved in the pathogenesis of a number of intestinal diseases, such as inflammatory
bowel disease (IBD) and intestinal tumor development [1-5].

The concept of programmed cell death was first described in 1964 in a study of insect tissue
development [6], and later further developed in mammalian cells [7]. Since then, two major
pathways of programmed cell death have been identified: apoptosis and necroptosis.
Apoptosis is a well-defined cell death subroutine based on the coordinated action of a family
of aspartic acid-specific proteases called caspases, whereas necroptosis is a caspaseindependent mechanism of cell death, which seems to be dependent of the activity of the
receptor-interacting protein (RIP) kinase family [8]. Some reports also described a type of
programmed cell death with features of autophagy. However, it is still a matter of debate as to
whether autophagy rather represents a survival mechanism, or whether autophagy or another
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cell death mechanism is actually responsible for this cell death [9]. Apoptosis is the primary
programmed cell death response to cellular stress, while necroptosis is considered as a safe
but rather rough alternative when apoptosis is impaired or blocked, for example in virally
infected cells. Moreover and in contrast to apoptosis, necroptosis leads to the rupture of cell
membranes leading to the release of cytoplasmic factors and induction of inflammation.
Though necroptosis is often only seen when apoptosis, resp. caspase activity, is blocked, the
intestinal epithelium is a good example where necroptosis plays a critical role in cell death
associated with developmental defects due to genetic deletions in mice [10-13], for example
when caspase-8 is deleted (see further discussion below). Thus, the scientific community has
developed an increasing interest in this subject in order to decipher the mechanisms and roles
of this cell death pathway in vivo [14].

In this review we aim to focus on the specific biochemical mechanisms of apoptotic cell
death implicated in physiological and pathophysiological intestinal epithelial cell (IEC)
functions. However, considering the importance of the crosstalk of different cell death
subroutines, especially in IECs after tumor necrosis factor (TNF) stimulation [9, 15, 16],
other non-apoptotic mechanism of cell death will be briefly discussed. Of note, the study of
IEC cell death in physiological scenarios represents a challenge by itself. Although a large
number of cells die daily in the intestinal epithelium, a limited number of dying cells can be
observed under homeostatic conditions, likely due to the fast cell turn-over and their
clearance [17]. This mechanism highly increases the efficiency of the epithelial barrier
function, however it limits the study of cell death under normal steady-state conditions. In
this regard, the advantages and disadvantages of the different models and methodology used
in the studies cited here will be briefly discussed. Finally, the purpose of this review is to
highlight the current knowledge and remaining open questions in the study of IEC death (see
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Box 1), in order to give a more complete understanding of the complexity of the signal
transduction that regulates the normal physiological as well as pathological cell demises in
the intestinal epithelium.

STRUCTURE AND FUNCTION OF THE INTESTINAL EPITHELIUM
The small and large intestine (colon) are specialized tubular structures within the abdominal
cavity responsible for the digestion of food and the absorption of ions, water, nutrients,
vitamins and unconjugated bile salts. No less important is its protective barrier function
against gut microbes and other non-microbial content in the intestinal lumen, including
enzymes, gastric acid or pancreatic juice [18]. The boundary between these luminal contents
and the tissue compartments of the gastrointestinal track is known as the intestinal epithelial
layer, which represents the largest surface of the body in direct contact with the external
environment [19].

The intestinal epithelial layer is a polarized single cell layer epithelium composed of different
cell types. Absorptive epithelial cells, or enterocytes, are columnar cells that constitute the
majority of the IECs. Tight junctions (TJ), containing proteins such as occludins and
claudins, and adherence junctions (AJ), consisting of cadherin or nectin, are junctional
complexes that connect epithelial cells to each other, supporting the polarity of the epithelial
layer and the maintenance of effective barrier function. Different signaling pathways can
modulate these tight intracellular seals, as shown in studies with different epithelial cell lines.
For instance, kinases like the MAPK family or protein kinase A (PKA) are able to regulate
the expression of TJ proteins, thereby modulating the paracellular permeability of the
epithelium [20]. The same way, changes in the expression of some TJ protein has been shown
to regulate cellular mechanisms, such as differentiation, cell growth or apoptosis, among
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others (reviewed in [20]). Therefore, these junctions play an important role in the
maintenance of the epithelial barrier integrity as well as in the cell-to-cell communications.
However, the complete pathways have not yet been defined [21] and due to the limitations of
cultured cell lines, further research is required in order to elucidate the role of TJ-dependent
regulation in the in vivo context. In addition, the epithelial layer is covered with a thick
mucus layer, derived from goblet cells, interspersed between the absorptive epithelial cells.
This mucus layer permits efficient absorption of nutrients, while inhibiting diffusion of large
molecules and adherence of luminal bacteria to the epithelial layer [22]. Accordingly, this
mucus layer contributes to the proper maintenance of intestinal barrier function. In certain
intestinal conditions, such as shock, increased gut permeability has been observed in
association with the disruption of this layer [23, 24]. The protective importance of this mucus
layer is also illustrated by the development of spontaneous bacterial-driven colitis in mice
with MUC2 mucin deficiency, a main component of the mucus layer [25].

Other cell types composing the intestinal epithelium are the pyramidal-shaped Paneth cells,
generally observed under physiological conditions at the bottom of the small intestinal crypts,
or under inflammatory conditions also in the colon. These cells contain eosinophilic granules,
whose anti-microbial content, e.g. lysozyme and defensins, helps to prevent bacterial
infection of the intestinal crypts [19, 23, 26]. Besides Paneth and goblet cells,
enteroendocrine cells also represent secretory cells of the intestinal epithelium. They
represent 1% of total epithelial cells and their main function is the secretion of hormones,
which coordinate digestion and metabolism [19, 27]. An interesting cell type frequently
found in the intestinal epithelium are so-called intraepithelial lymphocytes (IEL), a unique
population of mostly CD8+ T lymphocytes located within the epithelial cell layer outside of
the basal lamina of the intestinal mucosa. IEL seem to be involved in the host defense, but
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particularly in the immune regulation and the tissue preservation due to their capacity to
secret immunoregulatory epithelium preserving cytokines [19, 28]. However, their exact role
in maintaining intestinal immune homeostasis is still under debate [29].

The intestinal epithelium is a columnar single-cell layer organized in crypts and villi, which
project into the lumen and it is common along the small and large intestine. However,
differences in morphology and cell distribution can be observed between large and small
intestine, and even along the different parts of the small intestinal, such as duodenum,
jejunum or ileum (proximal-distal sections with 20%, 40% and 60% of total area,
respectively). For instance, the villus structure is present only in the small intestine and
amplifies the surface area up to four folds (jejunum), as compared to the colon. Despite
structural differences, a common feature along the intestine is the strikingly fast renewal of
the epithelial lining. Interestingly, small subpopulations of undifferentiated stem cells are the
main source of this process. The epithelial stem cells are located in the lower part of the crypt
close to its base (+4 position or the stem cell zone [30]) and differentiate either towards the
base of the crypt into Paneth cells and enteroendocrine cells, or upwards towards the villus
into absorptive epithelial cells and goblet cells [19]. These crypt stem cells are the main
engine driving the self-renewing property of the intestinal epithelium by generating new cells
that then migrate to the bottom of the crypts or to the villus tip, where they are finally
removed by shedding into the lumen [30]. The proliferation rate of the stem cells and
migration rate of the differentiated cells depends of external factors, like hormones and
growth factors [19]. This is a continuous physiological process, leading to a complete
renewal of all intestinal differentiated cells every 2-6 days, except for Paneth cells and stem
cells [31, 32]. The loss of cells at the villus tip by shedding into the lumen is a highly
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regulated and complex process that contributes to the gut barrier function and maintains the
organ functionality [23].

MECHANISM OF IEC SHEDDING DURING HOMEOSTASIS
Excessive epithelial cell loss or decreased regenerative capacity results in a lack of epithelial
layer integrity leading to an increase in the intestinal barrier permeability, promoting the
leakage of potential hazardous substances and microorganisms into the body. However,
despite the very high turnover of cells in this organ, a healthy intestinal mucosa is able to
maintain the integrity of the epithelium and gut barrier function by the continuous production
of new epithelial cells compensating the loss of mature epithelial cells at the villus tip by
shedding. The loss of mature epithelial cells was traditionally believed to be maturationdriven, possibly due to the lack of space at the tip of the villi. Nevertheless, this mechanism is
far from being a simple passive process and increasing evidence suggests that it is a complex
sequence of orchestrated events that seem necessary to maintain the continuity of the
epithelium and the gut barrier function. In this regard, the mechanism by which epithelial
cells are shed from the tip of the villus into the lumen is fundamental for understanding the
intestinal homeostasis in health and disease [23]. However, as cell viability of primary ex vivo
cultured IECs is very low [33] and transformed epithelial cells are a poor substitute to study
the biology of IEC, the lack of suitable mouse models makes the study of physiological IEC
shedding and homeostasis in healthy organisms rather complicated. Thus, the precise
mechanism is still poorly understood. Nonetheless, in vivo microscopy studies of the small
intestine in anaesthetized mice, or in humans, by using confocal endomicroscopy with
intravenous fluorescent probes, were able to shed some light in this field [23, 34, 35]. Cells to
be shed alter TJ and integrins in order to be able to detach from the basal membrane and
neighboring cells, and to start the cell extrusion [36]. However, the nature of the stimuli that
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alters the TJ in the first place in a homeostatic situation of the epithelium is still under debate.
Studies employing in vivo cell tracking suggested that once the contact between neighboring
cells is weakened unknown forces are able to push shedding cells out of the monolayer.
Moreover, authors suggested that due to differences in migration speed, this forces might be
independent of the pressure exerted from the movement of cells going towards the villus [37].
Once the cell leaves the monolayer, the adjacent cells extend their cytoplasm underneath of
the shedding cell, creating new junctional elements that maintain the epithelial continuity [23,
36, 38]. Interestingly, although the local barrier function remains intact, several studies
described the existence of certain gaps in the epithelium once the cells are shed [34, 37, 39].
Apparently, this is possible since the cell-free gaps in the epithelial monolayer are sealed with
an impermeable substance, whose nature and origin is still unknown [40]. Finally, the cell
being extruded undergoes a detachment-dependent apoptotic cell death [23]. Thanks to this
mechanism of cell death, old epithelial cells are removed from the intestinal mucosa without
triggering an inflammatory response. However, further research is required in order to
completely define the mechanism of IEC shedding during homeostasis, specially regarding
the role of detachment-induced apoptosis in this mechanism [23, 42].

DETACHEMENT-INDUCED APOPTOSIS IN IECs
Differentiation-triggered shedding of aged IECs at the villus tip, or shedding of stressed IECs
from the basal membrane of the epithelial layer leads to activation of the main executors of
apoptosis, the caspase family, which has been shown to occur alongside to the typical cell
extrusion morphology [2, 23, 45, 46] (Figure 1). Interestingly, IECs show differential
apoptosis sensitivity depending on their degree of differentiation [41]. The luminal surface of
the epithelium and the crypt region are the more susceptible sites to undergo apoptosis. In
general, crypt cells seem to be more resistant to spontaneous apoptosis induction than mature
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villus IECs, likely also due to the longer life span of crypt cells compared to mature villus
epithelial cells [2]. Under steady-state conditions apoptotic cells in the intestinal crypts are
rarely observed (Figure 1). A completely different situation, however, is seen under
pathological conditions, where crypt cells seem to be a sensitive target of many apoptosisinducing triggers [43][44].

Detachment of IECs leads to a caspase-dependent form of cell death, called anoikis.
Similarly, various apoptosis triggers, including TNF, can promote massive shedding of IECs
resulting in cell death. At present it is not fully understood whether in this stress-induced
form of anoikis the shedding process initiates the apoptosis induction, or whether the
initiation of apoptosis and caspase activation is the trigger of cell detachment from the basal
membrane and neighboring cells. But likely the latter is more relevant for stress-induced
detachment and associated apoptosis as after TNF injection, or other stressors, cleaved
caspase-3-positive cells are already observed at a stage when they are still fully integrated in
the epithelial layer (Figure 1). Noteworthy, in the case of TNF-induced cell extrusion,
apoptosis precedes shedding that occurs as a secondary event, however, due to the technical
problems already discussed, the relevance of this mechanism in healthy intestine has not been
described [39]. Depending on the type of trigger, anoikis or apoptosis induction leading to
shedding of mature IECs can be mediated by the intrinsic as well as the extrinsic apoptosis
pathway [9, 47]. For example, detachment of adherent epithelial cell lines cells and IECs has
been reported to lead to a Bcl-2 family member-dependent form of cell death (e.g. involving
the BH3-only proteins Bmf and Bim) [48, 49], whereas TNF can also trigger apoptosis of
mature IECs and their detachment from the epithelial layer via activation of TNF receptor 1
(TNFR1) [17, 50]. Of note, although the chronology of events and the proteins implicated in
cell shedding induced by these distinct pathways are quite different, crosstalk between
them
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has been reported, generally leading to an amplification of death receptor-induced signal via
activation of the mitochondrial pathway [51-53].

The intrinsic or also called mitochondrial pathway of apoptosis can be triggered by different
stimuli, such as DNA damage or genotoxic stress. These stress signals converge at the
mitochondrial membranes by promoting the formation of pores that cause the
permeabilization of the mitochondrial outer membrane (MOMP) and the release of proteins
from the intermembrane space to the cytosol with lethal consequences for the cell. Therefore,
mitochondria and their regulation play an essential role in the control of apoptosis execution
by the intrinsic pathway. In this regard, the Bcl-2 family proteins are the critical regulators of
the mitochondrial pathway and MOMP. This family of structurally related proteins includes
both pro- and anti-apoptotic members can be activated by either transcriptional or posttranslational mechanisms in response to survival signals or cellular stress [54-56]. The Bcl-2
family proteins have been shown to play an essential role in the regulation of IEC apoptosis
and survival under physiological and pathophysiological conditions [56-58]. For instance, the
pro-apoptotic BH3-only protein Bim is upregulated in response to detachment of the nontransformed small intestinal epithelial cell line IEC-18, where it associates with the prosurvival Bcl-2 member Bcl-xL and promotes anoikis [49]. Similarly, its close relative Bmf
has been associated with IEC anoikis [59]. Accordingly, other studies in non-malignant rat
and human IECs support the relevant role of Bcl-xL in regulating anoikis [60]
Following MOMP, the release of pro-apoptotic proteins, such as cytochrome c and
Smac/DIABLO, from the mitochondria into the cytoplasm induces several cellular processes
considered as the “point of no return” in cell fate [61]. Once cytochrome c is released, it
promotes the oligomerization of a heptameric complex called the apoptosome [62-64]. In

45

Accepted Article

turn, procaspase-9 binds to this complex where it becomes auto-activated, thereby promoting
downstream caspase activation and apoptosis execution [65].

On the other side, the death receptor pathway of apoptosis, also known as the extrinsic
pathway, is a very well established mechanism, which involves the activation of the TNF
receptor superfamily, and has been shown to play an important role in anoikis [60, 66, 67].
The apoptosis-inducing members of the TNF receptors family, the so-called death receptors,
are membrane sensors that are able to detect their specific cognate ligands (“death ligands”),
which promote signals leading to cellular destruction [68]. Various human and mouse death
receptors have been identified thus far. Among them, Fas/CD95 (APO-1), TNF-related
apoptosis-inducing ligand receptor 1 (TRAILR1/Death Receptor 4 or DR4), TRAILR2
(DR5/APO-2/KILLER) and TNF receptor 1 (TNFR1/p55/CD120a) are the best-studied
receptors [68]. Their specific activation with their structurally related cognate ligands results
in the recruitment of adaptor molecules, inducing either cell death or pro-survival signals [69,
70].

In the death receptor pathway, apoptosis events occur mainly after the formation of the deathinducing signaling complex (DISC), the caspase-activating platform for the apical caspase-8.
Activation of the DISC depends on the bipartite adaptor molecule Fas-associated death
domain (FADD), and results in the recruitment and proteolytic maturation of procaspase-8
[71, 72]. Recent publications revealed the stoichiometry of the DISC core components,
providing an explanation of a previously described phenomenon of filament formation after
death effector stimulation [73]. Further studies nicely described that instead of the suggested
1:1 FADD:procaspase-8 ratio, up to 9-fold more caspase-8 than FADD can be found in the
DISC as procaspase-8 molecules interact sequentially to form a caspase-activating chain
[74,
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75]. The length of these procaspase-8 chains was reported to be variable and dependent on
various factors, such as the strength of death receptor stimulation, the available pool of
procaspase-8 in the cell and the presence and abundance of the catalytically silent caspase-8
homologue, the cellular FLICE-inhibitory protein (cFLIP) [74, 75]. Therefore, cFLIP is a
potent inhibitor of death receptor-induced apoptosis, since it competes with procaspase-8 for
binding to the DISC [76]. In this regard, cFLIP appears to be of particular relevance for the
regulation of IEC apoptosis, since genetic deletion of cFLIP in the murine intestinal
epithelium leads to perinatal lethality, which seems to be at least in part dependent on
TNFR1-induced IEC apoptosis [77]. Furthermore, cFLIP expression in IECs is upregulated in
patients with IBD, likely as an attempt to prevent death receptor-induced apoptosis during the
course of intestinal inflammation [78].

Besides cFLIP-mediated regulation of caspase-8 activation, other potentially important
mechanisms of death receptor-induced apoptosis regulation in IECs are decoy receptors
(DcR). These receptors are homologs of the TNF receptor family and compete for their
binding to the ligands [69]. For instance, the cell surface molecules DcR1 and DcR2 have
been found to bind TRAIL and to antagonize TRAIL-induced apoptosis, whereas the soluble
DcR3 binds and antagonizes FasL [70]. Critically, these receptors are either not membrane
receptors, as in the case of DcR3, or lack an intracellular death domain (DD) and can thus not
promote the recruitment of signaling molecules such as FADD and procaspase-8, ultimately
promoting apoptosis. Therefore, by competing for binding to their respective ligands, they
can negatively regulate death receptor-induced apoptosis [69, 70]. Of interest, high levels of
DcR3 have been identified in the colonic mucosa of patients with ulcerative colitis (UC) or
Crohn`s Disease (CD), suggesting a potential protective response against FasL-mediated
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damage of the intestinal epithelium [79-81]. However, it is at present not completely clear
what the relevance of FasL-induced IEC apoptosis is during IBD (reviewed in [79]).

Ultimately, both the intrinsic and the extrinsic pathway of apoptosis lead to the activation of
apical caspases promoting the processing and activation of downstream effector caspases.
Among the effector caspases caspase-3 is the protease responsible for the cleavage of the
majority of the apoptotic substrates [82, 83]. Thus, clearly regulation of caspase activity is a
central process in apoptosis control. Molecules that either directly or indirectly control
caspase activation and/or activity may also play a critical role in IEC apoptosis. In this
regard, members of the inhibitors of apoptosis protein family (IAPs) have received increasing
scientific interest due to their proposed novel function as regulators of the balance between
life and death signals in the intestinal epithelium. Among the eight human IAPs identified so
far, the X-linked inhibitor of apoptosis (XIAP), the cIAP1 and the cIAP2 are the best
characterized [84]. XIAP is among all IAPs the only one that exerts its apoptotic inhibitory
function by direct binding to the catalytic domain of caspases, while cIAP1 and cIAP2 seems
to be more efficient in inhibiting apoptosis through their ubiquitin ligase activity [85].
Interestingly, detachment of the non-malignant highly anoikis-susceptible intestinal epithelial
cell line IEC-18 has been shown to trigger upregulation of XIAP and cIAP2 proteins, thus
delaying anoikis and providing a regulatory mechanism for cell extrusion [86].

Therefore, the integrity of the biochemical pathways leading to IEC anoikis or apoptosis are
extremely important in order maintain a healthy intestinal epithelium. Moreover, mutations
resulting in the perturbation of theses mechanisms may contribute to different intestinal
pathologies, including complete destruction of the intestinal epithelial layer and subsequent
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death on one side of the extreme, or anoikis resistance promoting carcinoma progression on
the other side [87].

PATHOPHYSIOLOGICAL

CONDITIONS

PROMOTING

EXCESSIVE

IEC

APOPTOSIS
Continuous physiological cell death in combination with high proliferation rates of IECs
contributes to the striking self-renewing properties of the epithelial layer, maintaining proper
intestinal barrier function and preventing the accumulation of damaged and potentially
transformed cells. On the other hand, excessive cell death induction in mature IECs and crypt
cells may cause a massive breakdown of this homeostatic process, disrupting this epithelial
barrier, with the subsequent entry of noxious agents and aberrant stimulation of the intestinal
immune system. Excessive IEC apoptosis is initiated by a rather diverse pattern of stimuli,
which can be generally grouped into i) immune cell-derived triggers, ii) drugs and iii)
physical stressors (Figure 2). As mentioned above, the intestinal epithelium is one of the
tissues with the highest proliferation rate due to constant renewal of the epithelium. Since
stem cells and transient amplifying cells in the crypts are proliferating and synthesizing DNA,
they are also more sensitive to treatments leading to DNA damage. Thus, it is not surprising
that the intestinal epithelium is one of the most sensitive tissues to DNA damage-inducing
treatments.

These include

irradiation and chemotherapeutic

drugs.

Consequently,

gastrointestinal complications are among the most frequent side effects of cancer therapy. Of
interest, DNA damage-induced apoptosis in IECs is mostly found in the intestinal crypts, in
agreement with the proliferative stage of intestinal stem and progenitor cells, however, it is
also seen in mature terminally differentiated epithelial cells in the villus, which do not
undergo cell cycle progression [44]. This indicates that likely different chemotherapy- and
irradiation-induced apoptosis pathways are induced in crypt and villus IECs.
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Among the immune cell-derived triggers, members of the TNF family and their initiation of
the death receptor pathway of apoptosis appear to play a dominant role in IEC apoptosis in
the context of inflammatory processes of the intestine. Immunopathological conditions,
which lead to damage of the intestinal epithelium, include IBD, bacterial and viral infections,
intestinal Graft-versus-Host Disease (GvHD), and sepsis. Common to all of these disorders is
that excessive immune cell stimulation leads either to the development of cytotoxic effector
functions, which directly cause epithelial damage, or to the systemic or local expression of
soluble TNF family members, which then promote apoptosis in IECs. In intestinal GvHD
donor-derived allospecific cytotoxic T cells infiltrate the intestinal mucosa and directly kill
IECs via cell-mediated cytotoxic effector functions, such as perforin and FasL [88, 89].
Similar cytotoxic effector mechanisms may be responsible for immune cell-mediated damage
to the intestinal epithelium during intestinal infections with viruses [90]. In contrast, IEC
apoptosis and epithelial damage observed during systemic immune cell activation (e.g. by
sepsis) or during IBD, appears to be largely mediated by soluble members of the TNF family.
In this regard it is important to stress that while in most cell types and tissues TNF fails to
promote apoptosis but rather leads to activating and pro-survival signals, the intestinal
epithelium is exquisitely sensitive to the apoptosis-inducing activity of TNF. TNF injection
or strong systemic TNF induction upon injection of LPS into mice rapidly promotes IEC
shedding and apoptosis in mature and crypt IECs [17]. Likely but more chronic processes of
TNF-induced IEC apoptosis also occur during experimental colitis in mice or IBD in human
patients, as neutralization of TNF has a strong therapeutic effect and results in reduced tissue
damage, mainly due to the inhibition of cell death, but also due to the down-regulation of proinflammatory processes that might contribute to local tissue damage [91, 92]. Further details
on how TNF family members promote IEC apoptosis will be discussed below.
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DNA DAMAGE-INDUCED APOPTOSIS IN IECs
The use of pharmacological drugs and irradiation in cancer therapy aims at specifically
killing tumor cells, while sparing normal tissue cells. However, due to the high proliferative
capacity and apoptosis sensitivity, these treatments often lead to massive intestinal epithelial
injury causing diarrhea, general malabsorption, and infection [93]. These effects significantly
limit the effective dose of the chemotherapeutic agents, while at the same time they cause an
extremely discomforting situation for cancer patients [94]. While the therapy-evoked
infection may also be caused by drug- or irradiation-induced cell death in bone marrow cells
and associated immune suppression, diarrhea and malabsorption are directly related to a
treatment-induced damage of the intestinal epithelium. Similarly, an increase in the epithelial
permeability may also result in increased bacteria penetrating the intestinal mucosa, leading
to systemic infection and potentially to sepsis. Due to their high-proliferative potential, crypts
cells are the cells within the intestinal epithelium that are most susceptible to DNA damage
and cell death after chemotherapy. This inappropriate loss of crypt cells results in an
intestinal mucosal damage called "mucositis". Chemotherapy-induced mucositis is
characterized by crypt loss, villus atrophy, as well as impairment of the gut absorptive and
barrier functions [95].

