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Introduction

1. Introduction

1.1. The immune system

All organisms are faced with a constant threat by an enormous variety of pathogens.
These pathogens, such as bacteria, viruses, parasites or fungi, are detected and
distinguished from self-molecules by the organism’s immune system. Invertebrates
possess a so called innate immune response and even unicellular organisms own a simple
and rudimentary immune system. In mammalian species this protection is mediated by an
innate and an adaptive immune system. The latter can also be divided into a humoral and

a cell-mediated immunity.

Before pathogens are recognized by the innate and subsequently the adaptive immune
system, they have to overcome a set of barriers, which can be mechanical, chemical or
biological. In mammalian species, these first layers of defense are made up of physical
barriers, such as the epidermal layer of the skin and the mucous membranes of the
respiratory, gastrointestinal and urogenital tracts. An acidic pH on skin, in stomach and in
genital tracts, represents a chemical barrier, mediating protection of the mammalian
organism against pathogens. Moreover, antimicrobial peptides (AMPs) are able to
eliminate pathogens by targeting their membranes or interfering with the pathogen’s
protein synthesis [1]. Commensal bacteria, which reside in a symbiotic relationship with
the mammalian host, are mainly found on the skin and in the gastrointestinal tract. They
represent a biological barrier as they prevent the colonization of pathogens to protect
their own living space. However, if pathogens successfully breach the first layers of
defense, they encounter cells, molecules and mechanisms of the innate immune system,

followed by the activation of the antigen-specific adaptive immunity.
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1.1.1. Innate immune system

The innate immune system is a rather non-specific, broad line of defense against different
classes of pathogens. The components of the innate immune system can act immediately
after the physical, chemical and biological barriers are penetrated, as they are always in
stand-by mode. This allows a rapid response within minutes and often leads to a
successful elimination of the pathogen. The innate immune system includes humoral
components, such as the complement cascade, a complex of proteolytic proteins
facilitating the detection, opsonisation and lysis of pathogens, as well as a variety of

immune cells, which are recruited by cytokines and chemokines to the site of infection.

The innate immune response is mediated by the quick recognition of evolutionarily
conserved, structural features of the pathogens, known as pathogen-associated
molecular patterns (PAMPs). Likewise it recognizes danger-associated molecular patterns
(DAMPs), which can be stress signals like alarmins that are passively released by necrotic
cells (reviewed in [2]). PAMPs and DAMPs are identified by special receptors known as
pattern recognition receptors (PRRs) [3]. The different families of PRRs can be expressed
on the cell surface or intracellularly and upon PAMP recognition a variety of signaling
pathways are triggered, leading to the synthesis and release of a broad range of pro-

inflammatory cytokines and chemokines [4], [5].

Toll-like receptors (TLRs) are the most extensively described PRRs and are expressed on a
variety of cells, including leukocytes and non-immune cells, such as epithelial and
endothelial cells (reviewed in [6]). Upon activation, TLR signaling initiates the secretion of
pro-inflammatory cytokines and Type | interferons [4]. The name Toll-like receptor is
derived from the toll gene discovered in Drosophila melanogaster by Christiane Nisslein-
Volhard in 1985. Since the identification of the first human TLR in 1994 [7] and the
discovery of the link between the now known TLR4 and the human immune system in
1997 [8], the TLR family has been studied intensively. The different TLRs recognize a great
range of PAMPs, such as TLR1, TLR2, TLR4, and TLR6, which detect lipopeptides,
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lipoproteins, peptidoglycans, LPS and mannan among others, whereas TLR3, TLR7, TLRS,
and TLR9 identify nucleic acids [4] and TLR5, which recognizes flagellin [5], [9].

In addition to the TLRs, there are several cytoplasmic PRR families, such as retinoic acid-
inducible gene | (RIG-I)-like receptors (RLRs), which are able to sense cytoplasmic RNA
[10] and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), which

are able to detect intracellular microbes and danger signals [11].

In summary, PRR signaling leads to the induction of cytokines and chemokines [12].
Furthermore, it leads to the recruitment of leukocytes to the site of infection and it even
establishes a link between innate and adaptive immunity, for instance by playing a role in

TLR-mediated maturation of dendritic cells (DCs) [6].

The cellular components of the innate immune system predominantly originate from the
myeloid lineage (Figure 1). They consist of phagocytes, including macrophages,
neutrophils and DCs as well as granulocytes, including basophils and eosinophils
(Figure 1). In addition to cells of the myeloid lineage, the innate immune system
comprises y& T lymphocytes, cytotoxic natural killer (NK) cells and innate lymphoid cells
(ILCs), which originate from the lymphoid lineage (Figure 1) (reviewed in [13], [14]).
Important to note is that certain cells, such as DCs or y6 T cells can bridge the innate to

the adaptive immune system (reviewed in [15]).
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Figure 1 — Diagram of hematopoietic development. HSC, which reside in the bone marrow, give rise to
several different blood and immune cell types. Numerous steps of differentiation generate erythrocyte
(MEP), myeloid (GMP) and lymphoid (CLP) precursor cells, which differentiate to specialized cell
populations, such as erythrocytes and platelets, granulocytes (neutrophils, eosinophils and basophils),
macrophages, myeloid derived and lymphoid derived dendritic cells (DCs), innate lymphoid cells (ILC,
including natural killer (NK) cells, group 1, 2 and 3 ILCs and lymphoid tissue inducer (LTi) cells), T cells and B
cells. HSC: Hematopoietic stem cell, owning long term self-renewing capacities; MPP: multipotent
progenitors with limited self-renewal capabilities; CMP: common myeloid progenitor; CLP: common
lymphoid progenitor; MEP: megakaryocyte/erythroid progenitor; GMP: granulocyte/macrophage
progenitor. Adapted from [14], [16] and Servier Medical Art

In general, phagocytes patrol the mammalian body searching for pathogens. In addition,
diverse populations of organ resident macrophages are located throughout the body,
such as Kupffer cells, which are found in the liver, microglia in the brain or alveolar
macrophages found in the lung. Macrophages use the release of reactive oxygen species
(ROS), a mechanism known as respiratory burst, to eliminate engulfed pathogens.
Neutrophils are also able to induce respiratory burst in order to eliminate pathogens.
Neutrophils represent a large population of leukocytes and usually serve as an early
indicator for an infection, since they are one of the first responding inflammatory immune
cells. Another cell type belonging to the phagocytes are DCs, which play a pivotal role in
immunity and link the innate with the adaptive immune system. The adaptive immune

system is activated and primed by the innate immune system through a mechanism
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named antigen presentation, which is characterized by the recognition of "non-self"
antigens. This mechanism is mediated by antigen presenting cells (APCs). Pathogens are
phagocytosed by APCs, lysed and processed. The processed antigens are presented to

T cells on major histocompability complex (MHC) molecules, leading to T cell activation.

1.1.2. Adaptive immune system

Compared to innate immunity, the adaptive immune system acts more specific and
adjusts to immune responses. It uses a wide range of molecules and cells, which have the
ability to recognize processed antigens of distinct pathogens, whereas the innate immune
system recognizes evolutionarily conserved molecules on pathogens. Most prominent
cellular members of the adaptive immune system include B and T cells, which own high
affinity antigen receptors, known as B cell receptors (BCR) and T cell receptors (TCR),
respectively. Both receptors can be expressed in a wide variety to ensure vast specificity.
However, unlike the BCR, which can also occur in a soluble form known as antibodies, the
TCR is membrane-bound. With the help of somatic recombination, B and T cells have the
ability to generate a nearly endless repertoire of BCRs and TCRs, owning different

specificities against pathogens, during their development.

The adaptive immunity is induced by immature DCs, which sample antigens throughout
the body in search of pathogens and can be found in all peripheral tissues. Upon
pathogen encounter through PRRs, the pathogen is phagocytosed and processed, leading
to the maturation of the DC. The cells migrate to draining lymph nodes (LN) in order to
interact with T cells by presenting their antigens. The TCR identifies the epitope bound to
the MHC molecule, while a secondary signal between co-stimulatory molecules, for
instance CD80/CD86 on the APC and CD28 on the T cell, leads to clonal proliferation.
T cells can be divided into two subsets by their accessory molecule or co-receptor. Either
they own cluster of differentiation (CD)-4 and are known as CD4* helper T cells or they
express CD8 and are known as CD8* cytotoxic T cells. MHC molecules can also be divided
into two classes. MHC class | (MHC-I) is found on the cell surface of all nucleated cells,

while MHC class Il (MHC-II) is only found on DCs, macrophages, B cells and specialized
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epithelial cells. Intracellular antigens are presented on MHC-I to CD8* cytotoxic T cells,
while extracellular antigens are presented on MHC-Il to CD4* helper T cells. These
pathways can be referred to as the classical antigen presentation pathways. In addition,
there is another pathway termed cross-presentation, where exogenous antigens can be
presented on MHC-I to CD8* cytotoxic T cells. This pathway is very beneficial for the
immune system, as it allows protection against intracellular infectious organisms that do

not infect APCs.

Upon antigen presentation and activation, cytotoxic T cells release cytotoxins, such as
perforin, which can create pores in plasma membranes, followed by granulysin inducing
apoptosis. Helper T cells on the other hand do not own cytotoxic activities, but are able to
influence other cells, such as enhancing the microbial function of macrophages or the
activity of cytotoxic T cells and upregulation of co-stimulatory molecules, which can
promote B cell maturation. Naive CD4* T cells can differentiate into different effector
helper T cell populations, which secrete cytokines. Furthermore, they can differentiate to
regulatory T cells (Treg cells), which act immunosuppressive, as well as memory helper
T cells. Effector helper T cells are subdivided into several different types, for instance
Type 1 helper T cells (Thl), Th2 cells, Th17 cells and Th22 cells among others. Thl cells
secrete IFNy, which is especially effective against intracellular pathogens by activating
macrophages. Their differentiation is triggered by IL-12 (reviewed in [17], [18]). Parasites
however can be eliminated by Tn2 cells secreting IL-4, IL-5 and IL-13. IL-4 promotes Th2
differentiation. Th2 cells are able to interact with eosinophils, basophils, mast cells as well
as B cells, in which the IgE antibody production is stimulated (reviewed in [17]-[19]). IL-17
production defines Th17 cells, which are necessary for the elimination of extracellular
pathogens especially in mucosal barriers. TGFB and IL-6 lead to Thl7 differentiation in
vitro [20]—[22]. They are most abundant in the lamina propria (LP) of the small intestine
[22]. Th22 cells secrete IL-22, which protects against bacterial and fungal infections at
mucosal surfaces (reviewed in [23], [24]) and plays a role in the maintenance of the
epithelial barrier of the small intestine (reviewed in [25]). Forkhead box protein P3
(FoxP3) expressing Treg cells can be differentiated in vitro using only TGFB, while the
addition of IL-6 leads to suppression of FoxP3 expression and thus inhibits Treg

differentiation [26]. Treg cells act immunosuppressive by the secretion of IL-10 and TGF
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and are particularly important for the establishment of tolerance towards commensal

bacteria in the gastrointestinal tract (reviewed in [27]).

Furthermore, helper T cells have been described to induce B cell proliferation. B cells,
which induce humoral immunity, are another well-known member of the cellular
adaptive immune system. After stimulation by a helper T cell, B cells clonally proliferate
into antibody secreting plasma cells. Initially, B cells secrete antibodies belonging to the
class M (immunoglobulin M, IgM). However, upon encounter with different helper T cell
subsets, B cells undergo antibody class switching in order to be able to produce IgG, IgA
or IgE. This class switch is regulated by the recognition and binding of cytokines specific to
the different helper T cell subsets. Tn1 cells can induce a class switch from IgM to 1gG2a
and 1gG3, while Th2 cells promote the production of IgE and 1gG1 and T cells lead to a
class switch to IgA and Ig2b [28]. These secreted antibodies circulate through the body in
the blood, patrolling for pathogens to which they can bind, marking them for elimination
by the complement cascade or phagocytes. Beyond the existing immune response during
an infection, a certain number of B and T cells turn into memory cells, allowing a quick

recognition and adaptive response against the re-occurrence of the same pathogen.

