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1. Introduction

1. Introduction

1.1. Ulcerative Colitis

1.1.1 Characterization and epidemiology

Ulcerative colitis (UC) is a chronic, inflammatory disease of the colon. According to the
Deutsche Morbus Crohn/Colitis ulcerosa Vereinigung (DCCV e.V.) more than 170 000
people suffer from UC and approximately 3200 patients fall ill with UC per year in
Germany. Men and women are equally affected. Like Morbus Crohn, UC is classified
as an inflammatory bowel disease (IBD). IBDs are relapsing or continuously chronic
systemic inflammatory diseases of the intestine [1]. UC starts mostly as a mucosal
inflammation that can spread from distal to proximal until the whole colon is affected.
Prevalence of UC stabilized in Europe and North America, but the incidence is rising
globally, especially in newly industrialized countries like Africa, Asia and South
America [2]. Nowadays, UC incidences worldwide surpassed ~3 %, which means that
the disease is globally-relevant, according to the International Statistical Classification
of Diseases and Related Health Problems (ICD) guidelines. Patients suffer from
symptoms like diarrhoea, rectal bleeding, bloody stool, abdominal pain and cramping,
fatigue, fever and often feel the urgency to defecate, but are still not able to do so [3].
UC can also manifest extra-intestinal, leaving patients with anaemia, arthropathies,
uveitis or episcleritis [4]. According to the Montreal classification, extension (E) of UC
is divided into three main stages: E1-3. When the inflammation only affects the rectal
area (proctitis), the patient is classified in E1. When inflammation is more distal and
reaches to the splenic flexture it is classified as E2 [4]. E3 classification is often called
extensive colitis, meaning the inflammation reached the proximal flexture, and now
affects nearly the whole colon [4]. Patients in E2 or E3 stadium face a higher risk of
dysplasia and colorectal cancer (CRC) development [5, 6]. Montreal’s Classification of
patients into the different severity classes (S) of UC is based on biochemical and
clinical parameter assessment by Truelove and Witt's modified criteria (Table 1). Even
though the disease has an early set-on at the age of 25 to 40, old age is a risk factor
for UC. Not only age, but also genetic pre-disposition is a very important risk factor.
People with IBDs in family history have a higher risk for UC. People of any race or
ethnicity can get UC, but Ashkenazi Jewish people have a higher risk for developing
UC. Environmental factors like bacteria and substances that cause intestinal

inflammation can also contribute to UC development. Some scientists state that diet
1



1. Introduction

and poor lifestyle choices can also contribute, as the consumption of polyunsaturated
Fatty acids (FAs), often found in junk food, is linked with digestive problems. So far UC

is treatable, but not curable.

Table 1: Parameters for assessment of UC severity after Trulove and Witt’s modified criteria

Parameter S1 mild UC | S2 moderate UC S3 severe UC
Bloody stool per day [n] <4 4-6 >6

Body temperature [°C] <37.5 37.5-37.8 >37.8

Pulse [beats per minute (bpm)] <90 <90 >90
Haemoglobin [g/dL] >11.5 11.5-10.5 <10.5
C-reactive protein (CPR) [mg/L] normal <30 >30
Erythrocyte sedimentation rate | <20 20-30 >30

(ESR) [mm/h]

1.1.2 Pathophysiology of UC

In its healthy state, the epithelial barrier is covered in mucin, which does not only
provide a physical, but also an antimicrobial barrier to the colon [7, 8]. Mucin synthesis
is impaired in patients with UC, which leads to an elevated permeability causing

increased entry of pathogens and subsequent stimulation of the immune system [9].

Molecular characterization of the pathways leading to UC development is essential for
targeting the disease. Peroxisome proliferator-activated receptor (PPARYy), for
example, is a negative regulator of many inflammatory signalling pathways including
Nuclear Factor Kappa B (NFkB) and Activating Protein (AP1) pathway [10]. PPARYy is
significantly downregulated in epithelial colon cells from UC patients (Figure 1) [11].
PPARYy-dependent inhibition of transcription factors for pro-inflammatory genes is a
crucial anti-inflammatory effect that cannot be carried out properly in UC patients [10].
Pathogens that crossed the first barrier in the colon are recognized by Toll like receptor
(TLR) 4 expressed on immature Dendritic Cells (DCs), which are immune cells that are
responsible for foreign antigen presentation to other immune cells (Figure 1) [11].
TLRs are not only expressed in DCs, but also on other immune cells like T cells and
macrophages [12, 13]. TLR signalling activates NFkB and Janus kinase (JAK)
signalling which then promote TNFaq, Interleukin (IL) 12 and IL23 release in T cells and
macrophages [14]. Normally, TLR3 and 5 are highly expressed in healthy colon cells,
whereas TLR2 and 4 expression is nearly absent [15]. In UC patients, TLR4 expression
2



1. Introduction

is significantly increased in the Lamina propria (LP) cells [16]. The cytokine profile in
UC is crucial to the pathophysiology: IL183, IL4, IL5, IL8, 1112p40, IFNy and TNFa are
significantly increased in UC patients compared to healthy control patients [17]. All
cytokines have different functions, but in general they are necessary for immune cell
recruitment and regulation [18, 19]. TNFa has an important role in UC [20]. With its
many functions, TNFa is able to increase pro-inflammatory cytokine release, cell
infiltration, tissue remodelling and permeability (Figure 1). TNFa-dependent NFkB
stimulation leads to a degradation of the mucosa through increased
metalloproteinases (MMPs) in cells located in the LP [21]. IL1B and IL6 release is also
stimulated via TNF signalling [22]. It could also be demonstrated that
Lipopolysaccharide Induced TNF Factor (LITAF), which promotes TNF production, is
increased in UC patients [23]. The immune cell recruitment mediated by TNFa triggers
a chain reaction, where different cell types are activated by TNFa thereby producing
more TNFa or other cytokines that recruit different immune cells, which also release
new cytokines for immune cell recruitment [24]. This vicious cycle ends in a chronic

inflammatory process.

One of the major sources for these cytokines are T cells (Figure 1). T cells are part of
the adaptive immune system and mediate inflammatory responses to pathogens.
Dysregulation of these processes can lead to a pathologically raised immune
response. How T cells are linked to pathophysiology of UC, is described in Chapter
1.2.3.
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Figure 1: Depiction of inflammatory processes in UC. PPARy expression is reduced leading to
enhanced NFkB pathway in epithelial cells. Epithelial barrier function is disturbed and pathogens pass
this barrier and trigger APCs via TLR4 signalling. Pro-inflammatory cytokines activate T Helper cells
type (TH) 2, TH1, TH9 and TH17 cells that then produce more pro-inflammatory cytokines and promote
T cell recruitment from the blood vessel to the tissue. Imbalance of TH17 and Tregs leads to failure of
immunomodulatory Treg function.

1.1.3 Current Therapies

UC is treatable, but not curable. There are many approaches to treat Ulcerative colitis.
The usage of anti-inflammatory drugs such as 5-amino salicylates, like Sulfasalazine
or Mesalamine, is the state of the art treatment for UC patients [25, 26]. Inhibition of
the pro-inflammatory prostaglandin formation is one of the major anti-inflammatory
effects of those drugs [27]. They are used for patients with S1/2 for induction of
remission [28]. For patients that do not respond to Sulfasalazine or 5-aminosalicylates,
corticosteroids are used, but they are rarely prescribed and also not used long-term
due to the severe side effects including Cushing-syndrome or formation of gastric
ulcers [29, 30]. There is also the possibility of usage of immunosuppressants for
treatment of UC. Azathioprine and 6-mercaptopurine, both mild cytostatics, can be
used to inhibit immune cell proliferation and infiltration [31, 32]. Cyclosporine is only
prescribed to patients that do not respond to other medications due to serious side
effects and is not intended for long-term use [33—35]. So-called small molecules are

also used for UC treatment. Tofactinib, for example, targets JAK and leads to inhibition

4
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of immune cell functions [36]. A big group of medications for UC consists of biologicals
(Table 2) [37]. With Vedolizumab, o437 integrin is targeted, impairing adhesion of
immune cells to endothelial cells and thereby prohibiting immune cell infiltration to the
inflammatory site [38, 39]. Since cytokines have an important impact on immune cell
function and their migration and proliferation is one of the main factors in the
development of UC, targeting these proteins lends itself to the development of a
treatment [19, 40, 41]. TNFa is successfully targeted with Infliximab, a mononuclear
antibody against soluble and transmembrane TNFa, with a pro-apoptotic effect on T
cells in the LP [42, 43]. In a DSS induced colitis model in mice, neutralization of IL9 via
an antibody was very efficient and attenuated disease progression [44]. Several other

antibodies targeted against cytokines are currently in clinical trials (Table 2) [45-48].

But not every cytokine turned out to be a good target for UC treatment. Up to date
there is no clinical trial for targeting IL17 due to contradictory data in mouse models,
on the one hand suggesting a protective role for IL17 [49-51], on the other hand
suggesting a harmful role for IL17 [52-56]. IL13 seemed to be a good target for UC
treatment, considering its dominant role in UC’s pathophysiology [57, 58].
Tralokinumab, a specific antibody against IL13, is already in use for treatment of atopic
dermatitis [59], but failed in a study for UC treatment [60]. In many cases a combination
of different drugs and medications proved to be efficient for some patients [61, 62].
However, the search for new targets for new therapeutics is essential to help more

patients suffering from UC.

Table 2: A selection of biologics targeting cytokines in clinical trials

Medication Target Phase Reference
Basiliximab IL2R Il NCT01061996
Bradizikumab IL23p19 Il NCT03616821,
NCT04277546
Golimumab TNFa v NCT02425865
Mirikizumab IL23p19 [1-111 NCT03518086,
NCT03524092,
NCT03519945,
NCT04469062,
NCT04004611
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Ustekinumab IL12/23p40 v NCT03885713,
NCT03809728,
NCT04259138

1.2 T cells

The human immune system is a complex network that consists of an innate and an
adaptive part, that work closely together in order to defend the body from pathogens
or foreign substances [63]. The first trespassing of germs happens at the skin, which
is part of the innate immune system and forms the first barrier [64]. If pathogens break
through this barrier, the innate immune system triggers a cascade of signalling
pathways and immune cell recruitment by the innate immune system [65]. Cells of the
innate immune system, like macrophages and Natural Killer (NK) cells, can either
neutralize or directly kill pathogens [66, 67]. Antigen-presenting cells (APC) can
process components and parts of the pathogens and present them as antigens via
Major Histocompatibility Complex (MHC) class | or Il proteins to cells from the adaptive

immune system [68].

T cells, B cells and the antibodies they produce are part of the adaptive immune system
[69, 70]. B cells mature in the bone marrow and are activated by T helper (TH) cells.
Antigens of TH cells bind at the surface immunoglobulin (Ig) of the B cells and stimulate
them [71]. B cell stimulation leads to the release of soluble antibodies that enable
humoral immune response. It neutralizes pathogens and activates the complement

system for facilitation of lysis and phagocytosis of pathogens [72, 73].

T cell precursors derive from the bone-marrow and mature in the thymus, where they
are selected and afterwards migrate through the blood to the tissues. T cells patrol the
body and if they get in contact with a foreign antigen, they are activated and proliferate
to respond to this stimulus with either killing of the pathogen or release of cytokines to

recruit other immmune cells.

1.2.1 T cell Receptor structure
T cells are characterized by their prominent T cell Receptor (TCR), which is a surface
receptor complex that is responsible for the recognition of antigens presented by MHC

class | or Il proteins on APCs [74]. It is a heterodimeric complex that consists of two
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different protein chains [75]. There are two types of TCR, one that consists of an a-
and B-chain, and they make up 95 % of all T cells [76]. The other 5 % have a y- and &-
chain TCR [76]. Variability of the ligand-binding pocket is reached through variable (V),
joining (J) and diversity (D) recombination, a genetic recombination of the DNA
segments in every single T cell catalysed by Recombination Activating Gene (RAG) 1
and 2 recombinases [77, 78]. The a- (y) chain is generated by VJ recombination, while
the B- () chain needs VDJ recombination [78]. The re-arranged segments are then
added with palindromic and non-template coding nucleotides to reach a higher
diversity in TCR complexes [79]. In total, 5.8*10° different possibilities for VDJ
recombination exist, while the addition of palindromic and non-template coding
nucleotides adds 2*10"" more possibilities to it, making it 2*10'8 various recombination
possibilities for TCR complex formation. The highly variable a- and 3-chains (y/®) have
two extracellular domains, the constant (C) region is proximal to the cell membrane
and is connected with a transmembrane region and a short cytoplasmic tail, the
variable (V) part of the chain is exclusively extracellular and binds to the peptide
presented through MHC | or Il. The TCR complex is formed by association of the a-
and B-chain (y/d) with the adaptor signalling molecules Cluster of Differentiation (CD)
30, CD3¢g, CD3¢ and CD3y, while CD36 and CD3¢ build a heterodimer, as well as CD3¢
and CD3y, CD3¢ builds a homodimer [80]. The signalling motifs for TCR signalling are
tyrosine residues in the short cytoplasmic tails of the CD3 adaptor proteins that will be
phosphorylated upon TCR stimulation [81]. These tyrosine residues are located in a
specific amino acid sequence which is called immunoreceptor tyrosine-based
activation motif (ITAM) [82]. Each CD3 adaptor protein has one ITAM, except for CD3¢
which contains three ITAMs, so a TCR complex has a total of ten ITAMs [81].

1.2.2 T cell Receptor Activation and Signalling

The adaptive inflammatory response is highly dependent on the T cell activation. TCR
signalling is activated by the binding of antigens presented by MHC class | or Il
molecules on APCs to their respective TCR [83]. But the TCR signalling pathway is not
only dependent on MHC binding, but also on co-receptors expressed on the T cell like
CD4 or CD8 [84]. CD4 is a glycoprotein containing an extracellular and transmembrane
domain, as well as an intracellular tail [84]. CD8 is a hetero- or homo-dimeric protein
consisting of CD8a/p, CD8a/a or CD8/B [85]. The intracellular tail of CD4 or 8 binds

7
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lymphocyte-specific protein tyrosine kinase (LCK) to bring it closer to the ITAMs of the
TCR [86]. In an inactive state, LCK is phosphorylated at Y505 by the C-terminal
sarcoma-cellular (src) Kinase (CSK) [87]. After T cell activation this phosphorylation is
removed by CD45 to activate LCK properly [88]. LCK can then phosphorylate tyrosine
residues on the ITAMs of the TCR, which is required for subsequent Zeta-chain-
associated protein kinase 70 (Zap70) phosphorylation [89, 90]. Zap70 phosphorylation
triggers translocation of different transcription factors into the nucleus promoting cell

proliferation, survival, differentiation and effector function [91-94].
There are three major pathways following Zap70 activation.

Nuclear factor of activated T cells (NFAT). Phosphorylated Zap70 activates
Phospholipase C y (PLCy) 1 which breaks down Phosphatidylinositol 4,5-Biphosphate
(PIP2) into diacylglycerol (DAG) and inositol triphosphate (IP3) [95, 96]. IP3 then
activates Ca?*-dependent calcineurin NFAT pathway [97, 98]. IP3 binds to permeable
ion-channel receptors located in the Endoplasmic reticulum (ER) membrane and
releases stored Ca?* into the cytoplasm [99]. Calcineurin is then activated and de-
phosphorylates NFAT which then translocates into the nucleus. It can form a complex
with AP1 and induce IL-2 and other cytokine expression, but it can also act alone and
activate genes responsible for anergy (state of unresponsiveness) regulation [100,

101]. NFAT can therefore regulate function and responsiveness of T cells.

Nuclear factor kappa B (NFkB). Protein Kinase C 6 (PKCB) is induced by Zap70 and
can then activate the non-canonical and canonical NFKB pathway [102, 103]. Non-
canonical NFkB pathway is mediated through NFkB-inducing kinase (NIK) activation.
The canonical pathway is started by assembly of the caspase recruitment domain
family member (CARD) 11- B-cell chronic lymphocytic leukemia/lymphoma (BCL) 10-
mucosa-associated lymphoid tissue lymphoma translocation gene (MALT) 1 complex
(CBM) [104, 105]. This complex induces degradation of the inhibitor of nuclear factor
kappa-B kinase subunit gamma (IKKy), which then leads to an activation of IK§ kinases
that are no longer inhibited by IKKy [106, 107]. IKB kinase phosphorylates IKB and
leads to its ubiquitination thereby releasing NFkB [106]. NFkB is a heterodimeric
transcription factor that translocates into the nucleus upon phosphorylation [108].
NFkB signalling is considered to be pro-inflammatory, promoting survival and

homeostasis of T cells and leads to the activation of their effector function [109-111].
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Activating Protein (AP1). AP1 is a heterodimeric complex consisting of c-Jun and c-
Fos. AP1 pathway is activated via the relocation of Rapidly accelerated sarcoma
guanyl nucleotide-releasing protein (RASGPR) 1 to the plasma membrane which is
induced by DAG [112, 113]. As a Guanine nucleotide (GTP) exchange factor (GEF),
RASGPR1 activates RAS in T cells [114]. Ras binds to GTP, thereby inducing mitogen-
activated protein kinase (MAPK) Kinase Kinase (MAPKKK) rapidly accelerated fibro
sarcoma (Raf) 1 [115]. MAPKKK phosphorylates and activates MAPK Kinase
(MAPKK) which subsequently activates MAPK extracellular-signal regulated kinases
(ERK) 1/2 [116]. C-Fos assembles with phosphorylated c-Jun to translocate to the
nucleus and activate genes involved in T cell development, differentiation and TCR

induced signal strength [117, 118].

In order to avoid anergy in T cells and to amplify TCR signalling, other co-stimulatory
receptors on the T cell surface, like CD28, can be activated [119]. Upon stimulation of
CD28 by CD80 and CD86, phosphoinositid-3-Kinases (PIPsK) are activated, which
catalyse the phosphorylation of PIP2to PIPs. PIPsis able to bind Protein Kinase B (Akt)
which can enhance NFAT and NFkB pathway, but is also an inactivator of glycogen
synthase kinase (GSK) 3 which normally inhibits IL-2 transcription [120-122].

1.2.3 T cell subsets and their role in UC

As major part of the adaptive immune system T cells have a broad spectrum of
functions. They can be divided into two main subtypes: CD4* and CD8* cells. They are
mainly distinguishable by their transcription factor expression, surface marker
composition and cytokine release profile. Immune cell recruitment is one of the major
issues in UC. T cells have a special role in the disease progression. CD4* cells
especially display a pathologically raised immune response that can also affect other

cell types and contribute to a pro-inflammatory nature [123, 124].

CD8. Although not very prominent for UC development, CD8* gained a lot of attention
in this context. T cells expressing CD8, so-called cytotoxic T cells, are able to Kill
pathogens and cancer cells. They are activated through MHC class | antigens from
APCs to mature and to be activated to fight off infections [125, 126]. A CD8 response
can also be obtained via CD4-dependent activation to non-inflammatory antigens
without APC involvement [127, 128]. Differentiation of CD8* cells is promoted by IL12
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signalling (Figure 2) [129, 130]. IL12 signalling activates T-box transcription factor
(Tbet) via mammalian target of rapamycin (mTOR) signalling pathway (Figure 2) [131—
133]. When CD8* cells recognize their antigen on DCs, activated T cells upregulate C-
X-C motif chemokine receptor (CXCR) 3 to enter the peripheral tissues [134]. Cytotoxic
T cells can directly or indirectly kill hostile cells. Direct killing of hostile cells is
performed by perforins and granzymes [135]. Granzymes are a group of serine
proteases and perforins form pores into the target cell’'s cell membrane so that
granzymes can enter and cleave viral and cellular proteins of the infected cell [136].
Indirect killing is mediated by induction of apoptosis by Fas Cell Surface Death
Receptor (Fas)-FasL interaction where caspase proteases are activated [137, 138].
Apoptotic target cells are then phagocytized by macrophages [139]. Direct killing is
also essential in anti-tumor immunity, where CD8" cells play a major role in tumor-cell
killing [140]. The most prominent cytokines released by CD8" cells, next to perforins
and granzymes, are Interferon (IFN) y and Tumor necrosis Factor (TNF) a which can
promote cytotoxic ability (Figure 2) [141, 142]. CD8"* cells are known to contribute to
different diseases like IBD, Parkinson and also to cancerous processes [143—-146]. It
could be shown that CD8* cells in IBD patients can be divided into groups with different
expression patterns that are connected to either a mild or a severe disease progression
[147]. Activated IFNy* CD8" cells were elevated in the peripheral blood of UC patients
and linked with increase of inflammation markers in the plasma [148]. Another large
subtype of CD8" cells relevant for UC are Tissue-resident memory T cells (Trm). They
contribute to a potent barrier immunity in the mucosa and can transform rapidly to
effector cells and release cytokines to recruit other immune cells [149]. Roosenboom
et al. found a decrease of CD103* CD8* (Trms) cells in UC patients [150] and Noble
et al. observed a reduction of mucosal Trms in IBD patients, which normally responded

to bacterial antigens [151].

CD4-expressing T cells are called T helper (TH) cells. They got their name through
their first detected function that was described as supporting role for CD8* and other
immune cell’s functions. There are many TH subtypes and they are all involved in UC

disease progression.

TH1. TH1 cells are more often linked to Crohn’s disease than UC, nevertheless they
contribute to UC. Mainly activated through infection by intracellular pathogens, TH1

cells promote the function of a variety of other immune cells via the release of cytokines
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[152]. TH1 cells are typically activated via IL12 signalling, which is produced by DCs
(Figure 2) [153, 154]. IL12 signalling leads to Tbet and Signal transducer and activator
of transcription (STAT) 4 expression (Figure 2). Both of these transcription factors
induce IFNy expression. IFNy release can promote IL12-dependent TH1 differentiation
through STAT1 enhancement which in turn promotes Tbet expression [155, 156]. IL12
signalling can also be promoted by IL18 engagement [157] or via APC’s CD40 and
TH1’s CD40 ligand interaction [158]. Secretion of IL12, IFNy and TNFa are crucial
functions of TH1 cells. TNFa can act on many immune cells, but has a special role at
the endothelium, where it facilitates immune cell adhesion and thereby migration from
the blood vessels to the tissues [159, 160]. Macrophages are also activated via TNFa
and IFNy and produce MMPs to facilitate leukocyte migration into the inflamed tissues,
but also Nitrogen Oxide (NO), that is also released by macrophages for pathogen
killing, and other cytokines recruit more immune cells [161-163]. NK cells and innate
lymphoid cells (ILCs) are also activated by IL2, IFNy and TNFa [164, 165]. The broad
function and effects of TH1 cells on so many cell types hints at their possible
involvement in the pathophysiology of many inflammatory diseases like IBD, especially
Morbus Crohn, where it is one of the main drivers, systemic lupus erythematosus
(SLE), autoimmune diseases and also cancer [166—170]. It could be shown that in a
Dextran Sodium Sulfate (DSS) induced colitis model in IFNy”- mouse model, disease
was less severe [171]. In a severe combined immunodeficency (SCID) adoptive
transfer mouse model, cells that lack Tbet, failed to induce colitis [172]. Contradictory
studies showed a beneficial role for TH1 in UC. In a DSS induced colitis model, Tbet-
deficient mice showed more severe colitis symptoms compared to WT, and in another
SCID adoptive transfer mouse model, Tbet deficient cell transfer led to the same
disease onset as in the WT control [173, 174]. A study could also demonstrate IFNy-
independent colitis onset, in which mice were more sensitive to the induced colitis

[175]. The role of TH1 cells in UC remains controversial.

TH2. One of the most abundant TH subtypes in the body and in the pathophysiology
of UC are TH2 cells (Figure 1 and Figure 2). TH2 activation predominantly exerts
immunity against extracellular parasites, bacteria, allergens, toxins and gastrointestinal
nematodes [152, 176, 177]. IL2 and IL4 signalling triggers TH2 differentiation (Figure
2). IL4 signalling acts in a positive feedback loop, where STAT6 phosphorylation
enhances GATA binding protein (GATA) 3 expression [178]. IL2 induces STAT5

enhancement and STATS and GATA3 act in concert to produce I1L4 [179]. TH2 cells
11
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display a great plasticity. ILCs, macrophages and DCs secrete different pro-
inflammatory cytokines to induce TH2 differentiation. The specific microenvironment
will shape the TH2 phenotype and cytokine profile. TH2 cells release IL13 and thereby
activate B cells and their IgE release and have a protective role in airway immunity
[180, 181]. Whereas, IL5, IFNy, IL4 and IL17 production by TH2 cells is associated
with chronic allergic inflammation that can facilitate macrophage polarization and B cell
proliferation as well as their Ig class-switch [182—184]. It's no surprise that TH2 cells,
too, are involved in multiple inflammatory conditions, like allergic airway diseases, IBD,
especially UC and also cancer [166, 167, 169, 185-188]. Release of IL5, together with
Granulocyte-macrophage colony-stimulating factor (GM-CSF), promotes eosinophil
activation and tissue damage in IL23 dependent colitis [189—191]. IL13 driven effects
include impairment of tight junction formation, induction of apoptosis in epithelial cells
and increase of membrane permeability [57, 58]. In a DSS induced colitis model, mice
with GATAS overexpression, showed more severe colitis compared to the control with
an upregulation of IL13 in the mucosa [192]. STAT6, also a transcription factor for the
GATAS3 promotor, is highly phosphorylated in UC patients and phosphorylation status
is linked with disease severity [193]. GATA3 expression levels are also linked with
disease severity [193] and Shih et al. observed a higher NFAT expression in UC
patients [194]. NFATc2”- mice showed reduced colitis in a chemical induced mouse
model [195]. Later NFAT gene could be established as a marker for susceptibility to
IBD [196]. There is also evidence that there is a TH2 subtype that expresses CD161,
a NK T cell marker, and can also produce IL13 [197, 198].

THA17. Their discovery in 2005 defined TH17 cells as IL17 producing T cells that are
important for host defence against pathogens in the mucosal and epithelial barrier of
the gut [199]. It is now known that TH17 mainly provide tissue immunity throughout the
whole body. TH17 differentiation is initiated by Tumor Growth Factor (TGF) B and
IL6/21 signalling that increases IL23R in activated TH17 cells (Figure 2) [200]. IL23
signalling maintains TH17 lineage and proliferation [201]. Two of the most important
transcription factors, that are often referred to as Th17 markers, are the Retinoic-acid-
receptor-related orphan nuclear receptor gamma and alpha (RORyt and RORa) [202].
They work synergistically to induce IL17A + F expression, and IL17A deficiency is
linked to a reduced Th17 development and function [203]. Their function, mediated by
IL17, exerts a response of epithelial and endothelial cells, as well as fibroblasts, which

all express IL17R on their surface [204-208]. Besides IL17, TH17 cells can also
12
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produce IL22 that targets predominantly non-hematopoietic cells and supports host
defence and formation of anti-microbial peptides like B defensins [209]. TH17 cells
display a protective role against pathogens, but imbalance of TH17 cells can shift very
quickly to pathophysiological processes like IBD, autoimmune diseases, Multiple
Sclerosis (MS) or cancer [210-215]. Disrupted barrier function in UC leads to pathogen
infiltration into the colon mucosa. These bacteria are able to induce IL13 and IL6
release in dendritic cells which then help TH17 cells to differentiate into a pathogenic
subtype [201, 216]. Frank et al. showed, that the microbiome of UC patients differ from
those of healthy controls supporting the hypothesis of bacteria driving TH17 cells into
a pathogenic phenotype [217]. Several studies observed an accumulation of TH17
cells in inflammatory areas of the colon in UC patients (Figure 1) [218-220]. In UC
patients, also an increase of TH17 associated cytokines was observed (Figure 1) [221,
222], but they seem to affect more non-hematopoietic cells, hence, epithelial cells
[223]. Nevertheless, IL17 is able to activate the NFKB and MAPK pathways [224]
leading to induction of pro-inflammatory cytokines in other cell types and neutrophil
activation [225]. However, TH17 are not only linked to pathophysiology of UC. TH17
also display an important role in protection of the intestinal barrier function by

promoting tight junction formation and antimicrobial peptides [226—229].

TH9. The knowledge of involvement of TH9 cells in UC is rather new, but only because
TH9 cells were considered to be a subtype of TH2 cells. This TH type produces IL9
and is mainly induced by TGF and IL4 signalling (Figure 2) [230-232]. Firstly, TGF(
signalling can upregulate PU.1 which directly binds to the IL9 promotor [233, 234].
Secondly, IL4 signalling increases STAT6 expression, which induces Interferon
Regulatory Factor (IRF) 4, a transcription factor that also binds to the IL9 promotor
[235]. Thirdly, IL-25 can also stimulate IL9 production in vivo via NFkB binding [236—
238]. Ina THI T cell transfer experiment, TH9 cells were able to induce colitis in mice
[230]. In an encephalomyelitis model TH9 transfer also aggravated disease
progression and could be ameliorated with IL9 antibody treatment (Figure 1) [230,
239-241]. Contribution of IL9 and TH9 cells is reported for many inflammatory
diseases like allergies, IBD, but also in diabetic heart disease and cancer [215, 242—
244]. Nevertheless, TH9 cell can also promote Treg function and IL9 blocking showed
an impaired Treg cell-mediated suppression in encephalomyelitis [245]. IL9 is
upregulated in UC patients and promotes immune cell proliferation, as well as

prevention of apoptosis [246]. IL97- mice are even protected from UC [246], whereas
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elevated IL9 levels in UC patients are linked with poor prognosis [247]. Activated
peripheral blood lymphocytes isolated from UC patients showed significant increase in
IL9 production [248].

Treg. There is also a pivotal role for Tregs in UC. Regulatory T cells are the police
officers in between all TH lineages. They control self-tolerance and immune cell
homeostasis by controlling other T cells. Typical markers for Tregs are CD25 and
Forkhead-Box-Protein P3 (FoxP3) (Figure 2) [249], but their phenotype can also differ
from this “classical’ type. These cells are highly dynamic and their surrounding
microenvironment can shape their function and cytokine release [250]. In the gut, for
example, Tregs are associated with C-C-Chemokine Receptor (CCR) 6, CD25, FoxP3
and RORyt expression, whereas in visceral adipose tissue FoxP3 and PPARYy are
more dominant [251, 252]. IL6, IL1, TNFa and IL23 are mainly responsible for the high
plasticity of those cells. Their main function to restrict other T cells is mediated by
cytokines like TGFB and IL10 that regulate T cell tolerance and IL35 that controls
proliferation (Figure 2) [253, 254]. Many studies showed a reduced Treg population
and/or Treg dysfunction in several colitis models [255-258]. Since the discovery of
TH17 cells in 2005, more and more studies implicated an important role of TH17 and
Treg balance in many diseases including IBD in general, UC and CRC (Figure 1) [259—
262]. Some studies could show a TGFB-dependent downregulation of TH17 cells in
IBD [263, 264]. Surprisingly, FoxP3 expression is elevated in the mucosa of IBD
patients, hinting at an attempt to restore TH17/Treg balance in the colon [265].
Researchers are now looking for ways to promote TH17/Treg balance. Tregs can be
transferred adoptively to the colon to control IBD [266], but for that they need to be
primed to home to the gut [267]. Other groups look for substances that can restore
TH17/Treg balance like phytochemicals, e. g. parthenolide, stigmasterol or baicalein
[268-271]. The balance of effector and regulatory T cells is immensely important for
effective immunity and gained a lot of attention in recent studies. More and more Treg
therapy and Treg transfer studies are conducted in order to reach new therapies.
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Figure 2: Different subtypes of T cells associated with UC. Different T cell subtypes that are linked
to UC are depicted here including their activating cytokines, their major transcription factors and pro- or
anti-inflammatory cytokine production profile. For more details, see text.

1.3 Sphingolipids

Sphingolipids (Sphs) are not only important structural elements of the eukaryotic cell
membrane, but they are also involved in signalling pathways and in the formation of
so-called lipid rafts that serve as signalling platforms for receptor and protein
interactions at the plasma membrane. Since it is already known, that TCR signalling
takes place in lipid rafts, it is necessary to elucidate and understand the role of Sphs

and Sph metabolism in T cells and their function.

1.3.1 Structure and nomenclature

Sphs are one of the three most important classes of membrane lipids [272]. They
consist of a sphingoid base that characterizes and defines the structural unit of the
sphingolipid. The most common sphingoid base is sphingosine, which consists of 18
C-atoms (C18), two hydroxyl groups (d) and one double bond (:1) (d18:1).
Phosphorylation of this molecule will build Sphingosine-1-phosphate (S1P), one of the
best researched signalling lipid molecules of our times [273—-278]. Ceramides (Cer) are
formed through attachment of fatty acyl chain (FA) to the sphingoid bases. Cer are the
simplest sphingolipids and can serve as precursors of the more complex sphingolipids,
but they can also act in signalling and structural processes in the cell [279-281]. They

can be build de novo or retrieved from already existing sphingolipids by various
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enzymes. Their structure can differ in the amount of unsaturated or saturated bonds
and also in the length of the FA chains that are bound to the sphingoid base. Both, the
saturation status and the FA chain length determine the function and later fate of the
respective Cer [280]. So-called long chain ceramides consist of 14 to 20 C-atoms. Very
long-chain ceramides of 22 to 26 C-atoms and Cer with above 26 C-atoms are called
ultra long-chain ceramides. The amount of C atoms in the FA chain of Cer is also
described in the nomenclature, where the sphingoid base is placed first and the
attached FA chain is described second (e.g. saturated C14 Ceramide with sphingosine
as backbone is d18:1/14:0). Because Cer function as the backbones for more complex
sphingolipids, they are the centre molecules of the sphingolipid metabolism. By
attachment of different rest (R) groups to the primary hydroxyl group of the
sphingosine, a variety of complex sphingolipids is obtained. For example, for
sphingomyelin (SM) a phosphocholine R group is attached, whereas for
glucosylceramides (GlcCer), lactosylceramides (LacCer) or galactosylceramides

(GalCer) the respective sugar R group is added.

1.3.2 Sphingolipid Metabolism

De novo synthesis of Sphs occurs in the ER, where at first the serine
palmitoyltransferase complex (SPT) condensates L-serine and palmitoyl-CoA to 3-
ketosphinganine (Figure 3) [282—-284]. This is followed by a reduction catalysed by 3-
ketosphinganine reductase (3-KR) in order to get sphinganine, also called
dihydrosphingosine. In the next step, Ceramidesynthases (CerS) covalently add a FA
of a specific chain length (Cs-32) to the sphinganine forming dihydroceramide (dHCer)
by N-acylation (Figure 3) [285, 286]. There are six different isoforms of CerS (CerS1-
6), which are all responsible for different chain lengths, e.g. CerS3 use mainly C1s-32 -
FA [287]. After reduction of dhCer to Cer by dihydroceramide desaturase and their
transport to the Golgi apparatus (Golgi), Cer can be further synthesized to more
complex sphingolipids or act as a signalling molecule itself [288]. The transport to the
Golgi is mediated by ceramide transfer protein (CERT) or vesicular trafficking [289,
290]. When Cer serve as a precursor for more complex Sphs, different enzymes can
use Cer as a substrate to attach different R groups to the 1-hydroxyl residue. These

more complex Sphs are produced in different compartments of the Golgi by SM
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synthases, Uridine diphosphate (UDP)-glucose ceramide glucosyltransferases

(UGCQG) or glucosylceramide synthases (Figure 3) [291].

Cer can also be formed via the salvage pathway, where ceramides are obtained by
constitutive degradation of SM or GlcCers at the plasma membrane or in endosomes
and lysosomes (Figure 3) [292]. SMs and glycosphingolipids are hydrolytically
released from the membranes and then subsequently degraded by acid
sphingomyelinase (aSMase) [293]. Afterwards, ceramides are then degraded to

sphingosine by acid ceramidase (aCDase) [294].
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Figure 3: Sphingolipid de novo and salvage pathway depicted in their cellular compartment.
Enzymatic reactions are displayed with black arrows, transportation is depicted with a punctured arrow.
Abbreviations and references are mentioned in the text. Adapted from Hartel et al. [295].

