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1 Summary

Summary

Summary
Sphingolipids are complex structures, which are shown to be involved in the
maintenance of the intestinal integrity. Increasing evidence implicates a function of
sphingolipids in intestinal diseases such as inflammatory bowel disease (IBD).
Interestingly, the activation of various phospholipases and sphingomyelinases were
shown to be altered through inflammatory cytokine secretion. However, little is known
about the role of sphingolipids, such as ceramide, and sphingomyelin in the context of
bacterial induced inflammation. In the present study, we determined the function of the
acid sphingomyelinase (Asm) and acid ceramidase (Ac) during the bacterial induced
colitis using the Citrobacter (C.) rodentium infection model. C. rodentium is a natural
mouse

gram-negative

mucosal

pathogen

that

induces

colonic

inflammation.

Importantly, sphingomyelin and ceramide concentrations were significantly decreased
in the colon of C. rodentium infected mice. However, treatment with amitriptyline to
inhibit Asm and Ac activity during infection as well as infection of Asm KO or Ac cKO
mice led to an increase in sphingomyelin and ceramide in the colon within 6 to 10 days
post infection. This increase was accompanied by an enhanced histopathological
score. Interestingly, Asm KO, as well as Ac cKO mice showed enhanced bacterial
translocation of the normally non-invasive C. rodentium into the liver and the spleen
compared to infected wildtype mice. Flow cytometry analysis revealed that neither the
frequencies of macrophages, as part of the first line of defence from the innate immune
system, nor the MHCII expression by macrophages were impaired in wildtype
compared to amitriptyline treated mice. Furthermore, uptake capability of macrophages
generated from bone marrow of ASM KO or Ac cKO, as well as killing activity was not
dysregulated compared to BMDMs isolated from wildtype littermates. Intriguingly,
increased cell infiltration of adaptive immune cells, such as Th1 and Th17, into lamina
propria (LP) was detected during C. rodentium infection in mice lacking Asm and Ac
activity due to amitriptyline treatment compared to wildtype littermates. In contrast,
frequencies of Tregs were reduced in colonic tissue at the peak of infection in
amitriptyline treated mice compared to wildtype littermates. However, the differentiation
capacity of Th1 and Th17 cells in vitro was not altered after loss of Asm.
In summary, loss of Asm and Ac leads to a dysregulated immune response during
C. rodentium infection. Reduced frequencies of colonic Tregs in Asm/Ac inhibited mice
allowed the uncontrolled expansion of Th1 and Th17 cells, thereby inducing severe
pathology in the colon.
We showed for the first time that Asm and Ac possess a protective function during
bacterial induced colitis. Intriguingly, Asm and Ac shape the adaptive immune response
to effectively fight invading C. rodentium and protect the mice against severe intestinal
pathology.
2
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Zusammenfassung
Sphingolipide besitzen auf Grund ihrer diversen und grundlegenden Funktion in
Membranen ein großes wissenschaftliches Potential. In unterschiedlichen Studien
wurde bereits der Einfluss von Sphingolipiden auf die intestinale Homöostase und auf
Entzündungsprozesse im Gastrointestinaltrakt beschrieben. Bisher ist jedoch wenig
über die Funktion der sauren Sphingomyelinase (eng. Acid sphingomyelinase, Asm)
und der sauren Ceramidase (eng. Acid ceramidase, Ac) während einer bakteriell
induzierten Kolitis bekannt.
In dieser Arbeit wurden daher erstmals die Funktionen der sauren Sphingomyelinase
und sauren Ceramidase während der Citrobacter (C) rodentium induzierten Kolitis
untersucht. C. rodentium ist ein gram-negatives Bakterium, welches ähnliche
Entzündungsreaktionen hervorruft, die auch in Patienten mit chronisch-entzündlichen
Darmerkrankungen beobachtet werden. Im Verlaufe einer 10-tägigen Infektion mit
C. rodentium von Wildtyp-Mäusen zeigte sich eine signifikante Abnahme der
Sphingomyelin und Ceramide Konzentrationen im Kolon. Im Gegensatz dazu führte die
Infektion von Asm KO und auch Ac cKO Mäusen zu einem Anstieg der Sphingomyelin
und Ceramide Konzentrationen. Interessanterweise, zeigten C. rodentium infizierte
Asm KO und Ac cKo Mäuse insgesamt einen verschlechterten Habitus und erhöhte
Entzündungsparameter im Kolon im Vergleich zu infizierten Wildtyp-Mäuse. Besonders
auffällig war die erhöhte systemische Ausbreitung des normalerweise nicht-invasiven
Bakteriums in die Leber und Milz von Asm KO und Ac cKO Tieren. Intestinale
Makrophagen stellen die erste immunologische Verteidigungslinie gegen pathogene
Erreger des Darms dar. Interessanterweise führte die Inhibition von Asm und Ac in
Mäusen weder zu einer unterschiedlichen Frequenz von Makrophagen, noch zur
Veränderungen in der Phagozytose-Aktivität. Ebenfalls konnten keine Unterschiede in
der Effektivität bei der Abtötung von phagozytierten Bakterien festgestellt werden.
Die vollständige Eliminierung der C. rodentium Infektion benötigt eine effiziente
adaptive Immunantwort. Dabei spielen vor allem Th1 und Th17 Zellen in der Lamina
Propria (LP) eine entscheidende Rolle. Interessanterweise, führte die Inhibition von
Asm/Ac mittels Amitriptylin zu einer signifikant erhöhten Infiltration der LP mit Th1 und
Th17 Zellen. Im Gegensatz dazu war die Frequenz an regulatorischen T-Zellen (Tregs) in
diesen

Tieren

im

Vergleich

zu

infizierten

Wildtyp-Tieren

reduziert.

Dieses

Ungleichgewicht zwischen Effektorzellen und Tregs während der C. rodentium Infektion
bei Asm/Ac Inhibition ist vermutlich die Ursache für die unkontrollierte Darmpatholgie.
Zusammengefasst konnte erstmals eine protektive Funktion von Asm und Ac in der
bakteriell-induzierten Kolitis gezeigt werden. Der maßgebliche Einfluss dieser Enzyme
auf die erworbene Immunantwort ist essentiell für eine erfolgreiche Eliminierung von
C. rodentium.
4
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3.1 Intestinal homeostasis
The human body is constantly exposed to the external environment and thus
permanently in close contact with a vast number of microorganisms. Epithelial
surfaces, such as the skin epithelium and intestinal epithelium, are adapted uniquely to
prevent invasion of microorganisms [1]. By far the largest surface area can be found in
the gastrointestinal tract, with an approximate surface area of 400 m2 [2]. The intestine
as a part of the gastrointestinal tract can be further divided into small and large
intestine. Both, the small and large intestine, have the primary function of absorbing
nutrients and water. The gastrointestinal tract is in close contact with a large number of
commensal bacteria, which are tolerated by the gastrointestinal tract. These
commensal bacteria are essential to keep up a symbiotic relationship, in which
substantial metabolic, immunological and gut protective functions are supported in the
healthy gut environment. However, pathogens preferentially invade the host through
the gastrointestinal tract, thereby exposing the gastrointestinal tract not only to
commensal bacteria but also to pathogens [3].

Figure 3.1: Overview of the outer mucus layer, the inner mucus layer and the epithelium.
The outer mucus layer, the inner mucus layer and the epithelium protect the lamina propria from invading
bacteria. Bacteria can be commonly found in the outer mucus layer, whereas bacteria are absent in the
inner mucus layer. The inner mucus layer is produced by the secretion of antimicrobial peptides by
enterocytes, goblet cells, and Paneth cells, to further ensure the elimination of bacteria from the inner
mucus layer. IgA is produced by plasma cells in the lamina propria and is transported via transcytoses
across the epithelial cell layer. After secretion of IgA from the apical surface of epithelial cells, IgA limits
the numbers of mucosa-associated bacteria and prevents bacterial penetration of host tissue (adapted
from [4]).
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The gastrointestinal system is adapted to these unique circumstances, by limiting direct
bacterial contact to the epithelial cell surface, by rapid detection and killing of invading
bacteria, and by minimizing the exposure of commensal bacteria to the immune system
[4]. Histologically, the intestine is composed of three layers, the outer mucus layer, the
inner mucus layer and the epithelium itself, protecting the central lamina propria from
the exposure of bacteria (Figure 3.1) [5].
The outer mucus layer contains large numbers of bacteria, whereas bacteria are
scarce in the inner mucus layer and epithelia [6]. The vast amount of approximately
1014 bacteria as well as the vast diversity of at least 1000 distinct bacteria species in
the outer mucus aid in the degradation of dietary polysaccharides [7-9]. The mucus
layer is produced by the secretion of a protective coat of mucus containing
antimicrobial peptides by the epithelial cells, including enterocytes, goblet cells, and
Paneth cells [10]. However, the outer and inner mucus layer can be distinguished in
terms of their polymeric glycoproteins, as in the inner layer these glycoproteins are
tightly stacked, whereas in the outer layer the structure is looser [11].The inner mucus
layer is composed of defensins and serine leukocyte protease inhibitors, which restrict
microbial

translocation

[12].

Furthermore,

the

non-inflammatory

antibody

immunoglobulin A (IgA) is released by IgA-secreting plasma cells in the lamina propria
and transported via transcytosis to the inner mucus layer, where IgA also functions as
an inflammation mediator [13].
As mentioned afore, the epithelial layer consists of enterocytes, goblet cells, and
Paneth cells, which form a biochemical and physical layer to prevent bacteria from
invading the lamina propria. The epithelial layer is constantly renewed by pluripotent
intestinal epithelial cells that reside in the base of the intestinal crypts. New cells then
migrate to the top of the crypt, where old cells are shed off and exposed into the lumen
[14]. To form this epithelial barrier the adjacent epithelial cells are connected via
junctional complexes, including tight junctions (TJ), adherens junctions (AJ),
desmosomes (DE), and gap junctions (GJ) (Figure 3.2) [15]. Tight junctions, adherens
junctions and desmosomes form the apical junctional complex (AJC). The main task of
the AJC is to control epithelial cell-cell adherence and barrier function, but also to
regulate the actin cytoskeleton, intracellular signalling pathways, and regulate
transcription [16].

7
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Figure 3.2: Overview of intestinal epithelial tight junctions.
(A) Drawing of the intestinal junctional complex connecting adjacent epithelial cells to form an epithelia
layer. The permeability is mostly regulated via tight junctions (TJ), consisting of claudins and occludins and
the anchor to the epithelial cells the zonula occludens 1-3 (ZO1-3), and adherens junction (AJ), such as
E-cadherin. Desmosomes (DS), located underneath the apical junctional complex, are formed via the
regulation of desmoglein, desmocolli, desmoplakin and keratin filaments. (B) A micrograph of two intestinal
epithelial cells connected via junctional complexes. (adapted from [17])

Tight junctions are the limiting factor in the flux of nutrients and water from the lumen
through the paracellular pathway into the lamina propria and typically are more
permeable than the transcellular pathway [18]. The multi-protein complex of tight
junctions is composed of transmembrane proteins, peripheral membrane proteins and
regulatory molecules, such as kinases [19]. The most prominent transmembrane
proteins in the intestinal epithelial are the 26 members of the claudin family, showing a
diverse and heterologous expression pattern in terms of the different epithelial cells
they are expressed in [20, 21]. Occludins are also critical to the establishment of tight
junctions. However, their precise role remains unclear [22, 23]. Claudin and occludin
are anchored through the peripheral membrane proteins zonula occludens 1-3 (ZO1-3)
to the intestinal epithelial cell [24].
The adherens junctions consist of a large group of cell-cell adhesion proteins, namely
cadherin proteins, such as the epithelial cadherin protein (E-cadherin or Cadherin-1).
Absence of adherens junctions leads to loss of cell-cell contact, ineffective
differentiation and apoptosis [25]. Desmosomes also connect adjacent epithelial cells,
and are formed via the regulation of multiple protein subunits and the attachment to
keratin filaments in the plasma membrane [26].
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3.2 The intestinal Immune system
As previously discussed, the interface of the gastrointestinal tract harbours a large
amount of resident microbiota, estimated to contain 1014 bacteria, in addition to viral
and fungal species. Furthermore, despite being continuously exposed to dietary and
other ingested foreign antigens, pathogens preferentially invade the host through the
gastrointestinal tract. Because of the unique exposure to bacteria and pathogens the
immune system in the gastrointestinal tract has established into a complex and highly
specialized network of immune cells [3].
The vast network of non-lymphoid and secondary lymphoid tissue in the
gastrointestinal tract comprises numerous populations of leukocytes. In more detail,
these immune cells reside in the intestinal epithelium and lamina propria (LP), which is
defined as the gut associated lymphoid tissue (GALT). The GALT also contains the
secondary lymphoid structures, i.e. the mesenteric lymph nodes (mLNs) and the
Peyers’s Patches (PP) in the small intestine (SI) as well as the isolated lymphoid
follicles and cryptopatches throughout the intestine [27].
In general, the immune response in the gut can be distinguished into the innate and
adaptive immune system. The innate immune system is the first line of defence in
removing infectious agents and acts to activate the adaptive immune response. Once
pathogens invade the gastrointestinal tract, they can be recognized by the innate
immune system via their pathogen-associated molecule patterns (PAMPs) by pathogen
recognition receptors (PRRs), such as Toll-like receptors (TLRs) or the nucleotidebinding oligomerization domain- (NOD) like receptors (NLRs), thus inducing either
phagocytosis or an antigen specific immune response of the adaptive immunity [28].
Mononuclear phagocytes (MPs) such as macrophages and dendritic cells (DCs) as
well as natural killer cells and mast cells are part of the effector cells of the innate
immune system. However, nonprofessional cells such as endothelial and epithelial
cells and fibroblasts also contribute to innate immunity [28-30]. The adaptive immunity
is responsible for controlling pathogenic infection and eliminating pathogens efficiently
via T-lymphocytes or B-lymphocytes which infiltrate into the affected areas [31]. Both
the innate and adaptive mucosal immune system are needed to maintain the delicate
balance of protection against pathogens and tolerance to non-pathogens [27]. In the
following sections, the innate and adaptive mucosal immune system is described in
further detail, with a focus on the cell populations relevant for this work.
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3.2.1

The innate mucosal immune system

The foremost goal of the innate mucosal immune system is to maintain homeostasis in
the gastrointestinal tract. As such, the innate immune system tolerates harmless
commensal bacteria or removes harmful pathogens, and activates the adaptive
immune system as needed.
Mononuclear phagocytes (MPs), such as macrophages and DCs, fulfil this pivotal role
of tolerating non-pathogenic but also effectively inducing antigen-nonspecific immune
responses against pathogens. Macrophages are predominantly located near the
epithelium throughout the entire gastrointestinal tract. In steady state, tissue resident
macrophages have the ability to induce clearance of apoptotic or senescent cells [32].
Given the close contact of macrophages to the epithelial barrier, intestinal
macrophages are part of the first line of defence in the intestinal structures, where they
fulfil their role of protection against pathogens and foreign substances, tolerance to
commensal bacteria and food antigens, and scavenging apoptotic and dead cells in the
lamina propria. Hence, intestinal macrophages exhibit the ability of phagocytosis and
bactericidal killing. However, compared to resident macrophages of other tissues,
intestinal macrophages are highly restricted in their pro-inflammatory phenotype in
order to maintain a low-level of inflammation in the intestinal structures [33].
Phenotypically, peripheral macrophages can be classified into the paradigm of
classically activated macrophages (M1) and alternatively activated macrophages (M2).
Peripheral M1 macrophages are polarized by LPS or the Th1 cytokine IFNγ and
express the major histocompatibility complex class II (MHCII), whereas M2
macrophages are polarized by Th2 cytokine IL-4 and release high amounts of IL-10
[34]. Interestingly, intestinal macrophages display characteristics of both, an expression
of high MHCII and TNFα typical of classically activated macrophages (M1) and
secretion of IL-10 typical for the alternative activated macrophages (M2) [34-36].
Furthermore, intestinal macrophages express CX3CR1, CD64 and CD11b and
moderate amounts of CD11c [35]. Intestinal macrophages also express a variety of
pattern recognition receptors, such as TLRs 3-9. In addition to limiting the exposure of
the immune system to gut bacteria, these recognition receptors also present another
mechanism by which macrophages balance immune responses. Thus, TLRs recognize
pathogen motifs including lipopolysaccharide (LPS) and lipoteichoic acid on the surface
of gram-negative and gram-positive bacteria and bacteria flagellins [33].
The innate immune system activates the adaptive immune response, which is achieved
with the help of DCs, provide the link between the innate and the adaptive immune
systems including CD4+ and CD8+ T cells. DCs not only prime CD4+ T cells to
10
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differentiate into effector T cells, but also stimulate the expansion of Tregs [37, 38].
Although intestinal macrophages are not thought to initiate the differentiation of naïve T
cells, the expression of MHCII leads to a secondary immune expansion of Tregs [39].
However, lamina propria macrophages were shown to supress the differentiation of Th1
and IL-17-producing T helper cells (Th17 cells), thereby counteracting the Th17
differentiation promoted by lamina propria DCs [39]. Taken together, macrophages and
DCs show a close functional interaction in activation of the adaptive immune system.

3.2.1.1 Phagocytosis and killing of macrophages
As afore mentioned, intestinal macrophages exhibit a distinct defence pattern
compared to macrophages of other tissues. Intestinal macrophages are in constant
contact with the vast number of bacteria in the intestine, and are needed to tolerate
harmless bacteria [40]. The defence of intestinal macrophages begins with the rapid
phagocytosis of harmful materials. Following phagocytosis, an immune response is
induced. The cytokine release of macrophages, such as IL-6 and TNFα, induced by
ligation of toll-like receptors (TLRs) or nucleotide-binding oligomerisation (NOD)-like
receptors (NLRs) is altered in intestinal macrophages as they do not release increased
amounts of IL-6 and TNFα [41, 42]. Nevertheless, intestinal macrophages do not
completely lack an immune response against antigens, as they produce substantial
amounts of IL-10 and low levels of TNFα [35].
The process of phagocytosis describes the complex uptake of large particles (>0.5 µm)
into cells. Given a diverse range of particles to be phagocytosed, the internalization of
particles can be triggered by a variety of receptors. However, all phagocytic processes
show the same general procedure. First pathogens, foreign substances or apoptotic
cells are recognized by a variety of receptors, e.g. Fc receptor, GTPases or scavenger
receptors, such as SR-AI and SR-AII. This recognition leads to actin polymerization
and remodelling at the site of ingestion and around the phagocytic cup. Finally, the
particle is internalized and the process of degradation or killing in the phagosome is
initiated by subsequent acidification of the phagosomes [43, 44].
In addition to phagocytosis, the killing of bacteria in phagosomes is complex and
remains poorly elucidated. However, the respiratory burst of macrophages is
understood to be involved in the killing of internalized bacteria [44]. Once bacteria are
internalized into phagosomes and the pH of the phagosomes has been lowered, these
phagosomes mature into phagolysosomes by vesicle-mediated delivery of antimicrobial
effectors including proteases, antimicrobial peptides and lysozymes. The respiratory
burst is then generated by the NADPH-dependent phagocytic oxidase, and inducible
11
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nitric oxide synthase (iNOS) pathways. NADPH phagocyte oxidase generates
superoxide (O2-), which modifies organic molecules and is known as reactive oxygen
species (ROS). iNOS, which is mainly regulated at the transcriptional level, generates
nitric oxide (NO) radicals, which are referred to as reactive nitrogen species (RNS) [45].
Both O2- as well as NO can result in the spontaneous formation of different products,
e.g. nitrogen dioxide (NO2), peroxynitrite (ONOO-), hydrogen peroxide (H2O2) or
dinitrogen trioxide (N2O3), with different reactivity, stability and biological activity.
Furthermore, ROS and RNS can interact with different targets in a microbial cell,
including thiols, metal centres, protein tyrosines, nucleotide bases and lipids. The
different targeting strategies, accompanied through ROS and RNS show the complexity
of these antimicrobial effectors in the degradation and killing of the phagocytosed
bacteria in intestinal macrophages [44, 45]. In order to stimulate an antigen-specific
immune response, peptide antigens from the phagosome are preserved for
presentation, followed by loading and presenting these peptides via the major
histocompatibility complex (MHC) class I or II to cells of the adaptive immune response
[46].

3.2.2

The adaptive mucosal immune system

The adaptive mucosal immune system is heavily influenced by the presence or
absence of the microbiota, as seen in in the absence of T cell subsets in germ-free
mice [4]. The innate immune system is unable to initiate an antigen-specific immune
response against invading pathogens. The adaptive immune system makes up for this,
and achieves specific immune responses due to the constant somatic recombination of
genes for antigen specific receptors. Additionally, the adaptive immune system
effectively “remembers” previous infections of the host due to the immunological
memory, and thus secondary infections are diminished as invading pathogens are
eliminated more efficiently [47, 48].
Innate immune cells, like macrophages and DCs, present foreign or pathogenic
antigens to the cells of the adaptive immune system, thereby activating the adaptive
immune response [33]. Depending on the cytokine milieu and antigens presented by
the innate immune system, either a protective, tolerogenic, or inflammatory immune
response is initiated by the leukocytes in the intra- and sub-epithelial compartment of
the intestinal structures [49]. Antigens presented by DCs and macrophages via MHCI
or MHCII engage the T cell receptor (TCR) to prime naïve T cells into the final T cell
subtype. In general, T cells are differentiated into two subsets, the CD4+ T helper (Th)
cells and the CD8+ cytotoxic T cells. Furthermore, CD4+ T cells are divided into subsets
12
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depending on their cytokine release and gene expression due to different roles in
modulation of the immune response (see Figure 3.3).