1.2. The gut-associated lymphoid tissue

The gastrointestinal tract represents the largest physical barrier next to the skin,
separating the internal body from the surrounding environment. In addition to the
obvious function of digestion and uptake of nutrients, the gastrointestinal tract and its
immune system, termed gut-associate lymphoid tissue (GALT), play an important role in
the detection and defense against pathogens and the establishment of tolerance towards
harmless food components, along with the maintenance of the gut barrier. The GALT is
part of the mucosa-associated lymphoid tissue (MALT) and consists of several types of
organized lymphoid tissues, such as cryptopatches (CP), isolated lymphoid follicles (ILF),
Peyer’s patches (PP), and mesenteric lymph nodes (mLN), as well as more diffusely
distributed lymphoid tissues, such as the lamina propria (LP) and the follicle-associated

epithelium (FAE) [29], [30].
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The LP is located underneath the epithelium and consists of loose connective tissue,
smooth muscle fibers and fibroblasts. In addition, the LP is infiltrated with immune cells,
such as lymphocytes, especially IgA-secreting B cells, plasma cells and APCs. Furthermore,
small clusters of lymphoid cells, termed cryptopatches (CP), firstly described in 1996 by
Kanamori et al. [31], are randomly distributed in the basal area of the LP [32]. They are
made up of DCs mostly and lineage-negative cells expressing c-kit, named lymphoid tissue
inducer (LTi) cells [31]. Besides CP, isolated lymphoid follicles (ILF) can be found in the LP.
In addition, Peyers’s patches (PP) are also located in the LP of the mucosa extending into
the submucosa. PPs were discovered in 1977 and named after the Swiss pathologist
Johann Conrad Peyer (reviewed in [30]). They can be easily identified macroscopically
when analyzing the small intestine. Morphologically, PPs are organized similar to LN,
containing T cells, B cells, DCs, macrophages and germinal center (GC) with proliferating
B cells, accounting for their arched appearance and dome-like structure. They are
surrounded by the follicle-associated epithelium (FAE), which contains specialized
epithelial cells termed microfold cells (M cells). M cells received their name due to a great
number of tiny folds on their cell surface, leading to an increase in surface area, which
facilitates and enhances antigen uptake [33]. M cells have been described to take up
antigens located in the intestinal lumen by endocytosis and enable the trans-epithelial
transport to the underlying immune cells by exocytosis [34]. After antigen encounter,
these immune cells, such as DCs, migrate to naive T or B cells located in the PP in order to
stimulate them by antigen presentation. ILFs are structurally and functionally comparable
to PPs, and especially exhibit similarities to the B cell follicles in PPs, and have been firstly
described in the murine intestine in 2002 by Hamada et al. [35]. Additionally, lymphatic
vessels and capillaries traverse the LP, allowing trafficking of immune cells along the
gastrointestinal tract and to the mLN (Figure 2). Immune cells enter the mLNs in order to
initiate adaptive immune responses. Antigen-loaded APCs enter the LNs via the afferent
lymphatics and present the antigens to T cells located in the paracortex. Activated T cells
differentiate and proliferate, and in case of helper T cells migrate to B cells in the cortex
or in case of effector T cells and plasma cells leave the LN via the efferent lymphatics or
the blood stream (Figure 2). Directed migration of these effector cells is enabled by

homing receptors [36].
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Figure 2 — Scheme of antigen uptake in gut-associated lymphoid tissue. Antigens can be taken up by
microfold (M) cells, which reside in the follicle-associated epithelium (FAE). After the antigen has been
transferred by exocytosis to underlying APCs (orange), located in Peyer’s patches (PP), it can either be
directly presented to T cells (green) or the antigen-loaded APCs migrate to the mesenteric lymph node
(mLN). Alternatively, antigens can enter through the epithelium, and either be presented by MHC-II
enterocyte or pass through and be taken up by an APC, which executes antigen presentation. Adapted from
(37]

1.3. The Aryl hydrocarbon Receptor

The Aryl hydrocarbon Receptor (AhR) is a ligand-activated transcription factor, whose
activity is controlled by binding to environmental toxins, promoting their detoxification
through the induction of xenobiotic metabolizing enzymes. Originally, the AhR was
investigated as a receptor that confers toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin

(TCDD) [38]. TCDD was found to be responsible for chloracne, which is known for instance
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from an industrial accident in 1976 in Seveso in lItaly, leading to 196 chloracne cases, as
well as the assassination attempt on Viktor Yushchenko in 2004. Furthermore, TCDD has
been described to lead to progressive liver failure, renal failure and myocardial
degeneration among many other health problems (reviewed in [39]). TCDD and other
related halogenated aromatic hydrocarbons (HAHs) have been described to exhibit a
great binding affinity to the AhR [40], [41]. Well-studied examples include polychlorinated
dibenzo-p-dioxins (PCDDs), generated for example during paper bleaching using chlorine,
and polychlorinated biphenyl (PCB), which is used as a coolant fluid in transformers,
capacitors and electric motors (reviewed in [42]). Next to HAHs, polycyclic aromatic
hydrocarbons (PAHs), such as Benzo(a)pyrene and 3-methylcholanthrene (3MC), have
also been described to bind and activate the AhR, however, with a lower affinity [43].
PAHs are byproducts of industrial processes, generated from the incomplete pyrolysis of
organic materials and can be found in cigarette smoke, in fumes of combustion engines,

and also in forest fires.

The AhR is a member of the Per-Arnt-Sim (PAS) protein superfamily of basic helix-loop-
helix (bHLH) transcription factors [44], [45]. Other members of the bHLH-PAS superfamily
include hypoxia inducible factors (HIFs), which regulate responses to decreases in oxygen
levels in the cellular environment [44]. The PAS domain is also found in the Drosophila
melanogaster genes Period (Per) [46] and Single-minded (Sim) [47] and the mammalian
AhR nuclear translocator (ARNT, also known as HIF-1) protein [45], [48]. The PAS domain
functions as the binding site, while the bHLH motif facilitates the dimerization between
two bHLH-PAS proteins (Figure 3) [39], [45], [49]. Furthermore, the AhR functional

domain also contains a Q-rich domain, which is required for transactivation potential [50].

10
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Figure 3 — Scheme of AhR functional domains. The bHLH motif is found in many transcription factors and
allows DNA binding and dimerization between two bHLH-family members, such as the AhR and ARNT. The
AhR contains two PAS domains, facilitating ligand binding. Both, the bHLH motif and the PAS domain are
required for protein-portein interactions. The glutamine-rich (Q-rich) domain is incorporated within the
transcriptional activation domain. bHLH: basic helix-loop-helix; PAS: Per-Arnt-Sim [39].

In 1994 Li et al. found that the AhR is constitutively expressed in several mammalian
tissues, such as lung, heart, liver, thymus, brain, placenta and to a lesser extent in spleen,
kidney and muscle tissue [51]. The generation of AhR knock out mutant mice in three
independent working groups, namely Fernandez-Salguero et al. in 1995, Schmidt et al. in
1996 and Mimura et al. in 1997, revealed that the AhR plays a role in growth,
differentiation, liver development and physiology besides xenobiotic metabolism [52]—
[55]. AhR-deficient mice exhibit abnormalities in vascular development, reduced liver size,
portal fibrosis and steatosis, lower life expectancy and impaired fertility in female mice
[52], [56]-[58]. More recently, the AhR has been identified as an immune regulator and

sensor of endogenous low molecular weight chemicals (reviewed in [59]).

These novel insights lead to the search for additional AhR ligands, and the finding that in
addition to exogenous chemicals, the AhR also recognizes endogenous ligands, such as
dietary flavones, polyphenols and tryptophan-derivatives; some of which act as
antagonists [60]. Many naturally occurring ligands belong to secondary plant products, for
instance flavonoids, which are polyphenolic compounds and are ingested in significant
amounts by humans and animals, as they can be found in almost all plants [60].
Prominent examples are curcumin, which serves as a dietary supplement, spice or food
coloring, quercetin found in many fruits and vegetables, such as apples, berries and
onions, or indol-3-carbinol (I13C), which is produced by the breakdown of glucobrassicin

found in cruciferous vegetables, for instance broccoli, Brussels sprouts and cauliflower.

11
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Other reports describe heme metabolites, such as bilirubin [61], and arachidonic acid and
its related structures [62] as AhR ligands. However, none of these ligands have been
shown to own a binding affinity comparable to TCDD or 3MC, most of them having been
tested in vitro in competitive binding assays (reviewed in [55]). Nevertheless, in 1987
Rannug et al. identified two tryptophan photoproducts, 6-formylindolo(3,2-b)carbazole
(FICZ) and 6,12-diformylindolo(3,2-b)carbazole (dFICZ), as high-affinity AhR ligands
equivalent to TCDD [55], [63].

The AhR is located in the cytosol in an inactive complex with chaperones, such as heat
shock protein (Hsp) 90, AhR-interacting protein (AIP)-1 (also known as ARA9) and p23
[64]-[66]. AhR ligands can enter the cytosol by diffusion. Upon ligand binding the AhR
undergoes conformational changes and translocates to the nucleus, where it dissociates
from its chaperones and forms a complex with ARNT and thus becomes activated. This
interaction allows the AhR to bind as a heterodimer with ARNT to promoters containing
xenobiotic response elements (XREs, or also known as dioxin responsive elements, DREs)
(Figure 4) [67]. The best studied downstream targets of AhR activation are the xenobiotic
metabolizing mono-oxygenases of the cytochrome P450 family, such as CYP1A1, CYP1A2
and CYP1B1 [38], [44], [67], [68]. The AhR/ARNT dimer can also bind to genes responsible

for the regulation of cell cycle and cell growth [69].

12
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Figure 4 — Scheme of the AhR/AhRR signaling pathway. AhR ligands diffuse across the cell membrane.
Ligands can bind to the AhR, which is located in a complex with AIP, Hsp90 and p23 in the cytoplasm. This
leads to conformational changes and translocation into the nucleus. In the nucleus, the AhR dissociates
from the stabilizing chaperones, then dimerizes with ARNT and binds to XRE sites to initiate gene
transcription. The AhR is regulated in a negative feedback loop by the AhRR, which competes with the AhR
for dimerization with ARNT and binding to the XRE sites. The AhRR/ARNT complex does not induce
transcription. Adapted from [39]

Apart from this canonical pathway, other pathways have been shown to be involved in
AhR signal transduction. In 1992 Barker et al. identified a link between the NF-kB pathway
and the AhR based on the suppressive effects of IL-1B and TNF on TCDD-mediated
induction of CYP1A1 and CYP1A2 in studies performed in primary hepatocytes [70]. This
notion was reinforced by the demonstration of a direct interaction between AhR and NF-

kB subunit RelA [71] and physical interactions between RelB and the AhR [72].
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1.4. The Aryl hydrocarbon Receptor Repressor

The AhR also induces the expression of the AhRR, which in turn regulates the activity of
the AhR in a negative feedback loop by competing with the AhR for dimerizing with ARNT
and binding to XREs [73]. The AhRR/ARNT-dimer however, does not act as a
transcriptional activator (Figure 4). In vitro experiments demonstrated that the AhRR
inhibits AhR transcription [73]. Furthermore it was shown that, in contrast to the AhR, the
interaction between the AhRR and ARNT is ligand-independent [73]. Also, the AhRR does
not have binding capacity to chaperones and seems to be expressed and localized in the

nucleus [73].

Similar to the AhR, the AhRR belongs to the bHLH-PAS superfamily and the ahrr gene

displays a high homology with the ahr gene (Figure 5).

A

MMIPSGECTYAGRKRRKPIQKRRLT

ALQETCVWSAPALSPEEHSYRGFPVQEGRLLLESLNGFALVVSAEGMIFYASATIVDYLGFHQTDVMHQ
NIYDYIHVDDRQDFCRQLHWAMDPPQVVFGQSPHADTDNTVLGKLLRAQEGGKGLPSEYSAFLTRCFICRVRCL
LDSTSGFLTMQFQGKLKFLFGQKKKTPSGTALPPRLSLFCIVAPVLPSVTEMKMKSTFLKAKHRADIVVTMDSRAK
AVTSLCESELHPKLNYLAGKSNGENGISLFRGQTDRSHWARALARSSCLCLRGGPDLLDPKGTSGDREEEDQKH
ILRRSPGAWGQREMHKYSYGLETPVHLRHLNWSTEQRSQESTTKLTRQPSKNEPSTCLVPHGSCVPYPGSQGML
SASNMASFRDSLDHPTGAYCSQMNRPLSDIHQGQVDPSTCHISQGSLGSRIPLTGMQRFTARGFSTEDAKLPSL
PVTIGTPCNPVLSLDVPIKMENESGSQDIVEASTTSCLWLGTSDMARGHLVGFPARMHLKTEPDYRQQACTPHLG
HGMLGTNPYSRDTVGSCREHAPLYSAHCTCLDPEPPHHFFMCSHSESQHPSLDQDCRAPIVKREPLDSPSWAAP
GQVTVPRMFPKSASKTVIPSKGSDGIFLP
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|
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Figure 5 — Murine AhRR primary structure and scheme of functional domains. (A) Predicted amino acid
sequence of mAhRR, in single-letter symbols. bHLH (26—82 amino acids) in yellow and PAS-A regions (116—
167) in purple. (B) Functional domains of AhRR in comparison with AhR. Matches are indicated as
percentages. Adapted from [39], [73]
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Baba et al. were able to show that the chromosomal location of the AhRR is at
chromosome 13C2 in the mouse genome, in the rat at chromosome 1p11 and in humans
at chromosome 5p15.3 [74]. Moreover, by promotor analysis, they were able to show
that the ahrr gene contains XRE sequences, as well as GC boxes and NF-kB-binding sites
[74]. In 2008 Hosoya et al. generated AhRR knock out mice by homologous
recombination. These mice did not display growth defects and were fertile [75].
Additionally, when AhRR knock out mice were challenged with 3MC intraperitoneally
(i.p.), Hosoya et al. were able to measure elevated levels of the AhR target gene CYP1A1
in spleen, stomach and skin compared to wild-type mice. Other tissues however, such as
lung and heart showed no significant increase in CYP1A1 expression [75]. Our group was
able to demonstrate that the AhRR was expressed in immune cells in the skin and
intestine using an AhRR-reporter mouse line, expressing the enhanced green fluorescent
protein (EGFP) under the control of the AhRR promotor [76]. More specifically, in skin
AhRR/EGFP expression was found in epidermal Langerhans cells (LC) and to a lesser
extent in keratinocytes (KC), as well as in dermal fibroblasts [76]. AhRR/EGFP expression
was also detected in intestinal CD45* cells, such as APCs and certain T cell populations, in

PPs along with the LP in the small intestine and in the colon [76].

