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ZUSAMMENFASSUNG

Einer der grundlegenden Schritte einer erfolgreichen Therapie von Tnl/Thl7-
vermittelten Autoimmunerkrankungen ist die Induktion von Typ Il dendritischen Zellen
(DCs), welche im Folgenden zu einer Immundeviation hin zu einer anti-
inflammatorischen Th2 Antwort fuhren. Im ersten Teil der Arbeit erfolgte deshalb die
Charakterisierung neuer Substanzen, welche sowohl Kohlenstoffmonoxid als auch
Fumarséureester freisetzen. Die Behandlung mit diesen FUMET-CORMSs zeigte sich als
sehr effektiv, da es zu einer robusten Induktion von Typ Il DCs kam. Die dabei
charakteristische Verminderung der STAT1 Phosphorylierung, Induktion von HO-1 und
die daraus resultierende Inhibition der Zytokine IL-12p70 und IL-23 erfolgte sogar
starker und bei deutlich niedrigeren Konzentrationen als bei der Kontrollbehandlung mit
Dimethylfumarat (DMF). Fur eine detaillierte mechanistische Aufklarung der Therapie
mit DMF wurde im zweiten Teil der Arbeit ein Cystin/Glutamat Antiporter Knockout
Mausmodell herangezogen. In DCs dieser Mause wurde damit der Verlust des
Radikalfangers Glutathion (GSH) und eine einhergehende Induktion von reaktiven
Sauerstoffspezies auf genetischer Ebene erreicht, ohne Nebeneffekte einer
pharmakologischen Behandlung. Entgegen der zuvor aufgestellten Hypothese
resultierten diese Anderungen der Redox Homa@ostase nicht in der Differenzierung der
DCs hin zu einem Typ Il Phéanotyp. Stattdessen flhrte die zusatzliche Behandlung
dieser bereits GSH-depletierten Zellen trotzdem zur Modulation des HO-1 und STAT1
Signalweges, sowie der Inhibition der nachgeschalteten Zytokine 1L-12p70 und IL-23.
Dies zeigt, dass weitere Modifikationen durch das Fumarat fir die Vermittlung der
Effekte verantwortlich zu machen sind. Des Weiteren konnte auch eine
Uberkompensation des Antiporterverlustes Gber den Thioredoxin Signalweg durch den
Einsatz von Auranofin ausgeschlossen werden. Die Modulation der Redox Homdostase
allein war nicht ausreichend, um DCs in einen anti-inflammatorischen Typ Il Phanotyp
zu Uberfuhren, stattdessen spielen dabei wahrscheinlich noch weitere intrazellulare Ziele

der DMF Behandlung eine entscheidende Rolle.



Xl



X1

ABSTRACT

One of the fundamental steps in a successful therapy of Th1/Th17-mediated autoimmune
diseases is the induction of type Il dendritic cells (DCs), which subsequently cause an
immune deviation towards an anti-inflammatory Tn2 response. In the first part of the
work, the characterization of new substances, which release carbon monoxide as well as
fumaric acid esters, was carried out. The treatment with these FUmET-CORMs proved
to be highly effective, as a robust induction of type Il DCs was achieved. The
characteristic reduction of STAT1 phosphorylation, induction of HO-1 and the resulting
inhibition of the cytokines IL-12p70 and IL-23 occurred even more pronounced and at
significantly lower concentrations than in the control treatment with dimethyl fumarate
(DMF).

For a detailed mechanistic analysis of the DMF therapy, a cystine/glutamate antiporter
knockout mouse model was employed in the second part of the study. In DCs of these
mice, the loss of the scavenger of reactive oxygen species, glutathione (GSH), and an
associated induction of said chemical entities was achieved on the genetic level without
additional effects of pharmacological treatment. In contrast to the previously proposed
hypothesis, these changes in redox homeostasis did not result in the differentiation of
the DCs into a type Il phenotype. Instead, the additional treatment of these already
GSH-depleted cells still resulted in the HO-1 and STAT1 signaling pathway's
modulation and the inhibition of downstream cytokines IL-12p70 and IL-23, indicating
that additional targets of the fumarate are responsible for the mediation of these effects.
In further experiments, an overcompensation of the antiporter loss via the thioredoxin
signaling pathway could be excluded by using the inhibitor auranofin. Accordingly, the
modulation of redox homeostasis alone is not sufficient to transform DCs into an anti-
inflammatory type Il phenotype. Instead, further intracellular targets of DMF treatment

probably also play a decisive role in this process.
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1. INTRODUCTION

1.1. THE IMMUNE SYSTEM

Every day we encounter a vast number of disease-causing pathogens. To combat
this threat, our body is equipped with the immune system. It is composed of a complex
interplay of different cell types and molecules that interact to protect the organism from
invading pathogens or toxins, as well as to eliminate cancer cells. At the same time,
disorders of the immune systems can lead to serious consequences, such as severe
infections, immunodeficiency, or overactivities resulting in allergies and autoimmune
diseases. In vertebrates, this complex network can be divided into two sections based on
the Kinetics and the specificity of its activation. These sections are referred to as the
innate and the adaptive immune system and the interactions between these two systems

are very diverse.

1.1.1 INNATE IMMUNE SYSTEM

The innate immune system uses several barriers to defend itself against invading
pathogens. The first line of defense is represented by anatomic barriers such as skin,
oral mucosa, or gastric acid. The second barrier in this system are soluble proteins and
small bioactive molecules represented by the complement system, but also defensins,
cytokines and chemokines. Finally, it is completed by innate immune cells. They
comprise different cell types, including macrophages, granulocytes and dendritic cells,

all of which originate from a common pluripotent hematopoietic stem cell [1].

The innate immune response is a fast, initial reaction that is able to eliminate a
wide range of microorganisms and toxins but does not confer lasting immunity. If
pathogens succeed in breaking through the anatomical barriers of the body, an
inflammatory program is initiated that can be divided into a cell-mediated response of
the previously mentioned innate immune cells and the humoral response conducted by

the complement system.
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The first step of the cell-mediated immune response is the recognition of
microorganisms by phagocytes. One type of phagocytes are macrophages, which can
eliminate both pathogens and infected cells, especially when attacked by the adaptive
immune system. The second group are granulocytes consisting of neutrophils,
eosinophils and basophils. One main function of neutrophils, for example, is
phagocytosis and destruction of pathogens at the site of infection, where they are
recruited in large numbers. The third group of phagocytes is represented by dendritic
cells (DCs). These cells are also capable of eliminating pathogens, but their main
function is the processing of captured microorganisms and the subsequent presentation
of antigens to T cells [2]. Thus, they act as a mediator between the innate and the
adaptive immune systems by triggering T cell reactions as well as producing cytokines

that can activate other immune cells.

Essential components in pathogen detection by the innate immune system are the
so-called pattern recognition receptors (PRRS). These sensors are germline-encoded and
capable of detecting a limited spectrum of pathogen-associated molecular patterns
(PAMPs). PAMPs are structural motifs that are conserved in bacteria or fungi, for
instance but are not expressed on endogenous cells [3]. A well-established group of
PRRs, the toll-like receptors (TLRs), can transform innate immune cells like
macrophages and dendritic cells to produce high amounts of proinflammatory cytokines
and chemokines [4, 5]. Different TLRs respond to their specific ligands such as
lipoteichoic acid, peptidoglycan and viral DNA or RNA. This allows them to induce a
variety of signaling cascades, also depending on which intracellular adapter molecule is

involved.

As an example, TLR4 is implicated in recognition of lipopolysaccharide (LPS)
from Gram-negative bacteria [6]. After the binding of ligands, oligomerization and
interaction with intracellular adapter molecules such as myeloid differentiation primary
response gene 88 (MyD88), TIR domain-containing adaptor protein (TIRAP), TIR
domain-containing adaptor inducing IFN-B (TRIF) or TRIF-related adaptor molecule
(TRAM) occurs [7-10]. This, in turn, leads to the stimulation of different signaling
cascades, depending on which adapter molecule was involved. Important pathways
induced by LPS recognition are NFkB and mitogen-activated protein kinase (MAPK),

which lead to the production of proinflammatory cytokines and type | interferons [11].
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This is of great importance both for the enhancement of the immune reaction as well as

for the initiation of an adaptive immune response.

1.1.2 ADAPTIVE IMMUNE SYSTEM

The adaptive or acquired immune response has evolved as a second major
defense strategy and can specifically react to a vast spectrum of pathogens. Similar to
the innate immune system, it consists of humoral and cell-based components. The latter
is mediated by lymphocytes like T and B cells, which in turn induce the antibody-based
humoral response. One of the main differences to the innate immune system is that it
can react highly specifically to a particular pathogen. This is possible as antigen-specific
receptors are not germline-encoded, but are instead acquired through somatic

rearrangement during the entire lifespan of an organism [12, 13].

T and B lymphocytes normally circulate in the blood, lymph and secondary
lymphoid organs. When T cells recognize their specific antigen, which is presented via
a major histocompatibility complex (MHC) molecule on the surface of host cells, they
are activated and mature to effector cells. There are two main groups of T lymphocytes.
First, CD8" cytotoxic T cells that specialize in directly killing infected host cells.
Secondly, CD4" T-helper (Tn) cells, whose primary function is the activation of other
immune cells such as macrophages by the secretion of different cytokines [2]. Tn cells
can differentiate into several subpopulations that perform distinct biological functions
depending on the predominant cytokine milieu at the site of activation (Figure 1). The
three major classes of CD4* T lymphocytes being important for this work are the Thl,
Th2 and Tnl7 cells.
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Figure 1: Differentiation of naive T cells into defined subpopulations.

Cytokines secreted by e.g. DCs and other APCs (dark blue circles) determine the maturation of naive T
lymphocytes into effector cells with specialized functions within the immune response. During this
process of activation, each cell expresses specific transcription factors that further promote the cytokine-
induced differentiation. The T helper cells shown here are composed of Tnl, Tn2 and Tr17 cells, with each
subpopulation expressing a defined set of cytokines (light blue circles) necessary for the mediation of
effector functions. DC, dendritic cell; APC, antigen-presenting cell; Tn, T helper cell; IL, interleukin;
IFN, interferon; TGF-B, transforming growth factor beta; STAT, signal transducer and activator of
transcription; T-bet, T-box expressed in T cells; RORyt, receptor-related orphan receptor y-T. Figure
adapted from [14].

Tnl cells play an essential role in the clearance of intracellular pathogens by e.g.,
secreting interferon (IFN)-y and thereby enhancing the anti-microbial activity of
infected macrophages [15]. The important cytokine leading to Tl differentiation is
interleukin (IL)-12 secreted by antigen-presenting cells. IFN- y and IL-12 activate signal
transducer and activator of transcription (STAT) 1 and STAT4 signaling cascades,
respectively [16-19]. Induction of these pathways leads to the expression of T-box
expressed in T cells (T-bet) transcription factor, which causes an increased IFN-y
production of the activated T cells, creating a positive feedback loop that further
strengthens Tn1 differentiation [20-22].

The second main group of T-helper lymphocytes is represented by Th2 cells.
This subpopulation has an important function in the elimination of extracellular

pathogens. Differentiation to the Th2 subset is achieved through T cell receptor binding
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in the presence of IL-4 [23, 24]. In the presence of this cytokine, STATG6 is
phosphorylated and GATAZ3 is induced [25]. The expression of this transcription factor
is crucial for the maintenance of the Th2 phenotype, as GATA3 knockout leads to
impaired secretion of the Tn2 cytokines IL-4, IL-5 and IL-13 [26].

The third T lymphocyte subpopulation discussed in this thesis consists of Thl7
cells. The purpose of this cell type is to eliminate extracellular pathogens. The main
targets are bacteria and fungi whose elimination by Tn1 or Tn2 cells is not sufficient and
requires a robust inflammatory response [27, 28]. The initial factors required for
differentiation into Th17 lymphocytes are transforming growth factor beta (TGF-B) and
IL-6. Both cytokines trigger a complex signaling cascade leading to the expression of
the transcription factors STAT3 and receptor-related orphan receptor y-T (RORyt),
which subsequently induce the cytokine IL-17 [29-32]. In this context, the induction of
the 1L-23 receptor and subsequent responsiveness to the cytokine seems to play an
essential role for the successful and sustained differentiation, since without IL-23 a non-

inflammatory phenotype of Thl17 lymphocytes occurs [33-36].

1.2 DENDRITIC CELLS

Dendritic cells are professional antigen-presenting cells (APCs), with their main
function of capturing foreign antigens, followed by the presentation of said antigen-
derived peptides to T cells. Thus, they represent a crucial link between the innate and
adaptive immune system, whose important role becomes even more apparent, as the
lack of dendritic cells can lead to severe immune-deficient phenotypes and abrogated T

cell priming in specific knockout mouse models [37, 38].

1.2.1 DENDRITIC CELL SUBSETS

Dendritic cells can be divided into different phenotypic subpopulations that
represent their diversity and ability to adapt to their specific microenvironment. The two
main classes of DCs are the plasmacytoid DCs (pDCs) and the conventional DCs
(cDCs). They are both part of the mononuclear-phagocyte system and originate from a
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common hematopoietic stem cell (HSC) in the bone marrow. The exact mechanisms
and expression of transcription factors during the differentiation of dendritic cells are
very complex and are not yet fully understood. However, a basic overview is presented

in Figure 2.

For differentiation into the different DC subsets, HSC gives rise to a myeloid
precursor (MP), macrophage and DC precursor (MDP) and finally a common DC
precursor (CDP). Besides fms-related tyrosine kinase 3 (FIt3), the transcription factor
interferon regulatory factor (Irf) 8 is strongly expressed in the early stages of DC
development [39-41]. Plasmacytoid dendritic cells and pre-classical dendritic cells (pre-
cDCs) are then formed from CDPs, whereby the availability of E-protein transcription
factor 4 (E2-2) or E-protein inhibitor of DNA binding 2 (Id2) determines the
development in the respective direction [42-44]. Subsequently, these pre-cDCs can
further differentiate into either ¢cDC1 in the presence of basic leucine zipper
transcription factor ATF-like 3 (Batf3), or cDC2, if the transcription factor Irf 4 is
available [41, 45-48]. Finally, cDC2 can be divided into two further subsets. The first
subset depends on Irf4 and Kruppel-like factor 4 (KIf4), which plays a crucial role in the
efficient induction of Th2 immunity in response to extracellular pathogens or allergens.
And secondly, a neurogenic locus notch homolog protein 2 (Notch-2)-dependent subset
of cDCs that secrete high amounts of IL-23 and subsequently induce Tn17 cell
differentiation [49-51]. In contrast, the primary function of cDC1 is the activation of
CD8* cytotoxic T lymphocytes by MHC class | cross-presentation and the induction of
a Tnl immune response by secretion of IL-12 [45, 52]. Finally, pDCs are specialized in

the secretion of high levels of type 1 interferons in response to viral infections [53, 54].

1.2.2 DENDRITIC CELL MATURATION AND ANTIGEN PRESENTATION

After their formation in the bone marrow, DC precursors circulate in the blood
and eventually accumulate in peripheral tissue. Here they reside as immature DCs with
a high degree of phagocytic activity. Upon exposure to an antigen, e.g. at the site of a
tissue injury, it is efficiently absorbed and processed in the cell. This is followed by
migration of the DCs to secondary lymphoid tissues, where the maturated DCs present
peptide fragments of these antigens via MHC class | or 1l complexes to the antigen-

specific T cells of the adaptive immune response encountered there.
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The uptake of antigens primarily occurs through three different pathways: the
non-specific uptake of large amounts of soluble molecules and antigens in the DC
microenvironment, known as micropinocytosis, as well as the receptor-mediated
endocytosis and finally phagocytosis of pathogens or apoptotic and necrotic bodies [55-
60]. Exogenous and endogenous peptides are then proteolyzed in the cell to obtain short
peptides that can be presented via MHCs. Endogenous antigens are mainly presented
via MHC I. Therefore, peptides degraded through proteasomes in the cytosol are
transported into the ER. There, the MHC | molecules are loaded with the peptides and
the complex is transported to the cell surface via the Golgi apparatus [61]. On the other
hand, exogenous proteins are mainly degraded by lysosomal proteolysis and presented
via MHC II. These MHC Il are formed in the ER and then transported into the late
endosomes. At these sites, binding to antigenic peptides and subsequent transport to the

cell surface takes place [61].

As DCs now encounter an antigen or a pathogen, several additional functional
changes in the cells are triggered. This process of maturation leads to a shift from
efficient antigen-capturing cells to professional antigen-presenting cells (APCs). Not
only pathogen-associated molecules such as LPS can activate DCs but also many other
substances, including bacterial DNA, pro- and anti-inflammatory cytokines, or signals
from T cells [62, 63]. An important step in DC maturation is the upregulation of
costimulatory signals like the surface molecules CD80 and CD86, which are required
for successful activation of T cells [64]. Furthermore, the maturation leads to
morphological changes of the cells. Adhesive structures are expressed only to a reduced
extent and the dendrites that give the cells their name are formed [65]. This, together
with the expression of CC-chemokine receptor 7 (CCR7) and the resulting sensitivity to
its ligands CC-chemokine ligand 19 (CCL19) and CCL21, enables the subsequent
migration of the cells to the secondary lymphoid organs [66, 67]. Here, the mature DCs
can present their processed antigens on MHC molecules to the T cells and induce an

adaptive immune response.
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Figure 2: Development of different dendritic cell subsets and involved transcription factors.

In the bone marrow HSCs give rise to a variety of precursor cells until pre-cDCs and pDCs are formed.
These cells then migrate through the blood into the different tissues where pre-cDCs can further evolve
into ¢cDC1 and cDC2. These differentiation processes are controlled by the expression of several
transcription factors. After successful activation and maturation of DCs, they can induce distinct T helper
subsets and thereby mediate adaptive immunity against invading pathogens. HSC, hematopoietic stem
cell; MP, myeloid precursor; MDP, macrophage-DC precursor; CDP, common DC precursor; pre-cDC,
pre-classical dendritic cell; pDC, plasmacytoid dendritic cell; cDC, conventional dendritic cell; Tn, T
helper cell; 1d2, E-protein inhibitor of DNA binding 2; E2-2, E-protein transcription factor 4; Irf,
interferon regulatory factor; Batf3, basic leucine zipper transcription factor ATF-like 3; KIf4, Kruppel-
like factor 4; Notch2, neurogenic locus notch homolog protein 2. Figure adapted from [68] and [69].



DENDRITIC CELLS 9

1.2.3 STIMULATION OF T CELLS BY DENDRITIC CELLS

An essential step for a functional adaptive immune response is the activation of
naive T lymphocytes by APCs. This interaction and the subsequent differentiation into
T effector cells is called priming. In the lymph nodes, naive T cells continually bind
APCs by means of adhesion molecules. When their specific peptide:MHC complex,
which is presented by dendritic cells, is recognized, the affinity of these adhesion
molecules is increased by conformational changes to enable a stronger binding of the T
cell to the APC [70, 71]. However, the interaction between the T cell receptor (TCR)
and its peptide:MHC complex alone is not sufficient to induce rapid proliferation and
differentiation of naive T cells. Successful priming requires several additional signals.

The second important factor besides the recognition of the presented antigen is
the binding of costimulatory molecules. Well-characterized examples are the molecules
CD80 and CD86, which are present on the surface of dendritic cells. These can be
bound by CD28 on the surface of T cells [72, 73]. After activation of T lymphocytes, a
strong proliferation of the cells and an increased expression of IL-2 occurs, which can
be further enhanced by co-stimulation with CD28 signals, by promoting the
transcription of the cytokine, but also by increasing the stability of the produced mRNA
[74, 75]. The IL-2 signaling facilitated by CD28 now enables the cell to increase
proliferation and also supports differentiation into effector cells. In addition to
CD80/86, dendritic cells also possess various other costimulatory molecules with their
dedicated T cell ligands, examples are CD40/CD40L or OX40L/0X40 [76, 77].

In contrast to CD8" T cells, CD4" lymphocytes can differentiate into several
different subpopulations. Decisive for this is the third factor required for successful T
cell priming, the cytokine milieu prevailing in the microenvironment. Different
cytokines lead to differentiation into specialized classes of T helper cells. Accordingly,
Thl cells are formed in the presence of IL-12, whereas lymphocytes differentiate into
Th2 cells when IL-4 is present during the time of stimulation. The different T helper
subpopulations and the underlying factors and mechanisms have already been discussed
in chapter 1.1.2 (Figure 1)

After the strong proliferation and differentiation into their specific effector cells,
the T helper subpopulations can perform their distinct functions within the immune

response. In contrast to naive T cells, a direct immune response occurs when the
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effector cells are exposed to their specific antigen a second time without the need for

further costimulatory molecules.

1.3 AUTOIMMUNE DISEASES

As described in the previous chapters, the immune system is able to react
specifically to invading pathogens and to eliminate them. However, if disturbances in
this highly complex system occur, serious immunodeficiencies, allergies or autoimmune
diseases can result. In the case of autoimmunity, there is an undesired reaction of T or B

cells against the body's own antigens, which results in damage to the affected tissue.

The body has multiple control mechanisms to prevent the reaction to the body's
own antigens, whereby the maintenance of self-tolerance plays a central role. As a first
step, central tolerance is developed by the expression of autoantigens on epithelial cells
in the thymus. If the TCR of a T cell has a high affinity to these self-antigens, cell death
occurs and consequently negative selection of these autoreactive lymphocytes [78, 79].
However, some of the cells escape this central tolerance mechanism and must therefore
be killed or inactivated in the periphery. If an antigen is recognized by such a T cell in
the absence of costimulatory molecules, either deletion or anergy of the cell or induction
of regulatory T lymphocytes, which can modulate the activity of other T cells, occurs
[80].

In autoimmune diseases, various causes can lead to pathogenesis. On the one
hand, the autoantibodies formed can directly lead to tissue damage. This is the case,
amongst others, with pemphigus vulgaris, where autoantibodies against the cell surface
molecule desmoglein play a predominant role in the development of the disease [81].
On the other hand, the effector T cells can also damage the respective tissue. This type
of disease is often based on an aberrant induction of Thl and Tn17 cells. Examples of T

cell-mediated autoimmune diseases are multiple sclerosis (MS) and psoriasis [82].
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1.3.1 MULTIPLE SCLEROSIS

Multiple sclerosis is one of the most common neurological autoimmune diseases
in young adults. The exact causes of the disease's development are not yet known,
although a number of risk factors such as UVB radiation, obesity, vitamin D
metabolism and smoking appear to be involved [83-87]. Tissue damage in this
autoimmune disease is mainly due to an immune response of autoreactive Trnl and Th17
cells against myelin antigens from the central nervous system (CNS), such as myelin
basic protein (MBP), myelin proteolipid protein (PLP) or myelin oligodendrocyte
glycoprotein (MOG) [88-91]. In addition, further cells of the adaptive and innate
immune system are recruited to the initial site of inflammation, which enhances the
immune response even more. Recruited T and B cells now produce autoantibodies,
which lead to demyelination. The disintegration of myelin, that normally surrounds the
axons of the nerves, leads to the formation of the name-giving sclerotic lesions in the
white matter. Since these inflammatory reactions can occur throughout the entire CNS,
the neurological symptoms observed in multiple sclerosis are also very diverse. Typical
conditions can include but are not limited to visual disturbances, incontinence or muscle
weakness up to paralysis [92]. There are also variations in the course of the disease. It is
distinguished between relapsing-remitting MS (RRMS), secondary progressive MS
(SPMS) and primary progressive MS (PPMS) [93]. RRMS is the most common form of
MS [94]. It is accompanied by the development of so-called relapses, which are
characterized by the appearance of new symptoms or the flare-up of already known
symptoms. Once the relapse has subsided, complete or partial remission occurs.
Between the relapses, the clinical course of MS remains fairly stable, but over time,
most of the patients develop SPMS [95]. This type is defined by a progressive
deterioration of the symptoms, whereby occasional relapses can also occur. The last
remaining form of multiple sclerosis is PPMS. In contrary to the two previously
mentioned courses, there is no occurrence of relapses in PPMS, but rather a gradual

progression of the disease [93].