1.3.3 Role of Ceramidesynthases

The production of Cer is the key step of Sph metabolism (Figure 3) [296]. Because
CerS are involved in the production of Cer, their regulation and activity is crucial to the
Sph pathways [297]. CerS are responsible for the N-acylation of FA to sphinganine to
produce dhCer, but CerS can also produce Cer directly, if they use sphingosine as a
substrate. CerS reside in the ER membrane. Human CerS proteins are encoded in the

Longevity assurance genes (Lass) [285]. The six isoforms of CerS display a unique
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specificity towards FA of varying chain lengths (Figure 4). CerS1 has a specificity
towards C1s, CerS2 to C20-26, CerS3 to Cis32, whereas CerS4 generates Cis-20
ceramides, CerS5 add C1s FA to dHCer and CerS6 favours C14-16 (Figure 4). CerS are
expressed in every tissue, but not homogenously [287]. In leukocytes, for example,
CerS2 and CerS4 expression is very high, and CerS3 can pre-dominantly be found in
testis, prostate and skin tissue. CerS1 expression is very high in brain tissue, whereas
CerS5 levels are high in prostate and skeletal muscle tissue. CerS6 show high mRNA
levels in the intestine, lymph nodes, thymus and spleen. The different tissue expression
pattern of CerS hints at their own and their products differing functions, but also at the

importance of the right balance of CerS expression throughout the tissue.

The importance of a balanced CerS expression can be shown with a few examples for
CerS1 and 3.

C1s-Cer is mainly produced de novo by CerS1 and is highly distributed throughout the
central nervous system. Overexpression of CerS1 in glioma cells leads to an
accumulation of C1s-Cer and subsequent cell death by induction of apoptosis [298].
Mutation in the CerS1-gene is also linked with progressive myoclonic epilepsy (PME),
a group of conditions defined by uncontrolled muscle contraction (myoclonus) and

seizures [299].

CerS3 knockout (KO) in mice is lethal and mutation in the CerS3 gene in humans
cause autosomal recessive congenital ichthyosis, a rare genetic disorder of the skin
characterized by abnormal skin scaling over the patient’'s whole body [300-302]. CerS
expression is affected by transcriptional, posttranscriptional and -—translational
mechanisms, but there is no profound knowledge about those regulatory processes. It
is assumed that Phospho Kinase C (PKC) activation can increase de novo synthesis

of Cer and some CerS could be phosphorylated [303].
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Figure 4: Structure of ceramides with different chain lengths and their responsible CerS.
Sphingosine serves as sphingoid base and CerS attach a FA of specific chain length to sphingosine to
obtain Cer.

1.3.4 Functions of Sphingolipids

Plasma membranes contain many different lipid species and depending on the cell
type and cell organelle, the composition of these lipids can differ greatly. There are at
least 300 different Sph species that are important structural elements of plasma
membranes, but also other organelle’s membranes [304]. They can directly influence
physico-chemical properties of membranes. Order and composition of different
sphingolipids in membranes is strictly balanced. The membrane system is highly
dynamic and in this dynamic nature every little change can disturb certain functions.
When Cer are incorporated into the membrane, the fluidity can be influenced
depending on their chain length. Membrane fluidity increases when C1s-Cer is
increased and/or Ca4:0-Cer, C24:1-Cerand C22-Cer is decreased [280]. Ceramides can
also have an impact on acyl chain orders within the membrane, thereby affecting
membrane stability. Membrane stability is also indirectly affected by permeability
changes. Increased SMase activity reduces SM and increases Cer in the plasma
membrane, leading to impairment of integrin adhesion and reduction of protein mobility
[305]. When Cer is upregulated in the plasma membrane, the membrane gets more
permeable to water-soluble solutes [306, 307]. The specific composition of membranes
can have an effect on bilayer thickness. Transition of different lipid molecules from the
inside to the outside, and vice versa (flip-flop), alters outer and inner membrane leaflets
and can be induced by Cer [308].
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In the skin, for example, ultra long-chain ceramides (Cso-32-Cer) contribute to a good
barrier function. In the intercellular matrix of the stratum corneum, ceramides make up
40 to 50 % of all intercellular lipid molecules. Ceramides in this matrix do not form a
typical bilayer. Instead they form multilamellar membranes. Lateral packing of this
lipids into an orthorhombic shape makes these multilamellar membranes very tight and
provide good barrier function [309]. Decrease of Cer in this matrix is linked to dry skin
in atopic dermatitis [310]. It is proposed that the orthorhombic order of lipids changes
into a more hexagonal style, which leads to more space between the molecules, ergo
providing more permeability into the matrix structure [311]. Not only order, but also
composition of Cer is important for their function, e.g. it is also known that in atopic
dermatitis patients there is a reduction of lipids with ultra long-chain lengths which also

contributes to reduced skin barrier function [312, 313].

As they are crucial elements of the plasma membrane, sphingolipids also play a part
in vesicle formation [314-316]. Extracellular vesicle formation is an important
mechanism for the release of different proteins, cytokines and chemokines,
respectively [317]. Extracellular vesicle release can be linked to a variety of diseases
including neurodegenerative, renal, cardiovascular and respiratory diseases [315,
318-320]. It is supposed that the breakdown of SM to Cer is a key step in extracellular
vesicle formation [321, 322]. This process is highly regulated and there is also evidence
that extracellular vesicle lipid composition differs from the origin’s cell lipid composition
[323].

Sphingolipids can also assemble in a specific order and composition and form micro-
domains at the plasma membrane: lipid rafts [324, 325]. Lipid rafts were first officially
defined at the Keystone Symposium on Lipid Rafts and Cell Function in 2006 as “small
(10-200nm) heterogeneous, highly dynamic, sterol- and sphingolipid-enriched
domains”. Since then, the understanding of lipid raft has grown profoundly. They
consist of 30 to 40 % cholesterol and 10 to 30 % sphingolipids [326]. Lipid rafts are
organized in order to get receptors and proteins closer together for signalling pathways
and protein-protein interactions. Proteins that are localized in lipid rafts are often post-
translationally modified, for example via glycosylphosphatidylinositol (GPI) anchors or
via palmitoylation (covalent attachment of Cis to the protein) [327-329]. The post-
translational modifications are not obligatory for proteins to reside in lipid rafts, but

rather facilitate intracellular translocation and subsequent translocation to the plasma
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membrane [330-333]. Clustering of lipids and proteins in the membrane enables
different signalling pathways to function. For TCR signalling, co-localization of
lymphocyte-specific protein tyrosine kinase (LCK) and linker for activation of T cells
(LAT) in lipid rafts is very important [334]. T cell activation is only possible if respective
proteins are organized in lipid rafts [335]. S1P signalling is also dependent on lipid rafts
[336]. S1P Receptor (S1PR) localization in lipid rafts is also important for S1PR

function and for its further downstream signalling [337, 338].

As already mentioned, sphingolipids can also act as bioactive molecules [339]. Cer
and S1P as bioactive molecules are very well understood. Cer can directly interact with
other proteins, C1s-Cer, for example, has an impact on the SET protein (also known as
inhibitor 2 of protein phosphatase 2 A), reducing the interaction of SET with protein
phosphatase 2 A (PP2A) [340]. PP2A interferes with Wingless/Integrated (Wnt)-,
mammalian target of Rapamycin (mTOR)- and MAPK pathway, but also in cell cycle
processes [341-344]. When S1P binds to S1P1, phosphorylation of the receptor and
subsequent internalisation is triggered [345]. Downstream effects of S1PR activation

are cell migration, proliferation and differentiation, especially in T cells [346—348].

1.3.4 Sphingolipids in UC
Considering the functions of Sphs in so many signalling pathways, the importance of
the role of sphingolipids in diseases becomes obvious. Sphingolipid levels are altered

throughout every kind of disease, especially in the case of IBD.

In these diseases, lipopolysaccharide (LPS) from gram-negative bacteria can stimulate
aSMase activity in macrophages, thereby increasing Cer levels [349]. Increased Cer
levels can lead to a disrupted epithelial barrier function because of an accumulation of
Cer in junctional complexes, thereby reducing cholesterols and their stability [350]. De
novo synthesis of Sphs is essential for barrier integrity. Loss of SPT leads to a
decrease in goblet cells and mucin and increases LPS in the gut [351]. ASMase activity
seems to have an unclear role in colitis. While inhibition of aSMase in macrophages
reduces severe colitis and shows less TNFa release [352], aSMase KO in mice
increases TH1 and TH17 differentiation and showed more bacteria in the gut [353].
These findings support the hypothesis that a balance of Sph species in different tissues

and cells is important.
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It has become evident, that chain length of Cer contribute to their function. C1s-Cer
accumulation, either by de novo synthesis via CerS or the salvage pathway, has a
great impact on apoptosis induction [354, 355]. Not only C1—Cer accumulation is
beneficial for apoptosis induction, but also C1s-Cer accumulation [298, 356]. Long-
chain ceramides (C1s/18-Cer) contribute to apoptosis, while very long-chain C24:.0- and
C24:1-Cer show a pro-proliferative effect, which cancer cells often benefit from [357].
Short-chain Cer, like Ces- or Cs-Cer are responsible for destabilization of membranes
and increase of membrane permeability [358]. In a DSS-induced colitis model of CerS2
KO mice there was a reduction of very long- (C24:011-Cer) and long-chain Cer in plasma
and colon of the mice, that were more susceptible to DSS treatment [359]. CerS6
deficient mice showed less C16-Cer and S1P in colon tissue and showed more severe
colitis compared to the control [360] and CerS5 KO in mice exacerbated DSS-induced

colitis symptoms [361].

Human in vitro data showed that dietary gangliosides, like GD3, are important for
epithelial barrier function in the gut [362]. A colon-epithelial cell line (Caco-2) was
treated with GD3 and Miklavcic et al. showed inhibited NFkB activation in those cells
as well as improved barrier function with enhanced tight junction integrity [362]. In a
big lipid screen of UC patients, it could be shown that Cie- and Czs-LacCer are
enhanced in colon samples, while C1e-, C24:0- and C24:1—dhCer are decreased [363].
S1P levels in the blood of these patients are decreased and dhCer are increased [363].
A recent study also managed to find increased C+s-LacCer levels in the blood of
children with IBD compared to healthy controls, indicating a possible role for C1e-

LacCer as a new plasma marker for IBD [364].

In conclusion, it is very clear that Sphs display an important role in the pathophysiology

of UC and therefore are potential targets for new therapeutic approaches.

1.3.5 Sphingolipids in T cells

T cells have been established as major drivers of UC for a long time. Uncontrolled T
cell activity and imbalance between regulatory end effector subtypes are characteristic
for disease progression. As Sphs are enriched in lipid rafts and indispensable for their
formation, it is quite obvious that there is an involvement of Sph in T cell activation.

The TCR itself and LCK are both located in lipid rafts and their recruitment into those
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micro-domains is essential for TCR signalling [365].The CD28 assembly in lipid rafts
was also shown to be necessary for optimal TCR signalling [366] and PKC 0 activity
depends on its translocation to the lipid rafts effecting the following NFkB pathway
[367].

Interfering with the lipid order by aSMase 2 deletion in mice leads to a reduced T cell
activation [368]. In another aSMase”- model impaired T cell function and enhanced
tumor burden could be observed [369]. Overexpression of aSMase promoted TH1
differentiation and showed reduced Tregs in Plasmodium yoelii infection, as well as
enhanced TCR signalling [370]. Pharmacological inhibition of aSMase with anti-
depressants in patients suffering from depression leads to more Tregs in the blood
[371, 372]. These findings indicate an important role for aSMase activity in T cells and

display an opportunity for therapeutic approaches [373].

Sphs are also able to interfere with T cell development and differentiation. In FoxP3*
T cells, SM Synthase (SMS) 1 synthase is reduced and leads to increased Cer levels
[374]. C1s-Cer interacts with the SET protein and leads to a reduced SET and PP2A
interaction enhancing PP2A activity [374]. PP2A inhibits mTOR-dependent Akt
pathway, which is very important for Treg development [374]. Downregulation of
UGCG in a DSS induced colitis model in mice leads to GlcCer reduction in T cells and
a reduction of Tregs proposing a vital role of GlcCer in Tregs [375]. This is supported
by the findings that treatment of UGCG-- mice with GlcCer in nanoparticles leads to a
prevention of DSS-induced colitis [375]. Gangliosides and LacCer are enhanced during
TH17 development and Ganglioside synthase 3 (GM3S) deletion inhibited
differentiation of TH17 cells, demonstrating the importance of gangliosides in TH17
development [376, 377]. As TH17 differentiation highly depends on TGF( and IL6
signalling, the association of Sph in lipid rafts is of great interest, because both TGFBR

and IL6R signalling depend on lipid raft localization [378—380].

In 2017, Sofi et al. showed that CerS6 was required for T cell activation, especially for
Zap70 phosphorylation [381]. They also demonstrated that CerS6 regulates ERK
signalling in T cells and pharmacological inhibition of CerS6 blocked T cell migration
into the organs thereby preventing Graft vs. Host disease (GvHD), a systemic
inflammation caused by uncontrolled T cell activation that occurs after allogenic cell
transplantations [382, 383]. Moreover, we could show that CerS5 downregulation in a
CD4* Jurkat cell line leads to impaired T cell signalling [361]. Depletion of CerS4 in T
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cells prolonged cytokine release and enhanced tumor-burden in an azoxymethane
(AOM)/DSS CRC model in mice [384]. Downregulation of CerS4 in Jurkat cells
resembled the activated status of control cells and lead to a steady-state activity of T

cells without any further stimulus [384].

T cell migration is heavily dependent on S1P signalling [347]. S1P can bind to the G-
coupled receptors S1P1-5 and activate signalling cascades that promote survival,
proliferation and, for S1P1, lymphocyte trafficking [385]. A specific S1P gradient exists
between lymph organs, blood and tissues. T cells mainly express S1P1 and 4 [386].
High concentrations of S1P in the thymus together with low concentrations in the blood
will inhibit T cells to migrate from the thymus to the blood. If concentration gradient
switches, so there is a high concentration of S1P in the blood and low concentration in
the thymus, T cells will exit the thymus and migrate towards the S1P gradient. S1P
plasma concentrations range from 0.1 yM to 0.8 uM [387]. Sph Kinases (SphK)
maintain high S1P levels in blood, whereas low S1P concentration in lymphoid organs
is regulated by S1P lyase activity [388]. Upon S1P binding to the S1PR, S1PR is
internalized and only expressed again on the surface, when S1P levels in the
environment drop [385]. T cells with internalized S1PR are unresponsive to S1P
signals. S1P-dependent lymphocyte egress is promoted by CCR7 expression on the
surface, which will be downregulated once the TCR is activated which leads to more T
cell migration [389]. Desensitization of S1PR is very important for S1P1 signalling and
incomplete S1PR internalization promotes TH17 dependent autoimmune neuro

inflammation [386]. Deletion of S1PR in Tregs led to autoimmunity in a MS model [390].

In summary, Sphs are involved in T cell development, differentiation and function in
many different ways and therefore are also included in UC disease progression. Sphs
and their metabolism should be considered possible new therapeutic targets in UC

treatments.
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1.4 Objectives

The aim of this dissertation was to study the role of CerS and their products in T cell
function as well as their contribution to disease progression in order to find new
therapeutic targets for UC treatment. Preliminary work showed a significant impairment
of TCR signalling in CerS5 Knockdown Jurkat cells and an activated state of CerS4
knockdown Jurkat cells without any stimulus [361, 384]. CerS3 and CerS1 expression

were significantly increased in the white blood cells from human colitis patients [363].

To investigate the role of CerS1 and CerS3 in T cell function, the following questions

were considered in my dissertation:

1) Does CerS1 and CerS3 influence TCR activation and signalling, migration and

cytokine release in T cells?

For this question stable knockdown and overexpression of CerS1 and CerS3 were
established in a CD4* cell line (Jurkats) in vitro. Knockdown and overexpression cells
were stimulated and the CerS mRNA expression pattern, as well as sphingolipid
contents after activation were measured. TCR signalling and downstream pathways
were analysed and the proliferation, migration and cytokine release profile of cells were
assessed. To confirm in vitro cell line findings, primary human T cells were isolated
from healthy donors. For knockdown of CerS3, primary T cells were treated with
siRNA. Afterwards CerS mRNA expression after stimulation was checked, as well as

cytokine release and migration capacity.
2) Does CerS3 have an impact on DSS-induced colitis in mice?

To elucidate the role of CerS3 in colitis, a DSS-induced acute colitis model in mice with
a T cell specific knockout of CerS3 was conducted. Disease progression, weight
changes, colon length and tissue immune cell distribution in mice in vivo as well as

murine T cell differentiation and effector function ex vivo were assessed.
3) Does CerS3 affect T cell adhesion and migration in a human IBD model?

For confirmation of murine in vivo data, an organ-on-a-chip model for the intestine was
established. A chip, containing a top and a bottom channel that are connected in the
middle via a porous (7 um) membrane, was prepared with colon epithelial cells (Caco-
2) in the top, and with endothelial cells (Human umbilical vein endothelial cells
(HUVEC)) in the bottom channel to mimick colon tissue. The bottom chamber was
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perfused with either CerS3 knockdown or control Jurkat T cells to observe migration of

T cells into the epithelial barrier, as well as adhesion to the endothelium.

26



2. Materials

2. Materials

2.1 Chemicals and Reagents

Table 3 in the following section lists all chemicals and reagents used (for this

dissertation).

Table 3: Chemicals and Reagents with their respective manufacturers

Chemical/ Reagent

Manufacturer

100 bp DNA ladder

Invitrogen, Waltham, USA

2-Propanol (Isopropanol)

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)

Gibco® by Life Technologies, Carlsbad, USA

5X siRNA Buffer

Horizon Discovery, Waterbeach, UK

7-amino-actinomycin D solution (7AAD)

Miltenyi Biotec GmbH, Bergisch Gladbach

Accell Green non-targeting siRNA

Horizon Discovery, Waterbeach, UK

Accell SMARTpool CerS3 siRNA

Horizon Discovery, Waterbeach, UK

Acrylamide solution

BioRad, Feldkirchen, Germany

Agarose

VWR, Radnor, USA

Ammonium chloride (NH4Cl)

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Ammonium persulfate (APS)

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Ampicillin-salt

Sigma-Aldrich, Deisenhofen

Basal media for large human endothelial cells

Gibco® by Life Technologies, Carlsbad, USA

Basic Fibroblast growth factor (bFGF)

PELOBiotech, Planegg, Germany

Bi-sodiumhydrogenphosphate (Na2HPO)

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Bovine Serumalbumine (BSA)

Sigma-Aldrich, Deisenhofen, Germany

Bradford Reagent

Sigma-Aldrich, Deisenhofen, Germany

Bromphenol blue

Sigma-Aldrich, Deisenhofen, Germany

Calcium-Chloride (CaClz)

Sigma-Aldrich, Deisenhofen, Germany

CBA Flex Set IFNy, human

BD Biosciences, San José, USA

CBA Flex Set IFNy, mouse

BD Biosciences, San José, USA

CBA Flex Set IL-10, mouse

BD Biosciences, San José, USA

CBA Flex Set IL-17, human

BD Biosciences, San José, USA

CBA Flex Set IL-17, mouse

BD Biosciences, San José, USA

CBA Flex Set IL-4, mouse

BD Biosciences, San José, USA

CBA Flex Set IL-6, human

BD Biosciences, San José, USA

CBA Flex Set IL-6, mouse

BD Biosciences, San José, USA

CBA Flex Set TNFa, human

BD Biosciences, San José, USA

CBA Flex Set TNFa, mouse

BD Biosciences, San José, USA

CellTrace™ Violet Proliferation Kit

Invitrogen, Waltham, USA
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Chloroform

Honeywell, Offenbach, Germany

Chloroquine

Sigma-Aldrich, Deisenhofen, Germany

Collagene Type |

Sigma-Aldrich, Deisenhofen, Germany

Dextran Sodium Sulfate (DSS), colitis grade

MP Biomedicals, Canada

Digitonin

SERVA Electrophoresis GmbH, Heidelberg,

Germany

Dimethyl sulfoxide (DMSO)

Carl Roth GmbH & CO. KG, Karlsruhe, Germany

Dithiothreitol (DTT)

AppliChem GmbH, Darmstadt, Germany

D-Sucrose Sigma-Aldrich, Deisenhofen, Germany
Dulbecco’s Phosphate-Buffered Saline, 1X | Gibco® by Life Technologies, Carlsbad, USA
(DPBS)

Dulbecco's Modified Eagle Medium (DMEM) +
GlutaMax | + 4.5 g/l D-glucose

Gibco® by Life Technologies, Carlsbad, USA

Dulbecco's Modified Eagle Medium (DMEM)

Advanced

Gibco® by Life Technologies, Carlsbad, USA

Dynabeads Mouse T Activator CD3/CD28 for T

cell expansion and activation

Gibco®by Life Technologies, Carlsbad, USA

Endothelial cell basal medium (ECBM)

PELOBiotech, Planegg, Germany

Endothelial Growth Factor (EGF)

PELOBiotech, Planegg, Germany

ER-1

Emulatebio, Boston, USA

ER-2

Emulatebio, Boston, USA

Essential Amino Acids (EAA)

Gibco® by Life Technologies, Carlsbad, USA

Ethanol, 70%

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Ethanol, absolute

Sigma-Aldrich, Deisenhofen, Germany

Ethylene glycol-bis(B-aminoethyl

N,N,N’,N'-tetraacetic acid (EGTA)

ether)-

Carl Roth GmBH & Co. KG, Karlsruhe, Germany

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich, Deisenhofen, Germany

Fatty Acid Free BSA

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Fetal Bovine Serum (FBS)

Gibco® by Life Technologies, Carlsbad, USA

Fluorescence Activated Cell Sorting (FACS) flow
buffer

BD Biosciences, San José, USA

Fura-2 AM Ester

Biotium, San Francisco, USA

GelzanTM CM (low acyl gellan gum)

Sigma-Aldrich, Dreisenhofen, Germany

GenedJuice® Transfection Reagent

Sigma-Aldrich, Deisenhofen, Germany

Glacial acetic acid

Merck KGaA, Darmstadt, Germany

Glutamax Gibco® by Life Technologies, Carlsbad, USA
Glutamin PELOBiotech, Planegg, Germany

Glycerine Janssen Pharmaceutical, Beerse, Belgium
Glycine Carl Roth GmbH & Co. KG, Karlsruhe, Germany
GT KAPA Mix Roche Sequencing, Madison, USA
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Hank’s balanced salt solution (HBSS)

Gibco® by Life Technologies, Carlsbad, USA

HBSS without Ca2* or Mg?*

Gibco® by Life Technologies, Carlsbad, USA

Hemacolor Kit

Sigma, Deisenhofen, Germany

Heparin

PELOBiotech, Planegg, Germany

Human TNF OPTI-enzyme-linked immunoassay
(ELISA) Set

BD Biosciences, San José, USA

Hydrocortisone

PELOBiotech, Planegg, Germany

Hydrogen Peroxide (H202)

BD Biosciences, San José, USA

Kanamycin-salt

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Lamina Propria (LP) Dissociation Kit, mouse

Miltenyi Biotec GmbH, Bergisch Gladbach,

Germany

Large Vessel Endothelial Supplement (LVES)

Gibco® by Life Technologies, Carlsbad, USA

Lennox broth (LB)- Medium

Carl Roth GmbH & Co. KG, Karlsruhe

Long R3 Insulin Like Growth Factor 1 (R3-IGF-1)

PELOBiotech, Planegg, Germany

Magnesium chloride (MgClz2)

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Matrigel Corning, New York, USA
Methanol Sigma-Aldrich, Deisenhofen, Germany
Milk powder Sigma-Aldrich, Deisenhofen, Germany

Neomycin (G418/Geneticin)

Invivogen, San Diego, USA

Non-Essential Amino Acids (NEAA)

Gibco® by Life Technologies, Carlsbad, USA

Octoxinol 9 (NP40)

Roche GmbH,

Mannheim, Germany

Diagnostics  Deutschland

ORA™ SEE gPCR Green ROX L Mix 2X

HighQu GmbH, Kraichtal, Germany

Penicillin and Streptomycin-solution (P/S)

Gibco® by Life Technologies, Carlsbad, USA

Percoll

Sigma-Aldrich, Deisenhofen, Germany

Phentylmethylsulfonylfluorid (PMSF)

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Phosphoric acid (H3PQOa4)

Sigma-Aldrich, Deisenhofen, Germany

PhosphoSafe™

Extraction Reagent EMD Biosciences Inc.,

Darmstadt, Germany

PKH26 red fluorescent dye

Sigma-Aldrich, Deisenhofen, Germany

PKH67 green fluorescent dye

Sigma-Aldrich, Deisenhofen, Germany

Polyethylene glycol (PEG)-it

SBI System Biosciences, Palo Alto, USA

Ponceau S

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Potassium chloride (KCI)

Honeywell, Offenbach, Germany

Potassiumdihydrogenphosphate (KH2PO4)

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Potassiumhydrogencarbonate (KHCO3)

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Precision Plus Protein™ Standards, Dual Color

Bio-Rad, Munich, Germany

Puromycin

InvivoGen, Toulouse, France

QIAGEN Plasmid Maxi Kit

Qiagen GmbH, Hilden, Germany
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Recombinant, human G protein-coupled receptor
15 ligand (GPR15L)

Prepotech, Hamburg, Germany

Recombinant, human IL-15

Prepotech, Hamburg, Germany

Recombinant, human IL-2

Prepotech, Hamburg, Germany

Recombinant, human IL-7

Prepotech, Hamburg, Germany

Recombinant, human Interferon gamma induced
protein (IP10)

Prepotech, Hamburg, Germany

Recombinant, human macrophage inflammatory
protein 3 alpha (MIP-3a)

Prepotech, Hamburg, Germany

Recombinant, human monocyte chemoattractant
protein 1 (MCP-1)

Prepotech, Hamburg, Germany

Recombinant, human mucosae associated

epithelia chemokine (MEC)

Prepotech, Hamburg, Germany

Recombinant, human stromal cell-derived factor
1 (SDF-1qa)

Prepotech, Hamburg, Germany

Recombinant, human TGFf

Prepotech, Hamburg, Germany

Recombinant, human

chemokine (TECK)

thymus-expressed

Prepotech, Hamburg, Germany

Recombinant, human TNFa

Prepotech, Hamburg, Germany

Recombinant, mouse IFNy

Prepotech, Hamburg, Germany

Recombinant, mouse IL-12

Prepotech, Hamburg, Germany

Revert700 Total Protein Stain

BioRad, Feldkirchen, Germany

RNeasy Mini Kit

Qiagen GmbH, Hilden, Germany

Roche cOmplete™, Protease Inhibitor

Cocktail tablets

Mini,

Roche Diagnostics  Deutschland  GmbH,

Mannheim, Germany

Roswell Park Memorial Institute + Glutamax
Media (RPMI)

Gibco® by Life Technologies, Carlsbad, USA

Roti®-Safe GelStain DNA binding fluorescence
dye

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

RPMI powder, HEPES

Gibco® by Life Technologies, Carlsbad, USA

Serum-free Delivery Media siRNA

Horizon Discovery, Waterbeach, UK

SEW2871

Tocris, Bristol, UK

Sodium azide

Carl Roth GmbH & Co. KG, Karlsruhe

Sodium chloride (NaCl)

Sigma-Aldrich, Deisenhofen, Germany

Sodium dodecyl sulfate (SDS)

Carl Roth GmbH & Co. KG, Karlsruhe

Sodium pyruvate

Gibco® by Life Technologies, Carlsbad, USA

Sodiumcarbonate (Na2COs3)

Sigma-Aldrich, Deisenhofen, Germany

Sodiumhydrogencarbonate (NaHCO3)

Sigma-Aldrich, Deisenhofen, Germany
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Sphingosine-1-phosphate (S1P) for [Ca2+];

measurement

Sigma Aldrich, Dreisenhofen, Germany

Sphingosine-1-phosphate (S1P) for migration

Cayman Chemicals, Ann Arbor, USA

assay

StraightFrom® Buffycoat REAlease® CD4 | Miltenyi Biotec GmbH, Bergisch Gladbach,

MicroBeads, human Germany

StraightFrom® Buffycoat REAlease® CD8 | Miltenyi Biotec GmbH, Bergisch Gladbach,

MicroBeads, human Germany

SybrSelect ABgene Limited, Epsom, UK

T cell Activation/Expansion Kit, human Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany

Tetramethylbenzidine (TMB) BD Biosciences, San José, USA

TexMACS Medium Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany

TissueTek O.C.T.

Sakura Fintek, Umkirch, Germany

Trichloroacetic acid (TCA)

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

TRI-Reagent Set

Sigma- Aldrich, St. Louis, USA

Tris

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Tris Base

AppliChem GmbH, Darmstadt, Germany

Trypanblue solution 0.4%

Sigma-Aldrich, Deisenhofen, Germany

Trypsin-EDTA, 0.05% (1X)

Gibco® by Life Technologies, Carlsbad, USA

Tween®20

AppliChem GmbH, Darmstadt, Germany

Vascular Endothelial Growth Factor (VEGF)

PELOBiotech, Planegg, Germany

Verso cDNA Synthesis Kit

Thermo Scientific, Waltham, USA

B-Mercaptoethanol

Sigma-Aldrich, Deisenhofen, Germany

2.2 Buffers and Media

Table 4 lists all buffers that are described in the Methods section

Table 4: Buffers/Media and their respective recipes

Buffer/Media Recipe

10X Erythrocyte’s lysis Buffer

7,3 pH

Ad 11H0

89,9 g NH4Cl
10g KHCO3
370 g EDTA

10X SDS

10 g SDS

30 g TrisBase
150 g Glycine
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Ad 11H0

1X PBS

14 mM NaCl,

1 mM KCI,

0.64 mM NazHPO,
0.2 mM KH2PO4

2X RPMI Medium

390 ml water to a packet of RPMI powder media for 1 |

1 g Sodium bicarbonate

100 ml FBS

pH to 6.8 to 7.1 (after filtration, media has a pH of 7 to 7.4)
Filter through 0.2 um filter

Antibody Buffer

PBS
3 % BSA

Assay Diluent

PBS + 10 % FBS

Bandshift Lysis Buffer

10 mM Tris-HCI pH7 .4
10 mM NaCl
3 mM MgCl2
1 mM PMSF

Blocking Buffer

PBS
5 % Milk powder

Buoyancy medium

1.6 % v/v Gelzan solution in Percoll (1.6 ml Gelzan in 98.4 ml|
Percoll)
Heat for 30 min at 37 °C

De-Gas with Steriflip without turning the filter around

CBA Buffer

PBS
0.05 % FBS
0.09 % sodium azide

Coating Buffer

7.13 g NaHCO3
1.59 g Na2CO3
11H0
pH 9.5

Digestion Buffer

HBSS
5% FBS

Endothelial Cell
(ECBM) + supplements

Basal Medium

500 ml ECBM Medium w/o Glutamine
+ 1 vial Hydrocortisone

+1 vial Heparin

+1 vial EGF

+1 vial VEGF

+1 vial bFGF

+1 vial R3-IGF-1

FACS Flow

PBS
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0.5 % FBS

Gelzan solution

1 % w/v GelzanTM

HBSS + Ca?

118 mM NaCl

5 mM KCI

1 mM CaCl

1 mM MgCl:

5 mM D-glucose
15 mM HEPES
pH 7.4

Laemmli Buffer (Laemmli 1970)

50 mM Tris

384 mM Glycine

0.1 % [w/v] SDS

0.01 % Bromphenol blue

20 % (v/v) B-Mercaptoethanol

LB Medium 20 g LB-Medium
11H20

MACS Separation Buffer PBS
0,5 % FBS

2mMEDTApPH 7.5

Nucleus Lysis Buffer |

20 mM HEPES pH 7.4
600 mM KClI

0,2 mM EDTA
2mMDTT

1 mM PMSF

Nucleus Lysis Buffer Il

20 mM HEPES pH 7.4
0,2 mM EDTA
2mMDTT

1 mM PMSF

PB Buffer

PBS
0.5 % FBS

PBST

1X PBS
1 % Tween20

PhosphoSafe Mix

PhospoSafe ™Extraction Reagent,

Roche Complete™ Protease Inhibitor Cocktail, 7X in H20,

DTT 2mM

Pre-Digestion Buffer

HBSS (without Ca?* or Mg?*)
5mM EDTA

5 % FBS

1mMDTT

Revert Wash Buffer

6.7 % (v/v) glacial acetic acid
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30 % (v/v) Methanol

in H20
TNF ELISA Wash Buffer PBS + 0.05% Tween20
TRI reagent (bought from Sigma- | 0.4 M Ammoniumthiocyanate
Aldrich, St. Louis, USA) 0.8 Guanidiumthiocyanate

0.1 M Sodium acetate
5 % Glycerin

1 kg Phenol

Acetic acid

2.6 1 H20

Wet Blot Buffer 15.5 g Tris base
72 g Glycine

1 1 Methanol
41H0

2.3 Primers

Table 5 lists all primers that were used in qRT-PCRs and genotyping experiments.

Table 5: Primers and their nucleotide sequence.

Primer Sequence

CerS1_for 5-CCTCCAGCCCAGAGAT-3*

CerS1_rev 5-AGAAGGGGTAGTCGGTG-3'
CerS2_for 5'-CCAGGTAGAGCGTTGGTT-3'
CerS2_rev 5'-CCAGGGTTTATCCACAATGAC-3'
CerS3_for 5-CCTGGCTGCTATTAGTCTGAT-3'
CerS3_rev 5-GCAAGGATTTCAAGGAGAG-3'
CerS4_for 5-GCAAGGATTTCAAGGAGAG-3'
CerS4_rev 5'-AACAGCAGCACCAGAGAG-3*
CerS5_for 5-CAAGTATCAGCGGCTCTGT-3*
CerS5_rev 5-ATTATCTCCCAACTCTCAAAGA-3'
CerS6_for 5-ATTATCTCCCAACTCTCAAAGA-3"-3*
CerS6_rev 5-AATCTGACTCCGTAGGTAAATACA-3'
L3_for 5-ACATATCTCCCTTTGCCCTGATG- 3
L3_rev 5-ATAATTGCAAGAGACGGCAATGA- 3
LCK A_for 5-CACGTGGGCTCCAGCATT-3’

LCK B_rev 5-TCACCAGTCATTTCTGCCTTTG-3
LCK_for 5-CAGTCAGGAGCTTGAATCCC-3’
LCK_rev 5-CACTAAAGGGAACAAAAGCTGG-3
Murine CerS3_for 5-CCTGGCTGCTATTAGTCTGATG-3
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Murine CerS3_rev

5-CTGCTTCCATCCAGCATAGG-3'

Murine PPIA_fwd

5-GCTGGACCAAACACAAACGG

Murine PPIA_rev

5-GCCATTCCTGGACCCAAAAC

RPL13A_for 5 -CTCCTCACTGTTGTTCTACGC -3
RPL13A_rev 5 -AACGGAGAACCAATAAGCACC-3'
2.4 Plasmids

The following Table 6 states all used plasmids in this dissertation.

Table 6: Plasmids used for transfection and transduction.

Plasmid Resistance Resistance Manufacturer | Application
in bacteria in cells
CerS3myc (LASS3 | Kanamycin Neomycin OriGene Overexpression  plasmid
Human Tagged ORF for CerS3 (Supplementary
clone) Figure 12)
Gag/pol pCMV- | Ampicillin - promega Virus production
dR8.91 (Supplementary Figure 9)
GIPZ CerS1 Ampicillin Puromycin dharmacon Plasmid for shCerS1-RNA
V3LMM_432975 expression
(Supplementary Figure 8)
GIPZ CerS3 V3LHS_ | Ampicillin Puromycin dharmacon Plasmid for shCerS3-RNA
373185 expression
(Supplementary Figure 8)
GIPZ CerS3 | Ampicillin Puromycin dharmacon Plasmid for shCerS3-RNA
V3LHS 373159 expression
(Supplementary Figure 8)
GIPZ CerS3 | Ampicillin Puromycin dharmacon Plasmid for shCerS3-RNA
V3LHS 373183 expression
(Supplementary Figure 8)
GIPZ NC Ampicillin Puromycin dharmacon Plasmid for control shRNA
expression
(Supplementary Figure 8)
NCmyc pCMV6- | Kanamycin Puromycin OriGene Control plasmid for
Entry overexpression
(Supplementary Figure
11)
VSV-G pMD2.G Ampicillin - promega Virus production
(Supplementary Figure

10)
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3. Methods

3.1. Animal related Methods
3.1.1 Animal Model

All animal experiments were approved by the local Ethics Committee for Animal
Research (Regierungsprasidium Darmstadt, Germany) under the approval
identification FK 2008. The experiments were conducted in compliance with the
guidelines of the Gesellschaft fiir Versuchstierkunde/Society for Laboratory Animal
Science (GV-SOLAS) for animal welfare in science and the European and German
regulations for animal research. All possible efforts were taken to reduce the suffering

of the animals to a minimum.