The coordinated action of DNA-repair mechanisms, transcriptional regulation and apoptosis
constitute the DNA damage response and help to limit these devastating effects [96]. The
DNA-repair mechanisms are tightly regulated by cell cycle, cyclin-dependent kinases and
their inhibitors, coordinating the repair processes, as well as the cell-cycle arrest allowing
time to repair the DNA [96, 97]. Depending on the type of DNA lesions and the cell cycle
phases, different mechanisms are involved in the repair of damaged DNA [96]. If successful,
cells survive and return into cell cycle.
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However, in the case of persistent or excessive DNA damage where the repair machinery is
not able to repair the lesions, cell death is induced [98]. The tumor suppressor gene and
transcription factor p53 plays an important role in the regulation of DNA damage-induced
cell death [99]. In particular, p53 has been shown to be critical for irradiation-induced
apoptosis in the intestinal epithelium [100, 101]. The p53 protein has been implicated in the
regulation of the transcription of genes encoding pro-apoptotic members of the Bcl-2 family,
such as PUMA [102], Noxa [103], Bim [104], Bax [105], but also anti-apoptotic members,
such as Mcl-1 [106]. While under steady-state conditions p53 constantly becomes
ubiquitinated and degraded by the proteasome, upon induction of DNA damage p53 becomes
stabilized and undergoes post-translational modifications that modulate its activation [107].
Many, if not most, apoptosis-promoting activities of p53 are mediated via the transcriptional
control of apoptosis-regulating target genes. In particular PUMA and Noxa appear to be the
most relevant target genes in the p53-mediated response to DNA damage. These BH3-only
proteins seem to mediate p53-depentent apoptotic pathways in response to DNA damage in
most cellular systems, including IECs [108]. PUMA induction has also been shown to
contribute to the pathogenesis of inflammation-dependent colitis [109, 110], implicating p53
in the regulation of epithelial homeostasis also under inflammatory conditions. However, as
p53-dependent upregulation of the TNF receptor family and activation of the caspase-8dependent pathway has also been described [111, 112], it is feasible to consider that not all
p53-regulated cell death is mediated via the induction of BH3-only proteins. Furthermore, it
should be also noted that irradiation-induced crypt cell apoptosis still occurs in p53-deficient
mice [113], suggesting the induction of alternative apoptosis pathways. In this regard it is
interesting that its close relative p73 also regulates the transcription of the Bcl-2 homologs
Bax, PUMA and Noxa[104], [101, 114]and may thus represent a backup mechanism for p53
in irradiation-induced IEC apoptosis.
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Current knowledge regarding the role of p53 in DNA damage-induced IEC death are mostly
based on studies in whole-body radiated mice [94]. Interestingly, the role of p53 in apoptosis
seems to be dependent on the degree of radiation, and reported to be irrelevant in spontaneous
apoptosis [101]. Even at severe radiation treatment, studies with knockout animals suggested
a dual role for p53 in DNA damage-induced IEC apoptosis [94, 115]. p53 was proposed to
have a pro-apoptotic role around 24 h after radiation, due to the transcriptional upregulation
of proteins such as Bax, Bak and PUMA, which promote tissue destruction. However, at a
later stage (96-120 h post radiation), the p53-dependent induction of proteins involved in the
cell cycle arrest and DNA repair mechanism inhibit IEC to undergo lethal mitotic
catastrophe. This observation suggests a higher relevance of the p53-dependent inhibition of
mitotic cell death and cell cycle arrest in radiation-induced DNA damage than in regulating
apoptosis, questioning the applications of p53 inhibitors in some therapeutic scenarios [115].

Considerable efforts are currently focused on the development of small molecules that help to
counteract the side effects of chemotherapy-induced DNA damage in the intestinal
epithelium. In this regard, the development of new techniques such as the three-dimensional
culture of intestinal organoids, containing intestinal stem cells as well as differentiated
progeny cells, may thus represent a most interesting screening system for pharmacological
drugs and toxins with higher relevance for human patients than in vitro studies with cell lines
or in vivo studies in mouse models [44].

IMMUNE CELL-DRIVEN IEC APOPTOSIS
The plethora of inflammatory disorder that directly or indirectly affect the integrity and the
function of the intestinal epithelium already strongly supports the notion that IECs are a
prime target of numerous immune cell-derived cytotoxic effector molecules. This is the case
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when immune cells either become locally activated or activated immune cells infiltrate the
intestinal mucosa (e.g. in intestinal GvHD, colitis or local viral or bacterial infections), but
also upon strong systemic activation of the immune system. For example, injection of
lipopolysaccharide (LPS) into mice triggers systemic immune cell activation, specifically
macrophages, which indirectly and likely via soluble immune cell-derived factors, triggers
excessive apoptosis in the intestinal epithelium. Similarly, induction of sepsis promotes a
strong systemic inflammation, which also causes massive IEC apoptosis. Of interest, there is
a direct correlation between the extent of epithelial damage associated with sepsis and sepsismediated lethality [116], indicating how important intestinal epithelial barrier integrity is and
how vulnerable the intestinal epithelium is to apoptosis induction. This extreme sensitivity of
the epithelium to cell death-promoting stressors is likely a trade-off for an efficient uptake of
nutrients and a constant renewal of the epithelial layer. Though numerous immune cellderived effector molecules have a potential to do harm to IECs, there is strong evidence that
members of the TNF superfamily play a central role in the induction of epithelial damage by
apoptosis.

Three members of the TNF family are known for their apoptosis-inducing properties, i.e.
TNF, FasL and TRAIL. In contrast, only weak apoptosis-inducing activities have been
described for their homolog TWEAK (TNF-related weak inducer of apoptosis), though
TWEAK signaling may still have a strong impact on apoptosis induction by other triggers
[117]. Upon activation, T cells, and in particular CD8+ cytotoxic T cells, readily express FasL
on their cell surface and can promote apoptosis in Fas-sensitive target cells. Injection of a T
cell-activating antibody into mice leads to systemic T cell activation, including activation of
intestinal T cells. This treatment results in severe epithelial damage, which is at least in part
mediated by FasL-mediated killing of IECs [118]. Interspersed within the epithelial layer the
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intestinal mucosa contains a large number of mostly CD8+ IEL. Though these cells are
generally not cytotoxic, it has been shown that their activation leads to FasL expression and
FasL-mediated cytotoxicity. Importantly, during intestinal GvHD, the intestinal epithelial
layer is strongly infiltrated by alloreactive donor-derived cytotoxic T cells, which cause
severe damage to the host epithelium by promoting FasL/Fas-mediated apoptosis [89, 119].
FasL-mediated epithelial damage has also been implicated in a murine model of experimental
colitis, where reduced epithelial damage and inflammation was observed in the absence of the
Fas receptor (lpr mice) [120]. Surprisingly, however, Fas receptor signaling may also have an
opposite, rather cytoprotective, effect on IECs in other models of murine colitis [121]. Very
likely this observation on the protective function of Fas signaling on IEC apoptosis and
experimental colitis is related to a more recently recognized activity of the Fas receptor to
induce MAP kinases and NFκB activation, and thereby promote pro-survival pathways and
the expression of pro-inflammatory cytokines [122]. Of interest, non-lymphoid FasL
expression has also been reported in IECs, specifically in Paneth cells, even though it appears
not to promote IEC apoptosis, but rather contributes to the deletion of activated T cells [123]:
Thus, FasL has a rather broad spectrum of biological activities in the intestinal epithelium,
ranging from cell death- to survival-promoting activities.

The TNF family member TRAIL has gained strong scientific and commercial interest due to
its presumably restricted apoptosis-inducing activity in tumor cells [124] [125]. However,
there is accumulating evidence that TRAIL may also trigger activating, pro-survival signals
in tumor cells [126] and that the pro-apoptotic activity of TRAIL is not restricted to tumor
cells, but extends also to primary tissue cells. In this context it is of interest that TRAIL fails
to directly promote apoptosis in hepatocytes, but appears to have an enhancing effect on other
death triggers [52, 127, 128]. TRAIL and TRAIL receptor expression have been described
in

55

Accepted Article

the intestinal epithelium, and altered expression patterns and TRAIL sensitivity have been
associated with viral infections [129] and IBD [130]. Of interest, TRAIL and TRAIL receptor
appear to be co-expressed in colonocytes under normal conditions without evidence of
autocrine apoptosis induction. Thus, the precise role of TRAIL in regulating IEC apoptosis in
health and disease remains to be elucidated.

The founding member of the TNF family, TNF, is probably the best-documented inducer of
cell death in the intestinal epithelium, not only of apoptotic cell death, but also of the more
recently characterized necroptosis. This is in as much rather surprising as in most tissues and
cells TNF fails to induce apoptosis in the absence of sensitizers, such as inhibitors of
transcription or protein synthesis. In these tissues TNF rather promotes activating, prosurvival and pro-inflammatory signals, as discussed above. In this respect the intestinal
epithelium represents a rather lonesome exception. Though TNF has been implicated in the
induction of tissue damage in other tissues under inflammatory conditions (e.g. experimental
hepatitis) [131], the intestinal epithelium represents the most sensitive tissue to the direct
action of TNF, in the absence of an acute or chronic inflammation [17, 50]. Furthermore,
TNF-induced IEC apoptosis and tissue destruction have been implicated in a number of
inflammatory conditions affecting the intestinal mucosa. IBD is the best-characterized
inflammatory disorder of the intestinal mucosa involving TNF as a major effector mechanism
of tissue destruction. Various mouse models of experimental colitis (although not all)[132]
depend on TNF. For example, the well-characterized TNBS hapten-induced and the CD4+
CD45Rbhi T cell transfer model of colitis fail to develop in the absence of TNF [133, 134].
Similarly, TNF is a major target in human IBD, and neutralizing TNF using recombinant
antibodies has a strong therapeutic success [91]. Though TNF likely contributes to the
regulation of various aspects of inflammation, including the induction of chemotactic
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cytokines, adhesion molecules and the recruitment of immune cells, TNF-induced epithelial
damage represents a critical aspect of the pathogenesis of colitis. In this regard TNF has a
dual action. Next to disturbing the integrity of the epithelial layer by inducing apoptosis in
IECs, TNF also leads to the disruption of TJ [46, 135], increasing the permeability of the
epithelial layer, providing access to immunostimulatory bacterial products and further fueling
inflammation and tissue destruction.

The underlying reason why IECs are so exquisitely sensitive to the cell death-promoting
activity of TNF is presently largely unexplored. It has been well documented that the TNF
receptor responsible for transducing cell death in IECs is TNFR1 [50]. Similarly, it is clear
that the direct cell death-inducing activity of TNF involves caspases, as in vivo treatment
with caspase peptide inhibitors blocks IEC apoptosis [50]. In most cells TNFR1 rarely
induces DISC assembly and caspase activation, but only when alternative signaling pathways
are blocked [70, 136]. After being activated TNFR1 can recruit via DD interactions the
alternative adaptor protein TNFR-associated death domain (TRADD), inducing the
assembling of other signaling complexes, like complex I and II [70, 136, 137]. Complex I is
formed by the interaction of the ubiquitin ligases TNFR-associated factor–2 (TRAF2), cIAP1
and 2, and RIPK1 with the adaptor protein TRADD [138, 139]. Following polyubiquitylation
of RIPK1 by cIAP1 and 2 the IKK kinase complex (IKK α, β, and γ/Nemo) is recruited to the
receptor complex, and this in turn activates NF-κB [137, 140, 141]. In addition, TNFR1 is
also able to activate MAP kinases via TRAF2-mediated recruitment of the mitogen-activated
protein kinase (MAPK) 7 [141].
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TNF-induced activation of MAP kinases and the NF-κB signaling pathways have been shown
to play a relevant role in IEC homeostasis, especially in inflammatory disorders of the
intestine [78, 142, 143]. Besides its role in cell activation and survival, NF-κB signaling also
promotes the release of pro-inflammatory cytokines such as TNF [144]. Of interest, also IECs
are able to produce TNF and thereby regulate intestinal inflammation in an autocrine manner
[145]. However, Guma et al. showed that the persistent activation of the NF-κB pathway was
not sufficient do cause epithelial damage and barrier dysfunction alone, but additional MAP
kinase pathway activation is required [142]. This observation supports the protective role of
intestinal epithelial NF-κB activation, mostly due to its ability to inhibit IEC apoptosis and
preventing the epithelial barrier disruption [78, 142, 146].
Complex II is formed when RIPK1 is deubiquitinated by CYLD. The resulting signaling
complex is then dissociated from the receptor and released to the cytosol, where FADD and
caspase-8 can bind and initiate apoptosis (complex IIa) [137, 138, 147]. However, the
chronology and requirements of these steps are still not fully understood [137]. Considering
the exquisite susceptibility of the intestinal epithelium to TNF-dependent apoptosis, TNFR1induced formation of complex IIa appears to be a default pathway in IECs and to proceed
most efficiently. And evidently this TNF-induced signaling pathway is of major relevance for
the maintenance of epithelial homeostasis in the gut [145]. The underlying molecular basis
for this susceptibility is thus far not fully understood. But given the fact that cIAP1 and 2 are
important switch factors in the regulation of various signaling outcomes after TNFR1
activation, they likely play an important role in the regulation of IEC sensitivity to TNF.
Some hints about the relevance of cIAPs in this process come from an observations by Vince
et al. [148] and Wicovsky et al. [149], who demonstrated that the weak apoptosis inducer
TWEAK sensitizes various cell lines to TNF-induced apoptosis and necroptosis. This
sensitizing effect was attributed to the TWEAK-induced degradation of cIAP1 and TRAF2,
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resulting in an acceleration of pro-death pathways. Of interest, a recent study on the
regulation of TNF-dependent damage of the intestinal epithelium during acute GvHD
described that neutralization of TWEAK using a soluble Fn14 receptor substantially reduced
intestinal epithelial damage and lethality [117]. In this study we also showed that direct TNFmediated IEC apoptosis is significantly reduced when TWEAK is neutralized. These findings
suggest that cIAPs may indeed play a central role in the regulation of IEC sensitivity to TNFinduced apoptosis. Supporting this notion, we observed that intestinal organoids are
sensitized to TNF by TWEAK co-treatment or IAP inhibition (T. Grabinger, T. Brunner,
unpublished results).

Finally, it should be mentioned that although the extrinsic apoptosis pathway as mediated by
TNF family members appears to have a dominant role in immune cell-mediated epithelial
damage, there is evidence that the intrinsic pathway also contributes to IEC apoptosis under
inflammatory conditions. In this regard it has been observed that deficiency of the BH3-only
protein Bmf leads to reduced epithelial damage and associated disease in a model of
experimental colitis [59].

NECROPTOSIS IN TNF-STIMULATED IEC
TNF may not only induce activating signals of apoptosis, but also a second form of cell
death, necroptosis, with substantial differences from apoptosis. After TNF stimulation, next
to complex I and IIa, a third complex (complex IIb or necroptosome [150]) may form [151].
Interestingly, in this case TNF leads to rather necrotic types of cell death features.
Deubiquitination of RIPK1 by CYLD directly recruits FADD, caspase-8, cFLIP and an
additional RIPK1 family member, RIPK3, via RIP-homotypic interaction domains and
independently of TRADD, to trigger necroptosis [151-154].
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The formation of complex IIa or IIb mainly depends on the levels of cFLIP and caspase-8.
Complex I-dependent NF-κB activation induces the expression of cFLIP [155], thus
preventing complex II-dependent caspase-8 activation and promoting cell survival [138, 156,
157]. However, if cFLIP expression is inhibited, for instance by accelerating its degradation
after stress signals, such as JNK activation [158], complex II will promote caspase-8
activation and apoptosis. In this case, active caspase-8 cleaves and inactivates RIPK1, and
thus prevents RIPK1-RIPK3 interaction and the formation of the necroptosome [159]. In
contrast, if caspase-8 activity is inhibited, the complex IIb will assemble and RIPK1/RIPK3dependent necroptosis is induced [16]. Therefore, the ratio cFLIP/caspase-8 activation
determines the cellular outcome after TNF stimulation. Moreover, in the intestinal mucosa,
cFLIP represents a major switch regulating survival, cell death and tissue homeostasis [77].

At present the role of necroptosis in epithelial cell death under physiological conditions or
epithelial damage during immunopathological diseases is incompletely understood and quite
controversial. Thus far, little evidence is available whether administration of TNF in vivo
would promote necroptosis in IECs alone or in parallel to apoptosis. In fact, upon
administration of TNF or strong induction of TNF expression upon LPS injection caspasemediated apoptosis appears to be the dominant form of cell death, and caspase inhibition by
zVAD-fmk prevents IEC detachment and cell death [50]. Of interest, however, necroptosis
appears to have a major importance in the regulation of inflammation and intestinal tissue
damage observed in mice with specific deletions of components of the TNFR1 signaling
complex. Though RIPK1, caspase-8 and FADD are not required for the embryonic
development of the intestinal mucosa and the intestinal epithelium in particular, mice with
IEC-specific deficiencies in these genes develop severe intestinal inflammation, which is
dependent on intestinal colonization by commensal bacteria, likely stimulating immune cells,
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and mediated by TNF. Thus, the extensive epithelial erosion and inflammation as a
consequence of caspase-8 and FADD deletion could be abrogated by either deleting TNF or
RIPK3, indicating that necroptosis is primarily responsible for this massive damage of the
intestine. Interestingly, though IEC-specific deletion of RIPK1 also results in intestinal
epithelial damage, this appears to be rather mediated by apoptosis. Thus caspase-8 deficiency
could rescue the inflammatory phenotype of IEC-specific RIK1-deficient mice, but not
RIPK3 deletion [160]. Therefore, while caspase-8 activity regulates RIPK1 and
RIPK1/RIPK3-mediated necroptosis, RIPK1 appears to have also a regulatory role on the
TNF-induced activation of caspase-8 and apoptosis. This regulatory role of RIPK1 seems to
be independent on its kinase activity, but rather on its platform function [160]. In summary,
necroptosis appears to promote cell death in the intestinal epithelium predominantly when
apoptosis induction via the TNF receptor is impaired.

As stated above, many of these massive immunopathologies observed in mice with IECspecific gene deficiencies of the TNF signaling pathway only develop after colonization of
the intestinal lumen by commensal bacteria. This is of interest as also induction of
experimental colitis in mouse models is often dependent on the bacterial microflora.
Furthermore, antibiotic treatment has also a therapeutic effect in the remission of patients
with IBD (reviewed in [161]). This indicates that the intestinal microbiome is able to trigger
inflammatory processes, which if proceeding in an uncontrolled manner lead to devastating
responses. In this regard it is interesting that members of the pathogen recognition receptor
(PRR) family can also induce necroptosis [150]. Considering the huge bacterial load in the
intestinal tract, it is tempting to speculate that IEC necroptosis may represent a host defense
mechanism against invasive bacteria. Cells of the innate immune system express PRRs, such
as plasma membrane or endosomal membrane-associated Toll-like receptors (TLR), and
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cytosolic NOD-like receptors, that sense pathogen-associated molecular patterns (PAMPs)
contained in viral or bacterial nucleotides, lipoproteins, lipopolysaccharide or peptidoglycans
[162]. Studies in several cell lines showed that activated PRRs after PAMPs exposure can
lead to the induction of the inflammatory response as well as the activation of necroptosis
[150, 163]. These PAMP receptors are differentially expressed in IECs [164]. Thus,
necroptosis via PAMP receptors may represent a relevant mechanism of intestinal cell death
induction contributing to epithelial homeostasis and, if deregulated, to intestinal inflammation
and intestinal disorders [2].