Many medications are approved for the treatment of MS. It is differentiated
among other things between short-term relapse therapy, which is primarily carried out
by treatment with high-dose corticosteroids, and long-term, disease-modifying therapy.
The choice of drugs for the basic therapy of MS is guided by the disease's level of

gravity, with the aim of achieving a long-term reduction in the severity and frequency of
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the relapses that occur. For example, in the treatment of RRMS with a mild to moderate
course, interferon-p, glatiramer acetate, dimethyl fumarate (DMF) or teriflunomide are
used for therapy. These drugs are characterized by their immunomodulatory properties,
which result in a decreased relapse rate and improved remission compared to placebo-
treated patients, with only mild adverse effects [96-99]. However, should a highly active
MS progression occur under this basic therapy, the change to the so-called escalation
therapy can be implemented. For this purpose, drugs that show a higher efficacy are
used, but at the same time, the risk for serious side effects is elevated. Examples of such
first-line drugs of an escalation therapy are the monoclonal antibodies alemtuzumab and
natalizumab, as well as cladribine or fingolimod [100-103]. There are several other
approved drugs for the treatment of MS, but this thesis will focus on the use and cellular

mechanisms of treatment with fumaric acid. Therefore, the effects of DMF are further
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Figure 3: Possible effects of dimethyl fumarate in the treatment of multiple sclerosis.

DMF therapy has numerous effects on a variety of cell types of the immune system and the central
nervous system (CNS). Treatment with the fumaric acid ester leads to changes in the infiltration of
immune cells into the CNS and to an altered polarization of said immune cells. Nrf2, nuclear factor
erythroid 2-related factor 2; NF-«xB, nuclear factor kappa-light-chain-enhancer of activated B cells; NO,
nitric oxide; HCAR2, hydroxycarboxylic acid receptor 2; CD, cluster of differentiation; IL, interleukin;
ROS, reactive oxygen species; NET, neutrophil extracellular traps; TNF, tumor necrosis factor; MHC,
major histocompatibility complex; M¢, macrophage; DC, dendritic cell; NK, natural killer cell. Figure
adapted from [104]
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1.3.2 PSORIASIS

Like MS, psoriasis belongs to the T cell-mediated autoimmune diseases. It is an
inflammatory skin disease with various occurring forms, the most common being
psoriasis vulgaris [105]. It is characterized by clearly defined, inflamed plaques of the
skin, which are covered by silvery scales. The name plaque-like psoriasis is derived
from these clearly defined plaques that can appear all over the body in varying degrees,
typically on the extensor areas of the extremities such as the elbows and knees, but also
on the back or scalp [106]. The plaques of the skin are mainly due to an increased
proliferation and also incomplete maturation of the epidermis. The cells thereupon form
the silvery lamellar scales, whereby the underlying skin layer has a strong blood

circulation due to the increased growth rate and therefore appears red [105].

Both genetic and immunological factors are causes of psoriasis. A familial
clustering can be observed in psoriasis, and the risk of an identical twin also developing
the disease is 65-72%, which indicates a genetic disposition [107]. At the same time, the
role of the immune system in the pathogenesis of psoriasis is widely accepted and there
are studies in which the analysis of psoriasis-associated genes has primarily identified
genes of the immune system [108, 109]. The immunological pathogenesis involves a
complex interaction between the innate and adaptive immune systems as well as with

the resident epithelial cells.

The proinflammatory cytokine milieu plays a decisive role in this cross-talk,
with the involvement of TNF-a, 1L-12, IL-23 and later IFN-y. Hence, pDCs are
activated by an initial trigger such as the release of antimicrobial peptides through an
injury. These cells now secrete type 1 interferons, which triggers the activation of cDCs
and stimulates them to express 11-23. The resulting activation of T cells leads to
differentiation into a Thl/Th17-dominated lymphocyte population [110-112].

The therapy of psoriasis often requires treatment over a long period of time.
Thereby, the choice of medication depends on the severity of the disease. For most
patients with a mild course, topical treatment of the lesions is sufficient [113]. Vitamin
D derivatives with or without corticosteroids belong to the basic topical therapy [114-
116]. For more severe courses of disease, the use of phototherapy or systemic
treatments is indicated. One established therapy is the use of fumaric acid esters, which

are described in detail in chapter 1.3.3. Further substances used in this context are the
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calcineurin inhibitor ciclosporin, methotrexate and retinoids [117-119]. In addition,
numerous so-called biologicals have been developed and approved for use in psoriasis
in recent years. With these substances, a distinction is made between TNF blockers and
those that inhibit 1L-17 or IL-23. The first group includes the monoclonal antibody
adalimumab and etanercept [120, 121]. The latter are represented by the 11-12/23
blocker ustekinumab and the IL-17A blocking monoclonal antibody secukinumab [122-
124].

1.3.3 FUMARIC ACID ESTERS

The fumaric acid ester (FAE) DMF is the methyl ester derivative of fumaric acid
and is used in the treatment of both psoriasis and multiple sclerosis. For the treatment of
severe forms of psoriasis, the drug Fumaderm® has been approved since 1994 and for
moderate forms since 2008 [125, 126]. It is a preparation of four different FAEs,
namely dimethyl fumarate and the three Ca/Mg/Zn salts of ethyl hydrogen fumarate.
Due to its immunomodulatory properties, the use of FAE was also considered for the
treatment of multiple sclerosis and consequently, the pure DMF preparation BG-12 was
developed and clinically tested [98, 127]. Promising results with a decreased relapse
rate and slower progression of the disease finally led to the approval of Tecfidera® for
the treatment of RRMS in Germany in 2014.

Compared to other available therapies, treatment with FAE has only mild
adverse effects, which primarily occur at high doses. Among the most frequently
observed side effects are usually gastrointestinal complaints and the occurrence of
cutaneous flushes. In rare cases, a reduction in the number of lymphocytes, eosinophilia
or an increase in transaminase may occur [126, 128]. Due to its good benefit-risk

profile, the use of DMF is suitable for long-term therapy.

As described in the previous chapters, multiple sclerosis and psoriasis are
Thl/Thl7-mediated autoimmune diseases. Formerly, it was assumed that elimination of
these autoreactive T cells by, for example, monoclonal antibodies, was required to
achieve therapeutic success [129-132]. However, early on it was shown that CD4" T
cells can differentiate into Tn1-like cells secreting IFN-y and IL-2 as well as polarize
into IL-4, IL-5 and IL-10 secreting Tn2 cells. Thereby, both in vitro and in vivo, IL-4
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plays a crucial role [23, 133, 134]. In 1994 it was first demonstrated that the
administration of IL-4 resulted in a transformation of the proinflammatory immune
response to a Th2 response in an in vivo model of EAE and subsequently to an
amelioration of the disease [91]. Furthermore, in patients with psoriasis, therapy with
IL-4 and the resulting T2 differentiation has also been shown to exhibit promising
results [135]. However, therapy with IL-4 requires frequent injection of the cytokine.
This proves to be difficult to be implemented over long time periods, which is why
other therapeutic options that induce Tn2 induction or blockade of effector cytokines are
pursued. An example of this is the treatment with DMF. The administration of the
fumarate results in immune deviation towards an anti-inflammatory Th2 phenotype. The
induced Tn2 cells can then locally produce IL-4 at the site of action, leading to
inhibition of the effector cytokines IL-17 and 1L-23 [136, 137].

Thereby the exact mechanism of action of FAE treatment is still uncertain. For
instance, treatment with DMF produces various effects in different cell types, all of
which can lead to an improvement in the clinical course of the disease. An overview of
how DMF-treatment can impact different cell types to improve MS progression is
shown in Figure 3. The modulation of immune cell differentiation is discussed as the
primary effector mechanism of FAE therapy. Treatment with DMF results in a shift
from IL-12 and IL-23-producing type | DCs to type Il DCs with low levels of 1L-12/23
and increased secretion of IL-10. Subsequently, these DCs can induce an anti-
inflammatory Th2 response. This immune deviation away from an aberrant Thl/Tnl7
response, which is the underlying cause of psoriasis or MS, leads to an improvement
and prevents the disease progression [136, 137]. Again, several mechanisms can lead to
a change in polarization and they presumably interact with one another. An exemplary
mechanism is depicted in Figure 4. For instance, after the uptake of DMF, there is a
decrease in the intracellular reduced form of glutathione (GSH), probably through direct
conjugation of the two molecules, which results in an increase in reactive oxygen
species (ROS) [137-140]. This induction of oxidative stress induces a number of
signaling cascades. For example, DMF is regarded as an activator of nuclear factor
erythroid 2-related factor 2 (Nrf2), a master regulator of various antioxidative pathways
[141, 142]. However, there are also contradictory publications suggesting a Nrf2-
independent mechanism of DMF treatment [143]. Other signaling pathways that are
influenced by DMF treatment are the heme oxygenase 1 (HO-1) or STAT1 signaling
pathways [137]. The inhibition of NF-«kB activity is also considered [144-147]. All these
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mechanisms of action lead to 1) a reduced production and secretion of proinflammatory
cytokines and 2) cause a shift away from a Th1/Tn17 phenotype towards a Th2-mediated

immune response.
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Figure 4: DMF treatment impacts several signaling pathways to modulate immunity.

DMF treatment results in various effects on different pathways in the immune cell. It can decrease
intracellular GSH levels, thereby inducing oxidative stress and Nrf2 signaling cascades. But at the
same time it can also inhibit NF-xB activity, with the downstream effect of decreased inflammatory
cytokine production. DNA, deoxyribonucleic acid; DMF, dimethyl fumarate; GSH, reduced form of
glutathione; ROS, reactive oxygen species; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1,
heme oxygenase 1; NF-«xB, nuclear factor kappa-light-chain-enhancer of activated B cells; HIF-1a,
hypoxia-inducible factor 1-alpha; STAT, signal transducer and activator of transcription; JAK, janus
kinase; KEAP1, kelch-like ECH-associated protein 1; IL, interleukin. Figure adapted from [148].

1.3.4 CARBON MONOXIDE-RELEASING MOLECULES

For a long time, carbon monoxide (CO) was only studied as a toxic gas, but in
recent years there has been a growing acceptance of the therapeutic potential of the
molecule with its cytoprotective and anti-inflammatory properties [149-151]. CO is a
compound composed of carbon and oxygen, which manifests itself as a colorless and
odorless gas and has a high affinity for hemoglobin. Because of these properties, it also

has the reputation of being a "silent killer", as it can rise unnoticed to high
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concentrations and then lead to symptoms ranging from headaches, dizziness or fainting
up to death [152]. In the body, CO is mainly produced by the heme oxygenase-mediated
cleavage of heme. During this process, the products CO, iron and biliverdin are formed,
which is then further tranformed into bilirubin [153, 154].

The fact that small amounts of the gas are continuously produced in the body,
and that in some disease conditions elevated CO levels can be observed, focused the
attention on the therapeutic potential of the gas and its role as a signaling molecule
[154-157]. Thereby, the route of CO delivery seems to play a major role in the
efficiency but also the toxicity of the therapy. In a study with dogs, no CO toxicity was
observed after the transfusion of erythrocytes with 80% carboxyhemoglobin (COHb),
whereas inhalation of CO led to rapid lethality after only 15 minutes [158]. To
overcome these challenges of CO administration by inhalation, CO-releasing molecules
(CORMs) were developed, which are often provided in the form of metal carbonyl
compounds. In the ideal case, these molecules are stable in circulation and release CO
only after transport to the corresponding target tissue in order to prevent binding to
hemoglobin and thus its transport to the lungs and exhalation.
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Figure 5: Modulation of intracellular signaling cascades by carbon monoxide.

Schematic overview of signaling pathways affected by CO. Endogenous CO or treatment with CO-releasing
molecules can lead to anti-inflammatory, anti-apoptotic, or anti-proliferative effects through modulation of
sGC activity, MAPK signaling pathways, or mitochondrial function. CO, carbon monoxide; TLR4, toll-like
receptor; sGC, soluble guanylyl cyclase; cGMP, cyclic guanosine monophosphate; MKK, mitogen-activated
protein kinase kinase; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; mtROS,
mitochondrial reactive oxygen species; mMtDNA, mitochondrial deoxyribonucleic acid; PI3K,
phosphoinositide 3-kinase; Akt, serine/threonine-protein kinase; Nrf2, nuclear factor erythroid 2-related factor
2; PPARy, peroxisome proliferator-activated receptor gamma; HIF-1a, hypoxia-inducible factor 1-alpha; NF-
«B, nuclear factor kappa-light-chain-enhancer of activated B cells. Figure adapted from [159-161]
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Since CO can act as a signaling molecule, it has modulating properties on
different pathways. The various signaling mechanisms of carbon monoxide are
illustrated in Figure 5. One possibility for the gasotransmitter CO to unfold its signaling
regime is through the activation of the enzymatic activity of soluble guanylyl cyclase
(sGC). This occurs through conformational changes as a result of direct binding of CO
to the heme iron of sGC and ultimately results in increased production of cyclic
guanosine monophosphate (cGMP). This upregulation occurs in a cell type-specific
manner and can result in effects, for example, on vasoregulation, neurotransmission, or

even anti-proliferative effects [161-163].

The second mechanism of action is the inhibition of TLR4 activation. It was
demonstrated that CO decreases the expression of TLR4/myeloid differentiation factor-
2 (MD-2) of dendritic cells and is also able to inhibit the maturation of these cells [164,
165]. Thus, the gasotransmitter also has wide-ranging effects on innate and adaptive

immune responses.

Furthermore, the production of endogenous CO by HO-1 or the administration
of exogenous CO by e.g. CORMs leads to an inhibition of the expression of
inflammatory cytokines such as IL-1, IL-6 or TNF-a, as well as to an increase of anti-
inflammatory IL-10. This can be accomplished through a variety of molecular
mechanisms. In LPS-stimulated macrophages, activation of p38 MAPK, as well as
inhibition of extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase
(JNK), were shown to be responsible for the modulation of cytokine levels [166-168].
Also, mitochondrial ROS (mtROS) induction and subsequent stimulation of the
peroxisome proliferator-activated receptor gamma (PPARy) and hypoxia-inducible
factor 1-alpha (HIF-1a) signaling pathways have been shown to be responsible for the
anti-inflammatory effects [169, 170]. Another consequence of increased mtROS
production by endogenous CO is the activation of NF-xB via the phosphoinositide 3-
kinase (PI3K)/serine/threonine-protein kinase (AKT) signaling pathway, resulting in
decreased apoptosis [171]. However, the effects of carbon monoxide on mitochondrial
ROS production appear to be concentration- as well as context-dependent. In this
regard, inhibition of mtROS could also be demonstrated after the administration of CO.
In macrophages stimulated with LPS and adenosine triphosphate (ATP), treatment with

the gasotransmitter stabilized mitochondrial function, resulting in low mtROS levels,
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reduced translocation of mitochondrial DNA (mtDNA) into the cytoplasm of the cell
and consequently inhibition of inflammasome activation [172].

Out of the various signaling mechanisms mentioned above a promising
characteristic for its therapeutic use are the anti-inflammatory effects induced by CO.
For instance, in macrophages, inflammatory cytokines are inhibited after CO treatment,
with a simultaneous increase in the expression of anti-inflammatory IL-10 [166, 167,
173]. Furthermore, a positive effect of treatment with CO gas or CORMs has already
been demonstrated in various models of inflammatory diseases, such as autoimmune

neuroinflammation, sepsis or vascular inflammation [174-177].
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Figure 6: Overview of CO-releasing molecules.

Various carbon monoxide (CO)-releasing molecules (CORMSs), which are simultaneously coupled to
fumaric acid derivates, were synthesized by the Department of Chemistry at the University of Cologne
[178]. Thereby 8 and rac-5 release CO and fumaric acid or dimethyl fumarate already in aqueous
solution. The molecules rac-7a and rac-7b are enzyme-triggered CORMs (ET-CORMS). These must first
be cleaved by esterases, after which they release CO, monomethyl fumarate, cyclohexenone and iron into
the cell.

As already mentioned, the heme oxygenase signaling pathway plays a central
role in the formation of CO. Also, the gas can stimulate the mitochondrial production of
ROS [179]. Due to these properties, being very similar to those of fumaric acid, various
CO-releasing molecules were synthesized in a cooperative project with the Department
of Chemistry in Cologne [178]. These methyl fumarate-derived iron carbonyl
complexes (FUMET-CORMSs) are simultaneously releasing fumaric acid and CO, in
order to supplement or even enhance their anti-inflammatory effects. An overview of
the structural formulas of the CO-releasing molecules is shown in Figure 6. Two
molecules spontaneously release CO in aqueous solution, i.e., in the cell culture
medium. The molecule rac-5 releases dimethyl fumarate, iron and CO, while molecule
8 releases fumaric acid, iron and higher amounts of CO. In contrast, the substances
rac-7a and rac-7b are so-called enzyme-triggered CO-releasing molecules (ET-
CORMSs). In a first step they must be transported into the cell, where they release

monomethyl fumarate (MMF), iron, cyclohexenone and CO into the cytoplasm after
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cleavage by esterases. Again, different kinetics of CO release can be observed. In the
case of rac-7a, a linear detection of low amounts of CO after esterase addition occurs,
whereas rac-7b shows a rapid increase of CO in higher concentrations. The two
molecules rac-8 and rac-12, which are not coupled to MMF and, therefore, only form

CO, iron and cyclohexenone after esterase addition, served as control substances.

1.4 REACTIVE OXYGEN SPECIES

Reactive oxygen species (ROS) are generally classified as highly reactive,
oxygen-containing chemical entities [180]. In this context, a distinction between oxygen
radicals and their non-radical derivates can be made. Examples of these chemical
species include the superoxide radical (O27) or the highly reactive hydroxyl radical
(HO"). As a non-radical representative, hydrogen peroxide (H20.) is to be mentioned
[181]. Excessive production of ROS or a disturbance in its degradation can lead to
elevated concentrations in the cell. This condition, termed oxidative stress, can result in

damage to various cellular structures as well as cell death [180].

1.4.1 ROS GENERATION AND ITS BIOLOGICAL ROLE

There are several well-established sites for reactive oxygen species production in
the cell (Figure 7). One of the primary sources of endogenous ROS are the
mitochondria. In various sources it is reported that between 0.1% and up to 5% of the
oxygen consumed is processed into these highly reactive molecules [182-184]. In these
organelles, the process of oxidative phosphorylation is responsible for the generation of
ATP. During this conversion, a leakage of electrons can occur along the electron

transport chain, subsequently reducing molecular oxygen to superoxide [184-186].

Another source of endogenous ROS is the endoplasmic reticulum (ER). In the
lumen of the ER, the protein folding and posttranslational modification of proteins take
place. Here, an oxidizing environment is advantageous, as it facilitates the formation of
disulfide bonds and protein folding [187-189]. Thus, the ratio of reduced glutathione
(GSH) to its oxidized form (GSSG) in the ER is as low as 5:1 as opposed to 100:1 in the
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cytoplasm [190]. One of the main causes of ROS is the ER oxidoreductin (Erola) -
protein disulfide isomerase (PDI) protein folding pathway, which is involved in the
formation of disulfide bridges. During this process, the enzyme Erol has to maintain its
oxidized form, which it achieves by primarily reducing molecular oxygen to H,O> [187,
191].

As a third source of reactive oxygen species, NADPH oxidase (NOX) should be
mentioned. This enzyme is mainly responsible for the production of superoxide radicals,
but also hydrogen peroxide. Thereby NOXs are responsible for the transport of
electrons across the plasma membrane. Depending on the particular isoform and cell
type, they can also be located at other membranes of cell organelles such as the ER,
nucleus or mitochondria [192-196]. In phagocytes, such as macrophages and
neutrophils, but also in dendritic cells, the generation of ROS plays a role in the so-
called 'respiratory burst'. Here, the catalytic subunit NOX2 enables electron transfer
from NADPH via FAD and heme cofactors to Oz, which results in the formation of O,~
[197, 198]. Furthermore, the isoform NOX4, which is localized in some cell types at the
ER membrane, can lead to the production of H20, [199, 200].

As shown in the preceding sections, one of the most frequently formed oxidants
is the superoxide radical. After its formation, it can spontaneously undergo dismutation
to hydrogen peroxide. This process is further accelerated by the activity of sodium
dismutase (SOD), an enzyme capable of catalyzing the conversion of O2" into H20:
[201, 202]. The hydrogen peroxide formed through these various processes can then be
eliminated by several antioxidant signaling pathways, which will be described in more
detail in the following chapter 1.4.2. Alternatively, hydrogen peroxide can also be
converted into the highly reactive hydroxyl radical. This is implemented by the so-
called Fenton reaction, involving the oxidation of Fe?* to Fe* in the course of which
HO" is formed [203, 204].

If reactive oxygen species are present at basal concentrations, they play an
important role as signaling molecules. H202, in particular, is considered to play an
important role as a second messenger due to its higher stability compared to the
hydroxyl or superoxide free radicals and thus its ability to diffuse over a comparatively
long distance of 1 um [205]. For example, hydrogen peroxide is able to induce the
transcription factor NF-xB in T cells [206]. A discussed mechanism of action in the
modulation of signaling pathways is the modification of reactive cysteine residues of,
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e.g., phosphatases and thus their regulation of activity [207-209]. Further examples of
redox-mediated signaling are the regulation of HIF-1a levels, the formation of the
inflammasome and autophagy-related protein 4 (Atg4) -mediated autophagy [210-214].
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Figure 7: Cellular maintenance of redox homeostasis.