1.5. Therole of the AhR and AhRR in the immune system

The AhR and AhRR are widely expressed in different organs of the body. While the AhR is
ubiquitously expressed, AhRR expression can be mainly found in immune cells located at

barrier sites and is often restricted to specific subsets [76].

Using microarray analysis, AhR expression was identified in myeloid cells, such as
macrophages and DCs [77]. Nguyen et al. were able to show that LPS and CpG activate
AhR expression in bone marrow-derived DCs (BMDC), and induce indoleamine 2,3-
dioxygenase (IDO) expression, which catabolizes tryptophan into kynurenine (Kyn) [78].
Furthermore, it was shown that LPS treatment of peritoneal macrophages from AhR
knock out mice leads to enhanced inflammatory responses, such as increased IL-6 and

TNF production [79].
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Another cell type influenced by AhR expression are intestinal innate lymphoid cells (ILC),
more precisely ILC3 and lymphoid tissue inducer (LTi) cells, which are responsible for the
differentiation of lymphatic tissue as well as the control of immune and inflammatory
responses by producing IL-22 [80]. Kiss et al. showed that the postnatal expansion of
these RORyt expressing cells and the formation of isolated lymphoid follicles (ILFs) is
regulated by the AhR. Furthermore, AhR-deficient mice are more susceptible to an
infection with Citrobacter rodentium [81]. Citrobacter rodentium infection is often used as
a rodent infection model because of its similarity to human enterohaemorrhagic
Escherichia coli (EHEC) infections. In the gastrointestinal tract, AhR deficiency leads to
impaired numbers of ILCs and intraepithelial lymphocytes (IEL) resulting in reduced IL-22
production along with the disruption of colonic crypts and a disturbed intestinal
commensal population [81], [82]. Therefore, the AhR may contribute to the maintenance
of the gut barrier. In addition, these studies propose a link between AhR dietary ligands
and intestinal immunity [81], [82] (reviewed in [83]). Furthermore, the influence of AhR
on ILC3 in response to mucosal infection with Toxoplasma gondii was investigated.
Toxoplasma gondii infection led to reduced frequencies of ILCs and AhR deficiency

resulted in a higher susceptibility as revealed by increased weight loss [84].

In skin, almost all cells express the AhR, such as keratinocytes (KC), melanocytes and
Langerhans cells (LC), in the epidermis and fibroblasts, DCs and T cells, such as Th17 and
vo T cells, in the dermis [39], [85], [86]. It has been described that the AhR promotes KC
differentiation, regulates the function of LCs and enhances wound healing through an
interplay between fibroblasts and KC, thus controlling skin homeostasis resulting in an

intact barrier [85], [87]—[89].

Kimura et al. discovered that the AhR in T cells inhibits Statl phosphorylation during
culture conditions and facilitates in vitro Th17 differentiation, resulting in the blockade of
potential Th1 differentiation and thus further supporting Th17 polarization [90]. Induction
of RORyt, the key transcription factor promoting naive T cell differentiation into pro-
inflammatory Th17 cells, is enabled by the AhR, too, leading to a strengthened Tn17
polarization, but also to the production of IL-22 [91], [92]. High tryptophan levels in the
culture medium, or the addition of the AhR ligand FICZ lead to an increase in Th17

differentiation [93]. Treg cells on the other hand show only a marginal AhR expression
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[91], [94]. Quintana et al. reported that FICZ is not only able to induce Thl7
differentiation during experimental autoimmune encephalomyelitis (EAE), but also
inhibits Treg cell polarization, whereas AhR activation by TCDD boosted Tre; development
leading to a suppression of EAE [94]. Another T cell subset, the type 1 regulatory T cells
(Tr1) have been described to express AhR. These cells are characterized by the secretion
of high levels of IL-10, interactions with c-Maf and only a transient expression of FoxP3
[95]-[97]. In contrast, AhR expression cannot be detected either in naive T cells, or in Thl

or Th2 cells [91].

Compared to T cells, less is known about the regulation of the AhR in B cells. AhR
expression has been detected in ex vivo isolated B cells and in marginal zone B cells [39].
Furthermore, B cells are also targets for TCDD, which causes a suppression of the IgM

response [98], [99].

In contrast to the AhR, the influence and function of the AhRR still remains to the most
part unknown. In our group AhRR-deficient mice were described to be protected against
LPS-induced septic shock [76], whereas AhR-deficient mice exhibited a high susceptibility
[100]. In contrast, both AhR- and AhRR-deficient mice are very sensitive to DSS-induced
colitis, indicating that both molecules might be necessary to control intestinal
inflammation [76], [101], [102]. In addition, AhRR deficiency leads to increased IL-1B
production in the gut, supporting the importance of the AhRR for the maintenance of
colonic homeostasis [76]. Furthermore, during intestinal inflammation caused by 5% DSS,
AhRR-deficiency leads to diminished frequency of IFNy producing Thl cells, as well as

increased Th17 differentiation [76].

1.6. Inflammatory bowel diseases

The gastrointestinal tract serves as a barrier to the surrounding environment, in which an
interplay between microbial and dietary signals as well as immune cells can take place.
Any disturbances in this homeostasis can have detrimental effects, such as enhanced
susceptibility to infections, the development of inflammatory bowel diseases (IBD) or
even the induction of cancer. IBD comprises a group of inflammatory diseases of the
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gastrointestinal tract, for example Morbus Crohn or Colitis ulcerosa. Morbus Crohn can
affect any part of the digestive system, whereas Colitis ulcerosa is restricted to the colon
and rectum. Both Morbus Crohn and Colitis ulcerosa show high incidences in Europe.
Ulcerative colitis occurs in 505 per 100000 persons and Crohn’s disease has been
diagnosed in 322 per 100000 persons [103]. Histopathological, ulcerative colitis exhibits
neutrophil infiltration within the LP and a decrease in goblet cell numbers [104]. Crohn’s
disease on the other hand is characterized by an accumulation of macrophages and, even
though the whole gastrointestinal tract can be affected, inflammatory pathology is more
obvious in ileum and PPs [104]. Furthermore, in contrast to ulcerative colitis, Crohn’s
disease is characterized by a patchy inflammation, leaving parts of the intestine less

damaged [104].

The establishment of IBD appears to be facilitated by a dysregulation of the intestinal
epithelial barrier, in which immune cells of the GALT become activated by commensal
bacteria or by the loss of Treg induced tolerance (reviewed in [105]). Fuss et al. were able
to show that the mucosa of patients with ulcerative colitis is dominated by Tn2 cells
producing IL-5 and TGFpB, but not IL-4, whereas the mucosa of patients suffering from

Crohn’s disease has increased numbers of Th1 cells producing IFNy and IL-2 [106].

Causes for IBD are not entirely clear and seem to be a combination of genetic
predisposition and influence from microbes and the environment. In 2001 the nucleotide-
binding oligomerization domain-containing protein (NOD) 2 (also known as CARD15 and
IBD1) gene has been identified as a susceptibility gene associated with Crohn’s disease
[107], [108]. Several more susceptibility genes have been identified and some are even
linked to autoimmune disorders [104]. Antibiotic treatment in IBD patients identified the
interplay between microorganisms and the host defense system as a possible cause [104],
[109]. Furthermore, increased incidence of Crohn’s disease has been associated with
smoking [110] and hormonal contraceptives [111]. Ulcerative colitis appears to be
connected to an increased intake of unsaturated fats [112] and alcohol consumption
[113]. It is important to mention that the AhR and its dietary ligands have been linked to
IBD (reviewed in [114]). Additionally, as mentioned before, murine experimental models
revealed that AhR deficiency leads to increased susceptibility in DSS-induced colitis [101]

and Toxoplasma gondii-induced ileitis comparable to Crohn’s disease.
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1.7. Infections with Toxoplasma gondii

Toxoplasma gondii is an obligate intracellular parasite, discovered in 1908 by Nicolle and
Manceaux in a rodent in North Africa. Besides rodents, the parasite can infect any warm-
blooded animal including humans. Felines however, are the only known definitive hosts,
in which the parasite can sexually reproduce. Estimations show that approximately 30%
to 50% of the world population is infected with Toxoplasma gondii [115]. Interestingly,
underdeveloped countries show higher infection rates compared to developed countries

(reviewed in [116]).

The main or best described pathway of infection occurs through ingestion of infected
food, such as raw or undercooked meat, or water contaminated with tissue cysts or
oocytes (Figure 6) [117]. Other possibilities are infections through blood products, as well
as congenital transmission, when a previously seronegative mother suffers from an acute
toxoplasmosis and the tachyzoites cross from the mother’s blood to the placenta and
infect the unborn child (Figure 6) [118]. A primary infection during the first trimester of a
pregnancy can lead to spontaneous abortion or to neurological defects of the fetus
(reviewed in [116]). Most commonly, in healthy immunocompetent adults, an infection
progresses inapparent, without any recognizable symptoms, apart from mild, flu-like
symptoms. However, an infection with Toxoplasma gondii in immunocompromised adults
and children can lead to toxoplasmosis, displaying seizures, poor coordination skills and

even encephalitis.
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Figure 6 — Scheme of Toxoplasma gondii infection pathways in humans. Different sources of contaminated
food and water, as well as congenital (vertical) transmission are depicted [119].

Toxoplasma gondii can be infectious in three different stages of its life-cycle: sporozoites,
tachyzoites and bradyzoites (Figure 7) [120]. Oocysts are a resilient form of the
Toxoplasma gondii sexual reproduction, produced in the intestine of domestic cats or any
other felidae and can be found in the feces of infected cats. Once they leave the feline
intestine, they mature to infectious sporulated oocysts. After ingestion by intermediate
hosts they develop to tachyzoites. Tachyzoites are the fastest replicating life stage and
they are able to circulate in the blood and infect any nucleated cells. Their replication
occurs during a 6- to 8-hour cycle in a protective parasitophorous vacuole, which avoids
fusion with endo-lysosomes, until the tachyzoites exit the cell to infect neighboring cells
[121], [122]. Tachyzoites eventually differentiate into bradyzoites, a slower replicating

form. However, if bradyzoites are ingested, they also able to convert back to tachyzoites,
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allowing quick replication and distribution. This is known as stage conversion. Bradyzoites
also replicate in a vacuole, which matures into a cyst reaching diameters of up to 100 um
[123]. These cysts can persist for years and are located primarily in the brain and muscle

tissue, but can also be located in the lung, liver or kidney [116], [120].

Intermediate hosts: Definitive hosts:
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Figure 7 — Schematic of Toxoplasma gondii life-cycle. Depicted are the different infectious stages and
replication forms depending on the host [119].

The population of Toxoplasma gondii found in Europe and North Amerika can be divided
into three different strains, which are termed Type 1, Type 2 and Type 3. Infections of
humans and animals in Europe are predominantly caused by Type 2 (such as ME49) [124],
[125]. The different types are characterized by their virulence in mice. Type 1 strain
parasites exhibit a very high virulence, leading to a mortality rate of 100% after an
infection with less than 10 parasites [125], [126]. Parasites of the Type 2 strain have been
described to show a lethal dose (LD)so of more than 10% parasites [125], [127]. Type 3

strain parasites show a LDso of more than 10° parasites [125], [128]. An intact competent
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immune system however, is able to eliminate the parasite from the body within a few

weeks [116].