Mice were bought from a commercial vendor and further bred and kept in the Zentrale
Forschungseinrichtung of the University Clinic Frankfurt am Main, Germany. The mice
were kept under a constant room temperature of 21 £ 1 °C and in a 12 h light-dark
cycle. Mice were fed and had access to water ad libitum. Mice aged 6 to 20 weeks

were used for the experiments.

For a T-cell specific knockout of CerS3 in mice, exon 7 of the CerS3 gene was deleted
and replaced by an exon that is flanked by LoxP sites (CerS3"M, |ater referred to as
WT). CerS3"" mice were crossed with LCK-Cre (B6-Cg-Tg(Lck-cre)548Jxm) (Charles
River, Sulzfeld, Germany) mice to obtain the T-cell specific knockout generating
CerS3"LCK-Cre* mice (later referred to as CerS3 LCK Cre). CerS3"1 mice were kindly
gifted to us by Dr. Roger Sandhoff (Deutsches Krebs Forschungszentrum, Heidelberg,

Germany).

Acute Colitis in mice was induced by supplementing the drinking water with 2 % of
DSS for 5 days, following three days of normal water supply. After 8 days, mice were
sacrificed and different organs were collected. During the experiment the mice were
observed daily. The observation protocol was based on the Canadian Council on
Animal Care 1998. Disease progression was controlled by a score system. Body
weight, stool consistency and body posture changes, as well as bleeding, were
included in the score assessment. The humane endpoint for this experiment was
reached when mice had a Score > 3. No mice had to be sacrificed before the endpoint

of the experiment.
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3.1.2 Tissue collection and preparation

For the analysis of immune cell distribution various tissues (colon, thymus, spleen,
lymph nodes and blood) were dissected and further processed. The colon was
obtained and washed with PBS before it was cut longitudinally. The colon length was
captured by cell phone camera pictures with a metric ruler next to the colon. Thymus,
spleen and lymph nodes were removed from the body and put in PBS on ice for further
proceeding. Blood samples were retrieved by cardiac puncture and collected in an
EDTA-K tube on ice. For mRNA isolation, a piece of liver was cut out and then further

processed.

3.1.3 Immune Cell isolation

Immune Cells were isolated from various tissues for flow cytometry. White blood cells
were isolated by mixing 100 pl of ice-cold EDTA blood with 100 pl of 1 M HEPES. After
centrifugation of the mixture at 600 x g for 10 min at 4 °C the plasma was collected
and stored at -80 °C for further sphingolipid (LC-MS/MS) and cytokine (CBA) analysis.
The red blood cells were lysed with an erythrocyte’s lysis buffer for 10 min at RT and
then centrifuged again at aforementioned conditions. After that, the pellet was
resuspended in 100 ml FACS flow and kept on ice until further processing. Immune
cells from spleen, lymph node and thymus were isolated by passing the organs with a
stamp through a 40 ym or 70 um cell strainer (Greiner BioOne, Frickenhausen,
Germany), respectively. Cells were rinsed with 3 ml of PBS and afterwards lysed with
an erythrocyte’s lysis buffer for 10 min at RT. Following a centrifugation step at 600 x g
for 10 min at 4 °C the cell pellet was resuspended in 100 pul FACS flow and stored on
ice for flow cytometry staining with the Immune Cell panel (Table 13) and following flow
cytometry analysis (Supplementary Figure 3, Supplementary Figure 4 and
Supplementary Figure 5). When thymocytes were used for further cell culture

experiments, the isolation was performed under a half-sterile biosafety cabinet.

3.1.4 IEL and LP isolation

The longitudinally cut colon was sliced into little pieces for Intraepithelial lymphocyte
(IEL) and LP fraction isolation. The pieces were digested with pre-digestion solution by
rotation at 37 °C for 20 min, vortexed for at least 30 s and then pushed through a 70
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Mm strainer. This step was repeated once again, before the pieces were then digested
for 20 min at 37 °C by rotation with HBSS without Ca2* or Mg?* and 10 mM HEPES.
After centrifugation at 300 x g for 10 min, the IEL fraction of the colon is obtained. The
colon pieces were collected in a gentle MACS c-tube (Miltenyi Biotec, Mdénchen-
Gladbach, Germany) and mixed with an enzyme mix containing 100 pl Enzyme D, 50
Ml Enzyme R and 12.5 yl Enzyme A and 2.35 ml of the digestion solution that was pre-
warmed at 37 °C. The tubes were put on the gentle MACS dissociator (Miltenyi Biotec,
Moénchen-Gladbach, Germany) to enzymatically dissociate the LP with the pre-
installed 37C_m_LPDK 1 program. The solution was then filtered through a 100 ym
strainer and washed three times with PB Buffer. Cells were centrifuged at 300 x g for
10 minutes. IEL and LP fraction cells were resuspended in 100 yl FACS flow and
stored on ice for flow cytometry staining with the Immune Cell panel (Table 13) for the

following flow cytometry analysis (Supplementary Figure 2).

3.1.5 Histology analysis

For histological analysis of the colon, the colon was washed with PBS and cut
longitudinally before rolled from the proximal to the distal part and embedded in
TissueTek solution in a medium biopsy mold (15x15x5mm, Sakura Finetek, Umkirch,
Germany). The tissue was frozen on dry ice and stored at -80 °C. The colon swiss rolls
were cut into 10 um slices at a cryotome (CM 3050S microtome, LEICA, Wetzlar,
Germany) and put on slides (Superfrost Plus, Thermo Fisher Scientific, Waltham, USA)
at -80 °C. For staining of cell nuclei, cytoplasm and organelles, slices were stained with
the Hemacolor kit. Slices were fixed with Hemacolor solution 1 for 5 s. Afterwards
Hemacolor solution 2 was added for 3 s for pink staining of cytoplasm, organelles and
extracellular matrices. Hemacolor solution 3 was put on the slices for 6 s to stain nuclei
blue. Slices were washed twice in Hemacolor solution 4 (pH 7.2) for 10 s and air-dried.
Pictures of colon swiss rolls were obtained with the BioRevo BZ9000 microscope
(Keyence, Neu-Isenburg, Germany). Cutting and staining of slices were performed by
Karin Schilling (Institute of Clinical Pharmacology, Frankfurt am Main, Germany).

38



3. Methods

3.2 Cell Culture Methods

3.2.1 Cell Culture

The human CD4* T cell Jurkat cell-ine (#ACC 282, German Collection of
Microorganisms and Cell Cultures GmbH (DMSZ), Braunschweig, Germany) was
incubated at 37 °C and 5 % CO2in RPMI 1640 medium containing 10 % FBS, 2 mM
GlutaMax and 1 % P/S. The cells were split every five days. Since these are
suspension cells, the cells were centrifuged at 1200 rpm for 3 min and taken up in fresh
medium. The pH indicator in the medium showed a shift from red to yellow at low pH
levels, while at higher pH levels the medium turns purple. When medium shifted from

red to yellow, fresh medium was added until medium was again red (pH 7.4).

HEK cells (#ACC 305, DMSZ, Braunschweig, Germany) for virus production were
maintained in culture in DMEM (GlutaMax | + 4.5 g/l D-glucose) + 10 % FBS medium
at 37 °C and 5 % COz2. These adhesion cells were split every three days. For this, the
flask containing the cells was slightly hit and the medium with the cells was centrifuged

at 1200 rpm for 3 min. The desired cells were then resuspended in fresh medium.

Caco-2 (#ACC 169, DSMZ, Braunschweig, Germany) cells for colon chips were
cultured in Complete Caco-2 Medium (DMEM Advanced + 1 % P/S + 20 % FBS) in an
incubator at 37 °C and 5 % CO:a. For cell passaging, cells in a T175 flask were washed
with 5 ml PBS and then trypsinized for 3 min with 5 ml Trypsin-EDTA at 37 °C.

Afterwards, cells were resuspended thoroughly before cell counting.

HUVECs (#C0035C, Invitrogen, Toulouse, France) were kept in basal media for large
human endothelial cells supplemented with 10 % LVES and 1 % P/S at 37 °C and 5 %
COq2. For cell passaging, cells in a T175 flask were washed with 5 ml PBS and then
trypsinized for 3 min with 5 ml Trypsin-EDTA at 37 °C. Afterwards, cells were

resuspended thoroughly before cell counting.

Primary human CD4* or CD8* cells, isolated from Buffycoats, were cultured in
TexMACS medium at 37 °C and 5 % COa. Cells were activated with CD2/3/28
activation beads in a cell-to-bead ratio of 1:1 and 200 U/ml IL-2. Every three to four
days, the cells were re-stimulated with IL-2 and every 14 days after isolation, they were
reactivated with CD2/3/28 activation beads. Depending on the colour of the medium,

like already described for the Jurkat cells, fresh medium was added.
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Primary murine thymocytes were cultured in RPMI 1640 medium supplemented with
1% P/S, 1 % NEAA, 1 % EAA, 1 % NaPyruvate, 1 % HEPES and 10 % FBS in an
incubator at 37 °C and 5 % COoa. Cells were activated prior to culture with Mouse T-
Activator CD3/28 Activation beads, 50 mM B-mercaptoethanol, 200 U/ml human IL-2
and 20 ng/ml human IL-7. Every two days B-mercaptoethanol, IL-2 and IL-7 were

freshly added to the cells.

3.2.2 Cell harvesting

Before harvesting the cells, a little fraction was stained with trypan blue to mark dead
cells and afterwards cells were counted in a Neubauer chamber. Counted cells were
then transferred into a tube and centrifuged for 3 min at 1200 rpm. The pellets were

stored at -20 °C or -80 °C depending on further processing.

3.2.3 Isolation of CD47%/8" cells from Buffycoats

The isolation of CD4%/8" cells was performed via positive magnetic selection. Wanted
cells were magnetically labelled and then separated from the unwanted cells with the
StraightFrom® Buffycoat REAlease® MicroBeads. Later the cells were also freed from

all attached beads.

Buffycoats were obtained from the Deutsche Blutspendedienst (University Clinic
Frankfurt am Main, Germany) on the day of isolation. 2 ml CD4/8-Biotin Beads were
added per 80 ml Buffycoat and incubated for 10 min at RT. After that, 15 ml Anti-Biotin
Microbeads were added to the solution and the tube inverted. After a 5 min incubation
time period at RT, the Buffycoat-Bead Mixture was divided on twelve Whole Blood
Columns that were pre-labelled with 2 ml of SB Buffer and put into the Midi-MACS
Separator (Miltenyi Biotec, Monchen-Gladbach, Germany). After the cell suspension
successfully surpassed the magnet, the columns were washed twice with 2 ml SB
Buffer. The Columns were then placed into a 15 ml conical tube, and 4 ml of REAlease
Bead Release Reagent (1:50 REAlease Bead Release Reagent + SB Buffer) were
used to push the cells through with a plunger. After incubating 10 min at RT the cells
were free of the Anti-Biotin beads. The cells were centrifuged at 300 x g for 10 min at
RT for removal of the CD4/8 Biotin beads. Cells were resuspended in 25 ml SB Buffer

and then 500 ul of REAlease Realease Reagent was added. The tube was inverted
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and incubated for 5 min at RT. After that the cells were counted in a Neubauer chamber
and the cell density was adjusted to 1*108 cells/ml with TexMACS medium before the

cells were activated via CD2/3/28 activation beads and IL-2 treatment.

3.2.4 Activation of T cells

For the activation of human T cells a combination of CD2/3/28 activation beads and IL-
2 was used. For 1*108 beads 100 pl of each Anti-CD2-Biotin-, Anti-CD3-Biotin- and
Anti-CD28-Biotin-antibodies were mixed with 500 ul Anti-Biotin MACSiBeads particles
and 200 pl SB Buffer. After 2 h of incubation at 4 °C under rotation, beads were ready
to use. Cells were always activated in a cell-to-bead ratio of 1:1 and with an addition
of 200 U/ml IL-2. The beads and IL-2 were directly pipetted to the cells.

Murine T cells were activated by Mouse T- Activator CD3/28 activation beads. For
1.5 * 10° cells 30 pl of beads were used. The same volume of PBS + 0.5 % FBS was
added and the mixture was vortexed for 30 s. After centrifugation at 13000 rpm for

1 min, the cells were resuspended in their respective medium.

3.2.5 Staining of T cells with tracer dyes

T cells for Immune cell recruitment experiments were dyed with the fluorescence dye
PKH26 or 67, respectively. 4 * 108 cells were washed in PBS and then centrifuged at
1200 rpm for 3 minutes and resuspended in 4 ml serum-free RPMI medium. Cells were
centrifuged for 5 min at 400 x g to obtain a loose pellet. Cells were resuspended in
40 pl Diluent C (2X cell suspension). Prior to staining 0.5 pl of PKH26 (or 67) was
added to 125 pl of Diluent C (2X dye) and mixed. Equal volumes of cells and dyes
were mixed and incubated for 5 min with periodic mixing, then the reaction was stopped
by adding 4 ml of normal medium (containing FBS). Cells were then centrifuged for 5
min at 500 x g and resuspended with PBS. Cells were again centrifuged at 500 x g for

5 min and then kept in normal growth medium until use.

3.2.6 Proliferation assay

To track the proliferation of different cells, cells were labelled with CellTrace Violet.
This dye gets more diluted with every cell division and can be therefore used to track
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the proliferation status of cells. A 5 mM stock solution of CellTrace Violet was obtained
by adding 20 pl DMSO to the CellTrace Violet vial. For a 10 yM working solution, 2 pl
of the 5 mM stock solution of CellTrace Violet was added to 998 ml of pre-warmed
PBS. The working solution was mixed with 1.5*10° cells and incubated for 20 min at
37 °C. Cells were then washed twice with 4 ml of respective medium at 1200 rpm for
3 min. For the first measurement at 0 h, 300 pl of cells were transferred into a FACS
tube and centrifuged at 500 x g for 5 min. Cells were then resuspended in 300 yl FACS
flow for flow cytometry analysis. The rest of the cells were seeded into a 24 well plate
(1.2 * 108 cells per well) and activated with CD2/3/28 activation beads and 200 U/ml
IL-2. Every 24 h 300 ul cells were obtained and prepared for flow cytometry analysis.
In total 25000 events were measured for every time point and analysed by FlowJo

Software (Supplementary Figure 6).

3.2.7 Migration assay

This assay is based on the migration of cells through an 8 uM pore-sized membrane
to a S1P gradient. The Transwell-inserts (Greiner BioOne, Frickenhausen) were put
into a 12 well plate well. In each insert a total of 1*10° T cells were seeded in RPMI
1640 + Glutamax medium supplemented with 4 % fatty-acid free BSA. The cells were
incubated for 2 h at 37 °C on the inserts prior to the assay. Afterwards the inserts were
placed into the wells containing 600 pyl medium w/o FBS with 100 nM S1P or medium
with 10 % FBS as positive control and medium without FBS as negative control. The
cells were then incubated for another 2 h to allow the cells to migrate towards the S1P
gradient. After incubation, the medium in the bottom was collected and centrifuged at
500 x g for 5 min and resuspended in 300 ul FACS flow. Cells were then analysed at
a flow cytometer by measuring the cells for 1 min. The analysis was done with FlowJo
Software (Supplementary Figure 6).

3.2.8 T cell Differentiation assay

To study the differentiation capacity of T cells into different T cell subpopulations,
murine thymocytes were treated with different cytokines to induce differentiation. After
isolation of the cells from the thymus, 1.5 *10° cells were activated with 30 ul Mouse
T- Activator CD3/28 activation beads, 50 mM 3-mercaptoethanol, 200 U/ml human IL-
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2 and 20 ng/ml human IL-7. To differentiate the naive T cells into Tregs, the cells were
treated with 60 ng/ml of human IL-15. For the TH1 subpopulation cells were treated
with 10 ng/ml mouse IFNy and 6 ng/ml mouse IL-12. Cytotoxic T cells were induced
by treatment with 60 ng/ml human TGF(. Before treatment of the cells, 250 pl cells
were obtained for the 0 h time point. Every two days fresh B-mercaptoethanol, IL-2 and
IL-7 was added to the cells and every 24 h 250 pl cells were transferred to a FACS
tube for flow cytometry analysis. Cells were stained according to the T cell panel (Table
14) and 250000 events were measured for each time point by flow cytometry. The

analysis was done with FlowJo Software (Supplementary Figure 3).

3.2.9 Intracellular Calcium measurement

For measurement of intracellular calcium concentration ([Ca?*]i), Jurkat cells were
labelled with fura-2-AM Ester. Cells were first washed with 5 ml HBSS + Ca?* and
centrifuged for 3 min at 1200 rpm. Afterwards 1*107 cells were resuspended in 10 ml
HBSS + Ca?* buffer and 10 pl of fura-2-AM (stock solution: 1mM, endconcentration:
1 uM) were added. Cells were incubated for 1 h protected from light. Then cells were
washed twice with 10 ml HBSS with Ca?*. 2 ml cells were put in cuvettes in a density
of 1*108 cells/ml for fluorescence spectrophotometrical measurement at the F2500
fluorescence spectrophotometer (HITACHI, Asemo, Japan) provided by Prof. Dr.
Joseph Pfeilschifter (Institute of general pharmacology and toxicology, Faculty of
Medicine, Goethe University Frankfurt, Germany). Excitation was altered between
340 nm and 380 nm and emission was recorded at 510 nm. Cells were either
stimulated with 1 uM S1P or 1 yM SEW 2871. To determine maximal [Ca?*] values,
60 pl 1.5 % digitonin was added to the cells, and for minimum [Ca?*]i values 15 mM
EGTA was added to the cells.

3.3 DNA Methods

3.3.1 Plasmid isolation

For plasmid isolation respective glycerol cultures of Escherichia coli were cultivated in
200 ml LB-media containing antibiotics (100 pg/ml for Ampicillin and 25 pg/ml for
Kanamycin) under shaking at 37 °C overnight. Plasmid isolation and purification was
performed with the Qiagen Plasmid Purification Maxi Kit as described in the kit
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instructions. Afterwards DNA concentration was measured spectral-photometric at an

absorption of 260 nm with a Tecan Reader (Tecan, Mannedorf, Switzerland).

3.3.2 Virus production

For constitutive downregulation of certain genes, cells can be transduced with
lentiviruses for a specific short hairpin (sh) RNA. The production of lentiviruses requires
several steps. Three important main genes are necessary for virus production: gag
(retroviral core), pol (reverse transcriptase, RNase H and integrase) and env (viral
envelope). For safety reasons, the lentiviral genes are divided into two different
plasmids, which are then transfected together into a HEK cell line so that the virus can
be produced in those cells. In addition to both plasmids for virus production, the vector
for the shRNA is also transfected into the cells. For virus production 3.8*10% HEK cells
were seeded in a 60.1 cm? dish in 10 ml DMEM + GlutaMax | + 4.5 g/l D-glucose +
10 % FBS medium. The cells were used at a confluency of 70 to 90 %. In an Eppendorf
tube, 7.5 ug shRNA vector, 12.5 pg gag/pol and 1 ug envelope plasmids were mixed
and filled up to 450 ul with H20. To this, 50 pl CaClz was added. In a 50 ml tube, 500 ul
HBSS was placed and the DNA-CaClz mixture was added dropwise. Simultaneously
the mixture was supplied with air by using a 10 ml pipette. The HEK cells were treated
with 25 uM chloroquine solution to inhibit lysosomal DNases. After incubation at RT for
15 min, the DNA-CaCl2 mixture with HBSS was added dropwise to the cells in the dish
in a circular fashion. After six to eight hours, the medium was changed and 5 ml DMEM
+ GlutaMax | + 4.5 g/l D-glucose + 5 % FBS medium was added. The next day, cells
were checked under the light microscope for successful transfection (plagues, holes in
cell membrane and no doubling of cells). The medium was then removed from the cells
using a syringe and filtered through a 0.45 um sterile filter (Corning, New York, USA).
The cells were incubated for another 24 h with the 5 % FBS medium. Virus supernatant
was mixed with cold PEG-it in a 4:1 ratio for virus precipitation and incubated for at
least 12 h at 4 °C. The virus PEG-it solution was then centrifuged at 1500 x g at 4 °C
for 30 min. The supernatant was tipped off and the pellet resuspended in 20 to 30 pl
cold 1X PBS and stored at -80 °C until further usage.

All steps were performed under a S2 Biosafety cabinet.
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3.3.3 Virus transduction

For stable knockdown of CerS3 in Jurkat cells, 1.5 * 10* cells/well were seeded in a 12
well plate in 1 ml RPMI 1640 + 2 mM Glutamax | + 1 % P/S + 10 % FBS medium. Four
different shCerS3 viruses, or one shNC or shCerS1 virus (Table 6) were added to the
cells, by pipetting each 1 pl of virus solution to the cells. Afterwards the cells were
centrifuged for 45 min at 1800 rpm and 37 °C. Again 1 ml medium was added to the
cells and they were incubated for 48 to 72 h. Every day the expression of Green
fluorescent protein (GFP) was checked under a fluorescence microscope (Zeiss,
RoRdorf, Germany). On the last day of incubation, the cells were centrifuged at
1200 rpm for 3 min and resuspended in fresh medium containing 10 mg/ml Puromycin

for selection.

3.3.4 Transfection

For stable overexpression of CerS3 in Jurkat cells, the cells were transfected with a
CerS3myc or NCmyc overexpression plasmid (Supplementary Figure 12 and
Supplementary Figure 11). On the first day, Jurkat cells were seeded in a density of
0.5 to 2 * 10° cells/ml to reset all cells to the same cell cycle. The next day, 1.5 * 10°
cells were seeded in 250 pl Medium. In an Eppendorf tube, 12.5 yl OptiMEM medium
was placed and 0.75 ul GenedJuice Reagent was added dropwise for each well. The
mixture was vortexed and incubated for 5 min at RT. Then 250 ng of overexpression
plasmid was added and gently mixed by pipetting. After 15 min of incubation at RT the
mixture was added dropwise to the cells and they were incubated for 24 to 48 h. Upon

48 h of incubation 200 ng/ml Neomycin was added to the medium for selection.

3.3.5 Genotyping

To varify the genotypes of the mice used in the experiments, mice were punched in
the ear to get tissue for DNA isolation. DNA was isolated with the GT KAPA genotyping
kit. Ear punch tissue was mixed with 10 % v/v tail lysis buffer supplemented with 2 %
v/v protease K. The samples were then incubated for 10 min at 70 °C under gentle
shaking and then for 5 min at 95 °C under gentle shaking. For the conditional KO of
CerS3, amplification was performed by Tag DNA Polymerase with primer sequences
for CerS3 and LCK-Cre in two different PCR programs (Table 7). The PCR for CerS3
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resulted in amplicons of 315 bp for WT, 419 bp for flox/cond and 315 + 419 bp for
WT/cond. PCR for LCK Cre resulted in an amplicon of 250 bp. For amplicon size
conformation PCR products were loaded onto a 2 % agarose gel containing 5 % v/v
Roti-Safe GelStain DNA binding fluorescence dye and a GeneRuler™ DNA Ladder
mix as a standard. Electrophoresis was performed to separate PCR products at 100 V
(PowerPac Basic, BioRad, Hercules, USA) for 1 h and visualized on a Gel Doc XR+

System with the Imagelab™ software (BioRad, Hercules, USA).

Table 7: Composition of different PCR mixtures for genotyping of CerS3 LCK Cre mice and
respective PCR programs

Component Volume [ul] PCR program
CerS3 PCR LCK Cre PCR CerS3 PCR | LCK Cre PCR
H20 4 1.5 95 °C 2 min 95 °C 5 min
Taq Polymerase Mix 12.5 12.5 95°C45s 95°C30s
Primer 1 1.25 (L3_for) 1.25 (LCK _for) 58 °C 30 s 60°C30s 35x
Primer 2 1.25 (L3_rev) 1.25 (LCK _rev) 72°C40s 72°C60s
Primer 3 - 1.25 (LCK A_for) 72°C5min | 72°C 10 min
Primer 4 - 1.25 (LCK B_rev)
Template 1 1
Total Volume 20 20

3.4 RNA Methods

3.4.1 RNA isolation of human cells

RNA was isolated with the QIAGEN RNA Purification Kit as described in the
manufacturer’s instructions. After isolation, the concentration of RNA was determined
spectral-photometric at the Infinite Pro Tecan Reader (Tecan, Mannedorf, Switzerland)
at 260 nm. RNA was stored at — 80 °C.

3.4.2 RNA isolation of murine cells and tissue

Isolation of RNA of murine liver tissue and T cells was performed with TRI reagent. A
piece of liver was lysed with 200 pl TRI reagent and potted with an electric potter to
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disrupt the tissue and then 800 ml TRI reagent was added. T cells were resuspended
in 400 pl TRI reagent. Samples were vortexed and incubated for 10 min at RT and then
200 pl (to liver) / 80 pl (to T cells) chloroform was added and vortexed and incubated
again for 10 min at RT. Samples were then centrifuged at 12200 x g for 15 min at 4 °C.
The watery phase above was then placed into a new Eppendorf tube and filled with
500 pl (200 pl) isopropanol, respectively. Samples were vortexed and then incubated
for 10 min at RT. Afterwards, RNA was centrifuged at 12200 x g for 8 min at 4 °C.
Supernatant was discarded and then 500 (250) pyl 75 % ethanol was added and
centrifuged for 5 min at 7500 x g at 4 °C. Supernatant was discarded and pellets were
left do dry for 20 minutes, before pellets were resuspended in 15 to 400 pl RNAse-free
water (depending on pellet size). RNA concentrations were measured at the
Nanodrop-photometer (Thermofisher, Waltham, USA) at 260 nm. RNA was stored at
— 80 °C.

3.4.3 cDNA synthesis
For synthesis of cDNA, 400 to 800 ng RNA were used for the verso kit. The

components and their respective volumes for one cDNA approach are listed in Table
8. The mixture was treated for 30 min at 42 °C and afterwards for 2 min at 92°C. After

cDNA synthesis, every sample was filled with 50 yl RNase-free water.

Table 8: Required Volumes and components for a 20 ul sample of cDNA

Component Volume [pl]
5X synthesis buffer 4
dNTP Mix 2
Hexamers 0.7
Oligo Mix 0.3

RT Enhancer 1
Verso Enzyme 1

400 to 800 ng RNA

RNase free water Ad 20

3.4.4 Quantative RealTime-PCR (qRT-PCR)

To determine transcript quantity of different genes, qRT-PCR was performed (Table

9). The expression of each target gene was determined in triplicates. Fluorescence of
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SYBR Select or ORA SEE gPCR Green ROX was measured after each elongation
step, respectively. Therefore the formation of the PCR product could be observed in
real time. The formation of the product correlates with the C (t) value. This value

indicates the threshold at which the fluorescence, and thus the formation of the

product, exponentially exceeds the background fluorescence.

Table 9: qRT-PCR preparation for gqRT-PCR of genes of interest

Preparation for 1 gPCR

gPCR program

SybrSelect qPCR Master Mix or

ORA SEE gPCR Green ROX 5ul 50 °C 2 min
Master Mix
45 cycles
Forward Primer 1l 95 °C 15 min
Reverse Primer 1 ul 95 °C 15 sec
RNase-free H20 2l 60 °C 1 min
cDNA 1ul

For the qRT-PCR of S1P1, 4 and 5, Tagman’s probe was used as described in Table

10.

Table 10: Preparation for SIPR qRT-PCR

Preparation for 1 gPCR

qPCR program

Tagman Buffer 5l 95 °C 30s
Tagman’s probe 0.5ul | 95°C 1s
50 cycles
RNase-free H20 354l | go°C | 255
cDNA 1 ul

The relative expression of the target genes was calculated using the A C (t) values.

The C (t) values of the target genes were related to the expression of the constitutively

expressed gene RPL13A. The C (t) ratio was calculated as follows:

AC(t) = C(t)(target gen) — C(t)(RPL13A)

48

(1.1)




3. Methods

Ratio = 2-AcT (1.2)

3.4.5 siRNA treatment of primary T cells

For transient knockdown of CerS3 in primary T cells isolated from the blood of healthy
donors, Accell small interfering (si) RNA was used. Stock solution of siRNA in a
concentration of 100 yM were conducted by resuspending 20 nmol siRNA with 200 pl
of 1X siRNA Buffer. SIRNA was incubated for 70 to 90 min at 37 °C under constant
shaking. After incubation, siRNA was centrifuged at a table centrifuge for some
seconds. Primary cells were washed trice with DPBS. 1*10° cells per approach were
resuspended in 99 ul Delivery Media and added to 1 ul siRNA in a 96-well plate well.
The sample was mixed briefly and the cells were stimulated with 200 U/ml IL-2 but
without activation beads to keep cells alive, but not fully activated. Cells were incubated
for48 h at 37 °C and 5 % CO.. After 48 h incubation, cells were activated with 200 U/ml
IL-2 and CD2/3/28 activation beads in a 1:1 cell-to-bead ratio. Every 24 h cells were
harvested for RNA isolation following gRT-PCR of CerS1-6.

3.5 Protein Methods

3.5.1 Whole Protein isolation

The cells were mixed with 200 pl of Phosphosafe Buffer, 30 yl of 7X Complete
Phosphatase Inhibitor Cocktail and 0.4 ul of DTT and vortexed. Using the sonicator,
the cells were lysed on ice three times with three shocks at level three with 30 % output
with ultrasonic waves. This was followed by centrifugation at 15000 rpm for 30 min at
37 °C. The proteins in the supernatant were transferred into a new Eppendorf tube and
stored at -80 °C. The Bradford method [391] was used to determine the protein
concentration. For this, a BSA standard series of 1 to 8 ug BSA was prepared. In each
case, 200 ul Bradford reagent was added to 1 pl protein solution with 9 yl water and
the OD was documented at 595 nm on the Tecan Reader and with the X-Fluor®

software.
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3.5.2 Nuclear Protein isolation

For fractional lysis of proteins, 1.5 * 107 cells were resuspended in 250 ul Bandshift
lysis buffer and then incubated for 10 min on ice. After this incubation, 13.25 pl of 10 %
NP40 was added and again incubated for 2 min on ice before centrifugation at
2500 rpm for 5 min at 4 °C. The supernatant contains the cytoplasmic proteins and
was stored at -80 °C. The nucleus pellet was then quickly resuspended in 30 pl nucleus
lysis buffer | and incubated for 30 min on ice. After incubation the cells were centrifuged
for 10 min at 14000 rpm at 4 °C. Supernatant was added to Eppendorf tubes prepared
with 30 pl nucleus lysis buffer Il and mixed very well. The samples were portioned in

small aliquots and snap-frozen in liquid nitrogen before storage at -80 °C.

3.5.3 SDS PAGE

For analysis and quantification of proteins the Western Blot (WB) method can be used.
First proteins are separated by size via a sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS PAGE).

To denature the proteins prior to loading, Laemmli buffer was added 4:1 to the protein
samples and boiled at 95 °C for 5 min. The 7.5 % (for NFAT1 protein detection only)
or 12 % SDS gel was clamped in a running chamber and then the chamber was filled
with 1X SDS running buffer. Separation gel and stacking gel of the 12 % SDS gel are
composed as in Table 11. For subsequent protein sizing, 2.5 ul of Precision Plus
Protein™ Standards, Dual Colour Marker was applied (10-250 kDa). The separation
of the proteins was performed at 80 V. As soon as the running front reached the
separation gel, the voltage was increased to 110 V and the protein extracts were

separated electrophoretically for approximately 1 to 1.5 h.

Table 11: Composition of the SDS Separation and stacking gels

Gel Composition

Separation gel (12 %) 1.97 ml Acrylamide
1.23 ml 1,5 M Tris, pH=8.8
49.2 ul 10 % SDS

24.6 pl 10 % APS
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2.46 pl TEMED

1.72 ml H20

Separation gel (7.5 %) 1.23 ml Acrylamide

1,23 ml 1,5 M Tris, pH=8.8
49.2 ul 10 % SDS

24.6 pl 10 % APS

2.46 pyl TEMED

2.46 mlH0

Stacking gel 0,65 ml Acrylamide
1.25ml 0,5 M Tris, pH=6.8
50 pl 10 % SDS

50 pl 10 % APS

5 yl TEMED

3.05 ml H20

3.5.4 Wet blotting

For transfer of the separated proteins in a SDS gel to a nitrocellulose membrane, the
wet blotting technique was used. The nitrocellulose membrane and two membrane-
sized pieces of Whatman paper were soaked in wet blot buffer. For the blotting

sandwich the different layers were stacked as follows:

Cathode
Filter
Blotting Paper
Gel
Membrane

Blotting Paper
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Filter
Anode

The closed clamp was transferred into the blotting chamber as well as a cooling pack
that was placed right next to it. The chamber was filled with wet blot buffer and a voltage

of 100 V was applied for 1 h to transfer the proteins to the membrane.

3.5.5 Western Blot analysis

After blotting, the membrane was stained with ponceau S in 0.1 % TCA for 1 min to
stain the protein lanes and then washed with water. The membrane was then scanned
or photographed and then blocked in blocking buffer for 1.5 to 2 h. If the membrane
was stained with Revert700 Total Protein stain, the blot was stained prior to blocking
of the membrane (s. 3.5.6). After blocking, the membrane was incubated with primary
antibodies diluted with antibody buffer (Table 12) overnight at 4 °C under rotation.
Following, the membrane was incubated for 1 h at RT under rotation before it was
washed three times with PBST. The membrane was then incubated with the secondary
antibody for 1.5 h at RT under rotation. Afterwards the membrane was washed again
three times with PBST. When 3-Actin or p84 were used as a loading control, those
antibodies were incubated for 30 to 60 min at RT. The detection of the fluorescent-
marked proteins was performed at the Odyssey Infrared Scanner (LI-COR

Biosciences, Lincoln, USA).

Table 12: Antibodies used in WB analysis

Target Host Molecular weight | Dilution | Manufacturer
CerS3 (HPA006092) rabbit 55 kDa 1:100 Sigma/Atlas Antibodies
c-Fos (9F6) rabbit 62 kDa 1:200 Cell Signalling
c-Jun (L70B11) rabbit 48 kDa 1:200 Cell Signalling
Mouse IRDye® 800CW or | goat - 1:10000 | LI-COR Biosciences
680RD

NFAT1 (4389) rabbit 140 kDa 1:200 Cell Signalling

p84 (5E10) mouse 84 kDa 1:1000 Abcam
Phospho-c-jun (D47G9) mouse 48 kDa 1:200 Cell Signalling
Phospho-Zap70 (65E4) rabbit 70,72 kDa 1:200 Cell Signalling
Rabbit IRDye® 800CW or | goat - 1:10000 | LI-COR Biosciences
680RD
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S1P1 (sc-48356) mouse 43 kDa 1:100 Santa Cruz
3-Actin (8H10D10, 13E5) | Mouse, rabbit | 42 kDa 1:1000 Cell Signalling
Zap70 (L1E5) mouse 70,72 kDa 1:200 Cell Signalling

3.5.6 Revert700 Staining of nitrocellulose membrane

For a whole protein staining prior to incubation of the first primary antibody, the
membrane was dried for 10 min at 37 °C on a filter paper. The membrane was then re-
hydrated for 5 min in PBS at RT under shaking. After rehydration, the membrane was
washed with ultrapure water and then incubated for 5 min with 5 ml of Revert700 Total
Protein Stain solution at RT under shaking. Following staining, the membrane was
washed three times with Revert wash buffer for 30 s and incubated in ultrapure water.
The membrane was then scanned at the Infrared Scanner (LI-COR Biosciences,

Lincoln, USA) to obtain images of the stained protein lanes.

3.5.7 Flow Cytometry

To determine immune cell populations, surface proteins of cells were stained and
analysed by flow cytometry. Cells were blocked with 2 pl FcR blocking reagent for
15 min at RT protected from light. The respective antibody cocktail (depending on the
cells of interest) was added to the cell suspension and incubated for 15 min at RT
protected from light (Table 13 and Table 14). After staining, cells were washed with
500 pl FACS flow for 5 min at 500 x g at 4 °C and resuspended in 300 ul FACS flow.
Flow cytometric analysis of fluorescence emission was performed using the FACS
symphony B 5 and the BD FACSDiva™ software (BD Biosciences, San José, USA),
both provided by Prof. Dr. Bernhard Brune (Institute of Biochemistry |, Faculty of
Medicine, Goethe-University Frankfurt, Germany). Analysis of immune cell populations
was performed with FlowJo software v10 (Treestar, Ashland, USA). The gating
strategy of respective experiments is attached in the appendix (Supplementary Figure
2, Supplementary Figure 3, Supplementary Figure 4, Supplementary Figure 5,
Supplementary Figure 6 and (Supplementary Figure 7).