Different sources within a cell can form reactive oxygen species. These include but are not limited to
mitochondria, the endoplasmic reticulum and NADPH oxidases (NOX). The superoxide radical (O2"),
which is formed by the different pathways, can be rapidly converted to hydrogen peroxide (H.0)
through sodium dismutase (SOD) activity. The hydrogen peroxide eventually either proceeds to the
highly reactive hydroxyl radical (HO") via the so-called Fenton reaction or is scavenged by various
antioxidative systems. The conversion of H,O, to water (H20O) and oxygen can be performed by the
glutathione or thioredoxin systems or it can be catalyzed by the enzyme catalase. Trx, thioredoxin; TrxR,
thioredoxin reductase; Prx, peroxiredoxins; Gpx, glutathione peroxidase; GSH, reduced glutathione;
GSSG, oxidized glutathione; GR, glutathione reductase. Figure adapted from [231] and [232].

However, if an aberrant induction of ROS and thus persistent oxidative stress
occurs, severe negative consequences for the cell can be observed. This might be caused
by damage to the nuclear or mitochondrial DNA, whereby the base guanine is most

frequently affected by oxidative mutagenesis [215, 216]. Moreover, if excessively high
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concentrations of, e.g., hydrogen peroxide are obtained, further, sometimes irreversible
modifications of proteins and lipids may be induced, leading to the induction of
senescence or even apoptosis [180, 217-222]. Accordingly, despite their beneficial role
as a signaling molecule, ROS are often associated with numerous diseases. For instance,
they have been linked to the development of cancer, diabetes mellitus, cardiovascular
diseases and many more [223-230].

1.4.2 CELLULAR ANTIOXIDANT DEFENSES

Due to the concentration-dependent, opposing effects of ROS as important
signaling molecules on the one hand and inducers of oxidative stress and its negative
consequences on the other hand, close control of these reactive molecules is
indispensable. Thus, the elimination of reactive oxygen species is regulated by several
complementary antioxidant mechanisms (Figure 7).

The most frequently occurring ROS scavenger in the cell is the tripeptide
glutathione (GSH). It can be found with intracellular concentrations ranging up to
10 mM, but only a very small percentage of the molecule is found in its oxidized form
as glutathione disulfide (GSSG) [233]. In the presence of H>O» and glutathione
peroxide, GSH is oxidized to its disulfide GSSG, converting the hydrogen peroxide to
H>0 and O.. The redox cycle is finally completed by glutathione reductase activity in an
NADPH-dependent reaction, allowing the process to repeat [234]. If a state of oxidative
stress is reached, an increased abundance of oxidized glutathione is generated. In this
context, the GSH:GSSG ratio can be used as an indication of the cellular redox status.
Besides its function as a ROS scavenger, glutathione also has additional functions. For
instance, it prevents the oxidation of thiol groups in proteins or reduces the disulfide
groups already formed during oxidative stress [235, 236]. Furthermore, it plays a role in
the detoxification of electrophiles, through mercapturic acid formation, or in cellular
processes such as DNA synthesis [237, 238].

A second important antioxidant system in the cell is represented by thioredoxin
(Trx). Similar to glutathione, it forms a redox cycle at the beginning of which it serves
as a hydrogen donor for oxidized proteins, resulting in the formation of oxidized

thioredoxin. The pool of the reduced form of thioredoxin is subsequently restored by
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thioredoxin reductase (TrxR) activity utilizing NADPH [231, 239]. Molecules that are
often restored to their reduced state by the activity of the thioredoxin system are
peroxiredoxins. These enzymes are another important catalyst in the conversion of H20-

to water and oxygen [240].

In addition to the previously mentioned sodium dismutase, the protein catalase
represents an enzymatic antioxidant significantly involved in ROS's detoxification.
After the conversion of the superoxide radical by SOD to H»O3, catalase plays a major
role in its further degradation [231]. Catalyzed by the enzyme, the disproportionation of
hydrogen peroxide takes place rapidly [241, 242]. Initially, oxidation of the heme
protein occurs and H.O and compound | are formed. This intermediate is then rapidly
reduced once again by a second H>O> molecule, resulting in the generation of H.O and
02 [243]. Accordingly, two hydrogen peroxide molecules are dismutated over the entire

course of the reaction.

Besides the endogenous redox systems and enzymatic antioxidants mentioned
above, there are many other potential ways to contribute to cellular redox homeostasis.
To conclude, vitamin A, coenzyme Q10, vitamin C, dietary antioxidants such as zinc
and the metabolite uric acid should be mentioned exemplarily [244-248].
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1.5 AIM OF THE THESIS

Many autoimmune diseases, such as multiple sclerosis or psoriasis, are caused
by an aberrant induction of inflammatory Th1/Tn17 cells. As an effective therapeutic
approach, the deviation of Tna1l/Tnl7 cells into an anti-inflammatory T2 immune
response by e.g., dimethyl fumarate has been established [91, 135, 137]. The basis for
this is the induction of type Il dendritic cells, which in turn cause the differentiation of a

Th2 response [137]. This is where the work for this thesis steps in.

In general, the experiments for this dissertation can be divided into two
subprojects. In order to guarantee optimal treatment and minimize possible side effects,
the continuous improvement of existing therapies and the development of new
therapeutic approaches are essential. Therefore, the first part should include the
biological characterization of newly synthesized substances. These so-called
FUmET-CORMs release both CO and fumaric acid into the cells. The aim was to
combine the anti-inflammatory properties of CO and DMF in order to improve

therapeutic efficiency even further.

The second part of the project focused on a more detailed clarification of the
mechanistic background of dimethyl fumarate treatment. The induction of oxidative
stress was previously associated with DMF therapy, but now the causal involvement of
ROS in this treatment should be investigated in detail. For this purpose, cystine-
glutamate antiporter knockout mice were used, which are not capable of producing
intracellular glutathione. Thus, oxidative stress is induced in cells of these mice. This
genetic disruption in redox homeostasis allowed the analysis of a possible role of ROS
induction in DMF treatment without the occurrence of drug-mediated off-target effects,

as in the case of pharmacological inhibition.
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2.1 LABORATORY EQUIPMENT

Table 1: Laboratory equipment

Name Vendor

Airflow Controller AC2 Waldner

Axiovert 25 Zeiss

BD™ LSR II BD Biosciences

Biofuge fresco Thermo Fisher Scientific
Biofuge pico Thermo Fisher Scientific

BioPhotometer 6131

Gel documentation E.A.S.Y 442 K
Gelco 102B

HB-LS2

Hera Cell 240

HeraSafe KS 18

Khlschrank Liebherr Premium no-frost
Laborwaage EW 1500-2M
Laborwaage Kern 770

LightCycle 480 Il

Mastercycler gradient

Microwave oven

MilliQ Synthesis A10

Mini-Protean System Glass Plates
Mini-Protean Tetra

Model Reference

Model Research

Modell CG842

Multifuge 3 S-R

Multiskan EX

Nalgene™ Cryo 1°C Freezing Container
Neubauer improved counting chamber
Odyssey Sa Infrared Imaging System
Pipette boy

PowerPac 300

PowerPac Basic

Prazisionswaage CP224SOCE
Primus 96 advanced

Primus 96 plus

Reax Top

Sky Line DRS-12

Eppendorf AG

Herolab

biostep GmbH

VLM

Heraeus

Heraeus

Liebherr

Kern

Kern

Roche

Eppendorf AG

Samsung

Millipore

Bio-Rad Laboratories, Inc
Bio-Rad Laboratories, Inc
Eppendorf AG

Eppendorf AG

Schott

Thermo Fisher Scientific
Thermo Fisher Scientific
Nalgene

Hecht-Assistent

LI-COR, Inc

Hirschmann

Bio-Rad Laboratories, Inc
Bio-Rad Laboratories, Inc
Sartorius

Peglab

Biotech

Heidolph

ELMI
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STR Rocking Platform
Sub-Cell GT
Thermomixer Comfort

Tiefkiihlschrank -20 Liebherr Premium no-frost

Tiefkuhlschrank -80 Hera freeze
Trans-Blot Turbo

VC-10

Waterbath Type 1003

Stuart Scientific

Bio-Rad Laboratories, Inc

Eppendorf AG

Liebherr
Heraeus

Bio-Rad Laboratories, Inc

Caso
GFL

2.2 LABORATORY MATERIALS

Table 2: Laboratory materials

Name Vendor Cat#

PCR 8er-SoftStrips, 0.2 ml Biozym Scientific GmbH 711038

10 ml Stripette® Corning Incorporated 4101

10 pl TipOne® pipette tips Starlab International GmbH S1111-3000
1000 pul TipOne® pipette tips Starlab International GmbH S1111-6001
12 Well Cell Culture Plate Corning Incorporated 3512

200 pl TipOne® pipette tips Starlab International GmbH S1111-1006
24 Well Cell Culture Plate Greiner Bio-One 662160

5 ml Stripette® Corning Incorporated 4051

6 Well Cell Culture Plate Greiner Bio-One 657160

96 Well Cell Culture Plate TPP Techno Plastic Products AG 92096
Biosphere® FilterTips, 0.1-20 pl Sarstedt AG & Co. KG 70.1114.210
Biosphere® FilterTips, 1250 ul Sarstedt AG & Co. KG 70.1186.210
extra long

Biosphere® FilterTips, 2-100 pl Sarstedt AG & Co. KG 70.760.212
Cell lifter Corning Incorporated 3008
Cellstar® tube 15 ml Greiner Bio-One 188271
Cellstar® tube 50 ml Greiner Bio-One 227 261
Cryo S™ Greiner Bio-One 126 263
Immobilon-FL Transfer Membrane  Merck KGaA IPFL00010
Injekt® 20 ml syringe B. Braun Melsungen AG 4606205V
Needle 30G %2 0,3x13 mm BD Biosciences 304000
Petri dishes 94/16 mm Greiner Bio-One 633161

Safelock 0.5 ml tube

Safelock 1.5 ml tube

Safelock 2.0 ml tube

UV transparent disposable cuvettes
Whatman Paper

Eppendorf AG

Eppendorf AG

Eppendorf AG

Sarstedt AG & Co. KG

GE Healthcare Life Science

0030 121.023
0030 120.086
0030 120.094
67.759
13017-915
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Table 3: Chemicals
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Name Vendor Cat#
2-Vinylpyridine (2VP) Merck KGaA 132292
5,5'-dithiobis-2-nitrobenzoic acid Merck KGaA D8130
(DTNB)
Agarose NEEO Ultra quality Carl Roth GmbH + Co. KG 2267.4
Ammoniumpersulfat (APS) Merck KGaA A3678-100G
Ampuwa Fresenius Kabi AG B23067A
Auranofin Merck KGaA A6733
Bovine serum albumin (BSA) Carl Roth GmbH + Co. KG 8076.4
Bromophenol blue Thermo Fisher Scientific 18047
CM-H,DCFDA Thermo Fisher Scientific C6827
cOmplete Tablets, Mini, EDTA-free, Roche 4693159001
EASYpack
Descosept AF Dr. Schumacher GmbH 00-311-005
Dimethyl sulfoxide (DMSO) Carl Roth GmbH + Co. KG A994.1
di-Potassium hydrogen phosphate Carl Roth GmbH + Co. KG 479.1
(K2HPO4)
Ethanol VWR International 20.821.330
Ethylenediamine tetraacetic acid Carl Roth GmbH + Co. KG 8043.1
(EDTA)
Fetal Bovine Serum (FCS) Merck KGaA F7524
Formaldehyde Merck KGaA 252549
Glutathione disulfide (GSSG) Merck KGaA G4376
Glutathione reductase (GR) Merck KGaA G3664
Glycerol Carl Roth GmbH + Co. KG 3783.1
Glycin Carl Roth GmbH + Co. KG 3908.2
HEPES 50x Biochrom FG0435
Hydrochlorich acid (HCI), fuming 37 % Carl Roth GmbH + Co. KG 4625.1
Isopropanol Honeywell International Inc 33539
Lipopolysaccharide (LPS) Merck KGaA L4524
MEM non-essential amino acids 50x Merck KGaA M5550-

100ml
Methanol Carl Roth GmbH + Co. KG 0082.2
Non-fat dry milk Cell Signaling Technology, 9999

Inc

Nonidet™ P 40 Substitute (NP-40) Merck KGaA 74385
PhosSTOP EASY pack Roche 4906837001
Potassium chloride (KCI) Carl Roth GmbH + Co. KG 6781.3
Potassium dihydrogen phosphate Merck KGaA 1.048.731.00
(KH2PO4) 0
recombinant GM-CSF PeproTech, Inc AF-315-03
Sodium chloride (NaCl) Carl Roth GmbH + Co. KG 3957.1
Sodium deoxycholate Merck KGaA D6750
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Sodium dodecy!l sulfate (SDS) Carl Roth GmbH + Co. KG 5136.1
Sodium hydroxide (NaOH) Merck KGaA 31.05.14
Sodium pyruvate 100mM Biochrom L0473
Sulfosalicylic acid (SSA) Merck KGaA S2130
Tagq DNA-Polymerase Genaxxon bioscience GmbH  M3001.5000
B
TEMED Merck KGaA T9281
Triethanolamine (TEA) Merck KGaA T58300
Tris ultrapure AppliChem GmbH A1086
Triton X-100 Carl Roth GmbH + Co. KG 3051.2
Tween®20 Carl Roth GmbH + Co. KG 9127.1
[-mercaptoethanol Merck KGaA M3148
B-Nicotinamide adenine dinucleotide Merck KGaA N7505
2'-phosphate (B-NADPH)
2.4 BUFFERS AND SOLUTIONS
Table 4: Commercial buffers and solutions
Name Vendor Cat #
10x PCR Buffer S complete Genaxxon bioscience GmbH M3454.0015
2-log DNA ladder (0.1-10.0 kb) New England Biolabs GmbH N3200L
ACK Lysing Buffer Lonza 10-548E
DMEM Biochrom FG0435
dNTP Mix Genaxxon bioscience GmbH M3016.1010
GelRed® Nucleic Acid Gel Stain Biotium, Inc 41003
KAPA SYBR FAST for Merck KGaA KK4610
LightCycler® 480
MEM non-essential amino acids 50x  Merck KGaA M5550-
100ml
Odyssey Blocking Buffer LI-COR, Inc 927-40000
PageRuler™ Plus Prestained Protein Thermo Fisher Scientific 26619
Ladder, 10 to 250 kDa
PBS Merck KGaA D8537-
500ml
Penicillin/Streptomycin 10000ug/ml  Biochrom A2212
Trypan Blue stain 0.4% Thermo Fisher Scientific 15250-061
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Name Composition

10 % Acrylamide resolving gel 3.95 ml H20

for SDS-PAGE 3.33ml Acrylamide (30 %)
2.5 ml Tris lower (ph 8.8)
100 pl SDS (10 %)
100 pl APS (10 %)
4 ul TEMED

;e5| % Acrylamide resolving 575 ml H,0

for SDS-PAGE 3ml Acrylamide (30 %)
3ml Tris lower (ph 8.8)
120 pl SDS (10 %)
120 pl APS (10 %)
12 pl TEMED

5 % Acrylamide stacking gel 3.4 ml H20

for SDS-PAGE 850 pl Acrylamide (30 %)
625 pl Tris upper (ph 6.8)
50 pl SDS (10 %)
50 pul APS (10 %)
5ul TEMED

Culture Medium solvent DMEM
10 % (v/v) FCS
1% (viv) Penicillin/Streptomycin
1% (v/v) MEM non-essential amino acids
1 % (V) HEPES
1% (v/v) Sodium pyruvate
25 mM [-mercaptoethanol

FACS buffer solvent PBS
0.1% BSA

GSH buffer 16 % (v/v) GSH solution A
84 % (viv) GSH solution B
adjust pH to 7.5
8.8 mM EDTA

GSH solution A 100 mM KH2PO4

GSH solution B 100 mM K2HPO4

2x Laemmli buffer 4 % (wiv) SDS
10 % vIv) -mercaptoethanol
20 % (v/v) glycerol
0.004 % (viv) bromophenol blue
125 mM Tris-HCI
adjust pH to 6.8

RIPA buffer 50 mM Tris-HCI
150 mM NaCl
1% (v/v) NP-40

0.5 % (w/v)

Sodium deoxycholate
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0.1 % (wiv) SDS
10x Running buffer 248 mM Tris-Base
1.92 M Glycine
1% (wiv) SDS
Semi-Dry buffer 48 mM Tris
29 mM Glycine
13mM SDS
20 % (viv) MeOH
10x TBS 200 mM Tris-Base
15M NaCl
adjust pH to 7.6
Ix TBST solvent 1x TBS
0.05 % (v/v) Tween-20
Tris lower 15M Tris-Base
0.4 % (wiv) SDS
adjust pH to 8.8
Tris upper 05M Tris-Base
0.4 % (wiv) SDS
adjust pH to 6.8
2.5 ANTIBODIES
Table 6: Antibodies
Target Vendor Cat # Working
Dilution
APC/Cy7 Armenian Hamster 1gG BioLegend, Inc 400927 1:25-
Isotype Control 1:50
APC/Cyanine7 anti-mouse CD11c BioLegend, Inc 117324 1:25-
1:50
FITC anti-mouse CD86 BiolLegend, Inc 105005 1:25-
1:50
FITC anti-rat 1IgG2a Isotype Control  Biolegend, Inc 407505 1:25-
1:50
HO-1 Enzo Life Sciences, ADI-SPA-  1:1000
Inc 896
IRDye 680RD Goat (polyclonal) LI-COR, Inc 926-68071  1:20000
anti-rabbit IgG
IRDye 680RD Goat (polyclonal) LI-COR, Inc 926-68070  1:20000
anti-mouse 1gG
IRDye 800CW Goat (polyclonal) LI-COR, Inc 926-32210  1:15000
anti-mouse 1gG
IRDye 800CW Goat (polyclonal) LI-COR, Inc 926-32211  1:15000
anti-rabbit IgG
Lamin A/C Cell Signaling 4777S 1:1000
Technology, Inc
Nrf2 Santa Cruz sc-722 1:500
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Biotechnology, Inc

PE anti-mouse CD80 BioLegend, Inc 104707 1:25-
1:50
PE Armenian Hamster IgG Isotype  BiolLegend, Inc 400908 1:25-
Control 1:50
pSTAT1 (pY701) BD Biosciences 612232 1:1000
STAT1 BD Biosciences 610119 1:1000
XCT/SLC7A11 Cell Signaling 98051 1:1000
Technology, Inc
a-Tubulin Novus Biologicals NB100-690 1:5000
B-Actin Merck KGaA MAB1501R 1:1000
B-Actin Cell Signaling 4970S 1:1000
Technology, Inc
2.6 KITS
Table 7: Commercial kits
Name Vendor Cat #
Cell Proliferation Kit Il (XTT) Merck KGaA 11465015001
DCFDA Cellular ROS Detection Assay Abcam ab113851
Kit
DuoSet Ancillary Reagent Kit 2 R&D Systems, Inc DYO008
DuoSet ELISA Mouse IL-12p70 R&D Systems, Inc DY419-05
DuoSet ELISA Mouse IL-23 R&D Systems, Inc DY1887-05
iScript™ cDNA Synthesis Kit Bio-Rad Laboratories, Inc 1708890
NE-PER Nucelar and Cytoplasmic Thermo Fisher Scientific ~ 78835
Extraction Reagents
NucleoSpin RNA Plus Kit MACHEREY-NAGEL 740984
GmbH & Co. KG
Pierce BCA Protein Assay Kit Thermo Fisher Scientific 23225
Pierce LDH Cytotoxicity Assay Kit Thermo Fisher Scientific 88954
PrimePCR™ Panel, Oxidative Stress Tier = Bio-Rad Laboratories, Inc 10029234
1 M96
Thioredoxin Reductase (TrxR) Assay Kit ~ Abcam ab83463
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2.7 OLIGONUCLEOTIDES

Table 8: Oligonucleotides

Name Sequence (5" to 3)

ACTB_LC as ACCAGAGGCATACAGGGACA
ACTB_LC s CTAAGGCCAACCGTGAAAAG
Eeflal LC as AGGAGCCCTTTCCCATCTC

Eeflal LC s ACACGTAGATTCCGGCAAGT
GAPDH forward CTCACTCAAGATTGTCAGCAATG
GAPDH reverse GAGGGAGATGCTCAGTGTTGG
GAPDH_as LC 1 GTTGAAGTCGCAGGAGACAAC
GAPDH s LC 1 TGGAGAAACCTGCCAAGTATG
Hmox1_as CTTCCAGGGCCGTGTAGATA
Hmox1_s AGGGTCAGGTGTCCAGAGAA
HPRT_LC as CCTGGTTCATCATCGCTAATC
HPRT _LC s TCCTCCTCAGACCGATTTT

Nrf2_1 as GCTTGTTTTCGGTATTAAGACACTG
Nrf2_1 s GAGCAGGACATGGAGCAAGT
Nrf2_2 as CATGTCCTGCTCTATGCTGCT
Nrf2_2 s CCCATTTGTAGATGACCATGAG
Slc7all_as GAGCATCACCATCGTCAGAG
Slc7all s GATTCATGTCCACAAGCACAC
Sod2_as GTAGTAAGCGTGCTCCCACAC
Sod2_s TGCTCTAATCAGGACCCATTG
Txnl_1 as GAAGTCCACCACGACAAGC

Txnl 1 s TGAAGCTGATCGAGAGCAAG
Txnl_2_as TTCAGAGCATGATTAGGCATATTCAG
Txnl 2 s TGCAGACTGTGAAGTCAAATGCA
Txnrdl_as TTCCAATGGCCAAAAGAAAC

Txnrdl1_s TCTGAAGAAAAAGCCGTAGAGAA
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2.8 FUMET-CORMSs

FUMET-CORMS were kindly provided by Prof. Dr. Schmalz from the
Department of Chemistry at the University of Cologne. Substances were synthesized as
published in Bauer et al [178]. An overview of utilized substances, structural formulas,

cleavage mechanism and released moelcules is shown in Table 9.

Table 9: FUumET-CORMSs

Name Structural Formula Cleavage Released Molecules
O
8 © C)4Fe_:'\«o spontaneous  dimethyl fumarate, CO, iron
(6}
O - - -
rac-5 MeO \)LOMG spontaneous  fumaric acid, CO, iron
O Fe(CO),
O
OJWOMG . monomethyl fumarate, CO, iron,
rac-7a enzymatic
P o cyclohexenone
—-Fe(CO)3
o]
OJ\/\[rOMe : monomethyl fumarate, CO, iron,
rac-7b enzymatic
0 cyclohexenone
D re(CO)
=
O,
rac-8 e enzymatic CO, iron, cyclohexenone
(j—?e(CO)3
T4
X
rac-12 o enzymatic CO, iron, cyclohexenone

e (co)
—re
P 3
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2.9 SOFTWARE

Table 10: Software

Name

Vendor

Adobe Illustrator CS6

BD FACSDiva Software v 6.1.3

Bio-Rad PrimePCR Analysis VV1.0.03001023
Ascent Software Version 2.6

FlowJo V10

GNU Image Manipulation Program 2.10.8
GraphPad Prism 8

Image Studio Lite V3.1.4

Light Cycler 480 SW 1.5.1

Endote X9.2

Odyssey Sa Application Software V1.1.7
Office 2010

gBase +

Adobe

BD Biosciences
Bio-Rad Laboratories, Inc
Thermo Fisher Scientific
FlowJo LLC

The GIMP Team
GraphPad Software
LI-COR, Inc

Roche

Alfasoft GmbH

LI-COR, Inc

Microsoft Corporation
Biogazelle

2.10 LABORATORY ANIMALS

Mice used for this study were bred and held in the animal facilities of the
Eberhard Karls University Tibingen under specific pathogen-free conditions. Mice
were handled in accordance with the ,,Einrichtung fiir Tierschutz, Tierdrztlichen Dienst
und Labortierkunde® and the ,,Regierungspriasidium Tiibingen” (Mitteilung 84 vom
10.08.16). For isolation of bone marrow-derived dendritic cells mice aged 8 weeks and

older were used. All mouse strains and their laboratory names are listed in Table 11.