In experimental mouse models, the genetic background has been shown to play a role in
eliminating the infection. C57BL/6 mice in comparison to Balb/c mice have been
described to be more susceptible, exhibiting necrosis of the villi in the ileum caused by
the spreading parasites, but also by large quantities of IFNy indicating Thl-type
immunopathology similar to Crohn’s disease [129]. Therefore, Toxoplasma gondii
infection has been used as a model to mimic and study Crohn’s disease in the murine
system [129]. It has been described that both the innate and the adaptive immune system
are involved in the elimination of a Toxoplasma gondii infection (Figure 8) (reviewed in

[130]).
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Figure 8 — Innate and adaptive immune cells involved in elimination of Toxoplasma gondii infection
through IFNy production. Toxoplasma gondii is recognized and taken up by macrophages and dendritic cells
(DC). DC can induce IFNy production in natural killer (NK) cells as well as prime CD8" T cells via cross
presentation. Additionally, neutrophils and CD4* T cells produce IFNy, which leads to parasite elimination in
macrophages [130].

In the early phase of infection, infected cells secrete chemokines, thereby attracting
innate immune cells. NK cells play an important role by secreting large amounts of IFNy.
They are triggered by DCs and neutrophils, which produce IL-12 and IL-18 leading to the
activation of NK cells. Additionally, DCs activate CD8* T cells via cross presentation, as well
as IFNy producing Tn1 cells, which are essential to control the parasitic burden (Figure 8)
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[116], [129]. IFNy-activated macrophages play an important part in the disruption of
parasitophorous vacuoles [131]. Fibroblasts, epithelial and endothelial cells also get
stimulated by IFNy to induce anti-parasitic activity, such as the induction of indoleamine
2,3-dioxygenase (IDO), an enzyme involved in tryptophan metabolism, leading to the
depletion of tryptophan and increases in reactive oxygen species [132]. On the downside,
this potent immune response can lead to inflammation and intestinal tissue damage if

anti-inflammatory signals, such as IL-10 and TGFB, are impaired.

1.8. Sepsis

Sepsis in humans is a very severe and usually life-threatening disease commonly caused
by a systemic bacterial infection, which leads to dysregulation of the host’s own immune
response resulting in the injury of tissue and organs. Estimations of annual worldwide
sepsis cases lie by 31.5 million, resulting to approximately 5.3 million deaths per year
[133]. In the human system, sepsis proceeds in two phases. The systemic inflammatory
response (SIRS), involving pro-inflammatory cytokines, such as TNF, IL-1, IL-6 and IL-12, is
followed by the compensatory anti-inflammatory response (CARS), including the
production of anti-inflammatory mediators, such as IL-4, IL-10, IL-13 and TGFB (Figure 9A)
[134], [135]. A dysbalance of these two pathways leads to irreversible tissue damage by
harming endothelial, epithelial and immune cells and finally to multiple organ failure

(Figure 9).
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Figure 9 — Balance of systemic inflammatory response (SIRS) and compensatory anti-inflammatory
response (CARS) in sepsis. (A) SIRS is characterized by leukocyte activation and involves cytokine
production, such as tumour-necrosis factor (TNF), IL-1, IL-6 and IL-12, leading to the activation of the host’s
inflammatory system. This phase is followed and de-activated through the expression of CARS mediators,
such as IL-4, IL-10, IL-13 and TGFB. During sepsis, regulation of SIRS and CARS mediators is lost, leading to
dysbalance and organ dysfunction [135]. (B) Scheme of the dynamic changes in SIRS and CARS beyond
normal responses. MODS: multiple organ dysfunction syndrome. Adapted from [136], [137]

24



Introduction

Treatment of sepsis includes intravenous fluid resuscitation and antibiotics, carried out in
an intensive care unit. Furthermore, removal of the source of infection is of utmost
importance, thereby clearing the septic focus. Failure of surgical clearance of the septic
focus leads to increased mortality [138]. If severe damage has occurred to kidney or
lungs, dialysis and mechanical ventilation will additionally be performed. However, if

multiple organ failure starts progressing, treatment is very much restricted.

One of the main players in sepsis and often used in animal models to study septic shock
symptoms, is lipopolysaccharide (LPS), also referred to as endotoxin. LPS is an abundant
cell wall component of all gram-negative bacteria. Experimental setups in animals can
include intraperitoneal injection or infusion of LPS or gram-negative bacteria, leading to a
LPS-induced septic shock dependent on the dosage and genetic background (reviewed in
[139]). Also, repeated challenges with endotoxin enable the investigation of possible
tolerance to the second LPS stimulation [140]-[143]. The toxicity of gram-negative
bacteria is thought to be attributed to lipid A, a component of LPS, which is released upon
the destruction of the outer membrane of the bacteria. In 1998 Bruce Beutler described
that LPS is recognized by the innate immune system via TLR4 [144]. TLR4 recognizes LPS
together with its co-receptor CD14 and a secreted adaptor protein termed myeloid
differentiation factor (MD-2), prompting cytokine synthesis and secretion [145], [146].
Apart from TLR3, all other TLRs, including TLR4, signal via the adaptor molecule myeloid
differentiation primary response gene (MyD) 88. TLR3 signals through the TIR-domain-
containing adaptor-inducing interferon-B (TRIF) molecule. For complete TLR4 signaling
however, both adaptor molecules are necessary (reviewed in [147], [148]). The signaling
cascade leads to the activation of the transcription factor NF-kB, which translocates into
the nucleus initiating the transcription of pro-inflammatory genes, such as TNF, IL-6, IL-10,
IL-12 and IFNy (reviewed in [149]). It has been described that during an endotoxin-
induced septic shock, TNF production reaches a peak already 1.5 hours after the
endotoxin challenge [148], [150]. Many different cell types, such as macrophages, DCs,
monocytes and B cells, can detect LPS and induced signaling leads to cytokine secretion

and can cause a detrimental cytokine storm (reviewed in [148]).

Many therapeutic targets that were discovered and shown to be effective in animal

studies, however, proved to be rather unsuccessful in human clinical trials [135], [151].
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Consequently, animal models needed to be more multifaceted, establishing more
complexity than the mere administration of a single PAMP, such as LPS. In 1998
Zantl et al. established an animal model used to study sepsis pathophysiology named
colon ascendens stent peritonitis (CASP) model, a rodent model, which can be used to
induce a polymicrobial sepsis [152]-[154]. In this model, a small stent is surgically
inserted into the ascending colon of mice, creating a continuous connection between the
intestinal lumen and the peritoneal cavity resulting in a septic peritonitis (Figure 10). The

severity of the infection can be controlled by the diameter of the inserted stent.

Figure 10 — Scheme of the colon ascendens stent peritonitis (CASP) model. The CASP model is an animal
model used to study sepsis. A continuous connection is created by surgically inserting a small stent into the
colon ascendens, allowing flow of faecal material from the colon into the peritoneal cavity leading to
polymicrobial infection [135].
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2. Aims of this thesis

The AhR is a well-studied ligand-activated transcription factor, which has been described
to play a role in xenobiotic metabolism [38], [59], [73], as well as in immune regulation,
linking it to essential regulatory functions in immunity, such as intestinal homeostasis
[59], [60]. AhR activity is regulated by the AhRR in a negative feedback mechanism. Using
AhRR-EGFP-reporter mice our working group showed that the AhRR is mainly expressed
in immune cells of the intestine and skin. AhRR-deficient mice are protected from LPS-
induced septic shock and display reduced pro-inflammatory cytokine production in
comparison to wild-type mice. In contrast, AhRR-deficient mice are more susceptible in a
DSS induced colitis model [76]. In this thesis, the function and influence of the AhRR in

systemic and intestinal infections was addressed:

1. The influence of AhRR deficiency and the expression pattern of the AhRR was
characterized in the different helper T cell subsets.

2. The role of the AhRR in intestinal infection was analyzed by performing an ileitis
model caused by oral infection with the parasite Toxoplasma gondii resembling
the pathology of Morbus Crohn. The influence of AhRR deficiency on survival in
AhRR-deficient mice and wild-type littermate control mice was investigated, as
well as parasite burden, cytokine production and histological evaluation.

3. Using the Colon Ascendens Stent Peritonitis (CASP) model, which leads to
polymicrobial sepsis, the influence of the AhRR in systemic infection was
addressed in both male and female mice to exclude gender influences. A possible
role for the AhRR, as well as for the AhR, in endotoxin tolerance was also explored.

4. Additionally, to further analyze the expression of the AhRR in vivo, AhRR-dsRed-
reporter mice were generated, in which the second exon of the ahrr locus was

replaced by a dsRed-cassette.
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3. Materials and methods

3.1. Materials

3.1.1. Technical equipment

Materials and Methods

Equipment

Accu-jet® pro

Balance 440-35N

BD flow cytometer FACS Aria

BD flow cytometer FACS Canto |l
ChemiDoc™ MP Imaging system
Centrifuge 5415 R

Centrifuge 5810 R

Centrifuge Allegra® X-15R
Cryopreservation 800 series-190 MVE
Cryostat CM3050S

Electroporator Gene pulser Xcell™
Feeding needle

Fridges and freezers

Gel documentation

Gel electrophoresis equipment
Hemocytometer Neubauer improved
Incubator 37°C Binder

Incubator 37°C, 1% O, HERA cell 150

Keyence BZ-9000 digital microscope

Magnetic stirrer C-MAG HS 4
Microscope Eclipse TS 100
Microtome RM2255
Multichannel pipette

Manufacturer

Brand, Wertheim

Kern, Balingen

BD Biosciences, Heidelberg

BD Biosciences, Heidelberg
BioRad, Munich

Eppendorf, Hamburg
Eppendorf, Hamburg

Beckman Coulter, Krefeld
Thermo Scientific, Braunschweig
Leica, Nussloch

BioRad, Munich

AgnTho, Lidingd, Schweden
Bosch

Biostep GmbH, Jahnsdorf
BioRad, Munich

Marienfeld Superior, Lauda-Konigshofen
Binder, Tuttlingen

Thermo Scientific, Braunschweig

Keyence Deutschland GmbH, Neu-
Isenburg

IKA®, Staufen
Nikon, Dusseldorf
Leica, Nussloch

Abimed, Langenfeld
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NanoDrop 1000

Odyssey, infrared imager
Oven

Pipettes

Precellys 24 homogenizer
Precision balance
Real-Time System CFX96
Semi-dry blotting/transfer cell
Spectrometer (ELx 800)
Steril bench BDK

Steril bench S@feflow 1.2
T1 thermocycler

Tissue processor, TP 1020

ThermoShaker Ts1

QuadroMACS™ Separation Unit & MACS
MultiStand

Vortex Genie 2

Materials and Methods

Peqlab, Erlangen

LI-COR, Bad Homburg
Tri-Star, Texas, USA

Starlab GmbH, Hamburg
Peqglab, Erlangen

Kern, Balingen

BioRad, Munich

BioRad, Munich

BioTek Instruments, Bad Friedrichshall
BDK, Sonnenbiihl-Gerkingen
Nunc, New York, USA
Biometra, Gottingen

Leica, Nussloch

Biometra, Gottingen
Miltenyi Biotec, Bergisch Gladbach

Scientific Industries, New York, USA

3.1.2. Laboratory materials

Item

Biosphere?® Filter Tips
Cell culture plates Cellstar
(6,12, 24, 48 and 96 Well)

Cell strainers (100 um, 70 um)

Cover slips (24 x 60 mm)

CryoPure Tube

Disposable hypodermic needles, Sterican®
ELISA plates, 96-well, half area

Flow Cytometry tubes

Glas beads (@ 1,25-1,65 mm)

ImmEdge pen

Low profile microtome blades

Microseal® B seal

Manufacturer

Sarstedt, Nimbrecht
Greiner Bio-One, Frickhausen

BD Biosciences, Heidelberg

Roth, Karlsruhe

Sarstedt, Nimbrecht

Braun, Melsungen

Greiner Bio-One, Frickhausen
Sarstedt, Nimbrecht

Roth, Karlsruhe

Vector Lab. Inc., Burlingame, USA
Leica, Nussloch

BioRad, Munich
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Microscope slides superfrost plus

Nitrocellulose Blotting Membrane,
Amersham™ Protran™ 0.45 um NC

PCR Plates Hard-Sell®, 96-well, thin-wall
Reaction tubes (Falcons, 15 ml, 50 ml)
Reaction tubes (0.5 ml, 1 ml, 2 ml)
Sterile applicators