Figure 3.3: Overview of the gene expression and cytokine release of CD4+ T cells subsets.
The priming of the CD4+ T cell subsets depends on the cytokine milieu as well as on the expression of
transcription factors. Th1 cells are activated by the cytokine IL-12, express the transcription factor T-bet
and release the cytokine IFNγ. Th2 cells express the transcription factor GATA3, are activated by the
cytokine IL-4 and produce the cytokines IL-4, IL-5 and IL-13. Th17 cells release the cytokines IL-17A,
IL-17F and IL-6, while they express the transcription factor RORγt and are activated by both, TGFβ and
IL-6. The two subsets of regulatory T cells, TR1 and Treg cells are distinguished by the expression of FoxP3
(Forkhead-box 3). TR1 cells are also activated by the cytokine IL-6, express MAF and produce IL-10. For
Tregs TGFβ is needed for both activation and cytokine release (adapted from [4]).

In the gastrointestinal tract Th1, Th2 and Th17 as well as their regulatory counterpart,
the regulatory T cells (Tregs), are of particular interest [50]. Both Th1 and Th17 were
shown to be pivotal in the gastrointestinal tract, as the cytokine milieu in the mucosa is
primarily driven by IFNγ (Th1 cytokine), IL-17A and IL-17F (Th17 cytokines) (see Figure
3.3). The main task of Th1 cells is to regulate local immune responses against invading
pathogens [51]. Th1 cells are the major source of IFNγ, which thereby activate
macrophages. Macrophages themselves begin the cytokine release of IL-12, inducing
a positive feedback on the activation of Th1 cells (see Figure 3.3) [52]. Th2 cells are
known to enhance the clearance of parasites. Both parasites and Th2 cells are
abundant in the mucosa of healthy humans in developed countries [53]. The role of
Th17 cells is a point of debate, as cytokines released by Th17 are known to have both
pro-inflammatory and protective effects [54]. The cytokines IL-17A and IL-17F released
by Th17 cells contribute to neutrophil infiltration, where neutrophils can fulfil the pivotal
role of defence against microbial exposure. However, IL-17 was also found to increase
intestinal epithelial permeability [55]. Tregs fulfil the indispensable role of maintaining the
13
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immune response of Th1, Th2 and Th17 in the gastrointestinal tract. The main task of
Tregs consist of keeping up self-tolerance against harmless pathogens, inhibition of
autoimmune reaction and the reduction of tissue damage during infection [56].
Combining the diverse and counterbalancing roles of adaptive immune cells, the
intestinal immune system is highly adapted to the unique environment of the
gastrointestinal tract, which includes the presence of a large number of bacteria. The
final result is a balanced and rather protective than pro-inflammatory immune response
[57].

3.3 Inflammatory bowel disease
Inflammatory bowel diseases (IBD) are chronic relapsing inflammatory disorders
affecting the gastrointestinal tract, characterised by the repeated cycles of relapse and
remission [58]. Two major types contribute to IBD, namely Crohn’s disease and
ulcerative colitis. Although neither form of IBD is lethal, affected patients suffer a variety
of symptoms including abdominal pain, fever, vomiting, diarrhoea, rectal bleeding,
anaemia, and weight loss [59, 60]. Treatment focuses on symptom management
through anti-inflammatory steroids and immunosuppressant to reduce inflammation,
dietary changes, and in severe cases surgery [59]. The high prevalence (Europe:
ulcerative colitis 505 and Crohn’s disease 322 per 100,000 persons) and incidence
(Europe: ulcerative colitis 24.3 and Crohn’s disease 12.7 per 100,000 person/year) as
well as the increased risk of ulcerative colitis patients to establish colorectal cancer
brought IBD to the forefront of investigation [61, 62].
Although Crohn’s disease and ulcerative colitis share similar clinical features, the two
diseases can be distinguished with respect to disease localization, histopathology, and
endoscopic features [59]. In Crohn’s disease patients the entire gastrointestinal tract,
from mouth to anus, can be affected with patchy discontinuous inflammation [63]. In
terms of histopathology, Crohn’s disease is accompanied by transmural inflammation
of the entire bowel wall [64]. In contrast, patients suffering from ulcerative colitis show
continuous inflammation in the colon, which is restricted to the mucosal layers [65].
The aetiology of IBD remains largely unknown, but genetics, environmental or microbial
factors as well as the immune responses are known to play an important role in the
establishment of IBD [66].
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Figure 3.4: Overview of risk factors for the development of IBD.
Imbalance of environmental factors, e.g. physical activity, medications, smoking, stress, UV exposure,
hygiene, diet and sleep as well as genetic risk factors and the microbiome, but also an dysfunctional
immunity (e.g. antigen presenting cells (APCs) and CD4+ T cells) contribute to the aetiology of
inflammatory bowel disease (IBD) (adapted from [67]).

Potential environmental factors range from exposure to stressors in the early childhood
to adulthood. Stressors can be as diverse as dietary fibre (particularly fruits and
vegetables) [68], stress [69], medications (as NSAIDs) [70], impaired sleep [71] and
smoking [72, 73] (see Figure 3.4).
Beyond the expanse of environmental factors, correlation between genetics and IBD
also exists. Not only family history [74] but a total of 163 distinct risk loci, 30 % of which
are shared in both ulcerative colitis and Crohn’s disease, can contribute to the
pathogenesis of IBD [75]. Interestingly, the risk genes and loci involved in IBD also
contribute to several other pathways including microbial defence, integrity of the barrier
function, innate immune regulation, adaptive immunity, reactive oxygen species (ROS)
generation as well as autophagy [76].
The intestinal barrier function is a key factor in the development of intestinal
inflammation [77]. Indeed, in IBD patients as well as in in vitro studies increased
permeability correlates with the elevated expression of the tight junction protein
claudin-2, allowing the migration of bacteria and macromolecules into the lamina
propria [78].
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As previously described, under homeostasis in the lamina propria both, innate and
adaptive immune cells are present, providing a tolerogenic effect against the
commensal microflora, albeit allowing protection from pathogens (see chapter 3.2.).
IBD patients showed increased infiltration of leukocytes into the lamina propria,
including neutrophils, macrophages, DCs, NK-cells as well as B and T cells [79].
However, CD4+ effector T cells are known to play a particularly important role in the
pathology of IBD [3, 80, 81]. Recently, the diverse role of Th17 in IBD pathogenesis
was described, as patients showed increased expression of Th17-cytokines, such as
IL-17A, IL-17F, IL-21, and IL-22 in colonic tissue [82]. Despite this description of a
pro-inflammatory phenotype, the exact role of Th17 cells in IBD continues to be under
debate [83].
In terms of microbial defence, the altered interaction between host and pathogenic or
commensal bacteria are also implicated in the development of IBD [84, 85]. In previous
studies, this unique interaction could be shown in germ-free mice, which do not
develop intestinal inflammation when compared to wildtype littermates [86-88]. Another
study showed that antibiotic treatment reduced not only the concentration of bacteria
present in the gut lumen but also successfully diminished inflammation in an
experimental animal model [89]. Furthermore, the microbial composition was shown to
be markedly altered in patients suffering from IBD [90]. Alterations of the microbial
composition by antibiotic treatment ameliorate IBD [91]. By contrast, some bacteria,
such as Clostridium spp., Bifidobacterium spp. and Bacteroides fragilis, were shown to
be protective [92-94], while some groups speculate about the contribution to the
pathogenesis of several enteropathogens, such as Mycobacterium avium subspecies
paratuberculosis,

Yersinia

spp.,

Listeria

monocytogenes,

Salmonella

spp.,

Campylobacter concisus [95, 96].
Collectively, IBD is a multifunctional disease of the gastrointestinal tract with many
factors contributing to its aetiology. In order to provide appropriate treatment for
patients and to understand the aetiology of IBD, it is critical to gain deeper insights by
studying IBD.

3.4 Mouse models of inflammatory bowel disease
As stated afore, the aetiology of IBD remains unclear and thus makes it necessary to
understand the mechanism, development, and procession of the disease to achieve
successful treatment. To study this, numerous mouse models are used, in which either
chemical, bacterial, genetic or adoptive cell transfer methods are used to induce
IBD-like conditions in mice [97, 98]. Although none of these models are completely
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effective in mimicking human IBD, each model targets different aims, making it possible
to study the epithelial intestinal barrier (e.g. by DSS induced colitis, the Muc1-/-and
Muc2-/- mouse models and N-Cadherin DN tg), the innate immunity (e.g. TRUC), the
excessive T effector cell immunity (e,g, Oxazolon, TCRα-/-, TNBS and TNFΔARE), and
regulatory immune response (e.g. CD45RBhigh into SCID or RAG-/-, Gai2-/-, IL2-/- and
IL10-/-) with regards to Crohn’s disease and ulcerative colitis (summarized in reference
[98]). In this study, the bacterial induced colitis model of Citrobacter rodentium was
used, to gain insights into host pathogen interactions in the gastrointestinal tract.

3.4.1

Bacterial induced colitis models

Beyond chemically- and genetically-induced colitis, two well established bacterial
induced colitis models are used to study stable infection and colonisation of the
gastrointestinal tract in mice, namely Salmonella typhimurium or Citrobacter rodentium
(C. rodentium) [99]. Differences between the two models are the locally restricted
infection with C. rodentium in the colon, compared to Salmonella typhimurium, which
induces a strong systemic infection frequently resulting in sepsis. In addition,
pre-treatment of mice with antibiotics (e.g. Streptomycin, Kanamycin) is needed to
induce a stable Salmonella typhimurium infection, whereas one single infection with
C. rodentium is sufficient to induce stable infection [100]. In this study, the
C. rodentium induced colitis mouse model was used, as this robust model provides the
opportunity to study the unique interaction of host and pathogen as well as
inflammation and healing processes on the mucosal surface.
C. rodentium was first described in 1964 as a gram-negative, non-invasive mouse
pathogen, belonging to the gut pathogen family of Escherichia (E.) coli [101].
Genetically,

C. rodentium

shares 67

%

homology

to

the

family

member’s

enteropathogenic E.coli (EPEC) and enterohemorrhagic E. coli (EHEC) [102]. The wellstudied ability of C. rodentium to regulate epithelial barrier integrity, mucosal healing,
inflammation, and composition of commensal microbiota, makes C. rodentium a robust
model to study human intestinal disorders including inflammatory bowel disease,
dysbiosis, and tumorigenesis [103-105]. Infection of mice through the faecal-oral route
induces an acute intestinal inflammation with the hallmark of transmissible murine crypt
hyperplasia (TMCH) [106]. C. rodentium first colonizes the lymph node structure in the
caecum before passing straight to the gastrointestinal tract, in which the pathogen uses
attaching and effacing (A/E) lesions to colonize the gastrointestinal structures [107].
Attaching und effacing lesions lead to the attachment of the pathogen to the epithelia of
the host, followed by the reorganisation of the actin cytoskeleton of the host cell (the
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effacing) resulting in actin pedestal formation through which the C. rodentium then
colonizes intestinal epithelial cells [108].
Once the bacteria have successfully invaded the colon, C. rodentium massively
proliferates and colonizes the colon. During this acute phase of colonization,
C. rodentium leads to minor body weight loss due to diarrhoea. Infection of mice with
C. rodentium can range from self-limiting inflammation of the colon to fatal infection,
depending on the genetic disposition of mice [109]. Bacteria can be first detected 1-3
days post infection in the colon, with the maximum amount reached around 7-10 days
post infection [99, 107]. C. rodentium concentrations then reach 1-3 % of the total
intestine microbiota with 109 colony forming units (CFU) per gram tissue in the colon
[107]. Besides the characteristic crypt hyperplasia (TMCH), a decrease in goblet cells
(goblet cell depletion) and increased cell infiltration into the caecum and colon can be
detected [110]. Infection severity can also be detected macroscopically by measuring
the colon weight and length, as crypt lengthening and thickening of the mucosa also
initiates the shortening of the colon. Within 5 days post infection increased colon weight
to length ratios can be measured with the maximum being reached two weeks post
infection. Within three to four weeks mice are able to clear the bacteria [111]. Once
infection is cleared, the colon weight to length ratio declines to normal levels and the
mice become resistant to a second infection [112].
Various factors including the composition of the intestinal microbiota, the colonization
capacity of C. rodentium in the mouse large intestine, and the intestinal mucosal
immune response to infection can contribute to resistance to C. rodentium colonization
[104]. For example, alterations of the intestinal microbiota composition, like antibiotic
treatment, increase the susceptibility of mice to C. rodentium infection [113].
Once C. rodentium successfully attached to the epithelial cells, it is recognized by the
myeloid differentiation primary-response protein 88 (MYD88) Toll-like receptor (TLR2
and TLR4) complex [114], which subsequently leads to the activation of transcription
factors such as NFκB. NFκB then regulates the release of cytokines and chemokines,
such as IL-6, IFNγ, and TNFα which eventually leads to the recruitment of
macrophages and neutrophils [115]. In MYD88-deficient mice, infection with
C. rodentium leads to a lethal infection, associated with overwhelming bacterial burden
[114]. In TLR2-deficient mice accelerated mortality is also observed, accompanied with
rapid weight loss and severe colonic pathology [116]. Infection of TLR4-deficient mice
however, leads to a delayed spread of bacteria. The duration of infection was not
affected; indicating that TLR4-mediated responses are not host-protective [117].
Infection of mice with C. rodentium also initiates a defect in the intestinal permeability,
which thereby induces translocation of the bacteria into the lamina propria. In the
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lamina propria C. rodentium is recognized by the innate immune system, which goes
on to activates the adaptive immune response [118].
Both, the innate and adaptive immune systems are critical for the control of
C. rodentium infection, and thus the complex interplay between innate and adaptive
immunity has been studied extensively over the last decades in this model [119].
Activated macrophages and neutrophils begin to release cytokines to attract adaptive
immune cells to induce resistance to C. rodentium [120]. As shown in a variety of
studies, the adaptive immune response is indispensable, in particular B cells and Th1and Th17-polarized CD4+ T cells as well as IL-22 producing type 3 innate lymphoid
cells (ILC3) are critical for containing and eradicating the infection [112, 119, 121, 122].
Increased cytokine release, such as IFNγ, TNFα and IL-12, revealed a predominantly
Th1 immune response, supported by the increased susceptibility of mice lacking either
IFNγ or IL-12 [123]. Th17 cells are known to be essential for the clearance of
C. rodentium, as they attract innate cells, including macrophages and neutrophils to the
site of infection by the production of pro-inflammatory cytokines, such as IL-17A and
IL-22. Deficiency of IL-6, the recruiting cytokine of Th17 cells, leads to failed eradiation
of C. rodentium infection [121, 124, 125]. Additional to Th17 cells, the new subset of
IL-17 producing innate lymphoid cells (ILC3) were also shown to be implicated in the
immune response against C. rodentium infection [126].
Collectively, C. rodentium is an appropriate murine model to study not only
host-pathogen interaction but also inflammation, healing processes on the mucosal
surface, and regulation mechanisms of the commensal microbiota.

3.5 Acid sphingomyelinase (ASM) and acid ceramidase (AC)
In 1972, Singer and Nicolson first described the nature of biological membranes with
the “fluid mosaic model” postulating a coincidental organization of lipids and free
moving proteins within the membrane [127]. 25 years later, this “fluid mosaic model“
has been replaced by the liquid-ordered model, wherein lipids interact with each other
due to their hydrophilic and hydrophobic properties, leading to formation of small,
structured lipid domains termed “lipid rafts” [128, 129].
Three main classes of lipids are found in the biological membrane, namely glycolipids,
sterols, and of particular interest in this study sphingolipids (Figure 3.5) [130].
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Figure 3.5: Overview of biological membrane and lipid raft domains.
The biological membrane composes of asymmetrical distributed unsaturated and saturated lipids in the
inner and outer leaflets of the membrane. However, lipid rafts domains are enriched in saturated
phospholipids, sphingolipids, glycolipids, cholesterol, lapidated proteins and glycosylphosphatidylinsitol
(GPI)-anchored proteins, leading to increased lipid packing and order, as well as decreased fluidity. The
membrane components are further maintained and remodelled by the cortical actin (adapted from [131]).

Sphingolipids contain one of five sphingoid bases as a backbone, in which the amino
group of the sphingosine backbone is linked to a fatty acid via an amide bond. Due to
their chemical structure, sphingolipids are amphipathic molecules possessing both
hydrophobic and hydrophilic properties [132]. Variability in sphingolipids is achieved
either by different chain length and saturation status in the hydrophobic tail, or by
addition of hydroxyl-groups, phosphates and/or sugars to the hydrophilic head [132,
133]. Sphingomyelin is the most prevalent cellular sphingolipid, which is synthesised on
the luminal side of the Golgi apparatus [134]. Due to its amphipathic properties,
sphingomyelin forms very small, tightly packed sphingomyelin- and cholesterolenriched membrane rafts [135]. Following stress stimuli, further transformation of these
sphingomyelin-cholesterol rafts into ceramide-enriched domains is induced. To achieve
this transformation the acid sphingomyelinase (ASM) is required to hydrolyse
sphingomyelin into ceramide [136]. The pivotal role of ASM in this process can be
demonstrated by the lysosomal storage disorder Niemann Pick disease type A and B,
in which lack of ASM leads to the accumulation of sphingomyelin in the lysosomes
[137].

3.5.1

Ceramide synthesis and metabolism

The synthesis of ceramide can occur via several distinct biochemical pathways
including the sphingomyelin hydrolysis pathway, the de novo pathway, or the salvage
pathway [138].
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Figure 3.6: Schematic overview of the generation and degradation of ceramide.
Ceramide can be generated by distinct pathways, either by hydrolysation through cerebroside (green) or
sphingomyelinase (blue), the de novo pathway (pink) or the salvage pathway (orange). Ceramide can be
hydrolysed from glucosylceramide by cerebrosidase (CRS) or degrade back into glucosylceramide by
glucosylceramide synthase (GCS) (green). Further, ceramide is generated by the condensation of serine
and palmitoyl CoA by the consecutive action of transferase (SPT: serine palmitoyl transferase), synthases
(CS: ceramide synthases) and desaturases (DES: dihydroceramide desaturase) within the de novo
pathway (pink). In the salvage pathway (orange), ceramide is formed via sphingosine and sphingosine-1phosphate and the S1P phosphatase (S1PP) and ceramide synthases (CS). The other way around
ceramide can be metabolized by ceramidases (CDases) to yield sphingosine. Sphingosine is then further
phosphorylated by sphingosine kinases (SKs) to generate sphingosine-1-phosphate (S1P), which in turn
can be cleaved by the S1P lyase into ethanolamine-1 phosphate and a C16-fatty-aldehyde. Also ceramide
can be hydrolyzed either from sphingomyelin and ceramide-1-phosphatase with sphingomyelinases
(SMase) or ceramide-1-phosphate phosphatase (C1PP) (blue). In return, ceramide is degraded to yield
sphingomyelin or ceramide-1-phosphate by the sphingomyelin synthase (SMS) or the ceramide kinase
(CK) [139].

In the sphingomyelinase pathway (Figure 3.6), sphingomyelin can be hydrolysed by
acid, neutral, or alkaline sphingomyelinases (ASM, NSM and Alk-SM) into ceramide
[140]. The ability of ASM in regulating the concentration of the bioactive sphingolipid
ceramide and the resulting reorganization of the plasma membranes is what makes
ASM of particular scientific interest [141, 142]. ASM can be activated by a wide range
of stress stimuli [138] (see Table 3.1), which then results in the translocation of ASM by
the secretory lysosome to the cell membrane, where the lysosome and the cell
membrane subsequently fuse. This fusion exposes ASM to the outer leaflet of the cell
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membrane and induces a reorganization of the plasma membrane (chapter 3.5.4) by
hydrolysing sphingomyelin into ceramide [141, 142]. As indicated, ASM preferentially
hydrolyses sphingomyelin to ceramide at an optimum acidic pH (~ 4.5-5.0) [136, 143].
However, other lipids in the membrane crucially influence the Michaelis-Menten
constant (Km) of the enzyme, permitting ASM activity at a higher pH [144, 145].
Table 3.1: ASM-activating stimuli.
Overview of several stimuli inducing ASM and/or ceramide-enriched platform formation (Adapted from
[146]).