Concluding remarks
In summary, the intestinal epithelium is a tissue where cell proliferation and physiological
and pathophysiological cell death go hand-in-hand, contributing to the tissue homeostasis and
function. The intestinal epithelium is also a tissue where different forms of cell death, i.e.
apoptosis and necroptosis co-exist, though apoptosis appears to be responsible for
physiological cell death, whereas apoptosis and necroptosis account for pathophysiological
cell death in the epithelium. The exquisite sensitivity of the intestinal epithelium to apoptosis
induction appears to be a price to be paid in order to facilitate efficient nutrient uptake, and at
the same time maintain tissue homeostasis and prevent bacterial and viral infections and/or
the development of tumors. Last but not least, a perfect equilibrium between pro-survival and
cell death-promoting signals is a prerequisite for a dynamic homeostasis in the intestinal
epithelium. Upcoming development of new methodologies and model systems that overcome
the difficulties involved in the study of IEC turnover under homeostatic conditions will help
to better understand the mechanisms regulating this complex equilibrium, allowing to
potential therapeutic applications.
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Figure 1: Apoptosis in the intestinal epithelium
Staining for cleaved caspase-3 of small intestine of A) control treated mouse, B)
chemotherapeutic drug-treated mouse with apoptotic crypt and villus epithelial cells. C)
Details of villus cross-section with apoptotic and shed IECs (arrows). D) Details of apoptotic
crypt cells. E) Details of apoptotic villus IECs. C = crypts, V = villus. Scalebar = 150 µm (A
and B), or 75 µm (C-E).
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Figure 2: Cell death induction in the intestinal epithelium under physiological and
pathological conditions
Intestinal stem cells and transient amplifying progenitor cells differentiate into Paneth cells,
Goblet cells or absorptive epithelial cells. These migrate within few days to the villus tip,
where they are shed into the lumen. Chemotherapy or irradiation particularly targets
proliferating crypts cells by inducing DNA damage, which leads to P53-PUMA/Noxadependent apoptosis. Activation of macrophages and T cells leads to TNF and FasL
expression, which promotes apoptosis in mature epithelial cells and crypt cells. Cell death
and TNF-mediated disruption of tight junction (TJ) promotes access of immune cells to the
luminal microflora, stimulation of inflammatory processes and further induction of IEC
apoptosis.
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Ex vivo culture of intestinal crypt organoids as a model
system for assessing cell death induction in intestinal
epithelial cells and enteropathy
T Grabinger1, L Luks1, F Kostadinova1, C Zimberlin2, JP Medema2, M Leist3 and T Brunner*,1

Intestinal epithelial cells (IECs) not only have a critical function in the absorption of nutrients, but also act as a physical barrier
between our body and the outside world. Damage and death of the epithelial cells lead to the breakdown of this barrier function
and inflammation due to access of the immune system to compounds of the intestinal flora. Intestinal epithelial damage is
frequently associated with various inflammatory disorders, chemo- and radiotherapy as well as drug-mediated toxicity. Until
recently, intestinal epithelial-damaging activities of drugs and treatments could be tested only in vivo in animal models because
of the poor survival rate of primary IECs ex vivo. The three-dimensional culture and outgrowth of intestinal crypt stem cells into
organoids have offered new possibilities to culture and study IECs ex vivo. Here we demonstrate that intestinal organoids are a
useful and physiologically relevant model system to study cell death and survival in IECs. We further describe a number of
microscopy-based as well as colorimetric methods to monitor and score survival and death of intestinal organoids. Finally, the
comparison of organoids isolated from gene-deficient mice and wild-type mice allows investigating the role of specific genes in
the regulation of IEC death. Owing to their comparable structure and behavior, intestinal organoids may serve as an interesting
and physiologically relevant surrogate system for large- and mid-scale in vitro testing of intestinal epithelium-damaging drugs
and toxins, and for the investigation of cell death pathways.
Cell Death and Disease (2014) 5, e1228; doi:10.1038/cddis.2014.183; published online 15 May 2014
Subject Category: Experimental Medicine

The intestinal epithelium is an incredibly large mucosal
surface with an extreme self-renewing capacity.1,2 Extensive
proliferation of progenitor cells in the intestinal crypts and their
differentiation into mature epithelial cells continuously compensates for cell loss at the villus tip by anoikis. However, in
various pathological disorders or after medical treatments, the
homeostasis between proliferation and cell death can become
substantially disturbed, resulting in loss of epithelial integrity
and local inflammation because of the increased stimulation of
the immune system by the products of the intestinal flora.3 For
instance in Crohn’s disease4 and ulcerative colitis,5 coeliac
disease,6 graft-versus-host disease7 and sepsis,8 the uncontrolled activation of the immune system results in the
development of cytotoxic effector functions, and release of
cytokines, which either directly damage the intestinal epithelium by inducing apoptosis or disrupt the epithelial tight
junctions in between the epithelial cells.9 The subsequent
invasion of intestinal bacteria and the associated stimulation
of the immune system further accelerate the course of the
disease.10 In particular members of the tumor necrosis factor
(TNF) superfamily, such as, TNFa and Fas (CD95) ligand
have been shown to mediate immune cell-mediated damage

of the intestinal epithelium.11–13 Furthermore, TNFa and IFNg
contribute to epithelial barrier damage by causing disruption of
tight junctions.14
Next to immune cell-mediated damage, various toxins and
pharmacological drugs are known to cause unspecific and
excessive cell death in the intestinal epithelium.15–18 Owing to
its high-proliferative potential, the intestinal epithelium is also
target of DNA damage and cell death associated with
chemotherapy and radiation therapy.19–21 Not surprisingly,
enteropathy and associated diseases are a frequent adverse
side-effect of therapeutic treatments of tumor patients.
To distinguish between the positive therapeutic effects of
pharmacological drugs and their potentially adverse sideeffects is a major goal of preclinical and clinical trials. Ideally,
adverse or even toxic effects on primary cells are seen early
enough in preclinical studies to avoid unnecessary in vivo
testings in animals or to prevent harmful exposure of human
patients. Cellular in vitro models may represent interesting
tools to predict the potential toxic effects of drugs and
treatments to be tested. Preferentially, in vitro testing of given
drugs should be done in primary intestinal epithelial cells
(IECs). However, isolated IECs rapidly die when cultured
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ex vivo.22 The cell death of isolated IECs is so rapid that an
accelerated death promoted by a drug or treatment can often
not be observed. Therefore, IEC-derived immortalized cell
lines or tumor cells are frequently used as surrogates;
however, immortalization or transformation often alters the
intestinal epithelial-specific response to drugs and treatments.
In particular, intestinal tumor cells have been selected to
survive harsh environments, and are frequently characterized
by high expression levels of anti-apoptotic gene products,
such as members of the Bcl-2 family.23 Consequently, this
may result in increased resistance to pharmacological drugs
or irradiation, unrepresentative for the sensitivity of primary
epithelial cells. Thus, data obtained with cell lines have to be
interpreted carefully and do often not allow to draw conclusions on the in vivo situation in the intestinal mucosa. In vivo
testing in mice represents a more physiological alternative.
Such in vivo experiments are, however, cost intensive and
generate often only limited data end points as mice have to be
killed to assess damage in the intestinal epithelium using
histology or histochemistry. Furthermore, toxicological
studies in animals are also largely limited by ethical
considerations.
Recently, Sato et al. presented a novel method that allows
long-term culture of isolated intestinal crypts or intestinal stem
cells.24 Supplemented with the appropriate growth factor
cocktail (epidermal growth factor, Noggin, R-spondin-1) and
cultured in a three-dimensional extracellular matrix, these
intestinal stem cells are capable of developing into organoids
and enteroids, displaying many important functions of the
normal intestinal epithelium (mini-guts). This culture model
has proven to serve as a powerful system to investigate
regulatory and pathological mechanisms of the intestinal
epithelium on a molecular level.25 Of note, the supplemented
growth factors in the culture medium are identical with the
signals that regulate intestinal stem cell niches in vivo.26 Thus
far, this system has been extensively used for studying the
regulation of intestinal stem cell self-renewal, growth and
differentiation. In addition, in vitro expanded organoids may be
used for gastrointestinal stem cell therapy in preclinical animal
models.27 More recent applications also involve studies on
colorectal tumor stem cells.28
Here, we now show that intestinal organoids, grown out of
primary intestinal crypts, are an interesting and suitable model
to study toxicity and cell death induction in ex vivo cultured
primary epithelial cells. The model system is easy to use and
allows quantification of cell death. We further show that cell
death responses of organoids largely differ from that of colon
carcinoma cells often used as surrogates. Last, intestinal
organoids from gene-deficient mice allow to assess the
impact of certain gene products on cell death induction in
these primary epithelial cells. Thus, intestinal organoids may
represent an ideal tool for preclinical toxicological studies on
physiologically relevant primary IECs.
Results
Organoid growth and survival. When crypts isolated from
small intestine were cultured in Matrigel, they closed and
formed organoids29 – transparent sphere-like structures – within
the first hours of culture (Supplementary Figure 1a). After

2–3 days, the spheres started to bud, and after 7 days,
enteroids29 with numerous crypt-like structures were formed.
When isolated crypts were cultured in medium lacking
R-spondin-1, crypts readily closed to form organoids, but
then stopped growing and appeared to die after 1 day of
culture. Surviving and dying organoids were easily distinguished by the drastic change in organoid morphology with
loss of epithelial integrity and impaired lumen formation
(Supplementary Figure 1a). Subsequently, organoids with
this dying phenotype were termed ‘disrupted organoids’.
Likewise, withdrawal of R-spondin-1 from fully grown
enteroids resulted in the same morphologic changes,
indicating that R-spondin-1 is not only required for organoid
growth but also for enteroid survival (Supplementary
Figure 1b).
Apoptosis triggers promote organoid disruption. To
assess whether organoid disruption can be actively induced,
we exposed day 3 organoids to various triggers known to
promote IEC apoptosis. TNFa is a potent inducer of IEC
apoptosis and thereby contributes to the pathogenesis of
various inflammatory disorders of the intestine.30 When
organoids were exposed to murine TNFa, a concentrationdependent increase in the number of organoids with
disrupted morphology was observed (Figure 1a), suggesting
that TNFa was promoting organoid death. Quantification
revealed that concentrations of TNFa as low as 10 ng/ml
promoted a substantial increase in the number of crypts with
a disrupted phenotype (Figure 1b). Next to TNFa as a
representative biological cell death trigger, we investigated
the response of organoids to cisplatin and UV irradiation.
Both treatments also resulted in a significantly increased
number of organoids with lost integrity, compared with
untreated control organoids (Figure 1c). These findings
confirm that treatment of organoids with archetypic cell
death-inducing triggers results in an altered phenotypic
appearance and the disintegration of the organoids, likely
reflecting excessive cell death.
Disrupted organoids consist of dead cells and lack an
intact epithelium. To investigate whether organoids with a
disrupted and dark morphology in the bright-field microscope
represent structures with increased cell death, we performed
live/dead staining of untreated and treated organoids with
Hoechst 33342 and propidium iodide (PI). Alternatively, cells
were stained with calcein-acetoxymethyl ester and PI.
Confocal laser scanning microscopy showed that the
epithelial layer of untreated organoids was Hoechst positive,
but PI negative, indicating viability of this subset of cells.
Although few dead cells were observed in the epithelial layer
of untreated organoids, a large number of PI-positive cells
was seen in their lumen, likely representing shed and dead
mature epithelial cells. Remarkably, when treated with
cisplatin, the majority of the cells in the organoids became
Hoechst- and PI-double positive, indicating major cell death
induction. This was accompanied by a disrupted epithelial
structure, as seen before in the bright-field microscopy
(Figure 2a). These drastic changes upon treatment with
cisplatin were confirmed using calcein staining. Although
untreated organoids showed a strong calcein staining with
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process in viable cells, and was readily detected already after
2 min, further increasing until 60 min (Figure 3d). In line with
the increased number of dead cells observed with live/dead
stains, a drastic reduction in formazan-positive organoids was
observed after treatment with cisplatin (Figure 3a). Staining
with MTT allowed simple discrimination between viable and
dead intestinal organoids using bright-field microscopy.
Intriguingly, the visualization of the three-dimensional structure as well as the distinction between live and dead organoids
was even easier and more impressive when examined by
dark-field microscopy, where formazan-positive live cells
showed a red staining and dead cells had a white appearance
(Figure 3b). Moreover, even a subset of dead, white cells
within a viable organoid could be distinguished, which was not
possible in bright-field microscopy (Figure 3b, white arrowhead). Using MTT staining, the viability of seeded organoids
could also be seen on a macroscopic level. MTT-stained
three-dimensional cultures of control-treated organoids
showed a typical punctated pattern, which was absent upon
treatment with cisplatin (Figure 3c). Hence, staining with
MTT provides the simplest and most rapid way to visualize
viability and cytotoxicity of organoids from primary intestinal
tissue.

Figure 1 Changes in organoid morphology after cell death induction. Crypts
from murine small intestine were seeded into Matrigel and cultured for 72 h to obtain
organoids. (a) Organoids were treated with different doses of mTNFa (0, 10, 30 and
100 ng/ml) overnight, and morphology of the crypts was assessed by light
microscopy. (b) The relative number of organoids with altered morphology was
counted for each dose of TNFa. At least 100 organoids per well were counted. Mean
values ±S.D. of triplicates are shown. Data are representative for three
independent experiments. **Po0.01 control versus 30 ng/ml TNFa; ***Po0.001
control versus 100 ng/ml TNFa. (c) Organoids were either treated overnight with
cisplatin (10 mg/ml) or were UV irradiated (200 mJ), and the percentage of organoids
with changed morphology was quantified using light microscopy. Mean values of
three independent experiments ±S.D. are shown. *Po0.05 control versus
UV-irradiated; **Po0.01 control versus cisplatin-treated

few PI-positive cells in the epithelial layer, cisplatin-treated
organoids had reduced numbers of calcein-positive cells but
increased PI-positive cells, paralleled with disrupted epithelial structures (Figure 2b). These data confirm that cell death
triggers lead to organoids with a disrupted morphology,
which predominantly consist of dead cells.
Viable organoids can be visualized in situ by MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) reduction. Looking for an efficient, quantitative
and objective way to measure organoid cell death,
we reasoned that assessment of viability would result in more
robust data, as background cell death could be subtracted.
Consequently, we tried to stain the viable crypt organoids in
the three-dimensional cultures using MTT. The tetrazolium
salt is converted by viable cells into an insoluble purple
formazan. Figure 3a shows that control-treated organoids
nicely converted MTT and appeared as dark purple structures
in the light microscope. MTT reduction was a very rapid

Quantitative assessment of MTT staining in threedimensional organoid cultures. Although the distribution
of MTT-positive and -negative organoids could be easily
inspected by light microscopy, generation of quantitative
data proved to be more cumbersome. Particularly difficult
was the quantitative scoring of organoids with variable
composition of live and dead cells. MTT assays are
generally quantified by lysing the cells in DMSO, thereby
solubilizing the formazan crystals, and measurement of
absorbance at 562 nm. As the Matrigel of the threedimensional culture does not dissolve in DMSO, an
adaptation of this assay was developed. After completion
of MTT staining, Matrigel was solubilized in 2% SDS, after
which tetrazolium salt crystals were dissolved in DMSO and
absorbance was measured at 562 nm.
To assess whether the number of seeded crypts and the
resulting viable organoids correlates with the recorded MTT
absorbance, and to determine the sensitivity of this method, a
serial dilution of crypts was seeded into 96-well plates. First,
the linearity of theoretically seeded crypts and the number of
counted organoids was determined, confirming a very high
correlation (Figure 4a). Furthermore, a high correlation
between visually counted organoids and the relative reduction
of MTT could be demonstrated (Figure 4b). Finally, the
number of theoretically seeded crypts and the relative MTT
reduction was also highly correlative (Figure 4c). These data
illustrate that this modified MTT assay is linear over a wide
range of organoid dilutions, and correlates with the actual
number of viable organoids in culture.
Next, this assay was employed to determine cell death
induction in organoids after treatment with different stimuli.
The viability of the organoids was normalized by resazurin
metabolism before cell death treatment. Using this modified
MTT assay, a concentration-dependent increase in organoid
cell death in response to cisplatin and irinotecan was
observed (Figure 5a). Similarly, organoids died in a
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Figure 2 Live/dead staining in intestinal organoids. Intestinal crypts were isolated and cultured for 72 h, before treatment with medium control or 30 mg/ml cisplatin
overnight. For analysis of cell death, Matrigel was disrupted mechanically and live/dead staining solution was added. (a) 100 mg/ml propidium iodide (PI) and 100 mg/ml
Hoechst 33342, or (b) 100 mg/ml PI plus 4 mM Calcein-AM. Organoids viability was observed by confocal microscopy. BF, bright field. Data shown are representative for three
independent experiments

concentration-dependent manner in response to TNFa
(Figure 5b) and X-ray irradiation (Figure 5c).
To compare these results with intestinal tumor cells, often
used as surrogates for IEC, the colorectal tumor cell line
Caco-2 (Figures 5d–f) and the murine intestinal carcinoma cell
line MC38 (Figures 5g–i) were exposed to the same stimuli.
Although primary organoids were exquisitely sensitive to
cisplatin and irinotecan treatment, only reduced cell death was
observed at identical concentrations in Caco-2 and MC38
cells. More drastically, TNFa alone failed to promote cell death
in Caco-2 cells, and cells only showed a moderate response
after sensitization with actinomycin D (ActD). In MC38 cells,
TNFa-induced cell death was comparable to that in primary
organoids, an effect that was highly synergistic after ActD pretreatment. After X-ray irradiation, Caco-2 and MC38 cells
showed to be much more resistant compared with primary
organoids and only died in response to high doses. These
findings demonstrate that primary intestinal organoids and
colorectal tumor cells differentially respond to various cell
death triggers.
Comparison of 5-fluorouracyl (5-FU)-induced cell death
in vivo, ex vivo and in vitro. As ex vivo cultured intestinal
organoids may represent a useful model to investigate the

sensitivity of IECs to toxic substances, we aimed at directly
comparing the response of intestinal crypts to the chemotherapeutic drug 5-FU in in vivo and ex vivo cultures. Mice
were treated with saline control or 5-FU, and the extent of
apoptosis induction was assessed 24 h later using cleavedcaspase 3 immunohistochemistry. Figures 6a and b illustrate
that while in control-treated mice minimal cell death was
detected, whereas treatment of mice with 5-FU resulted in
extensive apoptosis induction in intestinal crypts and mature
epithelial cells. These results illustrate that the intestinal
epithelium is a major target of 5-FU-induced toxicity. This
strong sensitivity of intestinal crypts was confirmed in ex vivo
cultured intestinal organoids, where low concentrations of
5-FU induced extensive cell death (Figure 6c). In comparison,
Caco-2 and MC38 cells, used as surrogates for IECs, were
found to be approximately 10–30 times less sensitive to 5-FU
treatment than intestinal organoids (Figure 6d and e). These
findings suggest that ex vivo cultured organoids may more
closely reflect the sensitivity of intestinal crypt cells in vivo.
Organoid cytotoxicity to study the impact of specific
genes. Gene-deficient mice are a frequently used tool to
study the role of specific genes in given physiological and
pathophysiological processes. To assess whether organoids
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Figure 3 Visualization of organoid viability in situ using MTT reduction. Intestinal crypts were isolated and cultured in Matrigel for 72 h. After treatment with cisplatin (30 mg/ml)
or PBS (control) overnight, MTT solution was added to the organoids for 1 h. (a) Left panel: unstained organoids. Right panel: MTT staining of viable organoids after control and
cisplatin treatment. (b) MTT staining in single organoid after control or cisplatin treatment. Visualization of crypt viability using either bright-field (BF) or dark-field (DF)
microscopy (white arrowhead: subset of dead cells). (c) Macroscopic view of unstained and MTT-stained organoids in a 96-well plate after control or cisplatin treatment.
(d) Time course of MTT staining in an untreated viable versus a cisplatin-treated organoid. Data shown are representative for three independent experiments

Figure 4 Quantitative measurement of organoid viability by MTT reduction. Intestinal crypts were isolated, counted and seeded in serial dilutions. Before measuring the
relative MTT reduction at 562 nm, the number of organoids per visual field (using the # 10 objective) was counted by eye. MTT reduction was measured in SDS- and
DMSO-solubilized organoids. (a) Correlation between theoretically seeded crypts and organoids counted per visual field. (b) Correlation between counted organoids per visual
field and relative MTT reduction. (c) Correlation between theoretically seeded crypts and measured relative MTT reduction. Dotted lines indicate confidence intervals CI95%
of best-fit line

could also be used to investigate the role of certain genes in
the regulation of IEC death, we isolated and cultured
intestinal crypts from wild-type mice and Bim " / " mice. The
pro-apoptotic Bcl-2 homolog Bim has been implicated in a
number of apoptosis signaling pathways, including
responses to chemotherapeutic drugs.31–33 Coherently with
the previous results, organoids from wild-type mice died after
TNFa treatment in a concentration-dependent manner, and
no differences in the response was observed between wildtype and Bim " / " organoids (Figure 7a). In marked contrast,
wild-type organoids were substantially more sensitive to

cisplatin treatment than Bim " / " organoids (Figure 7b).
These findings indicate that Bim is involved in cisplatininduced organoid cell death, whereas it is dispensable for
TNFa-induced apoptosis. The data further support the idea
that organoids are an interesting model system to study the
impact of genes on IEC death.
Discussion
Cell-based model systems are not only interesting as
research tools to investigate signaling pathways, but also of
Cell Death and Disease
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Figure 5 Quantitative measurement of organoid death in comparison to human and murine cancer cell lines. (a–c) MTT reduction assay was used for determining cell
death in the organoid cultures. Crypt seeding density was normalized by resazurin reduction before treatment. Cell death was either induced by different doses of cisplatin or
irinotecan (a), mTNFa (b) or X-ray irradiation (c). (d–f) Caco-2 cells were treated with different doses of either cisplatin or irinotecan (d), hTNFa±actinomycin D (60 ng/ml) (e),
or X-ray irradiation (f) and cell death determined by MTT reduction. (g–i) MC38 cells were treated with different doses of either cisplatin or irinotecan (g), mTNFa±actinomycin D
(60 ng/ml) (h) or X-ray irradiation (i) and cell death determined by MTT reduction. Each treatment was performed in triplicates. Mean values ±S.D. are shown. Data are
representative for three independent experiments with comparable results

major importance for the pharmaceutical industry to develop
and test pharmaceutical drugs for their specific therapeutic
effects as well as their unspecific toxicity.34 The closer these
cell-based systems are to the actual target tissue, the better.
Owing to their distinct gene expression profile, cells of
different tissue origin markedly differ in their responses to
drugs and toxins.35 Thus, therapeutic as well as adverse sideeffects should be preferentially tested in the cell type of
interest. This is, however, often a major problem because of
difficulties to access the tissue or to culture this cell type
ex vivo.36 Although general toxic or positive therapeutic
effects can be investigated in vivo using suitable animal
models, these model systems often do not allow to distinguish
between direct effects, or indirect and bystander effects on
target tissues. Furthermore, in vivo experiments in mice and
rats are often limited to final toxicity testing because of the
enormous costs and ethical considerations. An alternative, in
particular for in vitro investigations of biochemical processes,
is represented by easy-to-culture immortalized or transformed
cell lines as surrogates. However, these cell lines are by

definition markedly different from the primary cells of the
tissue, from which they had originally been isolated.37 The
selection to survive and expand in vitro often leads to changes
in gene expression profiles and altered responses. Thus, in
particular for toxicological studies or investigations of cell
death pathways, these cell lines are often only of very limited
use as they do not represent primary cells and do not reflect
the situation in vivo in the target tissue. In line with this idea,
we have seen that primary organoids are exquisitely sensitive
to TNFa and chemotherapeutic drugs, reflecting the situation
in vivo, whereas the colorectal tumor cell line Caco-2 showed
a profound resistance to chemotherapy, and only responded
moderately to TNFa after sensitization by ActD.
Primary cells are therefore the best model system to
represent processes in the respective tissue or organ. Studies
in isolated IECs have been, however, thus far particularly
frustrating because of their poor survival ex vivo. In recent
times, work by Clevers’ group and others has led to the
development of three-dimensional culture systems, which
allow the culture and growth of intestinal stem cells, eventually
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Figure 6 5-FU induced cell death in vivo, in organoids and in cancer cell lines. (a) Immunohistochemistry of small intestinal tissue sections from control or 5-FU-treated
mice (n ¼ 3 per group) using an anti-cleaved caspase-3 antibody. Left panel: overview; right panel: detail. (b) Organoids were cultured for 72 h and then treated with different
concentrations of 5-FU for 24 h. Cell death was determined by MTT reduction. Data are representative for three independent experiments. (c and d) Caco-2 cells (c) or MC 38
cells (d) were treated with different concentrations of 5-FU for 24 h. Cell death was determined by MTT reduction. Data are representative for three independent experiments