Surgical suture, nylon, DSM 11

Surgical suture, nylon, DSM 13
Syringes, single-use, Injekt®
Tissue-Tek® Cryomolds

Intermediate/Standard
Vein catheter, BD Venflon™ (14 gauge, 16

gauge)
Whatmanpaper GB0O05 200 x 200 mm

Materials and Methods

Thermo Scientific, Braunschweig
GE Healthcare, Freiburg

BioRad, Munich

Greiner Bio-One, Frickhausen
Sarstedt, Nimbrecht
Bottger, Bodenmais

Resorba, Nlrnberg

Resorba, Nlrnberg

Braun, Melsungen

Sakura, California, USA

BD Biosciences, Heidelberg

GE Healthcare, Freiburg

3.1.3. Chemicals, enzymes and reagents
Description Manufacturer
2-Propanol Roth, Karlsruhe

Absolute qPCR Sybr Green ROX Mix
Acetone

Acrylamide (30%)

Agarose

APS (Ammonium persulfate)
B-mercaptoethanol

Brefeldin A Solution (1000x)

BSA (Albumin bovine fraction)
DABCO (1,4-Diazabicyclo[2.2.2]octan)
DAPI (4'-6-Diamidino-2-phenylindole)
Dextran Sulfate

DMEM medium (BHK-21)

DMSO (Dimethyl sulfoxide)

dNTP (deoxynucleotides)

DTT (Dithiothreitol)

Thermo Scientific, Braunschweig
VWR, Darmstadt

Sigma-Aldrich, Munich

PeglLab, Darmstadt

Roth, Karlsruhe

Sigma-Aldrich, Munich
eBioscience, Frankfurt am Main
Serva, Heidelberg

Roth, Karlsruhe

Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Invitrogen, Carlsbad, USA
Merck, Darmstadt

Thermo Scientific, Braunschweig

Promega, Fitchburg, USA
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EDTA (Ethylenediaminetetraacetic acid)
Entellan

Eosin Y solution (alcoholic)

EtOH (Ethanol)

Euparal

FCS (Fetal Bovine Serum)

Ficoll-Paque™ PLUS (density 1.077 g/ml)
FICZ (6-Formylindolo(3,2-b)carbazole)
Fixable Viability Dye eFluor® 780
Formaldehyde

Gelatine

Geneticin® Selective Antibiotic (G418 Sulfate),
Powder

Glycerol

Hemalum solution (Mayer’s)
HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid)
HCI (Hydrogen chloride)

IMDM medium Gibco™

lonomycin calcium salt from Streptomyces
conglobatus

Isoflurane (Forene)

KCI (Potassium chloride)

L-Glutamine 200 mM (100x)

Lipopolysaccharides from Escherichia coli 0111:B4
Lipopolysaccharides from Escherichia coli 055:B5
Methanol

Milk powder, skim

Monensin Solution (1000x)

Mouse serum

Mowiol

MyTag™ HS Red DNA Polymerase (Polymerase &
buffer)

NaCl (Sodium chloride)
NaOH (Sodium hydroxide solution, 4 N)
Non-essential amino acids (100x)

Oligo(dt)18 primer

Materials and Methods

Sigma-Aldrich, Munich
Roth, Karlsruhe
Sigma-Aldrich, Munich
Roth, Karlsruhe

Roth, Karlsruhe

PAN Biotech, Aidenbach
GE Healthcare, Freiburg
Enzo Life Sciences, Lorrach
eBioscience, Frankfurt am Main
Merck, Darmstadt

Roth, Karlsruhe

Invitrogen, Carlsbad, USA

Roth, Karlsruhe
Merck, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe
Life Technologies, Carlsbad, USA

Sigma-Aldrich, Munich

Abbvie, Ludwigshafen
Merck, Darmstadt
Invitrogen, Carlsbad, USA
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Roth, Karlsruhe

Roth, Karlsruhe
BiolLegend, Fell
Sigma-Aldrich, Munich
Roth, Karlsruhe

Bioline, Luckenwalde

Roth, Karlsruhe
Roth, Karlsruhe
Invitrogen, Carlsbad, USA

Thermo Scientific, Braunschweig



Paraformaldehyde

PBS (Phosphate buffered saline)
Penicillin/Streptomycin

PMA (Phorbol 12-myristate 13-acetate)
Ponceau S

Precision Plus Protein™ Dual Color Standard
Proteinase K, recombinant
Proteinase inhibitor (10x)

Rat serum

Restriction enzyme Dral
Retinoic acid

RevertAid reverse transcriptase
RiboLock RNase Inhibitor

Ripa puffer (10x)

RPMI 1640 medium

RT Reaction buffer (5x)

Salmon sperm DNA

Saponin

SDS (Sodium dodecyl sulfate)
Sodium pyruvate (100 mM)

SSC (Saline sodium citrate)
Sucrose

Sulfonic acid (H2504), 25%

Sybr Safe DNA gel stain

TAE buffer (10x)

TEMED

Tissue freezing medium®

TMB Plus 2 (Peroxidase substrate)
Tris

Tris-HCI

Tris-Ultra

Trypan blue solution
Trypsin-EDTA 0.25% (1x)
Tween®20

Vectashield Hard Set Mounting Medium with DAPI

Materials and Methods

Merck, Darmstadt

Merck, Darmstadt

Invitrogen, Carlsbad, USA
Sigma-Aldrich, Munich

Roth, Karlsruhe

BioRad, Munich

Roche, Mannheim

Roche, Mannheim
Sigma-Aldrich, Munich

New England Biolabs, Frankfurt
Sigma-Aldrich, Munich

Thermo Scientific, Braunschweig
Thermo Scientific, Braunschweig
Cell Signaling, Frankfurt am Main
PAN Biotech, Aidenbach
Thermo Scientific, Braunschweig
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Invitrogen, Carlsbad, USA
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich

Roth, Karlsruhe

Life Technologies, Carlsbad, USA
Invitrogen, Carlsbad, USA

Roth, Karlsruhe

Leica, Nussloch

BioTrend, Koln

Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe

Sigma-Aldrich, Munich

Life Technologies, Carlsbad, USA
Roth, Karlsruhe

Biozol, Eching
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Xylol

Materials and Methods

Roth, Karlsruhe

3.1.4. Solution, media and buffers

Description
ACT buffer

Antibody diluent (WB)

Blocking buffer (WB)
Blocking buffer (Histology)

Blotting buffer (WB)

Complete IMDM medium

Complete RPMI 1640

medium

Complete ES cells medium

GM-CSF

Dissolved in

Aqua dest.

TBST

TBST
PBS

Aqua dest.

IMDM medium

RPMI medium

DMEM medium

RPMI medium

Composition

0.16 M NH4CI

Tris base pH 7.65
Stored at RT

2,5% skim milk powder
Stored at 4°C

5% skim milk powder

1% FCS

1% mouse serum

1% rat serum

Stored at -20°C

25 mM Tris, pH 8-10

192 mM Glycerol

20% Methanol

Stored at RT

10% FCS

1% L-glutamine

1% Penicillin (10000
U/ml)/Streptomycin (10000 U/ml)
B-mercaptoethanol

Stored at 4°C

10% FCS

1% L-glutamine

1% Penicillin (10000
U/ml)/Streptomycin (10000 U/ml)
B-mercaptoethanol

Stored at 4°C

20% FCS

10% LIF

1% L-glutamine

1% Sodium pyruvate

1% Non-essential amino acids

1% Penicillin (10000
U/ml)/Streptomycin (10000 U/ml)
B-mercaptoethanol

Stored at 4°C

Supernatant of transfected X63Ag8-
653-cells [155]

Stored at -20°C
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ELISA washing buffer
Formaldehyd

Hybridization buffer

Laemmli buffer (WB)

Lysis buffer

M-CSF

Mowiol solution

Paraformaldehyde

PBS

Permeabilisation buffer

Ponceau S

PBS
PBS

PBS

Aqua dest.

RPMI medium

PBS

Aqua dest.

PBS

Aqua dest.

Materials and Methods

0,5% Tween®20

Stored at RT

2% Formaldehyd

Stored at RT

1 M NacCl

10% Dextran Sulfate

50 mM Tris-HCL, pH 7,5

1x SDS

Stored at 4°C

200 pg/ml salmon sperm DNA was
added prior using the buffer

10 min on 90°C, followed by 10 min
onice

40% Glycerol

1 M Tris, pH 6.8

4% SDS

0.5% Bromophenol blue

20% B-mercaptoethanol

Stored at 4°C

10 mM Tris-HCL, pH 8.5

5 mM EDTA, pH 8.0

0,2% SDS

200 mM NacCl

Stored at RT

0.1 mg/ml Proteinase K was added
prior using the buffer
Supernatant of L929 fibroblasts
Stored at -20°C

2.4 g Mowiol

6 g Glycerol

6 ml Aqua dest.

ON stirring

12 ml 0.2 Tris, pH 8.5

10 min stirring at 50°C
Centrifugation 15 min at 5000 x g
2.5% DABCO to supernatant
Stored at -20°C

4% PFA

Stored at RT

13.7 mM NaCl

2.7 mM KClI

80.9 mM Na;HPOq4

1.5 mM KH2POg4, pH 7.4

Stored at RT

0.5% Saponin

0.5% BSA

0.1% Ponceau S

5% Acetic acid
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Running buffer (WB) Aqua dest.
Separating gel (WB) Aqua dest.
Stacking gel (WB) Agua dest.
TBST (WB) Aqua dest.
TE buffer (genotyping) Agua dest.
Toluidine blue stock 70% EtOH

Toluidine blue working
solution

Trypan blue working PBS
solution

Materials and Methods

25 mM Tris, pH 8.3-8.8
192 mM Glycerol

0.1% SDS

Stored at RT

1.5 mM Tris, pH 8.8
Acrylamid (30%)

SDS (10%)

APS (10%)

TEMED

1.5 mM Tris, pH 6.8
Acrylamid (30%)

SDS (10%)

APS (10%)

TEMED

7.7 mM Tris-HCl, pH 7.5
150 mM NacCl

0.05% Tween 20
Stored at RT

10 mM Tris-HCI, pH 8.0
1 mM EDTA

Stored at RT

1% Toluidine blue
Stored at RT

1 part Toluidine blue stock
9 parts 1% Sodium chloride solution,
pH 2.3

Stored at RT

0.25% Trypan blue
Stored at RT

3.1.5. Commercial kits

Description
CD4* CD62L* T cell Isolation Kit I, mouse
CD8a (Ly-2) MicroBeads, mouse

DNA ladder, 100 bp, 1 kb

ELISA DuoSet development kits

(IL-1B, IL-4, IL-10, IL-12 p70, IL-22, IL-23, IFNy,
TGFB, TNF)

ELISA MAX™ Standard Mouse IL-17A

Company/Manufacturer

Miltenyi Biotec, Bergisch Gladbach
Miltenyi Biotec, Bergisch Gladbach
New England Biolabs, Frankfurt

R&D Systems, Wiesbaden

BioLegend, Fell
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Foxp3 / Transcription Factor
Fixation/Permeabilization Concentrate and
Diluent

Ladderman™ Labelling Kit

MagniSort™ Mouse CD4 T cell Enrichment Kit
MyTaq™ HS Red DNA Polymerase

Pan T Cell Isolation Kit I, mouse

RNeasy fibrous tissue mini kit

Qiagen® Plasmid Midi Kit

Materials and Methods

eBioscience, Frankfurt am Main

TaKaRa Bio Inc., Japan
eBioscience, Frankfurt am Main
Bioline, Luckenwalde

Miltenyi Biotec, Bergisch Gladbach
Qiagen, Hilden

Qiagen, Hilden

3.1.6. Cytokines

Description Source
Recombinant Murine IL-2 E. coli
Recombinant Murine IL-4 E. coli
Recombinant Murine IL-6 E. coli

Recombinant Murine IL-12
(p70)

Recombinant Human IL-23

CHO cells

Insect cells
Recombinant Human IL-27 HEK293 cells
Recombinant Murine TNF E. coli

Recombinant Human TGF-1 HEK293 cells

(BTI-Tn-5B1-4) Hi-5

Company/Manufacturer

PeproTech, Hamburg
PeproTech, Hamburg
PeproTech, Hamburg

PeproTech, Hamburg

PeproTech, Hamburg

PeproTech, Hamburg
PeproTech, Hamburg
PeproTech, Hamburg

3.1.7. Antibodies

3.1.7.1.  Flow cytometry antibodies

. . Dilution/
Antibody Conjugate  Clone Concentration Company/Manufacturer
CD3e FITC 145-2C11 1:200 BioLegend, Fell
LEAF™ .
CD3e Purified 145-2C11 3 ug/ml BioLegend, Fell
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CDh4