Stimuli
Listeria monocytogenes
Measles virus
Mycobacterium avium
Neisseria gonorrhoea

Autoimmunity

Pseudomonas aeruginosa
Rhinoviruses
Salmonella typhimurium
Sindbis virus
Staphylococcus aureus
CD5
CD14
CD20
CD28
CD32 (FCγRⅡ)

Clustering of differentiation molecules

CD38
CD40
CD95
CD95-DISC
CD253 (TRAIL)
IL-1 receptor
Cisplatin
Cu2+-treatment
Doxorubicin
Heat damage
Ischemia-reperfusion injury

Drugs

Oxidative stress
Oxygen radicals
UV-light
γ-irradiation
Steatohepatitis
Platelet Activating Factor

Soluble molecules

Tumor necrosis factor
Visfatin
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Ceramide can not only be generated by hydrolysing sphingomyelin, but also by three
other pathways. One major mode is the hydrolysis of glucosylceramide by cerebrosides
into ceramide (see Figure 3.6, green pathway) [139]. However, ceramide can also be
formed by the de novo pathway, in which serine and palmitoyl CoA are condensed by
the serine palmitoyl transferase. After 3-ketosphinganine is condensed, ceramide is
formed

by

the

consecutive

action

of

3-ketodihydrosphingosine

reductase,

dihydroceramide synthases, and dihydroceramide desaturase. This process can be
induced by the metabolic loading with either serine or palmitate (see Figure 3.6, pink
pathway) [147], chemotherapeutic agents [148], heat stress [149, 150], oxidized LDL
[150] as well as cannabinoids [151]. Synthesis of ceramide can also occur via the
salvage pathway from sphingosine-1-phosphate and sphingosine catalysed by the S1P
phosphatase and the ceramide synthases (see Figure 3.6, orange pathway).
This process is reversible, as ceramide serves as a substrate to yield ceramide-1phosphate, sphingomyelin or glycolipids [152]. In another pathway, ceramide can also
be metabolized by ceramidases to yield sphingosine. Currently, five known
ceramidases have been identified which are, distinguished by their different pH optimal
activity,

analogous

to

the

distinction

between

sphingomyelinases.

The

five

ceramidases, acid ceramidase (AC), neutral ceramidase (NC), alkaline ceramidase 1
(ACER1), alkaline ceramidase 2 (ACER2), and alkaline ceramidase 3 (ACER3), have
been shown to be involved in distinct diseases and/or possess distinct properties [153].
Deficiency of acid ceramidase leads to the lipid storage disorder Faber’s disease,
characterized by the massive accumulation of ceramide in lysosomes [154]. The
neutral ceramidase has shown protective capacity against inflammatory cytokines,
[155] and the alkaline ceramidases seem to play a critical role in mediating cell
differentiation by controlling the generation of SPH and S1P as well as in cell
proliferation and survival [156, 157]. Sphingosine can then be further phosphorylated
by sphingosine kinase 1 and 2 into sphingosine-1-phosphate (S1P), which is known to
be a critical regulator of many physiological and pathophysiological processes
[reviewed in 158, 159]. All in all, sphingolipids and the variable process around
synthesizing and metabolizing ceramide play an important role in homeostasis but also
in the establishment and progression of a number of different diseases.

3.5.2

Structure, maturation and activation of acid sphingomyelinase

Acid sphingomyelinase is encoded by the 5-6 kb SMPD1 gene (sphingomyelin (SM)
phosphodiesterase 1; OMIM: 607608; human SMPD1, murine Smpd1) located at
chromosome 11 p15.1-p15.4 and consisting of six exons and five introns. In total
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SMPD1 yields 7 isoforms, of which only the type 1 transcript gives rise to a functional
enzyme (human ASM, murine Asm; Enzyme Commission Classification number
3.1.4.12) [160-162]. The SMPD1 transcript is then translated into the immature
precursor protein ASM (pre-pro ASM). ASM is targeted to the endoplasmic reticulum
via its NH2-terminal endoplasmic reticulum signalling sequence, where it is further
cleaved into pro-ASM [161, 163]. The pro-ASM then gives rise to two distinct forms of
ASM depending on their cellular trafficking and subsequently cellular activity: a highmannose-type oligosaccharide lysosomal ASM (L-ASM) and a complex-type N-linked
oligosaccharide secretory ASM (S-ASM) [146, 164]. Either form of Asm, once
activated,

hydrolyses

sphingomyelin

into

ceramide.

Deficiency

of

acid

sphingomyelinase leads to accumulation of sphingomyelin and the lysosomal storage
disorder Niemann-Pick disease [165-167].

3.5.3

Structure, maturation and activation of acid ceramidase

Acid ceramidase ((AC) N-acylsphingosine amidohydrolase, EC 3.5.1.23) is encoded by
the 30 kb ASAH1 gene (OMIM 613468) located on chromosome 8p21.3-p22 and is
comprised of 14 exons and 13 introns [168]. The ASAH1 transcript is translated into the
nascent AC polypeptide, followed by several modification and maturation steps
between the endoplasmic reticulum to the Golgi, resulting in the 55 kDa inactive
precursor polypeptide [169]. The inactive precursor is further glycosylated and
transported

via

the

mannose-6-phosphate

receptor

pathway

to

the

endosomal/lysosomal compartments [169]. By autocleavage of the internal bond at the
Cys-143 residue, the inactive proenzyme is activated, resulting in the α subunit
(14kDa) and β subunit (40kDa) [154]. Only the precursor form and the β subunit are
essential for full enzymatic activity as both possess the critical 5 putative N-linked
glycosylation sites required for proper proteolytic processing of the protein [169, 170].
In addition, saposin D, a sphingomyelinase activator, is also required for optimal
protein activity of the acid ceramidase [171]. Once activated, ceramidase metabolizes
ceramide into sphingosine, and plays an integral role in cellular physiology. Deficiency
of acid ceramidase leads to accumulation of ceramide and the lipid storage disorder
Faber’s disease [154].
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3.5.4

Signalling through ceramide-enriched platforms

As previously discussed, there are three main classes of lipids found in biological
membranes, of which sphingolipids are of particular scientific interest [130]. The unique
chemical structure of sphingolipids makes sphingolipids amphipathic molecules as they
possess both hydrophobic and hydrophilic properties. Membrane-domains can then
emerge, as both parts of sphingolipids interact with each other and with cholesterol in
the membrane either by van-der-Waals forces, by hydrophobic interaction between the
tails, or by hydrophilic interaction of the polar head group (Figure 3.7) [172].
Cholesterol fulfils the pivotal role of filling in the spaces between the glycosphingolipids,
thereby stabilizing lipid rafts, as extraction of cholesterol from rafts destroy them [173].
The amphipathic properties of sphingomyelin lead to the formation of very small, tightly
packed sphingomyelin- and cholesterol-enriched membrane rafts [135]. Upon stress
stimuli (see Table 3.1) these rafts are further transformed into ceramide-enriched
domains, once ceramide is hydrolysed by ASM from sphingomyelin [174, 175].

Figure 3.7: Chemical structure of ceramide.
As an example for sphingolipids the chemical structure of ceramide with its fatty acid (blue box) and long
chain base (pink box). Variability is achieved by different chain length and saturation of status in the
hydrophobic tail. (adapted [134]).

These ceramide-enriched microdomains then spontaneously fuse to larger membrane
domains, referred to as ceramide-enriched platforms (see Figure 3.8, A), thereby
clustering proteins on the cell surface as well as providing a mechanism for
reorganizing receptors and signalling molecules in the cell membrane [176]. Structural
differences in proteins can thereby lead to recruitment to or exclusion from platforms.
Not only the protein’s transmembrane structure but also the receptor-ligand interaction
can result in protein reorganization, as platforms may stabilize the receptor-ligand
interaction by increasing receptor affinity to the ligand [177]. The reorganization of
receptors and signalling molecules in ceramide-enriched platforms enhances clustering
of receptors within the small area of ceramide-enriched platforms leading to a high
density of receptors [178, 179]. In addition to the clustering effects, the reorganization
of receptors also results in the spatial association of activated receptors with
intracellular molecules, exclusion of inhibitory molecules and/or the transactivation of
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other enzymes leading to strong, local signalling [177, 180]. Taken together, the unique
and complex interaction of ceramide and its substrates support the pivotal role of
ceramide as a signalling molecule in the regulation of several cellular processes in the
context of many diseases and conditions spanning from internal medicine, to psychiatry
as well as oncology [181-185].

3.5.5

Functional inhibitors of ASM

Other than the various physiological ASM-inhibitory mechanisms, such as by splice
variants of ASM [186], inhibition of the ASM-mediated signalling by inositol-phosphates
[187] and by inhibiting the translocation of lysosomal (L-) ASM by nitric oxide [188],
ASM translocation can also be further inhibited by a number of functional inhibitors of
ASM (FIASMAs).
Since the early 1970s it has been known that ASM can also be chemically inhibited by
a number of weak bases which induce the detachment of ASM from inner lysosomal
membranes, and subsequently lead to the inactivation of ASM. Collectively, the weak
basicity and high lipophilicity yielded by the structure of the functional inhibitors of ASM,
are the key characteristics required for effective ASM inhibition [189, 190].
Weak bases are able to passively diffuse across membranes in their neutral state (see
Figure 3.8, B). However, once they enter the acid compartment of the lysosomes they
become protonated, thereby losing their ability to traverse the membrane and become
trapped within the lysosomes [191, 192]. The high lipophilicity is also integral to ASM
inhibition. The lipophilicity of effective ASM inhibitors initiates the binding to the inner
membrane of the lysosomes, which competes with the binding of electrostatically
bound L-ASM to the membrane. L-ASM then loses contact to its membrane-bound
substrate sphingomyelin, and thus becomes a target for lysosomal proteases.
Therefore, effective functional inhibitors of ASM lead to the abrogation of ASM activity,
followed by the proteolytic degradation of the enzyme [193]. Recently, the identified
structure of ASM gave rise to another possible mechanism, wherein inhibitory drugs
may also bind to the hydrophobic surface of the saposin domain in ASM, thereby
inhibiting the saposine-substrate interaction [194].
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Figure 3.8: Schematic overview of ASM-mediated platform formation and functional inhibition of
ASM by FIASMAs.
(A) Under steady-state ASM is bound via electrostatic forces to the inner lysosomal membrane. Once
ASM translocation is induced by several activating stimuli, ASM is translocated to the outer leaflet of the
plasma membrane. In contact with its substrate, ASM hydrolyses sphingomyelin into ceramide, which
forms ceramide–enriched microdomains. Subsequently, these microdomains fuse to large, ceramideenriched platforms. Due to lipid-protein interactions, platform formation also results in lateral sorting of
proteins, where clustering but also exclusion of specific receptors serves to facilitate and/or amplify
signalling processes. (B) Functional inhibitors of acid sphingomyelinase (FIASMAs) interfere with the
binding of ASM to the lysosomal membrane, thereby permitting the lysosomal degradation of ASM.
Consequently, ASM activating stimuli are not able to induce a translocation of ASM to the plasma
membrane and the entire signalling cascade downstream of ASM is lost [146].

Numerous functional inhibitors have been identified, of which most are already in
clinical use including the tricyclic antidepressants amitriptyline, desipramine and
imipramine [190, 195]. Collectively, these tricyclic antidepressants showed favourable
properties, good absorption (all are orally active), effective distribution (extensive tissue
binding, most can also cross the blood-brain barrier), metabolism and excretion, no
habituation, activity across different cell types, reversible inhibition, and no rebound
effects [196]. Regarding specificity, the inhibitory effect of functional inhibitors for ASM
is limited to the acid compartment of the lysosomes due to FIASMAs structures. Thus,
neutral and alkaline sphingomyelinase are not affected by the treatment with FIASMAs.
Furthermore, no general inhibitory effect on other lysosomal hydrolases could be
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detected. However, acid ceramidase, lysosomal acid lipase, and phospholipase A and
C have been reported to be co-inhibited by cationic amphiphilic drugs [196, 197].
The tricyclic antidepressant used in this study was amitriptyline, which was introduced
by Merck in 1961 in order to treat major depressive disorders [198]. To this day,
treatment of depression is the only FDA (Food and Drug Administration)-approved
indication, although the use of amitriptyline has expanded to numerous types of pain
and other symptoms, such as fibromyalgia [199], migraine prophylaxis [200],
neuropathic pain orders [201], nocturnal enuresis [202] and irritable bowel syndrome
[203]. Beyond the treatment of the symptoms, anti-inflammatory and anti-microbial
properties of the drug have been reported as well [204, 205].
Following oral administration, amitriptyline is metabolized mainly by cytochrome P450
(CYP450) into its secondary amine Nortriptyline [206]. Before the secretion into the
urine, further metabolism takes place resulting in the inactivation of amitriptyline [207].
Initially, the effect of amitriptyline as an antidepressant was reported to be due to its
activity as a serotonin-norepinephrine re-uptake inhibitor, which has a strong effect on
serotonin transporters [208]. Owens et al. also reported amitriptyline to be a receptorantagonist for a number of histamine and muscarinic acetylcholine receptors, giving
amitriptyline also antihistaminic and anticholinergic properties [209].
Of particular interest is the functional inhibition of acid sphingomyelinase of
antidepressant drugs like amitriptyline, so called FIASMAs. Due to their structure
FIASMAs are trapped in the acid compartment of the lysosomes and bind to the
membrane. However, the attachment of FIASMAs interfere with the attachment of ASM
to the membrane. Thereby, FIASMAs display and inactivate ASM (see chapter 3.5.5 for
details) [197, 210-213].
The importance of amitriptyline can also be shown in the phase II clinical trial study in
cystic fibrosis (CF) patients, in which ceramide accumulation is targeted with the
treatment of amitriptyline [214], as ceramide showed to mediate inflammation, cell
death and infectious susceptibility in CF [215]. Currently, amitriptyline is under
investigation in a phase III clinical trial with CF-patients.
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3.5.6

ASM in disease

Originally, ASM was identified as the main source for the lysosomal storage disorder
Niemann-Pick disease, in which the loss of activity of ASM leads to a drastic
accumulation of sphingomyelin in liver, spleen, lymph nodes, adrenal cortex, lung
airways, and bone marrow [216, 217]. Beyond its role in Niemann-Pick disease, the
ASM/ceramide system has been shown to play a role in a number of various diseases,
including cardiovascular-, metabolic-, hepatic-, inflammatory- and infectious disease.
ASM also seems to play a central role in cancer and tumour metastases (more details
Table 3.2).
Table 3.2: Acid sphingomyelinase/ceramide-system-related disease.
Overview of diseases, which were shown to be affected by the ASM/ceramide signalling system (Adapted
from [218]).

Kawasaki disease

Autoimmunity

Multiple sclerosis
Systemic sclerosis
Chemotherapeutics

Cancer

Irradiation and radiotherapy
Metastasis
Atherosclerosis
Cardiomyocyte apoptosis (cardioplegia/reperfusion)

Cardiovascular diseases

Thrombus formation
Cystic fibrosis
Niemann-Pick disease type A and B

Genetic disorders

Sickle-cell disease
Wilson disease/liver cirrhosis
Bacterial infections
L. monocytogenes
M. avium
N. gonorrhoeae
P. aeruginosa
S. typhimurium
S. aureus

Infectious Diseases

Endotoxic shock syndrome
Malaria/plasmodia
Virus infections
Measles virus
Rhinovirus
Sindbis virus
Graft-versus-host-disease
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Hemophagocytic lymphohistiocytosis

Inflammatory disease

Hepatic fibrosis
Inflammatory bowel disease
Mast cell function/allergies
Diabetes

Metabolic Disease

Diabetic retinopathy
Obesity-induced kidney damage
Steatohepatitis
Alzheimer disease

Neurological disorders

Major depression
Parkinson’s disease

Skin conditions

Atopic dermatitis

More recently, ASM is brought to the centre of interest in depression, as a number of
long-standing antidepressant drugs were shown to be actually ASM inhibitors (see
chapter 3.5.5). These tricyclic antidepressants do not, as first thought, inhibit the
monoamine uptake, but instead inhibit ASM activity [219], thereby reducing
hippocampal ceramide concentrations in addition to increasing neuronal proliferation,
maturation, and survival [220-222].
The importance of ASM and sphingolipids in diseases can be further illustrated by the
use of sphingolipid inhibitors in clinical trials, for various diseases including targeting
cystic fibrosis (see chapter 3.5.5).

3.5.6.1 Inflammatory bowel disease
As previously discussed, inflammatory bowel disease is a multifactorial disease, which
affects the gastrointestinal tract. Recently, the sphingolipid metabolism was attributed
to play a role in colitis. Interestingly, several groups found a pivotal function of the
sphingomyelin-ceramide-sphingosine axis (for details see Figure 3.6) within intestinal
inflammation using a chemical induced colitis model (dextran sodium sulphate, DSS).
DSS is a chemical colitogen which is administered via drinking water and the pathology
induced by DSS treatment strongly resembles human ulcerative colitis [223]. In
general, DSS destroys the intestinal epithelial monolayer, thereby exposing the
underlying tissue to the pro-inflammatory content of the lumen [224].
Interestingly, the role of sphingolipids is discussed controversially. On the one hand, it
was shown that the accumulation of sphingomyelin by oral administration of
sphingomyelin initiated cathepsin-D induced apoptosis via ceramide accumulation in
intestinal epithelial cells. This increased apoptosis of intestinal epithelial cells then
enhanced inflammation in the chemical induced colitis model using DSS [225].
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On the other hand, some stated a beneficial role of ceramide. The results found by
Ohnishi et al. showed that accumulation of ceramide via inhibition of sphingomyelin
synthase 2 ameliorates DSS induced colitis. In this study the deficiency of
sphingomyelin synthase 2 enhanced the ceramide levels during the DSS treatment,
while decreased sphingomyelin levels were detected. This shift in the sphingomyelin
and ceramide ratio was accompanied by a decrease in cell proliferation, reduced
inflammatory cytokines and chemokines and lower infiltration of immune cells in the
colon [226]. Furthermore, alteration of the ceramidase synthase 2 was shown to
aggravate DSS induced colitis. Deficiency of ceramidase synthase 2 decreased the
very long chain ceramide levels. Alongside the loss of the very long chain ceramide,
increased colon pathology, disruption of the epithelial barrier integrity and a
dysregulation of immune cell infiltration into colonic tissue were detected in ceramide
synthase 2 deficient mice [227]. The importance of the sphingolipid metabolism was
further displayed by the use of a S1P agonist in clinical studies to ameliorate remission
of ulcerative colitis patients [228]. However, the effect of sphingolipids on the
development of IBD is incomplete understood and needs to be further elucidated.
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3.6 Aim of this study
IBD are chronic relapsing inflammatory disorders affecting the gastrointestinal tract.
Although a high prevalence of the disease, the aetiology of IBD is still incompletely
understood. Genetic, environmental and microbial factors as well as a dysregulated
immune response are known to contribute to the establishment of IBD. However, a
deeper understanding of the pathogenesis of IBD is essential to establish specific
therapeutic strategies for the treatment of IBD. Sphingolipids are important components
of all cell membranes, and are certainly also known to have a fundamental role in
numerous

diseases,

such

as

inflammatory

bowel

disease.

Recent

studies

demonstrated a protective as well as a harmful function of sphingomyelin and ceramide
in autoimmune mediated intestinal inflammation. However, the impact of the
sphingolipid pathways is not analysed in the context of a pathogen driven intestinal
inflammation. Therefore, the aim of the present study was to analyse the influence of
the Asm and Ac metabolism in the context of bacterial induced colitis using the
C. rodentium infection mouse model.
Asm KO and Ac cKO mice were infected with C. rodentium and the course of infection
was carefully analysed regarding the intestinal barrier and the innate and adaptive
immunity. In addition, the use of a pharmacological inhibitor of Asm and Ac was
included into the experiments to allow the time point specific modulation of the Asm
and Ac activity. The results obtained in the present study will provide information about
the relevance of the sphingolipid pathway for the control of pathogen driven intestinal
inflammation.
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Materials

4.1 Materials
4.1.1

Consumables

Table 4.1: Consumables

Consumables

Manufacturer

Ceramic sphere ¼”

MP Biomedicine, Illkirch, France

Culture plates (6-, 12-, 24-, 48- and 96-

Greiner BioOne, Frickenhausen, Germany

well)
Disposable syringe (2 ml, 10 ml)

BD Biosciences, Heidelberg, Germany

MacConkey selection plates

Oxoid, Wesel, Germany

Micro tubes (0.6 ml)

Biozyme Scientific GmbH, Oldendorf, Germany

Micro tubes (1.5 and 2 ml)

Sarstedt, Nümbrecht, Germany

Micro tubes (2 ml)

Sarstedt, Nümbrecht, Germany

Micro tubes (2 ml) with ceramic beads

MP Biomedicals, California, USA

Petri dish, 92 x 16 mm, w/o carms

Sarstedt, Nümbrecht, Germany

Pipettes tips

Thermo Scientific, Sarstedt, Biozyme

Thin layer chromatography (TLC)

Merck KGaA, Darmstadt, Germany

Tubes (15 and 50 ml)

Greiner BioOne, Frickenhausen, Germany

Round bottom plates (96-well)

Greiner BioOne, Frickenhausen, Germany

Cell strainer (40, 50, 70 and 100 µm)

Falcon, Durham, USA

4.1.2

Chemicals

Table 4.2: Chemicals

Chemicals

Manufacturer

LE Agarose

Biozyme Scientific GmbH, Oldendorf, Germany

Amitriptyline hydrochloride

Sigma-Aldrich, St. Louis, USA

AutoMACS Pro Washing Solution

Miltenyi Biotec, Bergisch Gladbach, Germany

AutoMACS Running Buffer

Miltenyi Biotec, Bergisch Gladbach, Germany

BODIPY-sphingomyelin

Thermo Fisher Scientific, Waltham, USA

Boric acid

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Bradford Protein assay

Biorad Laboratories GmbH, München,
Germany

Brefeldin A (BFA)

Sigma-Aldrich, St. Louis, USA

Chloroform

AppliChem GmbH, Darmstadt, Germany

Collagenase Type IV

Sigma-Aldrich, St. Louis, USA

Corn oil

Sigma-Aldrich, St. Louis, USA
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Desoxynukleosid Triphosphate

Invitrogen, Karlsruhe, Germany

Deoxyribonuclease I (DNase)-Type II

Sigma-Aldrich, St. Louis, USA

Ethidium bromide 1 %

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Ethylenediaminetetraacetic acid

Carl Roth GmbH & Co. KG, Karlsruhe,

(EDTA)

Germany

Ethylene glycol tetraacetic acid (EGTA)

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Ethanol, absolute and denatured

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Fetal calf serum (FCS)

Biochrom GmbH, Berlin, Germany

FACS Flow Sheath Fluid

BD Biosciences, Heidelberg, Germany

FACS Clean Solution

BD Biosciences, Heidelberg, Germany

FACS Rinse Solution

BD Biosciences, Heidelberg, Germany

Fluorescein isothiocyanate (FITC)-

Sigma-Aldrich, St. Louis, USA

dextran
Glycerin

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

®

IGEPAL CA-630 (NP-40)

Sigma-Aldrich, St. Louis, USA

Ionomycin Calcium Salt

Sigma-Aldrich, St. Louis, USA

Ki-67 (clone SP6)

Thermo Fisher Scientific, Waltham, USA

Lipopolysaccharide (LPS)

InvivoGen, San Diego, USA

Magnesium chloride [MgCl2]

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Methanol (≥ 99 % p.a.)