Table 11: Laboratory animals

Name Laboratory name
C57BL/6J WT

B6-Slc7a11™ xCT.KO
B6.129S-Cybb'™Pin/J GP91.KO




3 METHODS

3.1 ISOLATION OF BMDC

Protocol for isolation of bone marrow-derived dendritic cells was modified from
[249]. On day O mice were euthanized by CO> suffocation. The following steps for
isolation of cells were performed under sterile conditions. The following experimental
steps were performed in a laminar air flow. Incisions were made to expose the muscles
of the hind legs. Afterwards both hind legs were cut off just above the hip joint and
transferred to a sterile petri dish with 1x PBS. The remaining skin and paws were
removed and the bones were freed from muscle tissue by rubbing the muscle off the
bone with a tissue previously sprayed with Descosept. Isolated bones were collected in
a sterile petri dish with 1x PBS. For harvesting of bone marrow bones were put in 80 %
EtOH for a few seconds and afterwards both ends of femurs and tibias were cut off with
a scissor. Bones were then flushed with 1x PBS using a syringe until they appeared
white. The bone marrow suspension was collected in a 50 ml tube and occurring
clusters were resolved by extensive pipetting. Afterwards cells were purified using a
cell strainer and flow through was collected in a fresh 50 ml tube. The cell suspension
was then centrifuged at 480 rcf for 5 min. For lysis of red blood cells the supernatant
was removed and cells were resuspended in 500 pul ACK lysing buffer. Incubation took
place for 2.5-3 min with occasional gentle shaking of the tube. Lysis of red blood cells
was stopped by adding 10 ml of 1x PBS, followed by centrifugation of the cell
suspension at 480 rcf for 5min. Total number of cells was determined using a
hemocytometer. Finally cells were seeded in 10 cm bacterial petri dishes with a density
of ~1.5-2x10° cells/plate in 7 ml DMEM culture medium supplemented with 20 ng/ml
recombinant GM-CSF. Cells were incubated at 37 °C, 7.5 % CO- for 3 days.

On day 3 after isolation of bone marrow-derived stem cells a replenishment with
fresh culture medium was performed. Therefore 7 ml of fresh DMEM culture medium
with 20 pg/ml recombinant GM-CSF were added to the cells. Cells were then incubated
at 37 °C, 7.5 % CO; for another 3 days.
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On day 6 after isolation of bone marrow-derived stem cells 7 ml of medium was
removed from each petri dish and collected in a 50 ml tube. The pooled cell culture
medium from all plates was centrifuged at 480 rcf for 5 min and the supernatant was
discarded. Cells were then resuspended in 7 ml per plate of fresh DMEM culture
medium with 20 pg/ml recombinant GM-CSF and distributed on the original petri
dishes. Cells were then incubated at 37 °C, 7.5 % CO: for another 1-2 days.

On day 7 or 8 after isolation of cells immature dendritic cells could be harvested.
This was done by gently collecting the non-adherent cells from each petri dish in a
50 ml tube. BMDCs are only lightly-adherent, while macrophages are adherent and
can’t be easily detached from the plate. Cell suspension was then centrifuged at 480 rcf
for 5 min and supernatant was discarded. For determination of total cell number cells
were counted in a hemocytometer. For following biological assays cell density was
adjusted as needed with DMEM. For most assays a cell density of 1x10° cells/ml was

used.

3.2 MEASUREMENT OF INTRACELLULAR GSH/GSSG

Subchapters of 3.2 comprise all necessary steps for the detection of intracellular
levels of GSH and GSSG. The protocol was adapted from [250].

3.2.1 BMDC HARVEST AND GSH SAMPLE PREPARATION
For harvesting BMDC after treatment the cells were washed with ice-cold 1x

PBS. Non-adherent cells were collected and washed as well. Non-adherent cells were
then resuspended in 500 ul 1% SSA and the cell suspension was added to the
corresponding wells with the adherent cells. This cell mixture was then incubated on ice
for 30-45 min for cell lysis and protein precipitation. Cells were then detached with a
cell scraper and the suspension was collected in a 1.5 ml tube. For better lysis of cells
subsequently two freeze/thaw were performed. This cell suspension was then
centrifuged at 13 000 rcf for 5 min at 4 °C. Supernatants were transferred to a new 1.5
ml tube and could either be directly used for GSH measurement or they were stored at -
80 °C.
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3.2.2 SAMPLE PREPARATION FOR GSSG MEASUREMENT
Cell pellets from chapter 3.2.1 were resuspended in 500 pl 0.5 M NaOH,

vigorously vortexed and incubated for 30 min at room temperature (RT). Samples could
now be measured directly or stored at 4 °C. To prevent GSH oxidation to GSSG 5 pl
2VP diluted 1:10 in GSH buffer were added to 250 pl cell extract under the hood. After
1 h incubation at RT 15l TEA diluted 1:6 in GSH buffer were added and then

incubated for another 15 min. Samples were now ready for GSSG measurement.

3.2.3 SPECTROMETRIC MEASUREMENT OF SAMPLES
A GSH standard was prepared by diluting GSSG in 1% SSA. For GSSG

measurement a separate standard and blank sample should be used that was treated with
2VVP and TEA as well. Importantly all samples should be kept on ice and DTNB, GR
and B-NADPH solution should additionally be covered in aluminum foil to protect from
light. Spectrometric analysis of samples was performed in a 96 well plate. First, 20 pl of
GSH buffer (blank), standard or sample were pipetted per well. Thereby the
measurements were performed in duplets. Equal volumes of 1.68 uM DTNB in GSH
buffer and 3.33 U/ml GR in GSH buffer were mixed. To allow conversion of GSSG to
GSH 120 pl of this solution was added into each well and incubated for ~30 sec. Finally
60 pl of 800 uM B-NADPH in GSH buffer was added to each well and absorbance was
measured immediately at 412 nm for ten times every 30 seconds.

3.3 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

For the analysis of secreted inflammatory cytokines IL-12p70 and IL-23 cell
culture supernatants were harvested. Therefore supernatants were collected in a 1.5 ml
tube and centrifuged at 480 rcf for 5 min. Cell-free supernatants were then transferred to
a new 1.5 ml tube and were stored at -80 °C until analysis. Detection of cytokines was
performed with commercial kits DuoSet ELISA Mouse IL-12p70, DuoSet ELISA
Mouse IL-23 and DuoSet Ancillary Reagent Kit 2 according to manufacturer’s
instructions. In short, 96 well plates were coated with the respective capture antibody
overnight. Subsequently the plates were washed with wash buffer and blocked with
reagent diluent for 1 h. After another washing step the wells were incubated in duplets
with the undiluted cell culture supernatants for 2 h at RT. After this the plates were

washed again and incubated with the respective detection antibody for 2 h. After
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removal of excess detection antibody, Streptavidin-HRP was added, which binds to the
detection antibody and allows subsequent analysis of cytokine concentrations.

3.4 WESTERN BLOT

3.4.1 PREPARATION OF WHOLE CELL LYSATES
For the preparation of protein lysates from whole cells the treated cell culture

plates were put on ice. The medium was removed and collected in a 15 ml tube to
collect the non-adherent cells as well. The plates were then washed with 1x PBS, which
was collected in the respective 15 ml tubes as well. To harvest the adherent cells ice-
cold the required amount of RIPA buffer with 1x PhosStop and 1x cOmplete protease
inhibitor was added to the plate and cells were scraped with a cell scraper or a sterile
100 pl pipette tip. This lysate was then transferred to a 1.5 ml tube and stored on ice.
Simultaneously to the harvest of adherent cells the suspension containing the
non-adherent cells was centrifuged at 480 rcf for 5 min. The cell pellet was washed with
1x PBS and spun down at 480 rcf for 5 min one more time. Finally these cells were
resuspended in RIPA buffer with 1x PhosStop and 1x cOmplete protease inhibitor and
pooled with the respective suspension containing the adherent cells. Samples could then

be stored at -80 °C or the protein concentration was measured directly.

3.4.2 PREPARATION NUCLEAR AND CYTOPLASMIC LYSATES
For separation of nuclear and cytoplasmic fractions the “NE-PER Nuclear and

Cytoplasmic Extraction Reagents” kit was used, following manufacturer’s instructions.
Briefly, the treated cells were collected in CER | buffer and vortexed vigorously. After
addition of CER Il and repeated vortexing, the sample was centrifuged at 13 000 rcf for
5 min at 4 °C. The supernatant contained the cytoplasmic fraction, and was therefore
transferred to a fresh tube. In order to isolate the nuclear fraction the pellet was
resuspended in ice-cold NER, vortexed several times over a time period of 40 min and
centrifuged at 13 000 rcf for 10 min at 4°C. Once again the supernatant was transferred

to a fresh tube. The cytoplasmic and nuclear lysates were both stored at -80 °C.



WESTERN BLOT 41

3.4.3 MEASUREMENT OF PROTEIN CONCENTRATION
Isolated samples from step 3.4.1 or 3.4.2 were centrifuged at 13 000 rcf for

5min and subsequently stored on ice. Measurement of protein concentrations was
performed with the commercially available “Pierce BCA Protein Assay Kit” from
Thermo Fisher Scientific according to manufacturer’s instructions. In short, samples
were diluted with lysis buffer if necessary and 10 pl of sample, blank or standard were
pipetted per well in a 96 well plate. Then BCA working reagent was added to the
samples and incubated at 37 °C for 30 min to allow color formation with BCA.

Colorimetric detection was performed with a Multiskan EX at 540 nm.

3.4.4 GEL ELECTROPHORESIS
Samples were prepared by adding the appropriate amount of Laemmli buffer to

achieve a final concentration of 1x and subsequently heated for 5 min at 95 °C. To
assemble the Mini-Protean Tetra electrophoresis cell handcast 7.5% or 10 %
polyacrylamide gels were placed into the chamber and filled with 1x running buffer.
Then the required amount of samples and PageRuler™ Plus Prestained Protein Ladder
were loaded onto the gel. Finally SDS-PAGE was performed at 80 V to 120 V until the
dye-front had reached the end of the gel.

3.4.5 WESTERN BLOTTING
Gels were transferred onto an Immobilon-FL Transfer membrane using a Gelco

102B system filled with Semi-Dry buffer. Membranes were first activated for a few
seconds in 100 % MeOH and then stacked between two Whatman papers soaked in
Semi-Dry buffer together with the gel. Transfer was then performed at 100 V, 300 mA
for 2 h. After the transfer membranes were either blocked with Odyssey blocking buffer
for 1 h at RT or with 5 % non-fat dry milk in TBST for 30 min at RT depending on the
antibody. After incubation with primary antibodies (Table 6) over night at 4 °C
membranes were washed three times with 1x TBST, incubated with IRDye secondary
antibodies for 1 h at RT in the dark and washed again three times with TBST.
Membranes were scanned using the Odyssey Sa Infrared Imaging System. Band

intensities were analyzed using Odyssey Sa Application Software.
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3.5 MEASUREMENT OF CELL VIABILITY

3.5.1 TRYPAN BLUE EXCLUSION ASSAY
Harvesting of treated BMDCs was performed by carefully scraping the cells of

the plate with a cell scraper. The cell suspension was then transferred to a 15 ml tube
and centrifuged at 480 rcf for 5 min. Subsequently the cells were resuspended in an
appropriate amount of cell culture medium. For determination of cell numbers harvested
BMDCs were diluted 1:10 in 1:2 trypan blue/1x PBS solution and living and dead cells
were counted using a hemocytometer. Viable cells are not stained by trypan blue, but
dead or dying cells appear blue due to a loss of membrane integrity. Cell viability was

determined by calculation of stained/unstained cell ratios.

3.5.2 XTT AssAY

This assay was performed with the commercially available “Cell Proliferation
Kit II (XTT)” according to manufacturer’s instructions. BMDCs were plated and treated
in a 96 well plate in triplets. After 24 h to 48 h of treatment 50 pl XTT labeling reagent
and 1 pl electron coupling reagent were added per well and incubated for 2.5 h at 37 °C,
7.5% COo. In viable cells the orange formazan dye is formed by cleavage of the
tetrazolium salt XTT which was directly measured at 492 nm in a Multiskan EX ELISA
Reader.

3.5.3 LDH AssAY
Lactate dehydrogenase (LDH) is released into the cell culture media as a

consequence of membrane damage induced by cytotoxicity. To determine the cell
viability the amount of released LDH was measured with the “Pierce LDH Cytotoxicity
Assay Kit”, following manufacturer’s instructions. Briefly, extracellular LDH released
by treated BMDCs was measured by transferring 50 ul of cell culture supernatants onto
a new 96 well plate and adding 50 pl Reaction Mix. After incubation for 30 min at RT
in the dark the chemical reaction catalyzed by LDH was interrupted by adding 50 ul of
Stop Solution. The formazan formed by this reaction was then directly measured at
492 nm in a Multiskan EX ELISA Reader.
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3.6 ANALYSIS OF GENE EXPRESSION

Changes in gene expression can be measured by analyzing RNA transcription.
Therefore RNA was isolated from BMDCs and the corresponding cDNA was
synthesized. Through the utilization of specific primers the desired gene sequences can
be amplified and analyzed via quantitative real-time polymerase chain reaction
(QRT-PCR). The workflow applied for this analysis is described in the following

subchapters.

3.6.1 SAMPLE PREPARATION
For the preparation of RNA samples the treated cell culture plates were put on

ice. BMDCs were gently scraped off the plates using a cell scraper, then cell suspension
was collected in a 15 ml tube and centrifuged at 480 rcf for 5 min. The cell pellet was
then resuspended with 1x PBS, transferred to a 1.5 ml tube and centrifuged once more.
After washing of the cells the supernatant was removed leaving the pellet as dry as
possible. In the end the sample was directly frozen in liquid nitrogen and stored at -
80 °C.

3.6.2 RNA ISOLATION
When working with RNA it is of upmost importance to avoid the introduction of

ribonucleases (RNases) into the sample. Therefore all surfaces were decontaminated
prior to proceeding with the RNA isolation. For this procedure the “NucleoSpin RNA
Plus Kit” was used, following the manufacturer’s protocol. RNA was eluted twice with
40 pl RNase-free H>O. The concentration of isolated RNA was measured diluted 1:16
in RNase-free H20 in a cuvette using a BioPhotometer 6131. Quality of isolated RNA
was checked by calculating the 260 nm/280 nm and 260 nm/230 nm ratios. Thereby the
260/280 ratio should be around ~2.0 and 260/230 ratios should be around 2.0-2.2,
indicating RNA purity. Deviations from these values show the presence of contaminants
in the RNA sample. Next 200 ng of RNA was separated on a 1 % agarose gel using gel
electrophoresis. Here RNA integrity was further assessed by inspecting bands for 28S

and 18S ribosomal RNA, which should be clearly visible.
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3.6.3 SYNTHESIS OF CDNA
In this next step a reverse transcription of isolated RNA to cDNA was performed

using the commercially available “iScript™ cDNA Synthesis Kit”. For that purpose kit
components were thawed on ice and the incubation mix was prepared by adding 4 ul of
5x iScript Reaction Mix and 1 pl iScript Reverse Transcriptase to 16 pl isolated RNA in
RNase-free H.O from step 3.6.2 containing 1 pg of RNA. Reverse transcription was

conducted in a PCR cycler using the program shown in Table 12.

Table 12: Reverse transcription cycling conditions.

Step Temperature [°C] Time
1 25 5 min
2 42 45 min
3 85 5 min
4 4 hold

3.6.4 CONTROL PCR WITH HOUSEKEEPING GENE
To allow quality control of synthesized cDNA from step 3.6.3, a test PCR was

conducted. In order to amplify glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
DNA fragments 1 ul cDNA from step 3.6.3, 2 ul 10x PCR Buffer, 1 ul forward primer
(10 pM), 1 pl reverse primer (10 puM), 0.4 pul dNTPs (10 mM each) and 0.2 pl Taq
DNA polymerase were added and filled up to 20 pl with nuclease-free H:O.
Amplification was performed in a PCR cycler using the conditions listed in Table 13
and afterwards a 1 % agarose gel electrophoresis was carried out. For this, 5 ul of
loading dye was added to the previously synthesized DNA sample and 10 pl of this
mixture were loaded onto the gel. Electrophoresis was performed at 120 V until the dye-
front had reached the end of the gel and visualization was performed under UV-light

using gel documentation E.A.S.Y 442 K and Herolab software.

Table 13: GAPDH test PCR cycling conditions.

Step Temperature [°C] Time Repetitions
1 95 1 min
2 56 1 min 25 cycles
3 72 1 min
4 72 5 min
5 4 hold
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3.6.5 QUANTITATIVE REAL-TIME PCR
One difference of RT-PCR in contrast to PCR is that the amplification of

specific targets can be monitored during the PCR run and not only at the end. To enable
this fluorescent dyes are added to the sample that can intercalate with the synthesized
DNA. Moreover, if a standard is included in the RT-PCR the amplification of the
respective template can be quantified. To determine the copy number of various target
genes 1 pul of cDNA from step 3.6.3 diluted 1:5 in nuclease-free H:Owas added to 5 pl
KAPA SYBR FAST gPCR mix, 1 ul forward primer (10 uM), 1 pl reverse primer
(10 pM) and 2 pl nuclease-free water. As a first step a pre-amplification was performed,
to allow the preparation of a DNA standard and a first quality control of used samples
and primers. For this, a cODNA pool, RNA pool of all samples and a H.O control were
deployed for each primer pair used in the assay. After the RT-PCR was completed
following the protocol seen in Table 14, the cDNA pool was collected and used for the
preparation of a 10 to 10 standard in nuclease-free H-O. The RNA pool and H,0
sample give information about primer and sample quality. After successful pre-
amplification of controls the RT-PCR with respective cDNA samples was conducted in
duplets. For quantification the 103, 10-°, 107" and 10 standard was used for each primer
pair. Additionally a negative control (H.O) and a RNA control were carried out to
ensure PCR specificity. The amplification was conducted following the conditions listed
in Table 14 in a LightCyle 480 II.

Table 14: gqRT-PCR cycling conditions.

Step Temperature [°C] Time Repetitions

1 95 5 min

2 95 10 sec

3 60 10 sec 45 cycles
4 72 10 sec

5 95 10 sec

6 65 1 min

0.06 °C/sec starting at
7 95 65 °C
8 40 hold

3.6.6 PCR ARRAY
In order to screen a large amount of different genes involved in oxidative stress

response a PCR array was performed. Here, the commercially available “PrimePCR™

Panel, Oxidative Stress Tier 1 M96” was used, according to manufacturer’s protocol. In
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short, cDNA samples were prepared as described in steps 3.6.1 - 3.6.4. For
amplification of target sequences 10 ng of synthesized cDNA was added to 10 ul KAPA
SYBR FAST gqPCR mix and added up to 20 pl with nuclease-free H2O. As a final step
20 pl of this master-mix was loaded per well of the 96 well plate, where lyophilized
primers were already present in each well. The plate was loaded in the LightCycle 480
Il instrument and run under the program listed in Table 15.

Table 15: PCR array cycling conditions.

Step Temperature [°C] Time Repetitions
1 95 2 min
2 95 5 sec
3 60 30 sec 40
0.06 °C/sec starting at
4 95 65 °C
5 40 hold

3.7 FLUORESCENCE ACTIVATED CELL SORTING (FACS)

FACS analysis was performed to study the different immune cell populations.
For this, BMDCs were stained for the surface markers CD11c, CD80 and CD86. First,
cells were harvested at the desired time point and 0.5x10° cells were transferred into a
1.5 ml tube per sample. For unstained, isotype and single stain controls a BMDC pool
was collected with cells from each sample. Cells were then washed with 1x PBS,
resuspended in 150 pl PBS with 2 % formaldehyde and incubated for 20 min at RT in
the dark. Then 600 pl FACS buffer were added and the cells were centrifuged at 480 rcf
for 5 min. Cells were resuspended in an appropriate amount of FACS buffer, so that
they could be easily distributed on the different antibody staining samples, e.g. 100 pl
per sample. Once distributed, they were centrifuged again at 480 rcf for 5 min and
resuspended in 20 pl of FACS buffer. For staining 10 ul of the respective fluorophore-
conjugated antibody diluted 1:25 in FACS buffer was added to the cells, incubated for
30 min at 4 °C in the dark and subsequently washed with 200 ul FACS buffer. Finally
cells were resuspended in 500 pl FACS buffer and analyzed using a BD™ LSR 11
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3.8 DETECTION OF ROS

For the analysis of reactive oxygen species a ROS assay was performed. First,
cells were carefully harvested with a cell scraper and collected in a 15 ml tube. Cells
were centrifuged at 480 rcf for 5 min and resuspended in PBS with a cell density of
0.5x10° cells/ml. Per group 1 ml of cell suspension was stained with 2 uM DCFDA
solution in DMSO. After incubation for 30 min at 37 °C in the dark 500 ul PBS were
added and the cell suspension was centrifuged at 480 rcf for 5 min. Cells were then
resuspended in 1 ml DMEM cell culture medium and could be treated with e.g. DMF or
other compounds for the desired time period. Analysis was then directly performed
using a BD™ LSR II without any further washing of the cells.

3.9 ANALYSIS OF THIOREDOXIN REDUCTASE ACTIVITY

For analysis of the enzymatic activity of thioredoxin reductase the commercially
available “Thioredoxin Reductase (TrxR) Assay Kit” was used, following the
manufacturer’s protocol. For this, 7x10° BMDCs were gently harvested using a cell
scraper, homogenized in 300 ul cold assay buffer and centrifuged at 13 000 rcf for
15 min at 4 °C. From the supernatant generated here 50 ul from each sample were used
for TrxR assay. Thereby a TrxR inhibitor was added to one set of samples and another
set was measured without the inhibitor to analyze background enzyme activity. The
reaction mixture was composed of 50 pl of sample with or without 10 pl TrxR inhibitor,
30 pl Assay Buffer, 8 ul DTNB solution and 2 ul NADPH solution. Additionally a TNB
standard curve was created. The plate was measured as fast as possible using a

Multiskan EX at 405 nm and a second time after 20 min incubation at RT in the dark.