Table 13: Big Immune Cell panel used for analysis of different tissues (LP, IEL, spleen and blood)

Target Host Channel ul | Manufacturer
CD3 (T cells) hamster | YG602 (PE-CF594) | 1 BD Biosciences, San José,
USA
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CD4 (CD4* cells) rat V710 (BV711) 1 BD Biosciences, San José,
USA

CDS8 (CD8* cells) rat V660 (BV650) 2 BD Biosciences, San José,
USA

CD11b (monocytes) rat V510 (BV510) 0.5 | BD Biosciences, San José,
USA

CD11c (DC) hamster | R730 (AF700) 0.5 | BD Biosciences, San José,
USA

CD14 (monocytes) rat YG585 (PE) 0.5 | BD Biosciences, San José,
USA

CD19 (B-cells) rat R780 (APC-Cy7) 1 BD Biosciences, San José,
USA

CD25 (Tregs) rat YG780 (PE-Cy7) 2 BD Biosciences, San José,
USA

CD36 (macrophages) | mouse R675 (APC) 2 BD Biosciences, San José,
USA

CD45 (immune cells) rat V427 2 Miltenyi Biotec, Mdnchen-

(Vioblue/BV421) Gladbach

CD80 (monocytes, B | hamster | B510 (FITC) 2 BD Biosciences, San José,

cells) USA

GITR (Tregs) rat B510 (FITC) 1 BD Biosciences, San José,
USA

F4/80 (macrophages) | rat YG780 (PE-Cy7) 0.5 | BioLegend, San Diego, USA

Ly-6G (neutrophils) rat R780 (APC-Cy7) 1 BD Biosciences, San José,
USA

Ly-6C (monocytes) rat B710 (PerCP-Cy55) | 0.5 | Thermo Scientific, Waltham,
USA

MHC 1l (APCs) rat V595 (BV605) 0.5 | BD Biosciences, San Jose,
USA

NK1.1 (NK cells) mouse YG585 (PE) 2 BD Biosciences, San José,
USA

7AAD - PE-Cy5 2 Miltenyi Biotec, Mdnchen-
Gladbach, Germany

Table 14: T cell panel
Target Host Channel ul Manufacturer
CD3 (T cells) hamster | YG602 (PE-CF594) | 1 BD Biosciences, San José,

USA

54




3. Methods

CD4 (CD4* cells) rat V710 (BV711) 1 BD Biosciences, San José,
USA

CDS8 (CD8* cells) rat V660 (BV650) 2 Thermo Scientific, Waltham,
USA

CD11b (monocytes) | rat V510 (BV510) 0.5 | BD Biosciences, San José,
USA

CD25 (Tregs) rat YG780 (PE-Cy7) 2 BD Biosciences, San José,
USA

CD45 (immune cells) | rat R730 (AF700) 2 BD Biosciences, San José,
USA

GITR (Tregs) rat B510 (FITC) 1 BD Biosciences, San José,
USA

7AAD - PE-Cy5 2 Miltenyi Biotec, Modnchen-
Gladbach, Germany

3.5.8 Cytometric Bead Array (CBA)

For simultaneous detection of multiple cytokines in the supernatant of treated cells,
CBA was performed as instructed in the CBA Flex set kit. Supernatant of cells was
centrifuged at 14000 rpm for 10 min at 4 °C. In a FACS tube, 25 pl of supernatant were
mixed with 25 pl of antibody-CBA buffer mix. Per cytokine 0.5 ul of antibody beads
(blue cap) were used and filled up to 25 ul with CBA buffer for each sample. The
mixture was vortexed and incubated for 1 h at RT. After this incubation, the detection
reagent (red cap) was prepared just like the antibody beads and 25 pl of the detection
reagent mix was added to each sample and vortexed. After 2 h incubation at RT
protected from light, 1 ml FACS flow was added to the samples to wash them (5 min,
500 x g). The supernatant was discarded and the pellet was resuspended in 300 pl of
FACS flow. The samples were analysed via flow cytometry analysis and 300 events
per cytokine were measured. For calibration of the concentration, a standard curve
was also measured with standards provided in the kit. Samples were then analysed

via FlowdJo v10 software.

3.5.9 TNFa Enzyme-linked Assay (ELISA)

For detection of TNFa concentration in the supernatant of stimulated Jurkat cells,
1.7 * 107 cells/ml were seeded and activated with CD2/3/28 activation beads in a 1:1

cell-to-bead ratio and 200 U/ml IL2. Cells were centrifuged at 1500 rpm for 5 min and
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the supernatant was placed in a new tube and stored at — 20 °C until usage. 96-well
plates were coated with 100 pl of TNFa Capture Antibody (1:250 diluted in Coating
Buffer) overnight at 4 °C. On the next day, Capture Antibody was thrown away and the
wells were washed thrice with 300 ul TNF ELISA wash buffer. Then unspecific binding
sites were blocked with 200 ul Assay Diluent in every well for 1 h at RT. Assay Diluent
was then replaced and the wells were washed thrice with 300 y TNF ELISA wash
buffer. Then 100 pl of standard or sample was added and incubated for 2 h at RT.
Wells were washed five times with 300 ul TNF ELISA wash buffer. Then 100 pl Working
Detector solution (1:250 TNFa Detection Antibody + 1:250 Streptavidin-
Horseradishperoxidase (HRP) diluted in Assay Diluent) was added to every well and
incubated for 1 h at RT. Working Detector solution was taken away and the wells were
washed seven times with 300 pl TNF ELISA wash buffer for at least 30 s in each
washing step. After the last washing step, 100 ul Substrate Solution (TMB and H20:2
1:1) was added to each well and incubated for 30 min at RT in the dark (wells should
get a blue color). Reaction was stopped by adding 50 pl Stop solution (1 M H3PO4) and
the absorption at 450 nm was measured immediately at the Tecan Reader (Tecan,

Mannedorf, Switzerland).

3.6 Lipid Methods
3.6.1 LC-MS/MS

Concentrations of cellular sphingolipids of different cell lines were determined by high-
performance liquid chromatography coupled with tandem mass spectrometry (LC-
MS/MS). Extraction, measurement and quantification of sphingolipids were performed
by Sandra Trautmann, Viktoria Wagner, Dr. Dominique Thomas and Dr. Robert Gurke
from the Analytics Department of the Institute of Clinical Pharmacology, Frankfurt am
Main, Germany. The chemicals and reagents used for this method are therefore listed

in the description of the method.

For the quantification of sphingolipids, lipids were extracted from cell pellets of 2.5*108
cells each and quantified by LC-MS/MS [392, 393]. Several mass spectrometer units
were connected in series, resulting in tandem MS (or MS/MS), a coupling option which
is coupled with a liquid chromatograph. With this coupling, pure and also substance

mixtures can be precisely identified and quantified.
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Cell pellets were resuspended with 200 ul extraction buffer (30nM citric acid + 40 mM
disodium hydrogen phosphate) and then mixed with 20 pl internal standard (mixture of
SPH d18:1-d7, SPH d18:0-d7, S1P d18:1-d7, S1P d18:0-d7, Cer d18:1/16: 0-d7, Cer
d18:1/18:0-d7, Cer d18:1/24:1-d7, GlcCer d18:1/18:0-d5, LacCer d18:1/16:0-d3,
LacCer d18:1/17:0 (Avanti polar lipids, Alabaster, USA) Cer d18:0/18:0-d3 (Cayman
Chemicals, Ann Arbor, USA), and Cer d18:1/24:0-d4 (Chiroblock GmbH, Wolfen,
Germany). To separate the sphingolipids, 600 pl methanol/chloroform/HCI (15:83:2,
v/vlv) was added to the mixture. After phase separation, the lower phase was divided
into two new tubes and evaporated at 45 °C under a light stream of nitrogen. The
sphingoid bases and ceramides were analysed separately. The calibration standards
and quality control samples were prepared by pipetting 20 ul of a ceramide working
solution and 20 ul of a sphingoid base working solution together, respectively, and

processed using the same method as for the cells.

To analyse the ceramides, one of the aliquots was re-dissolved with 50 pl THF/water
(9:1, v/v) containing 0.2 % formic acid and 10 mM ammonium formate shortly before
measurement. Chromatographic separation was performed with an Agilent 1290 HPLC
system using a Zorbax Eclipse Plus C18 UHPLC column (50 mm x 2.1 mm ID, 1.8 um;
Agilent technologies, Waldbronn, Germany). The column temperature was 60 °C and
the injection volume 7.5 pl. Water containing 0.2 % formic acid and 10 mM ammonium
formate (mobile phase A), and ACN/IPA/acetone (5:3:2, v/v/v) containing 0.2 % formic
acid were used as mobile phases. The following gradient programme was performed:
50 % A (0.0 -0.2 min) - 10 % A (0.6 min) -0 % A (4.0 - 5.5 min) - 50 % A (6.0 - 7.5

min), flow rate 0.35 ml/min.

In order to analyse the sphingoid bases, they were re-dissolved with 50 pl MeOH
containing 5 % formic acid shortly before the measurement. Chromatographic
separation was performed with an Agilent 1290 HPLC system using a Zorbax Eclipse
Plus C8 UHPLC column (30 mm x 2.1 mm ID, 1.8 um; Agilent technologies,
Waldbronn, Germany). The column temperature was 55 °C and the injection volume
was 5 ul. Water with 0.5 % formic acid (mobile phase A), and ACN/IPA/acetone (5:3:2,
v/viv) with 1 % formic acid were used as mobile phases. The following gradient
programme was carried out: 55 % A (0.0 - 0.5 min) -0 % A (1.5 - 3.0 min) - 55 % A
(4.0-5.5min) -0 % A (3.1 - 4.5 min), flow rate 0.4 ml/min.
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Tandem mass spectrometric analysis was performed for both measurements using a
5500QTRAP mass spectrometer (Sciex, Darmstadt, Germany) equipped with a Turbo
V ion source in positive electrospray mode. The source parameters were set as follows
(ceramides/sphingoid bases): lonisation voltage 4500/4500 V, ion source temperature
450/500 °C, shielding gas 35/35 psi, collision gas 6/6 psi, nebulizer gas 55/50 psi and
heating gas 50/70 psi. The analysis was performed in Multiple Reaction Monitoring
(MRM) mode and two mass transitions were recorded for each analyte and internal

standard.

Analyst software V 1.6.3 and MultiQuant software V 3.0.2 (Sciex, Darmstadt,
Germany) were used to acquire and evaluate the data using the isotope dilution
method. Calibration was performed for each analyte individually using linear regression
and 1/x weighting or quadratic regression and 1/x2 weighting. Deviations in the
accuracy of the calibration standards were less than 15 % over the whole calibration

range, only for the smallest calibration standard a deviation of 20 % was accepted.

3.7 Human colon chip methods

To recreate natural physiological processes in the human body, many different models
were established. A very well established model is the three-dimensional (3D) culture
of cells in the form of organoids, in which specific tissue cells are kept in a matrix
resembling their natural microenvironment. Cells in 3D culture behave differently and
show more translational relevance in the clinics than cells in a 2D model. An organ-
chip recreates the microenvironment of tissues even better, because it allows the co-
cultivation of epithelial and endothelial cells as well as the application of mechanical
forces that are normally present within the human body (e. g. peristaltic of the intestine,

blood pressure differences).

The organ chip (S-1® Chip) (Emulatebio, Boston, USA) consists of
polydimethylsiloxane (PDMS) that makes it flexible to be able to apply stretch. The
chips has two microfluidic channels that extend parallel to each other and they are
connected through a porous membrane of 7 um to allow cell-cell interactions between
the top and the bottom channel cells (Figure 5). The top channel is filled with the
epithelial cells of the desired organ (in this case colon epithelial cells) and the bottom
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channel is seeded with the endothelial cells that represent the respective blood vessel

of the organ.

A

1. Bottom Channel Inlet Port
2. Top Channel Inlet Port

3. Vacuum Ports.

4, Top Channel Indicator

5. Top Channel Outlet Port
6. Bottom Channel Outlet Port

7. Chip Body

8. Top Channel Indicator  —~_ [~

Figure 5: S-1® Chip. A) Schematic depicture of S-1 Chip with all features. Picture was obtained from
Emulatebio.com B) Photo of S-1 Chip in Chip carrier.

Once the chip is activated, coated with extracellular matrix (ECM) proteins and the
cells are seeded, chips can be connected to the pods (Pod-1® Portable Module
(Emulatebio, Boston, USA)) (Figure 6). The pods supply media to the channels and

allow collection of media that flow through the channels.

A B

. Top Channel Inlet - ‘

. Top Channel Outlet

. Vacuum Chamber

1. Pod Reservoir Lid . Bottom Channel Outlet

[ R

2. Pod Reservoir
. Bottom Channel Inlet
3. Organ-Chip

4. Chip Carrier -

Figure 6: Pod-1® Portable Module. A) Schematic depicture of a Pod-1 Portable Module with all parts.
Picture was obtained from Emulatebio.com B) Sketch of top and bottom inlet and outlet reservoirs for
media of the pod. Picture was obtained from Emulatebio.com C) Photo of Pod-1 Portable Module with
connected S-1 Chip.
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Chips connected to the pod can be placed into the Zoé (Zoé® Culture Module)
(Emulatebio, Boston, USA), a device that provides continuous medium flow for the
channels and simultaneously applies mechanical forces in form of stretch to the chips
(Figure 7). Up to twelve pods can be held in one Zoé under the same conditions in an

incubator.

The Zoé is controlled by the Orb-HM1® Hub Module (Emulatebio, Boston, USA), a
central hub that can connect up to four Zoé Culture Modules. It supplies the Zoé with

5 % COz2, the vacuum needed for stretch and running power.

A B
Zoé-CM2 Interface
Display
b. Dial
Dial button
Bay Activation Buttons

Power Button

Figure 7: Zoe-CM2® Culture Module and Orb-HM1® Hub Module. A) Schematic depicture of Zoe-
CM2® Culture Module all parts. Picture was obtained from Emulatebio.com B) Sketch Orb-HM1® Hub
Module from front and back. Picture was obtained from Emulatebio.com

3.7.1 Chip activation and ECM coating

The PDMS material of the chip is hydrophobic and has to be turned hydrophilic to apply
ECM for cell adhesion. For this, the chips in the carrier were placed into the chip cradle
that can hold up to six chips at once. Before handling the chips, they were placed
properly into the carrier by taking a 1000 pl pipet tip and pushing all four corners down
to ensure proper stability. The chip was always orientated with the Emulate symbol to
the right (Figure 8). For stability when working with the chip, it is recommended to hold
the chip down with a pipet tip, so it does not move when operating on the inlets or

outlets. Filter tips were used for every step.
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For activation of the chip, ER-1 solution had to be prepared in the dark under a
biosafety cabinet. ER-1 powder and ER-2 solution was equilibrated to RT for 15 to
20 min. After equilibration, 6 ml of ER-2 solution was pipetted into a dark falcon and
1 ml ER-2 solution was pipetted into the ER-1 vial. Without introducing any bubbles
ER-1 powder was resuspended by adding one by one 1 ml of ER-2 solution until all
the ER-1 powder was resolved in a total of 10 ml ER-2 (final concentration: 0.5 mg/ml).
The solution was slightly inverted. To activate the chips, 200 pl of ER-1 solution was
pipetted into the bottom inlet until there was a small droplet on the bottom outlet.
Without pushing the plunger of the pipet, the pipet tip was removed from the bottom
inlet and then the steps were repeated for the top channel. It is crucial not to introduce
any bubbles into the channels, because this would disturb chip activation. The excess
ER-1 solution on top of the chip had to be removed, because otherwise the surface of
the chip would become hydrophilic. Chips in the chip cradle were placed into a square
cell culture dish (Greiner BioOne, Frickenhausen, Germany) and then observed under
the microscope to confirm the absence of bubbles. When all the chips were acceptable,
the cell culture dish (without the lid) was placed under the UV light and incubated for
10 min. ER-1 solution was then completely removed from the channels (by placing an
aspirator on the outlet ports). Again, 200 pl of ER-1 solution were placed into each
channel and checked for bubbles before 5 min incubation under the UV light. After that,
channels were washed with 200 yl ER-2 solution. Then 200 ul cold PBS was
introduced into both channels, leaving little droplets on every inlet and outlet port, so

that the channels would not dry out.

Immediately after chip activation, ECM coating had to be performed. For colon chips,
a mixture of 100 ug/ml matrigel (Table 3) and 30 ug/ml collagen type | (Table 3) in cold
PBS was prepared on ice, also with pre-chilled tips and Eppendorf tubes. Collagen
Type | had to be pipetted very slowly (when pipet tip is in solution, at least 10 to 30 s
should pass before taking it out). Then, the cold PBS of both channels was aspirated
and replaced with 100 ul ECM solution forming a little droplet on the outlet and starting
with the bottom channel. Then the chips were checked for bubbles. If bubbles had
been introduced, channels would have been washed with ECM solution, until no
bubbles were visible anymore. The reservoir on the chip cradle was filled with 1 ml
PBS to avoid evaporation of liquids in the channels and then placed into the incubator

for 2 h or overnight. It is also possible to seed cells after 4 h ECM coating at 37 °C.
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OUTLETS INLETS

(aspirate) (inject)
Top Bottom
channel channel

Chip Orientation

Emulate symbol

Figure 8: Chip Orientation. For chip handling, the chips were always placed with the Emulate symbol
to the right, so the bottom channel inlet was on the right top, and the top channel inlet was on the right
bottom. Picture obtained from Emulatebio.com

3.7.2 Cell seeding

Excess ECM solution of activated and ECM coated chips was removed and both
channels were washed with 200 yl complete ECBM medium (ECBM + supplements
(Table 4) + 2 % FBS + 1 % P/S). Channels were then filled with 200 yl complete
HUVEC media leaving droplets on inlet and outlet ports of both channels. Chips were
placed back into the incubator until HUVECs were fully prepared. HUVECs were
trypsinized and centrifuged for 2 min at 1200 rpm. The cell pellet was resuspended in
300 pl of media and the cells were counted. For HUVEC seeding, cell density was
adjusted to 6-8 *10° cells/ml. The chip cradle was then put under the biosafety bench.
HUVEC suspension was mixed and then 15 to 20 pyl of HUVEC suspension was
pushed quickly into the bottom inlet by reverse pipetting while simultaneously
aspirating the outflow of the outlet. Chips were then checked under the microscope for
the right density (Figure 9). When cells were not at the right density in the channel,
endothelial cells were washed twice with 200 pyl complete ECBM medium to remove
all the cells and then re-seeded. Chips were then flipped before being put into the
incubator and incubated for 2 h at 37 °C. After incubation, the top channel inlet was
filled with 200 pl complete Caco-2 medium leaving droplets at the inlet and outlet. For
the bottom channel a gravity wash was performed. For this, an empty pipet tip was put
on the bottom outlet and 200 ul complete HUVEC medium was put into the inlet. Then
the pipet was released from the pipet tip, leaving the tip in the inlet. The gravity flow
should allow flow through the channel into the tip on the outlet.
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For preparation of Caco-2 cells, cells were trypsinized and centrifuged at 1200 rpm for
3 min. Cells were resuspended in 500 yl complete Caco-2 media (Table 4) before cell
counting. Cell density was adjusted to 2.5 to 3 *108 cells/ml. Caco-2 suspension was
mixed and then 35 to 50 pl was pushed quickly into the top inlet by reverse pipetting
while simultaneously aspirating the outflow of the outlet. Chips were then checked
under the microscope for the right density (Figure 9). When cells were not at the right
density in the channel, epithelial cells were washed twice with 200 pl culture medium
to remove all the cells and then re-seeded. The chip cradle reservoir was filled with
1 ml of PBS and the chips were incubated for 2 h at 37 °C. After incubation, a gravity
wash for both channels was done starting with the bottom channel. The chips with the
filter tips in the inlets and outlets of both channels were placed into the incubator for a
minimum of 2 h at 37 °C and 5 % CO..

Figure 9: Seeding density of HUVEC and Caco-2 cells. A) HUVECs were seeded in a density of
6 — 8 * 10° cells/ml into the bottom channel of the chip. B) Caco-2 cells were seeded in a density of
2.5 — 3 * 108 cells/ml into the bottom channel of the chip.

3.7.3 Media preparation and pod priming

For placement of the medium into the pods, media had to be degassed. For this, 50 ml
Complete HUVEC and Caco-2 medium was placed into a Falcon and a steriflip filter
unit (Emulatebio, Boston, USA) was placed on top. Then vacuum was applied to the
Steriflip unit for 5 min at 37 °C (in a water bath). If bubbles still persisted, vacuum was
applied for additional 10 minutes. To inhibit regassing of the media, the media was

placed with a loosened lid in the incubator at 37 °C until use.

Before chips were connected to the pod, first top and then bottom channel were

washed with 200 yl warm complete Caco-2 medium leaving little droplets on the in-
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and outlets of each channel. The chips were placed back into the incubator until they

were put in the pods.

For pod priming, pods were placed on the blue tray from the Zoé. 3 ml of warm,
degassed complete Caco-2 or complete ECBM medium was placed into the corner of
each inlet reservoir above the VIA (port that connects inlet/outlet of pod with inlet/outlet
of Chip). In the outlet reservoirs, 300 ul of equilibrated, warm medium was placed
above the VIA. If bubbles were visible, they were removed. The blue tray with the pods
was inserted into the Zoé and primed to ensure that media flow through the pod
channels is given and no bubbles block the way (Prime program was selected and
started). After a signal noise sounded, the pods were primed for one minute. After
priming, the tray was taken out and the pods were checked for correct priming. There
should be drops at each inlet and outlet port of every pod. If this was the case, pods
were taken into the biosafety cabinet along with the chips. Chips were placed into the
pods by sliding the chips in their carrier into the pod. When the chips were inserted

correctly, excess media was removed from the chip surface.

When pods with chips were placed for the first time into the Zoé a regulate cycle was
started to get rid of all remaining bubbles to guarantee correct media flow. For this the
blue tray, with the chips connected to the pods, was placed into the Zog, the flow rate
was set to 30 pl/h, the regulate cycle was selected and started. The regulate cycle

takes 2 h, after this Zoé resumes with the set flowrate.

After 24 h, pods were taken out of Zoé and a VIA wash was performed. For VIA wash,
100 yl medium was taken with reverse pipetting and pipetted up and down right above
the respective VIA (but not in the VIA). This step was repeated for every reservoir (inlet
and outlet). VIA wash was performed every time after media were added to the pod
reservoirs. Then the pods were placed back into the Zoé and a second regulate cycle

was done.

3.7.4 Chip maintenance

Chips that were connected to the pods, Zoé respectively, for 48 h were checked every
24 h for morphology of the cells. Representative pictures of the inlet and outlet
junctions, as well from the centre were taken to track cell proliferation and 3D formation

of the epithelial layer. Cell medium for the bottom channel was changed to ECBM
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medium (with supplements) and 0.5 % FBS to prevent endothelial cells from over-
growing. When pods were reconnected to the Zoé on the third day after cell seeding,

the stretch was added. Stretch for colon chips are setto 10 % 0.15 Hz.

The top channel was checked daily for 3D growth of Caco-2 cells. After approximately
six to seven days, Caco-2 cells had fully covered the channel and built a 3D structural
epithelial barrier. When cells formed an epithelial barrier, the FBS in the complete

Caco-2 media was reduced from 20 to 10 % to prevent overgrowth of cells.

If bubbles were introduced at any time during experiments, bubble troubleshoot was
performed. For this, the chips must be removed from the pods, then channels would
are washed with 200 ul ER-1, ECM or media solution, depending on the step. When
chips were connected to the pods, flow rate was set to 600 pl/h for top and bottom
channel and activated for 5 min. If bubbles still persisted, an attempt was made to
remove them manually. A 1000 ul pipet tip was filled with 1 ml of media and the tip was

placed directly on the VIA. The pipet was pushed down for at least 30 s up to 1 min.

3.7.5 Chip cell harvest

For cell harvesting, chips were disconnected from the pods and inserted into the chip
cradle. Both channels were washed with 150 uyl PBS. The top channel was blocked at
the inlet and outlet with 200 pl tips. PBS from the bottom channel was aspirated and a
200 pl pipet tip was put on the outlet. 50 ul trypsin was inserted into the bottom channel
and the pipet tip was released from the pipet. Chips were incubated for 5 min at 37 °C.
After incubation, the pipet was put back on the pipet tip on the inlet and the liquid was
pipetted up and down and then collected. Complete trypsinization of cells was checked
under the microscope. The steps were repeated for the Caco-2 cells in the top channel,
but they were incubated for 1 h with trypsin with repeated pipetting up and down every

10 min.

3.7.6 T cell recruitment to colon chip

For T cell recruitment to the epithelial barrier, the epithelial barrier had to be matured,
building up a vili like 3D structure. On day one of the T cell recruitment, the bottom inlet
pod reservoir was filled with at least 1.2 ml ECBM + supplements + 0.5 % FBS media
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containing 50 ng/ml human TNFa to induce endothelial cell damage (priming). For
stimulation of an inflammation in the colon (to simulate colitis), the top inlet pod
reservoir was filled with at least 1.2 ml complete Caco-2 medium + 10 % FBS and
100 ng/ml of human IP10, MIP-3a, MEC, GPR14L, TECK, MCP-1, SDF-a and MIP-3(3
or 50 ng/ml IFNy to induce epithelial barrier damage. Epithelial barrier disruption was
induced with 50 ng/ml IFNy in the bottom inlet pod (positive leak control). Resting
controls were treated neither with TNFa, nor with the colitis chemokine cocktail or IFNy.
Dosing media treatment was done for 24 h. For tracking of T cells, cells were pre-
stained with tracer dyes (s.3.2.5 Staining of T cells with tracer dyes). 4 *10% shNC and
4 *10°% shCerS3 cells were centrifuged at 1200 rpm for 3 min and resuspended in 2 ml
of Buoyancy medium and 2 ml of 2X RPMI medium (for a cell density of 2 *10° cells/ml).
T cells in 4 ml 2X RPMI/ 2X Buoyancy medium were filled into the inlet pod reservoir
of the bottom channel. Complete Caco-2 medium (10 % FBS) was filled into the inlet
pod reservoir of the top channel. Pods were inserted into the Zoé and flow rate was
set to 1000 pl/h for 4h. After this, media of pod outlets were collected and prepared for
flow cytometry. Pod reservoirs were filled with their respective medium and flushed for
30 min at 1000 pl/h flow rate and afterwards incubated for another 24 h. After
incubation, chips were checked under an Axio Primovert invert microscope with an
integrated AxioCamERc5s with a Plan-Achromat 4x/0.10 objective (Carl Zeiss,
Oberkochen, Germany) to detect fluorescent T cells attached to the epithelial or
endothelial barrier. After pictures were obtained, cells were harvested from the chips
and then analysed by flow cytometry. For flow cytomtery analysis cells were
resuspended in 300 pl FACS flow and measured for 3 min each (Supplementary Figure
7).

3.8 Statistics

Statistical analyses were performed using GraphPad Prism software V9 (GraphPad
Software Inc., La Jolla, USA). Data are presented as mean % standard error (SEM)
with a significance level of 95 %. Statistical significance of (adjusted) p-values was
presented as follows: * p<0.05; ** p<0.01; *** p<0.001, **** p<0.0001. Data from two
independent samples were compared by an unpaired, two-tailed t-test with a 95 %
confidence interval. Dependent samples were compared by a paired t-test with a 95 %
confidence interval. Statistical significances between groups of more than two
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independent data sets were determined using a two-factorial or one-factorial analysis
of variances (ANOVA) (two-way or one-way ANOVA), followed by a posthoc Tukey,
Dunnett’'s multiple comparison test, Sidak’s multiple comparison test or uncorrected
Fisher’s least significant difference (LSD) comparison, respectively. Differences in data
collected over a period of time were analysed by comparison of areas under the curves

(AUC) that were also calculated by the software.
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4. Results
4.1 Effects of CerS1 and CerS3 on CD4+ Jurkat T cell signalling and

function

CerS1 and CerS3 were significantly upregulated in WBC of human colitis patients in
different disease status [363]. As CD4* T cells are the most prominent and abundant
WBC type in colitis pathophysiology, the impact of CerS1 and CerS3 on those cells is
of great interest. Therefore, stable knockdown and overexpression of both enzymes in
a CD4* T cell line (Jurkat) was established and the role of CerS1 and CerS3in T cells

was investigated.

For stable knockdown of CerS1 and CerS3 in the CD4" Jurkat cell line, lentiviral
transduction of shCerS1 and shCerS3 RNA or shNC (control) was performed. CerS3
overexpression was obtained by transfection of human CerS3 myc-tagged plasmid.
Successful downregulation of CerS1 could be demonstrated by significant reduction of
MRNA expression compared to the control (Figure 11 B). Unfortunately, CerS3
downregulation could not be shown via mRNA levels, but stable knockdown of CerS3
could be verified via WB analysis and reduction of dhCer and Cer products of CerS3
(very long-chain Cer) (Figure 10, Figure 14 A and Table 15). CerS3 overexpression
was demonstrated by mRNA expression, CerS3 protein levels and increase of CerS3
dhCer and Cer products (Figure 13, Figure 10, Figure 15 A and Table 16).
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Figure 10: CerS3 protein levels in CerS3 knockdown and overexpression cells. CerS3 knockdown
(shNC and shCerS3) and overexpression (NCmyc and CerS3myc) cells were harvested and total protein
was isolated. 50 ug total protein was used for WB analysis. Blots were stained with TotalRevert700 stain
for normalization and incubated overnight with CerS3 antibody. A) WB analysis of shNC, shCerS3,
NCmyc and CerS3myc protein samples detected with CerS3 antibody. B) Relative CerS3 protein levels
normalized to total protein on WB. Data are mean + SEM. Statistical analysis was performed with an
unpaired t-test (* p < 0.05, **** p < 0.0001) Group sizes: n=3
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4.1.1 CerS1 and 3 expression increases after T cell stimulation

To confirm stable knockdown of CerS1 and CerS3 in Jurkat cells, but also to observe
CerS expression levels after TCR activation, CerS1-6 expression levels were checked
after 24 and 48 h of stimulation with CD2/3/28 activation beads and IL2. Control cells
showed significant increase of CerS1 expression after activation, whereas after
transduction of Jurkat cells with a virus containing GIPZ CerS1 V3LMM 432975
plasmid for CerS1 shRNA, cells could not restore CerS1 expression increase after
stimulation (Figure 11). CerS1 knockdown was accompanied by CerS4, CerS5 and
CerS6 decrease on a basal level, as well as a tendency of CerS3 downregulation
(Figure 11). After stimulation of CerS1 knockdown cells, no CerS showed a significant
increase and mMRNA levels of CerS3 were significantly lower after stimulation
compared to the controls (Figure 11).
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Figure 11: CerS expression after activation of CerS1 knockdown and control T cells. CerS1
knockdown (shCerS1) and control (shNC) cells were stimulated for 24 and 48 h with CD2/3/28 activation
beads in a 1:1 cell-to-bead ratio and 200 U/ml human IL2. CerS expression was determined via qRT-
PCR and related to expression of RPL13A. CerS1-6 mRNA levels in shNC and shCerS1 cells are shown.
Data are mean + SEM. Statistical analysis was performed with a one-way ANOVA with a posthoc
Dunnett’'s multiple comparison test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) Group sizes:
n=3 measured in triplicates
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CerS3 knockdown (accomplished by transduction of Jurkat cells with three viruses for
CerS3 shRNA (GIPZ CerS3 V3LHS_ 373185, GIPZ CerS3 V3LHS_373159 and GIPZ
CerS3 V3LHS_373183)) was accompanied by upregulation of CerS1 and
downregulation of CerS5 and CerS6 on a basal level (Figure 12). Control cells showed

significant increase of CerS3 after stimulation that could not be observed in the CerS3

knockdown cells (Figure 12).

* %k Kk
* %k
* %k
*kk k%
6 2.5

. c
5 5., . 8
=l . . 3. 7]
® . o~ % &
E 4 E . | E.
% » L & 1.5 N * . =’ x
[ L 4 i @ I g
- =] sen h=}
S e S0 0L 5
Ll B s 3e3* b e (w4 -
-— . e | o ™~ . «@
7] 33, (B 7] . ]
[ T = 0.5+ o
) @
S} e Q Q

0 T T T T 0.0 T T T T I
Oh 24h 48h Oh 24h 48h 0h 24h 48h 0Oh 24h 48h Oh 24h 48h 0h 24h 48h

shNC shCerS3 shNC shCerS3 shNC shCerS3

*%k %k
%k %k %k *k
1.5 2.5+ * %k
*
w 2.0 |

s k5 5
w [7) W
7] o . @
g £ 1.0 . - s sl s T e
% 3 oes i - § |1 I L,
=} : o e =] e |5 HE
[ . ° 3 e " o 104 . |+ . e
b = 0.5 . =
3 B 1y 3 :
5 s . 5 +, 5 0.5 tee
Q i I 5 0 *ue

0.0 T T T T 0.0 T T T T 0.0 T T T T

Oh 24h 48h Oh 24h 48h Oh 24h 48h Oh 24h 48h Oh 24h 48h Oh 24h 48h
shNC shCerS3 shNC shCerS3 shNC shCerS3

Figure 12: CerS expression after activation of CerS3 knockdown and control T cells. Knockdown
(shCerS3) and control (shNC) cells were stimulated for 24 and 48 h with CD2/3/28 activation beads in
a 1:1 cell-to-bead ratio and 200 U/ml human IL2. CerS expression was determined via qRT-PCR and
related to expression of RPL13A. CerS1-6 mRNA levels in shNC and shCerS3 cells. Data are mean *
SEM. Statistical analysis was performed with a one-way ANOVA with a posthoc Dunnett’'s multiple
comparison test (* p < 0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001) Group sizes: shNC n=3, shCerS3

n=4, measured in triplicates

Transfection of Jurkat cells with LASS3 Human Tagged ORF clone with pCMV6
promotor plasmid led to a 25-fold increase of CerS3 mRNA compared to the control,
which remained after stimulation of cells (Figure 13). It also led to an increase of CerS1

and a decrease of CerS5 expression on a basal level (Figure 13). The expression
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pattern of CerS1, CerS2, CerS4 and CerS6 did not differ between CerS1 knockdown

cells and controls (Figure 13).
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Figure 13: CerS expression after activation of Jurkat CerS3 overexpression or control cells.
CerS3 overexpression (CerS3myc) and control (NCmyc) cells were stimulated for 24 and 48 h with
CD2/3/28 activation beads in a 1:1 cell-to-bead ratio and 200 U/ml human IL2. CerS expression was
determined via qRT-PCR and related to expression of RPL13A. CerS1-6 mRNA levels in NCmyc and
CerS3myc cells are depicted in these graphs. Data are mean + SEM. Statistical analysis was performed
with a one-way ANOVA with a posthoc Dunnett’'s multiple comparison test (* p < 0.05, ** p < 0.01, ***
p < 0.001, *** p < 0.0001) Group sizes: n=3 measured in triplicates

To sum it up, CerS1 and CerS3 expression was increased after activation of T cells.
CerS1 knockdown cells failed to restore CerS1 increase after stimulation. CerS3
knockdown cells were also not able to restore CerS3 increase after stimulation.
Overexpression of CerS3 maintained a high CerS3 expression over the stimulation

time period.
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4.1.2 Sphingolipid levels are reduced in CerS1 and CerS3 knockdown T

cells and increased in CerS3 overexpression T cells

CerS expression was differently regulated after stimulation of cells. Thus it would be
important to see the impact of CerS1 and CerS3 knockdown and CerS3
overexpression on a product level. For that, in addition to CerS mRNA expression after
activation of TCR, cellular levels of dhCer and Cer, as well as levels of the
corresponding complex sphingolipids like GlcCer, LacCer and S1P and the sphingoid
bases (SPH) were measured in CerS1 knockdown cells, CerS3 knockdown (Figure 14,
Table 15) and overexpression cells (Figure 15 A and Table 16) via LC-MS/MS

measurement and compared to the controls.