Diagonal GmbH & Co. KG, Münster, Germany

Monensin (1000x)

eBioscience, San Diego, USA

NBD-ceramide

Thermo Fisher Scientific, Waltham, USA

Paraformaldehyde (PFA)

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Phorbol 12-myristate 13-acetate (PMA)

Sigma-Aldrich, St. Louis, USA

Penicillin

Sigma-Aldrich, St. Louis, USA

Streptomycin

Sigma-Aldrich, St. Louis, USA

StremPro® Accutase®
®

Tissue-Tek C.C.T.

TM

Life Technologies, Grand Island, USA
Compound

Sakura Finetek, Alphen aan den Rijn,
Netherlands

Trypan blue

Sigma-Aldrich, St. Louis, USA

Tamoxifen

Sigma-Aldrich, St. Louis, USA
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4.1.3

Kits, panels and enzymes

Table 4.3: Kits, panels and enzymes

Kits

Manufacturer

CD4+ T cell Isolation Kit

Miltenyi Biotec, Bergisch Gladbach, Germany

FoxP3 staining Kit

eBioscience, San Diego, USA

Gene ruler 100bp ladder Plus

Thermo Fisher Scientific, St. Leon-Tor,
Germany

Go Taq Hot Start Polymerase

Promega, Mannheim, Germany

M-MLV Reverse Transcriptase

Promega, Mannheim, Germany

®

NucleoSpin RNA XS
pHrodo

TM

Macherey-Nagel, Düren, Germany
®

Green E. coli BioParticles

Thermo Fisher Scientific, Braunschweig,

Conjugates

Germany

RNase Tissue Mini Kit

Qiagen, Hilden, Germany

SYBR Green

Thermo Fisher Scientific, St. Leon-Tor,
Germany

4.1.4

Media and buffer

Table 4.4: Media and buffer

Media and Buffer
Ac/Asm assay buffer

Concentration
250 mM

Sodium acetate

0.1 %

NP-40
pH = 4.5 (Ac) or pH = 5.0 (Asm)

Ac lysis buffer

250 mM

Sodium acetate

1%

NP-40
pH = 4.5

Asm assay buffer

250 mM

Sodium acetate

0.1 %

NP-40
pH = 4.5 (Ac) or pH = 5.0 (Asm)

Asm substrate solution

0.5 µl

BIODIPY-sphingomyelin

1 ml

Asm assay buffer
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Erythrocyte-Lysis Buffer

8.29 g/l

Ammonium chloride

(ACK-Buffer, pH 7.2-7.4)

1 g/l

Monopotassium phosphate

0.1 mM

EDTA
In demineralized water

FACS-Buffer

PBS-Buffer
2%

FCS

2 mM

EDTA
IMDM with GlutaMaxTM I and 25 mM

IMDM complete medium

HEPES

LB-Medium

10 %

FCS

100 µg/ml

Streptomycin

100 U/ml

Penicillin

25 µM

ß-Mercaptoethanol

20 g/l

LB-Broth-Base

4.5 g/l

NaCl
pH = 7.5
In demineralized water

LB-Agar

LB-Medium mixed with
15 g/l

Agar

Macrophages medium

DMEM
15 %

L-929 supernatant (mouse fibroblast cell
line producing macrophage colony
stimulating-factor (MCSF))

PBS-Buffer

10 %

FCS

1%

Penicillin/Streptomycin

50 mM

ß-Mercapthoethanol

8 g/l

Sodium chloride

2 g/l

Potassium chloride

1.44 g/l

Disodium phosphate

0.2 g/l

Potassium phosphate
In demineralized water
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PBS/EDTA

PBS-Buffer
3 mM

EDTA
RPMI with GlutaMaxTM I and 25 mM HEPES

RPMI 1640 complete
medium

10 %

FCS

100 µg/ml

Streptomycin

100 U/ml

Penicillin

2 mM

L-Glutamine
RPMI with GlutaMaxTM I and 25 mM HEPES

RPMI/FCS
20 %

FCS
RPMI with GlutaMaxTM I and 25 mM HEPES

RPMI/FCS/EGTA/MgCl2

TBE-Buffer

1%

FCS

1 mM

EGTA

1.5 mM

MgCl2

89 mM

Tris

89 mM

Boric acid

2 mM

EDTA
In demineralized water

TE-Buffer

10 mM

Tris/HCL (pH 8.0)

1 mM

EDTA
In demineralized water
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4.1.5

Equipment

Table 4.5: Equipment

Equipment

Manufacturer

7500 Fast Real-Time PCR System

Thermo Scientific, Darmstadt, Germany

autoMACS® Pro Separator

Miltenyi Biotec, Bergisch Gladbach,
Germany

Binokular Axiovert Z1

Carl Zeiss Microscopy GmbH, Jena,
Germany

Centrifuge MULTIFUGE 3SR+

Thermo Fisher Scientific, Waltham, USA

Centrifuge 5417R

Eppendorf AG, Hamburg, Germany

Flow cytometer BD LSRII

BD Biosciences, Heidelberg, Germany

Fas Prep®-24

MP Biomedicals, California, USA

GelDoc station

INTAS®, Göttingen, Germany

Electrophoresis Apparatus Horizon 11.14

Analytik Jena, Jena, Germany

Heracell 150i CO2-Incubator

Thermo Scientific, Darmstadt, Germany

Heraeus Multifuge 3SR+

Thermo Scientific, Darmstadt, Germany

Luminex Technology AtheNA Multy-Lyte

Progen, Heidelberg, Germany

Magnetic stirrer Variomag

Thermo Scientific, Darmstadt, Germany

Nanodrop Photometer

peqLab, Erlangen, Germany

Neubauer counting chamber (0.0025 mm2)

Superior, Marienfeld, Germany

SpeedVac

Thermo Fisher Scientific, Waltham, USA

TriStar2 Microplate reader

Berthold Technologies GmbH & Co. KG,
Bad Wildbad, Germany

Typhoon FLA 9500

GE healthcare Europe GmbH, Freiburg,
Germany

Work Bench Msc Advantage

Thermo Scientific, Darmstadt, Germany

Vortexer D-6013

Neo Lab, Heidelberg, Germany

Water bath

GFL, Burgwedel, Germany
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4.1.6

Software

Table 4.6: Software

Software

Manufacturer

BD FACSDIVATM Software

BD Biosciences, Heidelberg, Germany

Graph Pad Prism 7.03

GraphPad Software, La Jolla, USA

ImageQuant

GE Healthcare Europe GmbH, Freiburg,
Germany

MikroWin, Version 5.18

Mikrotek, Laborsystem GmbH, Overath,
Germany
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4.2 Methods
4.2.1

Experimental animals and husbandry

In this project different mouse strains were used to analyse the effect of acid
sphingomyelinase and acid ceramidase during bacterial induced colitis. An overview of
the mouse strains used in this study is given below. C57BL/6 mice were purchased
from ENVIGO, Netherlands. Acid sphingomyelinase-deficient (Smpd1) mice as well as
acid ceramidase-deficient (Asah1) mice were bred at the laboratory animal facility of
the University Hospital Essen. The animals used in this study were 8 to 12 weeks old
male or female mice kept in the animal experimental unit of the University Hospital
Essen in individually ventilated cages and pathogen free conditions. Animals were
housed under a 12:12-hour light:dark cycle and were provided food and water ad
libitum. Experiments were performed in accordance with federal and state guidelines
(AZ84-02.04.2014.A124 and AZ84-02.04.2017.A366).

4.2.1.1 Acid sphingomyelinase-deficient mice
Asm-deficient

(Smpd1-/-)

mice

[229]

do

not

express

the

sphingomyelin

phosphodiesterase 1, which encodes a lysosomal acid sphingomyelinase that
hydrolyses sphingomyelin to ceramide (see chapter 3.5.1). Heterozygous mice were
mated to generate wildtype (WT), heterozygous (HET) and homozygous knockout (KO)
animals. In this study both, male and female, Asm WT and Asm KO mice were used up
to a maximum of 10-12 weeks to avoid accumulation of sphingomyelin, as this
accumulation leads to the lysosomal storage disorder Niemann-Pick disease type A
and B [216].

4.2.1.2 Acid ceramidase-deficient mice
Acid ceramidase 1 (Asah1fl/fl, kindly provided by Prof. Dr. Karl Lang) mice express the
N-acylsphingosine amidohydrolase flanked by two loxP sites. N-acylsphingosine
amidohydrolase encodes for the acid ceramidase. In order to generate the depletion of
acid ceramidase under the control of Tamoxifen in all organs, Asahfl/fl mice were
crossed to CreER mice [230]. Breeding generated Asah1fl/fl x CreER+/+ as wild type
(Ac WT), and Asah1fl/fl x CreERki/ki as acid ceramidase conditional knockout mice
(Ac cKO), when Tamoxifen is injected intraperitoneal on day 8, 6 and 4 before
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infection. Acid ceramidase activity deletion can exceeds 30 %, for example seen in the
ovaries [231].

4.2.1.3 Genotyping of transgenic mice
The genotyping of transgenic mice was done by polymerase chain reaction (PCR),
applying the following protocols. Primers were ordered from MWG-Biotech (Ebersberg,
Germany).
Table 4.7: Primers for genotyping.

annealing
transgene

sequence (forward, reverse)

temperature
(Ta)

Smpd1-/-

5’- GGC TAC CCG TGA TAT TGC TG -3’

58°C

5’- AGC CGT GTC CTC TTC CTT AC -3’
fl/fl

Asah1

5’- ACAACTGTGTAGGATTCACGCATTCTCC -3’

58°C

5’- TCGATCTATGAAATGTCGCTGTCGG -3’

CreEr+/-

5’- TCCAATTTACTGACCGTACACCAA -3’

62°C

5’- CCTGATCCTGGCAATTTCGGCTA -3’

Table 4.8: Mastermix for genotyping.

1x

Reaction buffer

1.5 mM

MgCL2

1 mM

dNTPs

5µM

Forward primer

5µM

Backward primer

0.5 U

GoTaq Hot Start polymerase

ad 20 µl

MilliQ H2O

Table 4.9: PCR program for genotyping.

10 cycles

27 cycles

Temperature

95°C

95°C

Ta

72°C

95°C

Ta

72°C

Time (mm:ss)

10:00

00:30

1:30

1:30

00:15

00:45

00:45

Following PCR, the amplification products were analysed by electrophoresis on 1 %
agarose gel stained with ethidium bromide in TBE buffer.
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4.2.2

Animal procedures

4.2.2.1 Amitriptyline treatment of C57BL/6 mice for Asm inhibition
To inhibit the translocation of acid sphingomyelinase amitriptyline (chapter 3.5.5) was
administered to C57BL/6 mice at 180 mg/l via drinking water for 14 days prior to
bacterial challenge [232]. The amitriptyline containing water was changed every third
day and replaced by freshly diluted amitriptyline.

4.2.2.2 C. rodentium infection
The C. rodentium used in this study was the ICC169 strain, obtained from PD.
Dr. Christian Riedel (University Ulm) [106]. The ICC169 strain is a derivate of the
ICC168 strain, which possesses spontaneous Naladixin resistance (unpublished data).
Female C57BL/6 mice, female and male Asm KO and Asm WT or Ac WT and AC cKO
littermates were orally infected with 2-5 x 109 colony forming units (CFU) of
C. rodentium. Prior to infection the C. rodentium bacteria were cultured in 200 ml LB
medium overnight at 38°C constantly shaking at 180 rpm. After approximately
12-16 hours, the optical density (OD) was determined at a wavelength of 600 nm.
Bacterial suspensions of an OD between 0.67-0.74 were used for the oral infection of
mice. For each mouse 3ml of the bacterial suspension was centrifuged at 4000 rpm for
10 minutes and resuspended in 100 µl sterile PBS. The suspension was then gavaged
to mice, without anaesthesia. CFU of the gavage suspension was determined as
described in chapter 4.2.2.3.
Following infection, bodyweight and CFU in faeces were assessed 3, 5 and 7 days post
infection. Colony forming units in faeces were determined as described in chapter
4.2.2.3. Mice were sacrificed by CO2 asphyxiation 5 or 10 days post infection. Serum
samples were obtained by puncturing the heart with a 10 ml syringe and centrifuging
the whole blood at 10000 g for 15 minutes. Subsequently, serum was analysed for
cytokine levels via Luminex (chapter 4.2.3.3). The liver, spleen, mesenteric lymph
nodes (mLNs) and colon were excised and processed as described in the following
sections.
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4.2.2.3 Determination of CFU
In order to determine both the severity and extent of systemic infection, colony forming
units (CFU) of C. rodentium in the gavage suspension, faeces, spleen and liver were
determined. In order to determine the CFU of the C. rodentium gavage suspension, the
gavage suspension was first diluted 1:10, then in a serial dilution series up to 1 x 10-11.
Dilutions from 1 x 10-6 up to 1 x 10-11 were then plated on the gram-negative selective
and differential culture medium MacConkey. Colonies were allowed to grow overnight
at 38°C, 5 % CO2 before counting CFU. The CFU of C. rodentium administered per
mouse was calculated as a mean of the CFU per 100 µl. CFU in faeces were assessed
by first determining the weight of the faeces pellet. Subsequently, the pellet was
soaked in sterile PBS to allow for improved homogenisation. With a 200 µl tip the
faeces pellet was mechanically homogenized, and further resuspended by vortexing for
5 seconds. As before, faeces samples were diluted 1:10 in a dilution series from
1 x 10-2 up to 1 x 10-6 and plated on MacConkey plates over night at 38°C, 5 % CO2.
Again, CFU were counted and CFU/g faeces were calculated as the mean of the
dilutions depending on the dry faeces weight. Similar to faeces, first the weight of liver
and spleen were determined, followed by homogenization of samples in 500 µl sterile
PBS with the help of ceramic beads using the FastPrep®-24 at 4 M/s for 25 seconds.
Liver and spleen suspensions were then diluted 1:10. The undiluted and the 1 x 10-1
diluted sample were then allowed to grow on MacConkey plates overnight (38°C, 5 %
CO2) and the CFU/g liver or spleen was calculated as described before.

4.2.2.4 Colonic biopsies
To begin, colon length and the colon weight were determined. Approximately 20 mg
rectal biopsies of the colon were taken before processing with the remainder of the
colon for further analysis. Colon biopsies were used for several analyses, to investigate
cytokine release by cultivating colon biopsies in 300 µl IMDM complete medium for
6 hours, determining the cytokine release in the supernatant via Luminex following
collection, and separation of the colon tissue from the supernatant (14000 g for
10 minutes). Colon biopsies were also analysed for RNA expression of tight junction
proteins, inflammatory cytokines, and inflammatory cells (chapter 4.2.5.3). In order to
assess the sphingolipid profile and the Asm/Ac activity, approximately 20 mg of the
rectal section of the colon were excised, weighed and immediately shock frozen in
liquid nitrogen and stored until further analyses (chapter 4.2.4.1).
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4.2.2.5 Histology
To determine the inflammation of colonic tissue during the time course of C. rodentium,
histopathologic analyses were performed. Colons were excised and faeces were
flushed out with ice-cold PBS. The colon was placed in tissue cassettes as swiss role
and fixed with 4 % buffered formalin. Colon tissues were embedded in paraffin and
trimmed to 4 µm sections with a microtome. These tissue sections were then stained
with hematoxylin and eosin (H&E) and Ki-67 and analysed at a magnification of 40.
The pathology was scored according to the following scale from 0 to 3, with 0 = no
pathology and 3 = severe pathology. Furthermore, the colon was divided into an oral,
central, and rectal section (sectioning, staining, and scoring of pathology were
performed by Robert Klopfleisch, Freie Universität Berlin, Germany).
Table 4.10: Histopathologic parameters of inflammation for the colonic tissue.

scoring

Colonic tissue

0-3

Infiltration of inflammatory cells in the lamina propria and tela submucosa

0-3

Mucous defective

0-3

Neutrophil infiltration

0-3

Hyperplasia

0-3

Crypt abscess

4.2.2.6 Generation of BMDMs
In order to obtain bone marrow derived macrophages (BMDMs), mice were sacrificed,
followed by peeling off the skin from the top of each leg down over the foot. The leg
was cut off at the hip joint, leaving the femur intact. Muscles were removed from the
bone with a wipe. Bones were then washed in 70 % ethanol, followed by washing the
bone in PBS. Leg bones were carefully opened proximal to each joint and the bone
marrow was flushed from the cavity with a 26G needle containing FACS solution. The
bone marrow was resuspended and the resulting cell suspension was washed with
FACS buffer. Following further centrifugation, erythrocytes were lysed with 2 ml ACK
buffer. After further washing, the cells were resuspended in 10 ml of macrophage
complete medium in each petri dish (92 x 16 mm) and incubated at 37°C, 5 % CO2 for
6 to 7 days. On day 3, 5 ml of fresh macrophage complete medium was added to the
cells [233].
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4.2.3

Cell biology methods

4.2.3.1 Preparation of single cell suspension
To analyse lymphocyte cells from the relevant organs different protocols were applied.
Spleens were homogenised and filtered through a 70 µm nylon cell strainer containing
10 ml erythrocyte lysis buffer, centrifuged at 300 g for 10 minutes, and finally
resuspended in IMDM complete medium.
Mesenteric lymph nodes were passed through a 70 µm cell strainer in FACS buffer,
centrifuged at 300 g for 10 minutes, and resuspended in IMDM complete medium.
Lymphocytes from the lamina propria of the colon were isolated as previously
described [234]. Colons were flushed with ice-cold PBS and cut into small pieces. By
washing the colon pieces twice for 10 minutes in 40 ml PBS supplemented with EDTA
at 37°C under constant stirring, the epithelium was effectively removed. Subsequently,
samples were incubated twice for 15 minutes with 20 ml RPMI media supplemented
with FCS, EGTA and MgCl2 at 37°C under constant stirring. Tissues were then subject
to digestion in media containing collagenase IV (100 U/ml) of Clostridium histolyticum
and 20 % FCS for 60 minutes at 37°C. By passing the suspension through a 70 µm cell
strainer a single-cell suspension was obtained. Finally, cells were washed with FACS,
centrifuged at 300 g for 10 minutes, filtered again through a 30µm filter and
resuspended in IMDM complete medium.

4.2.3.2 Flow cytometric analysis
Antibodies for staining are listed in Table 4.11. The antibodies were titrated to
determine the optimal concentration of use. Flow cytometric analysis was performed on
a LSRII using FACS DIVA software (Version 8.0.1).
Table 4.11: Antibodies used for flow cytometric analysis.