CD8a
CD11c

CD11b
CD25

CD28

CDh44
CD62L
FoxP3

GFP, rabbit
IgG Fraction
Goat anti-
rabbit IgG
(H+L)

IFNy
IFNy
IL-4
IL-4
IL-10

IL-17A
IL-22

MHCII

RFP, rabbit
IgG
TruStain
fex™
(CD16/32)

APC-Cy7;
PE-Cy7
PerCP
APC-Cy7
PerCP;
APC
PE-Cy7;
APC
LEAF™
Purified

PE
APC

PE
Purified

Alexa
Fluor® 488
PE

LEAF™
Purified

PE

LEAF™
Purified

PE

PE

PE

APC;
PE-Cy7

Purified

Purified

RM4-5

53-6.7
N418

M1/70
PC61

37.51

IM7
MEL-14

FIK-16s

Polyclonal

Polyclonal

XMG1.2

R4-6A2
11B11
11B11
JES5-16E3

eBiol7B7
1H8PWSR
M5/114.15.2

Polyclonal

93

1:200

1:200
1:200

1:200
1:200

1 pg/ml

1:200
1:200

1:100

1:1000

1:500

1:100

10 pg/ml
1:100

10 pg/ml

1:100

1:100
1:100
1:2000

1:1000

1:100

Materials and Methods

BioLegend, Fell

BiolLegend, Fell
BioLegend, Fell

BiolLegend, Fell
BioLegend, Fell

BioLegend, Fell

BioLegend, Fell

BiolLegend, Fell

eBioscience, Frankfurt
am Main

Life Technologies,
Carlsbad, USA

Life Technologies,
Carlsbad, USA

BD Pharmingen,
Heidelberg

BioLegend, Fell
BiolLegend, Fell
BioLegend, Fell

BiolLegend, Fell

eBioscience, Frankfurt
am Main
eBioscience, Frankfurt
am Main

BioLegend, Fell
Rockland, Pennsylvania,

USA

BioLegend, Fell
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3.1.7.2.  Western Blot antibodies
Antibody Conjugate Clone Dilution Company/Manufacturer
RFP, rabbit o ; Rockland, Pennsylvania,
lgG Purified Polyclonal 1:1000 USA
GAPDH, Purified Monoclonal 1:5000 Acris Antibodies, Herford
mouse IgG
IRDye®
680RD
Donkey anti- ; LI-COR, Bad Homburg
Mouse IgG IRDye 680RD  Polyclonal 1:10000 vor der Hahe
(H+L)
IRDye®
800CW Goat
anti-Rabbit  IRDye 800CW Polyclonal ~ 1:10000 - "COR,BadHomburg
vor der Hohe
IgG (H+L)
3.1.7.3.  Antibodies for immunohistology
Antibody Conjugate Clone Dilution Company/Manufacturer
Toxoplasma . :
. . Dr. Ingrid Reiter-Owona,
1
gonc'lu, rabbit 300 Bonn [156], [157]
(antiserum)
Goat anti-
. Alexa Fluor® . Life Technologies,
rabbit IgG 594 Polyclonal 1:500 Carlsbad, USA
(H+L)
RFP, rabbit o ; Rockland, Pennsylvania,
lgG Purified Polyclonal 1:500 USA
Goat anti-
. Alexa Fluor® . Life Technologies,
(raﬁll:-);t IgG 488 Polyclonal 1:500 Carlsbad, USA
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3.1.8. Primer

3.1.8.1. RT-PCR primer

Materials and Methods

Description

Toxoplasma gondii
ME49 B1 gene

GAPDH

RPS6

Forward primer

CGC TGC AGG GAG GAA AGT
TG

CAT ATT TCT CGT GGT TCA
CACC

ATT CCT GGA CTG ACA GAC
AC

Reverse primer

CGC TGC AGA CACAGT GCATCT
GGATT

GAG CCAAACGGGTCATCA

GTT CTT CTT AGT GCG TTG CT

3.1.8.2. PCR primer for genotyping

Description
AhR-WT
AhR-Neo

AhRR-EGFP-WT

AhRR-EGFP

AhRR-dsRed-WT

Forward primer

GGATTT GACTTAATT CCT TCA
GCG G

ACT TAG TCT GCG TGA GAA GAC

CAT AGT GGA AGT CCA GCA CAT
AGA
CAT AGT GGA AGT CCA GCA CAT
AGA

ATG GGCCTG TGG GTG CAAGA

Reverse primer

TCT TGG GCT CGA TCT TGT GTC
AGG AAC AGG

TCGTCCTGC AGT TCATTC AG

TCCTTG AAGTCGATG CCCTT

TCCTTCTCT TCCTAC CGG CG

GAT CTC CAG CAACTCCAG CC

AhRR-dsRed ATG GGC CTG TGG GTG CAA GA CGC CCT CGA TCT CGA AGT AG
3.1.9. Parasites

Parasite Strain Source of supply

Toxoplasma gondii, type Il ME 49 Prof. Dr. Klaus Pfeffer, Diisseldorf
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3.1.10. Computer Software

Materials and Methods

Software

Argus X1

BD FACSDiva™ version 6.0
BZ-1l Analyser

BZ-Il Viewer

Citavi 5.2

FlowlJo version 10
Gen5
Graphpad Prism version 6.04

Imagel

Microsoft Office
NanoDrop 1000 V3.8.1

Producer/distributor

Biostep GmbH, Jahnsdorf
BD Biosciences, Heidelberg
Keyence Deutschland GmbH, Neu-Isenburg

Keyence Deutschland GmbH, Neu-Isenburg

Citavi Swiss Academic Software GmbH, Wadenswil,
Switzerland

FlowJo LLC Data Analysis Software, Ashland, USA
BioTek Instruments, Bad Friedrichshall
GraphPad Software, California, USA

Imagel, U.S. National Institutes of Health, Bethesda,
USA

Microsoft, Redmond, USA
Thermo Fischer Scientific, Wilmington, USA
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3.2. Methods

3.2.1. Laboratory mice and housing conditions

AhRR-EGFP-reporter mice (AhRR-reporter mice (AhRRE/*), AhRR-deficient mice (AhRRE/E)
and wild-type littermate control mice (AhRR**)) were previously described [76]. They
express Enhanced Green Fluorescent Protein (EGFP) under the control of the ahrr
promoter. The mice were backcrossed for nine generations to C57BL/6J wild-type
background. Female CD1 outbred mice were purchased from Charles River Laboratories,
Research Models and Services, Germany GmbH, Schweinfurt. Furthermore, C57BL/6J wild-
type mice and AhR knock out mice (AhR-deficient mice (AhR”") [158] and wild-type
littermate control mice (AhR*/*)) were bred at the Genome Resource Centre (GRC) of the
Life and Medical Sciences (LIMES) institute, Bonn. All mice were bred under specific
pathogen free (SPF) conditions in individually ventilated cages (IVC) (Tecniplast
Deutschland GmbH, HohenpeiBenberg). Food (LASQCdiet® Rod16 from LASvendi, Soest)
and water were available ad libitum. The mice were 6 to 18 weeks of age. For initial
Toxoplasma gondii infection studies, mice (AhRR-deficient mice and wild-type littermate
control mice) were bred at the animal facility of the Leibniz Research Institute for
Environmental Medicine (IUF), Dusseldorf and transferred to the S2 area in the animal
facility of the Heinrich-Heine University of Diisseldorf. All experiments were performed in
accordance with institutional, state, and federal guidelines and with the permission of the

state government of North-Rhine-Westphalia, Germany.

3.2.2. Genotyping of laboratory mice

All genetically modified mice received an individual earmark between the age of 4 to 6
weeks. The genotype of each mouse was determined by PCR. Tail biopsies were taken

and lysed at 56°C in Lysis buffer supplemented with proteinase K. Thereafter, the samples
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were centrifuged for 10 min at 13000 rpm, the supernatant was decanted into a reaction

tube and the DNA was precipitated by adding the same volume 100% 2-propanol. The

sample was inverted several times before centrifugation at 13000 rpm for 10 min. The

supernatant was discarded, the DNA pellet was washed by adding 70% EtOH, centrifuged

at 13000 rpm for 5 min, dissolved in 200 wl TE buffer for 30 min at 50°C and stored at 4°C.

The isolated tail biopsy DNA was then analyzed with the corresponding PCR using the

same sample reaction setup (Table 1) with a specific set of primers and PCR protocol

(Table 2). The PCR products were loaded on a 1% TAE-agarose gel supplemented with

Sybr Safe DNA gel stain to determine the band size using a 100 bp DNA ladder.

Table 1 - General PCR reaction setup.

Reagent 1 PCR reaction
A. dest 13.0 ul
MyTag™ HS Red Reaction buffer 4 ul
Primer fwd 0.7 ul
Primer rev 0.7 pl
MyTaq™ HS Red DNA Polymerase 0.05 ul
Genomic DNA 1.5 ul
Total 20 ul

Table 2 — Expected band sizes and PCR-cycle protocol.

Mouse Gene/ Band

line allele size
i 800 bp
WT
AhR AhR-
Neo 900 bp
AhRR-
WT 450 bp
AhRR ARRR
egrp  S00bp

Denaturing | Melting | Annealing | Elongation

94°C 94°C 61°C 72°C
3 min 30sec | 1min 1 min
94°C 94°C 55°C 72°C
3 min 1 min 1 min 1.5 min

End

72°C

min

72°C

min
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3.2.3. Serum preparation

Blood was collected in a reaction tube using the submandibular bleeding method [159]
and coagulated erythrocytes were separated from the serum by a two-fold centrifugation
at 13000 rpm for 15 min. The serum was transferred into a reaction tube and stored at

-20°C until analysis by ELISA.

3.2.4. Determination of cell numbers using Trypan blue vital stain

The cell numbers of BMDCs, BMMds or splenic T cells were determined using a
hemocytometer. Prior to cell counting, the cell suspension was diluted 1:10 with Trypan
blue, which is a vital stain that selectively colours dead cells blue. Live cells, which own an
intact cell membrane, cannot take up the stain and therefore remain uncoloured.
Approximately 10 pl of the solution were loaded on the hemocytometer and analyzed
under the microscope. The cell numbers in all 4 large squares were counted, the average
was determined and the cell number per ml was calculated by multiplying by the dilution

factor and chamber factor (10%).

3.2.5. Enzyme-linked Immunosorbent Assay

The Enzyme-Linked Immunosorbent Assay (ELISA) is an antibody-based method to detect
and quantify proteins. To determine the concentration of cytokines in serum samples or
in supernatants of cell or organ cultures, a sandwich-ELISA in half-area 96-well plates was
performed. This was achieved by coating the ELISA plates with a capture antibody against
the relevant cytokine according to manufacturer’s guidelines O/N either at RT or at 4°C
depending on the manufacturer. On the following day, the plate was washed three times

with ELISA washing buffer. In the next step unspecific binding sites were blocked for 1 h
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at RT using the manufacturer’s recommended blocking buffer. After a three-fold washing
step, serum samples or supernatants as well as an eight point standard curve using a two-
fold serial dilution of recombinant cytokine in a specific diluent were added to the plate.
The standard and if possible the samples were assayed in duplicates. Additionally, at least
two wells were filled only with diluent to serve as blanks. The plate was incubated for 2 h
at RT. Subsequently the plate was washed three times and a biotinylated detection
antibody against the same cytokine was added and incubated for 2 h at RT. After another
three-fold washing step, streptavidin-conjugated-HRP was added and incubated for
20 min at RT in the dark. Finally after washing the plate three times, the substrate
solution TMB Plus 2 was added vyielding a blue colour, indicating the turnover of the
substrate by HRP. As soon as the different standard dilutions were distinguishable, the
reaction was stopped by the addition of 2N H,SO4, leading to a colour change to yellow.
Using a spectrophotometer, the optical density was measured at 450/570 nm and with
the help of the standard curve and normalization against the blanks, the concentration of

the cytokine were calculated using the Gen5 program.

3.2.6. Western blot analysis

3.2.6.1. Protein sample preparation

BMDC were lysed in RIPA buffer supplemented with protease inhibitors for 15 min on ice
followed by centrifugation at 13000 rpm for 15 min at 4°C. The protein concentration in
the supernatant was then measured using a NanoDrop. The sample volumes were
adjusted to match the concentrations, then supplemented with 5x Laemmli buffer,
denatured for 5 min at 95°C and then either loaded directly on a SDS-gel or stored at

-20°C.
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3.2.6.2. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis and semi-dry

Western blot

To separate proteins of different sizes efficiently, acrylamide can be used in various
concentrations, which results in altered pore sizes. The concentration of the separating
gel used was 15%. Electrophoresis was performed at 120 V for approximately 1 h. Then
the gel was transferred to a nitrocellulose membrane and blotted for 90 min at 100 mA by
semi-dry blotting method. The membrane was then blocked for 1 h in blocking buffer,
followed by an O/N incubation at 4°C with the primary antibody diluted in antibody
diluent. On the following day, the membrane was washed 3 times for 10 min in TBST.
Next, the secondary antibody diluted in antibody diluent was added and incubated O/N at
4°C. Finally, the membrane was washed again 3 times for 10 min in TBST and then

analyzed using the Odyssey infrared imager.