Figure 7 Role of Bim in organoid death. Crypts from wild-type (wt) or Bimdeficient (Bim " / " ) mice were isolated and cultured in Matrigel for 72 h. Organoids
were treated overnight with different concentrations of TNFa (a) or cisplatin (b), and
organoid death was determined by MTT assay. Mean values of three independent
experiments ±S.D. are shown. All experiments were done in triplicates. *Po0.05
wt versus Bim " / " ; **Po0.01 wt versus Bim " / "

forming organoids resembling intact mature intestinal epithelial layers in their cellular composition and function.38 This
ex vivo model system with primary cells has been successfully
used to study stem cell biology, proliferation and differentiation of crypt cells, gene expression patterns and biochemical
processes. Furthermore, the ability to culture organoids from
human colorectal tumor stem cells has expanded this model
system to the investigation of biological processes in primary

intestinal tumor cells with great relevance for the situation in
tumor patients.
Thus far, the intestinal crypt organoid model system has not
been used for toxicological studies and/or investigations on
cell death signaling pathways. We here demonstrate that the
three-dimensional culture of intestinal crypts and their growth
and differentiation to organoids is an interesting and easy to
handle tool to study cell death-promoting stimuli and
associated signal transduction pathways in a cellular system
with great relevance for primary tissue cells. We here further
describe a variety of methods to score cell death and cell
survival, respectively, in these organoids using microscopical
and colorimetric methods. A major problem of the microscopic
methods is always the subjectivity of analysis. A large number
of samples has to be analyzed and the scoring system, for
example, the distinction between live and dead, has to be as
objective as possible. Although theoretically cell death in
organoids could be measured by a large panel of objective cell
death analysis methods (e.g., Annexin V/PI staining), a critical
aspect is their three-dimensional culture in Matrigel, which
prevents classical flow cytometrical assays without further
isolation and dissociation. Similarly, detection of DNA
fragmentation by TUNEL assay or detection of cleaved
caspase substrates using immunohistochemistry may be
possible, but cumbersome, and not feasible for mid- and
large-scale screening.
Here we now report about a critical modification of the
MTT assay, which allows assessment of organoid survival
using both qualitative morphological parameters as well as
quantitative colorimetric measurements. Although the
in situ conversion of MTT permits optical inspection using
bright-field microscopy, the dissociation of the Matrigel
using SDS, the solubilization in DMSO and subsequent
reading in the absorbance plate reader allows to obtain
quantitative and objective survival data. Our investigations
also confirm that the assay correlates over a wide range of
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dilutions with the actual and microscopically inspected
number of dead and live crypts or organoids in culture,
respectively. Thus, this assay is accurate, reproducible and
easy to handle, and nicely complements qualitative microscopy-based methods.
Three-dimensional culture of intestinal organoids may thus
represent a most interesting screening system for pharmacological drugs and toxins. The possibility to dissect ex vivo
cultured organoids, to freeze intestinal stem cells and to regrow them later in culture allows to develop highly reproducible test systems with defined sources of cells. Furthermore,
encouraging studies on human intestinal organoids suggest
that pharmacological and toxicological studies could be
extended in the future to ex vivo cultured human colonic
crypts, with major relevance for the potential implications of
the results in human patients.26 In addition, as organoids not
only consist of intestinal stem cells, but also their differentiated
progeny, such as Paneth cells, Goblet cells and mature
absorptive epithelial cells, toxicological studies can be
performed in a model system resembling very closely the
situation of the intestinal epithelial layer in vivo.
The here-described ex vivo model system not only allows
the screening of pharmacological or toxic compounds, but
also to study the impact of factors and triggers with high
relevance for certain intestinal diseases. For example, TNFa
has been implicated in the pathogenesis of a number of
intestinal inflammatory disorders,39 and this ex vivo model
system appears to largely reproduce the cell death-promoting
activity of TNFa in vivo.40 The possibility to culture intestinal
organoids in 96-well plates, and possibly even smaller
formats, not only allows to screen a large number of samples
and dilutions of compounds to generate quantitative data, but
also represents an economical method that limits the use of
expensive drugs. Last, the availability of colorectal tumor
tissue as well as normal colonic epithelium from the same
patient after surgery may allow in future for the side-by-side
culture and testing of colorectal tumor organoids and normal
colonic organoids to simultaneously test and screen drugs for
their tumoricidal activity and the absence of adverse toxic
side-effects on normal colonic tissue.
In summary, we here describe for the first time the use of
ex vivo cultured intestinal organoids and the use of a modified
MTT assay as an easy to handle and sensitive method to
screen for toxic and cell death-promoting activities of
compounds and treatments. This method may represent an
interesting and cost-efficient alternative method to the in vivo
testing in laboratory animals of drugs with an intestinal
epithelium-damaging activity.
Materials and Methods
Crypt isolation, cell lines and culture conditions. Isolation and
culture of intestinal crypts were done as described previously24 with modifications
indicated. Briefly, the small intestine of 4- to 12-week-old C57BL/6 wild-type or
Bim-deficient mice41 was opened longitudinally and villi were scraped off using a
coverslip. The intestine was cut into 1–2 cm pieces, washed three times with cold
PBS and incubated with 2 mM EDTA in PBS for 30 min at 4 1C on a rotating
wheel. Residual villi were removed by gentle shaking, the villi containing
supernatant was removed and replaced with cold PBS. This procedure was
repeated until no villi could be observed anymore in the supernatant using
microscopy. Crypts were then detached from the basal membrane by vigorous
shaking. The crypts enriched in the supernatant were passed through a 70-mm cell

strainer (BD Biosciences, Heidelberg, Germany), centrifuged at 100 # g (3 min,
4 1C) and resuspended in 10 ml PBS for counting using microscopy. Pelleted
crypts were resuspended in Matrigel (BD Biosciences) at a desired crypt density.
Two hundred to five hundred crypts in 7 ml Matrigel were seeded per well on a prewarmed 96-well flat-bottom plate and incubated for 15 min at 37 1C. Then, 70 ml of
complete crypt culture medium was added (ADF medium: advanced DMEM/F12
(Sigma, Schnelldorf, Germany), 0.1% BSA (PAA, Cölbe, Germany), 2 mM
L-glutamine (PAA), 10 mM HEPES (Sigma), 100 U/ml penicillin (Sigma), 100 mg/ml
streptomycin (Sigma), 20 mg/ml nystatin (Sigma), 1 mM N-acetyl cysteine (Sigma),
1 # B27 supplement (Invitrogen, Carlsbad, CA, USA), 1 # N2 supplement
(Invitrogen), 50 ng/ml mEGF (Peprotech, Hamburg, Germany), 100 ng/ml mNoggin
(Peprotech), 500 ng/ml human R-spondin-1 (Peprotech)). Alternatively, hRspondin-1 was added as conditioned medium of hR-spondin-1-transfected HEK
293T cells to a final volume of 10% crypt culture medium. In some experiments,
hR-spondin-1 was omitted. Organoids were cultured at 37 1C in a 5% CO2
atmosphere for at least 3 days before stimulation of cell death. The human
colorectal tumor cell line Caco-2 and the murine intestinal tumor cell line MC38
were obtained from ATCC (LGC, Wesel, Germany), and cultured in IMDM (Sigma)
supplemented with 10% FCS (PAA), 1 # MEM amino-acid solution (Sigma), 4 mM
L-glutamine and 50 mg/ml gentamycin (Sigma) at 37 1C and 5% CO2.
Induction of cell death. Cell death was induced by treatment of organoids,
Caco-2 cells or MC38 cells with either human TNFa or murine TNFa (Peprotech),
cisplatin or irinotecan (CPT11, Enzo Life Sciences, Lörrach, Germany), 5-FU
(Teva, Harleem, the Netherlands), UV irradiation (Stratalinker, Stratagene, La
Jolla, CA, USA) or X-ray irradiation (using a X-Rad 225 ix source from Precision
X-Ray Inc., Branford, CT, USA). In some experiments, Caco-2 or MC38 cells were
sensitized to TNFa-mediated cell death by pre-treatment with 60 ng/ml ActD
(Sigma) 1 h before treatment with TNFa.
Determination of organoid cell death by counting. Organoids were
counted before treatment at the budding stage after 2–3 days of culture.
A minimum of 100 crypts were counted and defined as viable or dead by their
morphological appearance in the bright-field microscope (Axiovert 25, Zeiss,
Oberkochen, Germany). After that, organoids were treated overnight with the
indicated cell death-inducing agents in triplicates. Finally, the organoids were
counted and scored as viable or dead. The specific toxicity of the respective trigger
was calculated as % viableafter " % viablebefore.
Assessment of crypt viability via MTT reduction. After 3–4 days of
culture, organoids were exposed overnight to different cell death inducers, and
organoid viability was assessed via the ability to reduce MTT. When indicated,
viability of seeded organoids was normalized before apoptosis induction by
incubation with resazurin. Briefly, organoids were cultured with 10 mg/ml resazurin
(Sigma) for 6 h, the supernatant was transferred into a black 96-well plate and
fluorescence was measured with a fluorescence detector (Wallac, Victor 1420
multilabel counter, Perkin-Elmer, Rodgau, Germany) at 530 nm excitation and
590 nm emission. After overnight treatment with death-inducing stimuli, MTT (Sigma)
solution was added to the organoid culture to a final concentration of 500 mg/ml.
After incubation for 2–3 h at 37 1C, 5% CO2, the medium was discarded and 20 ml of
2% SDS (Sigma) solution in H2O was added to solubilize the Matrigel (2 h, 37 1C).
Then, 100 ml of DMSO were added for 1 h (37 1C) to solubilize the reduced MTT,
and the OD was measured on a microplate absorbance reader (Sunrise Tecan
Reader, Männedorf, Germany) at 562 nm. Seven microliters of Matrigel without
organoids were used as control and set as 0% viability. Untreated organoids were
defined as 100% viable. If normalization with resazurin was done before treatment,
the relative MTT reduction was divided by the fluorescence value of respective wells.
Fluorescence confocal microscopy. Cell death in organoids was
assessed by live/dead staining and subsequent fluorescence confocal microscopy.
Therefore, Matrigel was disrupted mechanically with a pipette tip and organoids
were transferred to an Eppendorf tube. Crypts were stained in ADF medium with
either 100 mg/ml Hoechst 33342 (Sigma) and 100 mg/ml PI (Sigma), or 4 mM
calcein-acetoxymethyl ester (Invitrogen) and 100 mg/ml PI. After 30 min of
incubation in the dark, confocal microscopy was performed on a laser scanning
microscope (LSM 510 META, Zeiss).
Microscopy. For microscopic analysis, single untreated or treated organoids
were isolated from the Matrigel under the microscope using a micropipette.
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The organoids were placed onto a glass slide and covered with a coverslip. Brightfield, phase-contrast and dark-field microscopy were done on a Leitz DMRB
(Leica, Solms, Germany) or an Axiovert 25 (Zeiss) microscope. The density of
organoids per visual field was obtained by counting using the # 10 objective.
Microscopy of treated or untreated organoids within the Matrigel was done on a
PALM MicroBeam microscope (Zeiss).
In vivo induction of apoptosis and immunohistochemistry.
5-FU-induced apoptosis in IECs was done as part of a different study. EGFP-IRESCreERT2xAPCfl/fl mice under C57Bl/6 background were treated with tamoxifen
(Sigma) to induce Cre recombinase. Three weeks later, mice were treated with
PBS control or with 30 mg/kg 5-FU. After 24 h, mice were killed, and small
intestinal tissue samples were formalin fixed and paraffin embedded. Apoptotic cell
death in tissue sections was then detected using an anti-cleaved caspase 3
antibody (Asp175, Cell Signaling Technology, Danvers, MA, USA) and protocols
used were as described previously.42 All the sections were observed and
photographed with the PALM MicroBeam microscope (Zeiss). Cleaved caspase 3positive cells per 100 crypts were scored in adenoma-free areas of the small
intestine. Three mice per group were analyzed.
Statistics. All statistical analyses were performed using the Graph Pad Prism
software (Ver. 5.01) (GraphPad Software, San Diego, CA, USA). For correlation
analysis, linear regression was used to obtain the best-fit line. Also the 95%
confidence interval of the best-fit line and the coefficient of determination (r2) were
calculated and shown for linear regression. All experiments were performed in
triplicates, if not stated otherwise. All values are reported as mean±S.D. Where
indicated, statistical analysis was evaluated with unpaired Student’s t-tests.
A P value of o0.05 was considered statistically significant. For independent
experiments, organoids were isolated from different individual C57BL/6 mice.
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Suppl. Fig. 1: Organoid growth and survival. a) Small intestinal crypts were
isolated, embedded into matrigel and cultured with either full ADF medium or the
ADF medium lacking human R-Spondin-1 (-Rspo1). Development of the organoids
was monitored during the next 7 days by light microscopy. Arrowheads: bud
formations. Upper panel: development in complete ADF medium (+Rspo1), lower
panel: development in medium without human R-spondin-1 (-Rspo1). b) Crypts were
cultured for 6 days in full ADF medium. Then the medium was changed to ADF
medium without R-spondin-1 for 24h (Rspo1 withdrawal). Scale bars indicate 100
µm.
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Inhibition of the tumor necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK)/
fibroblast growth factor-inducible 14 (Fn14) system reduces intestinal cell death and
• Fn14 activation is involved in disease development in several models of colitis. In view of the crucial role of TNF and
intestinal cell death in graft-versus-host disease (GVHD) and the ability of TWEAK
intestinal apoptosis after
to enhance TNF-induced cell death, we tested here the therapeutic potential of Fn14
allo-HCT and contributes to
blockade on allogeneic hematopoietic cell transplantation (allo-HCT)–induced intestinal
gastrointestinal GVHD.
GVHD. An Fn14-specific blocking human immunoglobulin G1 antibody variant with com• Fn14 blockade with an
promised antibody-dependent cellular cytotoxicity (ADCC) activity strongly inhibited the
ADCC-defective human
severity of murine allo-HCT–induced GVHD. Treatment of the allo-HCT recipients with this
immunoglobulin G1 antibody
monoclonal antibody reduced cell death of gastrointestinal cells but neither affected
reduces GVHD severity
organ infiltration by donor T cells nor cytokine production. Fn14 blockade also inhibited
without modulating GVL
intestinal cell death in mice challenged with TNF. This suggests that the protective
responses.
effect of Fn14 blockade in allo-HCT is based on the protection of intestinal cells from
TNF-induced apoptosis and not due to immune suppression. Importantly, Fn14 blockade
showed no negative effect on graft-versus-leukemia/lymphoma (GVL) activity. Thus, ADCC-defective Fn14-blocking antibodies are
not only possible novel GVL effect-sparing therapeutics for the treatment of GVHD but might also be useful for the treatment of other
inflammatory bowel diseases where TNF-induced cell death is of relevance. (Blood. 2015;126(4):437-444)

Key Points

Introduction
Tumor necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK)
(TNFSF12) is a typical member of the TNF ligand family and its
receptor ﬁbroblast growth factor-inducible 14 (Fn14) (TNFRSF12a)
belongs to the TNF receptor associated factor-interacting subgroup
of the TNF receptor family.1,2 Like most other ligands of the TNF
family, TWEAK is a single-spanning transmembrane protein with an
extracellular carboxyl-terminal TNF homology domain followed by
a stalk region connecting the TNF homology domain with the transmembrane domain and the cytoplasmic amino-terminal part of the
molecule. Not unusual for a TNF ligand, the stalk region of TWEAK
is subject to proteolytic processing and thus allows the generation of
a soluble form of TWEAK. At the messenger RNA level, TWEAK
expression has been documented for a variety of cell lines and in many
tissues. Cell-surface exposed membrane bound TWEAK, however,
has so far only been reported for monocytes, macrophages, dendritic
cells, natural killer cells, and a few cancer cell lines. Fn14 is strongly
expressed in all tissues during development but shows a differentiated

expression pattern in the adult organism, reaching from high expression
in heart and ovary over weak expression in brain and skeletal muscle to
lack of detectable expression in the spleen.3 Particularly, in accordance
with its identiﬁcation as a ﬁbroblast growth factor-inducible protein,
Fn14 was found to be strongly induced by various growth factors and
cytokines,4-8 as seen in situations of tissue damage.9,10 The TWEAK/
Fn14 system triggers a diverse range of cellular effects including the
stimulation of angiogenesis, proliferation, cell differentiation, and cell
migration, as well as the activation of proinﬂammatory gene transcription programs and in rare cases, apoptosis. The range of activities of
the TWEAK/Fn14 system and the tissue damage/injury-associated
expression pattern of Fn14 argue for a role of TWEAK and Fn14 in
wound healing, tissue repair, regeneration, and maintenance of tissue
homeostasis.11 In line with this, it has been found that TWEAK and
Fn14 are required for the regenerative responses occurring after muscle
injury, partial hepatectomy, and partial pancreatectomy.12-14 In the case
of exaggerated or chronic activation, however, the TWEAK/Fn14
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system may also contribute to tissue injury.15,16 Indeed, in most disease
models investigated so far, genetic or pharmacologic inactivation of the
TWEAK/Fn14 system showed a beneﬁcial effect.
Allogeneic hematopoietic cell transplantation (allo-HCT) is often
the only curative treatment option for a number of malignant and nonmalignant diseases of the hematopoietic system.17,18 With respect to the
treatment of leukemia by allo-HCT, a crucial issue is the so called graftversus-leukemia/lymphoma (GVL) effect, a donor T cell and natural
killer cell-mediated immune response against residual malignant cells
in the recipient who has survived previous treatments with chemotherapy and/or radiotherapy. However, the GVL activity is closely linked to
immune reactions of donor cells against normal nontransformed host
cells leading to graft-versus-host disease (GVHD), one of the main
reasons of mortality after allo-HCT. Acute GVHD mainly affects the
gastrointestinal (GI) tract, liver, and skin.
Inhibition of TWEAK/Fn14 signaling showed a protective effect
in 2,4,6-trinitrobenzene sulfonic acid-induced, interleukin (IL)-10
deﬁciency-induced, and g-irradiation–induced colitis,19-21 Thus, we
evaluated whether blockade of Fn14 would interfere with intestinal
GVHD following allo-HCT. We found that a recombinant Fn14speciﬁc blocking human immunoglobulin (Ig) G1 antibody strongly
reduced the severity of allo-HCT–induced GVHD in mice without interfering with GVL activity. Whereas an antibody variant with compromised Fcg-receptor (FcgR) binding was effective, an antibody
variant with enhanced antibody-dependent cellular cytotoxicity (ADCC)
activity failed to show any protective effect. This suggests that the
therapeutic effect is indeed due to inhibition of Fn14 signaling and not
related to ADCC-mediated depletion of Fn14-expressing cells or activation of Fn14 by FcgR-bound antibody.
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maintained in RPMI medium supplemented with 10% fetal calf serum (FCS)
and 1% antibiotics (penicillin/streptomycin) and passaged twice weekly. Both
cell lines are syngeneic to Balb/c mice.
allo-HCT and GVHD/GVL model
Female Balb/c mice (H-2d), 8 to 12 weeks of age, were lethally irradiated with
a dose of 8 Gy using a Faxitron CP-160 X-ray Irradiation System (Faxitron
X-ray; Lincolnshire, IL). To induce GVHD, conditioned mice were then injected
with 5 3 106 allogeneic BM cells isolated from B6 donor mice (H-2b) and
1 3 106 enriched T cells from B6 or ﬁreﬂy luciferase-transgenic B6.L2G85.
CD90.1 mice into the retro-orbital plexus. For GVL experiments with A20 yfp/
luc cells, 1 3 105 cells in 100 mL PBS were injected into the lateral tail vein of
host mice following irradiation, and transfer of BM cells and T cells. For GVL
experiments with IM380 egfp/luc cells, 1 3 105 cells were injected into the lateral
tail vein of host mice 6 days prior to allo-HCT. Drinking water of mice receiving allo-HCT was supplemented with the antibiotic Baytril (Bayer, Leverkusen,
Germany) for 1 week to prevent infections following myeloablative irradiation. To target Fn14, mice were treated daily for a week with 100 mg of 18D1enhanced or 18D1-dead (100 mL PBS IP) starting 1 day after allo-HCT.
Rituximab (anti-human CD20 IgG1) served as a negative control. Mice were
assessed daily for weight loss and clinical scoring of GVHD symptoms26 for
the ﬁrst 10 days after allo-HCT and then every other day until the end of the
experiment. To avoid overestimation of late effects (ie, when only a few mice
are still alive and have comparably low scores), the clinical scoring data were
arranged in a way that the mice that died of GVHD or that were euthanized due
to ethical reasons (score .8, weight loss .20%) were included in the
statistical evaluation with their last score until the last mouse of the group had
died. Thus, the fact that a graph ends earlier than the whole experiment
indicates that all mice were severely affected, therefore they had to be
euthanized.
Bioluminescence imaging

Methods
Antibodies and animals
The anti-Fn14 hIgG1 variants 18D1-dead and 18D1-enhanced have been
described in detail elsewhere.22 Rituximab, a therapeutic human IgG1 antibody
recognizing human but not murine CD20, was purchased from Hoffmann
La-Roche (Basel, Switzerland). Balb/c and C57Bl/6 (B6) mice were purchased from Charles River (Sulzfeld, Germany). Fireﬂy luciferase-transgenic
B6.L2G85.CD90.1 mice were described in detail elsewhere.23,24 For all
experiments, female mice between 8 and 12 weeks of age were used. Mice
were bred within the speciﬁed pathogen-free animal facility of the Center for
Experimental Molecular Medicine of the University Hospital Würzburg, and
received rodent chow and autoclaved drinking water ad libitum. All animal
experiments were approved by local authorities (Regierung von Unterfranken,
reference number 55.2-2531.01-103/11) and complied with German animal
protection law.
Cells and cell culture
Bone marrow (BM) cells were isolated from B6 mice by ﬂushing femur and tibia
bones with phosphate buffered saline (PBS) and ﬁltration of the obtained cell
suspension through a 70-mm cell strainer (BD, Heidelberg, Germany). For preparation of T cells, spleens were directly ﬁltered through a 70-mm cell strainer
into erythrocyte lysis buffer (168 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA)
and incubated for 2 minutes. Two volumes of PBS were added to the single cell
suspension and cells were spun down. Cells were resuspended in PBS, ﬁltered
through a new 70-mm cell strainer and spun down again. Cells were resuspended
in PBS and T cells were enriched using the Dynal Mouse T-cell Negative
Isolation Kit (Invitrogen, Darmstadt, Germany) according to the manufacturer’s
instructions. IM380 plasmablastic lymphoma (H-2d) cells stably expressing
ﬁreﬂy luciferase and eGFP (IM380 egfp/luc),25 and A20 yfp/luc mouse B-cell
lymphoma (H-2d) cells stably expressing ﬁreﬂy luciferase and YFP26 were

For in vivo bioluminescence imaging, mice were IP injected with 80 mg/kg
esketamine hydrochloride (Pﬁzer, Berlin, Germany) and 16 mg/kg xylazine
(CP-Pharma, Burgdorf, Germany) for anesthetization, together with 300 mg/kg
of the luciferase substrate D-luciferin (Biosynth, Staad, Switzerland). Bioluminescence signals were recorded 10 minutes later from ventral and lateral
views with a maximum exposure time of 5 minutes per picture using an IVIS
Spectrum Imaging System (Caliper Life Sciences, Mainz, Germany). Pictures
were evaluated using Living Image 4.0 software (Caliper Life Sciences). For
ex vivo imaging, mice were injected with 300 mg/kg D-luciferin and euthanized
10 minutes later to prepare internal organs, which were immediately subjected to
ex vivo bioluminescence imaging.
Immunohistochemistry and analysis of cytokine expression
Tissue samples were embedded in Tissue-Tek OCT (Sakura Finetek, Staufen,
Germany) or stored in 4% paraformaldehyde for standard histopathologic
analysis. Tissues were scored (0-4 depending on severity) for the following end
points: small bowel (apoptosis of crypt cells and inﬂammation); large bowel
(apoptosis of crypt cells and inﬂammation); and liver (bile duct injury, vascular
injury, hepatocellular damage, and portal inﬂammation).27 For the evaluation of
cytokine expression, serum samples were analyzed with the help of the BD
Cytometric Bead Array Kit (BD Biosciences Pharmingen, Heidelberg,
Germany) according to the manufacturer’s protocol. Data were analyzed with
the FCAP Array version 2.0 software.
TNF-induced in vivo apoptosis of intestinal cells
Twenty-week-old male C57Bl/6 (n 5 24) or Balb/c0 (n 5 18) mice were
randomized into 4 groups and injected IP with 18D1-dead (200 mg in PBS),
recombinant murine TNF (10 mg in PBS), a mixture of both, or with saline. After
6 hours, mice were euthanized and samples of the small intestinal tissue were
formalin-ﬁxed and parafﬁn-embedded at the time of collection. After deparafﬁnization, rehydration, antigen-retrieval, and peroxidase blocking using standard
protocols, apoptotic cell death in tissue sections was detected using an anti-cleaved
caspase-3 antibody (Asp175; Cell Signaling Technology, Danvers, MA) and an