Epitope
CD4

Fluorophore
APC
Pacific Blue

Clone

Manufacturer

RM4-5

BD Biosciences

CD11b

APC

M1/70

eBioscience

CD25

PE

PC61

BD Biosciences

F4/80

PE

BM8

eBioscience

FoxP3

FITC

FJK-16s

eBioscience

IFNγ

FITC

XMG1.2

BD Biosciences
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IL-17

PE

TC11-18H10.1

BD Biosciences

MHCII

BV510

M5/114.15.2

BioLegend

TLR4

PE-Cy7

SA 15-21

BioLegend

Staining of surface proteins
To analyse the expression of surface proteins, fluorochrome-conjugated antibodies
were used. Cells were transferred into a 96-well round bottom plate and centrifuged for
5 minutes at 300 g. Subsequently, surface proteins were stained with antibodies at
optimal concentrations in FACS buffer for 10 minutes at 4°C in the dark. Alongside
staining of the surface proteins, cells were also dyed with the fixable viability dye
eFlour780 to separate living and dead cells. Afterwards, cells were washed with FACS
buffer and resuspended in 150 µl FACS buffer for subsequent analysis by flow
cytometery.

Intracellular staining of IL-17, IFNγ, or Foxp3
IL-17 and IFNγ levels were analysed by incubating cells in the presence of 1 µg/ml
ionomycin, 10 ng/ml phorbol 12-myristate 13 acetate (PMA), 1 µg/ml monensin and
5 µg/ml brefeldin A for 4 hours at 37°C. After washing the cells with FACS buffer
surface proteins were stained. This was followed by fixation of the surface proteins on
the cells with 2 % buffered formalin for 15 minutes at 4°C. The cells were then washed
with PBS and the membrane was permeabilised with 0.1 % NP-40 for 4 minutes in the
dark at room temperature. After another washing with FACS buffer, cells were stained
with fluorochrome-conjugated antibodies against IL-17 or IFNγ for 30 minutes at 4°C in
the dark. For staining of Foxp3 first surface staining was performed as previously
described, followed by a washing step with PBS. Subsequently, cells were fixed for 60
minutes at room temperature in the dark using the Invitrogen fixation and
permeabilization kit. Cells were washed with 1x permeabilization buffer and stained for
Foxp3 in 1x permeabilization buffer for 60 minutes at room temperature in the dark.
After the intracellular staining, cells were washed with FACS buffer and resuspended in
150 µl FACS followed by analysing the cells by flow cytometry.
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4.2.3.3 Detection of cytokines by Luminex
Cytokines of serum samples or supernatants of colonic biopsies were quantified using
a Procarta Cytokine assay kit (Kit Cataloge number: 7-Plex: LXSAMS-07, 9-Plex:
LXSAMS-9) according to the manufacturer’s guidelines. The assay was run and
quantified with a Luminex 200 system using Luminex IS software.

4.2.3.4 Phagocytosis assay of BMDMs
To determine the phagocytic capacity of BMDMs, pHrodoTM green E.coli BioParticles®Conjugates were used according to manufacturer’s guidelines. Short BMDMs were
isolated and cultured as previously described (chapter 4.2.2.6). 1 x 105 BMDMs cells
were plated on a dark 96-well plate and allowed to settle and adhere for at least 1 hour
at 37°C, 5 % CO2. Old IMDM complete medium containing non-adherent cells was
removed and replaced by IMDM complete medium containing 10 µg pHrodo beads for
15, 30, 45, 60 and 90 minutes (in triplicates). After indicated time points IMDM
complete medium containing pHrodo beads was removed and replaced with fresh
medium. Subsequently, phagocytosis of the BMDMs was analysed with a fluorescence
reader at Excitation wavelength of 485 nm and Emission wavelength of 535 nm.

4.2.3.5 Killing assay of BMDMs
As described earlier, BMDMs were isolated and cultured for 5-7days. Approximately
1 x 105 BMDMs were plated in a 96-well plate. To allow BMDMs to adhere, cells were
incubated for 1 hour at 37°C, 5 % CO2 in RPMI antibiotic-free medium. Approximately
1 x 106 living C. rodentium bacteria were added to the BMDMs and incubated for the
indicated time points (15, 30, 45, 60 and 90 minutes). Subsequently, BMDMs were
washed, and incubated with RPMI containing antibiotics for another hour at 37°C,
5 % CO2. The BMDMs were then washed three times with PBS, followed by
permeabilization with 1 % Triton X for 5 minutes at room temperature. As described
earlier, the supernatant, containing the BMDMs content, were then plated in different
dilutions on MacConkey plates. Killing was then calculated by counting CFU the
following day after incubation at 37°C, 5 % CO2.
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4.2.3.6 Differentiation of Th1 and Th17 cells in vitro
In order to address the differentiation capacity of Th1 and Th17 cells, first splenic CD4+
T cells were isolated by magnetic cell separation (MACS) using a CD4+ T cell Isolation
Kit. Cells were then stained for the surface marker CD4 and CD25 for 10 minutes at
4°C. CD4+ CD25- cells were then sorted using a BD FACS Aria II cell sorter (purity
achieved ≥95 %). 0.5 x 106 CD4+ CD25- cells were cultivated in an 48 well plate which
was pre-coated with 5 µg/ml αCD3 for at least 2 hours at 37°C. In order to initiate
differentiation, cells were cultured for 6 days in Th1/Th17 differentiation media (see
Table 4.12). The control cells (Th0) received only 1 µg/ml αCD-28. For Th1
differentiation, cells were splitted 1:2 3 days after incubation; on day 5 500 µl media
was replaced with fresh media. For Th17 differentiation, first 500 µl media was replaced
with fresh media 3 days after incubation. Cells were splitted on day 5 1:2. Th1 and Th17
cells were analysed for the capacity to differentiate into Th1 and Th17 cells 6 days post
incubation using the intracellular staining for Th1/Th17 cells (see chapter 4.2.3.2).
Table 4.12: Supplements of in vitro differentiation medium for Th1 and Th17.

Th1

Th17

4.2.4

Concentration

Manufacturer

α-CD28

1 µg/ml

BD Biosciences, Heidelberg, Germany

α-IL-4

200 ng/ml

eBioscience, San Diego, USA

IL-12

20 ng/ml

R&D systems, Minneapolis, USA

α-CD28

1 µg/ml

BD Biosciences, Heidelberg, Germany

α-IL-2

200 ng/ml

R&D systems, Minneapolis, USA

α-IL-4

200 ng/ml

eBioscience, San Diego, USA

α-IFNγ

200 ng/ml

eBioscience, San Diego, USA

rm-IL-1β

20 ng/,l

eBioscience, San Diego, USA

rm-IL-6

50 ng/ml

R&D systems, Minneapolis, USA

rm IL-21

100 ng/ml

R&D systems, Minneapolis, USA

rm IL-23

20 ng/ml

R&D systems, Minneapolis, USA

rh-TGFβ

2 ng/ml

R&D systems, Minneapolis, USA

Biochemical methods

4.2.4.1 Ceramide and sphingomyelin quantification
Ceramides and sphingomyelins, were quantified by Dr. Fabian Schuhmacher
(University Potsdam) by rapid resolution liquid chromatography/mass spectrometry.
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Short

lipids

were

extracted

from

colon

biopsies

with

C17-ceramide

and

C16-d31sphingomyelin as internal standards, after homogenization of colonic tissue.
Subsequently, samples were analysed by rapid-resolution liquid chromatographyMS/MS using a Q-TOF 6530 mass spectrometer (Agilent Technologies, Waldbronn,
Germany) operating in the positive ESI mode. Precursor ions of ceramides
[C16-ceramide (m/z 520.508); C17-ceramide (m/z 534.524), C18-ceramide (m/z
548.540), C20-ceramide (m/z 576.571), C22-ceramide (m/z 604.602), C24-ceramide
(m/z 632.634), C24:1-ceramide (m/z 630. 618)] were cleaved into the fragment ion m/z
264.270. Similar to ceramide, precursor ions of sphingomyelin (C16-sphingomyelin
(m/z 703.575), C16-d31-sphingomyelin (m/z 734.762), C18-sphingoymyelin (m/z
731.606), C20-sphingomyelin (m/z 759.638), C22-sphingomyelin (m/z 787.669),
C24-sphingomyelin (m/z 815.700), C24:1-sphingomyelin (m/z 813.684)) were cleaved
into the fragment ion m/z 184.074. The subsequent quantification was performed using
Mass Hunter Software, and the resulting sphingolipid quantities were normalized to the
actual protein content of the homogenate.

4.2.4.2 Ac and Asm activity
The acid ceramidase and acid sphingomyelinase activity were determined with the help
of Prof. Dr. med. Dirk M. Hermann and Dr. med. Alexander Carpinteiro. To analyse the
Asm and Ac activity in colonic tissue rectal biopsies were snap-frozen and stored at
-80°C until further pulverization using a mortar and pestle filled with liquid nitrogen. The
tissue powder was then transferred in pre-cooled Asm lysis buffer followed by
determination of the protein concentration using the Bradford protein assay. To achieve
optimal results the protein concentration varied from 10 µg protein (AC) to 2 µg protein
(ASM), which was then transferred into a new tube, followed by adding Ac or Asm lysis
buffer to a final volume of 20 µl. 100 pmol/sample NBD-ceramide or 100 pmol/sample
BODIPY-sphingomyelin were added to each sample and subsequently incubated for 4
hours (Ac) or for 1 hour (Asm) at 37°C. After incubation time the reaction was
terminated by lipid extraction through addition of chloroform:methanol (2:1, v/v),
vortexing and centrifugation for 5 minutes at 15000 x g. The lower phase containing
lipids was collected and dried in a SpeedVac at 37°C. Again, the dried lipid pellets were
resuspended in 20 µl choloroform:methanol (2:1, v/v) and transferred onto a thin layer
chromatography (TLC) plate. The running buffer for the TLC run was either with ethyl
acetate:acetic acid (100:1, v/v, Ac) or cholorform:methanol (80:20, v/v, Asm). Plates
were then imaged using a Typhoon FLA 9500. Spot intensity was quantified with
ImageQuant software.
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4.2.5

Molecular methods

4.2.5.1 Isolation of RNA and DNA
RNA was isolated from colon tissue using the RNeasy Fibrous Tissue Mini Kit (Qiagen,
Hilden, Germany).
According to the manufacturer’s instructions, DNA digestion was performed for
15 minutes, followed by washing and collection of the RNA. After isolation, RNA
concentration was determined by using a NanoDrop spectrophotometer. 1-2 µg RNA
was used for further cDNA synthesis. Any remaining RNA was stored at -80°C until
further use.

4.2.5.2 Synthesis of complementary DNA
Isolated RNA was incubated with 0.5 µl Oligo dt and 0.5 µl Random Primer for
10 minutes at 70°C. Samples were cooled down to 42°C for 1 hour to start the reverse
transcription into complementary DNA (cDNA) using 1 µl M-MLV (H-) point mutant
reverse transcriptase, 4 µl 5x m-MLV RT-Buffer and 1 µl dNTPs (10 mM). By heating
up the samples to 95°C for 5 minutes the enzyme was inactivated and samples were
stored at -20°C until further use.

4.2.5.3 Quantitative real time PCR
By semi-quantitative PCR the amount of cDNA was determined through the expression
of the house-keeping gene ribosomal protein s9 (RPS9) by using the following reaction
mix and program prior to qPCR:
Table 4.13: Mastermix for semi-quantitative PCR.

1x

Reaction buffer

1.5 mM

MgCL2

1 mM

dNTPs

5 µM

RPS9 forward primer

5 µM

RPS9 backward primer

0.5 U

GoTaq Hot Start polymerase

ad 20 µl

MilliQ H2O

51

Methods
Table 4.14: Program of semi-quantitative PCR.

30 cycles
Temperature

95°C

95°C

58°C

72°C

72°C

Time (mm:ss)

10:00

00:45

00:45

01:00

10:00

Quantitative real-time analysis was performed with a 7500 Real-Time PCR system
using the Fast SYBR Green Master Mix and specific primer. For each individual gene
mRNA levels were calculated using standard curves, and were normalized to the
housekeeping gene RPS9. To determine the relative expression the quotient of the
mean of both the target gene and the housekeeping gene RPS9 was calculated.
Below, the reaction mix, qPCR program and primer pairs are listed.
Table 4.15: Mastermix for qPCR.

~20 ng

cDNA template

1x

FAST SYBR Green Master Mix

50-900 nM

Forward primer

50-900 nM

Reverse primer

Ad 20 µl

MilliQ H2O

Table 4.16: qPCR program.

40 cycles

melting curve

Temperature

95°C

95°C

Ta

72°C

95°C

60°C

95°C

60°C

Time (mm:ss)

10:00

00:15

00:30

00:30

00:15

01:00

00:15

00:15

Table 4.17: Sequences of primer pairs for PCR/qPCR.

gene

sequence (forward, reverse)

concentration

annealing

for qPCR

temperature
(Ta)

Claudin
IL-6
Occludin
RPS9

5’- GCG GGA GAT GGG AGC TGG GTT GTA -3’

300 nM

5’- GTG GAT CGC GGC GCA GAA TAG AGG -3’

900 nM

5’- ACC ACG GCC TTC CCT ACT TC -3’

300 nM

5’- GCC ATT GCA CAA CTC TTT TCT C -3’

300 nM

5’- GCC CTG GCT GAC CTA GAA CTT AC -3’

300 nM

5’- AGA CTT AGC CAA AAC TGC CTT AGC -3’

900 nM

5’- CTGGACGAGGGCAAGATGAAGC -3’

900 nM
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TJ1/Zo-1
TJ2/Zo-2
TLR4
TNFα

4.2.6

5’- TGACGTTGGCGGATGAGCACA -3’

50nM

5’- TTT TTG ACA GGG GGA GTG G -3’

900 nM

5’- TGC TGC AGA GGT CAA AGT TCA AG -3’

300 nM

5’- CTA GAC CCC CAG AGC CCC AGA AA -3’

900 nM

5’- TCG CAG GAG TCC ACG CAT ACA AG -3’

900 nM

5’- TGC TGG GGC TCA TTC ACT CAC -3’

300 nM

5’- ACA CTC AGA CTC GGC ACT TAG CAC -3’

300nM

5’- CAA TGC ACA GCC TTC CTC ACA G -3’

300 nM

5’- CCC GGC CTT CCA AAT AAA TAC AT -3’

50 nM

52°C
58°C
58°C
58°C

Statistical analyses

Statistical analyses were performed using GraphPad Prism software version 7. In order
to determine statistical significance, first column statistics were performed using
D'Agostino & Pearson normality test and Shapiro-Wilk normality test. Student’s t-test,
one-way ANOVA and two-way ANOVA followed by Tukey’s multiple comparisons test,
Dunn's multiple comparisons test or Bonferroni's multiple comparisons test were
applied. P values were set at a level of p < 0.05.
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5.1 Role of sphingolipids in bacterial infection models
Sphingolipids are of particular scientific interest, due to their pivotal role in membrane
reorganization, and contribution to receptor clustering. Deficiency of sphingolipids leads
to life threatening diseases, such as Faber disease or Niemann Pick disease, indicating
the importance of sphingolipids in science and health (Table 3.2). In both diseases
alterations of the sphingolipid pathway leads to accumulation of ceramide or
sphingomyelin in tissue thereby inducing life threatening conditions [154, 167].
Interestingly, several groups show a controversial role of ceramide or sphingomyelin in
bacterial induced diseases, such as in Mycobacterium tuberculosis, Staphylococcus
aureus or Pseudomonas aeruginosa [235, 236]. To gain further insights into the
function of ceramide and sphingomyelin within bacterial infection, the impact of acid
sphingomyelinase (Asm), hydrolysing sphingomyelin into ceramide, and acid
ceramidase (Ac), degrading ceramide into sphingosine-1-phosphate (S1P), during
intestinal inflammation was analysed using the Citrobacter (C.) rodentium induced
colitis.

5.2 Changes in the sphingolipid profile during C. rodentium
infection
To investigate the role of sphingolipids in bacterial induced colitis, we infected C57BL/6
mice with 2-5 x 109 colony forming units (CFU) of the gram-negative C. rodentium.
First, sphingomyelin and ceramide concentrations were quantified in the colon during
the 10 day infection course. Therefore, rectal colonic tissue was analysed using rapid
resolution liquid chromatography/mass spectrometry (Figure 5.1). Sphingomyelin
concentrations decrease within 3 to 10 days post C. rodentium infection compared to
uninfected wild type tissue. Similar results were detected for ceramide; however,
ceramide concentrations started to decrease 1 day post C. rodentium infection.
Further, the Asm activity and Ac activity was analysed in colonic tissue using an
enzyme activity assay at day 10 post infection (see chapter 4.2.4.2). Interestingly, the
Asm activity was decreased in C. rodentium infected C57BL/6 mice 10 days post
challenge, albeit, the Ac activity was not affected by C. rodentium infection. Taken
together, sphingolipids, such as ceramide and sphingomyelin, are influenced by
C. rodentium infection.
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Figure 5.1: Alteration of the sphingolipid profile during C. rodentium infection.
(A-D) C57BL/6 (WT) mice were orally infected with 2-5 x 109 colony forming units (CFU) of C. rodentium.
At indicated (1, 3, 5, 7 and 10) days post (dp) infection colons were excised. In rectal colonic tissue, the
(A) sphingomyelin (n = 2-3, parametric one-way ANOVA) and (B) ceramide (n = 2-3, non-parametric
one-way ANOVA) contents were analysed using rapid resolution liquid chromatography/mass
spectrometry. Data are presented as the concentration of ceramide and sphingomyelin in pmol/mg protein.
(C) Asm activity (n = 5, parametric t-test) and (D) Ac activity (n = 3-5, parametric t-test) were quantified in
rectal colonic tissue 10 dp infection using BODIPY-sphingomyelin as a substrate. Data were first tested for
their normal distribution using D’Agostino & Pearson omnibus normality test. Statistics were performed
using the non-parametric Kruskal-Wallis test with Dunn's multiple comparison test, the parametric one-way
ANOVA test with Tukey’s multiple comparison test or the unpaired t-test. All data are presented as mean
± SEM (*, p<0.05).

5.3 The acid sphingomyelinase/ceramidase axis protects from
C. rodentium infection
Based on the previous data indicating an involvement of sphingomyelin and ceramide
during C. rodentium infection, the biological effect of the acid sphingomyelinase and
acid ceramidase axis was investigated. Therefore, bacterial induced colitis was induced
in mice lacking acid sphingomyelinase and/or acid ceramidase. In the first and second
part of this

work genetically

knockout mice,

which do not express acid

sphingomyelinase or acid ceramidase, were infected with C. rodentium. In the third
part, the Asm and Ac inhibitor amitriptyline was used [197], which is known to inhibit
the transportation of Asm and partially Ac to the outer leaflet of the membrane, thereby
stopping the translocation and activation of Asm and Ac (see chapter 3.5.5).
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5.3.1

Acid sphingomyelinase protects from C. rodentium induced colitis

To address the biological effect of Asm during C. rodentium infection, Asm wildtype
(Asm WT) or Asm knockout (Asm KO) mice were orally gavaged with PBS or 2-5 x 109
colony forming (CFU) units of C. rodentium. Infection parameters, sphingomyelin
concentration and ceramide concentration were assessed in the early (3 and 5 dp)
and/or acute phase (7 and 10 dp) of infection.

Figure 5.2: Deficiency of acid sphingomyelinase (Asm) in mice alters sphingolipid concentration
during C. rodentium infection.
(A-C) Asm wildtype (Asm WT) and Asm knockout (Asm KO) mice were orally gavaged with PBS or
2-5 x 109 colony forming units (CFU) of C. rodentium. (A) Asm activity [pmol Cer/min/µg] was analysed in
rectal colonic tissue (n = 2-6). Colons were excised from uninfected Asm WT and Asm KO mice and 10 dp
infection. In rectal colonic tissue, (B) sphingomyelin (n = 4-12) and (C) ceramide (n = 4-12) concentrations
were analysed using rapid resolution liquid chromatography/mass spectrometry. Data are presented as the
concentration of ceramide and sphingomyelin in pmol/mg protein. Statistics were performed using the
two-way ANOVA test followed by Tukey’s multiple comparison. All data are presented as mean ± SEM
(**, p<0.01; ****, p <0.0001).

First, the Asm activity was analysed in colonic tissue of Asm WT and Asm KO mice in
uninfected or infected mice 10 dp C. rodentium infection. Neither in uninfected Asm KO
nor in infected Asm KO mice Asm activity was detected. However, Asm activity was
enhanced in infected Asm WT mice 10 dp infection compared to uninfected Asm WT
mice (Figure 5.2, A). Furthermore, sphingomyelin and ceramide concentrations were
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assessed in colonic tissue using rapid resolution liquid chromatography/mass
spectrometry in uninfected Asm WT and Asm KO mice, and in the acute phase of
infection (Figure 5.2, B-C). Interestingly, sphingomyelin concentrations were elevated
in uninfected Asm KO mice compared to uninfected Asm WT littermates as well as
upon C. rodentium infection. On the contrary, ceramide concentrations were not altered
upon infection comparing uninfected Asm WT to infected Asm WT or uninfected Asm
KO to infected Asm KO mice (Figure 5.2, B-C).