3.10 STATISTICAL ANALYSIS

Unless otherwise stated, the data were reported as mean with standard deviation
(SD). Statistical analysis of the data was performed using a one-way or two-way
ANOVA with Tukey post-hoc test to compare between three or more treatment groups.

In the case of only two treatment groups, an unpaired Student's t test was carried out. P
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values of <0.05 were considered significantly different. P values were marked with
stars according to the following criteria: *, p = <0.05; **, p =<0.01; ***, p =<0.001;
**** p=<0.0001. If not otherwise indicated in the graph, the p values refer to the

corresponding DMSO control.
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4.1 DMF-MEDIATED ANTI-INFLAMMATORY EFFECTS IN
WILDTYPE BMDCs

In this initial chapter, the anti-inflammatory effects of DMF treatment will be
assessed. These were previously substantiated by an oxidative stress-mediated induction
of type Il dendritic cells, which in turn trigger a Tn2 response [137]. As a first step, the
stability of the system was therefore verified in order to provide a basis for further work

in this thesis.

For all experiments carried out in this thesis, bone marrow-derived dendritic
cells were used as a cell system in order to more accurately decipher the mechanisms of
action as well as the effectiveness of DMF or CO treatment. To this end, dendritic cells
were isolated from the bone marrow of wildtype C57BL/6 mice. The protocol used for
this is shown in Figure 8A and will be briefly explained in the following. After isolation
of the cells from the femurs of mice, they were cultivated in a special differentiation
medium for seven days. During this time, fresh medium was administered to the cells
on both day three and day six. After differentiation for seven days, the non-adherent
cells were carefully harvested and analyzed for purity by flow cytometry. This
procedure yielded an average of 81.2 % pure cell population being positive for the DC
marker CD11c. Furthermore, the harvested cells were predominantly immature DCs, as

only 13.8 % were also positive for the activation marker CD86 (Figure 8B).

After successful characterization of the harvested BMDCs these cells were
treated with DMF for 4 h and effects on redox homeostasis were monitored. The first
step was the analysis of intracellular glutathione, the cells most abundant non-enzymatic
ROS scavenger. Here a significant decrease from 29.5 uM in DMSO-treated cells to
6.2 uM after incubation with DMF could be observed after 4 hours. Through additional
incubation with the antioxidant NAC this inhibition of GSH was completely reversed
(Figure 9A).
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Figure 8: Isolation of DCs from
bone marrow of mice.
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Similar effects on redox homeostasis could be observed in the analysis of
intracellular ROS levels. For this purpose, BMDCs were treated with DMF for 4 h and
then the formation of reactive oxygen species was analyzed by staining with DCFDA,
showing that DMF treatment leads to an increase in ROS and thus to the induction of
oxidative stress. Also in this case the DMF-mediated effect can be completely prevented

by co-incubation with the antioxidant NAC (Figure 9B).
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Figure 9: DMF treatment induces oxidative stress in wildtype BMDCs.

(A) BMDCs were treated with DMSO, 70 uM DMF or 1 mM NAC for 4 h and GSH content was
analyzed by a spectrometric assay (n=5; ANOVA with Tukey post-hoc test). (B) Furthermore harvested
DCs were incubated with DMSO, 70 uM DMF or 1 mM NAC for 4 h and intracellular ROS levels were
determined by staining with 2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA). DMSO-treated
control, open; treatment groups, filled (n=3).

It was previously shown by Ghoreschi et al. that two crucial pathways,
modulated during DMF treatment, are the STAT1 and the HO-1 pathway [137].
Therefore, their signal transduction was investigated on the protein level to confirm the
effects in own experiments. For this purpose, immature BMDCs were first pretreated
with DMF and NAC and then STAT1 phosphorylation was investigated over a time
span of 1 h after additional LPS supplementation. The samples were harvested at 0, 15,
30 and 60 minutes after LPS stimulation and analyzed by Western blot. In the case of
LPS stimulation alone without prior DMF or NAC treatment, there was a time-
dependent increase in STAT1 phosphorylation, with the strongest signal after 60 min.
Overall levels of unphosphorylated STAT1 remained constant (Figure 10A). Thus, it is
not a regulation of the STAT1 basal levels, but rather an increase in this protein's
phosphorylation. This LPS-mediated induction could be inhibited by DMF treatment. In
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protein lysates of cells incubated with DMF, the levels of pPSTAT1 remained unchanged
over the period of 60 min. However, in accordance with the previously obtained data on
redox homeostasis, this DMF-mediated effect was reversed by co-treatment with NAC.
Thus, in cells treated with DMF and NAC, the pSTAT1 levels increased once again
(Figure 10A).
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Figure 10: DMF modulates the HO-1 and STATL signaling pathway.

(A and B) For monitoring of protein expression DCs were pretreated with DMSO, 70 uM DMF or 70 uM
DMF + 1 mM NAC for 1 h and then stimulated with 1 pg/ml LPS for the indicated time periods. Cell
lysates were harvested and analyzed for STAT1 and pSTATL1 levels (A) and HO-1 expression (B) by
Western blot. Representative Western blots are shown (n=3). (C) BMDCs were pre-incubated with
DMSO, 70 uM DMF or 70uM DMF + 1 mM NAC for 1 h and then stimulated with 1 pg/ml LPS for
24 h. Cell culture supernatants were harvested and 1L-12p70 and IL-23 levels were determined by ELISA
(n=4; ANOVA with Tukey post-hoc test).

HO-1 signal transduction was investigated as the second central signaling
pathway for DMF treatment. After treatment with DMF, induction of the protein

occurred. In addition, the protein was translocated into the cell nucleus, where it can act
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as a transcription factor. This effect was observed at both time points investigated,
namely after 2 h and 5 h (Figure 10B).

The inflammatory cytokines IL-12p70 and 1L-23 were identified as downstream
targets of the STAT1 and HO-1 signaling pathway by Ghoreschi et al. [137]. Also, in
own experiments, a modulation of the secreted cytokine levels by incubation with DMF
could be detected. After treatment for 24 h, both IL-12p70 and IL-23 were strongly
inhibited. Again, this effect could be prevented by the addition of NAC, whereby high
cytokine concentrations were detected in the supernatants of the equivalently treated
cells (Figure 10C).

These experiments show that the effects of DMF treatment found by Ghoreschi
et al. represent a robust system. The modulations of intracellular GSH levels, as well as
STAT1 and HO-1 signaling pathways, could be reproduced in these own experiments.
Thus, the induction of type Il dendritic cells, with low levels of proinflammatory
cytokines IL-12p70 and IL-23, could be verified by treatment with DMF. This provides
a solid basis to gain a more detailed insight into the mechanisms of action of the

fumarate in the further course of this thesis.

4.2 FUMET-CORMS AS POWERFUL ANTI-INFLAMMATORY
AGENTS

As already described in chapter 1.3.4, the role of carbon monoxide as an anti-
inflammatory modulator has gained increasing acceptance in recent years. In a
collaboration project with the Institute for Organic Chemistry in Cologne, it was
possible to obtain novel CO-releasing substances. These molecules released not only
CO but also various fumaric acid esters. The project's objective was to obtain a
characterization of the biological effects of these CORMSs and investigate whether the
anti-inflammatory properties of CO and FAEs can complement or even enhance each

other. Parts of this work have already been published in a peer-reviewed journal [178].



54 RESULTS

4.2.1 INDUCTION OF TYPE |l DENDRITIC CELLS BY FUMET-CORMS

An overview of the four different substances used is shown in Figure 6 and
Table 9. Generally, these substances can be categorized into two different classes.
Firstly, classical CORMSs, namely substance 8 and rac-5, were used. In aqueous
solution, these substances would already release CO and additionally fumaric acid or
dimethyl fumarate, respectively. The second group used was the so-called
FUmET-CORMs. They are represented by the molecules rac-7a and rac-7b. These
substances are enzyme-triggered CORMSs because they require transport into the cell to
be cleaved by esterases, followed by release of CO and monomethyl fumarate directly

into the cytoplasm.
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Figure 11: Analysis of CORM toxicity on BMDCs.

(A) Harvested BMDCs were treated with DMSO, 1 pg/ml LPS and the indicated concentrations of
CORMs for 24 h. Cells were then harvested and counted with a Neubauer chamber. Live/death
discrimination of cells was assessed by trypan blue staining. Shown is the percentage of living cells in
each group (n=3). Calculated LDs values are depicted in (B).Figure modified from [178].

As a first step before general use of these substances in BMDCs, a toxicity
assessment was carried out to determine the concentration up to which they can be used
in vitro. For this purpose, BMDCs were incubated with the CORMSs and LPS for 24 h
and then a trypan blue exclusion assay was performed. Cells that appeared blue due to
the loss of membrane integrity were classified as not viable. It was found that the
substances 8 and rac-5 showed no cytotoxicity at the tested concentrations up to

100 pM (Figure 11). In contrast, the use of the FUMET-CORMSs rac-7a and rac-7b leads
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to the rapid death of cells with an LDsg value of 35.96 uM and 39.12 pM, respectively
(Figure 11). However, at the applied concentration of 25 uM of each FUmET-CORM,
the molecules show an acceptable toxicity profile with only a few dead cells after 24 h.
Because of this, the FUmMET-CORMSs were used in all following experiments at a
maximum of 25 uM. However, for the substances 8 and rac-5, a higher concentration of
up to 75 uM was chosen, since no toxicity could be observed with these molecules. This
also allows better comparability with the positive control DMF concentration of 70 uM,

which is often published and was also chosen for own experiments.

To test the efficacy of the substances, their impact on the levels of inflammatory
cytokines was first investigated. After 24 h stimulation with LPS, the BMDCs had a
basal level of 478.08 pg/ml of IL-12p70 and 216.08 pg/ml of IL-23, which was
significantly reduced by incubation with just 25 uM DMF (Figure 12). However, it
should be noted that treatment with both FUMET-CORMSs also resulted in a strong
reduction of 1L-12p70 and IL-23 levels. This inhibition was even more pronounced than
by DMF treatment with an equivalent concentration alone. There was a significant
difference between the DMF treatment and the one using FUMET-CORMs. Thereby the
IL-12p70 levels for rac-7a and rac-7b were decreased to only 21.89 and 20.08 pg/ml,
respectively. For IL-23 the concentrations were 29.33 pg/ml for rac-7a and 32.32 pg/mi
for rac-7b (Figure 12). With both CORMs 8 and rac-5, which already release CO and
fumaric acid in the cell culture medium, no or only a poor inhibition of the cytokines
could be detected. Despite their use at a higher concentration of 75 uM, these CORMSs
proved to be not particularly effective. Therefore, further investigations focused on the

two FUmMET-CORMs rac-7a and rac-7b, which turned out to be promising compounds.
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In order to obtain a more detailed understanding of the underlying mechanisms, the
HO-1 and STATL1 signaling pathways were also analyzed in this system (Figure 13-
Figure 14). As it is already known that HO-1 plays a central role in CO signaling and is
also up-regulated by DMF, the expression levels of this protein were first investigated at
the protein level. As already observed in Figure 10, HO-1 was induced after treatment
with 70 uM DMF. Treatment with all four CO-releasing substances resulted in an
upregulation of the protein as well. This was most noticeable for the molecule rac-7b,
even if it was used at a significantly lower concentration than DMF, namely 25 uM
(Figure 13).

Next, the ability of FUmET-CORMs to inhibit phosphorylation of STAT1 was
investigated. BMDCs were treated with the different substances in increasing
concentrations and then stimulated with LPS for 1 h. The inhibition of pSTAT1 was
observed for DMF as well as for rac-7a and rac-7b (Figure 14). Similar to the previous

experimental results, this inhibition occurred at significantly lower concentrations of
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FumET-CORMSs compared to DMF treatment alone. Figure 14A shows that the use of
25 UM DMF resulted in only a weak decline of the pSTATL1 levels, whereas 25 uM

rac-7a and rac-7b resulted in the detection of only a weak signal in the Western blot.
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Figure 13: FUmET-CORM treatment induces HO-1.

(A) For monitoring of protein expression DCs were pretreated with DMSO or the indicated
concentrations of DMF or CORMs for 1 h and then stimulated with 1 pug/ml LPS. Cell lysates were
prepared after 2 h and analyzed for HO-1 expression by Western blot. B-Actin was used as loading
control. A representative Western blot is depicted (n=4). (B) Densiometric quantification of the
HO-1/B-actin ratio is shown in percent of DMSO control (n=4; ANOVA with Tukey post-hoc test).
Figure modified from [178].
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Figure 14: Inhibition of STAT1 phosphorylation by FUmMET-CORMs.

(A) Harvested BMDCs were pre-incubated with DMSO or with the indicated concentrations of DMF or
CORMs for 1 h and subsequently stimulated with 1 pg/ml LPS for 2 h. Cell lysates were analyzed for
pSTAT1 and STAT1 levels and B-actin served as loading control. A representative Western blot is shown
(n=4). (B) Densiometric quantification of the pSTAT1/STAT1 ratio is shown in percent of DMSO control
(n=4; ANOVA with Tukey post-hoc test). Figure modified from [178].

Next, we investigated whether these FUMET-CORM-mediated effects can be
reversed by additional incubation with the antioxidant NAC similar to DMF treatment,
thus suggesting a ROS-mediated mechanism. For this purpose, the STAT1 and HO-1
signaling pathways were examined once again at the protein level using Western blot. It
was found that after DMF and FUmET-CORM treatment, there was an increase in HO-1
in the BMDCs (Figure 15A). Again, the induction of the protein by FUmET-CORMs
was stronger than by DMF treatment with a higher concentration. Coincubation with
NAC produced a weaker induction of HO-1, although the levels did not completely
return to baseline. Especially for rac-7a, hardly any effects could be observed by NAC
(Figure 15A). Similarly, when looking at pSTATL levels, the effects described above
could be reproduced by DMF and FUmET-CORMs. Both fumarate and the molecules
rac-7a and rac-7b mediated a potent inhibition of STATL1 phosphorylation, while the
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STAT1 ground levels remained unchanged. Simultaneous incubation with NAC
resulted in a renewed increase of pSTAT1 after LPS stimulation (Figure 15B). Again,

this effect was only weak for the substance rac-7a.
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Figure 15: Effects of CORMSs and anti-oxidant treatment on signaling pathways.

BMDCs were pretreated for 1 h with DMSO, 70 uM DMF, 1 mM NAC, 25 uM FumET-CORMSs or a
combination thereof. Afterwards cells were stimulated with 1 pg/ml LPS and cell lysates were harvested
after 2 h. Protein levels of HO-1 (A) or pSTAT1 and STATL1 (B) were analyzed by Western blotting,
whereas B-actin served as loading control. Representative Western blots are shown (n=2).

Subsequently, we investigated the downstream regulated cytokines. The
suppression of 1L-12p70 and IL-23 inhibition by both FUmMET-CORMs was reversed by
coincubation with NAC (Figure 16). While NAC did not normalize the HO-1 and
pSTATL levels for rac-7a in Western blots, cytokine production showed a reversion
comparable to DMF and rac-7b treated cells. In contradiction to the ELISA in Figure
12, the detected cytokine levels after DMF treatment were lower than after incubation
with FUmET-CORM. However, this can be explained by the concentrations applied. In
Figure 12, a concentration of 25 uM DMF was used to allow a direct comparison of the
efficacy with FUmET-CORMs. In this ELISA, DMF was only used as a positive control
with a concentration of 70 uM, which subsequently led to a stronger cytokine inhibition.
In addition, the control substances rac-8 and rac-12 were used, which are not coupled to
monomethyl fumarate and therefore release only CO and no fumaric acid ester into the
cytoplasm of the cells. Thereby rac-8 served as a control for rac-7a and rac-12 was the
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control substance for rac-7b. No significant cytokine inhibition could be determined for

substances rac-8 and rac-12 (Figure 16).
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Figure 16: NAC treatment reverses inflammatory cytokine inhibition by FUmMET-CORMs.
Harvested immature DCs were stimulated with 1 pg/ml LPS after pre-incubation with DMSO, 70 pM
DMF, 1 mM NAC, 25 uM CORMs or a combination thereof for 1h. Cell lysates were collected after 24 h
of stimulation and analyzed for IL-12p70 (A) and I1L-23 (B) levels by ELISA (n=2).

In summary, the FUMET-CORMSs rac-7a and rac-7b represent molecules with
potent anti-inflammatory properties. Both were able to effectively induce a DC type Il
immune response with low levels of proinflammatory cytokines IL-12p70 and IL-23.
Furthermore, they showed improved efficacy compared to DMF treatment alone, as the
same benefits occurred at significantly lower concentrations. On the other hand, the
non-enzyme-activated substances 8 and rac-5 did not show considerable anti-
inflammatory properties and were not able to influence the investigated signaling

pathways in a similar manner to the FUMET-CORMSs rac-7a and rac-7b or DMF.
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4.2.2 MODULATION OF REDOX HOMEOSTASIS BY FUMET-CORMS

As a reversal of the effects from the addition of the antioxidant NAC was
monitored in previous experiments, a modulation of the redox homeostasis by the

FumET-CORMs was investigated in the following subchapter.
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As already known from previous studies and also shown in own work, the use of
DMF leads to a decrease of intracellular GSH levels (Figure 9A) [137]. Since the
substances 8, rac-5, rac-7a and rac-7b also release a fumaric acid ester in addition to
CO, their influence on detectable GSH levels was analyzed in the following section. For
this purpose, immature BMDCs were treated with increasing DMF concentrations as a
positive control or with the different CO-releasing substances. After 4 h of incubation,
intracellular glutathione was detected using a spectrometric assay. However, for none of
the tested CORMSs, a regulation of GSH levels could be determined (Figure 17). Only in
two replicates of the rac-7b treated cells, there was a drop in the measured
concentration. However, it should be noted that due to their toxicity, the compounds
rac-7a and rac-7b were only used at 25 puM. If one examines the levels for the
comparable DMF treatment at 25 pM, no regulation could be observed here either. Only
when 70 uM DMF was applied, significant inhibition of the ROS scavenger was
observed. Thus, a lack of regulation of the GSH levels is possibly due to the low
concentrations administered. However, as described in the previous chapter, these are
still sufficient to achieve a modulation of the STAT1 and HO-1 signaling pathways and

their downstream cytokines (Figure 12-Figure 14). This is achieved despite the lack of
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GSH inhibition. Such inhibition was also not detectable for the CORMSs 8 and rac-5
(Figure 17). In the case of these substances, however, there was no subsequent
suppression of 1L-12p70 or IL-23, as observed for the FUmMET-CORMs (Figure 12-
Figure 14).

The next step was to investigate whether the induction of ROS in BMDCs
occurs despite the lack of glutathione level modulation. For this purpose, cells were
treated with 70 uM DMF as a positive control or the FUMET-CORMS once more. In
addition, the previously mentioned control substances rac-8 and rac-12 were used,
which only release CO and no fumaric acid ester into the cytoplasm of the cells. Also, a
coincubation with NAC was performed for all samples. It could be observed that, as
expected, incubation with DMF led to an increase in intracellular ROS levels. The
addition of NAC could entirely reverse the increase in ROS. Despite a lack of
adjustment of glutathione levels, the treatment with rac-7a and rac-7b also led to an
increase of ROS. This induction was even more robust than the one observed during
DMF treatment. Thereby the highest increase was observed for rac-7b. Additional
incubation with NAC resulted in a partial decline of reactive oxygen species, but they
could not be returned to the baseline level. In addition, the control substances, which
only release CO, also showed comparable effects on ROS induction (Figure 18). This
suggests that the observed modulations are not fumaric acid-specific effects. Instead, the
release of CO already leads to an induction of oxidative stress.
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Figure 18: Strong induction of reactive oxygen species in FUmMET-CORM-treated DCs.

Immature DCs were incubated with DMSO, 70 uM DMF, 1 mM NAC, 25 puM CORMs or a combination
thereof for 4h and intracellular ROS levels were determined by staining with 2',7'-
dichlorodihydrofluorescein diacetate (H,DCFDA). Representative histograms are shown in (A) (n=2).
DMSO-treated control, open; treatment groups, filled. (B) Quantitative analysis of geometric means as
fold induction compared to DMSO control.

These results showed that the FUmMET-CORM had divergent effects on redox
homeostasis of the treated BMDCs. On the one hand, treatment with these substances
does not lead to any regulation of intracellular glutathione, one of the most important
ROS scavengers in the cell (Figure 17). On the other hand, there still is a massive

induction of oxidative stress, which can be observed by the increase in ROS (Figure
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18). In the following chapter, a more detailed look is taken at the mechanistic principles
of treatment with especially fumaric acid esters, which are also released by the

FumET-CORMSs, and the influence of oxidative stress involved.

4.3 EFFECTS OF ENDOGENOUS ROS STRESS ON DENDRITIC
CELL DIFFERENTIATION

In the following chapters, the mechanistic background of DMF treatment should
be examined more closely. In particular, the role of glutathione and reactive oxygen
species for effective treatment with fumarate was examined. The exact mechanism of
action of FAEs is not yet known as they induce varying effects in different cell types
(Figure 3). However, a central point is an immune deviation from an inflammatory
Tnhl/Tnl7 response towards the induction of T2 cells [136, 137]. This is accomplished
by the differentiation of anti-inflammatory type Il DCs, as described in the previous
chapters. In this context, the DMF-mediated inhibition of glutathione and the resulting
accumulation of ROS have been discussed as important mechanisms [137].
Consequently, the central relevance of redox homeostasis for an effective DMF

treatment should now be assessed.

4.3.1 CHARACTERIZATION OF CYSTINE/GLUTAMATE  ANTIPORTER
KNOCKOUT CELLS

To investigate the influence of glutathione deficiency on DC differentiation
without obtaining further off-target effects from DMF, cells of a cystine/glutamate
antiporter knockout mouse model were used for the following experiments. This xCT
antiporter is usually responsible for transporting cystine into the cell in exchange for
glutamate. If the cells lack this antiporter, an intracellular deficiency of cystine occurs,
which in the further course is essential for the synthesis of glutathione. Therefore, cells
of these mice should not be able to produce GSH (Figure 19). However, it should be
noted that it has already been shown for in vitro experiments that it is essential to

cultivate KO cells without -mercaptoethanol (2ME) in the medium. In the presence of
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this 2ME, cystine can otherwise enter the cell in the form of a mixed disulfide via other

amino acid transporters and thus render the knockout ineffective [251].
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Figure 19: Postulated effects of cystine/glutamate antiporter knockout on intracellular GSH levels.
Genetic knockout of the cystine/glutamate antiporter (XCT) results in an impaired transport of cystine into
the cell. As cystine is an essential molecule for glutathione (GSH) synthesis, this leads to diminished
intracellular glutathione levels.