90

BLOOD, 23 JULY 2015 x VOLUME 126, NUMBER 4

BLOCKING TWEAK-Fn14 INTERACTIONS IN GVHD

439

following program: (1) 95°C, hot start; and (2) 40 cycles of 15 seconds at 95°C,
followed by 30 seconds at 52°C and 30 seconds at 72°C. In all experiments, a
reaction without cDNA was included as a negative control. For ampliﬁcation
of murine TNF and b-actin cDNA, primer pairs from Qiagen (TNF: QT00104006;
ActB: QT00095242) were used. The relative expression of the TNF
messenger RNA was calculated using the threshold cycle (CT)-values of the
TNF (CT[TNF]) and b-actin (CT[bact]) PCR reactions, and the following
formula: relative expression 5 2(CT[TNF]–CT[bact]).
Cleaved poly ADP-ribose polymerase 1 (PARP1)
immunofluorescence microscopy
Sections of 3 mm thickness were cut from cryo-embedded tissues on a Leica
CM1900 Cryostat (Leica Microsystems, Wetzlar, Germany). Slides were airdried, ﬁxed with acetone (room temperature, 7 minutes), and washed and blocked
with 2% FCS in PBS for 15 minutes. Slides were incubated with the rabbit
monoclonal anti-cleaved PARP antibody E51 (ab32064; Abcam, Cambridge,
United Kingdom) for 1 hour at room temperature and unbound antibodies
were removed by 3 washes with PBS. Bound antibodies were then detected with
Alexa Fluor 647 goat anti-rabbit IgG (Invitrogen). After an additional 3 washes
with PBS, the slides were counterstained with 4,6 diamidino-2-phenylindole and
mounted with mounting medium (Vector Laboratories). Images were obtained
with a Zeiss Imager.Z1m ﬂuorescence microscope and evaluated using the Zeiss
AxioVision software (Carl Zeiss).
Figure 1. An ADCC-defective variant of the anti-Fn14 monoclonal antibody
(mAb) 18D reduces acute GVHD and prolongs survival after allo-HCT. (A)
Increased expression of Fn14 in intestinal epithelial cells of GVHD patients. Sections of
normal mucosa (left) and mucosa with GVHD associated changes (middle and right)
were stained with an anti-Fn14 antibody (ITEM-4) (shown in brown). Representative
results are shown. Original magnification 3200. Fn14-positive immune cells are present in the lamina propria of both sample types, whereas Fn14-positive epithelial cells
are only observed in GVHD samples. (B-D) Balb/c (H-2d) mice were myeloablatively
irradiated and transplanted with 5 3 106 B6 (H-2b) BM cells and 1 3 106 enriched
B6.L2G85.CD90.1 (H-2b) T cells. Starting on day 1 posttransplantation, mice were
treated daily with 100 mg of 18D1-dead, 18D1-enhanced, or an irrelevant hIgG1 control
antibody. Shown are combined data from 3 independent experiments (18D1-dead:
n 5 20; 18D1-enhanced: n 5 10; and hIgG1: n 5 20). To control the efficacy of the
myeloablative conditioning (irradiation only) and BM engraftment (BM control), mice
were irradiated without transplantation or were irradiated and only transplanted with
B6 (H-2b) BM cells. (B) Survival of allo-HCT recipients. (C) Mice were weighed at the
indicated times after allo-HCT. Weight measurements are shown in percent of initial
weight. (D) Mice were assessed for clinical signs of GVHD at the indicated time points.
Mean 6 SEM. *P # .05; **P # .01 (hIgG1 vs 18D1-dead).

anti-cleaved lamin A antibody (small subunit; Cell Signaling Technology) as
described elsewhere.28 Brieﬂy, after incubation with the primary antibodies,
sections were washed with TBS and then incubated with Biotin-SP–
conjugated AfﬁniPure, goat anti-rabbit IgG (1:200; Jackson ImmunoResearch, Suffolk, United Kingdom) for 45 minutes. Unbound antibodies
were removed by two washes with TBS, and bound immunocomplexes were
visualized using the Vectastain ABC Kit (Vector Laboratories, Peterborough,
United Kingdom) and the diaminobenzidine-based ImmPACT DAB SK-4105
Staining Kit (Vector Laboratories). Sections were counterstained with hematoxylin, and evaluated and photographed with the PALM MicroBeam microscope (Carl Zeiss, Göttingen, Germany). The number of apoptotic cells per 100
crypts was determined based on at least 600 crypts.
RNA isolation and quantitative polymerase chain reaction
(qPCR) analysis
Both small and large bowels were isolated from euthanized mice and snap frozen
in liquid nitrogen for isolation of total RNA with the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the protocol of the supplier. Total RNA (1 mg)
was subjected to reverse transcription using the QuantiTect Reverse Transcription Kit (Qiagen) to synthesize complementary DNA (cDNA). Two percent of
the reverse transcription reactions were subsequently used as a template for
quantitative real-time PCR with the Bio-Rad C1000 Thermal Cycler equipped
with the CFX96 Real-Time System (Bio-Rad, Munich, Germany) and the
QuantiTect SYBR Green PCR Kit (Qiagen). Reactions were run using the

Immunohistochemistry
Five formalin-ﬁxed and parafﬁn-embedded human colonic biopsies showing
moderate to strong alterations associated with GVHD were selected from the
ﬁles of the Institute of Pathology, University of Würzburg. Five normal colonic
biopsies served as controls. Ethics approval was obtained from the Ethics Committee of the Medical Faculty of the University of Würzburg. After antigen
retrieval with target retrieval solution, pH6.1 (Dako, Hamburg, Germany),
the slides were stained using an anti-Fn14 antibody (sc-56250; Santa Cruz,
Heidelberg, Germany) at a dilution of 1:100. Representative images were taken
using a Nikon Eclipse E600 microscope equipped with a Nikon DS-Fi1 camera.
Statistics
All data are shown as mean 6 standard error of mean (SEM) and represent combined data from at least 2 independent experiments unless noted otherwise.
Figures were prepared using GraphPad Prism 5 software (La Jolla, CA) and
Adobe Photoshop 7 (San Jose, CA), or CorelDRAW X4 (Corel Corporation,
Menlo Park, CA). Data were tested for normality using the Kolmogorov–Smirnov
test or the Shapiro–Wilk test, where appropriate. Normally distributed groups
(Figures 1C, 2, 3, and 4B) were compared by two-tailed Student t test and not
normally distributed groups (Figures 1D and 4A) were compared by Mann–
Whitney test. Survival data were analyzed with the log-rank (Mantel–Cox) test.
Data reaching statistical signiﬁcance are indicated as: *P # .05; **P # .01.

Results
Fn14 blockade reduces GVHD severity and prolongs survival
after allo-HCT

The histopathology of spontaneous colitis of IL-10 knockout mice
and acute 2,4,6-trinitrobenzene sulfonic acid-induced colitis, two
disease models where the inhibition of the TWEAK/Fn14-system
has a protective effect,19,21 resembles the clinical manifestations and
histologic changes observed in intestinal GVHD following allo-HCT.
Therefore, we evaluated normal colonic mucosa biopsies and mucosa
biopsies derived of patients showing moderate-to-severe GVHDassociated changes for Fn14 expression. In the lamina propria of all
biopsies, we observed numerous Fn14-positive immune cells (Figure 1A).
However, the situation was different in intestinal epithelial cells.
Whereas epithelial cells remained Fn14-negative in the normal
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Figure 2. Treatment of allo-HCT recipients with the
ADCC-defective anti-Fn14 mAb variant 18D1-dead
does not affect donor T-cell target organ infiltration and cytokine production. Lethally irradiated
Balb/c (H-2d) mice were transplanted with 5 3 106 B6
(H-2b) BM cells alone or together with 1 3 106 enriched
B6.L2G85.CD90.1 (H-2b) T cells. Mice of the latter
group were treated daily with 100 mg of 18D1-dead or
an irrelevant hIgG1 control antibody for 6 days. All
mice (n 5 5 per group) were then euthanized for ex
vivo assessment of T-cell expansion, cytokine production, and cell death induction in the GI tract. (A) In
vivo bioluminescence imaging of B6.L2G85.CD90.1
(H-2b) cells in transplanted antibody-treated mice.
Bioluminescence was imaged at indicated time points
and light emission of donor T cells quantified. The
upper panel shows the average light emission from
ventral view and the lower panels show images from 1
representative mouse of each group. (B) Internal organs
were analyzed ex vivo for donor T-cell–derived bioluminescence activity. Bioluminescence images of the
organs of 1 representative mouse of each group are
shown in the upper panel. The organ-derived averaged emissions are shown in the lower panel. (C)
Large bowel biopsies of 18D1-dead and control hIgG1treated GVHD mice and of untreated control mice were
analyzed by qPCR for TNF expression. (D) Concentrations of various cytokines in serum were determined
with the help of a cytometric bead array. Mean 6 SEM.
**P # .01. cae, cecum; cLN, cervical lymph nodes; hea,
heart; iLN, inguinal lymph nodes; ki, kidney; lb, large
bowel; li, liver; lu, lung; mLN, mesenteric lymph nodes;
sb, small bowel; sp, spleen; st, stomach; thy, thymus.

mucosa, pre-apoptotic and apoptotic cryptic glands in the GVHD
biopsies stained distinctly positive for Fn14 (Figure 1A and see
supplemental Figure 1 on the Blood Web site). Together, this opened
the possibility that Fn14 blockade could be protective in inﬂammatory
scenarios with cell death of intestinal epithelial cells. Therefore, we
evaluated the effect of the blocking human/murine Fn14-speciﬁc
antibody 18D1 on GVHD in a major histocompatibility complex
mismatch model in which lethally irradiated Balb/c recipient mice
were reconstituted with B6 BM cells and ﬁreﬂy luciferase-transgenic
B6 T cells. Starting on day 1 posttransplantation, mice were treated
with an ADCC-defective (18D1-dead) and an ADCC-enhanced
(18D1-enhanced) variant of 18D1, as well as with an irrelevant hIgG1
control antibody.22 Treatment of mice with the 18D1-dead antibody
resulted in signiﬁcantly prolonged survival compared with transplanted mice treated with the control hIgG1, whereas 18D1-enhanced
had no effect (median survival: hIgG, 8 days; 18D1-enhanced, 8 days;
18D1-dead, .30 days) (Figure 1B). Mice receiving 18D1-dead after
allo-HCT initially lost as much weight as did control hIgG1-treated
mice, but recovered from allo-HCT by day 9 after transplantation
(Figure 1C). Prolonged survival of mice treated with 18D-dead came
along with a stabilization of the clinical score (Figure 1D).

Fn14 blockade reduces GI organ damage in GVHD mice

In vivo bioluminescence imaging showed no difference in global
donor T-cell expansion after allo-HCT between mice treated with
18D1-dead and hIgG1 (Figure 2A). To assess donor T-cell proliferation and expansion patterns in more detail, we performed ex
vivo imaging on day 6 after allo-HCT. Again, there was no evidence that 18D1-dead modiﬁed organ inﬁltration by alloreactive
luciferase-transgenic T cells (Figure 2B). qPCR analysis revealed
a strong increase in the expression of TNF in bowel biopsies of mice
with GVHD compared with healthy mice, and this increase in
TNF expression was not affected by treatment with 18D1-dead
(Figure 2C). To evaluate further whether treatment with 18D1-dead
affects systemic cytokine levels, we performed cytometric bead array analysis of serum samples. Serum levels of IL-6, IFN-g, and
TNF were markedly increased after allo-HCT, whereas the level of
IL-2 was reduced; but there were no signiﬁcant differences between
mice treated with 18D1-dead and hIgG1 (Figure 2D). Collectively,
these data suggest that the protective effect of 18D1-dead in GVHD
is not related to the inhibition of potential proinﬂammatory Fn14
activities.
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Figure 3. The ADCC-defective anti-Fn14 mAb
variant 18D1-dead reduces allo-HCT–triggered and
TNF-induced cell death of GI cells. (A) 3 mm intestinal tissue sections from mice shown in Figure 2 were
analyzed by immunohistochemistry with a cleaved
PARP1-specific antibody. Upper panel: graphic evaluation of apoptotic cells per field. Lower panel: representative photomicrographs. (B) Balb/c (H-2d) were injected
with 18D1-dead (200 mg in PBS), murine TNF (10 mg in
PBS), a mixture of both, or with saline. After 6 hours,
the mice were euthanized and small intestinal tissues
were analyzed by immunohistochemistry for the presence
of apoptotic cells with anticleaved caspase-3 (upper panel)
and anticleaved lamin A-specific antibodies (lower panel).
Mean 6 SEM. *P # .05; **P # .01.

Fn14 blockade inhibits intestinal apoptosis after allo-HCT

Apoptosis induction in intestinal epithelial cells by g-irradiation is
reduced in TWEAK- and Fn14-knockout mice.19 It has been furthermore observed in an intestinal explant system that apoptosis induction
by exogenous TNF is diminished in primary cultures derived from
Fn14-knockout mice.21 Indeed, TNF is considered to be important in
GVHD not only due to its stimulatory effects on T cells but also as an
effector molecule that contributes to apoptosis induction in GVHD
target tissues.29,30 Moreover, TNF is generally a prominent inducer of
cell death in the intestinal epithelium.31-35 Against the background of
the increased expression of TNF in the gut after allo-HCT (Figure 2C)
and the established strong ability of the TWEAK/Fn14 system to
enhance TNFR1-induced cell death,36-38 we addressed the possibility
that 18D1-dead affects intestinal apoptosis after allo-HCT. Immunohistochemical evaluation of the GI tract of control hIgG1 and 18D1dead treated mice revealed a signiﬁcant reduction in the number of
cleaved PARP1-positive cells within the small bowel (Figure 3A). This
suggests that the protective effect of 18D1-dead on GVHD after alloHCT is based on the inhibition of the apoptotic crosstalk of TWEAK
and TNF in intestinal epithelial cells. In further accordance with this
idea, 18D1-dead also showed a protective effect on intestinal cell apoptosis after exogenous administration of TNF in Balb/c (Figure 3B) as
well as in B6 mice (supplemental Figure 2).
Fn14 blockade inhibits GVHD after allo-HCT while maintaining
GVL effects

To assess whether blocking of Fn14 with 18D1-dead affects the
capacity of the transplanted allogeneic T cells to control tumor cells, we
performed GVL experiments with two different B-cell lymphoma cell
lines, A20 and IM380. In the case of the A20 model, tumor cells were
co-transplanted together with the BM graft and the allogeneic T cells,

whereas in the genetically induced IM380 model, mice with preestablished tumors were subjected to allo-HCT. In both models, the
tumors initially (4-5 days) developed similarly after allo-HCT irrespective of whether the mice were transplanted with BM cells alone or
with BM cells supplemented with allogeneic T cells (Figure 4A). Mice
transplanted with allogeneic T-cell supplemented BM cells subsequently rejected the tumors, whereas the BM cell-transplanted mice did
not (Figure 4A). Treatment with 18D1-dead showed no effect on tumor
rejection (Figure 4A), indicating that Fn14-blockade does not interfere
with GVL activity. Moreover, 18D1-dead treatment again signiﬁcantly
prolonged survival, and prevented deadly weight loss of mice that
showed GVL and developed GVHD (Figure 4A-B).

Discussion
By activation of its receptor Fn14, TWEAK stimulates the production
of proinﬂammatory cytokines and chemokines in a variety of cell
types.39-42 TWEAK also acts as a sensitizer for TNF-induced cell
death.36-38 Noteworthy, in murine models of colitis, TWEAK crucially
contributes to disease progression by inducing colon epithelial cells
to secrete chemokines causing immune cell inﬁltration, as well as
TNF-dependent cell death of intestinal epithelial cells.19-21 As inﬂammation and intestinal cell death induction propagate intestinal
GVHD pathophysiology, we asked whether the TWEAK/Fn14 system
may serve as a useful therapeutic target in this disease. To address this,
we treated Balb/c mice that had been transplanted with T cells and BM
cells derived from allogeneic B6 mice with the Fn14-speciﬁc antibody
18D1. This llama-derived antibody efﬁciently blocks TWEAK binding
to human and murine Fn14.22 When expressed as a human IgG1, 18D1
elicits a strong inhibitory effect on soluble and membrane TWEAKinduced Fn14 signaling. However, like other Fn14-speciﬁc hIgG1
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Figure 4. Treatment of allo-HCT recipients with the
ADCC-defective anti-Fn14 mAb variant 18D1-dead
delays the onset of acute GVHD while maintaining
GVL effects. The effect of 18D1-dead on GVL activity
was investigated in IM380 and A20 B-cell lymphoma
models. Balb/c (H-2d) mice were either injected with 105
syngenic, luciferase-transgenic IM380 B-cell lymphoma
cells iv 6 days before allo-HCT or with 105 syngenic,
luciferase-transgenic A20 cells along with allogeneic
5 3 106 B6 (H-2b) BM cells alone or together with 1 3 106
enriched B6 (H-2b) T cells. Starting on day 1 post–alloHCT, mice were treated daily for a week with 100 mg of
18D1-dead or with 100 mg of an irrelevant hIgG1 mAb
(n 5 5 for each group). (A) In vivo bioluminescence imaging of luciferase1 lymphoma cells of a representative
mouse of the indicated groups. Upper panels represent
data at 8 days after transplantation; lower panels show
images of a representative mouse of each group throughout the first 8 days of the experiment. (B) Survival analysis
of allo-HCT recipients (right panel). Data from both GVL
models are displayed, along with data from mice of the
myeloablative conditioning control (irradiation only) and
the BM engraftment control (BM control). Weight change
after allo-HCT in percent of the initial weight (left panel).
Statistics of hIgG1 vs 18D1-dead are indicated: mean 6
SEM. *P # .05; **P # .01.

antibodies, 18D1 acquires a high agonistic potential upon oligomerization and FcgR binding and has then similar signaling activities as
membrane TWEAK.22,43 To distinguish whether a potential effect of
18D1 depends on FcgR binding or not, we evaluated two variants of
18D1 with mutated Fc domains. One conferred an enhanced ability to
bind to FcgRs and to trigger ADCC. The other displayed a reduced
FcgR binding ability, and thus with impaired ADCC activity.22 The
ADCC-enhanced variant of 18D1 showed no protective effect on intestinal GVHD after allo-HCT, whereas its ADCC-defective counterpart 18D1-dead strongly diminished GI GVHD (Figure 1). This
observation suggests that antibody immune effector functions of 18D1
may limit protective effects related to Fn14 blockade, and we therefore
focused in the following experiments on the evaluation of the 18D1dead variant. The disease promoting effect of Fn14 in murine colitis
models has been attributed to an enhancement of TNF-dependent apoptosis in intestinal epithelial cells and disturbance of the barrier function of the gut epithelium. The observation that the inhibition of intestinal

tissue damage by 18D1-dead is accompanied by reduced numbers of
apoptotic cells and reduced caspase processing in the intestine suggests
that the therapeutic effect of 18D1-dead relies on the inhibition of TNF/
TWEAK-induced cell death, too. Indeed, we found no evidence for an
immune-suppressive effect of 18D1-dead in intestinal GVHD, indicating that early events after allo-HCT are not inﬂuenced by Fn14
blockade (Figure 2). The observation that 18D1-dead showed no major
effect on the inﬂammatory aspects of GVHD may be due to the fact
that (1) TWEAK mainly acts on parenchymal cells rather than adaptive
immune cells, that do not express Fn14; and that (2) in the acute GVHD
model used here, the main cytokine-producing cells are alloreactive
T cells.10,44,45 Thus, blocking of Fn14 appears to act later in GVHD
pathophysiology by inhibiting apoptotic tissue damage induced by
inﬁltrating donor T cells. This corresponds to the fact that the protective
effect of 18D1-dead becomes not apparent in the ﬁrst week after alloHCT (Figure 1). The ﬁnding that Fn14 blockade does not compromise
the activity of donor-derived T cells also explains the unaffected GVL
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activity observed in 18D1-dead treated mice (Figure 4). This is of
particular relevance because immune-suppressive treatment regimes
typically not only ameliorate GVHD but also interfere with the therapeutically desired GVL effect. It is worth mentioning that TNF and its
receptors are, at least in two different ways, of crucial relevance for
donor T-cell activity and thus for GVHD and GVL. First, donor T-cell
expressed TNF acts as an effector molecule in GVHD and GVL.
Furthermore, both TNFR1 and TNFR2 are required by donor T cells in
GVHD models for in vivo generation of a proper allo-speciﬁc cytotoxic
T-cell response.46-48 Thus, in contrast to TNF blockers, which potentially interfere with GVHD and GVL and are used in clinical practice
as an experimental mean to treat GVHD49, inhibitors of the TWEAK/
Fn14 system might elicit a more selective effect on GVHD only.
The fact that the ADCC-enhanced variant of 18D1 lacks therapeutic
efﬁcacy in GVHD after allo-HCT suggests that the ability to inhibit
stimulation of Fn14 by endogenous TWEAK is indeed the main
mode of action of 18D1 in this model. Although treatment with 18D1enhanced would also prevent Fn14 stimulation by endogenous
TWEAK, one has to consider that this protective effect could be
counteracted by FcgR binding. This could result in a change from TNF/
TWEAK-mediated killing of intestinal epithelial cells to ADCCmediated cell lysis. In the case of insensitivity of intestinal epithelial
cells to ADCC, the FcgR binding of 18D1-enhanced should unleash
the latently present agonistic activity of the 18D1 antibody. Thus, the
stimulation of Fn14 by endogenous TWEAK would only be substituted
by stimulation with FcgR-bound 18D1, with no major effect on the
TNF/TWEAK crosstalk. In line with this idea, it has been recently
shown that human IgG1 antibodies targeting CD40 or the TRAIL death
receptors, elicit strong FcgR-dependent agonistic activity in mice.50-53
Noteworthy, the blockade of Fn14 might not only reduce intestinal
manifestations of acute GVHD as shown in this study, but it might also
reduce disease severity in other organs. So, it has been reported that
Fn14 knockout mice and mice treated with a TWEAK-neutralizing
antibody are protected in a model of chronic graft-versus-host induced
lupus erythematosus.54 In this model, activated donor CD4 T cells
deliver T-cell help to recipient B cells and so trigger the production of
autoantibodies and lupus disease symptoms.
TNF-induced cell death of intestinal epithelial cells has been identiﬁed as a pivotal step in the pathogenesis of various inﬂammatory
diseases of the bowel. Typically, the TNF-dependent cell death enhancing TWEAK/Fn14 system is highly active in stressed/injured
tissue. Therefore, it is tempting to speculate that TWEAK and Fn14 also
contribute to other intestinal diseases where TNF-induced cell death is
of relevance. Thus, ADCC-defective Fn14-blocking antibodies are not
only potential novel GVL effect-sparing therapeutics for the treatment
and prevention of GVHD, but might also be useful for the treatment of
other inﬂammatory bowel diseases. Data and materials availability: the
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18D1-dead and 18D1-enhanced antibodies must be obtained through
a Materials Transfer Agreement.
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Supplemental Figure 1. Sections of normal mucosa of two colonic biopsies (control #2 and
#3) and sections of mucosa with GvHD associated changes of four patients (GvHD #2,3,4 and
5) were stained with anti-ITEM-4 (see also MM section). Fn14-positive (brown staining)
epithelial crypt cells are only observed in GvHD samples and corresponding exemplary crypt
areas are indicated by arrows. Original magnification was x200 (control #2 and #3 and GvHD
#2) or x400 (GvHD #3-5). Scale bars equal to 50 µm are shown in the lower right corner of
control #2 and GvHD #3.