The heat maps in Figure 15 A, B and C clearly depict an overall decrease of
sphingolipids in untreated and stimulated (CD2/3/28 activation beads and IL2 for 24

and 48 h) CerS3 knockdown Jurkat cells in comparison to shNC cells.

There were no great differences in dhCer and Cer contents between control and CerS1
knockdown cells (Figure 14 A, Table 15). After stimulation, control and CerS1 cells
displayed significantly lower concentrations of multiple Cer (C14-, C1s-, C1s:1-, C20-, C22-
, C24 and C24:1-Cer).

Basal Glc- and LacCer concentrations in shCerS1 cells did not differ from control cell
levels (Figure 14 A, Table 15). Glc-C1s:0-, -C1s:1- and -C24:1-Cer concentrations were
significantly increased in CerS1 knockdown cells after stimulation (Figure 14 B, Table
15).

For sphingoid bases, SPH-dC1s:1 and -dC1s:0 were significantly increased in an
unstimulated and stimulated state in CerS1 knockdown cells, and S1P-dC1s:1 only

showed significant increase in an unstimulated state (Figure 14 B, Table 15).
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Figure 14: Sphingolipid levels of stimulated control and CerS1/CerS3 knockdown Jurkats. Control
(shNC) and CerS1/CerS3 knockdown (shCerS1/shCerS3) cells were stimulated with CD2/3/28
activation beads in a 1:1 cell-to-bead ratio and 200 U/ml human IL2. A) Dihydro-Ceramide (dhCer) and
ceramide (Cer) levels in shNC, shCerS1 and shCerS3 cells. B) Glycosyl- (GlcCer) and lactosyl-(LacCer)
Ceramide levels in shNC, shCerS1 and shCerS3 cells. C) Detectable sphingoid bases (SPH, S1P) in
shNC, shCerS1 and shCerS3 cells. Data are mean + SEM. All values were compared to the
unstimulated control. Group sizes: n=3

Basal levels of long-chain C14-, C1s-, C1s:1, C20-Cer, as well as very long-chain Cz2-,
C24- and C24:1-Cer levels were significantly lower in CerS3 knockdown cells compared
to controls (Figure 14 A, Table 15). Long-chain and very long-chain dhCer (C1s-, C2s-,
C24:1-dhCer) and long-chain and very long-chain Cer (C1s-, C20-, C22-, C24- and C24:1-
Cer) were significantly downregulated after 24 or 48 h of activation in shNC control
cells (Figure 14 A, Table 15). But there was no significant upregulation of long-chain
or very long-chain dhCer or Cer in CerS3 knockdown cells after stimulation (Figure 14
A, Table 15).

In control cells, Glc- and LacCer levels were elevated after activation, whereas in
CerS3 knockdown cells there was no significant increase (Figure 14 B, Table 15). Glc-
and LacCer levels in CerS3 knockdown cells stayed significantly lower after stimulation

compared to control cells (Figure 14 B, Table 15).

Sphingoid bases SPH -dC1s.0 and -dC+1s:1 increased after stimulation of control cells,

whereas S1P-dCis:1 (Sphingosine-1-Phosphate) levels dropped significantly after
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stimulation of cells (Figure 14 C, Table 15). In CerS3 knockdown cells, no elevation of

any sphingoid base after stimulation could be observed (Figure 14 C, Table 15).

Table 15: P-values for absolute sphingolipid levels of stimulated shNC, shCerS1 and shCerS3
cells. All values are related to shNC Oh. Statistical analysis was performed with an Oneway ANOVA
and followed by Tukey’s posthoc analysis (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Data
that could not be statistically evaluated are crossed out. Group sizes: n=3

Sphingolipids shNC shNC | shCerS1 | shCerS1 | shCerS1 | shCerS3 | shCerS3 | shCerS3
24h 48h Oh 24h 48h Oh 24h 48h

Cer d18:0/16:0 0,8854 | 0,0299 0,0981 0,1407 0,0365 0,0063 0,0002 0,0031
Cer d18:0/18:0 0,5898 0,145 0,1454 0,9593 0,0225 0,0225 0,0225 0,0225
Cer d18:0/24:0 0,1434 | 0,0538 0,9999 0,9914 0,0207 0,0187 0,0129 | <0,0001
Cer d18:0/24:1 0,9272 | 0,0063 0,6487 0,5456 0,0217 0,0308 0,006 0,0449
Cer d18:1/14:0 0,9999 | 0,5266 0,009 0,2972 0,001 0,0063 0,001 0,0047
Cer d18:1/16:0 - - - - - - - -
Cer d18:1/18:0 0,0991 | 0,0061 0,0735 0,0364 0,0003 0,0352 0,0012 0,0103
Cer d18:1/18:1 0,3925 0,721 0,4675 0,3891 0,0389 0,186 0,0396 0,1521
Cer d18:1/20:0 0,3699 | 0,1387 0,9635 0,3656 0,1044 0,1008 0,0736 0,095
Cer d18:1/22:0 0,0339 | 0,0511 0,0544 0,2452 0,0398 0,0603 0,0219 0,0202
Cer d18:1/24:0 0,2874 | 0,0268 0,0779 0,1329 0,0118 0,1856 0,0144 0,0971
Cer d18:1/24:1 0,8555 0,007 0,0034 0,4843 0,0013 0,0757 0,0013 0,0436
GlcCer
d18:1/16:0 0,033 | 0,1448 0,2256 0,0148 0,0121 0,0752 0,0234 0,2835
GlcCer
d18:1/18:0 0,018 | 0,2693 0,0611 0,0814 0,4639 0,0985 0,0032 0,0802
GlcCer
d18:1/18:1 0,0267 | 0,4612 0,0376 0,0025 0,0259 0,8802 0,6543 0,263
GlcCer
d18:1/24:1 0,1107 0,028 0,1736 0,0229 0,0826 0,0967 0,0098 0,3839
LacCer
d18:1/16:0 0,9999 | 0,5171 0,8253 0,9998 0,0024 0,019 0,0107 0,0554
LacCer
d18:1/18:0 0,0633 | 0,1888 0,1381 0,5619 0,9933 0,2297 0,0438 0,1305
LacCer
d18:1/18:1 0,5386 | 0,4634 0,6498 0,9626 0,8239 0,0187 0,0187 0,0187
LacCer
d18:1/24:0 0,9962 | 0,4812 0,6284 0,9972 0,2457 0,198 0,0716 0,6013
LacCer
d18:1/24:1 0,4074 | 0,5057 | >0,9999 | >0,9999 0,8589 0,0307 0,0093 0,0389
SPH d18:1 0,0386 | 0,1514 0,0022 0,0009 0,06 0,1436 0,0056 0,0194
SPH d18:0 0,0405 | 0,1859 0,0172 0,0006 0,0563 0,1384 0,0032 0,0183
S1P d18:1 0,3042 | 0,0497 0,0215 0,1057 0,8041 0,0275 0,0113 0,0113

In contrast to CerS3 knockdown cells, CerS3 overexpression cells showed higher
basal levels of long-chain Cis-dhCer and very long-chain C2s4- and C24:1-dhCer
compared to control cells (Figure 15 A, Table 16). Long-chain C14 and C+s-Cer and
very long-chain C20-, C24- and Co24:1-Cer concentrations were also elevated in
unstimulated CerS3 overexpression cells (Figure 15 A, Table 16). After stimulation of
CerS3 overexpression cells, a significant increase of C1s-, C24- and C24:1- dhCer and
C14-, C1s-, C20-, C22-, C24- and C24:1-Cer could be observed (Figure 15 A, Table 16).
After stimulation of control cells, C1s-, C24- and C24:1- dhCer and C1s-, C20-, C22-, C24-
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and C24:1-Cer levels were significantly lower compared to stimulated CerS3myc cells
(Figure 15 A, Table 16).
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Figure 15: Sphingolipid levels of stimulated control and CerS3 overexpression Jurkats. Control
(NCmyc) and CerS3 overexpression (CerS3myc) cells were stimulated with CD2/3/28 activation beads
in a 1:1 cell-to-bead ratio and 200 U/ml human IL2. A) Dihydro-Ceramide (dhCer) and ceramide (Cer)
levels in NCmyc and CerS3myc cells. B) Glycosyl- (GlcCer) and lactosyl-(LacCer) Ceramide levels in
NCmyc and CerS3myc cells. C) Detectable sphingoid bases (SPH, S1P) in NCmyc and CerS3myc cells.
Data are mean + SEM. All values were compared to the unstimulated control. Group sizes: n=3

In control cells, levels of Lac-Cis-, -C1s:1- and —Cz24:1-Cer were significantly increased
after stimulation of T cells (Figure 15 B, Table 16). In CerS3 overexpression cells, on
the other hand only Lac-Cz4:1-Cer concentrations were elevated after activation of cells
(Figure 15 B, Table 16).

SPH-dC1s:1 concentration was significantly higher in non-stimulated CerS3
overexpression cells compared to control (Figure 15 C, Table 16). In CerS3
overexpression cells, only S1P-dCi1s:1 levels decreased significantly after stimulation
(Figure 15 C, Table 16).
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Table 16: P-values for absolute sphingolipid levels of stimulated NCmyc and CerS3myc cells. All
values are related to NCmyc Oh. Statistical analysis was performed with an Oneway ANOVA and
followed by Tukey’s posthoc analysis (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Data that
could not be statistically evaluated are crossed out. Group sizes: n=3

Sphingolipids NCmyc 24h | NCmyc 48h | CerS3myc Oh | CerS3myc 24h | CerS3myc 48h
Cer d18:0/16:0 - i i i i
Cer d18:0/24:0 0,9431 0,0062 0,0002 0,0144 0,0262
Cer d18:0/24:1 0,3203 0,7237 0,0016 0,0142 0,0205
Cer d18:1/14:0 0,3886 0,706 0,0398 0,405 0,4566
Cer d18:1/16:0 0,525 0,9999 0,525 0,525 0,525
Cer d18:1/18:0 0,3422 0,9919 0,0036 0,0028 0,0091
Cer d18:1/20:0 0,3548 0,9689 0,003 0,0246 0,0368
Cer d18:1/22:0 0,2255 0,9999 0,0029 0,001 0,0089
Cer d18:1/24:0 0,0928 0,775 0,0056 0,0154 0,0316
Cer d18:1/24:1 0,0962 0,862 0,0004 0,0083 0,0227
GlcCer d18:1/16:0 0,0354 0,94 0,6828 0,6953 >0,9999
GlcCer d18:1/18:0 0,063 >0,9999 0,1536 0,0227 0,2797
GlcCer d18:1/18:1 0,5341 0,9375 0,5725 0,4216 0,2893
GlcCer d18:1/24:1 0,0486 0,9953 0,9342 0,0142 0,1708
LacCer d18:1/16:0 0,4883 0,0962 0,2665 0,1434 0,3166
LacCer d18:1/18:0 0,266 0,0471 0,4429 0,7128 0,236
LacCer d18:1/18:1 0,1139 0,0025 0,0571 0,0571 0,0571
LacCer d18:1/24:0 0,5622 0,3476 0,0629 0,5834 0,7809
LacCer d18:1/24:1 0,1697 0,176 0,9089 0,2981 0,9479
SPH d18:1 0,0321 0,1269 0,0018 0,0008 0,0499
SPH d18:0 0,0336 0,1563 0,0143 0,0005 0,0469
S1P d18:1 0,2583 0,0413 0,0179 0,0882 0,7308
S1P d18:0 0,7831 0,7831 0,7831 0,7831 0,7831

All in all, CerS3 knockdown cells displayed a significant reduction of CerS3 products
(very long-chain dhCer and Cer) and were unable to increase Glc- and Lac-Cer levels
after stimulation compared to control cells. CerS3 overexpression showed a significant
increase of very long-chain dhCer and Cer and a distinct pattern of Glc- and Lac-Cer
compared to control cells. CerS1 knockdown cells did not show reduction of CerS1
products (C1s-Cer) and displayed less changes in sphingolipid levels compared to

control.
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4.1.3. TCR signalling is impaired in CerS3 knockdown T cells and not

affected in CerS1 knockdown and CerS3 overexpression cells

TCR signalling takes places in lipid rafts, which show a high abundance of different
glycosphingolipids [394]. After activation of T cells, glycosphingolipids were increased.
Therefore the TCR signalling could be affected by the lipid content alterations in CerS1
and CerS3 knockdown cells and CerS3 overexpression cells. Activation of T cells is
mediated through stimulation of the TCR via phosphorylation of Zap70 and co-
stimulatory receptors like CD2, CD28 or IL2 at the plasma membrane [89, 90]. To
activate the cells, they were treated with CD2/3/28 activation beads and IL2.
Phosphorylation of Zap70 was assessed via WB analysis. Control cells were compared
to CerS1 and CerS3 knockdown cells, as well as to CerS3 overexpression cells (Figure
16 and Figure 17).

TCR signalling occurs very fast in the T cells, therefore time points from 5, 15 and 30
min were chosen to observe Zap70 phosphorylation. After 5 to 15 min after activation
with CD2/3/28 activation beads and IL2, significant phosphorylation of Zap70 could be
observed in the control cells, as well as in the CerS1 knockdown cells (Figure 16). Both
cell lines were capable to induce TCR signalling via Zap70 phosphorylation and after

30 min, phosphorylation decreased in control and CerS1 knockdown (Figure 16).
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Figure 16: TCR signalling in CerS1 knockdown cells. Cells were stimulated for 5, 15 and 30 min with
CD2/3/28 activation beads in a 1:1 cell-to-bead ratio and 200 U/ml human IL2. Whole protein was
isolated and 50 pg total protein was used for WB analysis of Zap70 phosphorylation of shNC and
shCerS1 samples. Protein levels were normalized to p84 protein levels. Data are mean + SEM.
Statistical analysis was performed with a one-way ANOVA and posthoc Tukey’s test (* p < 0.05, ** p <
0.01) Group sizes: shNC n=5, shCerS1 n=3

77



4. Results

CerS3 knockdown cells did not show significant phosphorylation of Zap70 after
stimulation of the cells (Figure 17 A). Control cells showed an increase of Zap70
phosphorylation after 5 and 15 min, but shCerS3 cells were unable to increase Zap70
phosphorylation even after 30 min. In contrast to that, CerS3 overexpression cells
showed significant increase of Zap70 phosphorylation after 5 and 15 min, similar to

NCmyc control cells (Figure 17 B).
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Figure 17: TCR signalling in CerS3 knockdown and overexpression cells. Knockdown (shNC and
shCerS3) and overexpression (NCmyc and CerS3myc) cells were stimulated for 5, 15 and 30 min with
CD2/3/28 activation beads in a 1:1 cell to bead ratio and 200 U/ml human IL2. Whole protein was
isolated and 50 ug total protein was used for WB analysis. Protein levels were normalized to 3-Actin
protein levels. A) WB analysis of Zap70 phosphorylation of shNC and shCerS3 samples. B) WB analysis
of Zap70 phosphorylation of NCmyc and CerS3myc samples. Data are mean + SEM. Statistical analysis
was performed with a one-way ANOVA and posthoc Tukey’s test for A and B) and an unpaired t-test for
B) (* p <0.05, ** p <0.01, *™* p <0.001, **** p < 0.0001) Group sizes: n=3

In summary, CerS1 knockdown did not affect TCR signalling in Jurkat cells via Zap70
phosphorylation and CerS3 overexpression in Jurkat cells showed similar TCR
activation compared to control cells. Instead, TCR signalling was not activatable in

CerS3 knockdown Jurkat cells.
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4.1.4 NFAT1 activation in CerS3 knockdown T cells is reduced

TCR signalling was impaired in CerS3 knockdown cells and unaffected in CerS3

overexpression cells. TCR signalling leads to activation of a variety of transcription

factors (AP-1, NFkB and NFAT1) that enhance gene expression of effector genes

which are responsible for proliferation, migration and cytokine release in T cells [92,

93]. Therefore, activation of those transcription factors were studied in shCerS3,

CerS3myc and control cells (shNC and NCmyc). CerS1 knockdown cells were not

tested, since TCR signalling did not differ from the control.

AP-1 is a heterodimeric protein that consists of phosphorylated c-Jun and c-Fos. When

phosphorylated c-Jun and c-Fos interact with each other, the complex translocates into

the nucleus. Activation of AP-1 was investigated by phosphorylation of c-Jun and c-

Fos expression via WB analysis (Figure 18).
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Figure 18: AP-1 complex in CerS3 knockdown and overexpression cells. Knockdown (shNC and
shCerS3) and overexpression (NCmyc and CerS3myc) cells were stimulated for 2, 4 and 6 h with
CD2/3/28 activation beads in a 1:1 cell to bead ratio and 200 U/ml human IL2. Whole protein was
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isolated and 50 ug total protein was used for WB analysis. Protein levels of phosphorylated c-Jun, c-
Jun and c-Fos were normalized to PONCEAU staining of WB membranes. A) WB analysis of c-Jun
phosphorylation and c-Fos of shNC and shCerS3 Jurkat cells. P-c-Jun and c-Fos fold expressions are
related to unstimulated control cells. B) WB analysis of c-Jun phosphorylation and c-Fos of NCmyc and
CerS3myc Jurkat cells. P-c-Jun and c-Fos fold expressions were related to unstimulated control cells.
Data are mean + SEM. Statistical analysis was performed with an ne-way ANOVA and uncorrected
Fisher's LSD comparison for A) One-way ANOVA and uncorrected Fisher's LSD comparison and an
unpaired t-test for B) (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) Group sizes: n=3

Significant phosphorylation of c-Jun after 2 h of stimulation could be observed in control
cells as well as in CerS3 knockdown (Figure 18 A) and CerS3 overexpression cells
(Figure 18 B). C-Fos expression was significantly upregulated after 2 h stimulation in
both, CerS3 knockdown and control cells (Figure 18 A). There was no significant
difference between phosphorylation state of c-Jun or c-Fos expression in CerS3
knockdown and control cells (Figure 18 A). On the other hand, CerS3 overexpression
cells showed significant higher c-Fos expression after 2 h compared to the control
(Figure 18 B). Phosphorylation state of c-Jun was significantly lower after 2 and 4 h in

CerS3 overexpression cells compared to control (Figure 18 B).
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Figure 19: NFAT1 translocation into the nucleus in CerS3 knockdown and overexpression cells.
CerS3 knockdown (shCerS3) and overexpression (CerS3myc) and control (shNC, NCmyc) cells were
stimulated with CD2/3/28 activation beads in a 1:1 cell-to-bead ratio and 200 U/ml IL2 for 24 h.
Afterwards cytosolic and nuclear proteins were extracted. 50 ug of cytosolic and nuclear extracts were
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used for the WB analysis. A) NFAT1 protein levels in shNC and shCerS3 cells. Protein levels were
normalized to PONCEAU staining. B) NFAT1 protein levels in NCmyc and CerS3myc cells. Protein
levels were normalized to total protein. Data are mean for B) and £ SEM for A). Statistical analysis was
performed with a one-way ANOVA and post-hoc Tukey’s correction and unpaired t-test for A) (* p <
0.05) Group sizes: n=3 for A, n=1 for B

NFAT1 is activated when it is dephosphorylated. Dephosphorylation triggers the
translocation of NFAT1 into the nucleus. To observe transcription factor activation,
cytoplasmic and nucleic NFAT1 protein levels were compared in CerS3 knockdown
and overexpression cells (Figure 19). In CerS3 knockdown cells, translocation of
NFAT1 after 24 h into the nucleus was impaired and significantly decreased compared
to the control cells (Figure 19 A). Since the data of CerS3 overexpression cells are
preliminary, no statements about statistical significances for Figure 19 B can be made.
It seems that in CerS3 overexpression Jurkat cells, NFAT1 translocation into the
nucleus was increased compared to the increase in control cells after 24 h stimulation
with CD2/3/28 activation beads and IL2 (Figure 19 B). Further experiments for
CerS3myc cells are planned, but due to antibody delivery problems, the WBs could not
be finished.

4.1.5 S1P1 is upregulated in CerS3 overexpression cells, and

downregulated in CerS3 knockdown cells

Lipid concentrations were significantly altered in CerS1 and CerS3 knockdown Jurkat
cells, as well as in CerS3 overexpression cells. Alterations in the sphingolipid contents
can also alter plasma membrane composition and thereby affect membrane-bound
receptors like S1P1 and 4 that play a crucial role in T cell effector function [385, 395].
So first, mMRNA levels of S1P1 and S1P4 in activated shCerS1 and shCerS3
knockdown and CerS3 overexpression Jurkat cells and controls were tested (Figure
20 and Figure 21).

CerS1 and CerS3 knockdown cells showed significant less S1P1 expression in an
unstimulated state compared to control cells (Figure 20). After activation of control
cells, S1P1 expression decreased significantly after 24 and 48 h. CerS3 knockdown
cells showed increased S1P1 expression after 24 h, but it was not as high as the
expression in unstimulated control cells (Figure 20). For S1P4, the opposite could be

observed. Expression levels were significantly higher in CerS1 and CerS3 knockdown
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cells in comparison to shNC Jurkat cells and were reduced after activation of cells with
CD2/3/28 activation beads and IL2 for 24 and 48 h in both cell lines (Figure 20). CerS3
knockdown cells even showed significantly higher S1P4 expression levels compared

to CerS1 knockdown cells (Figure 20).
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Figure 20: S1P1 and 4 expression after activation of CerS1 and CerS3 knockdown and control
Jurkat cells. CerS1 (shCerS1) and CerS3 knockdown (shCerS3) and control (shNC) cells were
stimulated for 24 and 48 h with CD2/3/28 activation beads in a 1:1 cell-to-bead ratio and 200 U/ml human
IL2. S1P1 and 4 expression was determined via gRT-PCR and related to expression of RPL13A. Data
are mean + SEM. Statistical analysis was performed with a one-way ANOVA with a posthoc Tukey’s
comparison test (* p < 0.05, ** p < 0.01, *** p < 0.0001) Group sizes: n=3 measured in triplicates

For CerS3 overexpression cells, an upregulation of S1P1, but not S1P4, could be
demonstrated on a basal level (Figure 21 B). After activation, there was no significant
increase or decrease of STP1 mRNA expression in control cells, but S1P4 mRNA
levels were reduced (Figure 21 A). After stimulation, CerS3 overexpression Jurkat cells
showed a significant elevation of S1P1 expression compared to the unstimulated

control (Figure 21 A).
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Figure 21: S1P1 and 4 expression after activation of CerS3 overexpression and control Jurkat
cells. CerS3 overexpression (CerS3myc) and control (NCmyc) cells were stimulated for 24 and 48 h
with CD2/3/28 activation beads in a 1:1 cell-to-bead ratio and 200 U/ml human IL2. S1P1 and 4
expression was determined via gRT-PCR and related to expression of RPL13A. A) S1P1 and 4 mRNA
levels in NCmyc and CerS3myc cells are shown. B) S1P1 and 4 mRNA levels in unstimulated NCmyc
and CerS3myc cells. Data are mean = SEM. Statistical analysis was performed with a one-way ANOVA
with a posthoc Tukey'’s test for A) and a Dunnett’s multiple comparison test for B) and an unpaired t-test
for C) (* p < 0.05, ** p < 0.01) Group sizes: n=3 measured in triplicates

To confirm mRNA expression data, protein levels of S1P1 were detected in total protein
isolates of CerS1 and CerS3 knockdown Jurkat cells (Figure 22 A) and CerS3
overexpression cells (Figure 22 B). S1P1 protein levels were significantly reduced in
shCerS1 and shCerS3 cells compared to the control (Figure 22 A). CerS3
overexpression cells showed a significant elevation of S1P1 protein levels compared

to the control (Figure 22 B).
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Figure 22: S1P1 protein levels in CerS1 and CerS3 knockdown and CerS3 overexpression cells.
CerS1 knockdown (shCerS1), CerS3 knockdown (shCerS3) and control (shNC) and CerS3
overexpression (CerS3myc) and control (NCmyc) cells were harvested and total protein was isolated.
50 pg total protein was used for WB analysis. Blots were stained with TotalRevert700 stain for
normalization and incubated overnight with S1P1 antibody. A) WB analysis of shNC, shCerS1 and
shCerS3 cells protein samples detected with S1P1 antibody B) WB analysis of NCmyc and CerS3myc
cell protein samples detected with S1P1 antibody + SEM. Statistical analysis was performed with a one-

83



4. Results

way ANOVA and a posthoc Tukey’s comparison test for A) and an unpaired t-test for B) (* p < 0.05, ***
p < 0.001) Group sizes: shNC n=6, shCerS3 n=6, shCerS1 n=3, NCmyc n=3, CerS3myc n=3

In summary, STP1 mRNA expression was significantly reduced in CerS1, but more in
CerS3 knockdown cells, which was also supported by protein levels. CerS3
overexpression cells displayed higher S1TP1 mRNA and protein levels compared to
control cells. S1P4 expression was significantly increased in unstimulated CerS1 and

CerS3 knockdown cells, but not affected at all in CerS3 overexpression cells.

4.1.6 S1P induced [Ca?*] are decreased in CerS3 knockdown cells

Based on the altered S1P1 and 4 expression in CerS3 knockdown and control cells,
S1P induced [Ca?']i were examined in fura-2 loaded CerS3 knockdown and control
cells. Both cell lines showed an increase of [Ca?] after stimulation with 1 uM S1P
(Figure 23 A). CerS3 knockdown cells showed a lower response to S1P stimulation

that is reflected in the deltaCa?* values (Figure 23 A).
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Figure 23: S1P- and S1P1 agonist- induced [Ca?']; increase in CerS3 knockdown and control T
cells. Ca?*i was labelled with fura-2 and emission was measured at 510 nm. A) CerS3 knockdown
(shCerS3) and control (shNC) cells were stimulated with 1 yM S1P. Maximum [Ca?*]i increase after S1P
stimulation was calculated by substraction of the baseline from the highest peak (ACa?*) and is depicted
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in a graph. B) Stimulation of shCerS3 and shNC cells with 1 yM S1P1 agonist SEW2871. C) Baseline
[Ca?*]i of unstimulated shNC and shCerS3 cells. Data are mean + SEM. Statistical analysis was
performed with an unpaired t-test (* p < 0.05, *** p < 0.001) Group sizes: n=3: n=1-2 measured in
triplicates and n=3 measured in quintuplicates

Since S1P stimulates every S1P receptor, a S1P1-specific agonist (SEW2871) was
used for S1P1 dependent [Ca?*]iincrease. SEW2871 was not able to induce [Ca?*);
increase in neither control nor CerS3 knockdown cells (Figure 23 B). There was also
a significant difference in the [Ca?']i baseline of shNC and shCerS3 cells. CerS3
knockdown cells demonstrated a higher baseline compared to the control (Figure 23
C).

4.1.7 Migration is interrupted in CerS3 knockdown cells

S1P1 mRNA and protein levels were significantly reduced in CerS1 and CerS3
knockdown cells and S1P dependent [Ca?']i increase was decreased in CerS3
knockdown Jurkat T cells. Therefore migration capacity of T cells towards S1P was
investigated. T cells were placed on a transwell with 8 um pore sizes and were allowed
to migrate for 4 h towards 100 nM S1P or 10 % FCS (positive control that naturally
contains S1P) (Figure 24).

CerS1 and CerS3 knockdown cells migrated significantly less towards S1P and 10 %
FCS compared to control cells (Figure 24 A and B). There was no significant difference
in migration between shCerS1 and shCerS3 cells. CerS3 overexpression cells showed
a significant faster migration towards S1P, but there was no difference in migration
between control and CerS3 overexpression cells towards 10 % FCS (Figure 24 A and
B).
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Figure 24: Migration of CerS1 and CerS3 knockdown and CerS3 overexpression cells towards
S1P or 10 % FCS. CerS1 knockdown (shCerS1), CerS3 knockdown (shCerS3) and control (shNC) and
CerS3 overexpression (CerS3myc) and control (NCmyc) cells were placed on 8 um pore size transwell
inserts and were given 4 h to migrate towards 100 nM S1P or 10 % FCS. Afterwards cells were
harvested and measured for 1 min via flow cytometry. A) Migration assay of shNC, shCerS1, shCerS3,
NCmyc and CerS3myc cells towards 100 nM S1P. B) Migration assay of shNC, shCerS1, shCerS3,
NCmyc and CerS3myc cells towards 10 % FCS (positive control). Data are mean + SEM. Statistical
analysis was performed with a one-way ANOVA and posthoc Tukey’'s comparison test and unpaired t-
test (* p < 0.05, ** p < 0.01, ** p <0.001, **** p < 0.0001) Group sizes: shNC, shCerS1 and shCerS3
n=6, NCmyc and CerS3myc n=4-6

All in all, CerS1 and CerS3 cells migrated less towards S1P compared to the control.

In contrast, CerS3 overexpression cells, migrated faster towards S1P.

4.1.8 T cell effector function is disturbed in CerS3 knockdown cells

As TCR signalling and subsequent activation of transcription factor NFAT1 is impaired
in CerS3 knockdown cells, cytokine release could be also impacted. The release of the
pro-inflammatory cytokine TNFa in activated CerS3 knockdown and overexpression

cells was measured by ELISA (Figure 25).

Control Jurkat cells as well as CerS3 knockdown and CerS3 overexpression cells
showed an enhanced TNFa release after 24 h of activation (Figure 25 A). There was
a significant difference between control cells and CerS3 knockdown cells, as shCerS3
cells had significantly less TNFa in their supernatant (Figure 25 B). CerS3
overexpression cells also released significantly less TNFa into the medium compared

to the control cells (Figure 25 B).
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Figure 25: TNFa secretion in CerS3 knockdown and overexpression Jurkat cells. CerS3
knockdown (shCerS3) and control (shNC) and CerS3 overexpression (CerS3myc) and control (NCmyc)
cells were stimulated at a density of 1.6 *107 cells/ml for 24 h with CD2/3/28 activation beads in a 1:1
cell-to-bead ratio and 200 U/ml IL2. Supernatant of cells was taken and TNFa concentration was
measured via ELISA. A) TNFa concentrations in unstimulated and 24 h stimulated cells. B) Pairwise
comparison of TNF levels after 24 h stimulation. Data are mean + SEM. Statistical analysis was
performed with a one-way ANOVA with a posthoc Tukey’s test (*** p < 0.001, **** p < 0.0001) Group
sizes: n=3 measured in triplicates

To exclude proliferation effects on T cell effector function of CerS3 knockdown and
overexpression cells, proliferation of cells was observed by assessment of intracellular
CellTrace Violet staining (Figure 26). CellTrace Violet concentration was measured
every 24 h via flow cytometry. Neither CerS3 knockdown, nor overexpression Jurkat
cells showed a different proliferation behaviour compared to their control cells (Figure
26 A and B). CellTrace Violet concentrations decreased over time indicating normal

proliferation of cells.
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Figure 26: Proliferation of CerS3 knockdown and overexpression Jurkat cells. CerS3 knockdown
(shCerS3) and control (shNC) and CerS3 overexpression (CerS3myc) and control (NCmyc) cells were
stained with CellTrace Violet and CellTrace Violet concentration was measured via flow cytometry every
24 h (0 to 96 h). A) Proliferation assay of shNC and shCerS3 for 96 h. B) Proliferation assay of NCmyc

87



4. Results

and CerS3myc cells for 96 h. Y-values were transformed to -1log(Y). Data are mean + SEM. Group
sizes: n=4

4.2 Influence of CerS3 downregulation in primary CD4" cells

To confirm the effects of CerS3 knockdown on T cell function observed in the CD4*
Jurkat cell line, primary T cells were isolated from healthy donors. CD4* and CD8* T
cells were activated by CD2/3/28 activation beads and IL2 stimulation for 24 and 48 h

and CerS expression data were measured (Figure 27 and Figure 28).

In primary CD4* cells, all CerS mRNA levels increased significantly after 48 h of
stimulation (Figure 27). CerS2 and CerS4 expressions were already upregulated after
24 h (Figure 27).
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Figure 27: CerS expression after activation of primary human CD4* T cells. Primary human CD4*
T cells were isolated from Buffycoats and activated for 24 and 48 h with CD2/3/28 activation beads in a
1:1 cell-to-bead ratio and 200 U/ml human IL2. RNA was isolated from samples, cDNA synthesis
performed and CerS expressions were determined via qRT-PCR and related to RPL13A mRNA
expression. Data are mean + SEM. Statistical analysis was performed with a one-way ANOVA with a
posthoc Dunnett’'s multiple comparison test (* p < 0.05, *** p <0.001, **** p < 0.0001) Group sizes: n=3
measured in triplicates
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In contrast to CD4* cells, CerS1 and CerS3 expression significantly decreased in
primary CD8* T cells after 24 and 48 h of stimulation (Figure 28). CerS2 levels were
upregulated after 24 h and 48 h similar to the CD4" cells, but CerS4 expression was
only elevated after 24 h and decreased again after 48 h (Figure 28). CerS5 and CerS6

expressions were not altered after stimulation of CD8* cells.
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Figure 28: CerS expression after activation of primary human CD8* T cells. Primary human CD8*
T cells were isolated from Buffycoats and activated for 24 and 48 h with CD2/3/28 activation beads in a
1:1 cell-to-bead ratio and 200 U/ml human IL2. After RNA isolation and cDNA synthesis, CerS1-6
expression was determined via gRT-PCR and related to RPL13A mRNA expression. Data are mean %
SEM. Statistical analysis was performed with a one-way ANOVA with a posthoc Dunnett's multiple
comparison test (** p < 0.01, **** p < 0.0001) Group sizes: n=4 measured in triplicates

In regard to CerS1 and CerS3 expression after T cell stimulation, CD4* and CD8" cells
reacted in opposite ways. CD4* cells upregulated CerS1 and CerS3 expression after
stimulation, while CD8* cells downregulated both enzymes after activation. As CD8"
cells only play a minor role in colitis development, and stimulation of CD8* cells already
resulted in a decrease of CerS1 and CerS3 expression, these cells were excluded from

the following investigations on the influence of CerS3 knockdown on primary T cell
activation.
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4.2.1 siRNA treatment of primary CD4" cells

To study the influence of CerS3 knockdown on primary T cells and to confirm in vitro
data in the CD4* Jurkat cell line, primary CD4* cells from the blood of healthy donors
were treated with a CerS3 siRNA-pool for CerS3 downregulation. Primary T cells were
treated for 48 h with CerS3 or control siRNA and IL2, before they were activated with
CD2/3/28 activation beads and IL2 for 24 and 48 h (Figure 29).

After activation of primary CD4* cells treated with scrambled siRNA (siCtrl), all CerS
increased significantly after 48 h (Figure 29). Downregulation of CerS3 with CerS3
siRNA was accompanied by CerS1 and CerS5 downregulation in an unstimulated state
(Figure 29). CerS2 mRNA levels were significantly upregulated in unstimulated CerS3
siRNA treated cells (Figure 29). CerS3 expression was also increased after 48 h
stimulation of primary CD4" cell treated with CerS3 siRNA (Figure 29).
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Figure 29: CerS expression in primary CD4* T cells treated with scrambled or CerS3 siRNA.
Primary CD4* T cells were isolated from Whole Blood of healthy volunteers. CD4* T cells were treated
with either control or CerS3 siRNA and 200 U/ml IL2 for 48 h. Afterwards cells were activated for 24 and
48 h with CD2/3/28 activation beads in a 1:1 cell-to-bead ratio and 200 U/ml IL2. RNA was isolated and
gRT-PCR was performed for CerS1-6. mRNA expression levels were normalized to RPL13A levels.
Data are mean + SEM. Statistical analysis was performed with a one-way ANOVA with a Dunnett’s
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multiple comparison test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) Group sizes: n=3
measured in triplicates, one representative n is shown in this figure.