However, this posed problems for the cultivation of the BMDCs used in the
experiments, as without 2ME, no effective isolation of these cells was achieved. Figure
20A shows the effectiveness of BMDC isolation by calculation of an isolation rate. For
this purpose, the cell count of the immature BMDCs harvested on day seven was
correlated to the stem cells isolated and plated from the bone marrow on day zero. In the
case of the cultivation of KO cells without 2ME, only a very low isolation rate was
obtained (Figure 20A). Most of the cells had previously died during the seven days of

differentiation.
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Figure 20: Generation of BMDCs from xCT knockout mice requires B-mercaptoethanol.

(A) Cells were isolated from bone marrow of WT and XCT.KO mice and cultivated in differentiation
medium with or without 2ME. After 7 days immature BMDCs were harvested and cell count was
determined. Depicted is the ratio of harvested cells on day 7 divided by the seeded cells on day of
isolation. (B and C) Harvested BMDCs were stained for CD11lc and analyzed by flow cytometry.
Representative dot plots (B) and quantitative analysis (C) are shown. (n=4; ANOVA with Tukey post-hoc

test)

In a subsequent step, these isolated cells were tested for the DC marker CD11c
to check the population’s purity. For both WT cells and KO cells cultivated with 2ME,
the purity was approximately 67 %. In contrast, the few harvested cells of the KO
culture without 2ME were only 14.33 % CD11c positive (Figure 20B-C). Consequently,
the differentiation of BMDCs after isolation from bone marrow was performed under
culture conditions with 2ME. After harvesting the cells on day 7, the medium was
changed to one without B-mercaptoethanol. This compromise allowed the efficient
isolation of BMDCs as well as the analysis of antiporter loss in the later course of the

experiments.
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Figure 21: Verification of xCT knockout in BMDCs.

(A) Harvested WT and xCT.KO BMDCs were pretreated with DMSO or 70 uM DMF for 1 h and
subsequently stimulated with 1 pg/ml LPS. After 2 h RNA samples were isolated and mRNA expression
was analyzed by quantitative RT-PCR. Slc7all expression was normalized to 8-actin, HRPT, Eeflal and
GAPDH housekeeping gene expression (n=3; ANOVA with Tukey post-hoc test). (B and C) Protein
expression of the xCT antiporter was determined by treating BMDCs with DMSO or 1 pg/ml LPS. Cell
lysates were harvested after 2 h of incubation and analyzed for xCT. As loading control a-tubulin was
used. A representative Western blot (B) and densiometric quantification (C) are shown (n=2).

Before using XCT knockout BMDCs in the experimental work to elucidate the
role of oxidative stress on DC differentiation, their genetic characterization was
conducted. The first step was to investigate whether the knockout can be detected at the
RNA level. For this purpose, expression of Slc7all, the gene coding for the
cystine/glutamate antiporter was analyzed. BMDCs were treated with DMF and
additionally stimulated with LPS. After 2 hours, the RNA samples were harvested. The
treatment with LPS resulted in an induction of Slc7all expression in wildtype cells,
which could be further increased by treatment with DMF. In contrast, none of the
knockout lysates showed any antiporter expression (Figure 21A). As a next step the
knockout was verified on the protein level via analysis of XCT expression by Western
blot. Also, at the protein level, wildtype BMDCs showed a clear signal, whereas, in the

knockout cells, no band was visible in the Western blot (Figure 21B). Thus, the
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knockout could be detected on both protein and RNA levels, allowing the use of
XCT.KO mice BMDCs for further experiments.

4.3.2 DIFFERENTIAL REGULATION OF REDOX HOMEOSTASIS AFTER XCT
KNOCKOUT

The next step was the analysis of a possible imbalance of redox homeostasis in
the cells of xCT.KO mice. Since no glutathione should be produced due to the loss of
the antiporter, the first step was the detection of the ROS scavengers in various organs
from said animals. On the one hand, organs were selected for which high expression of
XCT was known in the respective murine tissue, such as thymus, spleen and brain.
However, the liver, lung, heart and kidney, for which only low expression of the
antiporter was described, were selected as controls [252]. In addition, bone marrow
stem cells were analyzed directly after isolation without prior differentiation into
dendritic cells for one week. In these ex vivo analyses, no difference in GSH
concentrations of organs and cells was found between wildtype and knockout mice
(Figure 22). Despite the previously successfully demonstrated loss of the antiporter
(Figure 21), normal levels of glutathione were formed in all organs investigated.
Apparently, compensatory mechanisms seem to exist in vivo to transport cystine into the

cell even without the antiporter.

However, a different picture emerges when looking at the in vitro analyses.
Again immature BMDCs were used. Due to the problems described in chapter 4.3.1,
these cells were only subjected to a medium change after being harvested. Cultivation
without 2ME was performed for 8 h and 24 h. However, DMF-mediated inhibition of
intracellular glutathione occurs quickly after treatment, with a maximum effect after
about 3 h. Therefore, this time point of DMF treatment was chosen as a positive control
in the wildtype cells. It can be seen that the cultivation of wildtype cells without 2ME
did not affect GSH levels. Knockout cells, which were kept in the presence of 2ME,
showed similar scavenger concentrations as wildtype BMDCs. However, when these
XCT.KO BMDCs were cultivated in the absence of 2ME, the intracellular GSH
concentration was severely diminished after only 8 hours. The effect was even more
pronounced after 24 hours when almost no GSH could be detected (Figure 23A). The
delayed time kinetics of this inhibition can be explained by the fact that the scavenger is
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not actively inactivated as in the case of DMF treatment. Here the decrease is due to the

effect that no new glutathione can be synthesized after the medium change.
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Figure 22: No modulation of GSH levels by xCT knockout ex vivo.
WT and KO mice were sacrificed and the indicated organs were removed and weighed. Intracellular GSH
levels were directly analyzed and normalized to organ weight, or in the case of bmSC to ug of isolated

protein. LN, lymph node; bmSC, bone marrow-derived stem cells. (n=5; thymus n=2)

Since there was a significant decrease in GSH levels in the knockout cells, it

should now be evaluated whether this causes further implications for redox

homeostasis. Therefore intracellular ROS levels were detected 24 h after a medium
change without 2ME. It was found that only xCT.KO BMDCs, which had been

cultivated without 2ME, showed an increase in ROS. In contrast, both wildtype groups

and the knockout cells with 2ME show a comparably low level of ROS (Figure 23B).
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Figure 23: Modulation of redox homeostasis in xCT knockout cells.

(A) Harvested BMDCs were cultured in medium with or without 2ME for 8 h and 24 h. As a positive
control WT cells were treated with 70 uM DMF for 3 h. GSH content was analyzed by a spectrometric
assay (n=3; ANOVA with Tukey post-hoc test). (B) Immature DCs from WT or KO mice were cultured
in medium with or without 2ME for 24 h and intracellular ROS levels were assessed by staining with
2’ 7'-dichlorodihydrofluorescein diacetate (H,DCFDA). Representative histograms (left) and geometric
means as fold induction of +2ME control (right) are shown (n=3; unpaired Student's t test).

Thus, it could be shown that the genetic loss of the cystine-glutamate antiporter
reproduces the DMF-mediated effects on redox homeostasis. An inhibition of
intracellular GSH occurred, with the simultaneous induction of reactive oxygen species.
Thus it is now possible to investigate the effects of oxidative stress on DC

differentiation without further side effects caused by DMF treatment.
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4.3.3 EFFECTS OoF XCT KNOCKOUT  ON DENDRITIC CELL
DIFFERENTIATION

Based on the previously obtained data, the treatment protocol was adjusted, as
depicted in Figure 24A. After isolation of stem cells from the bone marrow of both
wildtype and xCT knockout mice, they were grown in medium with 2ME. Seven days
later, the harvest of the immature dendritic cells was performed as usual. These cells
were subjected to a medium change and plated out on cell culture plates according to
the respective groups in medium with or without 2ME. After 24 h, a possible
pretreatment with DMF or NAC for 1 h was applied, as after this time, the inhibition of
GSH in the knockout cells was at its highest. Finally, the cells were stimulated with

LPS, the duration of which depended on the particular assay performed.

Since the stem cells died after isolation from the bone marrow when cultivated
in medium without 2ME, the first step was to analyze whether this was also the case for
the immature BMDCs harvested at a later stage. However, using the above protocol,
neither wildtype nor xCT knockout cells showed signs of toxicity after 24 h incubation
with LPS (Figure 24B). Since the majority of BMDCs were viable after this time

period, this treatment regimen could be further pursued.

As in the subproject of FUMET-CORM characterization, the analysis of the
HO-1 and STAT1 signaling pathways was used to gain a more detailed understanding
of the underlying mechanisms. Using Western blotting, it could be shown that both a
strong induction of HO-1 and an inhibition of STAT1 phosphorylation after DMF
treatment were achieved in wildtype cells (Figure 25). Knockout BMDCs cultivated
with 2ME exhibited similar basal levels of these proteins as wildtype cells. This was
expected as the presence of 2ME allows cystine to enter the cell without the antiporter
and thus, the cells maintain normal glutathione levels, as shown above (Figure 23A).
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Figure 24: Treatment regimen of wildtype and XCT knockout BMDCs.

(A) The treatment regimen used for the succeeding experiments is shown. Immature DCs were generated
as described previously (Figure 8). The cells were harvested on day 7 after isolation and plated onto
suitable cell culture dishes with a concentration of 1x10° cells/ml. One day later the medium was
exchanged to medium with or without 2ME. After additional 24 h incubation the cells were stimulated
with LPS for a period of 1-24 h depending on the desired assay. (B) BMDCs treated as described above
were analyzed for cell viability by trypan blue assay after 24 h of culture in medium with or without 2ME
(n=4).

The hypothesis was that XxCT knockout BMDCs cultivated without 2ME should
experience modulations similar to those observed in fumarate treatment if these DMF-
mediated effects are attributable to inhibition of GSH. However, it turned out that the
depletion of GSH in these knockout cells is insufficient to affect the signaling pathways.
Instead, xCT.KO BMDC without 2ME showed comparable protein levels of HO-1 or
STAT1 compared to the direct control group of knockout cells with 2ME, as well as to
wildtype cells. The additional incubation of the knockout cells with the antioxidant
NAC did not result in significant effects either (Figure 25).
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Figure 25: Effects of XxCT knockout on HO-1 and STAT1 signaling pathways.

For monitoring of protein expression BMDCs were cultured as described in Figure 24. After 24 h of
culture in medium with or without 2ME cells were pretreated with DMSO, 70 uM DMF or 1 mM NAC
for 1 h and then stimulated with 1 pg/ml LPS for 2 h. Cell lysates were prepared and analyzed for HO-1
(A) or STAT1 and pSTAT1 (B) expression, whereas B-actin served as loading control. Representative
Western blots and densiometric quantification are shown (n=3).

Next, it should be evaluated whether an additional DMF treatment can induce
changes in the signaling cascades despite the already existing GSH depletion in the
knockout cells. Regarding the HO-1 expression, a marked induction of the protein was
visible after 2 h treatment with DMF. This was evident for both treatment groups of the
wildtype cells as well as for the knockout BMDCs (Figure 26). However, it was also
demonstrated once more that depletion of GSH alone was not sufficient to induce HO-1

since no regulation was visible between the knockout cells with and without 2ME.
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Figure 26: HO-1 induction is not influenced by genetic loss of xCT antiporter alone.

After 24 h of BMDCs culture with or without 2ME cells were pre-incubated with DMSO, 70 uM DMF,
1 mM NAC or a combination thereof for 1 h. Subsequently 1 pg/ml LPS was added, after 2 h of
stimulation cell lysates were harvested and HO-1 expression was analyzed by Western blotting. A
representative Western blot (A) and the semi-quantitative densiometric analysis (B) are shown (n=3).
HO-1 protein levels were normalized to loading controls, for which B-actin or a-tubulin were used.

Furthermore, in the XxCT.KO BMDCs, the additional incubation with DMF
resulted in an upregulation of HO-1. This effect was slightly weaker than in the other
three treatment groups but was still clearly detectable (Figure 26). It is important to note
that these cells already had depleted levels of intracellular GSH and an accumulation of
ROS due to cultivation without 2ME (Figure 23). This means that in this case, the
upregulation caused by DMF was not based on the simple induction of oxidative stress,
as hypothesized before. The difference may be due to compensatory effects resulting
from the genetic knockout or from other factors of the fumarate treatment. The Western
blot also showed that the knockout cells had a slightly higher basal level of HO-1.
However, this was rather due to the fact that the knockout animals have a mixed
C57BL/6J and C57BL/6N background, whereas wildtype control cells were isolated
from C57BL/6J mice. Therefore, more important than the comparison between wildtype
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and knockout is the one between knockout cells cultivated with and without 2ME, since
these cells were derived from the same background.

Looking at the STAT1 phosphorylation, a comparable result was obtained. Once
again, both wildtype groups and knockout cells with 2ME should show a similar
expression pattern. This was found to be the case, with all three groups showing a
pronounced inhibition of pSTAT1 after DMF treatment, while maintaining comparable
basal levels. Furthermore, the loss of GSH alone was not sufficient to achieve a
reduction of STATL1 phosphorylation. However, the additional treatment of these
knockout cells without 2ME with DMF was able to induce signal modulation (Figure
27). In contrast to the HO-1 signaling pathway, where the DMF effect was weak in
knockout cells without 2ME, the inhibition of pSTAT1 was more robust in this group.
After additional DMF incubation, almost no pSTAT1 could be detected, whereas the
levels in the other three control groups decreased by at most up to 50 %. Again,
additional mechanisms complementing GSH inhibition must be responsible for the
modulation of the signaling pathway. The protein levels of unphosphorylated STAT1
remained unchanged in all groups (Figure 27).

To conclude the analysis of the signaling cascades involved in the induction of
DC type Il response, the downstream cytokines IL-12p70 and IL-23 were examined
(Figure 28). As mentioned before, XCT.KO cells had slightly elevated basal levels of
HO-1 compared to wildtype BMDCs. However, this was not reflected in the detected
cytokine concentrations. The baseline levels of 1L-12p70 and 1L-23 compared between
both wildtype and knockout cells, as well as between those with and without 2ME, are
all on a constant level. However, this also means that no changes were caused by GSH
depletion on the level of cytokine expression. Knockout cells cultivated without 2ME
exhibited no change in the measured cytokine concentrations. Instead, as in the previous
Western blots, additional treatment with DMF was required to achieve inhibition of
IL-12p70 and IL-23. Cytokine levels could be completely suppressed in all four groups
by incubation with DMF and were partially reversed by additional treatment with NAC
(Figure 28).
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Figure 27: STAT1 phosphorylation is not influenced by genetic loss of XCT antiporter alone.

BMDCs cultured for 24 h with or without 2ME were pretreated with DMSO, 70 uM DMF, 1 mM NAC
for 1 h and then stimulated with 1 pg/ml LPS for 2 h. Cell lysates were analyzed for STAT1 expression
and phosphorylation by Western blotting. A representative Western blot (A) and the semi-quantitative
densiometric analysis (B) are shown (n=5). Levels of pSTAT1 were normalized to overall STAT1 levels.

In conclusion, these findings indicate that the permanent inhibition of GSH
alone does not induce differentiation towards a DC type Il phenotype. Although
oxidative stress is induced in XCT knockout cells, it does not lead to the induction of
HO-1, the inhibition of pSTAT1 and the downstream inhibition of IL-12p70 and IL-23
as it is associated with the DMF treatment. Instead, additional treatment with DMF is
required. This either suggests the involvement of additional effects of the fumarate or

the compensation of the deficient GSH synthesis.
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Figure 28: Knockout of xCT antiporter is not sufficient to inhibit inflammatory cytokine secretion.
BMDCs were cultured as described in Figure 24. Before LPS-stimulation, cells were pre-incubated with
DMSO, 70 uM DMF, 1 mM NAC or a combination thereof. After 24 h of stimulation cell culture
supernatants were harvested and IL-12p70 (A) and IL-23 (B) levels were determined by ELISA (n=4;
ANOVA with Tukey post-hoc test).

4.3.4 POSSIBLE OVERCOMPENSATION AFTER XCT KNOCKOUT BY OTHER
REDOX PATHWAYS

One explanation of why the inhibition of intracellular glutathione alone is not
sufficient to induce type Il DCs could be that other contributing factors are also
involved in DMF treatment. Another possibility is that in xCT knockout cells,

overcompensation by other redox systems occurs. Strict regulation of reactive oxygen
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species is indispensable for cellular survival, as excessive concentrations result in cell
death induction (Figure 20). Therefore, it would hardly be surprising if other
mechanisms compensate for the loss of one of the most important ROS scavenger. This

question will be addressed in the following two chapters.

To get an overview of the numerous signaling pathways and effector molecules
involved in the regulation of oxidative stress, a broadly designed PCR screen with 89
different genes of the redox system was performed in cultured immature BMCDs 24 h
after 2ME depletion and subsequent LPS and DMF treatment as indicated in the figure
legend. The genes in which regulation was detected were clustered according to their

expression pattern (Figure 29).

One group of genes was found to have a generally higher expression in the
knockout cells than the respective wildtype treatment groups (Figure 29A). Among
these genes were some associated with increased ROS stress as well as the anti-
apoptotic Bcl-2. This illustrates the finding that xCT.KO BMDCs are in a state of
oxidative stress due to their proven increase in ROS and, thus, among other things,
upregulate genes that ensure cellular survival. In this group, however, it was not evident
that there is significant overcompensation by a particular redox pathway. There also
existed some genes which showed a lower expression in the XCT knockout cells across
all treatment groups (Figure 29B). These were often genes that are associated with a
protective role in oxidative stress, such as Cat, Dhcr24, Gpx4, Hp or Lcn2. The decline
in their expression thus leads to a loss of further protective mechanisms against
oxidative stress. However, to reach a more precise conclusion, an additional

investigation would also have to be carried out at the protein level.
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Figure 29: Differential expression of genes related to oxidative stress response.

(A-E) Immature DCs were cultured without 2ME for 24 h, pretreated with 70 uM DMF for 1 h and then
stimulated with 1 pg/ml LPS for 2 h. RNA samples were isolated and mRNA expression was analyzed
with a gqPCR array containing 89 different target genes involved in oxidative stress response. The
clustergrams of selected targets, divided according to their expression pattern, are shown.
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Furthermore, expression patterns were found, which were already known to be
involved in DMF treatment and which were equally regulated in both wildtype and
knockout BMDCs (Figure 29C and D). These include the induction of Hmox1 but also
of Gclc and Gelm, which are the two subunits of the ligase involved in the synthesis of
GSH. The induction by LPS and subsequent inhibition by DMF of IL6, IL1b and
NF-xB1 can be classified in this category. The reproduction of these effects already
known from wildtype cells confirms the validity of the array and demonstrates the
stability of DMF treatment in wildtype cells and the analyzed xCT.KO BMDCs.

WT vs xCT.KO Figure 30: Ex Vvivo
N L T analysis of oxidative stress
response in wildtype and
XCT knockout cells.
1 Bone marrow derived stem
1 cells were isolated from
+4  femurs of wildtype or xCT
4 knockout mice and RNA
4 purification was performed
| immediately. Expression of
| mRNA was analyzed by
RT-PCR wusing a gPCR
array containing 89 target
genes involved in oxidative
stress response. Scatter plot
shows upregulated (red)
and downregulated (green)
targets in XCT knockout
cells compared to wildtype
cells.

XCT.KO normalized expression

WT normalized expression

Next, this array was performed with bone marrow stem cells directly after
isolation, without prior differentiation into dendritic cells. This ex vivo analysis showed
few significant modulations of the 89 genes analyzed (Figure 30). There was only a
slight induction of Atf2 and Hifla, which can both be induced by oxidative stress.
Besides, both anti-oxidative (Apoal, Hp) and pro-oxidative (Cyp2el, Mpo) genes were
inhibited, which fits with the data formed in vitro. However, ex vivo all these
regulations were weak. This suggests that the mice compensate for the loss of the
antiporter and therefore, only very weak effects were detectable ex vivo. It is also

possible that this involves compensations that were not detected by these arrays.
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Figure 31: Effects of DMF treatment and xCT knockout on mRNA expression.

After cultivation of DCs without 2ME for 24 h, cells were pretreated with DMSO or 70 uM DMF for 1 h
and afterwards stimulated with 1 pug/ml LPS for another 2 h. RNA samples were harvested and analyzed
for mMRNA expression of indicated target genes. The expression was normalized to B-Actin, HRPT,
Eeflal and GAPDH housekeeping genes and is shown as fold change compared to the respective DMSO
control (n=3).

For the more detailed analysis of different signaling pathways in the redox
system and to confirm the PCR array results, further expression analysis was performed.
Four different targets were selected for this (Figure 31). First, the heme oxygenase 1
(Hmox1) gene induction was analyzed, since it was known from the previously
performed Western blots that the DMF treatment leads to an upregulation of HO-1 on
the protein level (Figure 26). The investigation of the RNA expression could confirm
this. In wildtype as well as in xCT.KO BMDCs the Hmox1 expression was induced
after incubation with DMF. These results are consistent with those obtained from the
analysis of HO-1 protein expression. The second factor investigated was the gene
coding for thioredoxin reductase (). Besides glutathione, the thioredoxin system is one
of the most important mechanisms to maintain cellular redox homeostasis. The
treatment with DMF in both wildtype and knockout cells likewise induced the
expression of TrxR1 RNA (Figure 31). These results could already be demonstrated in
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the PCR array, further confirming the results obtained in the experiment (Figure 29C).
The antioxidant Sod2 is a molecule that catalyzes the dismutation of superoxide into
either O, or hydrogen peroxide. It was shown that stimulation with LPS in the knockout
cells led to an upregulation of the gene, which was subsequently reversed by DMF
treatment. This effect was only very weak in wildtype cells (Figure 31). Finally, the
(nuclear factor erythroid 2-related factor 2) Nfe2l2 RNA expression was investigated.
This gene codes for the protein Nrf2 which is considered one of the master regulators of
oxidative stress, as it is involved in many different signaling pathways. However, no
regulation on the RNA level was found in this experiment at the examined time point
(Figure 31).

4.3.5 EFFECTS OF THIOREDOXIN PATHWAY INHIBITION ON BMDC
DIFFERENTIATION

Although no significant overcompensation was evident in the previous screens,
the role of the thioredoxin pathway should be addressed by further analysis. For this
purpose, auranofin, a thioredoxin reductase inhibitor, was used. Besides glutathione, the
thioredoxin signaling pathway is considered one of the most important signaling
cascades to maintain a normal redox balance in the cells. The objective was to
determine whether the additional inhibition of the thioredoxin signaling pathway in xCT
knockout cells, in contrast to wildtype cells, leads to a polarization towards a DC type Il
phenotype.

However, it should be noted that the use of higher dosages of auranofin in
wildtype cells may already cause inhibition of inflammatory cytokines [253]. Therefore,
the first step was to titrate the auranofin concentration to find one at which there are no
toxic effects but still inhibition of thioredoxin reductase occurs. In this context, special
attention was paid to whether the knockout cells were more sensitive towards the

auranofin treatment than the wildtype control cells at the same concentration.
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Figure 32: Toxicity of auranofin on wildtype and xCT knockout BMDCs.