Supplemental Figure 2. B6 (H-2b) mice were injected with 18D1-dead (200 µg in PBS),
murine TNF (10 µg in PBS), a mixture of both or with saline. After 6 h mice were euthanized
and small intestinal tissues were analyzed by immunohistochemistry for the presence of
apoptotic cells with anti-cleaved caspase-3 (A) and anti-cleaved lamin A-specific antibodies
(B). Mean ± S.E.M., ** p ≤ 0.01.
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Abstract

Tumor necrosis factor α (TNF) is a cytokine with broad pro-inflammatory activities. Thus,
TNF is involved in the pathogenesis of numerous inflammatory diseases, including
inflammatory bowel disease. In contrast to most other cells and tissues, intestinal epithelial
cells (IECs) are exquisitely sensitive to the direct cell death-inducing activity of TNF. The
underlying mechanism for this intrinsic TNF sensitivity is at present not understood. Here we
investigated the role of inhibitor of apoptosis proteins (IAPs) in the regulation of TNF-induced
cell death in the intestinal epithelium. Compared to the liver, IAPs are expressed at low levels
in IEC. In line with a role of IAPs for preventing TNF-induced cell death, global inhibition of
IAPs using Smac mimetics or genetic deletion of cIAP1 augmented the excessive TNFinduced death of IECs and enteropathy. In contrast, deletion of XIAP and cIAP2 did not
sensitize IECs to TNF. Co-treatment of IECs with the TNF family ligand TNF-related weak
inducer of apoptosis (TWEAK) also enhanced TNF-induced cell death, likely by
sequestration of cIAP1. These findings demonstrate a critical and non-redundant role of
cIAP1 in the regulation of TNF-induced IEC cell death, which has important implications for
the pathogenesis of TNF-mediated enteropathies and chronic inflammatory diseases of the
intestine.
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Significance

Tumor necrosis factor α (TNF) is a pro-inflammatory cytokines with a critical role in the
development of numerous diseases, including inflammatory bowel disease. In most cells
TNF fails to promote cell death and rather leads to activating signals. A major exception is
the intestinal epithelium, in which TNF potently induces apoptosis, thereby contributing to the
tissue destruction during inflammatory disorders. The underlying reason for this remarkable
sensitivity is not understood. We demonstrate that Inhibitor of Apoptosis Protein 1 (cIAP1)
critically regulates TNF-induced apoptosis in the intestinal epithelium. Consequently, cIAP1deficient mice are hypersensitive to the cell death-promoting activity of TNF. These findings
suggest that cIAP1-regulated TNF sensitivity of the intestinal epithelium contributes to the
pathogenesis if inflammatory disorders of the intestine.
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Introduction

Tumor Necrosis Factor-α (TNF) is a cytokine with a broad spectrum of activities. Though
predominantly expressed by activated macrophages and dendritic cells, a large variety of
different cell types, including epithelial cells in different tissues can produce TNF (1, 2). TNF
is one of the first cytokines released during an immune response and generally has important
regulatory functions in the control of immunological processes due to its potent proinflammatory properties (3). When TNF binds to its receptors, TNFR1 and TNFR2, it triggers
a series of signaling cascades, generally leading to cellular activation, gene expression and
survival (4). These cellular responses are often initiated by the activation of MAP kinases and
NF-κB. Many of the TNF-induced and NF-κB-regulated target genes are also cytokines with
pro-inflammatory activities, including TNF itself, leading to amplification and spreading of the
initial inflammatory stimulus (5). TNF is not only critical during the onset of protective immune
responses, but is also involved in the pathogenesis of numerous acute and chronic
inflammatory diseases, including inflammatory bowel disease (IBD) (6) and rheumatoid
arthritis (RA) (7). Thus, TNF is an important therapeutic target, and TNF-neutralizing drugs
are successfully used in the treatment of chronic inflammatory diseases, such as RA and
IBD.

Although TNF has pro-inflammatory properties promoting cellular activation, proliferation and
survival, historically it was the first cell death (necrosis)-promoting cytokine identified due to
its ability to induce necrotic cell death in transplanted tumor tissue (8). It became the
founding member of a large family of ligands with diverse functions and activities. Among
these, Fas/CD95 ligand (FasL) and TRAIL (TNF-related apoptosis-inducing ligand) are
particularly well known for their potent cell death-promoting activities (9). While FasL and
TRAIL induce cell death in a large variety of cell lines and/or tissues, most cells and tissues
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are generally resistant to TNF-induced cell death. This resistance is explained by the fact
that TNF-induced NF-κB activation promotes the expression of various survival proteins (e.g.
cFLIP), which prevent TNF-induced apoptosis or necroptosis (10, 11). Treatment of cells with
transcription or translation inhibitors therefore strongly sensitizes cells to TNF-induced cell
death (12). The importance of TNF-induced resistance to TNF-induced cell death is
particularly evident during TNF-mediated liver damage. While injection of either TNF or
lipopolysaccharides (LPS), which promote TNF expression, fails to trigger significant
hepatocyte apoptosis and liver damage in mice, simultaneous treatment with the liverspecific transcriptional inhibitor D-galactosamine (GalN) strongly sensitizes hepatocytes to
TNF-induced apoptosis resulting in fulminant and fatal hepatitis (13).

Though TNF alone fails to trigger cell death in most tissues and cell types, there is one
important exception, the intestinal epithelium. TNF injection or induction of TNF expression in
vivo (e.g. after LPS injection and associated macrophage activation) leads to a very rapid
induction of intestinal epithelial cell death, resulting in almost immediate shedding of mature
epithelial cells from the villus tip and a somewhat delayed apoptosis of intestinal crypt cells
(14). TNF-induced intestinal epithelial cell death is observed during the pathogenesis of a
variety of inflammatory diseases, including sepsis, Graft-versus-Host disease (15), bacterial
and viral infections (16, 17) and in particular IBD (1, 18, 19). Neutralization of TNF
substantially reduces intestinal epithelial cell death under these inflammatory conditions and
importantly contributes to improved survival. The reasons for this exquisite sensitivity of
intestinal epithelial cells (IECs) to TNF is presently unknown and poorly investigated, but is
likely to be very important for the regulation of TNF-induced intestinal immunopathologies,
such as IBD.

Inhibitor of apoptosis proteins (IAPs) are a group of proteins related to baculovirus IAP.
Mammalian cells express XIAP (X-linked IAP), cIAP1 (cellular IAP1) and 2, NAIP (neuronal
IAP) and survivin (20, 21). Most IAPs are directly or indirectly involved in the regulation of
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cell death. While baculovirus IAP was initially described as a caspase inhibitor, which directly
binds and neutralizes caspases via its BIR (baculovirus IAP repeat) domain, characterization
of mammalian IAPs (cIAP1, cIAP2 and XIAP) revealed that they can also regulate cell death
via their E3 ubiquitin ligase activity (reviewed in (21)). In particular cIAP1 and 2 are recruited
to the receptor complex of various TNF receptor family members, and regulate the activity of
other co-recruited signaling proteins by ubiquitination (22, 23). The role of IAPs has been
particularly well characterized for TNFR1 signaling. cIAP1 and 2 are recruited to TNFR1 via a
TRADD/TRAF2-dependent process and ubiquitinate other signaling proteins of the TNFR1
receptor complex, including RIPK1 (24, 25). cIAP1/2-mediated ubiquitination via lysine 48
(K48) generally results in the proteolytic degradation of the substrate via the proteasome,
whereas ubiquitination via K63 modifies the signaling properties of the substrate (reviewed in
(26)). For example, cIAP1/2-mediated K63 ubiquitination of RIPK1 results in the recruitment
of additional signaling molecules, the formation of the LUBAC (linear ubiquitin assembly
complex) and an efficient activation of the classical NFκB-activating kinase complex and
MAP kinase pathways (27). Absence of cIAP1 and 2, or their pharmacological inhibition by
Smac (Second mitochondrial activator of caspases) mimetics generally results in
sensitization of cells to TNF-induced cell death due to inhibition of the induction of protective
NF-κB-dependent survival signals, the formation of the pro-apoptotic TNFR1-induced
complex II, or the RIPK1/RIPK3-dependent induction of necroptosis (28, 29) (30).

While cIAP1 and 2 have overlapping activities, their respective roles in the regulation of TNFinduced cell death in specific cell types and tissues are incompletely understood (31). In
particular their relative contribution to the high sensitivity of IECs to TNF-induced cell death
and associated enteropathy has not been explored. Here we show that IECs express only
low levels of IAPs compared to liver tissue. Smac-mimetics further sensitize IEC to TNFinduced cell death in vitro, and genetic deletion of cIAP1, but not cIAP2 or XIAP, results in
massive acceleration of TNF-induced IEC cell death and enteropathy in vivo. TWEAK, that
triggers recruitment of cIAP1 and cIAP2 to the TWEAK receptor Fn14 and thus depletes the
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cytosolic pool of these proteins (32, 33), was also found to sensitize IEC to TNF-induced cell
death in vitro and in vivo. Our findings show that cIAP1 expression is a limiting and nonredundant factor in the regulation of TNF-induced cell death in the intestinal epithelium.
Thus, cIAP1-regulated TNF sensitivity likely plays a critical role in TNF-mediated tissue
destruction and the pathogenesis of intestinal immunopathologies, such as IBD.
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Results

TNF induces cell death in intestinal epithelial cells in vivo and in vitro
TNF contributes to the pathogenesis of different inflammatory diseases of the intestine, at
least in part via the direct induction of cell death in IECs and associated disruption of the
epithelial barrier function (34). The underlying reason why IECs are so sensitive to TNF is not
understood. In order to study the mechanisms of TNF-induced cell death in IECs, we first
aimed at establishing an in vitro/ex vivo model system recapitulating TNF-induced IEC
apoptosis in vivo. Mice were thus injected with a sublethal dose of soluble murine TNF
stimulating particularly TNFR1 (35). After 6 h mice were euthanized and tissue sections were
analyzed for apoptosis induction by staining for cleaved caspase 3, indicative of ongoing
apoptosis in the tissue (36). While very few cleaved caspase 3-positive cells were detected in
the small and large intestine of control treated mice, a high frequency of apoptotic cells was
detected after TNF injection, in both small and large intestine (Fig. 1A). Cell death detection
was particularly prominent in the intestinal crypts. In contrast, TNF injection (in the absence
of a tissue-specific sensitizer, such as GalN) failed to promote detectable cleaved caspase 3positive cells in the liver (Fig. 1A).

Since apoptosis was predominantly detected in intestinal crypts, TNF-induced cell death was
further studied in ex vivo cultured intestinal organoids (37, 38). Intestinal crypts isolated from
small intestinal tissue, and grown in Matrigel in the presence of growth factors developed
within 5 days into organoids with outgrowth of intestinal crypt-like structures (Fig. 1B)
Stimulation of these organoids with TNF resulted in a rapid loss of organoid integrity and the
appearance of cells with altered morphology, previously characterized to represent dead
cells (38). The rapid induction of organoid death was further confirmed using a quantitative
viability staining method (Fig. 1C).
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Since previous studies have shown that TNF-induced IEC cell death in vivo is predominantly
mediated by TNFR1 (39), we further analyzed the susceptibility of intestinal organoids
isolated from TNFR1- or TNFR2-deficient mice. In agreement with the in vivo findings we
observed an almost complete abrogation of TNF-induced cell death in TNFR1-deficient
organoids, while organoids from wild type mice showed a dose-dependent response. Though
organoids from TNFR2-deficient mice exhibited a somewhat reduced response to TNF
compared to wild type organoids, a dose-dependent induction of cell death was detectable
(Fig. 1D). This confirms that TNF-induced cell death in IECs is predominantly mediated via
TNFR1.

We next set out to identify an intestinal cell line, which shows similar responses to TNF as
primary IECs. YAMC (young adult mouse colonocytes) is a non-transformed cell line, which
has been isolated from the intestine of mice with a conditional expression of a temperaturesensitive mutant of SV40 large T antigen (40). We have previously used this cell line to study
TNF-induced gene expression in IEC-like cells (41). When YAMC cells were shifted to 37°C
and exposed to increasing concentrations of TNF, a dose-dependent induction of cell death
was detected (Fig. 1E and F). TNF-induced cell death could be further increased by
pretreating cells with the transcription inhibitor actinomycin D (ActD) (Fig. 1G), indicating that
YAMC are constitutively sensitive to TNF, yet can be further sensitized by inhibiting the
expression of cell death-regulating proteins. This observation is in marked contrast to other
cells, such as the macrophage cell line RAW 264.7, where TNF alone fails to promote cell
death as long as transcription or protein synthesis has not been blocked (Fig. 1H).

Intestinal epithelial cells express low levels of IAPs
In order to understand the basis of the high sensitivity of IECs to TNF-induced cell death we
investigated the relative expression of apoptosis-regulating proteins in primary IEC and
YAMC cells in comparison to liver, RAW264.7 and the murine colorectal tumor cell lines
MC38, that are insensitive to TNF-induced cell death. While high expression levels of XIAP
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and cIAP1 were detected in liver extracts, comparatively low expression levels were found in
primary intestinal crypts and YAMC cells (Fig. 2A). A similar finding was made for cFLIPS and
cFLIPL. In comparison, relatively high expression levels of Bcl-xL were found in all cells and
tissues. These findings on a protein level were confirmed by quantitative RT-PCR, where,
compared to the liver, intestinal crypts and YAMC cells expressed much lower levels of
XIAP, cIAP1 and 2, and cFLIP (Fig. 2B).

Smac-mimetics further sensitize IEC to TNF-induced cell death
Since IAPs have been associated with TNF receptor signaling in general, and regulation of
TNF-induced cell death and survival in particular (28, 29), we assessed the effect of the
Smac-mimetic LCL161 on TNF-induced cell death. As reported previously in other cell types
(42) we observed that LCL161 caused a dose-dependent decrease in cIAP1 and XIAP levels
in MC38 cells (Fig. 3A, upper panel), likely due to autoubiquitination and degradation by the
proteosome (29, 30). This IAP degrading activity of LCL161 was confirmed in primary crypts
where the already low cIAP1 and XIAP levels were further reduced (Fig. 3A, lower panel).
We next analyzed the effect of IAP inhibition on spontaneous and TNF-induced cell death in
YAMC cells. Treatment of cells with LCL161 resulted in a dose-dependent increase in cell
death with a maximum at 10 µM LCL161. However, at very low concentrations of LCL161,
which failed to promote substantial cell death alone (3-30 nM), a profound sensitization to
TNF-induced cell death was observed (Fig. 3B). In contrast to TNF, no sensitization was
observed when cells were exposed to the chemotherapeutic drugs cisplatin and irinotecan
that activate the intrinsic apoptosis pathway (Fig. 3C and D). This profound sensitizing effect
of IAP inhibition was further confirmed in primary IECs in intestinal organoid cultures. The
substantial level of cell death induced by TNF alone was further enhanced by pretreating
organoids with LCL161, while Smac-mimetic treatment alone resulted in only a minimal
increase over basal cell death (Fig. 3E). Although Smac-mimetics have been previously
shown to promote cell death via the activation of the NF-κB pathway, induction of TNF
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expression and TNF-mediated cell death (29), we failed to detect Smac-mimetic-induced
TNF in the supernatant of YAMC cells (Suppl. Fig. 1).

TWEAK sensitizes IEC to TNF-induced cell death
TWEAK (TNF-related weak inducer of apoptosis) is a member of the TNF family that is often
induced in response to injury with apoptosis-inducing activities in a subset of tumor cell lines
(43, 44). TWEAK has also been implicated in the regulation of apoptosis initiated by other
pathways. For example, TWEAK has been found to regulate IEC cell death during T helper 2
(IL-13)-mediated experimental colitis (45, 46). Furthermore, TWEAK has been shown to
sensitize cells to CD95L and TNF-induced cell death by promoting the sequestration and
degradation of TRAF2 and cIAP1 (33, 47, 48). We thus set out to test whether TWEAKinduced cIAP1 degradation could also sensitize IEC to TNF-induced cell death. While
TWEAK alone only weakly induced cell death in YAMC cells, it potently enhanced TNFinduced cell death (Fig. 4A). This observation was also confirmed in primary intestinal
organoids (Fig. 4C). In contrast, no sensitization to cisplatin-induced cell death was observed
(Fig. 4B). To test the relevance of this finding in vivo, wild type mice were either injected with
TWEAK or TNF alone, or the combination of both. While TWEAK alone failed to induce
significant apoptosis induction in intestinal crypts, it significantly enhanced TNF-induced crypt
cell apoptosis, as measured by the detection of caspase 3-positive cells (Fig. 4D). These
findings were confirmed by the detection of increased cleaved lamin A-positive crypt cells
upon co-treatment with TNF and TWEAK, though only a trend towards significant differences
was seen (Suppl. Fig. 2)

XIAP is not involved in the regulation of TNF-induced IEC cell death
Since Smac released from the mitochondria also inhibits XIAP and thereby enhances the
mitochondrial apoptosis pathway, we tested the role of XIAP in the regulation of TNF-induced
intestinal crypt cell apoptosis. Wild type and XIAP-deficient mice were injected with TNF, and
cell death induction in the intestinal crypts was analyzed. Figure 5A shows that TNF-induced
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apoptosis, as analyzed by the detection of cleaved caspase 3-positive cells, was comparable
in both, wild type and XIAP-deficient mice, indicating that regulation of TNF-induced
apoptosis by XIAP is not relevant in intestinal crypts. This finding was further confirmed by
the quantitative analysis of apoptotic cells (Fig. 5B). Since XIAP has been implicated in the
regulation of death receptor-induced apoptosis of type II cells (49), we also analyzed TNFinduced cell death induction in the liver. However, TNF did not promote a significant increase
in alanine transaminase (ALT) in the serum, indicative of liver damage, either in wild type or
in XIAP-deficient mice (Fig. 5C). Also, no increase in cleaved caspase 3-positive hepatocytes
was noticed (data not shown). In comparison, injection of LPS plus GalN caused a strong
increase in serum ALT (Fig. 5C).

cIAP1 is a critical regulator of TNF-induced IEC apoptosis
To test the role of cellular IAPs in the regulation of TNF-induced IEC cell death, we analyzed
TNF-induced cell death in the absence of cIAP1. Injection of cIAP1-deficient mice with TNF
resulted in a massive increase of IEC apoptosis, as demonstrated by the high frequency of
cleaved caspase 3-positive cells in the small and large intestine of cIAP1-deficient mice in
comparison to wild type mice (Fig. 6A and B). Histological analysis showed that 5 h post TNF
injection massive crypt cell death was observed, and large numbers of mature IECs were
shed into the gut lumen, leading to excessive epithelial erosion (Suppl. Fig. 3A and B). This
massive induction of IEC apoptosis was paralleled by an accelerated mortality, as cIAP1deficient TNF-treated mice had to be euthanized at the latest 5 h post injection to prevent
enteropathy-mediated death, whereas wild type mice survived 24 h and longer despite the
significant induction of IEC cell death. Although cIAP1-deficient mice were exquisitely
sensitive to TNF, no signs of increased spontaneous apoptosis were evident in control
treated mice (Fig.6 A and B). Of interest, the mortality of cIAP1-deficient mice appeared to be
predominantly mediated by the massive induction of IEC cell death and associated
enteropathy, as few signs of liver damage were seen in either wild type or cIAP1-deficient
mice (Fig. 6C). The increased sensitivity of cIAP1-deficient intestinal epithelial cells was also
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confirmed in intestinal organoid cultures, which showed a comparable TNF sensitivity as wild
type organoids treated with LCL161 (Fig. 6D).

cIAP2 is not involved in the regulation of TNF-induced IEC apoptosis
cIAP1 and 2 often, but not always, have overlapping activities (50, 51). We thus investigated
whether absence of cIAP2 would similarly sensitize IECs to TNF-induced apoptosis.
However, when cIAP2-deficient mice were injected with TNF, cell death induction in the
intestinal crypts was found to be comparable to that observed in wild type animals (Fig. 7A
and B), indicating that cIAP2 has no crucial role in regulating TNF-induced cell death in IECs.
In comparison, approximately a 10-fold higher frequency in TNF-induced crypt cell death was
observed in cIAP1-deficient mice treated at the same time or in a separate experiment (Fig.
7B and 6B). This finding was confirmed in intestinal organoid cultures, where wild type and
cIAP2-deficient organoids showed comparable TNF sensitivity, but cIAP-1 organoids were
substantially more sensitive (Fig. 7C).

Since cIAP1 is also involved in the regulation of the non-canonical NF-κB pathway (50), and
its loss can lead to TNF expression (29, 30), we analyzed whether absence of cIAP1 led to
increased in vivo production of TNF, and thereby to increased IEC apoptosis. However,
serum TNF levels as well as intestinal expression levels of TNF mRNA were comparable in
either wild type, XIAP- or cIAP1-deficient mice, indicating that increased TNF sensitivity
rather than increased TNF production is the underlying reason for the massive TNF-induced
IEC cell death observed in cIAP1-deficient mice (Suppl. Fig. 4). In summary, cIAP1 appears
to be a critical non-redundant and limiting factor in the regulation of TNF-mediated IEC
apoptosis and enteropathy.
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Discussion

TNF is an important pro-inflammatory and disease-promoting cytokine involved in the
pathogenesis of numerous inflammatory disorders. Its role in the pathogenesis of IBD is
particularly well studied, and it is an important therapeutic target in Crohn’s disease and
ulcerative colitis (52, 53). It can either be directly inhibited by neutralizing antibodies or
soluble receptors or targeted indirectly by glucocorticoids, which prevent NF-κB activation,
TNF expression and associated TNFR-induced inflammatory processes. TNF mediates its
deleterious effects via different mechanisms. On one hand TNF promotes the expression of
pro-inflammatory cytokines, chemokines and adhesion molecules, mostly via NF-κBdependent processes, and thereby induces the recruitment of immune cells to target tissues.
Associated immune cell activation and effector functions in turn often result in excessive
tissue damage. However, TNF may also have direct destructive and cytotoxic activities on
cells. TNF-induced signaling in IECs leads to activation of the myosin light chain kinase, and
associated disruption of tight junctions (54). The increase in intestinal epithelial barrier
permeability often results in penetration of bacteria and bacterial products, stimulation of the
immune system and triggering of a vicious cycle of inflammation and tissue destruction.
Thus, understanding of signaling processes leading to TNF-mediated IEC cell death are very
important in order to develop specific therapies.

Here, we have specifically investigated the mechanism of epithelial damage upon exogenous
administration of TNF. In contrast to the liver, the intestinal epithelium is exquisitely sensitive
to the pro-apoptotic action of TNF. Confirming previous reports (39, 55), we found that
TNFR1 rather than TNFR2 is responsible for transducing the pro-apoptotic signals in IEC.
We further provide evidence that cIAP1 contributes to the regulation of TNF sensitivity of the
intestinal epithelium. While the intestinal epithelium in wild type mice shows a pronounced
sensitivity to TNF-induced cell death, this is drastically enhanced in the absence of cIAP1.
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Confirming the critical role of IAPs in regulating TNF sensitivity we found that treatment of
IECs with the Smac-mimetic LCL161 also resulted in increased sensitivity to TNF. Similarly,
TWEAK, causing cIAP1 sequestration and degradation (33, 47), strongly enhanced TNFinduced cell death in vitro, ex vivo and in vivo.