4.2.2 Effector function is disturbed in siCerS3 treated primary CD4* cells

Besides migration capacity, release of cytokines is a crucial effector function of T cells
that also affects the pathophysiology of colitis [17, 24]. Primary T cells isolated from
the blood of healthy donors and treated with scrambled siRNA (siCtrl) or CerS3 siRNA
(siCerS3) were activated for 24 and 48 h with CD2/3/28 activation beads and IL2. The
supernatants of the cells were tested for multiple pro-inflammatory cytokines (IFNy,

IL17, IL6 and TNFa) via CBA (Figure 30).
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Figure 30: Pro-inflammatory cytokine profile of primary CD4* T cells treated with scrambled or
CerS3 siRNA. Primary CD4* T cells were isolated from the blood of healthy donors and treated with
scrambled (siCtrl) or CerS3 siRNA (siCerS3) and 200 U/ml IL2 for 48 h. Afterwards cells were activated
with CD2/3/28 activation beads in a 1:1 cell-to-bead ratio and 200 U/ml for 24 and 48 h. Supernatants
were collected and pro-inflammatory cytokines (IFNy, IL17, TNFa and IL6) concentrations were
measured via CBA. Data are mean + SEM. Statistical analysis was performed with a one-way ANOVA
and a Tukey’s posthoc test (** p < 0.01, *** p < 0.001, **** p < 0.0001) Group sizes: n=3 measured in
triplicates, for TNFa n=2 measured in triplicates

91



4. Results

Control cells (siCtrl) showed significant increase of IFNy, IL17, IL6 and TNFa after 24
and 48 h of stimulation (Figure 30). CD4* T cells treated with CerS3 siRNA also
showed significant increase of all four pro-inflammatory cytokines (Figure 30) but in
comparison to control cells, CerS3 siRNA cells released significantly less amounts of
IFNy, IL17, IL6 and TNFa after stimulation (Figure 30).

In summary, both, control and CerS3 siRNA treated primary CD4" T cells, released
pro-inflammatory cytokines after activation. In CerS3 siRNA treated CD4" cells, the
release of pro-inflammatory cytokines after stimulation was significantly reduced in

comparison to control cells.

4.3 Impact of T cell specific CerS3 knockout on DSS induced acute colitis
To investigate the impact of CerS3 on T cell function in vivo in mice, CerS3 expression
was downregulated only in T cells by crossing CerS3f mice with LCK-Cre mice,
leading to a knockdown of CerS3 only in mature T cells (Supplementary Figure 1). For
induction of acute colitis, CerS3 LCK Cre and WT mice were treated for 5 days with
2 % DSS in their drinking water. Mice displayed similar symptoms to human patients
in the clinic such as diarrhoea, bloody stool and weight loss. After replacement of the
drinking water, both mice groups showed significant weight loss until the last day of
the experiment (Figure 31 B). Disease score of mice that contained assessment of
physical health during the experiment also changed significantly after replacement of
drinking water (Figure 31 A). When WT mice and CerS3 LCK Cre treated with DSS
were compared, WT mice showed a significantly higher disease score, as well as more

weight loss over time (Figure 31 A and B).
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Figure 31: Disease score and weight change of WT and CerS3 LCK Cre mice during dextran
sodium sulfate (DSS) induced acute colitis. Mice were treated with 2 % DSS in their drinking water
for 5 days and observed for 8 days in total. A) Disease Score of DSS treated mice during experiment.
B) Body weight change of DSS treated mice. Data are mean £+SEM. Statistical analysis was performed
with an unpaired t-test (* p < 0.05, ** p < 0.01) Group sizes of CerS3 LCK Cre and WT mice: n=12

DSS-induced colitis led to a shortening of the colon during persisting inflammation.
Measurement of the colon showed a significant decrease in colon length in both DSS-
treated groups, WT and CerS3 LCK Cre mice (Figure 32 A and B). Nevertheless, when
both DSS groups were compared, colon length of WT mice showed a significantly

stronger shortening compared to CerS3 LCK Cre mice (Figure 32 A).
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Figure 32: Colon length of DSS treated mice. A) Colon lengths of DSS treated mice compared to
controls. B) Representative pictures of DSS treated colons from WT and CerS3 LCK Cre mice. Data
are mean = SEM. Statistical analysis was performed with an unpaired t-test (* p < 0.05, ** p < 0.01)
Group sizes of control and DSS mice: WT n = 11-12; CerS3 LCK Cre n=9-12

In general, WT mice reacted more sensitive to the DSS-treatment and had more severe
colitis than the CerS3 LCK Cre mice.

4.3.1 Immune cell distribution not in LP, but in IEL is affected by DSS-
induced colitis in WT and CerS3 LCK Cre mice

To further characterize the inflammation status in WT and CerS3 LCK Cre mice after
DSS treatment, immune cell distribution in blood and different tissues was measured
via flow cytometry (Figure 33 and Figure 34). Both mice groups showed a significant
increase of neutrophils in their blood after DSS treatment (Figure 33 A). Activated
monocytes or DCs were not altered in the blood. T cell populations in the blood were
also not changed after DSS treatment, but CerS3 LCK Cre control mice displayed a
significant reduction in CD3* populations compared to WT controls (Figure 33 A). In
the spleen, macrophages were significantly upregulated in both DSS treated mice
groups (Figure 33 B). Overall, T cell populations in the spleen did not change after
DSS treatment.
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Figure 33: Immune cell populations in WT and CerS3 LCK Cre mice in blood and spleen tissue.
Mice were either in the control group or treated with 2 % DSS in their drinking water for 5 days before
water replacement. Mice were sacrificed after 8 days. Immune cells isolated from blood and spleen were
stained according to the Immune Cell panel and analysed by flow cytometry (Supplementary Figure 3
and Supplementary Figure 5). A) T cell populations from the blood are depicted, as well as neutrophils,
activated monocytes and DCs. B) T cell populations from spleen tissue are depicted, as well as
neutrophils and macrophages isolated from the spleen. Data are mean + SEM. Statistical analysis was
performed with a one-way ANOVA followed by Tukey's Test (* p < 0.05) Group sizes: A) For WT Ctrl
n=8, WT DSS n=7, CerS3 LCK Cre Ctrl n=5, CerS3 LCK Cre DSS n=3 B) For WT Ctrl n=11, WT DSS
n=9, CerS3 LCK Cre Ctrl n=5, CerS3 LCK Cre DSS n=8

Immune cell assessment in the lamina propria (LP) fraction of WT and CerS3 LCK Cre
colon did not show any differences (Figure 34 A). Neither T cell populations nor other
immune cells (neutrophils or macrophages) were significantly upregulated. Only by

tendency there were more neutrophils and macrophages in the LP fraction after DSS
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treatment in both mice groups (both not significant) (Figure 34 A). Thus, in the intra
epithelial lymphocyte (IEL) fraction of WT and CerS3 LCK Cre colon, there was an
increase of neutrophils after DSS treatment (Figure 34 B). Macrophages, as well as
CD4* T cells, were also increased, but only in the IEL fraction of WT DSS colon (Figure

34 B). CerS3 LCK Cre DSS mice showed a significant increase of CD8* populations

only in the IEL fraction of the colon (Figure 34 B).
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Figure 34: Immune cell populations in WT and CerS3 LCK Cre mice in colon IEL and LP fractions.
Mice were either untreated (Ctrl) or treated with 2 % DSS in their drinking water for 5 days before water
replacement. Mice were sacrificed after 8 days. Immune cells isolated from the IEL and LP colon
fractions were stained according to the Immune Cell panel and analysed by flow cytometry
(Supplementary Figure 2). A) T cell populations (CD3*, CD4*, CD8*, Tregs), neutrophils and
macrophages from the LP fraction are depicted. B) T cell populations (CD3*, CD4*, CD8*, and Tregs),
neutrophils and macrophages from the IEL fraction are depicted. Data are mean + SEM. Statistical
analysis was performed with a one-way ANOVA followed by Tukey’s Test (* p < 0.05, ** p < 0.01, *** p
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< 0.001) Group sizes: For WT Ctrl n=9, WT DSS n= 5, CerS3 LCK Cre Ctrl n=5, CerS3 LCK Cre DSS
n=3

In summary, WT and CerS3 LCK Cre mice showed a significant increase of various
immune cells in different tissues after DSS treatment without significant differences
between WT and CerS3 LCK Cre mice. But untreated CerS3 LCK Cre mice had

significant less CD3" cells in the blood than WT mice.

4.3.2 CerS3 LCK Cre mice show less inflammation in the colon after DSS

treatment

To analyse inflammation in the colon, tissue slices from colon swiss rolls of WT and
CerS3 LCK Cre mice treated with DSS were prepared and stained with Hemacolor
(Figure 35). Histological analysis of colon tissue from DSS treated mice, showed
massive inflammation in WT mice (Figure 35 A and B). WT colon tissue disclosed
substantial swelling of the submucosa and disruption of the epithelial layer, especially
at the top of the crypts in the distal part (black arrows in Figure 35 B). In contrast,
CerS3 LCK Cre mice showed only mild inflammation with less submucosa swelling

and few disrupted crypts (Figure 35 C, D).

Figure 35: Histological analysis of representative colon swiss rolls after DSS treatment of WT
and CerS3 LCK Cre mice. Tissue was embedded in Tissue-Tek and stained with Hemacolor. Pictures
were obtained with a 2X or 10X objective. Swiss rolls were rolled from the distal to proximal part,
meaning the distal part of the colon resides in the middle of the roll. A) Overview of colon tissue from
WT mice after DSS treatment with 2X magnification. B) 10X magnification of an inflamed colon section
from T mice after DSS treatment. Black arrows indicate thicker LP area filled with immune cells and
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disrupted crypts. C) Overview of CerS3 LCK Cre DSS colon swiss roll in 2X magnifiation D) 10X
magnification pictures of an inflamed area of CerS3 LCK Cre colon tissue after DSS treatment. Black
arrows indicate disrupted crypts and areas with some more immune cells.

In summary, according to the disease score and immune cell data, colon tissue from
WT mice showed more inflammation compared to the CerS3 LCK Cre colon tissue

after DSS treatment.

4.3.3 CerS3 LCK Cre mice show less T cells in blood, spleen and thymus,

but more in lymph nodes

As T cells of CerS3 LCK Cre control mice were reduced in the blood, all T cell
populations were studied in the WT and CerS3 LCK Cre controls (Figure 36). In the
blood, all three T cell subtypes (CD4*, Treg and CD8*) were significantly reduced in
the CerS3 LCK Cre control mice compared to the WT (Figure 36 A). In the thymus,
Tregs were reduced only in the CerS3 LCK Cre mice controls (Figure 36 B). CerS3
LCK Cre control mice also displayed a significant reduction of CD4* and CD8* cells in
the spleen compared to WT mice (Figure 36 C). In the lymph nodes CD3* populations
were significantly enhanced in the CerS3 LCK Cre mice compared to the WT mice
(Figure 36 D). By tendency, all three subpopulations seemed to be increased in the
lymph nodes of CerS3 LCK Cre mice (not significant), but not in the WT (Figure 36 D).
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Figure 36: T cell populations in Ctrl WT and Ctrl CerS3 LCK Cre mice in blood and various
tissues. A) T cell populations measured by flow cytometry from blood samples of WT and CerS3 LCK
Ctrl mice. B) Flow cytometry analysis of T cell populations from thymus. C) Flow cytometry analysis of
T cells from the spleen. D) Lymph node T cell populations analysed by flow cytometry. Data are mean
+ SEM. Statistical analysis was performed with an unpaired t-test (* p < 0.05, ** p < 0.01) Group sizes:
For A) WT= 6-9; CerS3 LCK Cre. For B) WT= 3; CerS3 LCK Cre n=3. C) WT= 10; CerS3 LCK Cre n=4.
For D) WT= 3; CerS3 LCK Cre n=3
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In a nutshell, WT mice showed higher CD3* populations in blood, spleen and thymus,

while CerS3 LCK Cre mice had more CD3* cells in the lymph nodes.

4.3.4 CerS3 LCK Cre T cells differentiate worse than WT T cells

The differences in the amount of T cell populations in CerS3 LCK Cre and WT mice
tissue, could be due to migration or differentiation differences. In order to investigate
the capacity of CerS3 LCK Cre and WT T cells to differentiate into the three T cell
subtypes, T cells were isolated from the thymus of WT and CerS3 LCK Cre mice and
differentiated into TH, Tregs and cytotoxic CD8* cells for 10 d (Figure 37). T cells
derived from CerS3 LCK Cre mice showed an impaired differentiation potential to the
TH and Treg subtypes compared to WT controls (Figure 37 A and B). Differentiation of
T cells into CD8* cells was not affected in CerS3 LCK Cre mice (Figure 37 C).
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Figure 37: Differentiation of WT and CerS3 LCK Cre T cells. T cells isolated from thymus were
differentiated into the different T cell subtypes (TH, Treg and CD8*), followed by activation with CD3/28
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activation beads, 200 U/ml IL2, 50 nM B-mercaptoethanol and 20 ng/ml IL7 every two days. A)
Thymocytes were stimulated with 10 ng/ml murine IFNy and 6 ng/ml murine IL12 to be differentiated
into the TH subtype and then activated and cultivated for 10 d. B) Thymocytes were stimulated with
60 ng/ml of human IL15 to be differentiated into the Treg subtype and then activated and cultivated for
10 d. C) Thymocytes were stimulated with 60 ng/ml human TGFp to be differentiated into the CD8*
subtype and then activated and cultivated for 10 d. Data are mean SEM. Statistical analysis was
performed with an unpaired t-test (* p <0.05, ** p < 0.01) Group sizes: n=6, representative ns are shown
in the figure.

T cells develop into single-positive (CD4* or CD8*) T cells in the thymus from double-
positive (CD4*CD8*CD3") progenitor cells. To see if differentiation effects were due to
a change in progenitor cell amount in the thymus, all CD3* and progenitor cells were
investigated (Figure 38). Over the time span of 10 d there was a significant difference
between WT and CerS3 LCK Cre CD3" differentiated cells (Figure 38 A). CerS3 LCK
Cre cells differentiated worse than WT cells. But this was not due to less progenitor
cells as indicated in Figure 38 B, where no difference was shown between WT and

CerS3 LCK Cre progenitor cells.
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Figure 38: CD3* and progenitor cells from WT and CerS3 LCK Cre T cells. T cells isolated from
thymus were differentiated into the three different T cell subtypes (TH, Treg and CD8*) for 10 days.
Every day cells were taken out and stained for the T cell panel and analysed via flow cytometry. A)
Percentage of all T cell subtypes from CD3* cells from WT and CerS3 LCK Cre are compared. B)
Double-negative T cell progenitors from all differentiation assays between WT and CerS3 LCK Cre cells.
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Data are mean + SEM. Statistical analysis was performed with an unpaired t-test (* p < 0.05) Group
sizes: n=18

In summary, the differentiation potential of CerS3 LCK Cre T cells to TH and Treg cells

was impaired in comparison to WT T cells.

4.3.5 Reduced cytokine release by CerS3 LCK Cre T cells

In order to see effector function of WT and CerS3 LCK Cre T cells, premature
thymocytes were differentiated into the three different subtypes and activated for 24
and 48 h. Cytokine release was assessed via CBA (Figure 39). WT and CerS3 LCK
Cre TH cells showed a significant increase of pro-inflammatory cytokine IFNy after 48 h
stimulation with CD3/28 activation beads and IL2 (Figure 39 A). There was no
significant difference between WT and CerS3 LCK Cre in respect to their IFNy release.
IL17 and TNFa release in WT TH cells were significantly upregulated after stimulation,
whereas there was no significant increase of IL17 release in CerS3 LCK Cre TH cells
(Figure 39 A). The amount of IL17 and TNFa release from CerS3 LCK Cre TH cells
was significantly lower compared to WT TH cells after stimulation of cells for 48 h with
CD3/28 activation beads and IL2 (Figure 39 A).

Figure 39 B shows the cytokine release of WT and CerS3 LCK Cre Tregs. IFNy
production was significantly upregulated in both groups after 48 h stimulation of cells
with CD3/28 activation beads and IL2, but there was no difference between CerS3 LCK
Cre and WT Tregs (Figure 39 B). IL17 release tended to be increased after 48 h in WT
cells and after 24 and 48 h in CerS3 LCK Cre Tregs (Figure 39 B). The anti-
inflammatory cytokine IL10 was only significantly increased in WT cells after 48 h and
was significantly higher compared to the amount of IL10 released by CerS3 LCK Cre
cells after stimulation (Figure 39 B).

For CD8* effector function, release of IFNy and TNFa was tested (Figure 39 C). The
release of the pro-inflammatory cytokines IFNy and TNFa increased significantly after
stimulation of WT cells for 48 h (Figure 39 C). IFNy release from CerS3 LCK Cre CD8*
cells was not significant (Figure 39 C). TNFa production was also upregulated in CerS3
LCK Cre cells after stimulation for 48 h, but the concentration was significantly lower

compared to TNFa concentration of WT cells (Figure 39 C).
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Figure 39: Cytokine release from activated WT and CerS3 LCK Cre T cells. Premature T cells were
isolated from the thymus of WT and CerS3 LCK Cre T cells and differentiated into TH, Treg or CD8*
cells. T cells were then activated with CD3/28 activation beads, 200 U/ml IL2, 50 nM B-mercaptoethanol
and 20 ng/ml IL7 for O to 48 h and the cytokine concentrations of the supernatants were determined via
CBA. A) Cytokine profile of TH cells (IFNy, IL17 and TNFa) stimulated with 10 ng/ml murine IFNy and
6 ng/ml murine IL12. B) IFNy, IL17 and IL10 release by Tregs stimulated with 60 ng/ml human IL15. C)
Cytokine profile (IFNy and TNFa) of CD8* cells stimulated with 60 ng/ml human TGFf. Data are mean

+ SEM. Group sizes: n=6

Cytokine levels in plasma from DSS treated CerS3 LCK Cre and WT mice did not differ

significantly (Figure 40).
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Figure 40: Cytokine levels in plasma of WT and CerS3 LCK Cre Ctrl and DSS treated mice. Mice
were either untreated or treated with 2 % DSS in their drinking water for 5 days before water was
replaced. After 8 days mice were sacrificed and blood was taken and the plasma was obtained. Cytokine
concentrations of IFNy, IL17, TNFa, IL6 and IL10 in the plasma of WT and CerS3 LCK Cre mice were
measured via CBA. Data are mean + SEM. Group sizes: WT Ctrl n=4, WT DSS n=7, CerS3 LCK Cre
Ctrl n=3, CerS3 LCK Cre DSS n=3

In general, CerS3 LCK Cre T cells released less cytokines after stimulation compared

to WT T cells.

4.4 Establishment of human colon chip

The transfer of mice data to the human system is often problematic because mice
disclose a different immune cell status in comparison to humans and the disease
models are only under certain conditions comparable to the human disease. Therefore
humanized disease models are of urgent need to make a reliable statement about
molecular mechanisms and drug efficacy. For this purpose a physiologically-close
system was established using a human organ on a chip system. The here used

Emulate chip enables the development of a 3D colon epithelial-like structure that
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resembles the human colon and could further be connected to human endothelial cells
that form a vessel-like structure. By adding physiological stretch and flow to both
tissues, the complexity of the colon is much better represented than in traditional 2D

cell culture or even 3D organoid cultures.

4.4.1 Formation of epithelial and endothelial barrier in colon chip

In order to get the physiologically relevant colon chips, chips had to be activated and
coated with ECM proteins resembling the physiological ECM and for a better
attachment of epithelial colon (Caco-2) and endothelial (HUVEC) cells to the chip
channels. When endothelial cells were seeded into the bottom channel, they quickly
started to form a monolayer with a vessel-like structure. 48 h after seeding, they
received serum-reduced media (from 2 % to 0.5 % FBS) to avoid overgrowth of
endothelial cells in the chip (Figure 41 A). Caco-2 cells were seeded into the top
channel of the chip and after 24 h cells attached to the ECM (Figure 41 A and B). After
48 h, Caco-2 cells proliferated, but still did not form a layer without holes (Figure 41 B).
72 h post-seeding, Caco-2 cells formed a sufficient layer, spreading through the whole
area of the top channel (Figure 41 B). Six days after seeding and under continuous
stretch (resembling the colon peristaltic) and medium flow, Caco-2 cells formed a tight
and matured 3D structure in the chip with strong tight junctions and barrier function

(Figure 41 B). With matured epithelial barrier, further experiments could be conducted.
48h 72h
‘b'\ ’ *‘;.‘" "(- ;: V . .

Figure 41: Development of epithelial and endothelial barrier in colon intestine chip. HUVECs were
seeded in a density of 7 * 108 cells/ml into the bottom channel (depicted in the inlet above with a white
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arrow) and Caco-2 cells were seeded in a density of 3 * 108 cells/ml into the top channel (depicted in
the inlet below with a black arrow) of the chips. Cell growth was controlled via microscopy pictures every
day after seeding. Pictures were obtained on the inlet and outlet of the chips, as well as in the middle
(in between the vacuum ports). A) 5X magnification of inlets of colon chips 24 h to 6 d after seeding
containing HUVEC and Caco-2 cells. B) 10X magnification of middle part of colon chips 24 to 6 d after
seeding containing Caco-2 cells. Black arrow indicates 3D villi-like structure of Caco-2 cells

4.4.2 T cell recruitment to inflamed tissue

To investigate if CerS3 plays also a role in human colitis, inflammation-specific
attachment and migration of control and CerS3 knockdown Jurkat T cells and, T cell
recruitment to the epithelial layer was established. Human colon chips, that were
cultured for 6 days and had already developed their 3D structure, were perfused for
4 h with a mixture of pre-stained control (shNC) and CerS3 knockdown (shCerS3)
Jurkat T cells in a physiological density of 2*108 cells/ml with a 1000 pl/h flow rate in
the vascular channel. Afterwards chips were incubated for an additional 24 h at normal
flow rate and stretch. Control Jurkat cells were pre-stained with green-fluorescent
(PK67) and shCerS3 Jurkat cells were stained with red-fluorescent (PKH26) dyes.
Control and CerS3 knockdown cells both express GFP, so only red-green co-stained
cells were accounted for shCerS3 cells. Attachment of the cells to the endothelial and
epithelial layer after 24 h was controlled by microscopy (Figure 42). Outflow after 4 h
T cell perfusion and trypsinized cells from top and bottom channel after 24 h were
checked via flow cytometry. Data from T cell recruitment are preliminary and can not

be statistically evaluated.

A Epithelial layer B Endothelial layer Epithelial layer
SR € i V- % .
Ctrl Primed
+Tcells +Tcells
C D
Primed Primed
+ IFNy +IFNy
+T cells

Figure 42: T cell attachment to epithelial and endothelial layer in colon chips. Endothelial (HUVEC)
and colonic epithelial (Caco-2) cells were seeded on chips and let grow for 6 days to allow growth of
endothelial monolayer and epithelial 3D structure. On day 6, chips were either primed with 50 ng/ml
TNFa in the bottom channel and/or primed with IFNy in the bottom and top channel for induction of
colitis and epithelial barrier disruption. After 24 h of priming, a mixture of each 4 * 108 pre-stained shNC
(PK67, green) and shCerS3 (PKH26, red) cells in a gel-like medium were introduced into the bottom
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channel for 4 h at a flow rate of 1000 pl/h. Pictures of attachment of T cells on the endothelial and
epithelial layer were obtained with a 20X magnification with a Zeiss fluorescence microscope. A) Chip
was not primed with cytokines, but perfused with pre-stained T cells. B) Chip was primed with 50 ng/ml
TNFa in the bottom channel and perfused with pre-stained T cells. C) Chip was primed with 50 ng/ml
TNFa in the bottom channel and 50 ng/ml IFNy in the top and bottom channel. Chip was also perfused
with pre-stained T cells. D) Chip was primed with 50 ng/ml TNFa in the bottom channel and 50 ng/ml
IFNy in the bottom and top channel. n=1 for every condition

For resting control, chips were not primed with TNFa nor treated with cytokines, but
perfused with pre-stained T cells (Figure 42 A). There were almost no fluorescent T
cells visible in the endothelial or epithelial layer of this chip (Figure 42 A). For T cell
control, the chip was only primed with 50 ng/ml TNFa in the bottom channel and
perfused with pre-stained T cells (Figure 42 B). It was clearly visible that many T cells
had attached to the endothelial layer, but not many to the epithelial layer (Figure 42 B).
Additionally, more shNC cells were visible on the endothelial layer. To induce migration
of T cells into the inflamed epithelial layer, the chip was primed with 50 ng/ml TNFa in
the bottom channel and treated with 50 ng/ml IFNy in the bottom and top channel and
then perfused with pre-stained T cells (Figure 42 C). T cells had attached to the
endothelial layer, but there were also few T cells detectable in the epithelial layer
(Figure 42 C). More control cells had attached to the endothelial layer. For priming
control, chip was primed with 50 ng/ml TNFa in the bottom channel and as
chemoattractant for T cell migration bottom and top channel were treated with 50 ng/ml
IFNy. There were no T cells visible in either layer (Figure 42 D). A green-fluorescent

background could be observed in each layer of each chip (Figure 42).

In further experiments a more physiological chemokine cocktail containing IP10, MIP-
3a, MEC, GPR14L, TECK, MCP-1, SDF-a and MIP-33 was used as chemoattractant

for T cell migration.

In order to quantify T cells attached to the endothelial or epithelial layer, the outflow
after 4 h T cell perfusion as well as harvested cells from bottom and top channel after
24 h were checked via flow cytometry. In this case, chips were primed with 50 ng/ml
TNFa in the bottom channel and treated with a 100 ng/ml chemokine cocktail (IP10,
MIP-3a, MEC, GPR14L, TECK, MCP-1, SDF-a, MIP-3pB) in the top channel to mimick
cytokine state in human colitis patients. In this experiment, shNC cells were stained
red-fluorescent and shCerS3 cells were stained green-fluorescent. Following data are
preliminary, and therefore can not be statistically validated.
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Figure 43: T cell count in outflow after 4 h and trypsinized cells after 24 h in colon chip. Endothelial
(HUVEC) and colonic epithelial (Caco-2) cells were seeded on chips and let grow for 6 days to allow
growth of endothelial monolayer and epithelial 3D structure. On day 6, chips were either primed with 50
ng/ml TNFa in the bottom channel and a 100 ng/ml chemokine cocktail (IP10, MIP-3a, MEC, GPR14L,
TECK, MCP-1, SDF-a, MIP-3f) in the top channel for induction of colitis or not treated at all. After 24h
of priming, a mixture of each 4 * 108 pre-stained shNC (PKH26, red) and shCerS3 (PK67, green) cells
in a gel-like medium were introduced into the bottom channel for 4 h at a flow rate of 1000 pl/h. After
this, chips were incubated for an additional 24 h under normal flow rate and stretch conditions. A)
Outflow of chips after 4 h T cell perfusion was analysed via flow cytometry. B) Cells from top and bottom
channel were trypsinized after 24 h incubation and analysed via flow cytometry. Data are mean + SEM.
n=1 for every condition

After 4 h perfusion of T cells, there were more control cells than CerS3 knockdown
cells in the outflow of the bottom channel of the resting control and the primed chip
(Figure 43 A). In the 4 h outflow of the top channel, there were more control cells than
CerS3 knockdown cells in the resting control, but more shCerS3 cells in the primed
chip. After 24 h incubation of T cells, there were no T cells detectable in the bottom
channels of the primed chip and only a few shCerS3 cells in the resting control (Figure
43 B). In the top channel, there were almost 5000 shCerS3 cells in the resting control
and over 2000 shCerS3 cells in the primed chip (Figure 43 B). There were fewer control

cells in both chips. (Figure 43 B).
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In summary, T cell attachment to the endothelial and epithelial layer was detectable.
Quantification of attached T cells after 24 h via flow cytometry showed more CerS3
knockdown cells in the epithelial layer compared to control cells, but also more T cells

in the resting control.
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5. Discussion

In this work, the role of CerS1 and 3 in T cells and colitis was elucidated. T cells, mainly
THSs, display a pathologically raised immune response in UC. This leads to a vicious
cycle of recurrent immune cell recruitment and activation as well as cytokine release
that promotes inflammation and UC development [123, 124]. It is known that bioactive
sphingolipids are not only important structural elements of the plasma membrane, but
can also interfere with signalling pathways important for T cell function [335]. Since
CerS1 and CerS3 are significantly upregulated in the WBC of human colitis patients,
and there is evidence for influence of CerS and their products on T cell function, the

role of both enzymes was the main focus in this work [361, 363, 382, 384].

5.1 CerS expression in primary T cells and CerS1 and CerS3 knockdown

and overexpression cells

To study the role of CerS1 and 3 in T cells, both enzymes were downregulated or

overexpressed in a CD4* Jurkat cell line.

Control cells showed a significant upregulation of CerS1 and CerS3 after stimulation
of cells, indicating an important role for both enzymes in T cell function. In CerS1
knockdown cells, there was a significant downregulation of CerS3 expression after
stimulation compared to the control and a significant CerS3 to 6 downregulation in
unstimulated shCerS1 cells. In previous studies of our group, it was already
established that activity of CerS2 is enhanced by co-activation of CerS4 and CerS6 in
a human colon tumor (HCT) cell line [396]. When CerS4 was co-activated with CerS6
in HCT 116 cells, CerS4 was inhibited and the effects could not be reversed with
addition of the CerS4 substrate Ci6:0-COA substrate showing that protein-protein
interactions between CerS could be possible [396]. Additionally, we were able to
demonstrate that Cer content elevation alone does not lead to induction of apoptosis
and CerS activity is also responsible for this [396]. The equilibrium between Cer or
CerS is therefore very important. Our group already showed for various cell lines that
loss or gain of different CerS led not only to co-regulation but also to compensatory
up- or downregulation of CerS. CerS5 and CerS6, for example, were co-regulated in
CerS4 knockdown Jurkat cells [384]. In a different study, our group showed, that CerS1
and 3 expression was upregulated when CerS5 was downregulated in control Jurkat
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cells [361]. CerS2 and CerS5 KO in MCF-7 breast cancer cells reacted with
upregulation of CerS4 expression and in CerS2 KO mice, CerS6 was upregulated to
compensate for the loss of long-chain Cer [397, 398]. In the case of CerS3 knockdown
cells, CerS1 was compensatory and significantly upregulated in the unstimulated and
stimulated cells, whereas CerS5 and CerS6 expression was downregulated in the
unstimulated cells. These findings suggest a more important role for CerS3 than
CerS1, since CerS1 upregulation in shCerS3 cells fails to compensate for the
downregulation of CerS3. Additionally, the more mild effects of CerS1 downregulation
on migration behaviour and the non-affected TCR signalling also indicate a co-effect
of CerS3 downregulation in CerS1 knockdown cells that is not as severe as in CerS3
knockdown cells. CerS3 overexpression was accompanied by a slight increase of
CerS1 in an unstimulated state, as well as CerS5 mRNA decrease. Even though Cer
contents are higher in CerS3 overexpression cells, there is no compensatory decrease
of other CerS. This could indicate that cells do not have to counter-regulate CerS3

increase.

Interestingly, in activated primary CD4* T cells the expression of every CerS is
upregulated after at least 48 h. In contrast, CD8* T cells only show an upregulation of
CerS2 and CerS4, while CerS1 and CerS3 are significantly decreased. This hints at
differing roles of CerS in CD4* and CD8" T cells. CD4 is a homodimeric receptor,
whereas CD8 is a disulfide-linked heterodimer [84, 85, 399]. Both proteins are post-
translationally palmitoylated and engage with LCK upon stimulation [86, 400—-402].
Localization of CD4 in lipid rafts is necessary for the co-stimulatory effects of CD4 on
the TCR activation [403]. Hence, for CD8"* cell proliferation and activation, CD8 does
not have to engage in lipid rafts [404]. Since upregulation of CerS3 leads to an increase
of glycosphingolipids that are necessary for lipid raft formation and also for CD3/CD4
activation, it is obvious that CerS3 expression is downregulated in CD8* T cells when
lipid raft formation is not needed for CD8 activation. And since expression of CerS1
and CerS3 was upregulated in the WBC of human colitis patients, and CD8* cells play
a minor role in UC development, it was decided to only focus on the CD4" cell function

for this project.

In primary CD4* T cells, downregulation of CerS3 via siRNA led to a significant
downregulation of CerS3 accompanied by CerS1 and 5 downregulation and CerS2

upregulation. Surprisingly, CerS3 mRNA expression was increased upon stimulation,
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similar to CerS3 increase in control cells. This increase could be a compensatory effect
by the cells. A possible reason for this effect could be the interference of siRNA with
mMRNA translation, thereby impairing protein increase [405]. Since T cells upregulate
CerS3 upon activation, CerS3 siRNA treated cells may produce more CerS3 mRNA to
compensate the loss of the protein. This hypothesis is supported by the results of the
effector function assay, in which pro-inflammatory cytokine release was decreased in
CerS3 siRNA treated cells. For confirmation, CerS3 protein levels should be checked

to fully prove loss of function of CerS3 in CerS3 siRNA treated primary CD4* T cells.

This chapter discussed the importance of a balanced CerS expression and Cer
contents in T cells. CerS1 upregulation fails to compensate for the loss of CerS3 in
CerS3 knockdown meaning, CerS3 activity cannot be compensated and is of uttermost

importance for T cell activation and signalling.

5.2 Influence of CerS1 and CerS3 on TCR activation

One important feature of T cells is their characteristic TCR. It is stimulated by the
presentation of antigens from APCs and co-stimulants to trigger downstream effects in
the cell to induce survival, proliferation, migration and cytokine release [113]. Activation
of TCR leads to phosphorylation of LCK, which then phosphorylates Zap70 and
promotes LAT recruitment to the plasma membrane as well as co-localization of LCK
and LAT [334, 406]. There are reports that demonstrated the requirement of CerS6 for
optimal TCR activation, in particular for Zap70 phosphorylation [382]. Furthermore, our
group showed impairment of Zap70 phosphorylation in CerS5 knockdown Jurkat cells
[361].

In this project, phosphorylation of Zap70 was investigated as it is a key step for TCR
activation. Since CerS1 and CerS3 are both increased after activation of control Jurkat
cells or primary CD4" cells, it was proposed that knockdown of either CerS1 or CerS3
would lead to TCR signalling inhibition. TCR signalling of CerS3 overexpression was
suspected to be already activated without any stimulus, since the unstimulated CerS3
overexpression resembled the activated state of control cells. WB analysis of Zap70
phosphorylation revealed CerS1 knockdown did not affect TCR signalling, whereas
CerS3 knockdown cells were not able to phosphorylate Zap70 upon stimulation.

Surprisingly, CerS3 overexpression did not lead to a higher phosphorylation of Zap70
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upon stimulation and was not already activated on a basal level. This effect differed
from observations from CerS4 knockdown in Jurkat cells. CerS4 was downregulated
when control T cells were activated and constitutive downregulation of CerS4 led to a

steady-state activation without any external stimulus [384].

One possible explanation for this missing effect in CerS3 overexpression cells could
lie in the sphingolipid contents. As TCR signalling takes place in lipid rafts, lipid order
and composition in the plasma membrane is of undoubtable importance [407, 408].
Lipid rafts are normally enriched in cholesterols and glycosphingolipids and display
parts of the membrane in which recruitment of receptors and proteins is facilitated for
signalling processes [324]. TCR signalling therefore can be influenced by
glycosphingolipid content. The lipid surrounding is crucial for receptors to engage or
reside in the plasma membrane [409]. Transmembrane (TM) domains are usually in
alpha-helices topological conformation with TM-unique amino acid composition [410].
There is already evidence that sphingolipids can bind to TM domains of receptors
[411]. C18:0 SM can directly bind to the TM domain of coat protein complex (COP) |
vesicle machinery protein p24 [412]. The specific interaction of C1s.0 SM with the
VXXTLXXIY motif within the TM domain has an influence on the activation state of p24
[412]. Unfortunately the TCR TM domains do not contain this specific motif.
Nevertheless, there is evidence for the role of two amino acids (Arg521 and Lys256)
in the confirmation change upon antigen binding on the TCR a chain [413]. Brazin et
al. showed that these amino acids control immersion depth when antigens bind to the
TCR in the lipid bilayer [413]. With interference to the lipid order and composition in
the plasma membrane these necessary confirmation changes might be disturbed

leading to inhibited TCR downstream signalling.

In previous studies, it was already shown that LCK activity is increased when
glycosphingolipid species are increased in T cells [414]. Hyperactive T cells derived
from SLE patients could be re-normalized after decreasing glycosphingolipid contents
in the cells [415]. In this work it could be observed that CerS1 and 3 expression is
upregulated after activation, indicating a higher production of long-chain C1s-Cer by
CerS1 and very long-chain C22-24-Cer by CerS3 in activated T cells. In contrast to that
a general decrease of dhCer and Cer species could be observed in the shNC T cells
accompanied by an increase of glycosphingolipids and some sphingoid bases. Higher

production of dhCer and Cer after T cell activation is supported by the findings of Hose
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et al., who observed increase of Cer species after activation of WT cells and even more
Cer in acid Ceramidase deficient T cells, contradicting the findings of this work [369].
Nevertheless, Hose et al. did not directly compare un-activated and activated WT cells
to have statistical data on this finding. Furthermore they were working with murine cells,
which can differ from primary human cells or cell lines. However, in this work, activated
NCmyc cells showed by tendency slight increases of long-chain and very long-chain
dhCer (C16-, C24- and Cz4:1-dhCer) and Cer (C14-, C16-, C1s-, C20-, C22-, C24- and C24:1-
Cer) after activation. Notably, a decrease of dhCer and Cer in control cells could be
caused by SM-synthase or UGCG producing more glycosphingolipids (GlcCer and
LacCer) when T cells are activated. This is strongly supported by evidence that

glycosphingolipids are needed for lipid raft formation [324, 326, 416].