Wildtype and XCT knockout BMDCs were cultured without 2ME for 24 h, followed by pretreatment with
indicated concentrations of auranofin and stimulation with 1 pg/ml LPS for another 24 h. Cell viability
and cytotoxic effects of auranofin treatment were assessed by LDH (A) and XTT (B) assays (n=3).

Regarding the cytotoxicity, it was found that the XCT knockout BMDCs rapidly
died after treatment with auranofin at only relatively low concentrations. In contrast,
wildtype BMDCs showed no signs of toxicity after treatment with the same amounts of
auranofin (Figure 32). Despite the minor changes found in the RNA-screen, the loss of a
second antioxidant mechanism in the knockout cells quickly led to a strong decline in
cell viability. Whether this increased sensitivity to auranofin treatment compared to
wildtype cells was also reflected in other assays was investigated in the following

experiments.

Initially, the baseline levels of thioredoxin reductase activity were determined
and its inhibition after auranofin treatment was verified. It was noticeable that especially
XCT knockout BMDCs cultivated without 2ME already had a decreased basal activity
compared to the other control cells (Figure 33A). This was the first indication that there
is insufficient compensation through this redox system. Additionally, the detected levels
were further inhibited in both wildtype and knockout cells by treatment with DMF
(Figure 33A).
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Figure 33: Inhibition of
thioredoxin reductase.

(A and B) For monitoring of
the thioredoxin antioxidant
system the activity of
thioredoxin reductase (TrxR)
was determined. Thereby, one
unit of TrxR is defined as the
amount of enzyme that
generates 0.5 umol of NADP.
(A) Basal levels of TrxR were
examined in cell lysates of
BMDCs  pretreated  with
DMSO or 70 pM DMF for 1 h
and stimulated with 1 pg/ml
LPS for 2h (n=2). (B)
Efficiency  of  auranofin-
mediated TrxR inhibition was
tested by treatment of BMDCs
cultured without 2ME for
24 h, followed by treatment
with auranofin in the indicated
concentrations for 5h (n=3,
ANOVA with Tukey post-hoc
test).

Because of the toxicity observed in the knockout cells, only a very low

concentration of a maximum of 100 ng/ml auranofin could be used. It should now be

checked whether thioredoxin reductase activity was still inhibited. Figure 33B shows

that despite the low concentrations applied, complete inhibition occurred in both the
wildtype and the xCT.KO BMDCs. Hence, both 50 ng/ml and 100 ng/ml of auranofin

could be used in either cell type to study the loss of the thioredoxin pathway without

toxic effects.
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Figure 34: Auranofin induces HO-1 in XCT knockout but not in wildtype cells.

To investigate the influence of auranofin on different signaling pathways immature BMDCs were
cultured as described in Figure 24. After 24 h of culture without 2ME, the 1 h pretreatment with the
indicated concentrations of auranofin or DMSO and following stimulation with 1 pg/ml LPS for 1 h (A)
or 6 h (B) was performed. The cell lysates were examined for STAT1 and pSTAT1 levels (A) as well as
the expression of HO-1 (B). Actin and tubulin were used as loading controls. Representative Western
blots (left) and their respective semi-quantitative densiometric evaluation (right) are shown (n=3,
ANOVA with Tukey post-hoc test).

After having defined the necessary parameters for an auranofin treatment, its
effects on the STAT1 and HO-1 signaling pathways were investigated. As mentioned
above, the hypothesis was made that in the case of an existing overcompensation by the
thioredoxin signaling pathway in the XCT knockout cells, increased sensitivity to
treatment with the inhibitor should occur. However, considering the STAT1
phosphorylation, this hypothesis could not be confirmed. Neither the wildtype nor the
knockout cells showed a decrease in pSTAT1 levels (Figure 34A). In contrast, after
incubation with the thioredoxin reductase inhibitor, the xCT.KO BMDCs responded by
upregulating the HO-1 protein levels. This does not occur in wildtype cells at the same

low concentrations applied (Figure 34B). Therefore, auranofin had divergent effects on
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STATL1 phosphorylation and on HO-1. In order to address at this in more detail, the
cytokines 1L-12p70 and IL-23 regulated by those signaling pathways were investigated.
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Figure 35: Auranofin treatment has no influence on inflammatory cytokine release.

Harvested BMDCs were cultivated for 24 h without 2ME as described in Figure 24 and then pretreated
with the specified concentrations of auranofin or with DMSO for 1 h, after which the cells were
stimulated with 1 pg/ml LPS. Cell supernatants were harvested after 24 h and analyzed for 1L-12p70 and
IL-23 concentrations by ELISA (n=3, ANOVA with Tukey post-hoc test).

Although the Western blot showed a higher sensitivity of the knockout cells
regarding HO-1 induction, this effect was not reflected in the detectable cytokine levels.
The IL-23 levels in both wildtype and xCT.KO BMDCs remained unchanged after
auranofin treatment. In the case of IL-12p70 regulation, a slight decrease in its
concentration was observable. However, this occurred to the same extent in both
investigated cell types (Figure 35). Thus, no increased sensitivity of the knockout cells
can be considered either. The slight regulation of cytokine levels was achieved despite
the lack of inhibition of STAT1 phosphorylation (Figure 34A).

Since IL-23 levels were not inhibited after auranofin treatment despite the
increased HO-1 expression in knockout BMDCs, this aspect should be addressed in
more detail. For the successful inhibition of the IL-23 by HO-1, the translocation of the
protein into the cell nucleus is necessary, where it can act as a transcription factor. Thus,
the next step was the analysis of HO-1 levels in both cytoplasmic and nuclear lysates. It
could be shown that although auranofin treatment caused an induction and hence
accumulation of the protein in the cytoplasm, no efficient translocation into the nucleus

occurred (Figure 36). This may explain the subsequent lack of IL-23 inhibition.
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Figure 36: No increased translocation of HO-1 into the nucleus after auranofin treatment.

To investigate the translocation of HO-1 into the nucleus, its protein levels in cytoplasmic and nuclear
fractions were investigated. Therefore immature DCs were cultivated for 24 h in absence of 2ME.
Subsequently, a 1 h pretreatment with DMSO or the indicated concentrations of auranofin was performed
as in the previous experiments. The following incubation with LPS was carried out for 6 h and then
nuclear and cytoplasmic cell extracts were isolated. These were analyzed for HO-1 and Nrf2 expression
by Western blotting. As loading controls for cytoplasm or nucleus, a-tubulin and lamin A/C were used

respectively. An exemplary Western blot and the semi-quantitative densiometric analysis of HO-1 are
shown (n=2).

Since at the beginning of the chapter, the knockout cells reacted with
considerably earlier toxicity after treatment with increasing auranofin concentrations,
the question was raised whether this could be explained by a more pronounced
induction of oxidative stress in these cells. Therefore, the analysis of intracellular ROS
was performed. Nevertheless, only the non-toxic concentrations of 50 ng/ml or
100 ng/ml auranofin were applied. Once more it could be shown that the insufficient
cystine import and the resulting GSH deficiency led to an accumulation of ROS. This
became apparent since only the knockout cells cultivated without 2ME had a
substantially increased basal level of ROS. Additional treatment with auranofin did not

affect the ROS levels in all analyzed samples (Figure 37). However, it cannot be ruled
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out that higher concentrations of auranofin may not trigger ROS induction, which
subsequently results in increased cell death of knockout BMDCs.

In summary, it can be stated that in the case of XCT knockout BMDCs,
overcompensation by the thioredoxin signaling pathway is unlikely. The cells neither
show increased basic levels of thioredoxin reductase activity, nor could the additional
inhibition of this enzyme enable the differentiation of DCs into a type Il phenotype.
Whether the DMF-mediated modulations of the signaling pathways are due to the
fumarate's additional effects, as suspected in chapter 4.3.3, or whether there is still
overcompensation in the XxCT knockout cells through other redox pathways, remains

unknown.

4.3.6 EFFECTS OF NADPH OXIDASE KNOCKOUT ON DMF TREATMENT

The last part of this thesis addressed the role of oxidative stress induction for
successful treatment with DMF. For this purpose, a new mouse model was chosen. The
following experiments were performed with BMDCs isolated from GP91 knockout
mice. These mice have a defect in NADPH oxidase 2, the loss of which should result in
a disturbed ROS formation and therefore were thought to allow the investigation of

DMEF treatment without the induction of oxidative stress.

As in the previous experiments, the HO-1 and STAT1 signaling pathways were
initially examined on the protein level. In the case of a ROS-dependency of the DMF
effects, incubation with the fumarate was not intended to result in a modulation of these
pathways. However, both the induction of HO-1 and the inhibition of STATL1
phosphorylation could be achieved in GP91 knockout cells. Although the knockout
BMDCs had low ground levels of HO-1, the upregulation was clearly visible (Figure
38).

The cytokine concentrations revealed a similar pattern. As usual, incubation with
DMF led to an inhibition of IL-12p70 as well as IL-23 in the wildtype cells. However,
this effect was observed to the same extent in the GP91 knockout cells. Furthermore, no

difference in the basal levels of the two cytokines could be detected (Figure 39).
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detectable modu-
lation of ROS
levels after aura-
nofin treatment.
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Figure 38: Modulation of HO-1 and STAT1 signaling pathways in NADPH oxidase knockout cells.
Harvested immature BMDCs were pretreated with DMSO or 70 uM DMF for 1 h and subsequently
stimulated with 1 pg/ml LPS for 1 h (B) or 2 h (A). Cell lysates were analyzed for HO-1 (A) or STAT1
and pSTAT1 (B) protein levels by Western blotting. As loading control a-tubulin was used.
Representative Western blots (left) and the corresponding semi-quantitative densiometric analysis (right)
are depicted (n=4, ANOVA with Tukey post-hoc test).
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Figure 39: Inhibition of inflammatory cytokines in wildtype and NADPH oxidase knockout cells.
Secreted cytokine levels were monitored by pre-incubation of BMDCs with DMSO or 70 uM DMF for
1 h, followed by stimulation of the cells with 1 pg/ml LPS for 24 h. Collected supernatants were then
examined for IL-12p70 (left) and IL-23 (right) levels by ELISA (n=3, ANOVA with Tukey post-hoc
test).
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In order to determine, whether DMF treatment modifies redox homeostasis of
BMDCs from GP91.KO mice, we analyzed the intracellular levels of reactive oxygen
species in untreated and treated cells. Surprisingly, not only in the wildtype but also in
the GP91 knockout cells induction of ROS after DMF treatment was detected (Figure
40). Although this increase was not statistically significant, there was a clear tendency
observable. The lack of statistical significance is partly attributable to the few biological
replicates of only n=2. Therefore, unlike previously assumed, the BMDCs of GP91.KO

mice regulated intracellular ROS levels.

As to why the normal production of reactive oxygen species in GP91 knockout
cells occurred despite the defect in NADPH oxidase requires further investigation. It is
possible that this oxidase does not play a decisive role in the formation of ROS in the
BMDCs utilized or whether other cellular mechanisms compensate for its loss.
Independent of the underlying mechanisms, this in turn does not allow to analyze the

dependency of DMF treatment on the induction of oxidative stress.
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Figure 40: NADPH oxidase knockout cells still show ROS induction after DMF treatment.

For analysis of redox homeostasis immature DCs were treated with DMSO or 70 uM DMF for 4 h.
Adjacent determination of intracellular ROS levels was performed by staining with
2°,7’dichlorodihydrofluorescein diacetate (H.DCFDA). Representative histograms and quantitative
analysis of medians are shown (n=2).
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5.1 FUMET-CORMS AS POWERFUL ANTI-INFLAMMATORY
AGENTS

The successful therapy of T cell mediated autoimmune diseases such as multiple
sclerosis or psoriasis, but also corresponding murine disease models such as EAE, can
be achieved by the induction of an anti-inflammatory Tn2 immune response [136, 137,
148, 254, 255]. Such a shift from the disease causing aberrant Th1/Thl7 phenotype was
first shown with recombinant IL-4 in mice and in humans and can also be achieved
among others, by treatment with FAEs and the resulting modification of the
differentiation of DCs into a type Il phenotype [91, 135, 137, 256]. In order to enable an
optimized treatment, to mitigate side effects and thereby increase patient compliance
with the therapy, a continuous refinement of existing therapy options and a detailed
understanding of their underlying mechanisms of action are indispensable. Therefore,
the first part of this thesis aimed to investigate the effects of a combination of fumaric
acid derivates and carbon monoxide, with the focus on a possible improvement of
therapy efficiency. Parts of the project have already been published in a scientific
journal, but are supplemented by additional data in this thesis [178].

CO-releasing molecules (CORMSs) were provided by a collaborating partner and
were investigated for their biological activity and in particular their potential anti-
inflammatory effects on BMDCs. Four different substances were investigated, which
release different fumaric acid derivatives, but the main distinction is the type and
kinetics of the delivery [178]. In the case of the substances rac-5 and 8, the molecules
are already dissociated in aqueous solution, e.g. in cell culture medium. In contrast, the
substances rac-7a and rac-7b are so-called enzyme-triggered CORMs (ET-CORMSs).
This type of CORM has to be transported into the cell first in order to be cleaved by
esterases, followed by the release of their active components CO and monomethyl
fumarate into the cytoplasm. This distinction also becomes evident when looking at the
obtained data. For example, the substances rac-5 and 8 do not exhibit any toxicity
among the concentrations investigated, whereas the ET-CORMs could only be used up

to a maximum concentration of 25 uM (Figure 11). Since regulation of cytokine levels
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Is established for both CO and DMF, the effects of treatment on IL-12p70 and 1L-23
secretion were investigated [137, 257, 258]. Again, biological inactivity, which was also
seen in the toxicity measurements, was observed. Only the use of ET-CORMSs resulted
in a strong inhibition of inflammatory cytokines. Furthermore, as already described in
the literature, a reduction of IL-12p70 and IL-23 levels under DMF treatment can be
observed. However, the inhibitory effects of ET-CORMSs were stronger than DMF
treatment alone when a comparatively low concentration of the fumarate was used
(Figure 12). This suggests a synergistic effect. Due to this fact the focus of further
analyses was directed to the anti-inflammatory capabilities of rac-7a and rac-7b.

An overlapping factor that seems to play a central role for both DMF treatment
and the therapeutic effects of CO is the HO-1 signaling pathway. In the case of DMF,
both a strong induction of the protein and its translocation into the cell nucleus were
previously described by Ghoreschi and coworkers and could also be shown here (Figure
10) [137]. HO-1 is influenced by CO at two levels. Firstly, CO is constantly being
formed in the body through the cleavage of heme mediated by HO-1 [153]. On the other
hand, an induction of HO-1 after CO treatment has also been described. In addition, no
therapeutic effect was observed in HO-1 knockout cells after CO incubation, indicating
a central role of this pathway for effective CO treatment [257]. The treatment of
BMDCs with the CORMs likewise led to an induction of the protein (Figure 13). This
was strongest after treatment with rac-7b, but could be observed for all substances.

Again, the effects were considerably stronger than with DMF treatment alone.

Conflicting data to the literature was obtained by analysis of STAT1
phosphorylation. In the literature no effect on this signaling pathway after CO treatment
is described. Instead, STAT3 activation has been shown to be inhibited [257]. However,
analysis of the STATL1 signaling pathway in this work showed a well-defined inhibition
of pSTAT1 levels by the ET-CORMSs rac-7a and rac-7b in a concentration-dependent
manner (Figure 14). This observed difference between the published CO-treatment and
the one with FUMET-CORMs is probably due to the additional release of the fumaric
acid ester. This probably also explains the observed inhibition of IL-23 levels by
FUmET-CORM treatment, as this cannot be achieved by incubation with CO alone
(Figure 16) [257]. However, contrary to the literature, no or only a mild effect on
IL-12p70 levels could be observed in own experiments after CO incubation (Figure 16)

[257, 259]. For this purpose, the control substances rac-8 and rac-12 were used, which
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were not coupled to fumaric acid esters and thus only release CO into the cell following
esterase cleavage. The lack of or only slight effect of these substances on the release of
inflammatory cytokines is most probably caused by the very low concentration

administered.

In summary, the substances that release CO and a fumaric acid ester only within
the cell show the most potent biological activity. Especially rac-7b has substantial
impacts on the HO-1 signaling pathway (Figure 13 and Figure 15). These enhanced
effects may be partially due to the different kinetics of esterase cleavage. Thus, in the
case of rac-7a, a linear release of smaller amounts of CO occurs over a prolonged
period of time. In contrast, rac-7b rapidly releases higher amounts of CO into the cell
[178]. Since the analysis of signaling pathways, in particular in Western blots, only
occurs over short periods of 1-2 h, less CO and FAE were likely released into the cell in
the case of rac-7a. This difference is compensated when observing the cytokine levels.
Here a more extended period of 24 h is analyzed, whereby both FUMET-CORMS cause
an equally potent inhibition of 1L-12 and IL-23 (Figure 12 and Figure 16).

Due to their promising efficacy in the performed in vitro experiments, the
validation of their effectiveness in preclinical mouse models should also be tested in the
project's future course. In this context, EAE as an in vivo model of multiple sclerosis is
particularly suitable. As shown in a previous study by Chora et al. the administration of
CO by inhalation of the gas led to an improvement of the clinical score in C57BL/6
mice [174]. However, so far, no modulation of cytokine levels in humans could be
achieved after inhalation of CO [260]. One explanation for this was discussed in the
route of administration. Therefore, in another work, the application of CORMs in an
EAE mouse model was performed. Hereby, significant mitigation of disease
progression could be achieved by prophylactic administration of the substances [261].
Since the FUmMET-CORMs used in this work released a fumaric acid ester in addition to
CO, and since this ester is already used in the clinical treatment of MS, they should
show an even further improved treatment profile compared to the already existing

studies. However, this needs to be clarified in further experiments.

As one proposed mechanism of FAE activity in the literature is the inhibition of
intracellular glutathione and thus the dysregulation of redox homeostasis, the influence
of FUMET-CORMS on this system should be investigated in the further course of the
work. However, for none of the CORMs applied, a decrease in GSH levels could be
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detected (Figure 17). This lack of GSH regulation despite the intracellular release of a
fumaric acid ester, at least in the case of rac-7a and rac-7b, is probably due to the very
low concentrations utilized. In comparison, no regulation occurred when the control
peptide DMF was incubated with the BMDCs at 25 uM. Only at the common standard
concentration of 70 uM significant effects were achieved (Figure 17). However, in
contrast to the undetectable regulation of glutathione levels, there was a massive
induction of reactive oxygen species after FUmMET-CORM treatment (Figure 18). This
effect was particularly strong for rac-7b, probably due to the considerably faster and

higher release kinetics of CO than rac-7a.

The increased ROS induction compared to the reference substance DMF is
presumably caused by the additional carbon monoxide release. Accordingly, the ability
of both exogenous and also endogenous CO produced in the mitochondria to induce the
production of ROS is well established [179, 262, 263]. This is also reflected through the
fact that the sole release of CO by the substances rac-8 and rac-12 led to a comparable

increase in ROS (Figure 18).

The possible involvement of Fe?*, which is released after esterase cleavage, in
the formation of reactive oxygen species, should also be mentioned. As described in
chapter 1.4.1, this is a pro-oxidative molecule that can contribute to the further
formation of ROS, especially the hydroxyl radical, through Fenton reaction. However,
this effect could already be counteracted by the CORM-mediated induction of HO-1.
The up-regulation of this hemeprotein leads to ferritin induction, which can trap free

iron molecules and thus prevent their pro-oxidative effects [264].

Whether this significantly more robust induction of oxidative stress is also
responsible for the improved efficacy of the substances should be investigated in the
further course of this thesis. In particular, the causal significance of redox modulation

for treatment with the fumaric acid ester DMF was investigated.
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5.2 ASSESSMENT OF XCT KNOCKOUT MICE AS MODEL SYSTEM
FOR ENDOGENOUS ROS STRESS

In order to develop new therapeutic approaches and improve existing therapies,
a detailed understanding of the mechanism of action of a drug is indispensable.
Therefore, in the second part of this thesis the molecular pathways of DMF treatment
should be addressed. In particular, the role of reactive oxygen species and the central

ROS-scavenger glutathione were investigated.

From previously published studies it is known that DMF treatment leads to a
decrease in intracellular glutathione levels and an increase in reactive oxygen species.
Among other things, this induction of oxidative stress has been shown to cause the
resulting immune deviation towards an anti-inflammatory type Il phenotype [137].
These results could also be reproduced by first experiments in this thesis. DMF
treatment led to low GSH levels in BMDCs (Figure 9) and subsequently to an induction
of type Il DCs via the induction of HO-1 and suppression of the STAT1 signaling
pathway (Figure 10).

However, to investigate the importance of oxidative stress, mice with a knockout
of the cystine/glutamate antiporter were used as a model system. This antiporter is
responsible for the import of cystine into the cell, which is then converted intracellularly
into cysteine, where it is essential for the synthesis of glutathione. With the help of this
model, the effects of GSH loss are to be specifically simulated, since the disturbed
cystine import is expected to result in impaired GSH production, excluding additional
off-target effects mediated by pharmacological inhibition of GSH through DMF
treatment (Figure 19).

In BMDCs, the knockout of the antiporter could be verified on RNA as well as
on protein level (Figure 21). Nonetheless, it was also shown that the knockout does not
lead to a change in GSH levels when organs of these mice were analyzed directly ex
vivo (Figure 22). Thereby, organs with a known low expression of the antiporter, such
as liver, lung, heart and kidney, as well as organs with a high expression of the
antiporter, such as brain, thymus and spleen, were analyzed [252]. These data are
consistent with the observations of a cooperation partner (personal communication) and

also with already published literature on the characterization of these mice. For
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example, although the analysis of GSH levels in the hippocampus showed an increase in
GSH with age, no difference between wildtype and XxCT knockout animals could be
detected [265]. Also a second manuscript confirms that glutathione levels in liver,
cerebrum, cerebellum, thymus and spleen were not decreased in knockout mice. Only in
the plasma of the animals a significant inhibition could be found, for which the
formation of a cysteine/GSH mixed disulfide (CySSG) is held responsible due to high
cysteine concentrations in the plasma [251].