These data illustrate a particularly important and limiting role of cIAP1 in the intestinal
epithelium. Compared to the liver, the major anti-apoptotic IAPs are expressed at lower
levels. However, deletion of cIAP1, but not XIAP or cIAP2, drastically sensitizes IECs to
TNF-induced cell death. In the absence of cIAP1 TNF induces a deleterious destruction of
the epithelium, leading to the death of the animals. Only minimally increased serum
transaminase levels were noticed in TNF-treated cIAP1-deficient mice, indicating that either
cIAP1 is not important in controlling liver damage in response to TNF, or that cIAP1 in the
liver is compensated by other IAPs, e.g. cIAP2. It will thus be interesting to test whether liverspecific co-deletion of cIAP1 and 2 will sensitize hepatocytes to TNF, or whether other
apoptosis regulators, such as cFLIP control TNF sensitivity in the liver. Indeed, it has been
shown that hepatocyte-specific deletion of cFLIP sensitizes hepatocytes to death receptorinduced apoptosis (56).

Another remarkable observation of this study is that absence of either cIAP1, cIAP2 or XIAP
alone does not result in excessive spontaneous cell death induction, epithelium destruction
or inflammation, in particular because in humans XIAP loss has been strongly linked to IBD
(31). Though our results show a critical role for cIAP1 in controlling TNF sensitivity, unlike the
deletion of other death receptor complex components, deletion of cIAP1 does not result in
compromised intestinal tissue architecture, inflammation or even death of the animals, as is
observed in FADD-, RIPK1- and caspase 8-deficient mice. Thus, absence of either IAPs on
its own does not cause chronic stimulation of the NF-κB pathway, associated TNF
production, induction of apoptosis or necroptosis, and/or lethality as seen in RIPK1, caspase
8- or FADD-deficient mice (57-59). However, combined loss of cIAP1 and cIAP2, or cIAP1
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and XIAP results in embryonic lethality (51). Similarly, intestinal epithelium-specific deletion
of RIPK1 does not cause the neonatal lethality observed in the complete RIPK1 knockout,
but nevertheless results in massive intestinal inflammation and IEC apoptosis, and death
within few weeks of life. This massive IEC apoptosis appears to be due to hyperresponsiveness of the intestinal epithelium to TNF/TNFR1 signaling because combined
deletion of TNFR1 prevented the intestinal pathology in both Ripk1-/- and Ripk1IEC-KO mice
(60, 61). The kinase activity of RIPK1 is not required to prevent inflammation in the intestinal
epithelium because a kinase-dead version of RIPK1 was able to suppress intestinal
inflammation (61, 62). Thus, RIPK1's scaffold function appears to be critical in the regulation
of IEC apoptosis and intestinal inflammation. In this regard it is interesting that RIPK1 is
ubiquitinated by cIAP1 and 2 in the TNFR complex, which contributes to resistance to TNFinduced cell death (21). Alternatively, RIPK1 deficiency could also lead to reduced cIAP1
expression levels, as observed by Dannappel (61) and Takahashi (62). This could at least
explain in part the similarly increased sensitivity of cIAP1- and RIPK1-deficient IECs to TNFinduced cell death. It does, however, not explain why systemic absence of RIPK1 results in
neonatal lethality and IEC-specific deletion of RIPK1 in massive spontaneous intestinal
inflammation, whereas cIAP1 deficiency does not cause spontaneous TNF-dependent colitis.
RIPK1 induces stabilization of TRAF2 and cIAP1, which prevent NIK stabilization and
activation of the non-canonical NFκB pathway, potentially leading to TNF production and
TNF-induced cell death (63). Upon loss of RIPK1 IECs produce excessive TNF, which
promotes inflammation and apoptosis. Of interest, neither an increase in constitutive TNF
expression levels (Suppl. Fig. 2) nor spontaneous intestinal inflammation were seen in
cIAP1-deficient mice. Thus, deletion of cIAP1 or any IAP is likely not sufficient to allow
spontaneous NIK activation and TNF production and associated IEC cell death.

While we identified cIAP1 as a critical regulator of TNF-induced IEC cell death, it is surprising
to note that XIAP, but not cIAP1, gene mutations have been associated with IBD. Patients
with mutations in XIAP have increased risk to develop Crohn's disease (64). Though TNF
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and associated signaling pathways have been shown to be critically involved in the
pathogenesis of IBD, and neutralization of TNF has a significant beneficial effect in Crohn's
and colitis patients (53), we did not observe an increased susceptibility of XIAP-deficient
mice to TNF-induced IEC apoptosis. We show here for the first time, that the role of XIAP in
IBD is not due to its apoptosis inhibitory function. More likely, the role of XIAP is in innate
immune signaling, where XIAP acts as a critical E3 ligase rather than as a caspase inhibitor.
In this respect, it is interesting that monocytes from patients with XIAP mutations within the
RING domain respond in a reduced manner to muramyldipeptide (MDP). This is in
agreement with a recently described role of XIAP in NOD2 signaling, which is an intracellular
receptor of MDP (65). Thus, the role of XIAP in the regulation of IBD may be more related to
NOD2 signaling, rather than control of TNF signaling and associated IEC death. This is
highlighted by the fact that mutations in NOD2 are among the most frequent diseaseassociated mutations in IBD patients (66). Along these lines, it was also reported that all
three IAPs (XIAP, cIAP1 and 2) appear to be involved in NOD signaling. MDP-induced NOD
activation has been shown to induce protection from colitis in a cIAP1- and cIAP2-dependent
manner (67). This suggests that both, cIAP1 and cIAP2 are important for NOD signaling in
IEC (68), but only cIAP1 is critical for TNFR1-induced IEC cell death, resp. survival.
Surprisingly, cIAP2 but not cIAP1 expression is induced in IBD patients (69). Likely this is
due to an increase in TNF production and associated NFκB activation. Both cIAP1 and 2 are
NFκB targets, and upregulation of cIAP2 may reflect a desperate attempt of the intestinal
tissue to induce protective responses. Nonetheless, it is unlikely that cIAP2 is important in
promoting protection from TNF-induced IEC cell death, as deletion of cIAP2 failed to
sensitize IECs to TNF-induced cell death.

Our finding is amongst the first demonstration of a unique and limiting role of cIAP1 in a
given signaling pathway. For example, cIAP1 and 2 appear to be redundant in B cell survival
(70). In contrast, cIAP2 is important in macrophage and pneumocyte survival (71). Either
deletion of cIAP1 and 2, or cIAP1 and XIAP promotes embryonic lethality (51). Similarly, we
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have provided circumstantial evidence that IAPs have redundant roles in the regulation of
TNF-induced liver damage, as deletion of neither XIAP, cIAP1 nor cIAP2 alone could
sensitize the liver to TNF. Thus, cIAP1 appears to have a unique role in the regulation of
TNF-induced cell death in the intestinal epithelium.

In summary, we provide here first time evidence that cIAP1 is critically involved in the
regulation of TNF-induced IEC cell death. Thus, processes, which regulate expression and
stability of cIAP1 may also regulate the pathogenesis of TNF-mediated enteropathies. Of
interest is our observation that TWEAK sensitizes IEC to TNF-induced apoptosis, likely in a
cIAP1-dependent manner, whereas inhibition of TWEAK signaling in vivo improves
experimental colitis (72), providing further evidence for the proposed mechanism in vivo.
Since Smac-mimetics likely also sensitize IEC by limiting cIAP1-mediated protection, the
potential use of Smac-mimetics in the clinics, e.g. for the sensitization of cancer cells to
apoptosis, may also have potential side-effects on the integrity of the intestinal epithelium,
particularly in context of simultaneous bacterial infections with high TNF production.
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Materials and Methods

Mice
C57BL/6 Tnfr1-/-, Tnfr2-/- and Xiap-/- (49) mice were bred and kept in individually ventilated
cages at the central animal facility of the University of Konstanz, cIap1-/- mice at the animal of
the University of Zürich (Switzerland) and cIap2-/- mice (51) at the animal facility of the Walter
and Eliza Hall Institute (WEHI) in Melbourne (Australia). As controls wild type C57BL/6 mice
from the respective animal facility were used.

Cell lines
The conditionally immortalized young adult mouse colon (YAMC) cell line (kind gift of R.
Whitehead, Vanderbuilt University) (40) was maintained at permissive conditions (33°C, 5%
CO2) in RPMI 1640 medium (Sigma), supplemented with 5% fetal calf serum (FCS, PAA),
ITS solution (Gibco), 50 µg/ml Gentamicin (Sigma) and 5 U/ml mIFNγ. Six hours prior to
treatment, YAMC cell culture was changed to 37°C, 5% CO2 and medium w/o mIFNγ. The
murine colon carcinoma cell line MC38 was obtained from American type culture collection
(ATCC) and cultured in IMDM (Sigma), 10% FCS, MEM amino-acid solution (Sigma), 4 mM
L-glutamine and 50 μg/ml gentamycin (Sigma) at 37°C and 5% CO2. The murine
macrophage cell line RAW 264.7 was obtained from ATCC and maintained in DMEM, 10%
FCS and 50 µg/ml gentamicin.

Antibodies and reagents
Antibodies against cleaved caspase 3 (Asp175, #9661), cIAP-1 (#4952) and Bcl-xL (#2764)
were purchased from Cell Signaling Technology. Antibody against c-Flip (#ADI-AAP-440E)
was purchased from Enzo Life Sciences, anti-tubulin antibody (#T5168) was purchased from
Sigma-Aldrich,
TNF

and

anti-XIAP

antibody

(#610716)

from

BD

Biosciences.

Murine

(#315-01), EGF (#315-09), Noggin (#250-38), IFNγ (#315-05), and R-Spondin-1
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(#120-38) were purchased from Peprotech. The Smac mimetic compound LCL161 was
kindly provided by Norvartis (Basel, Switzerland). Murine recombinant TWEAK was produced
as described previously (33, 73).

RNA isolation and quantitative PCR
Total RNA from cell lines and tissue was isolated and reverse transcribed using the High
Capacity cDNA Reverse Transcriptions Kit (Applied Biosystems). Quantitative PCR was
done on a StepOnePlus Real-Time PCR system (Applied Biosystems) using SYBR green
master mix (Applied Biosystems) All gene-specific primers were designed to span an exonexon junction. Gene expression was normalized using β-actin. The following primers were βactin: 5’-ATTGGCAACGAGCGGTTCC-3’ (forward), 5’-GCACTGTGTTGGCATAGAGG-3’
(reverse);

cIAP-1:

5’-GCTGACCCTACAGAGACAGTGG-3’

(forward),

5’-

ATCTGCCGCTGAACCGTCTG-3’ (reverse); cIAP-2: 5’-GAATGCAGACGCAGCAATCGTG3’

(forward),

5’-GGCTGC

TTTAACCACAGGCG-3’

(reverse);

XIAP:

5’-

CCATGGCAGAATATGAAGCACGG-3’ (forward), 5’-TCACTTTATCGCCTTCACCTAAAGC3’

(reverse);

cFLIPL:

5’-CAC

CCAGTCCAGCCAAGGAG-3’

(forward),

5’-

ACTTCGCCCATTCTGGAGCC-3’ (reverse), cFLIPS: 5’-ACACCCAGTCCAGCCAAGG-3’
(forward),

5’-TGCTGGTA

CTCCATACACTGGC-3’

AACTTCGGGGTGATCGGTCC-3’
(reverse);

villin-1:

(forward),

(reverse),

TNF:

5’-

5’-TGGTGGTTTGTGAGTGTGAGGG-3'

5’-ACTGTGGGCTCTGTGGCTAAG-3’

(forward),

5’-

ACTTCCCCACTCCCGTCATC -3’ (reverse). For cFLIPS and cFLIPL splice variant-specific
primer sequences were used.

Intestinal crypt isolation and organoid culture
Isolation and culture of intestinal crypts were done as described previously (38). Briefly, the
small intestine of 4- to 12-week-old C57BL/6 opened longitudinally and villi were removed
with a coverslip. The intestine was cut, washed with PBS and incubated with 2 mM EDTA in
PBS (30 min, 4°C) on a rotating wheel. Villi were removed and crypts were detached from
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the basal membrane by shaking. Crypt purity was checked by microscopy. The crypts
enriched fraction was passed through a 70-μm cell strainer, centrifuged twice at 100 × g
(3 min, 4 °C), counted by microscopy and resuspended in Matrigel (BD Biosciences) at a
desired density. Two hundred to five hundred crypts in 7 μl Matrigel were seeded per well on
a pre-warmed 96-well plate and incubated for 15 min at 37 °C. Then, 70 μl of complete crypt
culture medium was added (ADF medium: advanced DMEM/F12 (Sigma), 0.1% BSA (PAA),
2 mM L-glutamine (PAA), 10 mM HEPES (Sigma), 100 U/ml penicillin (Sigma), 100 μg/ml
streptomycin (Sigma), 20 μg/ml nystatin (Sigma), 1 mM N-acetyl cysteine (Sigma), 1 × B27
supplement (Invitrogen), 1 × N2 supplement (Invitrogen), 50 ng/ml murine EGF, 100 ng/ml
murine Noggin, 500 ng/ml human R-spondin-1. Organoids were cultured for 3 days (37 °C,
5% CO2) before indicated treatment.

MTT cytotoxicity assay for organoids and cell lines
MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma) solution was
added to the organoid culture to a final concentration of 500 μg/ml. After incubation for 2–3 h
at 37 °C, 5% CO2, the medium was discarded and 20 μl of 2% SDS (Sigma) solution in H2O
was added to solubilize the Matrigel (2 h, 37 °C). Then, 100 μl of DMSO were added for 1 h
(37 °C) and the OD was measured on a microplate absorbance reader (Sunrise Tecan
Reader) at 562 nm. Seven microliters of Matrigel without organoids were used as control and
set as 0% viability. Untreated organoids were defined as 100% viable. For MTT cytotoxicity
in cell lines, MTT solution was incubated for 1-2 h (37°C, 5% CO2). After discarding the
medium, MTT was solubilized in 100 µl of DMSO per well (15 min, RT) and the OD was
measured as described for organoid cytotoxicity assessment above.

Western Blot
Cells were lysed in NP-40 lysis buffer (150 mM NaCl, 1% NP-40, 50 mM Tris, pH 8.0 1 mM
EDTA). Concentration of total protein was determined using BCA assay (Pierce) after
manufacturer’s recommendation. Samples were boiled with SDS-sample buffer (95°C, 5
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min), resolved on SDS-PAGE gels (12%) and transfered a PVDF membrane. Immunoblot
analyses were performed using specific antibodies and visualized with a biomolecular imager
(ImageQuant LAS4000, Fujifilm).

Determination of cell death by flow cytometry
Cells and supernatant of 24-well plates were harvested, centrifuged at 1000 x g, 4°C, 5 min
and resuspended in annexin-V binding buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1
mM MgCl2, 1.8 mM CaCl2) with 1 µg/ml FITC-labeled annexin V. Cell suspension was
analyzed using a LSFortessa cytometer (BD Biosciences).

Immunohistochemistry
Mice were injected with PBS control or 4 µg mTNF or hFcTNF for 4h. Serum was harvested,
and tissue from small intestine, large intestine and liver was collected, formalin fixed,
dehydrated and paraffin embedded. Apoptotic cells in tissue sections were detected using an
anti-cleaved caspase 3 antibody as described previously (36). All sections were observed
and photographed with the PALM MicroBeam microscope (Zeiss). Quantification of cleaved
caspase 3-positive cells per 100 crypts was done in the small intestine.

Transaminase assay
For quantitative determination of alanine aminotransferase (ALT) activity in the serum of
mice, ALT reagent colorimetric endpoint method kit (Teco Diagnostics) was used after
manufacturer’s recommendation with 1:5 diluted serum.

TNF ELISA
TNF in the serum was detected using a commercially available ELISA (BioLegends).
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Statistics
Graph Pad Prism software (GraphPad Software, Ver 5.01) was used for statistical analysis.
All experiments were performed in triplicates and repeated at least three times. All values are
reported as mean ± S.D. Where indicated, statistical analysis was evaluated with unpaired
two-tailed Student’s t-tests, with a P value of < 0.05 considered statistically significant. When
multiple groups were compared, one-way ANOVA was performed.

Study approval
All animal experiments complied with animal experimentation regulations of Germany,
Switzerland and Australia, and were approved by the Ethics Review Committee of the
respective regional council.
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5 General Discussion
The main results of my research indicate that the intestinal epithelium shows thorough susceptibility
towards TNF treatment, and strongly expand on the previous findings and publications of other research
groups (Piguet et al., 1999; Piguet et al., 1998). TNF susceptibility of IECs occurs in stark contrast to other
tissues, which do not exhibit TNF-mediated cell death, unless transcriptional activation or ribosomal
translation is blocked. Interestingly, the underlying reason for the observed specific TNF sensitivity of
IECs is currently unknown. This exceptional status of the intestinal epithelium might contribute to the
excessive cell death, which is observed in multiple immunopathological conditions with a local or
systemic inflammatory response, accompanied by high levels of TNF (Lau et al., 2011). TNF is implicated
in the pathogenesis of many intestinal inflammatory disorders, including CD, UC, sepsis, celiac disease
and GvHD, and anti-TNF treatment has been demonstrated to ameliorate the severity by IEC apoptosis
abrogation in murine IBD models as well as in clinical trials (Marini et al., 2003; Silva et al., 2010). On the
one hand, TNF mediates its deleterious effects by the induction of pro-inflammatory cytokines, mostly
via NFκB activation, leading to immune cell recruitment and activation. Immune cells and their effector
functions then often cause excessive damage of the target tissue. On the other hand, TNF might also act
directly on the intestinal epithelium via the disruption of tight junction, allowing penetration of bacteria
and PAMPs into the submucosa, thereby stimulating submucosal immune cells and augmenting an
inflammatory response. However, TNF also shows signs of direct cytotoxity in IECs. Therefore, the
scientific community has a great interest in the investigation of TNF-mediated cell death and subsequent
signaling events in intestinal cells in order to understand the underlying disease mechanism on a
molecular and cellular level. Thus, the aim of this thesis was to elucidate differences in the expression
or activity of proteins that are either involved in the cell death promotion or the survival signaling, and
as a consequence render intestinal cells susceptible to TNF-mediated cell death.

5.1 TNF in cell lines and in vivo
Using the immortalized YAMC cell line model, we demonstrated a robust and concentration-dependent
cell death induction after recombinant murine TNF treatment. This effect could also be reproduced in
other intestinal cell lines, like the murine carcinoma cell line MC38 or the immortalized cell line mICcl2.
This clearly indicates that our model cell lines are reflecting the in vivo findings of other groups, which
showed a TNF-dependent enteropathy in a variety of IBD models (Elinav et al., 2013). Notwithstanding,
immortalized or cancer cell line-derived observations have to be interpreted carefully, as these cell lines
tendto differ remarkably from primary tissue or cells, for instance with respect to sustained proliferation
signaling, inhibited differentiation and resistance towards cell death (Hanahan and Weinberg, 2011).
Ultimately, these capabilities contribute to the unlimited expanding potential in most cell lines. In the
case of the murine macrophage cell line RAW264.7, as well as the human carcinoma cell line Caco-2,
which were – unlike normal intestinal cell lines – insensitive towards TNF-mediated cell death, and
sensitization by ActD was needed prior to TNF for efficient cell death induction. Since any immortalized
or cancer cell line is isolated and cultured from individual origin with distinct genetic mutations, a
comparability is certainly not provided. Striking differences in the behavior or responsiveness can be
even seen within the same cell lines at different research groups, probably due to the variability and
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genetic instability of cancer cells, but also depending on varying culture conditions and extended culture
time (Snijder and Pelkmans, 2011). In the case of immortalization, the SV40 large T antigen is often used,
which was shown to bind and functionally inactivate tumor suppressors, such as the retinoblastoma
protein (pRB) and p53 (DeCaprio et al., 1988; Kierstead and Tevethia, 1993). Nevertheless, cell-based
model systems are of great interest as a research tool, not only for scientific investigations of an array
of cellular processes, but likewise for pre-clinical studies that are conducted in the pharmaceutical
industry, in particular as test systems for the determination of therapeutic effects and potential sideeffects of drugs.
Besides being a physiological relevant system, in vivo models are often associated with many problems,
as already introduced in section 2.6.1 of this thesis. Particularly for the determination of cell death within
the intestinal epithelium, which is only a transient process, in vivo systems allow only limited
conclusions. Finally, the amount of data that is acquired from one mouse is often restricted to one data
point in the graph. Nonetheless, each of these data points is hard-earned in a process that involves tissue
processing, fixation, cutting, staining and microscopic quantification (e.g. for the evaluation of intestinal
tissue destruction). Given this effort, treatment conditions, like different drugs, drug doses and kinetics,
are often limited by sample handling and the number of mice that have been approved by the
authorities. On the opposite, animal models are also widely used in science and pre-clinical studies. In
reality, the use of animal models is further constrained by financial and ethical considerations, and the
distinction between direct or indirect effects is often not given.
A possible alternative approach is the use of primary cells, representing untransformed cells of the tissue
of interest, notably having a comparable gene expression profile, and hence permitting a conclusion of
a physiological response to drugs and toxins. However, restricted accessibility and ex vivo survival often
limit the use of primary cells, and are thus incompatible with most cytotoxicity assessment methods.
This is also the case for intestinal crypt cells or tissue explants, which undergo spontaneous cell death
within hours, and thereby hamper an estimation for cytotoxicity, for instance for TNF-mediated
mediated cell death.
In fact, we have been able to show a significant TNF-mediated intestinal crypt cell death in vivo by using
different mouse lines (C57BL/6 and BALB/C). However, the effect of TNF on intestinal crypt cell death is
not seen at a glance, and a high amount of crypts need to be counted to document significant
differences. Nevertheless, as crypt cell death is almost completely absent under physiological
conditions, the pathophysiological impact of TNF-mediated crypt cell death should not be
underestimated and might contribute to impairment of epithelial homeostasis. Even at the villus tip,
where anoikis-like cell death usually occurs, caspase 3-positive cells are rarely observed, probably due
to their rapid shedding into the lumen and subsequent loss during sample preparation.
As a conclusion, neither cell line-derived nor in vivo data can be exclusively used as an ideal model
system to potentially isolate factors that contribute to TNF-mediated IEC death and pathophysiological
conditions of the intestine. We therefore were aiming to combine the common advantages of both
systems by developing a cell death determination method for IECs that allows to study the role of TNF
in an isolated, yet high physiologically relevant context: intestinal organoids.
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5.2 Intestinal organoids as model system for determination of IEC viability
In 2009, the group of Hans Clevers established a method for the long-term culture of isolated intestinal
stem cells, allowing them to expand into organoids in vitro (Sato et al., 2009). These organoids showed
critical hallmarks of physiological properties of in vivo tissue, like stem cell retention, cell differentiation,
cellular turnover, polarity and formation of functional crypt-like and villus-like domains. In spite of its
enormous potential as a surrogate for immortalized and cancer cells in a variety of scientific questions,
for instance cytotoxicity studies, this method was exclusively and successfully employed to study
proliferation, differentiation, gene expression and biochemical properties of intestinal stem cells in the
following years. This was mainly owing to the fact that that these organoids were growing in a 3D
extracellular matrix, which made them inaccessible for most cytotoxicity testing standard procedures,
like colorimetric assays or flow cytometry.
Since we were very interested in using organoids due to their high physiological relevance, we aimed to
develop an assay for cytotoxicity detection. Evidence was shown that intestinal organoids can indeed be
used to analyze cell death-promoting stimuli and associated signal transduction pathways. In the first
place, we described the morphologic alteration of intestinal organoids after treatment with archetypical
cell death stimuli. The phenotypic changes were probably owing to cell death-induced loss of epithelial
integrity within the organoids. It was successfully proven by live/dead staining and confocal microscopy
that the morphology of these disrupted organoids is in fact due to excessive cell death of epithelial cells.
MTT staining revealed that disrupted organoids were devoid of respiratory capacity, further confirming
their reduced viability, whereas intact organoids rapidly stained purple within minutes. However,
microscopic evaluation does not allow mid- to large-scale sample numbers and is often subjected to bias
of the research scientist. Therefore, we aimed at using the MTT-reduction potential of viable crypts for
colorimetric cytotoxicity staining. On the grounds that the organoids were embedded in matrigel, a
simple cell lysis by DMSO – which is the MTT assay standard procedure – was not applicable. We
demonstrated that the disruption of non-covalent bonds of the matrigel proteins by denaturation with
SDS and subsequent solubilization of the formazan crystals yields a reproducible homogenous OD562
value, and thereby links organoid viability to an objective and easy-to-measure physical quantity. Most
importantly, we indeed demonstrated that there is a high correlation of viable crypts per well and MTT
reduction, as shown by serial-diluted crypt densities. This proves that this assay is a reliable and
quantitative method for measuring organoid cell viability. Based on this method, a dose-dependent
organoid cell death induction after treatment with different cell death stimuli like TNF, irradiation and
chemotherapeutic agents was successfully illustrated. Compared to the cytotoxic potency of these
stimuli in murine and human cancer cell lines, we could show a remarkable difference, underlining the
persuasive physiological relevance of organoids as a model system for enteropathy. Intriguingly,
chemotherapy and irradiation prevalently elicit a strong damage of the intestinal epithelium that is
considered as a common side effect of anti-cancer treatment. This indicates a highly interesting in vivo
relevance of the obtained results, which was further validated by a direct comparison of 5-FU-treated
mice with intestinal organoids as well as a murine cancer cell line. It was therefore successfully
demonstrated that the method that we developed is suitable for biomedical research (e.g. the role of
TNF in IBD), and helps to identify potential hazardous effects of FDA-regulated products for approval,
particularly side-effects of drugs as early as in the pre-clinical phase of development. These data also
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suggest that in the future, ex vivo cultured human colonic crypts can be used to further potentiate the
implications of cancer treatment for human patients. For instance, parallel post-surgical culture of
primary colonic epithelium together with colorectal cancer-derived cells could deliver a potential
screening for optimal anti-cancer treatment with a maximum response in cancer cells and only mild sideeffects in normal colon cells. Finally we could show that intestinal organoids are also an excellent system
for studying signaling pathways. To do this, we demonstrated that a parallel isolation of crypts from wild
type as well as gene-deficient mice and subsequent expansion into organoids could be used to reveal
the impact of specific genes on IEC death after a certain stimulus.
In summary, we describe intestinal organoid cell death by morphological and functional means.
Furthermore, we are the first to report the use of a modified MTT assay that allows a sensitive and easyto-handle quantification of intestinal organoid cell death in a 96-well format, which may be conceivable
to be even extrapolated to a 384-well format. Hence, this method represents an interesting and efficient
alternative to test drugs with an intestinal epithelium damage activity in in vivo experiments, providing
a higher physiological relevance than most results from cell line models. In our subsequent studies on
TNF-mediated cell death in IECs, this method was of great usefulness and strongly supported our findings
in vivo and in cellular systems, in particular with the use of knockout mice-derived intestinal organoids.
In general, alternative in vitro methods are of great scientific interest, and the success of this domain is
reflected by the strong increase of in vitro methods, that are used in research, toxicology and diagnostics
(Heinonen, 2015).
Since the scientific interest intestinal organoids was has been largely increasing within the recent years,
and with the diversifying methodical spectrum in combination with this system, further application
potential for scientific research or (gene) therapy come across. In principle, intestinal organoids could
be employed in the future to examine cell-based disease mechanisms in the intestine. This would be
beneficial for the identification of disease-causing factors and genes, such as factors that control
proliferation or cell death within the intestinal epithelium.