Figure 5.3 Deficiency of acid sphingomyelinase (Asm) in mice increases susceptibility to
C. rodentium infection.
(A-D) Asm wildtype (Asm WT) and Asm knockout (Asm KO) mice were orally gavaged with PBS or
2-5 x 109 colony forming units (CFU) of C. rodentium. (A, B) At indicated time points body weight and CFU
in faeces were assessed in Asm WT mice (white dots, n = 16-17) and Asm KO mice (black dots, n = 1420). Data were first tested for their normal distribution using D’Agostino & Pearson omnibus normality test.
Statistics were performed using the non-parametric Mann- Whitney test or the parametric t-test. (C) Spleen
weight was measured in uninfected Asm WT and Asm KO mice, as well as 10 dp C. rodentium infection
(n = 8-15). (D) Colon weight and length were determined in uninfected Asm WT and Asm KO mice, as well
as 10 dp C. rodentium infection (n = 11-15). Statistics were performed using the two-way ANOVA test
followed by Tukey’s multiple comparison test or. All data are presented as mean ± SEM (*, p<0.05;
**, p<0.01; ***, p<0.001; ****, p <0.0001).

In the acute phase of infection, loss of body weight was stronger in Asm KO mice
compared to wildtype littermates (Figure 5.3, A). The peak of infection, detected via the
CFU in faeces, was reached as early as 5 dp infection in Asm WT and Asm KO mice,
with first signs of declining at 10 dp infection. However, the bacterial burden was
elevated in Asm KO mice 5 and 10 dp infection compared to wildtype littermates, giving
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first hints of an increased susceptibility of Asm KO mice to C. rodentium infection
(Figure 5.3, B). Furthermore, the spleen weights were enhanced in Asm deficient mice
compared to Asm WT littermates (Figure 5.3, C). In line to the first results, elevated
colon weight/length ratios were detected in Asm KO mice 10 dp infection (Figure 5.3,
D). The colon weight/length ratio is an indication of the pathology score during
C. rodentium infection [111].

Figure 5.4: Deficiency of acid sphingomyelinase (Asm) in mice increases colon pathology 10 days
post C. rodentium challenge.
(A-C) Asm wildtype (Asm WT) and Asm knockout (Asm KO) mice were orally gavaged with PBS or
2-5 x 109 colony forming units (CFU) of C. rodentium. Colons were excised from uninfected mice or 10 dp
C. rodentium infection. (A) Representative H&E staining of colon sections from PBS or C. rodentium
infected Asm WT or Asm KO mice 10 dp infection. (Red bars indicate the crypt length. (L) lumen, (C) crypt.
Length of scale bar is 50 µm). (B) Measured crypt length in colons of uninfected Asm WT or Asm KO mice,
and infected Asm WT and Asm KO 10 dp C. rodentium infection (n = 5-9). (C) Histopathology score of the
colon for inflammatory cell infiltration, mucous defectiveness, neutrophil infiltration, hyperplasia and crypt
abscess of uninfected Asm WT and Asm KO mice, and Asm WT and Asm KO mice 10 dp C. rodentium
infection (n = 5-8). Statistics were performed using the two-way ANOVA test with Tukey’s multiple
comparison test. All data are presented as mean ± SEM (**** p <0.0001).
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To get deeper insights, colonic tissue of Asm WT and Asm KO mice was histologically
analysed (Figure 5.4). Colonic tissue was stained with hematoxylin and eosin (H&E),
crypt length was measured, and tissue sections were scored for inflammatory cell
infiltration, mucous defectiveness, neutrophil infiltration, hyperplasia and crypt abscess.
Clearly, the histology reveals elongation of the crypt length in mice lacking Asm 10 dp
infection (Figure 5.4, A-B). Also, the inflammatory score of colon tissue was increased
in Asm deficient mice 10 dp infection compared to infected wildtype littermates (Figure
5.4, C).

Figure 5.5: Enhanced systemic distribution of C. rodentium in acid sphingomyelinase deficient
mice.
(A-D) Asm wildtype (Asm WT) and Asm knockout (Asm KO) mice were orally infected with 2-5 x 109 colony
forming units (CFU) of C. rodentium. (A, B) 10 dp C. rodentium infection spleen and liver were isolated
and CFU of C. rodentium was assessed to determine the systemic distribution of bacteria (n = 11-15,
non-parametric t-test). (C, D) Rectal colonic tissues were analysed using qPCR for the expression of the
tight junction proteins ZO-1 and ZO-2 in Asm WT and Asm KO mice 10 dp C. rodentium infection (n = 7-8,
parametric t-test). Data were first tested for their normal distribution using D’Agostino & Pearson omnibus
normality test. Statistics were performed using the non-parametric Mann Whitney test or the parametric
t-test. All data are presented as mean ± SEM.

To investigate the epithelial barrier function, the systemically distribution of the normally
non-invasive C. rodentium was analysed [101]. Hence, CFU in spleen and liver were
assessed 10 dp infection in Asm WT and Asm KO mice, showing increased bacterial
burden in Asm KO mice (Figure 5.5, A-B). In addition, the epithelial barrier was
analysed for the expression of tight junction proteins, regulating the transfer of
materials from the lumen into the lamina propria [18, 24]. However, the expression of
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the tight junction protein zonula-1 and zonula-2 (ZO-1 and ZO-2) were not altered in
Asm KO mice compared to Asm WT littermates 10 dp infection in rectal colonic tissue
(Figure 5.5, C-D).
The cytokine profile gives first insights into the inflammatory response against
C. rodentium. Therefore, macrophages, Th1, Th17 and Tregs related cytokines were
investigated in serum and supernatant of cultured colonic tissue of Asm WT and
Asm KO mice 10 dp infection. Interestingly, cytokines, like IL-17A, IFNγ, IL-10 and
TNFα were slightly elevated in Asm deficient mice 10 dp infection (Figure 5.6).
Together with the previous findings of the enhanced invasion of C. rodentium into the
periphery, these data suggest increased susceptibility of Asm deficient mice to
C. rodentium infection as indicated by increased infection parameters.

Figure 5.6: Asm deficiency increases the release of cytokines 10 days post C. rodentium infection.
(A-D) Asm wildtype (Asm WT) and Asm knockout (Asm WT) mice were orally infected with 2-5 x 109
colony forming units (CFU) of C. rodentium. Concentration of the cytokines IL-17A (A), IFNγ (B), IL-10 (C)
and TNFα (D) in colonic tissue and serum of Asm WT and Asm KO mice 10 days post (dp) C. rodentium
infection were measured using Luminex technologies (n = 6-8). Data were first tested for their normal
distribution using D’Agostino & Pearson omnibus normality test. Statistics were performed using the nonparametric Mann Whitney test or the parametric t-test. All data are presented as mean ± SEM.
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5.3.2

Acid ceramidase protects from C. rodentium induced colitis

Ceramide, in the centre of the sphingolipid pathway, is known to be involved in the
internalization of pathogens, the induction of apoptosis in infected cells, the intracellular
activation of signalling pathways, and the release of cytokines [237-239]. As seen in
C57BL/6 mice, ceramide concentration decline as soon as 1 day post C. rodentium
infection (Figure 5.1, A), suggesting an involvement of ceramide during C. rodentium
infection. Hence, the role of ceramide was investigated using the conditional Asahfl/fl x
CreEr+/ki mouse, in which the intraperitoneal (i.p.) injection of Tamoxifen 8, 6 and 4
days before infection induces systemic depletion of acid ceramidase in mice (chapter
4.2.1.2).

Figure 5.7: Deficiency of acid ceramidase (Ac) in mice alters sphingolipid concentration during
C. rodentium infection.
(A-C) Asahfl/fl x Cre+/+ (Ac WT) and Asahfl/fl x Creki/ki (Ac cKO) mice were orally gavaged with PBS or
2-5 x 109 colony forming units (CFU) of C. rodentium. Colons were excised from uninfected Ac WT and
Ac cKO mice and 10 dp infection. (A) Ac activity [pmol/h/mg] was analysed in rectal colonic tissue (n = 4)
of uninfected Ac WT and Ac cKO mice. (B) Sphingomyelin (n = 3-9) and (C) ceramide (n = 3-9)
concentrations were analysed using rapid resolution liquid chromatography/mass spectrometry. Data were
first tested for their normal distribution using D’Agostino & Pearson omnibus normality test. Statistics were
performed using the parametric t-test or the two-way ANOVA test followed by Tukey’s multiple comparison
test. All data are presented as mean ± SEM (*, p<0.05).

First, the Ac activity in uninfected mice was analysed. In vitro, no changes in the Ac
activity were observed comparing colonic tissue of Ac WT and Ac cKO mice (Figure
5.7, A). Next, the sphingomyelin and ceramide concentrations were addressed in
uninfected and infected Ac WT and Ac cKO mice. While induction of the conditional
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knockout of Ac did not impair the sphingomyelin and ceramide concentration, infection
of Ac WT and Ac cKO mice with C. rodentium altered sphingomyelin and ceramide
concentrations. Infection of Asm WT mice reduced the concentration of sphingomyelin,
albeit ceramide concentrations were not impaired. Interestingly, the sphingomyelin
concentration was not altered 6 dp infection, although accumulation of ceramide was
detected in Ac cKO mice (Figure 5.7, A-B).

Figure 5.8: Deficiency of acid ceramidase in mice increases susceptibility to C. rodentium
infection.
(A-D) Asahfl/fl x Cre+/+ (Ac WT) and Asahfl/fl x Creki/ki (Ac cKO) mice were orally gavaged with PBS or
2-5 x 109 colony forming units (CFU) of C. rodentium. (A, B) At indicated time points body weight and CFU
in faeces in Ac WT mice (white bar; n = 5-14) and Ac cKO mice (black bar; n = 4-12) were assessed. Data
were first tested for their normal distribution using D’Agostino & Pearson omnibus normality test. Statistics
were performed using the non-parametric Mann- Whitney test or the parametric t-test. (C) Spleen weight
was measured in uninfected Ac WT and Ac cKO mice, and 10 dp C. rodentium infection (n = 5-10).
(D) Colon weight and length was determined in uninfected Ac WT and Ac cKO mice, as well as 10 dp
C. rodentium infection (n = 5-10). Statistics were performed using the two-way ANOVA test followed by
Tukey’s multiple comparison test. All data are presented as mean ± SEM (*, p<0.05; **, p<0.01;
****, p <0.0001).

To address the biological effect of Ac during C. rodentium infection, body weight, CFU
in faeces and colon weight/length ratio were assessed in Ac WT and Ac cKO mice in
the early phase (3 and 5 dp infection). Ac cKO mice lost 20 % of the initial body weight
within 6 days, therefore we had to analyse the mice earlier than 10 dp infection (Figure
5.8, A). Compared to wildtype littermates Ac cKO mice showed not only higher loss of
body weight, but also increased bacterial burden in faeces 3 to 6 dp infection (Figure
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5.8, B). Although the spleen weight was not affected in both groups, the elevated colon
weight/length ratio in Ac cKO mice again indicated a stronger histopathology (Figure
5.8, C-D). Colon crypt length was measured and the colonic tissue was scored for
inflammatory cell infiltration, mucous defectiveness, neutrophil infiltration, hyperplasia
and crypt abscess. Albeit the crypt length was not elongated 6 dp infection in Ac WT
and Ac cKO mice, the inflammatory score was elevated in Ac cKO mice compared to
infected Ac WT littermates (Figure 5.9).

Figure 5.9: Deficiency of acid ceramidase in mice increases pathology in colons 6 days post
C. rodentium challenge.
(A-C) Asahfl/fl x Cre+/+ (Ac WT) and Asahfl/fl x Creki/ki (Ac cKO) mice were orally gavaged with PBS or
2-5 x 109 colony forming units (CFU) of C. rodentium. 6 dp C. rodentium infection colons were excised.
(A) Representative H&E staining of colon sections from uninfected Ac WT and Ac cKO mice as well as
6 dp C. rodentium infection (Red bars indicate the crypt length. (L) lumen, (C) crypt. Length of scale bar is
50 µm). (B) Measured crypt length in colons of uninfected Ac WT and Ac cKO mice, and infected Ac WT
and Ac cKO mice 6 dp C. rodentium infection (n = 3-8). (C) Histopathological score of the colon for
inflammatory cell infiltration, mucous defective, neutrophil infiltration, hyperplasia and crypt abscess of
uninfected Ac WT and Ac cKO mice, and Ac WT and Ac cKO mice 6 dp C. rodentium infection (n = 3-8).
Statistics were performed using the two-way ANOVA test with Tukey’s multiple comparison test. All data
are presented as mean ± SEM (**, p<0.01; ****, p <0.0001).
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To get deeper insights into the role of ceramide during C. rodentium induced colitis, the
epithelial barrier function was investigated. Therefore, the bacterial burden in spleen
and liver was analysed for the normally non-invasive C. rodentium in Ac WT and
Ac cKO mice. Clearly, in both organs the bacterial burden was elevated 6 dp infection
in Ac cKO mice compared to wildtype littermates (Figure 5.10 A-B). Despite increased
systemic distribution, the expression of tight junction protein ZO-1 and ZO-2 was not
altered 6 dp infection in Ac WT and Ac cKO mice (Figure 5.10, C-D).

Figure 5.10: Enhanced systemic distribution of C. rodentium in acid ceramidase deficient mice.
(A-D) Asahfl/fl x Cre+/+ (Ac WT) and Asahfl/fl x Creki/ki (Ac cKO) mice were orally infected with 2-5 x 109
colony forming units (CFU) of C. rodentium. (A, B) 6 dp C. rodentium infection spleen and liver were
isolated and CFU of C. rodentium were assessed (n = 5-10, non-parametric t-test). (C, D) Rectal colonic
tissues were analysed using qPCR for the expression of the tight junction proteins ZO-1 and ZO-2 in
Ac WT and Ac cKO mice 6 dp C. rodentium infection (n = 5-10). Data were first tested for their normal
distribution using D’Agostino & Pearson omnibus normality test. Statistics were performed using the nonparametric Mann Whitney test or the parametric t-test. All data are presented as mean ± SEM (**, p<0.01;
***, p<0.001).

Induction of the conditional knockout is not affecting spleen weight or colon
weight/length ratio, although induction of the conditional knockout slightly affects the
colon architecture (Figure 5.8 and Figure 5.9). However, the deficiency of Ac increased
susceptibility to C. rodentium infection. Especially, the higher loss of body weight
indicates a strong involvement of Ac in the development of C. rodentium colitis.
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5.3.3

Amitriptyline treatment enhanced C. rodentium induced colitis

As discussed afore, in both genetically knockout mouse strains strong effects on the
development and pathology in bacterial induced colitis were detected. In the third part,
the effect on the development and pathology of C. rodentium induced colitis was
analysed in mice lacking both, Asm and partially AC (see chapter 3.5.5). Therefore,
mice were administered 180 mg/l amitriptyline in drinking water 2 weeks prior to
infection. Amitriptyline accumulates in the acid compartments of the lysosomes and
interferes with the translocation of Asm and partially Ac to the outer leaflet of the
membrane. Thereby amitriptyline inhibits the activation of Asm and Ac [146].
First, sphingomyelin and ceramide concentrations were analysed in colonic tissue of
both, amitriptyline treated mice and untreated mice, as well as 7-10 dp infection, using
rapid

resolution

liquid

chromatography/mass spectrometry.

While

comparable

sphingomyelin and ceramide concentrations were detected in uninfected WT and
WT/Ami mice, both, sphingomyelin and ceramide concentrations were increased in
amitriptyline treated mice compared to untreated mice 7-10 dp C. rodentium infection
(Figure 5.11, A-B).

Figure 5.11: Amitriptyline pre-treatment alters sphingolipid concentration during C. rodentium
infection.
(A-B) C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l Amitriptyline in drinking
water two weeks prior to infection (WT/Ami). Mice were then orally gavaged with PBS or 2-5 x 109 colony
forming units (CFU) of C. rodentium. In rectal colonic tissue, the (A) sphingomyelin (n = 3) and
(B) ceramide (n = 3) concentrations were analysed using rapid resolution liquid chromatography/mass
spectrometry. Statistics were performed using the two-way ANOVA test followed by Tukey’s multiple
comparison. All data are presented as mean ± SEM (*, p<0.05; **, p<0.01; ****, p <0.0001).

Amitriptyline treatment increased the loss of body weight as soon as 3 dp infection
(Figure 5.12, A). The peak of C. rodentium was reached 7 dp infection in amitriptyline
treated mice and wildtype littermates. However, the bacterial burden was mostly
enhanced in amitriptyline treated mice compared to wildtype littermates 5 and 7 dp
infection (Figure 5.12, B). Amitriptyline treatment also increased spleen weight 10 dp
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infection (Figure 5.12, C). Further, the colon weight/length ratios were elevated in
infected mice treated with amitriptyline 10 dp infection compared to untreated
littermates (Figure 5.12, D). In line with the results obtained from the knockout mouse
models, amitriptyline treatment seems to enhance susceptibility towards C. rodentium
infection (Figure 5.12, D).

Figure 5.12: Amitriptyline pre-treatment increases susceptibility to C. rodentium challenge.
(A-D) C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l Amitriptyline in drinking
water two weeks prior to infection (WT/Ami). Mice were then orally gavaged with PBS or 2-5 x 109 colony
forming units (CFU) of C. rodentium. (A, B) At indicated (3, 5, 7 and 10) dp infection body weight and CFU
in faeces in WT mice (white bar; n = 32-33) and WT/Ami mice (black bar; n = 32-35) were assessed. Data
were first tested for their normal distribution using D’Agostino & Pearson omnibus normality test. Statistics
were performed using the non-parametric Mann Whitney test. (C) Spleen weight was measured in
uninfected and untreated or Amitriptyline treated mice 5 and 10 dp C. rodentium infection (n = 9-32).
(D) Colon weight and length were determined in uninfected and untreated and uninfected Amitriptyline
treated mice 5 and 10 dp C. rodentium infection (n = 9-32). Statistics were performed using the two-way
ANOVA test followed by Tukey’s multiple comparison test. All data are presented as mean ± SEM
(*, p<0.05; **, p<0.01; ***, p<0.001; ****, p <0.0001).
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Figure 5.13: Amitriptyline pre-treatment increases pathology in colons 10 days post C. rodentium
challenge.
(A-C) C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l Amitriptyline in drinking
water two weeks prior to infection (WT/Ami). Mice were then orally gavaged with PBS or 2-5 x 109 colony
forming units (CFU) of C. rodentium. Colons were excised 10 dp C. rodentium infection.
(A) Representative H&E staining of colon sections from PBS or C. rodentium infected WT or WT/Ami mice
10 dp challenge. (Red bars indicate the crypt length. (L) lumen, (C) crypt. Length of scale bar is 50 µm).
(B) Measured crypt length in colons of uninfected WT or WT/Ami mice, and infected WT and WT/Ami
10 dp C. rodentium infection (n = 4-18). (C) Histopathology score of the colon for inflammatory cell
infiltration, mucous defectiveness, neutrophil infiltration, hyperplasia and crypt abscess of uninfected WT
and WT/Ami mice, and WT and WT/Ami mice 10 dp C. rodentium infection (n = 4-18). Statistics were
performed using the two-way ANOVA test with Tukey’s multiple comparison test. All data are presented as
mean ± SEM (*, p<0.05; ** p < 0.005; **** p <0.0001).

As indicated by the enhanced infection parameters, next the colon architecture was
investigated. Amitriptyline treatment enlarged crypt length 10 dp infection compared to
wildtype littermates (Figure 5.13, A-B). In addition, increased inflammatory cell
infiltration, mucous defectiveness, neutrophil infiltration, hyperplasia and crypt abscess
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were detected in C. rodentium infected amitriptyline treated mice compared to infected
littermates (Figure 5.13, C). The results gained from the histopathology strongly
underline the increased susceptibility of amitriptyline treated mice towards C. rodentium
infection.
The bacterial burden of C. rodentium in spleen and liver was determined. Interestingly,
the bacterial burden was not altered in the spleen of amitriptyline treated mice 5 and 10
dp infection. However, 5 and 10 dp infection the CFU of C. rodentium was enhanced in
the liver of amitriptyline treated mice compared to infected littermates (Figure 5.14 AB). Tight junction protein claudin and occludin expression were investigated 5 and 10
dp infection. Although the expression of the tight junction protein occludin was
decreased in colonic tissue of amitriptyline treated mice, the expression of the claudin
did not change within 10 dp infection in amitriptyline treated mice compared to wild type
littermates.

Figure 5.14: Enhanced systemic distribution of C. rodentium in mice pre-treated with amitriptyline.
(A-D) C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l in drinking water two
weeks prior to infection (WT/Ami). Mice were then orally gavaged with PBS or 2-5 x 109 colony forming
units (CFU) of C. rodentium. (A, B) 5 and 10 dp C. rodentium infection spleen and liver were isolated and
CFU of C. rodentium assessed to determine the systemic distribution of bacteria (n = 13-27). (C, D) Rectal
colonic tissue were analysed using qPCR for the tight junction expression of claudin and occludin in
uninfected WT and WT/Ami mice, as well as 5 and 10 dp C. rodentium infection (n = 13-27). Data were
first tested for their normal distribution using D’Agostino & Pearson omnibus normality test. Statistics were
performed using the parametric Mann Whitney test or the two-way ANOVA test with Tukey’s multiple
comparison test. All data are presented as mean ± SEM (*, p<0.05; ** p < 0.005; ***, p<0.001).
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The characteristic of transmissible murine crypt hyperplasia during C. rodentium
induced colitis can be further displayed by staining of crypts for the proliferation marker
Ki-67 [240, 241]. Therefore, colonic tissues of infected wildtype and amitriptyline
treated mice were stained for proliferating cells 10 dp C. rodentium infection. In line
with the increased crypt hyperplasia in amitriptyline treated mice, the number of Ki-67
positive cells was enlarged in amitriptyline treated mice compared to uninfected
littermates (Figure 5.15).