Zap70 phosphorylation happened after 5 to 15 min of activation in control cells, when
glycosphingolipid species were also elevated. CerS1 knockdown cells did not show
any disturbance in TCR signalling. This was also reflected in the increase of C1s-, C1s-
and C24:1-GlcCer after activation of these cells. In contrast to that, CerS3 knockdown
cells that had no elevation of Glc- or Lac-Cer after activation did not show any
phosphorylation of Zap70 upon stimulation, highlighting the importance of CerS3
dependent upregulation of glycosphingolipids in TCR activation. CerS3
overexpression cells showed similar Zap70 phosphorylation compared to the control,
which is also reflected in the glycosphingolipid content pattern that resembles the
pattern of activated NCmyc control cells. Only C24:1-GlcCer were significantly elevated
in the CerS3 overexpression after 48 h stimulation compared to the controls, while
Ca4:1-LacCer was increased only in the control cells after stimulation. Notably,
CerS3myc cells showed higher S1P-dC1s:1 contents on a basal level compared to
control cells, as well as increase in numerous dhCer (C1s-, C24-, C24:1-dhCer) and Cer
(C14-, C1s-, C20-, C22-, C24- and Cz4:1-Cer) species. This could mean that CerS3
overexpression does not lead to an excessive TCR activation.

Composition of the plasma membrane is not the only factor contributing to lipid raft
formation. Lipid order and the subsequent membrane condensation is necessary to
maintain the highly dynamic nature of lipid raft formation [417]. Glycosphingolipids with
saturated FA chains have higher transition temperatures and display a more ordered
and less fluid phase of the membrane [418]. When lipid raft formation is prohibited,

different signalling complexes cannot come together to be formed properly [419].
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Studies showed that higher membrane orders were found at the periphery of
immunological synapses, exactly where the proximal signalling happens [420]. By
interfering with the composition of sphingolipid contents, lipid order can also be
affected. CerS1 knockdown cells showed increase of saturated Glc- and LacCer (C1e-
and C1s-GlcCer and C1s-LacCer), whereas CerS3 knockdown cells did not show any
increase of saturated Glc- and LacCer after activation. This indicates a differential
membrane order impacting TCR signalling. There is also evidence for a direct influence
of Cer in the plasma membrane. ASMase activity leads to Cer production via the
salvage pathway and aCDase leads to Cer breakdown [283, 421]. In aSMase deficient
mice, T cells showed impaired activation with less Cer, while aCDase deficient murine
T cells showed more Cer and elevated T cell activation [369]. Co-staining of TCR and
C16-Cer showed a strong co-localization in the plasma membrane, indicating a role for
Cer-enriched platforms in TCR signalling [369]. A study showed that neutral
Sphingomyelinase (nSM) 2 deficient T cells failed to phosphorylate LCK after
stimulation, and CD3 polarization to the immunological synapse was not possible [368,
422]. Reports of non T cells showed promotion of membrane recruitment and activation
of PKC ¢ by nSM2, which was rescued in a nSM2 deficient model, where exogenously
applied Cer could activate PKC ¢ [423, 424]. These findings support a role for Cer-
enriched membranes in TCR signalling. In this regard, it would be interesting to
investigate co-localization of Cer and TCR in CerS1 and CerS3 knockdown and

overexpression cells to verify the importance of Cer in the signalling hubs of the TCR.

Since T cells were not only activated via the TCR itself, but also via IL2 and CD28
activation, these receptors and their signalling can also be impaired by disrupted lipid
rafts. IL2 receptor localization into the membrane is affected when glycosphingolipids
are immobilized [425]. CD28 is a co-stimulatory receptor for TCR signalling and is
activated by binding of CD80 and CD86 [119]. CD28 translocation into the plasma
membrane is IL2R signalling-dependent [426], indicating that a change in
glycosphingolipids in the lipid rafts can also affect co-stimulation of TCR with IL2 and
CD28. CD28 is also responsible for LCK recruitment to the immunological synapse,
enabling TCR signalling and also promoting TCR activation [427, 428]. In further
experiments, IL2 and CD28 signalling pathways should be studied in detail in CerS1
knockdown and CerS3 knockdown and overexpression cells.
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In conclusion, interaction of sphingolipids with TM domains or changes in lipid
composition and order in the plasma membrane affects lipid raft formation and receptor
recruitment. Decrease of glycosphingolipids after activation of CerS3 knockdown T
cells led to disturbance of lipid raft formation and proper TCR activation via Zap70
phosphorylation. CerS1 knockdown did not show any TCR activation impairment and
since mMRNA expression showed that CerS1 upregulation failed to compensate for the
loss of CerS3 in CerS3 knockdown, it was decided to conduct further experiments only

in CerS3 knockdown and overexpression cells.

5.3 Impact of CerS3 on TCR signalling

TCR signalling triggers a variety of pathways that lead to transcription factor activation
with subsequent promotion of proliferation, differentiation and migration [91-94].
Zap70 phosphorylation also activates, among other transcription factors, NFAT, NFkB
and AP-1 [95, 96, 102, 103, 112, 113]. There is evidence for the effects of Cer on
transcription factors. Human hepcidin gene expression, for example, can be induced
by Cer through Stat3, c-Jun terminal kinase (JNK) and NFkB phosphorylation and
surfactant protein B1 (SP-B1) in lung epithelial cells is decreased via transcriptional
control through Cer [429, 430]. To investigate which transcription factors are impacted
by the inhibited TCR signalling in CerS3 knockdown cells, AP-1 and NFAT1 expression

were studied.

AP-1 is a heterodimeric protein consisting of phosphorylated c-Jun and c-Fos [112,
113]. In CerS3 knockdown and control cells phosphorylation of c-Jun and c-Fos
expression was observed after 2 h. This showed that CerS3 knockdown had no effect
on AP-1. CerS3 overexpression and control cells also showed significant activation of
c-Jun and c-Fos after 2 h activation. Nevertheless, phosphorylation state of c-Jun was
significantly lower in CerS3 overexpression cells compared to the control, while c-Fos
expression was significantly higher in CerS3 overexpression cells. Neither higher c-
Fos expression nor lower c-Jun phosphorylation can be explained by TCR signalling,
since CerS3 overexpression cells showed similar Zap70 phosphorylation upon
stimulation to control cells. A possible explanation for this could be the TCR co-receptor
CD28, since AP-1 activation is heavily dependent on CD28 signalling [431-433].
Nevertheless, the results from this dissertation do not provide enough information on

116



5. Discussion

CD28 receptor signalling. Therefore, further investigations on AP-1 activation should

include CD28 pathway analysis.

NFAT1 is regulated by calcium increase in the cell upon TCR signalling [100]. Calcium
increase leads to calcineurin activation which dephosphorylates NFAT1. To better
understand the impact of CerS3 on NFAT1 transcription activation, [Ca2*]i in stimulated
Jurkat cells were studied. Since S1P1 can activate PLC-dependent Ca?* pathways, it
was decided to stimulate cells with S1P [434, 435]. But the investigations on S1P-
induced [Ca?*];, in this work, revealed a minor role for S1P1 in [Ca?*] increase. [Ca?*];
levels in control cells increased significantly more compared to CerS3 knockdown
cells. When cells were stimulated with a specific S1P1 agonist (SEW2871) [436—439],
no [Ca?*]iincrease was detectable in control or CerS3 knockdown cells. Therefore, the
difference in the S1P induced [Ca?*]iresponse between CerS3 knockdown and control
cells might be associated with a different S1P receptor. Besides S1P1, S1P4 displays
an important S1PR in T cells. If S1P4 was responsible for the S1P induced [Ca?*]i
increase in control cells, this would contradict mMRNA data which showed higher
expression of S1P4 in CerS3 knockdown T cells compared to control cells.
Nevertheless, investigations of [Ca?']i levels with a specific S1P4 agonist like
CYM50308 [440] would shed more light on this research question. The higher [Ca?*]i
baseline of CerS3 knockdown Jurkat cells could also be a reason for the lower
response to the S1P stimulation, however the difference in the baseline are minimal
(only approximately 10 nM), which can not compensate for the approximately 40 %

lower [Ca?*]iin CerS3 knockdown cells after S1P stimulation.

Since [Ca?*] were reduced after S1P stimulation in CerS3 knockdown cells, it would
be interesting to study [Ca?*]i after TCR activation via CD2/3/28 stimulation. Moreover,
[Ca?*]i should also be studied in CerS3 overexpression cells to see if CerS3

overexpression shows opposite effects to CerS3 knockdown cells.

Based on the reduced [Ca?*]i after S1P stimulation in CerS3 knockdown cells, it was
assumed that NFAT1 translocation could be affected too. NFAT1 translocation to the
nucleus in CerS3 knockdown was decreased compared to the controls. CerS3
overexpression showed increase of NFAT1 translocation in preliminary experiments.
NFAT1 activation can be inhibited by GSK3B through additional phosphorylation of
NFAT1 [441]. Simultaneously, GSK3B promotes JNK activation and subsequent c-Jun
phosphorylation [441]. GSK3p is activated by PP2A [442, 443]. It could already be
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shown that Cer has an influence on PP2A activation and saturated FAs were able to
activate PP2A in hepatocytes during lipoapoptosis, which is triggered by exposure to
excess FAs [444, 445]. When Cer influence PP2A activation, they could thereby
indirectly affect GSK3p activation. After T cell activation, there is a significant decrease
in Cer and dhCer species, which could lead to less PP2A and GSK3p activation. One
would expect that less GSK3[ activity leads to more NFAT1 activation when Cer are
downregulated. However, CerS3 knockdown cells did not show an increase of NFAT1
activation, even though less Cer species were present in these cells. In contrast, this
would also mean that NFAT1 activation should have been decreased in CerS3
overexpression cells, which was also not the case in the preliminary data. Therefore

another pathway must be responsible for the observed effects.

Another regulatory mechanism for GSK3B is inhibition by Akt [446, 447]. Akt
phosphorylates GSK3[ and impairs nuclear export of NFAT1. Stimulation of TCR co-
receptor CD28 activates Akt pathway [448, 449]. T cells in this dissertation were
activated via CD2/3 and 28 activation beads. CD28 stimulation could have had an
impact on Akt activation, which would inhibit GSK3p activation and promote NFAT1
activation. Therefore it would be interesting to study Akt and GSK3 activity in CerS3
knockdown and overexpression cells. If changes in the lipid rafts also affected CD28
receptor function, Akt pathway could be impaired in CerS3 knockdown cells, promoting
GSK3pB dependent inhibition of NFAT1.

NFAT1 can also act in quaternary complexes with other transcription factors, like AP-
1 [450, 451]. The interaction of NFAT1 with other transcription factors has an important
role in differentiation processes in T cells [100]. TH2 lineage differentiation, for
example, is strongly dependent on GATA3 and NFAT1 mediated IL4 release which
promotes TH2 differentiation [178, 452]. Additionally, NFAT1 interaction with STAT4
promotes TH1 lineage differentiation by increase of IFNy production [155, 156, 453].
Differentiation assay of murine thymocytes into TH cells, revealed impaired
differentiation into the TH lineage in CerS3 LCK Cre mice. Since NFAT1 translocation
was reduced in CerS3 knockdown T cells, this can also influence effector function (like

TNFa production), and differentiation potential into TH1 or TH2 cells.

These results demonstrated a special role for CerS3 in TCR and co-receptor activation
caused by changes in the lipid status. AP-1 activation is not affected by CerS3. It was
shown that NFAT1 activation is impaired in CerS3 knockdown cells thereby affecting
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cytokine gene expression (effector function) and differentiaton processes in T cells.
Since NFkB is one of the transcription factors activated by TCR signalling, it should be

included in future experiments.

5.4 Impact of CerS1 and 3 on T cell migration

T cell activity is usually assessed by the capacity of T cells to release cytokines and to
migrate towards specific chemokines. It was already shown in mice, that CerS2, but
not CerS4, has a direct influence on S1P mediated thymocyte egress, as it is
responsible for the formation of S1P by extra thymic cells [454]. To see the effects of
CerS1 and CerS3 on T cell function, T cells were tested in a migration assay, where
they had to migrate towards 100 nM S1P, the most prominent chemokine for T cell

migration [347].

As expected, CerS1 and CerS3 knockdown cells both showed impaired migration
capacity towards S1P compared to the control cells but also towards the positive
control (FBS), which naturally contains S1P. In contrast, CerS3 overexpression
showed better migration towards S1P compared to the control. These findings are in
line with the mRNA expression pattern of S1P1, the receptor mainly responsible for
the S1P-dependent migration [385], as well as with mRNA levels of S1P4, which is
also important for lymphocyte migration [395]. S1P1 mRNA was decreased in
unstimulated CerS3 and CerS1 knockdown cells compared to their controls, while
being significantly upregulated in the unstimulated overexpression cells. This could
also be verified on protein level, where S1P1 protein levels were decreased in CerS1
and CerS3 knockdown cells and increased in CerS3 overexpression cells on a basal
level. Interestingly, S1P4 was highly expressed in CerS1 and CerS3 knockdown cells
on a basal level, but not decreased in CerS3 overexpression cells. This may be a
compensatory effect of the cells, trying to upregulate a different S1PR for S1P sensing
and subsequent migration. Nevertheless, upregulation of S1P4 failed to compensate
properly for S1P1 decrease and does not lead to a restored migration capacity in
CerS1 and CerS3 knockdown cells.

But how do CerS impact S1P dependent migration and what is the underlying
mechanism? S1PR expression on the membrane is a very complex process which is

influenced by many factors, including other receptors such as CCR7 [273, 455, 456].
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Ligand-binding of S1P1 leads to the internalisation of the receptor and loss of function
[385]. Internalisation of receptors in the cell is highly dependent on endosome
formation. Studies have shown that sphingolipids take part in endosome formation and
inhibition of de novo synthesis of Cer in Drosophila melanogaster led to impairment of
endosome formation and protein trafficking [457, 458]. Control T cells showed a
decrease in S1P1 mRNA expression after activation. Meanwhile CerS1 and CerS3
knockdown cells showed the opposite effect: an increase after stimulation, indicating
a disturbed internalisation of S1P1 upon stimulation. Interestingly, CerS3
overexpression cells showed a significant increase of S1P1 after stimulation in contrast
to the downregulation by tendency in the control cells. This findings implicates an
important role of sphingolipid composition and balance in the cells for proper S1P1

internalisation and signalling.

As already stated, lipid raft formation is crucial for different receptor signalling
pathways, including S1P1 [337, 338]. Membrane fluidity is controlled by sphingolipids
and cholesterol, causing them to have a great impact on lipid raft formation [459, 460].
Internalisation of S1P1 is proposed to happen in non-lipid raft domains [336]. This
would fit well with the CerS3 overexpression data, that showed increase in all
glycosphingolipids indicating more lipid raft formation and subsequently less S1P1
internalisation upon stimulation of the TCR like the mRNA data was showing. In regard
to the dysregulated lipid contents in CerS1 and CerS3 knockdown cells, it fits well, that
S1P1 dependent migration is downregulated in both cell lines, when the signalling hubs
necessary for S1P1 signalling at the plasma membrane are missing. Of course, it is
still necessary to investigate the effects of CerS1 and CerS3 knockdown and CerS3
overexpression on the S1PR internalisation process in more detail, since the

experiments in this work do not provide enough information on this process.

Other receptors responsible for migration in T cells are also thought to be organized in
lipid rafts and therefore affected by changes in sphingolipids. CXCR4, for example, is
activated by binding of CXCL12 and promotes migration in T cells [461]. The receptor
is organized in lipid nanoclusters and this organization is crucial for T cell migration
[462]. Gardeta et al. showed that by reducing Cer species by aSMase depletion, lipid
nanoclusters were not able to form and CXCL12-CXCR4 mediated migration was

inhibited in T cells [462]. This is in line with findings from Limatola et al., who could
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demonstrate that CXCR4-dependet migration was impaired by pharmacological

inhibition of glycosphingolipid synthesis [463].

CerS1 and 3 knockdown led to reduced S1P-dependent migration, whereas CerS3
overexpression cells showed better migration. This demonstrates how important
sphingolipid balance is to maintain T cell migration. To confirm in vitro data generated
from Jurkat cells, it would be interesting to test S1P dependent migration on primary
CD4* T cells treated with CerS3 siRNA.

5.5 Impact of CerS3 on T cell function

In previous chapters it was already demonstrated that CerS3 knockdown and
overexpression influence sphingolipid contents and membrane properties thereby
affecting TCR activation and signalling. It was also shown, that S1P dependent
migration is influenced by CerS3 knockdown and overexpression. In this chapter the
influence of CerS3 on effector function like proliferation and cytokine release is

discussed.

Based on the fact that sphingolipids and Cer regulate cell proliferation, it was
postulated that T cell proliferation could be impacted if the TCR was disturbed [464]. A
previous study demonstrated that Cer accumulation in CD4* cells in aging mice
showed less proliferation capacity for these cells [465]. In the case of CerS3

knockdown or overexpression, no effect on proliferation could be observed.

TCR activation and signalling leads to the expression of several genes, including
genes for cytokine release [466]. NFAT1 is a regulator of TNFa gene expression [467]
and since the preliminary data for NFAT1 activation showed impairment, cytokine
release in T cells was assessed. The control, CerS3 knockdown and overexpression
cells showed an increase of TNFa after stimulation. It was expected that TNFa
production is impaired in CerS3 downregulated T cells and indeed CerS3 knockdown
had significant lower TNFa levels compared to the control. This fits well with the
impaired TCR signalling and the assumed reduced NFAT1 activation. The
mechanisms behind cytokine release are not fully understood yet. Some cytokines are
released via extracellular vesicles [468]. Newly synthesized cytokines are firstly
inserted into the ER and soluble or transmembrane precursors are trafficked in vesicles
to the Golgi [468]. Trans Golgi network loads them into vesicles or carriers for transport
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to the plasma membrane [468]. The vesicle formation is extremely dependent on an
asymmetric lipid distribution in the vesicles [469]. Cholesterols and Cer play the most
important role in this process. While SM breakdown increases cholesterol levels and
therefore enhances membrane fluidity, increase of Cer leads to more curved
membranes, as the conical shape of Cer promote the curving nature of membranes
[470-472]. Trajkovic et al. could demonstrate that Cer are essential for exosome
formation and that exosomes could not be formed when SMase activity was inhibited
[322]. Additionally other groups were able to demonstrate that blockade of Cer
conversion to SM promotes exosome formation [314, 473]. Studies in macrophages
and granulocytes showed that cytokine release in form of vesicles was also dependent
on soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) proteins
[26, 474—-476]. Darios et al. found, that sphingosine was necessary for synaptobrevin
activation in neuro-synaptic vesicles for SNARE complex formation [477]. It was
already shown that SNAP-23 and 25 are located in sphingolipid- and cholesterol-
enriched lipid rafts [478]. This again supports the role of CerS in lipid raft formation and
dysregulation of sphingolipid contents, like in the case of CerS3 knockdown, can

strongly interfere with membrane properties.

It was surprising that TNFa release was also decreased in CerS3 overexpression cells,
since preliminary data hinted at an increase of TNFa-inducing transcription factor
NFAT1. However, TCR signalling was not elevated and showed similar Zap70
phosphorylation compared to the control. This could be an explanation for TNFa
production similar to control cells, but this was not the case in the CerS3
overexpression cells. So what could cause a decrease in TNFa release of CerS3
overexpressing cells? TNFa is built in T cells as a transmembrane protein that is
cleaved by the TNFa converting enzyme (TACE) metalloproteinase at the plasma
membrane to soluble TNFa [479]. Indeed, there is evidence for direct influence of
sphingolipids on TACE activity. It was also shown that sphingolipid alterations in
aSMase-deficient macrophages led to enhanced TACE activity while administration of
exogenous aSMase to those cells compensated this phenotype and inhibited TACE
activity [480]. It could already be demonstrated that Ceramide-1-Phosphate (C1P)
directly binds to TACE and inhibits its activity [481]. In a LPS induced sepsis model in
CerS2 knockout mice, higher TNFa levels were detectable due to elevated TACE
activity [482]. This showed that very long-chain Cer had a direct influence on TACE

activity. TACE is regulated by membrane composition and lipid raft depletion leads to
122



5. Discussion

enhanced TACE activity [483]. CerS3 overexpression in Jurkat T cells resulted in
enhanced glycosphingolipid levels in these cells, indicating more lipid raft formation
that could disturb TACE activity and therefore lead to less TNFa release.
Transmembrane TNFa is palmitoylated in order to get into the membrane [483]. As
there is a reduction of C1s-dhCer and C16-Cer in CerS3 knockdown cells, there might
be a general imbalance of Cis-acyl-CoA in the cell which is also a substrate for
palmitoyltransferases to palmitoylate certain transmembrane proteins, like TNFa.
Palmitoylation of TNFa is a prerequisite to translocate to the plasma membrane which
might be impaired in our cells. But further experiments have to be done to proof these

hypotheses.

For confirmation of in vitro cell line data, cytokine release of primary CD4* T cells
treated with either control or CerS3 siRNA was investigated. Control cells showed
significant increase of pro-inflammatory cytokines IFNy, TNFa, IL6 and IL17 after 24
and 48 h of stimulation with activation beads and IL2. Notably, IFNy and IL6
concentrations were very high (around 30000 - 50000 pg/ml) compared to the other
cytokines (around 800 — 1100 pg/ml). This indicates a high population of pro-
inflammatory TH1 and TH2 cells in the pool of isolated CD4* T cells that are prone to
secrete IFNy, but also IL6 [484, 485]. However, the composition of the CD4" cells is
donor dependent and could only accurately be determined by surface marker analysis
via flow cytometry. Therefore, the primary data are in general more variable and could
vary from Jurkat T cell data. Nevertheless, in CerS3 siRNA treated primary T cells pro-
inflammatory cytokines significantly increased after 24 or 48 h stimulation. Cytokine
concentrations were significantly lower after 48 h in CerS3 siRNA treated cells

compared to control. These findings confirm the data generated in Jurkat cells.

All in all, the results discussed in this chapter show that effector function of CD4* T
cells is clearly affected by CerS3 downregulation. Inhibited vesicle formation for
cytokine release or reduced TACE activity caused by the disturbance of the Cer and
CerS equilibrium might be involved in the reduced effector function of CerS3

knockdown T cells.
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5.6 Effects of CerS3 on DSS-induced acute colitis

Other studies could already show the importance of several CerS in colitis
developmentand T cell function. An AOM/DSS induced colitis associated colon cancer
model in CerS4 LCK Cre mice showed an enhanced pancolitis with extensive
hyperplasia and tumor-burden in comparison to WT mice [384]. Interestingly, CerS6
deficient mice were protected from T cell mediated colitis, while in the DSS induced
model, CerS6 deficiency aggravated disease progression and symptoms [360]. These
different findings suggest a special role for each CerS on colitis development and in

the effector cells involved in the pathophysiology.

The effects of CerS3 on TCR signalling, migration and effector function were
successfully investigated in vitro. To study the effects in vivo, especially in the context
of colitis, a T cell specific knockout of CerS3 (CerS3 LCK Cre) in mice was conducted

and acute colitis was induced with DSS.

CerS3 LCK Cre and WT mice showed an increase of disease score and weight loss
during the experiment. Comparing both groups, WT mice developed a significant
higher disease score, as well as significantly more weight loss. Together with immune-
histological data of the colon, it was obvious that WT mice had more severe colitis and
reacted more sensitive to the DSS treatment than CerS3 LCK Cre mice. CerS3 LCK
Cre mice were not completely protected from DSS induced colitis, but showed less
symptoms and disease progression compared to the WT. This is in line with the human
data that showed an increase in CerS3 expression in the WBC of colitis patients in

dependency of the disease stage [363].

Looking at the immune cell distribution of different tissues in the control and DSS
treated mice, both mice groups showed a significant increase of neutrophils and
macrophages in the blood and spleen. Immune cells were isolated from the LP and the
IEL fraction of the colon. LP fraction did not show any significant difference between
control and DSS treated mice, but by tendency neutrophils and macrophages were
increased. However, in the IEL fraction neutrophils significantly increased in DSS
treated WT and CerS3 LCK Cre mice, whereas an increase of CD4* cells and
macrophages could only be observed in the WT mice. In contrast to that, only in CerS3
LCK Cre DSS treated mice CD8* population increased. These findings provide
evidence for the overall colonic inflammation in both groups, but also show more

inflammatory immune cell populations in the IEL fraction of WT mice.
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A stronger inflammation in WT mice after DSS treatment was also reflected in the
immune-histological stainings of colon swiss rolls showing more substantial swelling of
the submucosa and disruption of the epithelial layer in comparison to CerS3 LCK Cre
colon tissue. Chronic colon inflammation is also characterized by immune cell
recruitment that is mediated by cytokines. Especially cytokines, like TNFa and IL6,
promote immune cell recruitment, migration and function [486, 487]. TNFa is already
in use as a target for UC treatment showing the importance of attenuation of cytokine
effects [19, 488]. TH cells derived from CerS3 LCK Cre mice showed less pro-
inflammatory cytokine release (including TNFa). This was also the case in CerS3
downregulated human primary CD4* T cells and cell line CD4* Jurkat cells. So reduced
TNFa secretion could be one reason for the milder colitis symptoms in CerS3 LCK Cre

mice.

Since effector function in human CD4* cells was decreased, cytokines in the plasma
of control and DSS WT and CerS3 LCK Cre mice were compared. Colitis patients show
increased IL1[, IL4, IL5, IL8, 1112p40, IFNy and TNFa expression [17], but in the DSS
WT and CerS3 LCK Cre mice no increase of cytokines in the plasma could be
observed. Only IL6 showed a tendency to increase in the plasma of DSS treated mice.
This might be due to the short observation time of these mice or the time point, when
the blood was taken from the mice, which might be not in the acute inflammation phase.
Usually, cytokines are very stable in EDTA-blood [489], but as inflammation occurs in
the colon, cytokine concentrations in this tissue or released directly from effectors cells
would be more conclusive. Therefore, cytokine release of murine WT and CerS3 LCK
Cre cells was compared after their differentiation into the three subtypes (TH, Treg and
cytotoxic CD8%). Indeed, in both groups (WT and CerS3 LCK Cre) all three subtypes
showed an increase of cytokines after stimulation. CerS3 LCK Cre T cells produced
significantly lower amounts of pro-inflammatory cytokines IL17 and TNFa and anti-
inflammatory IL-10 compared to the WT T cells. This also fits well with the inflammatory
state of the mice, because Tregs do not have to release as much IL10 to regulate

inflammation, when inflammation is not severe.

Notably, there were differences in T cell populations of control WT and CerS3 LCK Cre
mice. Blood, thymus, spleen and lymph nodes were examined for CD3* cells and their
subpopulations (CD4*, Treg and CD8"). It was observed that in CerS3 LCK Cre mice

CD3* populations were significantly decreased in blood, thymus and spleen whereas
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in the lymph nodes they were significantly increased. T cell egress out of the lymph
nodes is highly dependent on S1P gradients. S1P concentrations are high in the blood
and low in the lymph nodes, to promote egress into the blood [273, 455]. The human
in vitro data showed, that S1P dependent migration was disturbed in CerS3 knockdown
Jurkat cells. This could be one reason why T cells are trapped in the lymph node in
CerS3 LCK Cre mice and are unable to egress into the blood. S1P levels in the plasma
of WT and CerS3 LCK Cre control and DSS mice were unaltered (data not shown),
giving no hint to actual differences in S1P gradient. S1PR are not the only receptors
promoting migration of T cells. As already stated, CXCR4 is involved in T cell migration
and also affected by sphingolipid contents [462, 463]. There is a second receptor,
CCRY7, that is especially responsible for retention of T cells in the lymph node [490,
491]. CCRY7 expression on the plasma membrane promotes T cells to stay in the lymph
node and S1P signalling has to overcome this signalling [492]. CCR7 ligands are
mainly expressed in the endothelial venules and the lymph node parenchym [493].
Further investigations could focus on CCRY7 ligands (CCL19 and CCL21) in the lymph
nodes to see if there are differences between the WT and CerS3 LCK Cre lymph
nodes, as well as CCR7 expression differences between WT and CerS3 LCK Cre T

cells.

Lower incidence of T cells in the periphery could also be an effect of impaired
differentiation. Reports showed that changes in Cer can have an impact on
differentiation behaviour. One study showed that less Cer contents in thymocytes
supported Treg differentiation [369]. Therefore, thymocytes isolated from WT and
CerS3 LCK Cre mice, were differentiated for 10 d into the three main CD3* cell groups:
TH, Tregs and cytotoxic CD8*. Analysing the AUC of the time course of differentiation,
TH and Tregs of CerS3 LCK Cre mice showed less differentiation capacity compared
to the WT. This was not due to less progenitor cells, as analysis of progenitor cells
from all samples of the differentiation assay showed no significant difference between
both groups. But overall, differentiation into CD3"* cells was less effective in CerS3 LCK
Cre T cells. Findings by Sen et al. showed an important role for Cer de novo synthesis
in TH17 differentiation [377]. Differentiation into the different TH subsets is connected
to metabolic changes and a constant Cer accumulation was observed during TH17
polarization [377]. However, a previous report stated that Treg differentiation was

supported with Cer content decrease [369]. Cer contents dropped in activated Jurkat
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T cells, so it would be interesting to check if this was also the case for TH and Treg

cells.

These results show that lack of CerS3 in T cells protects mice from severe DSS
induced colitis, attenuates disease progression and leads to a milder disease
progression. Changes in the lipid status of CerS3 LCK Cre cells might have influenced
naive T cell polarization into the TH and Treg subtype, but also cytokine release. S1P
dependent egress of CerS3 LCK Cre T cells might be disturbed leading to retention of

the cells in the lymph node.

5.7 CerS3 influence in a human colitis model

2D cell cultures are great models for studying different mechanisms, pathways and
effects of different genes, proteins or drugs on cells. They are very easy to handle and
the use of immortalized cell lines enable high-throughput research with reproducable
data. Nevertheless, there are some disadvantages. One important disadvantage: Cell
lines lack the diversity of the tissues they come from. In the colon, for example,
epithelial colon cells are generated from stem cells and differentiate into goblet or
paneth cells, and are surrounded by fibroblasts, immune cells and endothelial cells.
Interaction between different cell types by direct contact or protein exchange is very
important for cell function [494, 495]. The complexity of these tissues is poorly
represented in the 2D culture. For better representation of tissues, cells were
embedded in ECM that resembles the matrix of tissue in the body to allow the cells to
grow three dimensional into the ECM [496]. Nowadays it is even possible to grow
organoids consisting of different cell types from primary tissues obtained from mice or
humans [497, 498]. These 3D cultures differ from 2D cultures in morphology and are
more representative of the actual tissue in the body [499-501]. They are already used
in a variety of studies, including cancer and colitis research [502-504]. Organoids are
also in use for more physiological representation of organ systems in research, while
also giving researchers a pool of biobanks for different cancer entities or inflammatory
diseases [505, 506]. For every study that goes into more detail about functions of the
body, animal experiments are necessary. For a long time, animal experiments were
irreplaceable for drug development, especially for testing toxicity of different
substances and possible systemic side effects of different drugs. The animal models

represent a whole body system with all organs and tissues working together.
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Nevertheless, besides obvious major ethical problems, animal models sometimes lack
the translationality into the human system. Li et al., for example, found enhanced T-
cell antitumor immunity against a Lass5-epitope in mice [507]. Unfortunately, the part
of Lass5 that was presented as antigen only exists in the murine protein, and not in

humans.

A new law signed in the U.S. in December 2022 stipulates that new drugs do not have
to be tested on animals before they are approved by the U.S. Food and Drug
Administration (FDA). This new law will have a huge impact on drug development and
could break ground for new methods. Since the FDA and the European Medicines
Agency (EMA) work closely together, it is expected that the EMA follows the decision
of the FDA. New methods that go beyond 2D culture and revolutionize 3D culture are
so-called organ on a chip models. These microfluidic models allow the 3D growth of
epithelial cells next to endothelial cells that form a vessel, mimicking physiological
conditions present in the human body. Chips can be seeded with different cell types
that are common for the organ of interest, for example epithelial colon cells for colon
chips or hepatocytes for liver chips. In a study in liver chips that tested 27 known
hepatotoxic and non-toxic drugs, a sensitivity of 87 % with 100 % specificity has been
obtained [508].

In this dissertation, | established a human colon chip to build the grounds for better
physiological and human relevant colitis research. The PDSM chip contains two
channels (top and bottom) that are connected through a porous membrane (7 pm
pores). Cells are seeded into ECM coated channels to form blood vessel-like structure
or epithelial layer, respectively. Chips can be connected to medium reservoirs allowing
individual medium flow through each channel. Chips can be placed into a regulatory
unit that controls and provides flow rate of medium through the channels and applies

physiological stretch to the chip for natural intestinal peristalsis.

For the colon intestine chip, Caco-2 cells were used for the epithelial layer and
HUVECs for the endothelial layer. Caco-2 cells formed a 3D structure within five days
after seeding into the channel.

The colon chip was also used to mimick human colitis. Epithelial cells were treated with
IFNy, a colitis-related cytokine, whereas endothelial cells were treated with TNFa to
imply inflammation to endothelial cell barrier and to display pro-inflammatory stimulus,
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like in the colitis patients. Afterwards the vascular channel was perfused with T cells,
T cell attachment to the endothelium, as well as migration of T cells into the
inflammatory tissue induced by cytokines in the colon channel could be observed.
Control and CerS3 downregulated Jurkat T cells were dyed with two different cell

tracers to differ between them.

Attachment of both, control and CerS3 knockdown cells, to the endothelial layer could
be observed in TNFa primed chips. Resting control showed a minimal attachment of T
cells to the endothelial layer. Interestingly, more green-fluorescent cells (shNC) were
attached to the endothelial and the epithelial layer of all T cell perfused chips. This fits
well with the in vitro migration assay data, showing less migration capacity for CerS3
knockdown cells. But also with murine in vivo data which showed more T cells in the
lymph node of CerS3 LCK Cre mice and less T cells in blood, thymus and spleen

compared to WT mice hinting on a possible migration effect.

Nevertheless, few cells migrated to the epithelial layer in any chip. The IFNy stimulus
was probably not enough to induce T cell migration. Because of this, it was decided to
use a more physiological stimulus in the top channel, consisting of eight different
chemokines typical in human colitis (IP10, MIP-3a, MEC, GPR14L, TECK, MCP-1,
SDF-a and MIP-38) for further experiments.

Quantification of T cell attachment to the endothelial and epithelial layers showed that
Jurkat T cells migrated from the endothelial into the epithelial layer regardless of the
given stimulus. Resting control and primed chips showed both T cell migration. In this
preliminary experiment more CerS3 knockdown Jurkat cells migrated to the epithelium
compared to the control Jurkat cells, contradicting the data of the first T cell recruitment
experiment conducted with the IFNy migration stimulus. Taking into consideration that
control cells, as well as CerS3 knockdown cells, are GFP*, successfully red-
fluorescent-dyed cells should appear green- and red-fluorescent. There were no T cells
visible that were co-stained for red and green, which might indicate that staining of the
cells was not good enough or that the fluorescence dyes are not good enough (data
not shown). As CerS3 knockdown cells were not distinguishable from control cells, the

flow cytometry preliminary data should be interpreted with caution.

The first attachment and migration to inflamed colon experiments were successful.

Further experiments with physiological conditions should be conducted to confirm
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already generated data. It would also be interesting to include cytokine analysis of
bottom and top channel effluents after TNFa and chemokine cocktail treatment, as well
as after T cell introduction, to see if CerS3 knockdown cells release less pro-
inflammatory cytokines. If shCerS3 cells really migrated less to the inflamed epithelial
layer, research on possible receptors and surface markers would be of great interest.
Cells could be pre-treated with different antagonists for receptors like S1P1 before
being perfused into the chips to see possible effects on migration. In more advanced
experiments, Caco-2 cells could be replaced by patient-derived organoids to form
epithelial layer. HUVECs could be replaced by human intestinal microvascular
endothelial cells (HIMECs) to enhance physiological resemblance of the experiment.
This method is already established for small intestine on a chip by Emulatebio and
could be transferred to colon chips [509]. Jurkat cells could be replaced by patient-
derived primary T cells and treated with siRNA to downregulate CerS3 and study the

effects on patient-derived organ chips.