5.3 TNF sensitivity of IECs
By employing different model systems, we could clearly and consistently show that TNF is able to induce
IEC death in vivo, ex vivo and in murine cell lines in vitro. In contrast to most other tissues, e.g. primary
liver cells, TNF-mediated cell death in IECs is independent of transcriptional arrest. We discovered that
TNFR1 is primarily responsible for the pro-apoptotic effects in YAMC cells (data not shown) as well as in
organoids, since TNFR1-deficiency led to a complete rescue in both systems. Interestingly, TNFR2deficiency does not completely protect YAMC cells and intestinal organoids, a fact that was surprising
due to the lack pro-apoptotic signaling pathways downstream of TNFR2, as well as the incapability of
TNFR2 to be activated by soluble TNF (Aggarwal, 2003). Still, this partial rescue could potentially be
explained by the ‘ligand passing model’, which claims that TNFR2 helps regulating TNF association to
TNFR1 by recruiting TNF and passing it on to TNFR1, ultimately giving rise to an increase in the local TNF
concentration at the cell surface (Tartaglia et al., 1993). One might speculate that IEC-specific TNF
sensitivity could be generally owing to a defective NFκB induction potential in these cells. However, at
least concerning YAMC cells we could reject this idea, as there is a measurable degradation of IκB after
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TNF stimulation on the one hand, and a relatively rapid de novo expression of IκB on the other hand.
This indicates that in YAMC cells, the IKK complex efficiently phosphorylates IκB and targets it for
degradation. Moreover, these data show that after nuclear translocation, NFκB successfully
transactivates its target genes, including IκB.
To further elucidate a possible reason for the exclusive TNF sensitivity of IECs, we took a closer look on
the expression levels of important key regulator proteins of the TNFR1 complex transitions, such as cIAPs
for the transition of complex I to IIa transition, and cFLIP for the transition of complex IIa to IIb.
Comparative protein expression analysis revealed that the abundance of IAPs, like cIAP1, cIAP2 and XIAP,
was much lower in isolated crypts as well as in YAMC cells, when compared to primary liver cells or nonintestinal cell lines. On the other hand, we could show that the levels of both cFLIP isoforms and other
anti-apoptotic regulators (e.g. Bcl-xL) were comparable. This indicates that the increased TNF sensitivity
of IECs might be the result of a relatively low expression of cIAP1 and cIAP2, which might lead to a
reduced TNFR1 complex I stability and a possible shift towards the other two cell death-inducing TNFR
complexes.
Using a knockout mouse model, we could indeed show that cIAP1 strongly contributes to the regulation
of TNF-mediated cell death. Whereas wild type mice already showed pronounced TNF sensitivity
resulting in pronounced apoptosis induction in the crypt region, this effect was drastically enhanced in
cIAP1-/- mice. Due to the discomfort and clear suffering behavior in experimental mice, TNF experiments
in cIAP1-/- mice had to be euthanized already after 5 hours after injection, while wild type animals
showed no such effects at this time point. Of note, the effect of TNF-mediated cell death was restricted
to the intestinal epithelium. For instance, in the liver only a minimal increase in TNF-induced cell death
(as measured by cleaved caspase 3 IHC and serum ALT) was observed, even in cIAP1-deficient mice. This
finding is in accordance with previous studies, demonstrating that in almost all other tissues, such as the
liver, TNF fails to elicit a cell death response, unless transcription or translation is blocked (Beg and
Baltimore, 1996). For instance, a strong abundance of cell death within the intestinal epithelium was
reported after LPS injection into mice, which promotes a macrophage-dependent systemic TNF
secretion. Interestingly, in these studies most other tissues were not affected by the LPS-induced TNFdependent cell death induction. However, liver cells could be specifically sensitized to injection of LPS
or TNF when combined with the liver-specific transcription blocker GalN, as shown by strongly increased
ALT serum levels (Galanos et al., 1979).
As a matter of fact, the loss of either cIAP2 or XIAP resulted in a comparable level of TNF-mediated cell
death in IECs in comparison to wild type mice, substantiating the non-redundant role of cIAP1 in the
protection against this pro-inflammatory cytokine. This is to some extent contradictory to the findings
that cIAP1 and cIAP2 have overlapping functions in vitro in the control of intracellular TNFR1-induced
signaling pathways, such as apoptosis induction (Vince et al., 2007), canonical (Mahoney et al., 2008)
and non-canonical NFκB activation (Zarnegar et al., 2008), and NOD signaling (Bertrand et al., 2009).
Notwithstanding, none of these studies implemented intestinal epithelial cells in their experiments, and
we are the first to describe a non-redundant role of cIAP1 in this tissue. Of note, neither the absence of
cIAP1 nor the absence of cIAP2 or XIAP resulted in any spontaneous cell death induction, inflammation
induction or intestinal tissue destruction under steady-state condition. These findings were unexpected,
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since particularly mutations in XIAP was reported to be linked to an increased risk to develop IBD (Silke
and Vaux, 2015; Zeissig et al., 2015).
Regarding the liver, neither loss of cIAP1 nor cIAP2 appears to have any substantial effect on the TNF
sensitivity. Therefore, it is tempting to speculate that the function of cIAP1 and cIAP2 in the liver might
be redundant, and the loss of the one gene can be compensated by the residual activity of the other
protein. Furthermore, it has been shown that cIAP1 and cIAP2 have redundant roles in other tissues, cell
types and processes, for instance in the survival of B cells (Gardam et al., 2011) and macrophages
(McComb et al., 2012). Additionally, while cIAP1/2 double knockout mice are embryonically lethal, single
knockout of cIAP1 or cIAP2 had no overt phenotype, further indicating a redundant function of these
two IAPs (Moulin et al., 2012). It has been reported, that cIAP1 deficiency leads to a strong accumulation
of cIAP2 in some, but not all cell lines (Conze et al., 2005). On the contrary, a cIAP2 null background does
not affect the protein levels of cIAP1, probably due to the fact that cIAP1 is mediating K48-linked
ubiquitination of cIAP2 and induces its proteasomal degradation, but not vice versa (Conte et al., 2006).
Overall, we provide evidence that cIAP1 is critically involved in the regulation of TNF-induced IEC cell
death in vivo.
These in vivo experiment-derived data were supported by comparison of organoids from cIAP1-/- and
wild type mice. cIAP1-/- mouse-derived organoids showed significantly increased TNF-mediated
intestinal organoid cell death. In marked contrast, organoids derived from cIAP2-/- mice exhibited equal
sensitivity towards TNF treatment as observed in organoids from wild type mice. The same holds true
for XIAP-/- mice-derived organoids in comparison with wild type organoids (data not shown). Moreover,
pre-treatment with the Smac mimetic compound LCL161, which led to an efficient degradation of cIAP1,
cIAP2 and XIAP, remarkably enhanced TNF sensitivity in YAMC cells and intestinal organoids. In the case
of LCL161 treatment, wild type mouse-derived organoids perfectly mimicked the TNF sensitization effect
of cIAP1 deficiency without LCL161 treatment, indicating that a potential loss of cIAP1 could not be
compensated by the residual activity/abundance of cIAP2 or XIAP. This further confirms the inference
that the Smac mimetic-induced TNF sensitization effect in IECs might exclusively depend on the
inactivation and degradation of cIAP1, but not cIAP2 and XIAP. These data strongly corroborated our in
vivo findings, and led to the conclusion that cIAP1 is crucial for the regulation of TNF-mediated intestinal
cell death. The pronounced sensitizing effect of cIAP depletion towards TNF in IECs was thus consistently
suggested by our in vivo, ex vivo and in vitro findings, and indicated an exceptional role of cIAP1 in this
tissue.
While it has been shown that IAP inhibitors like Smac mimetics sensitize a variety of cell lines to TNFinduced cell death, these findings merely reflect that this process could be regulated by various IAPs
(Probst et al., 2010). But owing to their property to inhibit and degrade cIAP1, cIAP2 and often XIAP,
experiments using Smac mimetic do not provide specific answers about the individual role of the
respective IAPs in these processes. Furthermore, such generalized experiments do not allow drawing
any conclusion with regard to the specific situations in a cellular or an in vivo disease models that could
be translated into a clinical context, where TNF has a detrimental role. In particular in IBD, where the
role of TNF in pathogenesis has been confirmed in many studies, and neutralization of TNF shows a
strong therapeutic effect, the potential role of IAPs as important regulators of TNF-mediated cell death
is still not clear. Intriguingly, many IBD patients have mutations in the XIAP gene (Speckmann and Ehl,
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2014), and it was shown that they might have potential defects in TLR and NLR signaling (Kufer and
Sansonetti, 2011), but probably not directly in TNF signaling (Varfolomeev et al., 2008). In contrast to
this, a possible contribution cIAP1 and cIAP2 in TNF-mediated pathological conditions in the intestine
has never been investigated thus far.
Taken together, by combining mouse genetics and Smac mimetic treatment with in vivo, ex vivo and in
vitro experiments our data suggest that processes controlling the expression, stability and activity of
cIAP1 might regulate the pathogenesis of TNF-mediated enteropathy. Despite other reports, where
cIAP1 and cIAP2 show overlapping activities, we demonstrated that cIAP1 has a thus far unrecognized
non-redundant role in the protection from TNF-mediated cell death in IECs. Beside Smac-like reduction
of cIAP1 activity, recent studies have demonstrated that TWEAK is implicated as such a cIAP1 regulating
process, as will be discussed in the next paragraph.

5.4 Function of TWEAK in TNF sensitization of IECs
The TNF superfamily member TWEAK has been shown to regulate TNF sensitivity in tumor cells via a
complex mechanism, in which cIAP1 and TRAF2 are recruited to the TWEAK receptor Fn14, and are
degraded by the cathepsin-mediated lysosomal pathway (Vince et al., 2008). Subsequent non-canonical
NFκB activation and promotion of TNF secretion can elicit cell death in some tumor cell lines in an
autocrine manner. In this study, Vince and coworkers demonstrated that for efficient TNF-mediated cell
death (1) tumor cells have to be capable of producing TNF, and (2) have to express low levels of cIAP1
and TRAF2. TNF sensitization correlated with a reduced cIAP1 recruitment to the TNFR1 complex I, which
was caused by a competing recruitment of cIAP1 to the Fn14 receptor upon TWEAK stimulation and
subsequent degradation of cIAP1. The lack of cIAP1 at TNFR1 complex I led to its destabilization and
formation of the cell death-inducing complexes IIa or IIb, respectively.
In our recent studies, we investigated if this TWEAK-dependent sensitization can also contribute to the
TNF-mediated damage of the intestinal epithelium in a pathophysiological setting. Together with our
collaborators we successfully demonstrated that endogenous TWEAK contributes to TNF-induced IEC
cell death in a murine model for acute GvHD (Chopra et al., 2015). We were able to support those
findings by showing that intestinal crypt cell death was significantly reduced after TNF injection, when
mice were pretreated with the Fn14 antibody ‘18D1 dead’. The 18D1 dead antibody exclusively acts as
a TWEAK antagonist, since it contains a mutation in its Fc domain, which prevents its Fn14 agonistic
potential upon FcγR binding-induced oligomerization. Inevitably, this indicates that endogenous TWEAK
plays an important role in pathophysiological conditions of the intestine, and that this relevance is at
least partly TNF-dependent. Further supportive evidence came from studies in two disease models of
IBD. Experiments with IL-10 knockout mice, or with 2,4,6-trinitrobenzene sulfonic acid-induced colitis
showed that inhibition of the TWEAK/Fn14 system resulted in a protective effect (Dohi et al., 2009;
Kawashima et al., 2011). Since these data were in large accordance to our previous findings, which
identified cIAP1 as a critical factor for TNF-mediated intestinal damage, we investigated a possible
mechanism for TWEAK-mediated TNF sensitization of IECs by a competitive recruitment mechanism of
cIAP1 to Fn14. Indeed, we could show in YAMC cells, that a pretreatment of TWEAK had a major
enhancing effect on TNF-mediated cell death. However, in case of stimulation of the intrinsic apoptotic
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pathway with cisplatin, a pretreatment of TWEAK did not provide any effect with regard to sensitization
to cell death. This indicates that Fn14-mediated cIAP1 recruitment (and depletion) might be required
for sensitizing for TNF-induced cell death in YAMC cells, wheras its role is dispensable in the intrinsic
apoptotic pathway. In line with the previously reported observation, pretreatment with TWEAK also
sensitized organoids to TNF-mediated cell death. Additionally, enhanced intestinal crypt cell death was
observed after in vivo application of TWEAK and TNF. Importantly, our data suggest that TWEAK
treatment alone is not sufficient to induce considerable cell death, in agreement with the notion that
TWEAK signaling cannot promote directly cell death effector pathways. In YAMC cells, only excessive
TWEAK concentrations led to slightly elevated cell death levels, probably due to indirect effects.
However, we excluded the possibility of TWEAK-induced TNF secretion in YAMC cells, which was
reported to be responsible for TWEAK-mediated cytotoxicity in several cancer cell lines (Vince et al.,
2008). Taken together, these findings show that TWEAK indeed plays a crucial role in TNF sensitization
in various disease models of GvHD and colitis, probably based on decreased cIAP1 availability at the
TNFR1 complex I.

5.5 Role of IAPs in chemotherapeutic agent induced apoptosis
As already discussed in the previous paragraph, pretreatment with TWEAK failed to enhance cell death
in YAMC cells in response to triggers of the intrinsic apoptosis pathway, e.g. by chemotherapeutic
agents, but strongly sensitized cells to death upon TNF stimulation. Intriguingly, the same observations
were made in experiments where Smac mimetics and chemotherapeutic agents were combined.
Altogether, these data indicate that in YAMC cells cIAPs do not play a critical role in the regulation of the
intrinsic apoptotic pathway, but are indispensable for TNF-mediated survival signaling. This is in
accordance with the literature, where it is described that the ubiquitin ligase activity of cIAP1/2 is
important for the stability of the pro-survival TNFR1 complex I (Varfolomeev et al., 2007). Furthermore,
it has been reported that cIAPs have no critical role for regulating the intrinsic apoptosis pathway. While
they admittedly bind to effector caspases, they fail to inhibit them (Eckelman and Salvesen, 2006).
Surprisingly, the co-treatment with Smac mimetics does not sensitize toward chemotherapeutic agents,
although we could show that the Smac mimetic treatment induced the degradation of XIAP in MC38 and
ex vivo stimulated isolated crypts. This observation is in marked contrast to previously published studies,
which attribute XIAP to have a crucial role in the regulation of the intrinsic apoptosis pathway by directly
inhibiting caspase 9 and caspase 3 (Silke et al., 2002). A possible explanation for this observation could
be an already sufficient inhibition of XIAP by endogenous inhibitor proteins (e.g. Smac/DIABLO or
Omi/HtrA2) after MOMP induction, not further requiring additional Smac mimetic-induced inhibition.
Alternatively, XIAP could be expressed at rater low levels in the intestinal epithelium, thus playing only
a minor role in the regulation of the intrinsic pathway. Along these lines we observed that compared to
the liver intestinal crypts and YAMC cells express much lower levels of XIAP.
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5.6 Mode of TNF-induced cell death in IECs
Intriguingly, TNF-mediated cell death in YAMC cells is likely to reflect a necroptotic phenotype, as RIPK1specific kinase inhibition with necrostatin-1 (Nec-1) blocked TNF-induced cell death. Interestingly,
inhibition of downstream caspases by DEVD-CHO only partially blocked TNF-mediated cell death in
YAMC cells (data not shown). These observations are confusing, since in almost any reported cellular
model TNF-mediated necroptosis requires the inhibition of caspase 8 together with Smac mimeticmediated degradation of cIAP1/2 or overexpression of RIPK3 (He et al., 2009). In line with this we
showed that pretreatment with Smac mimetic or pan-caspase inhibitor resulted in a strong
enhancement of a TNF-mediated cell death in YAMC cells that was still completely blockable by Nec-1.
Similar to any other cell line or tissue, transcriptional inhibition by ActD strongly enhanced TNF-mediated
cell death in YAMC, probably due to the lack of anti-apoptotic NFκB target gene induction.
Altogether, these results strongly suggest that the default cell death pathway in TNF-stimulated YAMC
cells is likely necroptosis. However, the inhibition of cell death after Nec-1 treatment alone is not
sufficient to define necroptosis, since a possible RIPK1 kinase-dependent activation of caspases was also
reported (Remijsen et al., 2014). Therefore, experts share the opinion that a sufficient proof for
necroptotic cell death can only be given by demonstrating the RIPK3 dependency of cell death induction.
Another intrinsic problem is a general lack of commercially available necroptosis-specific antibodies,
particularly in murine model systems. For instance murine phospho-specific antibodies for RIPK1, RIPK3
and MLKL are thus far barely available. Moreover, necrosulfonamide, a small molecule inhibitor for the
oligomerization of the necroptotic effector protein MLKL, is commercially available, but was reported to
lack activity against murine MLKL (Sun et al., 2012). In the intestinal epithelium, where dead cells are
shed into the intestinal lumen anyway, necroptosis might have evolved as an efficient and fast way to
eliminate potentially dangerous or unwanted cells without the induction of an inflammatory response
by the release of DAMPs. While we have obtained some evidence that necroptosis might be involved in
TNF-induced cell death in YAMC cells, the situation is less clear in organoids and in vivo. Thus, the
respective role of necroptosis versus apoptosis in TNF-mediated intestinal epithelial damage remains to
be elucidated.
Taken together, we investigated a potential mechanism of TNF-mediated cell death in IECs that involves
cIAP1 as a key molecular determinant of TNF sensitivity. With the organoid viability assay, we developed
an interesting alternative tool with great potential for toxicity screenings, disease models and the
research on the regulation of intestinal epithelial cell death. Furthermore, we successfully employed this
method to demonstrate that intestinal epithelial cells are indeed TNF-sensitive, and that this sensitivity
is highly dependent on the cellular levels of cIAP1, but not cIAP2 or XIAP. Importantly, these results could
be confirmed by using in vivo experiments and ex vivo cultured intestinal organoids, but also the
intestinal cell line YAMC. We could also show that in a commonly used disease model of GvHD, TWEAK
plays an important role in the regulation of TNF-mediated IEC cell death, probably owing to the
recruitment and the degradation of cIAP1 by TWEAK-induced stimulation of the Fn14 receptor.
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5.7 Concluding remarks
We successfully showed that cIAP1 adopts a key role in the TNF-mediated cell death induction of IECs,
which could be contributing to various pathophysiological conditions of the intestine, such as CD, UC
and GvHD. Moreover, our data and conclusions are potentially of high relevance for the stratification of
IBD patients , for instance by analyzing the intestinal protein levels of cIAP1 in IBD patients, and
correlating it to their disease stage, resp. their response to anti-TNF antibody treatment. This study
provides evidence that a reduced activity of cIAP1 in IECs leads to atypical TNF susceptibility, which is
independent of any co-stimulus applied, such as transcriptional blockage. An induced absence of cIAP1
at the TNFR1 site, for instance after IAPs degradation or their competitive recruitment to Fn14, also led
to a strongly increased TNF-mediated cell death response in IECs. Our results demonstrate the crucial
role of TNF in intestinal cells, and cIAP1 as the key factor of its pro-apoptotic action, by using an array of
model systems, like several cellular models and an in vivo model. Additionally, we developed an easyto-handle intestinal organoid-based cell viability assay, which allows objective mid- to high-throughput
analysis of specimens. We showed the potential of this new method not only by using it for our current
research projects, but also to demonstrate its pre-clinical drug screening capacity. Examples for possible
applications of this method in the future are the determination of side-effects of chemotherapeutic
drugs, or the identification of the role of particular proteins in cell death pathways by parallel usage of
wild type- and knockout mouse-derived organoids.
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