Figure 5.15: Amitriptyline pre-treatment enlarges transmissible murine crypt hyperplasia 10 dp
C. rodentium infection.
C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l in drinking water two weeks
prior to infection (WT/Ami). Mice were then orally gavaged 2-5 x 109 colony forming units (CFU) of
C. rodentium. Colonic tissue was fixed in paraffin and stained for Ki-67 (Red bars indicate the crypt length.
(L) lumen, (C) crypt. Length of scale bar is 50 µm).

To gain insights into the immune response against invading pathogens the cytokine
profile in the colon of C. rodentium infected wildtype and amitriptyline treated mice was
determined. Hence, macrophages, Th1, Th17 and Tregs related cytokines, e.g. IL-6,
IL-17A, IL12p70, IFNγ, IL-10 and TNFα, were analysed (Figure 5.16). Interestingly, all
cytokines were significantly stronger expressed in amitriptyline treated mice compared
to untreated littermates 10 dp infection. Amitriptyline treatment alone was not affecting
spleen weight, colon weight/length ratio and colon architecture. However, once
amitriptyline treated mice were infected with C. rodentium, the pathology was much
stronger compared to infected wildtype littermates.
In summary, all three mouse models suggest a strong involvement of Asm and Ac in
C. rodentium induced colitis, which is indicated by the increased susceptibility of Asm
and Ac deficient mice.
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Figure 5.16: Asm and Ac inhibition increases the release of cytokines 10 days post C. rodentium
infection.
(A-F) C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l amitriptyline in drinking
water two weeks prior to infection (WT/Ami). Mice were then orally infected with 2-5 x 109 colony forming
units (CFU) of C. rodentium. (A) Rectal colonic tissue was analysed using qPCR for the expression of the
cytokine IL-6 in Asm WT and Asm KO mice 5/10 dp C. rodentium infection (n = 9-10, parametric t-test).
(B-F) Concentration of the cytokines IL-17A, IL-12p70, IFNγ, IL-10 and TNFα in colonic tissue or serum of
Asm WT and Asm KO mice 10 dp C. rodentium infection were measured using Luminex technologies
(n = 18-37, non-parametric t-test). Data were first tested for their normal distribution using D’Agostino &
Pearson omnibus normality test. Statistics were performed using the non-parametric Mann Whitney test or
the parametric t-test. All data are presented as mean ± SEM (*, p<0.05; **, p<0.01; ***, p<0.001).
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5.4 Impact of amitriptyline treatment on the innate immune system
Given the close contact of macrophages to the epithelial barrier, intestinal
macrophages are part of the first line of defence in the intestinal structures, where they
fulfil their role of protection against pathogens and foreign substances. Furthermore,
macrophages participate in the tolerance to commensal bacteria and food antigens,
and scavenging apoptotic and dead cells in the lamina propria [33]. Further,
macrophages related cytokines, such as IL-6, IL-12p70 and TNFα were increased in
the early and acute phase of C. rodentium infection (Figure 5.6, D and Figure 5.16, A,
C, F). Hence, the effect of Asm and Ac deficiency on the innate immune system was
analysed in the early and the acute phase of C. rodentium infection (5 and 10 dp
infection).

5.4.1

Macrophages are not impaired after the loss of Asm and Ac during
C. rodentium infection

As described above, macrophages are part of the first defence line, possessing the
ability of phagocytosis and bactericidal killing. Hence, macrophages (F4/80+, CD11b+
and MHCII+, see chapter 4.2.3) were investigated in the spleen, mesenteric lymph
nodes (mLNs) and lamina propria (LP) of amitriptyline treated mice and untreated
littermates in the early (5 dp infection) and acute phase (10 dp infection) of
C. rodentium infection using flow cytometry.
Macrophages were gated as depicted in Figure 5.17, A. 5 dp C. rodentium infection
increased frequencies of macrophages in the spleen, mLNs and LP were detected.
First declines in mLNs, and constant levels in the spleen and the LP were observed 10
dp infection. However, no alterations of macrophages frequencies were detected in
tissue of wildtype and amitriptyline treated littermates (Figure 5.17, B). In line to the first
results, also the MHCII expression peaks 5 dp infection, while decreased levels of
MHCII expression in spleens and mLNs and constant levels in the LP were detected 10
dp infection. As afore, no differences concerning MHCII expression on macrophages
were detected in WT and WT/Ami mice (Figure 5.17, C).
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Figure 5.17: Invasion of macrophages into colonic tissue is not altered in amitriptyline pre-treated
mice after C. rodentium challenge.
(A-C) C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l Amitriptyline in drinking
water two weeks prior to infection (WT/Ami). Mice were then orally gavaged with PBS or 2-5 x 109 colony
forming units (CFU) of C. rodentium. (A) Flow cytometry gating strategy of macrophages (F4/80+CD11b+)
and mean fluorescence intensity (MFI) of MHCII. (B-C) Cells from the spleen, mesenteric lymph nodes
(mLNs) and the lamina propria (LP) were isolated from uninfected WT and WT/Ami mice, 5 and 10 days
post C. rodentium infection and stained for macrophages. Frequencies of macrophages from living cells
are displayed (n = 7-25) (B) and MFI of MHCII of macrophages (n = 7-25) (C). Statistics were performed
using the two-way ANOVA test with Tukey’s multiple comparison test. All data are presented as mean
± SEM (*, p<0.05; **, p<0.01; ****, p <0.0001).

As frequencies of macrophages are not altered in mice after loss of Asm and Ac, next
the phagocytosis capacity as well as the killing capacity of bone marrow derived
macrophages (BMDMs) from Asm WT/KO or Ac WT/c KO mice were investigated.
Therefore, phagocytosis capacity of BMDMs was analysed using GFP-fluorescence
labelled Escherichia (E.) coli beads (GFP-labelled pHrodoTM Green E. coli
BioParticles®) (Figure 5.18, A). Although increased intensity of GFP was detected over
time, no differences between phagocytosis of the GFP labelled beads was detected in
BMDMs differentiated from Asm WT and Asm KO or Ac WT and Ac cKO mice (Figure
5.18, B-C). To investigate the killing capacity, BMDMs were incubated with
C. rodentium (MOI 1:10) for different time spans. Although increased CFU of
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C. rodentium were detected over time, again loss of Asm or Ac did not significantly
alter the killing capacity of BMDMs (Figure 5.18, D-E).
A

0 min

60 min

Asm
WT

Asm
KO

Figure 5.18: Phagocytosis and killing mechanism in bone marrow derived macrophages (BMDMs)
is not altered after the loss of Asm or Ac.
(A-E) Bone marrow was isolated from Asm wildtype (Asm WT) and Asm knockout (Asm KO) and Asahfl/fl x
Cre+/+ (Ac WT) and Asahfl/fl x Creki/ki (Ac cKO) mice. For 6-7 days bone marrow was cultured under
macrophages differentiation conditions to gain bone marrow derived macrophages (BMDMs). 1 x 105
BMDMs were plated per well. (A-C) 10 µg GFP-labelled pHrodoTM Green E. coli BioParticles® were added
for indicated time spans to BMDMs. Uptake of GFP-labelled pHrodoTM Green E. coli BioParticles® was
analysed at Ex/Em 485 nm/535 nm. (A) Representative picture of the density of BMDMs and the uptake of
GFP-labelled pHrodo beads after 60 minutes of Asm WT and Asm KO mice. Uptake of pHrodo labelled
beads by BMDMs from (B) Asm WT/KO (n = 7-9) and (C) Ac WT/cKO (n = 5-6) within 90 minutes.
(D-E) Killing capacity of BMDMs isolated from Asm WT/KO (n = 8-12) and Ac WT/cKO (n = 6-7) was
analysed by adding 1 x 106 colony forming units (CFU) of C. rodentium to 1 x 105 BMDMs for indicated
time points. Colony forming units (CFU) of macrophages was determined in BMDMs. Data were first tested
for their normal distribution using D’Agostino & Pearson omnibus normality test. Statistics were performed
using the non-parametric Mann Whitney test or the parametric t-test. All data are presented as mean
± SEM (*, p<0.05)
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5.4.2

The Toll-like-receptor 4 increases susceptibility to C. rodentium infection

Macrophages attracted to the site of C. rodentium infection are activated via the
myeloid differentiation primary-response protein 88 (MyD88) and Toll-like receptor
(TLR2 and TLR4) complex. Once C. rodentium successfully attached to the epithelial
cells, the activation of transcription factors such as NFκB is activated via the
MyD88/TLR2/4 complex. NFκB then regulates the release of cytokines and
chemokines, such as IL-6, IFNγ, and TNFα which eventually leads to the recruitment of
macrophages and neutrophils [114]. Interestingly, TLR4 was shown to act as a
ceramide agonist [242]. Furthermore, expression of TLR4 is increased during
C. rodentium infection in amitriptyline treated mice (Figure 5.19, A). Hence, the impact
of the TLR4 receptor was investigated in more detail during C. rodentium and
amitriptyline treatment.
Therefore, the TLR4 induced release of inflammatory cytokines is inhibited by the
injection of the TLR4 inhibitor TAK242 [243]. TAK242 is a small-molecule selectively
binding to the intercellular domain of TLR4, thereby interfering with the protein-protein
interaction of TLR4 and its adaptor molecules [243].
In our experimental setting, TLR4 inhibitor TAK242 (inh.TLR4) was injected
intravenously (i.v.) into mice every other day, starting with the day of C. rodentium
challenge (Figure 5.19, B). To compare the effect of TLR4 inhibition, with or without
amitriptyline, TAK242 was injected into two groups. The first group was left untreated,
while the second group was treated with 180 mg/l drinking water 2 weeks prior to the
C. rodentium infection. After 10 days of C. rodentium infection parameters were
assessed.
As shown above, amitriptyline treatment increases susceptibility towards C. rodentium
induced colitis, which is indicated by increased colon weight/length rations and
inflammatory scores (Figure 5.19, D, F). However, further injection of the TLR4 inhibitor
TAK242 of amitriptyline treated mice did not impair or rescue mice from stronger
infection induced by C. rodentium. Indeed, comparable levels of spleen weight, colon
weight/length ratio, crypt hyperplasia and inflammatory score were detected compared
to infected amitriptyline treated mice without TAK242 injection (Figure 5.19, C-F).
Intriguingly, inhibition of TLR4 via TAK242 injection in infected C. rodentium wildtype
mice worsened the infection. While colon weight/length ratio and crypt hyperplasia
were slightly increased, highly increased inflammatory score of colonic tissue were
detected in wildtype mice in which the TLR4 was inhibited. Interestingly, spleen weight,
colon weight/length ratio, crypt hyperplasia and inflammatory score of colonic tissue
were comparable to results seen in amitriptyline treated mice (Figure 5.19, C-D).
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Finally, inhibition of TLR4 increases susceptibility to C. rodentium infection. However,
inhibition of TLR4 does not further enhance the impact of amitriptyline.

Figure 5.19: Inhibition of TLR4 in amitriptyline treated mice does not alter C. rodentium infection.
(A-F) C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l amitriptyline in drinking
water two weeks prior to infection (WT/Ami). Mice were then orally infected with 2-5 x 109 colony forming
units (CFU) of C. rodentium. (A) Rectal colonic tissues were analysed using qPCR for the expression of
the TLR4 in uninfected and infected WT or WT/Ami mice 10 dp infection (n = 4-10, two-way ANOVA).
(B) Schematic experimental setup of Experiment. TAK242 (inh.TLR4) was injected intravenously (i.v.)
every other day, starting with the day of C. rodentium challenge. Infection parameters, such as spleen
weight (n= 10, non-parametric one-way ANOVA) (C), colon weight/length ratio (n= 10, parametric one-way
ANOVA) (D), crypt hyperplasia (n = 5, non-parametric one-way ANOVA) (E) and inflammatory score of
untreated mice or mice treated with amitriptyline and/or TAK242 i.v. injection 10 dp C. rodentium infection
(n = 5, paramedic one-way ANOVA). Data were first tested for their normal distribution using D’Agostino &
Pearson omnibus normality test. Statistics were performed using the non-parametric Kruskal-Wallis test
with Dunn's multiple comparison test or the parametric one-way ANOVA test with Tukey’s multiple
comparison test. All data are presented as mean ± SEM (*, p<0.05; **, p<0.01; ***, p<0.001).
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5.5 Impact of amitriptyline treatment on the adaptive immune
system
The adaptive immune system in the gastrointestinal tract faces the unique challenge of
tolerating commensal microbiota, and at the same time fight invading pathogens [49].
The mouse model used in this work induces strong Th1 and Th17 immune responses to
fight and eliminate the non-invasive mouse pathogen C. rodentium [119, 124].
However, the regulating counterpart consisting of Tregs were also shown to be crucial to
regulate the immune response [244]. Hence, the adaptive immune system was
analysed in C57BL/6 mice and amitriptyline treated littermates in the early and acute
phase (5 and 10 dp infection) of C. rodentium induced colitis.

5.5.1

The adaptive immune response is altered when Asm and Ac are inhibited
during C. rodentium infection

Th1 cells were shown to be crucial to effectively eliminate C. rodentium infection [119].
Our previous results already indicate an altered Th1 immune response, as enhanced
concentrations of Th1 related cytokines, e.g. IL-12p70 and IFNγ, were detected in
serum 10 dp infection in Asm KO or amitriptyline treated mice (Figure 5.6, B and Figure
5.16, C-D). Hence, CD4+ T cells producing IFNγ (Th1) were analysed in amitriptyline
treated and untreated littermates in the early (5 dp infection) and acute (10 dp infection)
phase of C. rodentium infection. Once mice were infected with C. rodentium, Th1 cells
were analysed according to Figure 5.20, A.
In the early phase of infection (5 dp infection) Th1 cells were not altered in amitriptyline
treated mice and untreated littermates. In the acute phase of infection (10 dp infection)
however, increased invasion of Th1 cells into colonic tissue was observed in wildtype
and amitriptyline treated mice. Intriguingly, significantly enhanced frequency of Th1
cells in amitriptyline treated mice compared to untreated wildtype littermates 10 dp
infection were detected (Figure 5.20, B).
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Figure 5.20: Increased invasion of Th1 cells into colonic tissue in amitriptyline treated mice.
(A-B) C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l Amitriptyline in drinking
water two weeks prior to infection (WT/Ami). Mice were then orally gavaged with PBS or 2-5 x 109 colony
forming units (CFU) of C. rodentium. (A) Flow cytometry gating strategy of Th1 cells (CD4+IFNγ+).
(B) Single cells were isolated from spleen, mesenteric lymph nodes (mLNs) and lamina propria (LP) of
uninfected WT or WT/Ami mice, or 5 and 10 days post C. rodentium infection, and stained for Th1 cells.
Frequencies of CD4+IFNγ+ cells from CD4+ cells are displayed (n = 10-25). Statistics were performed using
the two-way ANOVA test with Tukey’s multiple comparison test. All data are presented as mean ± SEM
(*, p<0.05; **, p<0.01; ***, p<0.001; ****, p <0.0001).

Not only Th1 cells, but also Th17 cells were shown to be crucial to fight and eliminate
invading C. rodentium. Further, Th17 cells are known to be strongly involved in the
pathology during C. rodentium infection. Interestingly, increased Th17 related cytokines
were detected in Asm WT and Asm KO mice, as well as in amitriptyline treated mice
10 dp infection (Figure 5.16, A, B). Hence, CD4+ IL-17 producing T cells (Th17) were
investigated in spleen, mLNs and LP of amitriptyline treated mice and untreated
littermates in the early (5 dp infection) and acute phase (10 dp infection) of infection
using flow cytometry.
After infecting mice with C. rodentium Th17 cells were analysed with the gating strategy
showed in Figure 5.21, A in the spleen, mLNs and LPs. Comparable frequencies of
Th17 cells were detected in uninfected mice treated with or without amitriptyline. In the
early phase of C. rodentium infection (5 dp infection) the frequencies of Th17 cells was
neither increased compared to uninfected littermates nor altered in infected
amitriptyline treated mice compared to infected littermates. However, in the acute
phase of infection (10 dp infection) increased frequencies of Th17 cells were detected
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in the spleen, mLNs and the LP of mice treated with amitriptyline compared to
untreated littermates (Figure 5.21, B).

Figure 5.21: Increased invasion of Th17 cells into colonic tissue in amitriptyline treated mice.
(A-B) C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l Amitriptyline in drinking
water two weeks prior to infection (WT/Ami). Mice were then orally gavaged with PBS or 2-5 x 109 colony
forming units (CFU) of C. rodentium. (A) Flow cytometry gating strategy of Th17 cells (CD4+IL-17+)
(B) Single cells were isoalted from spleen, mesenteric lymph nodes (mLNs) and lamina propria (LP) from
uninfected WT or WT/Ami mice, 5 and 10 dp C. rodentium infection and stained for Th17 cells.
Frequencies of CD4+IL-17+ cells from CD4+ cells are displayed (n = 10-25). Statistics were performed
using the two-way ANOVA test with Tukey’s multiple comparison test. All data are presented as mean
± SEM (**, p<0.01; ***, p<0.001; ****, <0.0001).

Under homeostatic conditions Th1 and Th17 responses are counter regulated by Tregs to
balance the immune system. Interestingly, it was shown, that deficiency of Tregs
enhances susceptibility to C. rodentium infection [244]. Furthermore, Asm deficiency
affects the frequency of Tregs [245]. Thus, Tregs were analysed in amitriptyline treated
and untreated littermates in the acute (10 dp infection) phase of C. rodentium infection
(Figure 5.22, A).
Frequencies of Treg cells were slightly enhanced in infected mice 10 dp C. rodentium
infection in spleen and mLNs of mice treated with or without amitriptyline. However no
differences were detected in spleen and mLNs in untreated mice compared to
amitriptyline treated mice. Strikingly, among cells isolated from the LP decreased
percentage of Treg cells were found in amitriptyline treated mice (WT/Ami) compared to
untreated littermates (WT) 10 dp C. rodentium infection (Figure 5.22, B).
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Figure 5.22: Decreased invasion of Treg cells into colonic tissue in amitriptyline treated mice.
(A-B) C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l Amitriptyline in drinking
water two weeks prior to infection (WT/Ami). Mice were then orally gavaged with PBS or 2-5 x 109 colony
forming units (CFU) of C. rodentium. (A) Flow cytometry gating strategy of Treg cells (CD4+FoxP3+).
(B) Single cells were isolated from spleen , mesenteric lymph nodes (mLNs) , and lamina propria (LP) from
uninfected WT or WT/Ami mice, and 10 dp C. rodentium infection and stained for Treg cells. Frequencies of
CD4+FoxP3+ cells of CD4+ cells are displayed (n = 10-15). Statistics were performed using the two-way
ANOVA test with Tukey’s multiple comparison test. All data are presented as mean ± SEM (*, p<0.05;
**, p<0.01; ***, p<0.001).

Inhibition of Asm and Ac enlarged the frequency of Th1 and Th17 in the lamina propria
in mice 10 dp C. rodentium infection compared to wildtype littermates. To investigate if
this increase is due to an altered differentiation capacity or due to a higher bacterial
burden (Figure 5.5, Figure 5.10 and Figure 5.14), the differentiation capacity of splenic
CD4+ CD25- cells into Th1 and Th17 was analysed. Hence, splenic CD4+ CD25- cells
from Asm WT and Asm KO mice were isolated and cultured in Th0, Th1 and Th17
differentiation media and analysed regarding the production of IFNγ (CD4+IFNγ+) or IL17 (CD4+IL-17+).
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Figure 5.23: Differentiation capacity of Th1 cells is not altered after the loss of Asm.
(A-C) Splenic CD4+ CD25- cells were isolated from Asm wildtype (Asm WT) and Asm knockout (Asm KO)
mice and cultured for 6 days in Th0 or Th1 differentiation medium. Harvested cells were then stained for
CD4 and IFNγ. (A) Frequencies of living cells in Asm WT and Asm KO under Th0 or Th1 differentiating
conditions (n = 7-8). (B, C) Frequencies and mean fluorescence intensity (MFI) of CD4+ IFNγ+ cells in
Asm WT and Asm KO under Th0 or Th1 differentiating conditions (n = 7-8). Graphs show pooled data from
3 independent experiments. Statistics were performed using the two-way ANOVA test with Tukey’s
multiple comparison test. All data are presented as mean ± SEM (ns, not significant; **, p<0.01;
***, p <0.001).

The percentage of living cells was not altered (Figure 5.23, A) after loss of Asm. In
addition, no differences of CD4+IFNγ+ were detected in splenic cells isolated from
Asm WT and Asm KO mice (Figure 5.23, B-C). Same results were detected for
CD4+IL-17+ since no differences of CD4+IL-17+ were identified in splenic cells isolated
from Asm WT and Asm KO (Figure 5.24).