5.8 CerS3 as therapeutic target

For many years, CerS have been discussed as therapeutic targets for different
conditions [510]. Studies have looked at Fumonisin B1, which is a mycotoxin acting as
a general CerS inhibitor by competitive inhibition towards sphinganine and acyl-CoA
[511, 512]. However, Fumonisin B1 is not used in the clinic because of the high hepato-
and renal toxicity and risk of edema development [513-515]. Additionally, in vivo
inhibition of CerS is relatively weak compared to in vitro effects [516]. Other CerS
inhibitors, like australifungin, are more potent, but are too toxic [516]. S1PR agonist,
fingolimod, primarily acts on S1PR and is in clinical use for MS treatment as well as
having a potent effect on lymphocyte retention [517]. Fingolimod is also able to inhibit
CerS by non-competetive inhibition towards sphinganine and acylCoA [518]. There are
no pharmacological inhibitors that are specific for only one CerS in particular, but as
CerS and their products contribute to different disease progressions, targeting CerS
could be beneficial for patients.

CerS3 is the most overlooked CerS of all six isoforms. From 1993 to June 2023 only
69 publications turn up when “CerS3” is searched on pubmed.com. CerS3 is
predominantly expressed in the skin and testis. Ultra long-chain Cer, as well as very

long-chain Cer are important for good skin barrier, as well as for spermatogenesis [300,
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519]. Mutations in CerS3 or lack of CerS3 in humans can lead to autosomal recessive
congenital ichthyosis, skin disorders characterized by dry and scaled skin [520]. In a
human colitis study, it was shown that CerS3 is overexpressed in WBC of human colitis

patients, indicating an important role for CerS3 in T cells [363].

Taking together human in vitro and murine in vivo data from this dissertation, it is
evident that CerS3 downregulation in colitis has a protective role and leads to impaired
TCR signalling, decreased migration and reduced T cell effector function. A proposed
role for the mechanism behind these effects is depicted in Figure 44. CerS3
downregulation leads to decrease in dhCer, Cer and glycosphingolipids that cannot be
incorporated into the plasma membrane for lipid raft recruitment. Failed lipid raft
formation leads to a disrupted TCR signalling with inhibition of Zap70 phosphorylation
that leads to decreased [Ca?*]i. Less TCR activation decreases translocation of NFAT1
into the nucleus and leads to reduced TNFa release by the cells. S1P1 might not home
properly into the plasma membrane, due to the lack of proper lipid raft formation. S1P
dependent migration is therefore decreased in CerS3 downregulated T cells. In murine
CerS3 KO T cells, differentiation into the TH subtype is disturbed and T cells are
trapped in the lymph node. In DSS induced colitis in mice, where high TH response
leads to disease progression, CerS3 depletion in T cells shows a protective role, with
less inflammation in the colon and less colitis symptoms and therefore better outcome

for mice.
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Figure 44: Proposed mechanism of CerS3 downregulation effects. CerS3 downregulation leads to
less Cer production and less glycosphingolipids. If there are not enough glycosphingolipids, proper lipid
raft formation is impaired and S1P1 probably cannot reside at the plasma membrane. S1P dependent
migration is therefore decreased. Upon stimulation of the TCR, Zap70 phosphorylation is inhibited and
leads to less [Ca?*]iand affects NFAT1 translocation into the nucleus. NFAT1 dependent TNFa gene
expression is downregulated and T cells release less TNFa.

Even though CerS3 seems to be a good target in T cells, mechanistically, it still has to
be discussed if CerS3 is a good target in general. As CerS3 is largely not expressed
in any tissue except for skin and testis, most organs should not be affected by CerS3
downregulation. In naive, M1 and M2 macrophages, CerS3 mRNA expression is very
low (data not shown). Notably, CerS3 expression in T cells only becomes important
when cells are activated and with CerS3 downregulation T cell function is attenuated,
but not completely diminished. This indicates that CerS3 downregulation will only affect
stimulated and activated T cells, lowering possible side effects coming from
unactivated cells. Targeting CerS3 seems beneficial for early stages of colitis, when
disease progression is still ongoing and damage is not high enough to stop T cells from
migrating into the inflammatory tissue and to avoid high cytokine levels for immune cell
recruitment. Nevertheless, CerS3 might be a new target that can ameliorate colitis

symptoms and be beneficial for the general well-being of patients.
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A possible way to introduce CerS3 downregulation in target cells would be siRNA
treatment. Small interfering RNAs degrade mRNA expression and impair protein
translation of target mMRNAs by activation of the RNA-induced silencing complex. It is
very promising, because there is the possibility to directly target genes that are
responsible for diseases and conditions. The clinical use of siRNAs is limited due to
poor stability of siRNA and possible off-target effects [521]. However, stability can be
enhanced by chemical modifications [522-524]. Off-target effects can also be lowered
by chemical modifications or different transporters to the target cells [525-527]. Naked
siRNA is too heavy (13-16 kDA) and negatively charged for entrance through the
plasma membrane of most cell types. In order to transport siRNA to the target cell type,
carriers, like lipid-nanoparticles, are needed [528, 529]. They do not only transport the
siRNA, but they also help with stability of the siRNA. So far since 2018, five siRNAs
were approved by the FDA and EMA for rare metabolic conditions [530]. CerS3 siRNA
treatment of primary CD4* T cells showed significant decrease of CerS3 mRNA
expression in an unstimulated state with minimal effects on the expression of other
CerS. Unfortunately, cells increased CerS3 mRNA expression upon stimulation similar
to control cells. This effect may be corrected with different siRNA concentrations or
incubation times. Nevertheless, cytokine release in CerS3 siRNA treated cells, showed
a significant lower amount of pro-inflammatory cytokines, indicating that CerS3 protein
levels were also reduced. In future experiments, siRNA treatment of primary CD4* cells

should be optimized.

Summarizing all the generated data in this dissertation, a clear influence of CerS3 on
TCR activation and signalling, T cell function and migration and colitis could be
demonstrated. This work provides evidence for a beneficial use of CerS3 as
therapeutic target and lays the ground for more detailed and profound research on this

topic.
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In this work, a potential new role for CerS3 as a therapeutic target has been proposed.
Since CerS3 knockdown impairs TCR signalling and attenuates cytokine release and
migration of cells, targeting CerS3 in T cell driven colitis could be beneficial for patients.
Further tests of CerS3 knockdown in other cells must be conducted to ensure specific
targeting of T cells, but also to avoid side effects that can be caused by other immune
cells. As monocytes or neutrophils play vital roles in inflammatory bowel diseases and
their off-set, CerS3 knockdown in these cells should be established and the effects on

these cell functions investigated.

TCR signalling takes place in lipid rafts that are enriched in glycosphingolipids. As the
TCR signalling in CerS3 knockdown cells was impaired and sphingolipid species were
reduced in activated T cells, changes in the lipid status of lipid raft fractions could be
of great interest. Membrane fractions of unstimulated and stimulated cells should be
isolated and then checked for their lipid content. It would be also very interesting to
see if there is a re-translocation of the TCR in CerS3 knockdown cells. When lipid
species are downregulated in activated CerS3 knockdown cells, there is a possibility
that the TCR cannot reside in the lipid rafts anymore. This could be analysed via WB
analysis of TCR proteins in the lipid raft fractions and by co-staining of lipid raft regions
and TCR proteins at the plasma membrane. This could also be very interesting for
S1P1, since migration in shCerS3 cells was also affected. The pathway downstream
of S1P1 should also be elucidated, as well as upstream protein and complexes of the
NFAT1 pathway, to unravel every detail of the interaction of the inhibition of NFAT

activation by CerS3 knockdown.

For proof of principle, CerS3 knockdown cells should be transfected with CerS3
overexpression plasmid to rescue the CerS3 knockdown phenotype and check if TCR
signalling and effector function can be restored. It would also be possible to try to
rescue the CerS3 knockdown phenotype by treatment with different ceramide species.
This would shed light on the question which Cer in particular is responsible for the

effects on TCR signalling inhibition at the plasma membrane.

CD8* cells may seem less important in the light of UC, but nevertheless, they are very
important effector T cells in other diseases. In GvHD, cytotoxic CD8" effector function
is the main driver of the disease. This work showed that CerS3 expression is

downregulated when CD8* cells are activated. Maybe overexpression of CerS3 in
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these cells would lead to impaired effector function. This could be a possible target for

attenuation of CD8" effector function in inflammatory diseases.

Optimization of CerS3 siRNA treatment for primary T cells would also be very
important. Concentrations and incubation times can be improved, as well as different

siRNAs should be tested to ensure the least possible off-target effects in the T cells.

With establishment of the physiologically-relevant human colon chip, a variety of new
opportunities arises for colitis research. The co-culture of epithelial and endothelial
cells allows to include more naturally occuring conditions to the cell culture and to
investigate the interaction of different cell types in vitro. It is also possible to culture
patient derived organoids and patient derived colon-endothelial cells in the chips. This
would create a system with the possibility of testing individual drugs on the cells of a
patient, making personalized medicine more applicable. Personalized cell therapy
could also be tested with patient derived colon organoid chips, since there is no need
for a high amount of cells. Primary T cells could be isolated directly from the patient’s
blood and then treated and stimulated in vitro prior to perfusion into the chip. In regard
to CerS3 as a new therapeutic target, isolated T cells could be treated with CerS3
siRNA and then placed into the chip. Thus recruitment and effects of CerS3 siRNA
treated T cells compared to control siRNA T cells on the patient’s colon chip can be

tested.
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Kolitis Ulzerosa ist eine chronisch entzundliche Darmerkrankung des Kolons, die mehr
als 170000 Menschen in Deutschland betrifft. Patienten leiden an Symptomen wie
Durchfall, rektalen Blutungen, blutigem Stuhl, abdominalen Schmerzen und Krampfen,
Fieber und Erschopfung [3]. Bisher ist Kolitis Ulzerosa zwar behandelbar, aber nicht
heilbar. Im gesunden Zustand ist das Darmepithel mit einer Mukusschicht benetzt, die
nicht nur eine physische Barriere darstellt, sondern auch eine antimikrobielle Funktion
aufweist [7, 8]. In Kolitis Patienten ist die Mukusproduktion stark beeintrachtigt und
dies fuhrt zu einer erhdhten Permeabilitdt und dem verstarkten Eintreten von

Pathogenen, die das Immunsystem aktivieren [9].

Die Pathophysiologie der Kolitis Ulzerosa ist sehr komplex und kann nicht auf einen
einzigen Mechanismus zurtickgefuhrt werden. Pathogene, die die erste Barriere des
Darms durchbrochen haben, werden von dendritischen Zellen (DCs), aber auch von
Makrophagen und T Zellen durch Toll Like Rezeptoren (TLR) erkannt [11]. TLR
Signalwege aktivieren Transkriptionsfaktoren, die die Ausschittung von Interleukinen
wie IL12 und 23 oder Tumor Necrosis Factor (TNF) a fordern [14]. Aktivierte T Zellen
schitten Zytokine aus, um weitere Immunzellen zu rekrutieren. Die Infiltration des
bereits entzindeten Gewebes durch neue Immunzellen fuhrt zur Entwicklung einer

chronischen Entzindung, die immer weiter gefordert wird [24].

T Zellen sind Teil des adaptiven Immunsystems und werden uber den T Zell Rezeptor
(TZR) aktiviert. Dieser erkennt Antigene, die von Antigen-prasentierenden Zellen
(APZ) prasentiert werden [68, 74]. Der TZR wird ebenfalls durch Co-Rezeptoren
stimuliert, wie Cluster of Differentiation (CD) 4 und 8 [84]. Diese Co-Rezeptoren sorgen
fur eine raumliche Nahe der Proteine, um die Signaltransduktion der TZR Aktivierung
weiterzuleiten [86]. Ein wichtiger Schritt bei der Aktivierung des TZR ist die
Phosphorylierung der Zeta-Chain-Associated-Protein Kinase 70 (Zap70), die zur
Aktivierung mehrere Transkriptionsfaktoren wie Nuclear Factor Kappa B (NFkB),
Activating Protein (AP-1) oder Nuclear Factor of activated T Cells (NFAT) fuhrt. Die
Aktivierung dieser Transkriptionsfaktoren fuhrt zu einer Translokation in den Nukleus
und daraufhin werden Gene angeschaltet, die Proliferation, Uberleben,
Differenzierung und Effektorfunktion der Zelle steuern [89-94]. Den grof3ten Beitrag
zur Kolitis leisten T Helfer (TH) Zellen. Sie sind definiert durch die Expression des CD4

Rezeptors und nehmen eine unterstitzende Rolle ein, in der sie Zytokine zur
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Rekrutierung und Regulierung anderer Immunzellen ausschitten. Die Anzahl der
aktivierten T Zellen ist in Kolitis Patienten erhdht, sowie die Menge der Zytokine, die
sie ausschutten [166, 186]. Dementsprechend ist es wichtig, verschiedene Faktoren

zu untersuchen, die die Aktivierung von T Zellen beeinflussen.

Sphingolipide sind nicht nur strukturgebende Elemente der Zellmembran, sondern sind
auch in verschiedene Signalwege involviert und konnen als aktive Biomolekile
verschiedene Signalwege in der Zelle aktivieren [283]. Die einfachsten Sphingolipide
und das Grundgerust fur komplexere Sphingolipide sind die Ceramide (Cer), die aus
einem Sphingosin und einer Uber N-Acylierung angehangten Fettsaure variierender
Kettenlange (Ce32) bestehen [279]. Sie werden entweder de novo im
Endoplasmatischen Retikulum (ER) synthetisiert oder Uber den Salvage Pathway aus
Sphingomyelin (SM) zu Cer abgebaut [283]. Die Schlusselenzyme fur die de novo
Synthese sind die Ceramidsynthasen (CerS) [286]. Diese binden durch N-Acylierung
verschieden langkettige Fettsdauren kovalent an ein Sphinganin oder Sphingosin und
bilden somit DihydroCer bzw. Cer [285, 286]. Es gibt sechs verschiedene Isoformen
der CerS, die Spezifitat gegenlber Fettsauren verschiedener Kettenlangen aufweisen
[287]. CerS1 etwa weist eine Spezifitat gegenuber C1s auf, wahrend CerS3 Fettsduren
der Kettenlange C1s-Cas2 favorisiert [287]. CerS werden nicht in jedem Gewebe gleich
exprimiert. CerS3 ist vor allem in der Haut, in Prostata und Hoden exprimiert, wahrend
CerS1 am meisten in Hirngewebe nachgewiesen wird [287]. Cer kdnnen direkt in die
Zellmembran eingebaut werden oder sie werden zu komplexeren Sphingolipiden wie
Sphingomyelin oder Glykosphingolipde verstoffwechselt und in die Zellmembranen
eingebaut [304]. Bereiche der Plasmamembran, die eine hohe Konzentration an
Cholesterol und Glykosphingolipiden aufweisen, nennt man Lipid rafts [324, 325]. Lipid
rafts dienen als Signalplattformen fiir verschiedene Rezeptoren, darunter auch der
TZR, dessen Aktivierung nur dann stattfinden kann, wenn er in Lipid Rafts lokalisiert
ist [334, 335]. Durch Vorarbeiten wurde bereits ein Einfluss von CerS auf die T Zell
Funktion nachgewiesen [361, 384]. CerS4 Knockdown in CD4* Jurkatzellen flUhrte zu
einer Aktivierung der Zellen ohne externen Stimulus und CerS5 Knockdown in Jurkat
Zellen inhibierte die TZR Aktivierung [361, 384].

In einer Studie mit humanen Kolitis Patienten konnte eine Uberexpression von CerS1
und CerS3 in weillen Blutzellen nachgewiesen werden [363]. Basierend auf dieser

Erkenntnis und den bereits bestehenden Vorarbeiten zum Einfluss von CerS4 und
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CerS5 auf die T Zell Funktion, wurde in dieser Dissertation der Einfluss von CerS1 und
CerS3 auf die T Zell Funktion und Colitis untersucht.

Hierfir wurden CerS1 und CerS3 durch lenti-virale Transduktion in der CD4*
Jurkatzelllinie runterreguliert, wahrend CerS3 durch Transfektion eines CerS3
Uberexpressionsplasmids ebenso tberexprimiert wurde. Es stellte sich heraus, dass
die mRNA Expression von CerS1 und CerS3 nach Aktivierung der T Zellen mit
CDZ2/3/28 Aktivierungsbeads und IL2 hochreguliert wurde. In CerS1 Knockdown Zellen
konnte neben der erfolgreichen Runterregulierung der CerS1 ebenfalls eine
Runterregulierung von CerS3, CerS4, CerS5 und CerS6 im unaktivierten Status
beobachtet werden und eine signifikante Reduzierung der CerS3 Expression nach
Aktivierung der Zellen. Im Gegensatz dazu konnte in nicht aktivierten CerS3
Knockdown Zellen eine erhdhte CerS1 und reduzierte CerS5 und CerS6 Expression
gemessen werden. Die erhohte CerS1 Expression konnte auf einen
kompensatorischen Effekt der CerS1 hinweisen. Allerdings reicht die Expression von
CerS1 in CerS3 Knockdown Zellen nicht aus, um den CerS3 Knockdown zu
kompensieren, was man anhand der Sphingolipidkonzentrationen in diesen Zellen
erkennen kann. In CerS3 Knockdown Zellen waren alle dhCer und Cer, sowie
Glykosphingolipide signifikant reduziert im Vergleich zu den Kontrollzellen, wahrend
in CerS1 Knockdown Zellen kaum Veranderungen in den Sphingolipiden zu erkennen
waren. Dies weist auf eine mdgliche untergeordnete Rolle von CerS1 gegenulber
CerS3 in Jurkat Zellen hin. Kontrollzellen zeigten nach der Aktivierung eine
Reduzierung der dhCer und Cer, wahrend Glykosphingolipide anstiegen.
Méoglicherweise werden nach Aktivierung der T Zellen mehr Glykosphingolipide in die

Zellmembran eingebaut, da diese fur Lipid Rafts essentiell sind [324, 326, 416].

Falls diese Hypothese zutrifft, sollte in CerS3 Knockdown Zellen der TZR Signalweg
beeinflusst werden. Hierfir untersuchte ich die TZR Aktivierung anhand der
Phosphorylierung von Zap70. In CerS3 Knockdown Zellen war die Phosphorylierung
von Zap70 nach Aktivierung der Zellen deutlich gehemmt im Vergleich zu
Kontrollzellen, nicht jedoch in CerS1 Knockdown Zellen. CerS3 Uberexpressionszellen

zeigten keine erhdhte TZR Aktivierung auf.

Eine weitere Zellfunktion von T Zellen, die durch Lipid Raft Formation beeinflusst
werden kann, ist die Sphingosin-1-Phosphat (S1P) abhangige Migration [337, 338,
347]. Im Migrationsassay zeigten CerS1 und CerS3 Knockdown Zellen signifikant
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schlechteres S1P-abhangiges Migrationsverhalten als die Kontrollzellen. CerS3
Uberexpressionszellen  hingegen  zeigten ein erhdhtes S1P-abhangigges
Migrationsverhalten im Vergleich zu Kontrollzellen. Daraufhin wurde die Expression
des S1P1 und S1P4 in den Zellen bestimmt. Sowohl CerS1 als auch CerS3
Knockdown Zellen zeigten eine niedrigere S1P1 mRNA Expression im unstimulierten
Zustand, wahrend in diesen Zellen die S1P4 Expression erhoht war. CerS3
Uberexpressionzellen wiesen eine erhéhte S1P1 Expression im unaktivierten Zustand

auf und keine Veranderung in der S1P4 Expression.

Da CerS1 Knockdown Zellen keine Veranderung in der TZR Aktivierung zeigten,
wurden Untersuchungen zu nachgeschalteten Signalwegen wie der Aktivierung von
Transkriptionsfaktoren nur in CerS3 Knockdown und Uberexpression Zellen
durchgefuhrt. Zap70 Phosphorylierung fihrt zu einer Aktivierung des
Transkriptionsfaktors AP-1, der unter anderem aus den Proteinen c-Jun und c-Fos
gebildet wird, sowie einer Translokation von NFkB und NFAT1 in den Nukleus.
Wahrend AP-1 in CerS3 Knockdown und Uberexpression Zellen dhnlich wie in den
Kontrollzellen aktiviert wurde, zeigte NFAT1 in CerS3 Knockdown Zellen eine
verminderte Translokation in den Nukleus. NFAT1 ist fur die transkriptionelle
Aktivierung verschiedener Zytokine verantwortlich. In CerS3 Knockdown Zellen konnte
dann im Vergleich zu Kontrollzellen eine verminderte TNFa Ausschuttung nach

Stimulation gemessen werden.

Diese in vitro Daten in Jurkat Zellen konnten durch Untersuchungen anhand von
primaren CD4 Zellen bestatigt werden. Primare CD4* T-Zellen wurden aus dem Blut
von gesunden Probanden isoliert und dann mit einer siRNA gegen CerS3 behandelt,
welches zu einer Runterregulation der CerS3, CerS1 und CerS5 Expression in diesen
Zellen fuhrte. Die mit siRNA behandelten primaren CD4* T-Zellen wiesen ebenfalls
eine verminderte Zytokinproduktion im Vergleich zu den Kontrollzellen auf nach
Aktivierung.

Um den Einfluss von CerS3 auf den Prozess der Kolitis zu untersuchen, wurde in WT
und in einem T Zell spezifischen CerS3 Knockout (CerS3 LCK Cre) Mausen mithilfe
von Dextran-Sodium-Sulfat (DSS) Kolitis induziert. Die Mause wurden fir funf Tage
mit 2 % DSS im Trinkwasser behandelt und nach acht Tagen wurde das Experiment
beendet. Der Krankheitsverlauf, sowie die Gewichtsabnahme wurden wahrend des
Versuchs beobachtet und anschlieRend wurden Immunzellen aus Blut, Milz, Thymus,
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Darm und Lymphknoten entnommen, um den Krankheitsverlauf in beiden Mauslinien
zu vergleichen. Die WT Tiere zeigten eine hohere Gewichtsabnahme, einen erhéhten
Krankheitsscore (mehr Kolitis Symptome) sowie eine starkere entzindungsbedingte
Verkirzung des Kolons im Vergleich zu den CerS3 LCK Cre Mausen. Die WT Mause
zeigten somit einen deutlich schwereren Kolitisverlauf als CerS3 LCK Cre Mause. Dies
spiegelte sich auch in der Immunzellverteilung in der intraepithelialen
Lymphozytenfraktion wieder, welche in DSS behandelten WT Tieren deutlich mehr
CD4 Zellen aufwies als DSS behandelte CerS3 LCK Cre Mause. In den CerS3 LCK
Cre Kontrollmausen wurden auf3erdem weniger CD3* T Zellen in Blut, Thymus und
Milz beobachtet, wahrend im Lymphknoten mehr CD3* T Zellen zu finden waren. Diese
Daten passen gut zu den humanen in vitro Daten, die zeigten, dass in CerS3
runterregulierten Zellen die S1P-abhangige Migration gestort ist, die flr den Austritt
der T Zellen aus dem Lymphknoten verantwortlich ist [273, 385, 455]. Aus dem
Thymusgewebe der Maus isolierte CerS3 LCK Cre T Zellen zeigten in vitro im
Vergleich zu WT T Zellen eine verminderte Differenzierung in TH und regulatorische T
Zellen (Treg) und eine signifikant verringerte Produktion von pro-inflammatorischem

Zytokinen.

Des Weiteren konnte ein humanes organ-on-a-chip in vitro System etabliert werden,
in dem Caco-2 Zellen als Kolon-Epithelzellen und HUVECs als Endothelzellen
gewebeahnlich co-kultiviert wurden. Die Chips wurden zuerst mit einer extrazellularen
Matrix beschichtet und anschlielend wurden die Zellen darauf ausgesat. Hierbei
entwickelten Caco-2 Zellen eine kryptenahnliche 3D-Struktur aus und HUVECs
formten eine Endothelschicht. Epithel- und Endothelschicht waren durch eine pordse
Membran miteinander verbunden. Epithel- und Endothelzellgewebe wurden mit
unterschiedlichen Medien in einem stetigen Flussigkeitsstrom und unter
mechanischen Dehnungsreizen, die der natlrlichen Darmperistaltik ahneln, inkubiert.
Im Rahmen dieser Arbeit wurde dieses System, sowie die Handhabung der Chips in
der Arbeitsgruppe etabliert. Zur Untersuchung des Einflusses von CerS3 auf die
Migration von T Zellen in entzindetes Gewebe wurde das Epithelgewebe mit pro-
inflammatorischen Zytokinen, sowie einem Gemisch aus verschiedenen Zytokinen und
Chemokinen behandelt, wahrend im vaskuldaren Kanal Kontroll-, sowie CerS3
Knockdown T Zellen perfundiert wurden. Erste Voruntersuchungen zeigten ein

erhohtes Adhasionsverhalten von Kontrollzellen im Endothelkanal im Vergleich zu
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CerS3 Knockdown Zellen, was auf ein verringertes Migrationsverhalten oder

Adhasionspotential der CerS3 Knockdown Zellen hinweist.

Zusammenfassend kann gesagt werden, dass in dieser Dissertation eine wichtige
Rolle fur die CerS3 in der T Zellfunktion aufgezeigt wurde. Die Hemmung der CerS3
in T Zellen hat einen positiven Effekt auf die Entwicklung der Kolitis in Mausen und
hemmt die TZR Aktivierung und S1P-abhangige Migration in humanen T Zellen. Somit
konnte die CerS3 ein neues Target fur T Zell abhangige Erkrankungen wie die Kolitis

Ulzerosa, aber auch Multiple Sklerose oder Rheumatoide Arthritis darstellen.
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Supplementary Figure 1: CerS3 expression in liver tissue and T cells isolated from WT and CerS3
LCK Cre mice. RNA was isolated from liver tissue or T cells from WT and CerS3 LCK Cre mice. MRNA
expression of CerS3 was assessed and normalized to PPIA levels. A) Liver CerS3 mRNA levels of WT
mice compared to CerS3 LCK Cre mice. B) T cell CerS3 mRNA levels of WT mice compared to CerS3
LCK Cre mice. Data are mean + SEM. Statistical analysis was performed with a one-way ANOVA with
a Dunnett’'s multiple comparison test (* p < 0.05) Group sizes: n=3 measured in triplicates
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Supplementary Figure 7: Gating strategy for T cell recruitment to colon chip.
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Supplementary Figure 8: Schematic sketch of pGIPZ vector. All shRNA vectors were conducted
similarly, only the shRNA encoding part was designed for either shNC, shCerS1 or shCerS3. Picture
from horizondiscovery.com hCMV: Human cytomegalovirus promoter, enhances transgene expression;
tGFP: TurboGFP reporter; PuroR: Puromycin resistance; AmpR: Ampicillin resistance; IRES: Internal
ribosomal entry sites enables expression of TurboGFP and puromycin resistance genes in one
transcript; LTR: long terminal repeat; W: Psi packaging sequence enables packaging of viral genome
via lentiviral packaging systems; RRE: Rev response element enhances virus titer through
enhancement of packaging efficiency; WPRE: Woodchuck hepatitis posttranscriptional regulatory
element upregulates transgene expression in target cell
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Supplementary Figure 9: Plasmid map of gag/pol vector. Sketch of plasmid map with Open Reading
Frame (ORF), SV40 promotor, Ampicillin resistance and cutting sites of restriction enzymes. Originally
this plasmid was kindly gifted to us by AG Fulda (former group in the Institute for experimental tumor
research). Figure was obtained from addgene.com
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Supplementary Figure 10: Plasmid map of env-vector. Schematic depiction of the plasmid that
encodes important genes for lentiviral packaging. Originally this plasmid was kindly gifted to us by AG
Fulda (former group in the Institute for experimental tumor research). Figure was obtained from

addgene.com
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Supplementary Figure 11: Control vector for overexpression. Plasmid map of NCmyc vector used
as control for overexpression of CerS1 and CerS3. Depiction of Neomycin and Kanamycin resistance,
as well as Myc/DDK-tag and CMV promotor. Picture obtained from origene.com
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Supplementary Figure 12: LASS3 (CERS3) Human Tagged ORF Clone plasmid map Schematic
plasmid map of CerS3myc overexpression plasmid with all important features of Neomycin and
Kanamycin resistance, as well as CerS3 tagged with Myc/DDK-tag and CMV promotor. Plasmid map
obtained from origene.com
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% percent

[Ca?*]; Intracellular Calcium

°C Degree Celsius

Mg microgram

UM micromolar

3D Three-dimensional

3-KR 3-Ketosphinganine reductase

7 AAD 7-Aminoactinomycin D

aCDase Acid Ceramidase

Akt Protein Kinase B

ANOVA Analysis of Variances

AOM Azoxymethane

AP1 Activating protein 1

APC Antigen presenting cell

aSMase Acid shphingomyelinase

BCL10 B-cell chronic lymphocytic leukemia/lymphoma 10
bFGF Basic fibroblast growth factor

bp Base pair

bpm Beats per minute

BSA Bovine Serum Albumin

C1P Ceramide 1 Phosphate

CaClz Calcium chloride

CARD11 Caspase recruitment domain family, member 11
CBA Cytometric Bead Array

CBM CARD11-BCL10-MALT1

CCR C-C Chemokine receptor

CD Cluster of Differentiation

Cer Ceramide

CerS Ceramidesynthase

CERT Ceramide transfer protein

cm centimeter

COP Coat protein complex

CRC Colorectal cancer

CSK C-terminal sarcoma-cellular (src) Kinase
CXCR C-X-C motif chemokine receptor
d Day(s)

DAG Diacylgylcerol

DC Dendritic cell
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DCCV Deutsche Morbus Crohn/Colitis ulcerosa Vereinigung
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DPBS Dulbecco’s Phosphate-Buffered Saline

DSMzZ German Collection of Microorganisms and Cell Cultures GmbH
DSS Dextran Sodium Sulfate

DTT Dithiothreitol

E Extension

e.g. Example given

EAA Essential Amino Acids

ECBM Endothelial cell basal medium

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid

EGF Endothelial growth factor

EGTA Ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid
EMA European Medicine Agency

ER Endoplasmic Reticulum

ERK Extracellular signal-regulated kinases

ESR Erythrocyte sedimentation rate

FA Fatty CoA-acyl chains

FACS Fluorescence-activated single cell sorting

Fas Fas Cell Surface Death Receptor

FBS Fetal Bovine Serum

FDA Food and Drug Administration

Fisher's LSD Fisher’s least significant difference

FoxP3 Forkhead box protein 3

g gram

GalCer Galactosylceramide

GATA GATA box binding protein

GEF Guanine nucleotide exchange factor

GFP Green fluorescent protein

GlcCer Glycosylceramide

GM-CSF Granulocyte-macrophage colony-stimulating factor
Golgi Golgi Apparatus

GPI Glycosylphosphatidylinositol

GPR15L G protein-coupled receptor 15 ligand

GSK3 Glycogen synthase kinase 3

GTP Guanine nucleotide

GvHD Graft vs. host Disease
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GV-SOLAS Gesellschaft fur Versuchstierkunde-Society of labarotary animal science

h Hour(s)

H20 Water

H202 Hydrogen peroxide

H3sPO4 Phosphoric acid

HBSS Hank’s balanced salt solution

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HIMEC Human intestinal microvascular endothelial cell

HRP Horseradishperoxidase

HUVEC Human umbilical vein endothelial cell

IBD Inflammatory Bowel Disease

ICD International Statistical Classification of Diseases and Related Health
problems

IEL Intra-epithelial lymphocyte

Ig Immunoglobulin

IKKy Inhibitor of nuclear factor kappa B kinase subunit gamma

IL Interleukin

ILC Innate lymphoid cell

IP10 Interferon gamma induced protein 10

IPs Inositol triphosphate

ITAM Immunoreceptor tyrosine-based activation motif

JAK Janus kinase

JNK c-Jun terminal kinase

KCI Potassium chloride

KH2PO4 Potassiumdihydrogenphosphate

KHCO3 Potassiumhydrogencarbonate

KO Knockout

I liter

Lass Longevity assurance genes

LAT Linker activator of T cells

LB Lennox Broth

LCK Lymphocyte-specific protein tyrosine kinase

LC-MS/MS Liquid chromatography coupled with tandem mass spectrometry

LITAF Lipopolysaccharide induced TNF factor

LP Lamina Propria

LPS Lipopolysaccharide

M molar

MALTA1 Mucosa-associated lymphoid tissue lymphoma translocation gene 1

MAPK Mitogen-activated protein kinase
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MAPKK Mitogen-activated protein kinase kinase
MAPKKK Mitogen-activated protein kinase kinase kinase
MCP-1 Monocyte chemoattractant protein 1

MEC Mucosae associated epithelia chemokine
MgCl2 Magnesium chloride

min Minute(s)

MIP-3 a Macrophage inflammatory protein-3 alpha
ml milliliter

mM millimolar

mRNA Messenger RNA

mTOR Mammalian target of rapamycin

myc v-myc avian myelocytomatosis viral oncogene homolog
NazCOs Sodiumcarbonate

NazHPO4 Di-sodiumhydrogenphosphate

NaHCO3 Sodiumhydrogencarbonate

NC Negative control

NEAA Non-essential amino acids

NFAT Nuclear factor of activated T-cells

NFkB Nuclear Factor kappa B

NH4CI Ammonium chloride

NIK NFkB inducing Kinase

NK Natural Killer

nM nanomolar

nm nanometer

NO Nitrogen oxide

NP40 9-Octylphenolethoxylate

NSM Neutral Sphingomyelinase

p p-value (probability value)

P/S Penicillin-Streptomycin

PCR Polymerase chain reaction

PDMS Polydimethylsiloxane

pg picogram

PIP2 Phosphatidylinositol 4,5-Biphosphate
PIP3 Phosphatidylinositol (3,4,5)-trisphosphate
PKC Protein kinase C

PKCy Phospho Kinase C y

PKC6 Phospho Kinase C 6

PLCy Phospho Lipase C

PME Progressive myoclonic epilepsy
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PMSF Phenylmethylsulfonylfluoride

PP2A Protein Phosphatase 2

PPARy Peroxisome proliferator-activated receptor y
PPIA Cylcophilin A gene

gRT-PCR Quantative Realtime PCR

R3-IGF-1 Long R3 insulin like growth factor

Raf1 Rapidly accelerated fibrosarcoma 1
RAG Recombination activating gene

RAS Rapidly accelerated sarcoma

RASGPR1 RAS- guanyl nucleotide-releasing protei
RNA Ribonucleic acid

RORYy RAR-related orphan receptor gamma
RPL13A Ribosomal Protein L13a

rem Revolutions per minutes

RPMI Roswell Park Memorial Institute Medium
s seconds

S Severity

S1P Sphingosine-1-phosphate

SCID Severe combined immunodeficency
SDF-1a stromal cell-derived factor

SDS Sodium dodecyl sulfate

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SET Protein Protein Phosphatase 2 inhibitor

shRNA Short-hairpin RNA

siRNA Small-interfering RNA

SLE Systemic lupus erythematosus

SMS1 Sphingomyelin Synthase 1

Sph Sphingolipid

SphK S1P-Kinase

SPT Serine palmitoyltransferase

STAT Signal transducer and activator of transcription
TACE TNFa converting enzyme

Thet T-box expressed in T cells

TCA Trichloroacetic acid

TCR T cell receptor

TECK Thymus-expressed chemokine

TGF Tumor-growth factor

TH T helper cell

TLR Toll-like receptor
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™ Transmembrane

TMB Tetramethylbenzidine

TNF Tumor-necrosis factor

Treg Regulatory T cell

Trm Tissue-resident memory T cell

U Units

uc Ulcerative colitis

UDP Uridine diphosphate

UGCG UDP-glucose glycosyltransferase
\ Volt

viv Volume percent

VDJ Variable, Diversity, joining

VEGF Vascular endothelial growth factor
wiv Mass/volume

WB Western Blot

Wnt Wingless/Integrated

WT Wild type

Zap70 Zeta-chain-associated protein kinase 70
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