The situation is different, however, when isolated cells of knockout mice are
examined in vitro. It should be noted that for in vitro experiments the cells must be
cultivated without -mercaptoethanol. Otherwise, cystine can be transported into the
cell in the form of a mixed disulfide via other amino acid transporters, where it is then
once again reduced to 2ME and cysteine. Thus, in the presence of 2ME, the xCT
antiporter is bypassed, resulting in normal intracellular glutathione levels (Figure 23)
[251]. Throughout this work BMDCs were used for the performed experiments. The
protocol for obtaining these cells involves isolating progenitor cells from mouse bone
marrow and after a week of cultivation under specific conditions immature DCs can be
harvested (Figure 8). However, studies have shown that the presence of 2ME in the cell
culture medium is essential for this process of DC isolation. If the cells were cultivated
without this agent, the number of cells that could be harvested was significantly reduced
and only a very small percentage of these cells were positive for the DC marker CD11c
(Figure 20). For this reason, 2ME was added to the culture for the duration of the seven
days during the differentiation of the DCs. After harvesting the immature BMDCs, the
medium was changed to one with or without 2ME (Figure 24). It was found that at least
a culture of 8h or better 24 h is required to achieve the expected decrease of
intracellular GSH levels. Furthermore, only in knockout, but not in wildtype DCs, an
increase in ROS was observed when cultivating in medium without 2ME (Figure 23).
Thus, the effects of XCT knockout on redox homeostasis are comparable to DMF
treatment, which also results in an inhibition of GSH and induction of ROS (Figure 9)
[137]. However, there is a big difference in the kinetics of these effects. Under DMF
treatment a rapid decrease of intracellular GSH with a peak after about 3 h and a
subsequent increase even beyond the original levels takes place [266, 267]. In contrast,
a decrease in intracellular GSH levels in xCT knockout cells was detectable after 8 h at
the earliest, since glutathione is not actively scavenged as in the case of DMF treatment.

Instead, no new synthesis of the molecule can be performed. Furthermore, the decline in
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glutathione levels persists over a long period of time, is not reversed and ultimately
results in cell death.

Considering these results, the knockout of the cystine/glutamate antiporter is a
valid model for the analysis of the influence of glutathione deficiency and the resulting
induced oxidative stress for in vitro experiments. However, there are some limitations
for the use of this model in in vivo experiments. For example, the fundamental
assumption, namely an inhibition of intracellular GSH, cannot be effectively
demonstrated. It is possible that in vivo the antiporter loss is compensated by other
cystine or cysteine transporters, such as system alanine-serine-cysteine (ASC), system L
or system Xac [268, 269]. For the performance of in vivo experiments it should
therefore be considered to select another mouse model in which the required glutathione
deficiency can also be detected in the tissue. One possibility would be the utilization of
mice with a knockout of the catalytic subunit of glutamate cysteine ligase (GCLC)
[270].

Moreover, on completion of the experimental work for this thesis, it was
discovered that the utilized XCT knockout mice exhibit a mixed background of
C57BL/6J and C57BL/6N. Since the genetic background of a mouse line can have a
significant influence on the course of different disease models, backcrossing to, for
example, a C57BL/6J background should be performed before further use of these mice.
This fact should also be kept in mind when interpreting the in vitro experiments in this
work and especially when comparing them with the wildtype controls, for which
BMDCs from C57BL/6J mice were isolated.

5.3 THE RELEVANCE OF REDOX HOMEOSTASIS FOR EFFECTIVE
DMF TREATMENT

After validation of the use of XCT knockout cells as a model system for
glutathione deficiency in vitro, these BMDCs were used to investigate the relevance of
redox homeostasis for successful DMF treatment. T cell-mediated autoimmune diseases
such as multiple sclerosis or psoriasis are associated with an aberrant induction of
Tnhl/Thl7 cells. The aim of many therapeutic approaches, such as treatment with FAES,

is therefore to achieve an immune deviation towards an anti-inflammatory Th2 cell
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population in order to positively influence the course of the disease [91, 135-137, 256].
This shift towards a Th2 dominated phenotype is based on the previous induction of
type 1l DCs, featuring specific characteristics like strongly reduced secretion of
inflammatory cytokines such as IL-12p70 or IL-23. Studies showed that treatment with
DMF leads to a decrease in intracellular glutathione levels in both patients and dendritic
cells in vitro. Furthermore, all these effects could be reversed by treatment with
different antioxidants (NAC, GSH-OEt). Because of this it is likely that the inhibition of
GSH and subsequent induction of oxidative stress is a central mechanism of action of
DMF treatment [137].

It has also been shown that signal transduction by the induction and nuclear
translocation of HO-1 and the inhibition of STAT1 phosphorylation is responsible for
the regulation of IL-12p70 and IL-23 expression [137]. Therefore, the following
analyses focused on these two signaling pathways. Contrary to the results obtained with
DMF treatment, inhibition of intracellular GSH was not sufficient to achieve a
modulation of these signal transduction molecules. No differences in HO-1 or pSTAT1
levels could be detected in knockout BMDCs cultivated with or without 2ME (Figure
25). Treatment of these cells with NAC, which is intracellularly cleaved to cysteine, did
not show any effect on protein levels either (Figure 25). However, an additional
treatment of knockout BMDCs, cultivated in the absence of 2ME, with DMF leads to
the expected HO-1 induction and a strong attenuation of pSTAT1 (Figure 26 and Figure
27). Since these cells already exhibit depleted GSH levels, the modifications may result
from additional off-target effects of DMF treatment. Examination of downstream
regulated 1L-12p70 and IL-23 showed a consistent pattern. Inhibition of GSH alone
was not sufficient to result in a decrease of inflammatory cytokines. Instead the effects
could be achieved by addition of DMF (Figure 28). There are several possible
explanations for these findings. First, it may simply be that the role of oxidative stress is
not the central mechanism of DMF-mediated immunodeviation towards a DC type Il
phenotype. However, it is also possible that in cells with an XxCT knockout the effects
from induced ROS stress are compensated by other signaling pathways supporting the
maintenance of cellular redox homeostasis. Potential compensation mechanisms are
discussed in chapter 5.4. Furthermore, it must be considered that glutathione inhibition
is not the only therapeutic effect following DMF treatment, but rather involves the
modification of many other targets, which may also be required for the induction of type
I1 DCs. This question is addressed in more detail in chapter 5.5.
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The fact that a single knockout of the cystine/glutamate antiporter and alterations
in redox homeostasis are not sufficient to reproduce the protective effects of DMF
treatment is also evident when observing the course of experimental autoimmune
encephalomyelitis (EAE), an established model of multiple sclerosis in mice. Treatment
with DMF can protect the animals from developing severe EAE due to an anti-
inflammatory Tn2 response [136, 137]. However, this ameliorated course of EAE is not
observed in XCT knockout animals. This could be demonstrated by own experiments of
the research group (data not shown), but is also shown in a published study [271]. In
this paper no difference in the course of an EAE between wildtype C57BL/6 and xCT
knockout animals was found. Only after bone marrow transplantation from knockout
animals a slightly decreased EAE score was observed on two days of disease
progression. However, there was no difference in demyelination or infiltration and
activation of microglia. Overall, in accordance with own in vitro data, the data suggest
that the genetic loss of glutathione alone is not sufficient to simulate effects of DMF

treatment.

To further investigate the influence of reactive oxygen species, experiments
were also conducted in GP91 knockout cells. This is a subunit of NADPH oxidase, the
loss of which should result in a disrupted generation of ROS. If ROS was relevant for
DMF treatment, no induction of type Il DCs should occur in knockout cells after
incubation with the fumaric acid derivative. However, in GP91 knockout BMDCs an
unchanged modulation of the HO-1 and STATL1 signaling pathway as well as an
inhibition of IL-12p70 and IL-23 could be induced in comparison to wildtype cells by
DMF treatment (Figure 38 and Figure 39). However, in contrast to the predicted
signaling pathway, DMF strongly increased free ROS in BMDCs (Figure 40). This
result is surprising, since in experiments performed by the cooperation partner who
provided the mice, no ROS induction was detected in knockout animals [272]. A
possible explanation for the continued production of reactive oxygen species could
include that NADPH oxidases might play only a minor role in DMF-induced ROS
generation in dendritic cells. This is supported by the fact that dendritic cells produce
significantly less ROS via NOX2 as compared to other phagocytes like macrophages or
neutrophils [198]. Alternatively, the ROS production may occur predominantly via
other pathways, for example, in the mitochondria. Indeed, there are conflicting studies

that show that despite GP91 loss, ROS production remains unchanged [273]. Therefore,
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the use of this model as a control to study redox dependency in BMDCs is problematic

and requires further investigation.

As a justification for a ROS-dependency of DMF treatment, inversion of the
effects by antioxidant treatment is usually mentioned [137]. This inhibition of DC
type 11 induction could also be observed in own experiments (Figure 9 and Figure 10).
One of the main effects of fumarates in general and DMF in particular is the covalent
modification of free cysteine or of cysteine residues in proteins, the so-called
succination. This chemical reaction occurs non-specifically in the cell and is irreversible
[274]. For instance, also in the case of glutathione there is a decrease in detectable
levels due to covalent binding of DMF to the tripeptide [275]. It should now be noted
that frequently used antioxidants such as NAC or GSH-OEt also contain a modifiable
cysteine residue [276]. It is therefore conceivable that the effects after treatment with
these antioxidant control substances may not be due to the prevention of DMF-induced
ROS induction, but due to scavenging of the fumarate by covalent binding before it can

initiate alterations in the cell.

The central question is whether GSH inhibition and induction of reactive oxygen
species is a direct causality or a secondary phenomenon of effective DMF treatment.
There is ample evidence for both, which makes a final judgement difficult. An essential
mechanism for successful treatment and prevention of Th1/Thl7 mediated autoimmune
diseases such as multiple sclerosis or psoriasis is the induction of a Tn2 cell response.
However, many different mechanisms are possible for the induction of this immune
deviation. For example, treatment with curcumin leads to an improvement of EAE
together with the induction of HO-1. However, instead of the phosphorylation of
STAT1, the phosphorylation of STAT3 is a crucial parameter [254]. There are also
contradictory publications on the role of curcumin on glutathione levels. After treatment
with the substance, both inhibition and induction of GSH could be demonstrated [277-
279]. However, no effect on glutathione was found in the work with curcumin in our
own group, which suggests a redox-independent mechanism (personal communication).
As a further substance with anti-inflammatory properties, itaconate should be
mentioned. Treatment with itaconate has many similarities with effects caused by DMF
incubation. For instance, it also induces HO-1 and inhibits inflammatory cytokines such

as IL-12 or IL-6 [280-282]. In contrast to DMF, however, itaconate treatment leads to a
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significant decrease in ROS levels [280]. This again would be an indication for redox

independence of the therapeutic process.

A property that DMF, curcumin and itaconate have in common is that they are
considered to be Nrf2 activators. Nrf2 is regarded as an important regulator of many
different mechanisms involved in cellular antioxidant defense. The fact that all these
Th2 inducing substances also influence the Nrf2 signaling pathway suggests that redox
homeostasis is of importance in this context. However, own analyses of BMDCs did not
show an increase in Nrf2 protein after DMF treatment (data not shown), but an increase
on the mRNA level (Figure 29 and Figure 31). This induction did not take place in XCT
knockout cells, although the difference between treated wildtype and knockout BMDCs
was not significant. Furthermore, there are conflicting publications in the literature on
the dependence of DMF treatment on Nrf2 [141-143, 283]. A more detailed discussion

of this issue is presented in the following chapter.

5.4 POSSIBLE COMPENSATORY MECHANISMS UNDER
ENDOGENOUS ROS STRESS

An emerging question in the course of this thesis was whether DC type I
induction in XCT knockout cells does not occur due to overcompensation by other redox
signaling pathways. Since strict control of intracellular ROS levels is crucial for cellular
survival, buffering of glutathione loss by one or more alternative pathways would be
highly likely. As mentioned above, Nrf2 is one of the central regulators of many
different antioxidant proteins and signaling pathways. Therefore, the importance of this

transcription factor for DMF treatment will be briefly discussed below.

Conflicting opinions on this topic can be found in the literature. On the one
hand, an Nrf2 dependency of DMF treatment has been observed [141, 142, 284].
However, publications exist showing the opposite as well [143, 283, 285]. Fumarates
act as Nrf2 activators by inactivating its inhibitor kelch-like ECH-associated protein 1
(KEAP1) through modification of its cysteine residues [141, 286]. Thus, after DMF
treatment, the induction of the transcription factor could be observed. In this work,
Linker et al. observed an impaired DMF-mediated therapeutic efficiency in Nrf2

knockout mice suffering from EAE [141]. From this, an Nrf2 dependency of DMF
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treatment was concluded. However, the treatment of chronic EAE was investigated
using an attenuated protocol in the Nrf2 knockout mice, as these mice show a more
severe disease course. Another study, which focused on the acute phase of EAE, found
no differences in DMF-mediated effects between wildtype and knockout animals. Thus,
in both lines, induction of type Il monocytes with a typical cytokine profile with low
levels of 1L-12/23 (p40) and IL-6 occurred and protective effects of DMF in Nrf2-

deficient animals were observed concerning EAE development [143].

This demonstrates that although induction of transcription factor occurs after
fumarate treatment, its causative role in successful treatment needs further investigation.
Similar to own data on ROS-dependence, it is possible that the activation of Nrf2 as a
redox modulator partly contributes to DMF treatment. However, the knockout alone
might not be sufficient to induce immune deviation towards type Il dendritic cells and

thus protect against the development of EAE.

In order to address this question, it was considered to establish a new transgenic
mouse line with a knockout of both the cystine/glutamate antiporter and Nrf2. However,
this particular double knockout mouse would be redundant. As a key player, Nrf2 plays
a role in the regulation of many redox signaling pathways. Thereby, the transcription
factor also controls the expression of many genes involved in the glutathione system,
such as GCLC, GCLM, GPX2, GPX4 and even the XCT antiporter gene SLC7all
[287]. Accordingly, the knockdown of Nrf2 alone already leads to a loss of
cystine/glutamate antiporter expression on the RNA and protein levels [288].
Furthermore, Nrf2 knockout mice exhibit diminished glutathione levels [289]. Also,
own analyses of Nrf2 knockout BMDCs showed a significant decrease in intracellular
GSH levels comparable to DMF treatment or xCT knockout cells (data not shown). A
further knockout of the glutathione system in Nrf2-deficient animals is therefore not
required and would probably not provide new insights as to the investigation of a single
Nrf2 knockout. Instead, an adequate second target should be chosen, which is not

already modulated by the Nrf2 loss.

Nevertheless, in the context of tumor development, it has been shown that the
blockage of multiple redox pathways is necessary to result in biological effects.
Thereby, only the inhibition of both the glutathione and thioredoxin systems caused
cancer cell death [290].
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To investigate the possible involvement of the thioredoxin signaling pathway in
the cystine/glutamate antiporter knockout cells, both redox pathways were
simultaneously inactivated. To verify this theory before the extensive generation of a
double-transgenic mouse line, auranofin, a pharmacological inhibitor of thioredoxin
reductase, was applied in experiments. However, the inhibitor alone is already capable
of inhibiting IL-12p70 and inducing a Tn2 response [253]. Therefore, an initial titration
was performed to the lowest possible auranofin concentrations at which these effects are
not yet observed in wildtype cells. This study's objective was to determine whether xCT
knockout BMDCs would be more sensitive to the loss of the thioredoxin pathway
compared to wildtype cells. However, this could only be seen concerning the toxicity of
the inhibitor. Increasing concentrations of auranofin in knockout BMDCs quickly
resulted in cell death, whereas no toxicity was observed in wildtype cells (Figure 32).
This showed that the thioredoxin signaling pathway acts as an important backup
mechanism in XCT knockout cells already stressed by LPS. If this pathway is also

deactivated, the cells die rapidly.

However, this increased sensitivity could not be confirmed in further
experiments on BMDC differentiation. No immune deviation towards a type I
phenotype of dendritic cells with low proinflammatory IL-12p70 and IL-23 levels could
be induced (Figure 35). The fact that the known inhibition of IL-12p70 was not
observed in the wildtype cells is attributable to the significantly lower concentrations
administered. This effect has only been observed in the literature at concentrations
starting at 0.5 pg/ml or 1 pg/ml auranofin [253]. In own experiments, we only used ten
times lower dosage levels at which no toxic effects were observed in the knockout
BMDCs. Despite the only very low auranofin concentrations, complete inhibition of
thioredoxin reductase was observed (Figure 33). Taken together, these experiments
show that even a double deficiency, both in the glutathione and thioredoxin pathway, is
not sufficient to achieve the immune deviation observed in DMF treatment towards type
Il dendritic cells. It could also be shown that in xCT knockout cells, no
overcompensation through the thioredoxin pathway occurs. In the case of a possible
compensation, increased basic levels of players in this signaling pathway, such as
thioredoxin reductase, would be expected. However, this is not the case. No evidence
for this was found by analysis of the RNA levels of thioredoxin reductase (Figure 29
and Figure 31). In contrast, XCT knockout BMDCs even depict a marked decrease in
the enzymes activity (Figure 33).
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5.5 FURTHER CELLULAR IMPLICATIONS ASSOCIATED WITH
FUMARATE TREATMENT

Although overcompensation by various redox paths cannot be excluded in the
previous chapter, there must be further reasons for the lack of DC type Il induction in
the XCT knockout system. It was shown that the knockout of the antiporter alone is not
sufficient to cause changes in, for instance, the cytokine levels (Figure 28). However,
even more important is the fact that xCT knockout BMDCs still showed the typical
DMF-mediated effects, even though these cells already showed a loss of glutathione and
an associated ROS induction (Figure 23). This indicates that DMF must have other
targets in addition to the ROS scavenger that act independently of ROS induction to

mediate these effects.

One example would be the interaction of DMF with the IL-1R—associated kinase
(IRAK) 4-MyD88 complex. IRAK4 is a protein kinase that is involved in TLR-
mediated signaling pathways of the immune response. Treatment with DMF leads to the
direct modification of a cysteine residue by the fumaric acid ester. This prevents the

kinase from binding to MyD88, resulting in disturbed downstream signaling [283].

It is precisely these cysteine residues that can become the target of many
posttranslational modifications. One of them is the so-called succination, whereby the
sulfhydryl group reacts with endogenous or exogenous fumarates. In this process, an
S-(2-succino)cysteine compound is formed, whereby the latter can either be formed
with free cysteine or with cysteine groups that are located, for example, in active centers
of enzymes. It is also assumed that the reaction is irreversible due to the stability of the
formed product [276, 291]. The interactions between DMF and glutathione also results

from this process of succination [138].

However, the modification of sulfhydryl groups is not limited to proteins of the
redox signaling pathways. Depending on the model system chosen, numerous possible
active cysteine residues susceptible to succination by fumarates could be found. Thus,
the analysis in a knockout model system led to the identification of 94 succinated

proteins, most of which were involved in metabolic processes [292].

Another study in T cells even identified more than 2400 DMF sensitive cysteine

residues, although only a small fraction was altered by fumarate treatment. This
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included the protein kinase C theta (PKCO), which blocked the association with the
costimulatory receptor CD28 and thus influenced T cell activation [293].

Succination by DMF was also investigated in a study by Kornberg et al. They
attributed the anti-inflammatory effects of DMF to GAPDH and aerobic glycolysis
inhibition. Once again, a redox-independent mechanism was demonstrated, whereby the
immunological effects of DMF treatment, such as the attenuation of an EAE in vivo,
could be reproduced using a GAPDH inhibitor [294].

Accordingly, the succination of proteins represents an already well-characterized
possibility of posttranslational modification by DMF. Thereby, reaction with proteins
and enzymes of the redox system can occur, as in the case of the DMF-mediated
inhibition of the Nrf2 inhibitor, KEAP1, already described in the previous chapter
[295]. Succination through fumarates is not limited to these antioxidative signaling
pathways but also interferes with metabolism, immune cell activation and many other
cellular processes. Therefore, DMF treatment's mechanism of action probably cannot be
limited to one single signaling pathway. As observed in own experiments, the sole
inhibition of redox signaling pathways and the induction of oxidative stress is
insufficient to replicate DMF-mediated modulations in dendritic cells (Figure 26-Figure
28). Rather, a variety of additional fumarate targets are likely to be important for the

induction of these anti-inflammatory effects.
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5.6 CONCLUSIONS AND PERSPECTIVES

In the first part of the study, new CO and fumaric acid ester releasing substances
should be biologically characterized and evaluated for their potential suitability as anti-
inflammatory drugs. Indeed, the two FUmET-CORMSs rac-7a and rac-7b showed
promising modulations of the HO-1 and STAT1 signaling pathways and induced potent
anti-inflammatory effects in dendritic cells. This resulted in a significant induction of
the HO-1 signaling pathway with simultaneous inhibition of STAT1 phosphorylation.
The inflammatory cytokines IL-12p70 and IL-23, regulated by these signaling
pathways, were also strongly diminished. It should be noted that the induced effects
were significantly stronger than those of DMF treatment alone. Accordingly, the effects
listed above occurred at considerably lower concentrations of FumET-CORMs
compared to single DMF treatment. Thereby it seems to be essential that CO and the
fumaric acid ester are released within the cell. Only the enzyme-triggered molecules
could induce the anti-inflammatory effects described above, whereas the non-activated
substances rac-5 and 8 showed very limited biological activity. As the next step for
further characterization of these promising compounds, it should be investigated
whether these FUMET-CORM-induced type Il dendritic cells also lead to an immune
deviation towards a Tn2 response. This shift is essential for the treatment of Tn1/Thl7-
mediated autoimmune diseases. Accordingly, the efficacy of rac-7a and rac-7b should

also be investigated in a corresponding in vivo model, such as EAE.

In the further course of the work, the more detailed DMF treatment mechanism
was investigated. In particular, the dependency on oxidative stress induction should be
clarified. For this purpose, a cystine/glutamate antiporter knockout model was
employed. It was shown that the knockout of this antiporter led to a specific attenuation
of intracellular glutathione levels and, thus, to the induction of reactive oxygen species.
The present study provides evidence that this state of oxidative stress alone is not
sufficient to convert dendritic cells to the expected type Il phenotype. Instead, the
additional treatment of these cells with DMF still resulted in the modulation of HO-1
and STATL1 signaling pathways and subsequent inhibition of the inflammatory
cytokines 1L-12p70 and IL-23.

Consequently, additional effects of the fumarate, besides the induction of

oxidative stress, probably play an important role in the induction of type Il BMDCs.
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The possibility of overcompensation by other redox signaling pathways was also
considered. However, even by additional inhibition of the thioredoxin signaling
pathway by auranofin, no immune deviation towards an anti-inflammatory phenotype of
dendritic cells could be achieved. In conclusion, the inhibition of glutathione and ROS
induction by knockout of the cystine/glutamate antiporter alone is insufficient to
reproduce the anti-inflammatory effects of DMF treatment. It is likely that, in addition
to the induction of oxidative stress, other fumarate objectives, such as the modulation of
proteins in the cell metabolism, play a significant role in mediating its mechanisms of
action. However, in order to be able to make a more precise statement on this, possible
overcompensation by other redox pathways should be excluded in xCT knockout cells
by further experiments, as in the present study, this was only achieved for the
thioredoxin signaling pathway. Therefore, a more detailed investigation of the
interaction between GSH levels, ROS levels and antioxidant molecules like e.g. Nrf2 is
also needed in the future.
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