Figure 5.24: Differentiation capacity of Th17 cells is not altered after loss of Asm.
(A-C) Splenic CD4+ CD25- cells were isolated from Asm wildtype (Asm WT) and Asm knockout (Asm KO)
mice and cultured for 6 days in Th0 or Th17 differentiation medium. Harvested cells were then stained for
CD4 and IL-17. (A) Frequencies of living cells in Asm WT and Asm KO under Th0 or Th17 differentiating
conditions (n = 9). (B, C) Frequencies and mean fluorescence intensity (MFI) of CD4+ IL-17+ cells in
Asm WT and Asm KO under Th0 or Th17 differentiating conditions (n = 6-9). Graphs show pooled data
from 4 independent experiments. Statistics were performed using the two-way ANOVA test with Tukey’s
multiple comparison test. All data are presented as mean ± SEM (ns, not significant; **, p<0.01;
****, p <0.0001).
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In summary, Asm and Ac are protective in the bacterial induced colitis model using
C. rodentium. Interestingly, neither the barrier function was impaired in the early or
acute phase of infection nor macrophages frequencies and antigen presentation,
phagocytosis or killing was altered after loss of Asm and/or Ac. Interestingly, increased
frequencies of Th1 and Th17 were detected, while decreased frequencies of Tregs were
found in mice lacking Asm and Ac, albeit differentiation capacity was not affected by
the loss of Asm.
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The gastrointestinal tract is the largest mucosal surface in the human body, fulfilling the
pivotal role of nutrition and water absorption. Pathogens preferentially invade the host
through the gastrointestinal tract forcing it to distinguish between harmless and
beneficial bacteria. The gastrointestinal tract adapted to these unique circumstances by
limiting direct bacterial contact to the epithelial cell surface, rapid detection and killing
of invading bacteria, and minimizing the exposure of commensal bacteria to the
immune system [3]. Misbalance of this sensitive and uniquely balanced system can
lead to chronic inflammation, resulting in inflammatory bowel disease (IBD), such as
Crohn’s disease and ulcerative colitis [246]. Among other factors, the composition and
misbalance of the gut microbiota is crucially involved in the development of IBD. The
mouse pathogen Citrobacter (C.) rodentium was used in this study to investigate the
effect of misbalanced bacteria [103-105].
Increasing evidence implicates a function of the sphingolipid metabolism in intestinal
diseases such as IBD [247-251]. Sphingolipids are essential plasma membrane
components of eukaryotic cells and important bioactive cell signalling molecules, which
are known to be involved in many diseases [252]. For example, sphingolipids, such as
ceramide and sphingomyelin, were repeatedly discussed to be involved in the
maintenance of the intestinal integrity [227, 247].
For the first time, we showed that sphingomyelin and ceramide concentrations
decrease during the bacterial induced colitis using C. rodentium infection (Figure 5.1,
A-B). Both, sphingomyelin and ceramide concentration are strongly related to their
degrading enzymes, namely acid sphingomyelin (Asm) and acid ceramidase (Ac). Asm
is known to degrade sphingomyelin into ceramide, whereas Ac degrades ceramide into
sphingosine (Sph) (details see Figure 3.6). Interestingly, Asm activity was decreased
during C. rodentium infection (Figure 5.1, C), albeit Ac activity was only slightly
increased during C. rodentium infection. However, the role of Asm and Ac during
C. rodentium induced colitis is still largely unknown. Hence, in this work the role of
these two enzymes was studied during bacterial induced colitis.
To investigate the role of sphingomyelin and ceramide in bacterial colitis, acid
sphingomyelin and acid ceramidase were inhibited via systemic (Asm) or conditional
knockout (Ac). On the one hand accumulation of sphingomyelin (Figure 5.2, B-C), on
the other hand accumulation of ceramide (Figure 5.7, B-C) is achieved in colonic tissue
[229]. In a third model, sphingomyelin and ceramide accumulation was induced in
colonic tissue using the antidepressant agent amitriptyline (Figure 5.11) [146]. Although
the three mouse models target the degrading enzymes differently, mice lacking Asm
and/or Ac suffer rigorous from C. rodentium induced colitis compared to infected
wildtype littermates (Figure 5.3, Figure 5.8 and Figure 5.12).
84

Discussion
As mentioned above, the sphingolipid metabolism is noted to be relevant for the
development of IBD. However, the role of sphingolipids in this disease is controversially
discussed. In some studies ceramide, one of the main sphingolipids, was shown to play
a harmful role, while others stated a beneficially role of ceramide in IBD. Indeed, the
accumulation of ceramide in intestinal epithelial cells via IL-1 activation in vitro was
shown to increase the inflammatory response by enhancing survival of intestinal
epithelial cells via activation of cyclooxycenase-2 (COX-2) and NFκB [253]. The
activation of COX-2 and NFκB eventually results in reduced pro-apoptotic protein
expression and increased levels of anti-apoptotic molecules [254].
Furthermore, exogenous sphingomyelinase (SMase) treatment of a colon cancer cell
line results in elevation of the matrix metalloproteinase- (MMP) 1 and MMP-10. MMP-1
was shown to damage the colonic mucosa by degrading the extracellular matrix [255].
Moreover, dietary sphingomyelin was shown to be harmful as it augments weight loss,
intestinal mucosal inflammation and epithelial damage caused by DSS. The dietary
sphingomyelin accumulates ceramide concentrations, which then results in higher
cathepsin D activity and intestinal epithelial apoptosis [225].
On the contrary, dietary sphingomyelin was also discussed to have a beneficial effect
in IBD. In fact, Furaya et al. showed that dietary sphingomyelin reduces inflammation in
mice exposed to DSS [256]. Moreover, deficiency of ceramide synthase 2, hydrolysing
sphingosine-1 into ceramide, aggravates DSS induced colitis [227]. Furthermore, rectal
application of alkaline SMase alleviates DSS induced inflammation and preserves the
colonic epithelium [257]. Chen et al. demonstrated that mice lacking alkaline SMase
suffer stronger from the azoxymethane plus DSS treatment, indicated by higher colon
tumour incidence and more aggressive cancer [258]. Recently, pharmacological
inhibition of Asm activity using desipramine was shown to ameliorate disease activity
index and cytokine release in mice exposed to DSS [259].
Clearly, alteration of the sphingolipid metabolism alleviates DSS induced colitis, which
stands in contrast to our results. This study shows a harmful role of ceramide and
sphingomyelin in bacterial induced colitis. Intriguingly, deficiency of Asm and/or Ac
augments weight loss and systemic distribution of C. rodentium in mice (Figure 5.2,
Figure 5.5, Figure 5.8, Figure 5.10, Figure 5.12 and Figure 5.14).
Interestingly, the increased systemically distribution of the normally non-invasive
bacteria points towards an impaired barrier function. In fact, sphingolipids were shown
to effectively weaken the epithelial barrier integrity [247]. Oertel et al. revealed that
exposure of ceramide synthase 2 deficient mice to DSS disrupts the epithelial barrier
integrity stronger due to loss of the tight junction protein zonula-1 (ZO-1) [227]. In
contrast to our finding, in which tight junction proteins, such as ZO-1, ZO-2, claudin or
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occludin (Figure 5.5, Figure 5.10 and Figure 5.14) were not impaired in the early or
acute phase of infection. However, the initial phase of infection using C. rodentium
induced colitis was not investigated and may reveal an involvement on the epithelial
barrier during the development of C. rodentium induced colitis. Indeed, exogenous
sphingomyelin was shown to enhance the permeability of the human intestinal
epithelial cell line Caco-2 within 4 hours in vitro, indicating an effect of sphingolipids on
the permeability [260].
Once C. rodentium attached to the epithelium, it subsequently induces the
MyD88/TLR2 and TLR4 signalling, followed by the activation of the transcription factor
NFκB [114, 115]. The activation of NFκB then regulates the release of cytokines and
chemokines such as IL-6, IFNγ, and TNFα, which eventually leads to the recruitment of
macrophages and neutrophils to the site of infection [114]. Interestingly, Fischer et al.
claimed a role of ceramide as an agonist of TLR4 [242]. In fact, aggravated infection
parameters were detected once the TLR4 receptor is blocked via the inhibitor TAK242
(Figure 5.19, D and F) [243]. However, additional injection of the TLR4 inhibitor in mice
in which the sphingolipid composition is altered does not impair infection parameters
(Figure 5.19, C-F). Although inhibition of TLR4 increases susceptibility of mice towards
C. rodentium infection, we could not definitely declare a role of the MYD88/TLR4
complex in the context of Asm and Ac. Yet, TLR4 is not exclusively expressed on the
epithelial, but also on macrophages to initiate cytokine release. Hence, we cannot rule
out that the MYD88/TLR4 complex is somehow altered on macrophages, thereby
altering the innate immune system.
Following the attachment and invasion of C. rodentium bacteria into the lamina propria
(LP) the immune response is activated [119, 120]. As the first line of defence,
macrophages infiltrate the site of infection, where harmful materials are phagocytosed,
killed and finally presented to cells from the adaptive immune system to activate the
adaptive immune response [261]. In fact, during bacterial induced colitis infiltration of
macrophages into colonic tissue (LP) started in the early phase of infection, albeit the
absence of Asm and Ac did not impair the infiltration of macrophages into colonic
tissue (Figure 5.17, B). Sphingolipids were also discussed to have an impact on
macrophages. Via the inhibition of the SMase using SMA-7 DSS induced colitis was
ameliorated. The group found decreased levels of TNFα, IL-1β and IL-6, reduced
ceramide levels in macrophages and NFκB stimulation caused by LPS [262]. In
contrast to our data, in which elevated expression of IL-6 in colonic tissue and
enhanced levels of TNFα in serum were detected in mice lacking Asm and/or Ac
(Figure 5.16, A, F), which was accompanied by increased inflammation parameters in
mice lacking Asm and/or Ac.
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Phagocytosis is an essential innate immune system mechanism to clear pathogens.
Intriguingly, an intact sphingolipid metabolism is needed in order to effectively
phagocytose bacteria, such as Candida albicans and Cryptococcus neoformans [263,
264]. Nonetheless, phagocytosis of pHrodoTM Green E. coli BioParticles® Conjugates
(pHrodo beads) was unaltered after the loss of Asm or Ac in bone marrow derived
macrophages (Figure 5.18, B-C). Although phagocytosis of pHrodo beads is not
impaired, we cannot exclude, that phagocytosis of C. rodentium bacteria is modified
after the loss of Asm or Ac. Furthermore, not only macrophages but also neutrophils
are part of the first line of defence against invading pathogens, with the ability to
phagocytose [265]. Interestingly, the phagocytic ability of neutrophils was shown to be
regulated by ceramide [266]. Hence, we cannot rule out a dysfunctional phagocytic
ability of neutrophils leading to an altered elimination of invading bacteria.
After pathogens are phagocytosed and stored in phagosomes of macrophages or
neutrophils, pathogens are killed, followed by presentation of fragments to the cells of
the adaptive immune system [261]. Interestingly, killing ability of Cryptococcus
neoformans was impaired after inhibition of the sphingomyelin synthase in neutrophils
[267]. Furthermore, McCollister et al. showed that lack of Asm activity enhances the
intracellular survival of an isogenic Salmonella strain [268]. Yet, no such impact on the
killing ability of Asm was detected in our results, in which the killing ability was alike in
macrophages isolated from bone marrow with or without Asm or Ac (Figure 5.18, D-E).
As stated afore, we cannot exclude neutrophils to be essentially affected in their killing
ability by the loss of Asm or Ac.
Alongside an impact of the sphingolipid metabolism on bacterial phagocytosis and
killing ability, also the antigen presentation of monocytes was shown to be altered in
patients with the lipid storage disorder Gaucher diseases. Intriguingly, MHCII was
shown to be fundamental impaired in patients suffering from the lysosomal storage
disorder, thereby initiating an imbalance of the T cell subsets [269]. During bacterial
induced colitis, MHCII expression on macrophages peaks in spleen and mesenteric
lymph nodes in the early phase of infection, while antigen presentation via MHCII
presented at constant levels in colonic tissue. However, alteration of the sphingolipid
metabolism via amitriptyline did not impair antigen presentation via MHCII (Figure 5.17,
C). Yet, not only antigen presentation of macrophages is known to be crucial to
effectively activate cells from the adaptive immune system but also DCs are known to
be an essential link between the innate and adaptive immune system [37, 38].
Eventually, although the first glance on DCs did not reveal changes, we cannot
absolutely exclude an effect of sphingolipids on the antigen presentation of DCs during
bacterial induced colitis.
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MHCII restricted antigen presentation during C. rodentium infection induces the
activation and differentiation of naïve CD4+ T cells into specific Th cell subsets,
including Th1 and Th17 cells. Th1 and Th17 cells are indispensable to effectively clear
C. rodentium infection [119, 121]. Indeed, Th1 and Th17 cells infiltrate into colonic
tissue (Figure 5.20, B and Figure 5.21, B) in the acute phase of C. rodentium infection.
Conspicuously, enhanced Th1 and Th17 cell infiltration into colonic tissue was detected
in the absence of Asm and Ac. The sphingolipid metabolism has been repeatedly
reported to be involved in CD4+ T cell activation and also in the modulation of the T cell
receptor (TCR) signalling via TNF [270]. Moreover, the activation of CD4+ T cells is
crucially related to Asm activity and ceramide production, as pharmacological inhibition
of Asm abrogates CD3/CD28 signal cascade, followed by dampened CD4+ T cell
activation and proliferation [271]. Furthermore, Bai et al. demonstrated that
pharmacological inhibition or knockdown of Asm blocks STAT3 signals. This blockage
then limits IL-17 production of CD4+ T cells in blood and lamina propria mononuclear
lymphocytes isolated from intestinal tissue [272]. Moreover, Asm and ceramide were
also reported to affect the differentiation into T cell subsets. Bai et al. showed that the
pharmacological inhibition of Asm activity using imipramine dampens Th1 cells
differentiation under Th1 differentiation conditions [271]. Furthermore, isolated CD4+
T cells from the lamina propria of Crohn’s disease patients treated with the
pharmacological inhibitor imipramine results in decreased Th17 cells once stimulated in
Th17 differentiation media [272]. Yet, no such impact on the differentiation capacity into
Th1 and Th17 cell were detected in our experiments (Figure 5.23, B-C and Figure 5.24
B-C). Nevertheless, Asm was not blocked using a pharmacological inhibitor, but via the
genetically

knockout.

Hence,

we

cannot

exclude

a

pivotal

impact

of

the

pharmacological inhibition on Ac, which then can influence the differentiation capacity
of CD4+ T cells into Th1 and Th17 cells.
In order to regulate the Th1 and Th17 driven immune response and to protect against
severe pathology, the regulatory T cells (Tregs), the counterpart of Th1 and Th17 cells,
are important. Tregs were shown to be essential for regulating immune responses
against C. rodentium infection [244]. In order to dampen excessive immune responses,
Tregs are attracted to the site of infection, and release the immunosuppressive
interleukin 10 (IL-10) to maintain immune responses [56]. Indeed, elevated levels of
IL-10 were detected in serum of C. rodentium infected mice in which the sphingolipid
metabolism is altered using amitriptyline (Figure 5.6, B and Figure 5.16 E). However, in
spleen and mesenteric lymph nodes comparable percentages of Tregs were detected,
albeit Treg frequencies were decreased in the lamina propria in the acute phase of
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infection in mice treated with the pharmacological inhibitor amitriptyline to alter the
sphingolipid metabolism (Figure 5.22, B).
Interestingly, the role of Tregs was studied in the Th1 mediated colitis model using
Trinitrobenzenesulfonic acid (TNBS). By alteration of the S1P content and migration of
lymphocytes using FTY720 [273] colitis symptoms were ameliorated. At the same time,
reduced Th1 related cytokines and upregulated FoxP3 and IL-10 expression were
detected, clearly pointing towards a direct effect of sphingolipids on Treg activation
[274]. Furthermore, Asm has been noted to be a negative regulator of Treg
development, indicated by increased numbers of systemic Tregs in Asm deficient mice
[275]. No such elevation of systemic Tregs were detected in our study, in which
comparable frequencies of Tregs were found in uninfected amitriptyline treated mice
compared to uninfected littermates (Figure 5.22, B). Besides the genetic impact of Asm
on Tregs also pharmacological inhibition of Asm influences Tregs significantly. Certainly,
Schneider-Schaulies et al. showed enhanced systemic Tregs in amitriptyline treated
mice. In fact, pharmacological inhibition of Asm in tissue culture of murine or human
T cells, as well as in mice induces higher frequencies of Treg cells within a few days
[245, 276]. Intriguingly, amitriptyline treatment does not boost Tregs development in our
study (Figure 5.22, B). However, Schneider-Schaulies et al. applied amitriptyline
intraperitoneal (i.p.), while we choose the oral route via drinking water. Hence, we
cannot eliminate the different systemic distribution of amitriptyline and therefore, the
different impact of amitriptyline on the differentiation of Tregs.
Intriguingly, the application of the pharmacological inhibitor (e.g. amitriptyline) of Asm
and Ac seems to essentially shape the inhibitory ability if applied orally or systemically.
Indeed, first results point to an altered effect when amitriptyline is applied systemically
during C. rodentium induced colitis. Certainly, the difference of systemically or orally
applied amitriptyline during the bacterial induced colitis needs to be further elucidated.
Interestingly, sphingolipids were not only reported to impact the innate immune
response initiated by bacterial infection but also to strongly shape bacterial infections.
Indeed, the acid sphingomyelinase/ceramide system was shown to highly impact the
bactericidal ability of mice challenged with pathogens such as Pseudomonas
aeruginosa, Listeria monocytogenes, Neisseria ssp. and Staphylococcus aureus [215,
277-279]. In fact, Asm is required for a successful infection with Neisseria gonorrhoeae
and Neisseria meningitides, as the acid sphingomyelinase/ceramide system severely
contributes to the internalization of the bacteria [280-282]. Furthermore, Asm deficient
mice are highly susceptible to Pseudomonas aeruginosa, Listeria monocytogenes and
Staphylococcus infection, due to altered internalization and dysfunctional macrophage
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phagocytosis and killing [277, 279, 283]. Conspicuously, bacterial internalization and
bactericidal ability is strongly influenced by sphingolipids.
The gastrointestinal tract is colonized by approximately 1014 bacteria with at least 1000
distinct bacteria species, such as Bacteroidetes phylum and Chlorobi phylum [7, 8,
284]. Heaver et al. stated the group of Bacteroidetes to be one of the few bacteria to
produce sphingolipids independently. The group found members of the Bacteroidetes
to

produce

sphingophospholipids,

glycosphingolipids

and

dihydroceramides

autonomously [284]. Additional, overabundant levels of ceramide and sphingomyelin in
faeces samples of patients suffering from ulcerative colitis or Crohn’s disease were
recently found [285]. Conspicuously, alkaline sphingomyelinase was shown to be
reduced in patients suffering from colorectal adenocarcinoma [286]. The alkaline
sphingomyelinase hydrolyses sphingomyelin with an alkaline pH optimum into
ceramide, which subsequently induces apoptosis in the epithelium [287, 288]. Yet,
probiotic therapy of patients restored alkaline sphingomyelinase levels, accompanied
by ameliorated ulcerative colitis disease activity index [289]. These studies indicate that
the gut microbiota may be shaped essentially by the sphingolipid metabolism.
In our study, the inhibitor for Asm and Ac was given via the oral instead of the systemic
route. Hence, the inhibition of Asm and Ac may alter the microbiota composition,
thereby impairs the healthy gut microbiota and alleviate colonisation of the colon by
C. rodentium.
In summary, giving the findings of this study, both, Asm as well as Ac, show a
protective function during the bacterial induced colitis using the gram negative bacteria
C. rodentium. Clearly, absence of Asm and Ac shapes the adaptive immune response
to a more aggressive and misbalanced immune response. Further studies may reveal
an opportunity of a potential therapeutic target in the sphingolipid metabolism to
alleviate IBD symptoms.
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8 Appendix

Appendix

Abbreviations

8.1 Abbreviations
AC

Acid ceramidase (human AC, murine Ac)

ACER1-3

Alkaline ceramidase 1-3

Asm

Acid sphingomyelinase (human ASM, murine Asm)

AJ

Adherents junctions

AJC

Apical junctional complex

APC

Antigen presenting cell

BM

Bone marrow

BMDMs

Bone marrow derived macrophages

C1PP

Ceramide-1-phosphate phosphatase

C. rodentium

Citrobacter rodentium

CD

Cluster of differentiation

CDases

Ceramidases

CK

Ceramide kinase

cKO

Conditional knockout

CoA

Coenzyme A

CR

Citrobacter rodentium

CRS

Cerebrosides

CS

Ceramide synthases

DC

Dendritic cell

DE

Desmosome

DES

Dihydroceramide desaturase

DNA

Deoxyribonucleic acid

DNase

Deoxyribonuclease

dNTP

Deoxy-Nucleotide-Triphosphate

dp

Days post

DSS

Dextran-sodium sulphate
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