3.2.7. Southern blot

This method is used for the detection of specific DNA sequences by probe hybridization
after DNA fragments have been separated by electrophoresis and transferred to a
nitrocellulose membrane. Genomic DNA from ES cells transfected with AhRR-dsRed-
vector was isolated using Lysis buffer supplemented with Proteinase K O/N at 56°C. The
DNA was centrifuged, resuspended in 100% EtOH/NaCl and incubated for 30 min shaking
at RT. Next, the pellet was washed three times with 70% EtOH, dried and cut into
fragments using the restriction endonuclease Dral O/N at 37°C. The DNA fragments were
separated by electrophoresis on an 0.8% TAE-agarose gel at 35 V O/N. The agarose gel
was then alkalized for 15 min in 0.25 N HCl solution, followed by a two-fold incubation for
15 min in 0.4 N NaOH solution. In order to transfer the DNA fragments from the gel to the
nitrocellulose membrane, the gel was placed on the membrane on top of a large stack of
paper towels and covered with whatmanpaper soaked in 0.4 N NaOH solution. Pressure

was applied by placing a weight on top of the whatmanpaper. The whatmanpaper was
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placed in two containers containing 0.4 N NaOH solution on either side in order to create
capillary forces to move the DNA from the gel onto the membrane. The transfer was
performed O/N. The membrane was then incubated for 15 min in 0.5 M Tris-
Ultra/0.6 M NaCl solution. Next, the membrane was backed at 80°C for 2 h and washed in
2x SSC. Before probe hybridization, the membrane was incubated in hybridization buffer
for 2 h at 60°C in a rotator. Meanwhile the probe was radioactively labelled with
50 uCi 3?p-dCTP using the Ladderman™ Labelling Kit from TaKaRa. Using MicroSpin
Columns S 200 HR excess nucleotides were removed. The hybridization probe was
denatured at 95°C for 5 min and cooled on ice for 10 min and then added to the
hybridization buffer. The membrane was incubated in the hybridization buffer
supplemented with the probe at 60°C on a rotator O/N. The following day, the membrane
was washed three times with 2x SSC at 50°C for 10 min. The pattern of hybridization was

visualized and analyzed on X-ray film by autoradiography.

3.2.8. Histology

3.2.8.1. Frozen sections

In order to histologically analyze different tissues, the samples, such as skin, ear or
intestine were fixed in 4% PFA for at least 4 h at RT or O/N at 4°C in order to preserve cell
structures and avoid loss of EGFP. The organs were dehydrated in a sucrose gradient (5%,
10% and 20% sucrose in PBS) for 1 h at RT respectively. The tissue samples were then
embedded in cryomolds using tissue freezing medium on dry ice and stored at -80°C.
With the help of a Leica cryostat the tissue samples were cut into 7 um sections at
approximately -19°C working temperature. Typically, three sections were then
transferred onto microscope slides and dried. Subsequently, the sections were fixed in ice

cold acetone for 10 min, dried shortly and stored at -80°C.
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3.2.8.2. Paraffin sections

Paraffin sections were generated to achieve a more preserved intestinal tissue structure.
The samples were fixed in 4% PFA for at least 4 hours at RT or O/N at 4°C. Thereafter, the
samples were placed in embedding cassettes and transferred into the tissue processor,
where they were dehydrated by undergoing two incubation steps in 70% EtOH, two steps
in 80% EtOH, twice in 95% EtOH, two incubation steps in 100% EtOH, three steps in xylol
and lastly paraffin wax for 30 min. Subsequently, the tissue samples were cut into
appropriate length and embedded into paraffin blocks, left to harden and stored at RT.
Using a Leica microtome the tissue samples were cut into 5 um sections and transferred

in a water bath (45°C). The sections were placed on a glass slide, dried and stored at RT.

3.2.8.3. Immunohistology

Frozen sections were stained with different immunofluorescent antibodies, which allow
the detection of specific antigens. Single sections on a glass slide were surrounded with a
hydrophobic pen (ImmEgde pen) to create a barrier around each section. Subsequently,
the slides were rehydrated in PBS for 5 min. The slides were placed in a darkened
humidified chamber for all following steps. To prevent unspecific antibody binding, the
sections were treated with blocking buffer for 1 h at RT. Thereafter, they were washed 3
times in PBS for 5 min. The primary antibody was diluted in blocking solution and added
to the sections on the slides. The slides were incubated for 2 h at RT or O/N at 4°C and
then washed three times in PBS for 5 min. The appropriate secondary antibody was
diluted in PBS and added to the sections on the slides. The slides were incubated for
additional 2 h at RT or O/N at 4°C. Finally, the sections were counterstained with
0.2 pg/ml DAPI diluted in PBS for nucleus staining, incubated for 5 min at RT, washed
three times for 5 min in PBS, dried and mounted with Mowiol. Alternatively, the sections

were covered with a DAPI containing mounting medium (Vectashield). In both cases the
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slides were dried O/N at RT. The stained sections on the slides were analyzed using the

digital fluorescence microscope Keyence BZ-9000 and BZ-Il Viewer and Analyser software.

3.2.8.4. Hematoxylin and Eosin staining

The Hematoxylin and Eosin staining of paraffin sections allows a more precise assessment
of the tissue structure and morphology. Hematoxylin is a positively charged molecule that
binds to negatively charged compounds. Therefore, Hematoxylin is used to stain DNA and
RNA leading to a dark violet stain of the nuclei. Eosin on the other hand stains
eosinophilic structures in a pink colour, such as proteins and is therefore used as a
counterstain of the cytoplasm. To perform H&E staining, the paraffin sections were
deparaffinized twice in xylol for 10 min. Thereafter, they were incubated twice in 100%
EtOH for 5 min. Next, they were transferred to 95% EtOH for 2 min, 70% EtOH for 2 min
and rehydrated in Aqua dest. for 1 min. Subsequently, the sections were incubated for
3 min in Mayer’s Hemalum solution and then dipped for 2 sec in aqueous hydrochloric
acid (0.1%). Next, the slides were rinsed under running tap water for 3 min and then
incubated for 3 min in alcoholic Eosin Y solution, which was acidified with 2 drops acetic
acid just prior to use. Then the slides were shortly rinsed under running tap water for
30 sec, followed by a two-fold incubation in 95% EtOH for 10 sec. Lastly, the slides were
incubated twice for 10 sec in 100% EtOH and twice for 5 min in xylol. The slides were
immediately mounted in Entellan, dried ON at RT and the sections were analyzed using
the digital fluorescence microscope Keyence BZ-9000 and BZ-Il Viewer and Analyser
software. The histological scores were calculated by classifying epithelial changes in the
mucosa and submucosa, such as erosions, ulcerations or necrosis, and changes in the

mucosal architecture, such as the distortion of villous structure [160].
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3.2.9. Flow cytometry and Fluorescence Activated Cell Sorting

Flow cytometry is a laser-based analysis, which can be used to quantify and qualify
specific cell populations according to their size, granularity, surface markers or
intracellular antigens. The phenotypic characterization of cells in a heterogeneous
mixture can be achieved by the differences in light scattering and fluorescence. The cells
are suspended in a stream of fluid which carries them through a thin capillary, aligning
them so that they pass individually by an optical system equipped with lasers. The
scattering of light provides information about the size or volume of the cell, which is
measured and depicted in the forward scatter (FSC), whereas the side scatter (SSC)
correlates with the granularity of the cell. Additionally, cells can be further analyzed by
their expression of surface markers or intracellular antigens using specific monoclonal or
polyclonal antibodies either directly coupled to fluorochromes or indirectly by the use of
secondary antibodies coupled to fluorescent molecules. These fluorochromes are excited
by the laser beams leading to the emission of different wave lengths. The different signals
were depicted and analyzed using the BD FACSDiva™ program and further assessed with

FlowJo.

Fluorescence Activated Cell Sorting (FACS) functions similar to flow cytometry, but allows
the sorting and collection of specific cells from mixed suspensions beyond the

characterization and analysis of these cells.

3.2.9.1. Extracellular staining for flow cytometry

Single cell suspensions were transferred into FACS tubes, washed in 1 ml PBS per tube
and centrifuged for 5 min at 1200 rpm. To avoid unspecific staining, the cells were treated
with TruStain FcX™ (a-CD16/32) block diluted in PBS for 5 min at 4°C. The antibodies used
for staining were added to the cells without performing a washing step and incubated for

20 min at 4°C in the dark. The excess antibodies were washed away by adding 1 ml PBS
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and centrifuging 5 min at 1200 rpm. The cell pellet was resuspended in PBS and the

samples were analyzed by flow cytometry.

3.2.9.2. Intracellular staining for flow cytometry

In order to perform an intracellular staining, while maintaining the cellular structure and
EGFP signals, the cells were pelleted by centrifugation for 5 min at 1200 rpm,
resuspended in 2% PFA and fixed for 20 min at RT in the dark. Next, the cells were
washed in PBS, centrifuged 5 min at 1200 rpm, resuspended in permeabilisation buffer
and incubated for 10 min at RT. Thereafter, the cells were washed with permeabilisation
buffer and centrifuged 5 min at 1200 rpm. The previously in permeabilisation buffer
diluted antibodies were added to the cells and incubated O/N at 4°C. The following day,
the cells were washed with permeabilisation buffer, centrifuged for 5 min at 1200 rpm
and either resuspended in PBS and analyzed by flow cytometry or stained with secondary
antibodies diluted in permeabilisation buffer for 1 h at 4°C, followed by a washing step

and resuspended in PBS prior to flow cytometry analysis.

3.2.10. Culturing bone marrow-derived dendritic cells and macrophages

3.2.10.1. Isolation and generation

Tibia and femur were separated from each other by cutting the knee joint at the patella
without exposing the bone marrow and then transferred to a petri dish containing
70% EtOH. Then the bones were transferred to a petri dish containing sterile PBS. Next
the epiphyses of each bone were cut off and the exposed bone marrow was flushed out
into a falcon tube using a sterile syringe (26 gauge needle) with cold PBS. This was
repeated until the bone was white and translucent. The cells were washed in PBS by

centrifugation at 1200 rpm for 5 min at 4°C. The supernatant was discarded, the pellet
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was resuspended in complete RPMI medium, the cell number was determined and 10 ml
cell suspension with a concentration of 5 x 10° cells/ml were plated in 10 cm petri dishes.
For BMDC differentiation, 2% supernatant of GM-CSF transfected X63Ag8-653-cells was
added to the cell cultures and for BMMd¢ differentiation, 10% M-CSF-containing
supernatant of L929 fibroblasts was supplemented to the cell cultures. On the third day
the same volume of complete RPMI medium and corresponding supplement was added to
the cell cultures. On the sixth day, BMMds were harvested using trypsin/EDTA and used
for in vitro stimulation in an endotoxin tolerance assay. The supernatant of the BMDCs
cultures was discarded. BMDCs were harvested from the dishes by adding 10 ml pre-
warmed 5 mM EDTA/PBS and incubated for 15 to 20 min at 37°C in the incubator. The cell
suspension was collected and used for in vitro stimulation for flow cytometry or Western
blot analysis. Cells that did not detach from the dish after this procedure were discarded

as they probably belonged to the macrophage lineage.

3.2.10.2. In vitro stimulation of BMDC and BMMd¢

Prior to each stimulation assay, the cell number was determined using a Trypan blue vital

stain and a hemocytometer.

For flow cytometry analysis BMDCs were plated in a concentration of 1 x 108 cells/ml in
complete RPMI medium in a 6-well plate. The cells were left to settle for 2 h before
stimulating them O/N with or without 100 ng/ml LPS (0111:B4) at 37°C and 5% CO..
Thereafter the cells were harvested by scraping, washed with PBS, centrifuged at 1200
rom for 5 min and extracellularly stained with fluorophore conjugated antibodies against
specific surface markers for 20 min at 4°C, washed with PBS and analyzed by flow

cytometry.

For Western blot analysis, BMDCs were plated in a concentration of 2 x 108 cells/ml in
complete RPMI medium in a 6-well plate, left to settle for 2 h and stimulated O/N with
100 ng/ml LPS (0111:B4) or left untreated at 37°C. Following, they were harvested by

scraping, washed with PBS, centrifuged at 1200 rpm for 5 min, supernatant was discarded
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and the pellet was resuspended in 200 ul RIPA buffer supplemented with protease

inhibitors and stored at -20°C.

For the assessment of endotoxin tolerance, BMMds were seeded at a concentration of 1
x 108 cells/ml in complete RPMI medium in a 96-well plate. The cells were left to settle for
2 h before stimulating cell duplicates for 20 h with or without 1, 10 or 20 ng/ml LPS
(0111:B4) at 37°C and 5% CO;. Next the 96-well plate was centrifuged shortly and the
supernatants were carefully discarded. The cells were washed once with fresh RPMI
medium, centrifuged shortly and after discarding the supernatants, resuspended in 200 pl
complete RPMI medium per well and stimulated for 6 h with 1, 10 or 20 ng/ml LPS
(0111:B4) or left untreated at 37°C. The supernatants were carefully transferred to a new
96-well plate after a short centrifugation to pellet the cells and stored at -20°C until

measurement of TNF levels by ELISA.

3.2.11. Invitro helper T cell differentiation assay

3.2.11.1. Isolation of naive CD4* T cells

Spleens were transferred to a sterile 100 um cell strainer, moistened with 1 ml ice cold
PBS and pressed through the mesh. The meshed tissue was collected and the strainer was
washed with ice cold PBS. The cell suspension was centrifuged at 1500 rpm for 10 min at
4°C. The supernatant was discarded; the cell pellet was resuspended in ACT buffer and
incubated for 5 min at 37°C to lyse erythrocyte. The reaction was stopped with ice cold
PBS. The suspension was filtered through a 70 um cell strainer, the cell number was
determined and the suspension was centrifuged at 1500 rpm for 10 min at 4°C.
CDA4* splenic T cells were thereafter enriched using MACS Pan T cell Isolation Kit and CD8a
(Ly-2) MicroBeads from Miltenyi Biotec or alternatively MagniSort™ Mouse CD4 T cell
Enrichment Kit from eBioscience according to the manufacturer’s guidelines.
Subsequently, the cells were extracellularly stained for at least 30 min at 4°C using
antibodies against CD3 (FITC), CD4 (APC-Cy7), CD8 (PerCP), CD44 (PE), CD62L (APC) and

CD25 (PE-Cy7). Naive CD4* T cells (CD3*CD4*CD8 CD44'°CD62L"CD25°) were then purified
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by FACS sorting using the FACS Aria. During the establishment of the assay, CD4* splenic

T cells were isolated using CD4* CD62L* T cell Isolation Kit Il from Miltenyi Biotec according

to the manufacturer’s guidelines.

3.2.11.2. Differentiation protocol

T cells were cultured in triplicates at a concentration of 1 x 10° cells/ml in 200 pl complete

IMDM medium per well supplemented with various amounts of antibodies and cytokines

and activated with plate-bound anti-CD3 (3 pg/ml) and soluble anti-CD28 (1 pg/ml) in 96-

well round bottom culture plates for 5 days at 37 °C, 5% CO. either under normoxic or

hypoxic (1% 02) conditions. A combination of different cytokines and antibodies was

added to the culture to achieve helper T cell differentiation in ThO, Thl, T2, Thl7, Th22

and regulatory T cell (Treg) and Type | regulatory T cell (T;1) populations. In the following

Table 3 the antibody and cytokine cocktail for each subset is depicted.

Table 3 — Additives for naive T cell cultures to achieve different helper T cell polarization.

Helper T cell subset
ThO

Thl
Th2

Thl7

Th22

T reg

Tl

Cytokines and additives

IL-12 (20 ng/ml)

IL-4 (100 ng/ml)
IL-6 (100 ng/ml)
TGFB (5 ng/ml)
FICZ (300 nM)
IL-6 (40 ng/ml)
IL-23 (20 ng/ml)
TNF (50 ng/ml)
FICZ (300 nM)
TGFB (5 ng/ml)
Retinoic acid (2,5 ng/ml)
TGFB (2 ng/ml)
IL-27 (25 ng/ml)
FICZ (100 nM)

Antibodies

o-IFNy (10 pg/ml)
o-IL-4 (10 pg/ml)
o-1L-4 (10 pg/ml)
o-IFNy (10 pg/ml)

o-IFNy (10 pg/ml)
o-IL-4 (10 pg/ml)
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3.2.11.3. Validation of differentiation

Secreted cytokines were measured after 5 days by ELISA in the supernatants, namely IFNy
for Tnl, IL-4 for Tn2, IL-17 for Th17, IL-22 for Th22, IL-10 for T:1 and TGFR for Teg cells. For
extra- and intracellular cytokine staining, cells were re-stimulated for 4 h at 37 °C in
complete IMDM medium containing PMA (50 ng/ml), ionomycin (1 pug/ml), monensin (2
ul/ml) and brefeldin A (2 ul/ml). After staining for surface markers with antibodies against
CD4 (PE-Cy7), CD8 (PerCP) and viability (eFluor® 780), cells were fixed in 2% PFA for
20 min at RT in the dark and permeabilized to allow O/N staining with intracellular
staining antibodies against IFNy, IL-4, IL-17, IL-22, FoxP3 and IL-10, as well as anti-GFP,
followed by a staining with anti-rabbit 1gG (Alexa Fluor® 488) for 1 h at 4°C. In vitro
differentiated Treg cells were fixed in 2% FA for 20 min at RT and treated with the
permeabilization buffer from eBioscience FoxP3/Transcription Factor Staining Buffer Set
as suggested by the manufacturer without previous re-stimulation with PMA and
ionomycin. Following, the cells were washed with permeabilization buffer and analyzed by

flow cytometry.

3.2.12. Quantitative Real-Time PCR

3.2.12.1. RNA isolation and cDNA synthesis

Samples of small intestine were either snap frozen in liquid nitrogen or transferred in
500 pl RNAlater™ after removal. RNA was isolated from small intestine using the RNeasy
fibrous tissue mini kit from Qiagen according to manufacturer’s guidelines. Approximately
30 mg of tissue was homogenized in cryotubes containing glass beads and the provided
buffer supplemented with B-mercaptoethanol using the Precellys homogenizer for 30 s at

6800 rpm three times including 30 sec breaks between each cycle. The RNA concentration
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was measured using a NanoDrop and the RNA samples were stored at -80°C until cDNA

synthesis.

For cDNA synthesis 1 ug RNA was transcribed to complementary DNA (cDNA) using the

RevertAid reverse transcriptase from Thermo Scientific. 2 pl Oligo(dt)18 primer (1 pug/ml)

and 22,4 pl DEPC water were added and then the RNA was denatured in a thermocycler

for 10 min at 70°C to allow primer binding. In Table 4 further components are listed which

were added to the samples.

Table 4 — PCR reaction setup for cDNA synthesis.

Reagent 1 PCR reaction
5x RT Reaction buffer 8 ul
dNTP (10 mM) 4 ul
DTT (100 nM) 4 ul
RiboLock RNase Inhibitor 0.8 ul
e oay
Total 17.6 ul

The samples were then placed back in the thermocycler for 1 h at 42°C, followed for 5

min at 95°C. To analyze whether the ¢cDNA synthesis was successful, a PCR using the

synthesized cDNA was performed to detect the house keeping gene ribosomal protein S6

(RPS6) according to the protocol depicted in Table 5 and the previously mentioned

general PCR reaction setup (Table 1). The cDNA samples were stored at -80°C until real-

time analysis was performed.

Table 5 — PCR cycle protocol for RPS6 PCR.

Number of cycles  Incubation time

1x 5 min
60 sec

35x 60 sec
60 sec

1x 10 min

Incubation temperature

95°C
95°C
55°C
72°C
72°C
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3.2.12.2. Quantitative Real-Time PCR

In a quantitative Real-Time PCR (qRT-PCR) the analysis of the amplified product is enabled
by the addition of Absolute gqPCR Sybr Green to the PCR mixture, allowing detection of
fluorescence after intercalation, which was measured with a wavelength of 520 nm using
the Real-Time System CFX96. In the following tables the gRT-PCR mix (Table 6) and the

protocol (Table 7) are described.

Table 6 — PCR reaction setup for qRT-PCR.

Reagent 1 reaction
Absolute qPCR Sybr Green ROX Mix 7.5 ul
Primer fwd 0.2 ul
Primer rev 0.2 ul
A. Dest. 2.1 ul
cDNA (diluted 1:10) 5ul
Total 15 pl

Table 7 — Cycle protocol for qRT-PCR.

Number of cycles Incubation time Incubation temperature
1x 15 min 95°C
20 sec 94°C
40x
1 min 60°C
1x 30 sec 65°C

In order to exclude the possible amplification of unwanted DNA sequences, a melting
curve analysis was performed by continuously raising the temperature by 0.5°C at a time
from 65°C to 95°C. Sybr Green will be released at the temperature (Tm value, from
melting temperature) resulting to the denaturation of the amplified fragment from a
double strand to single strands, allowing the distinction of unspecific primer dimers and

off-target amplificates by comparing the dissociation curves of the different fragments.
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The cycle threshold (Cr value) describes the number of cycles at which the fluorescence
exceeds the threshold, which is determined by means of the background fluorescence in
the first cycles (approximately 3-5). The expression of the gene of interest was quantified
by calculating the delta Ct value (ACt) by subtracting the Cr value of the gene of interest
from the Cr value of the house-keeping gene GAPDH. Subsequently, the difference
(termed AACt) between the ACr values from treated and untreated samples was

calculated and displayed as the x-fold induction by calculating the negative power of 2.

3.2.13. Toxoplasma gondii infection

3.2.13.1. Parasite passaging

The parasite Toxoplasma gondii was passaged in female outbred CD1 mice, which are
resistant to the health impairments of the infection. This was achieved by injecting the
mice i.p. with 20 lysed Toxoplasma gondii ME 49 cysts. After 3 to 4 weeks after infection
the parasite has formed cysts in the brain. The infected mouse was sacrificed, the brain
was explanted and transferred to a falcon tube containing PBS. The brain was then moved
to another falcon containing PBS to flush off blood and then transferred to a 5 cm petri
dish, where it was cut into small pieces. Next, 4 ml PBS were added, and the tissue was
homogenized using a 10 ml syringe and successively smaller needles (start with G18, then
G20, then G22, lastly G23). The suspension was then centrifuged at 800 rpm for 5 min.
The supernatant was discarded, the pellet was resuspended in 15 ml PBS and underlaid
with 10 ml Ficoll-Paque™ PLUS (density 1.077 g/ml) and centrifuged for 25 min at
2500 rpm with moderate acceleration (level 7 from 9) and no brake. Afterwards the
supernatant containing tissue debris was carefully discarded; the pellet was washed with
50 ml PBS and centrifuged at 2000 rpm for 15 min. The supernatant was discarded, the
pellet was resuspended in 500 ul PBS and the number of cysts was counted. The cysts
were diluted in PBS and the desired number of cysts per mouse was administered orally
by gavage to the experimental mice, whereas 40 cysts were taken aside, lysed to release
bradyzoites in order to reinfect two new CD1 mouse. The lysis was performed by
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transferring the cysts to a 24-well plate in a volume of 500 ul PBS and the addition of
150 wl Trypsin-EDTA. The bursting of the cysts was observed under the microscope and
stopped by the addition of 500 pl FCS. The suspension was transferred to a 15 ml falcon,
the well was washed twice with 2 ml PBS and the suspension was centrifuged at
1800 rpm for 15 min. The pellet was resuspended in 200 pl PBS per 20 lysed cysts and

injected i.p. to a CD1 mouse.

3.2.13.2. Experimental procedure for survival analysis

Age-matched female AhRR** and AhRR¥E mice were weighed before conducting the
experiments. The mice were orally infected with either 200 cysts, 100 cysts, 50 cysts or 25
cysts per mouse diluted in 200 ul PBS. After infection the survival of the mice was
monitored twice per day. Furthermore, they were scored and weighed each day. Control
mice received a gavage with 200 pl PBS. All experiments were performed in accordance
with institutional, state, and federal guidelines and with the permission of the state
government of North-Rhine-Westphalia, Germany, (file reference: 84-02.04.2011.A405
for experiments performed in Disseldorf and 84-02.04.2013.A084 for experiments

performed in Bonn).

3.2.13.3. Clinical score

The following clinical assessment (Table 8) was used to assess the clinical score of the

mice infected with Toxoplasma gondii cysts.
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Table 8 — Clinical scoring system used to assess mice that were orally infected with Toxoplasma gondii

cysts.

Criteria

Appearance

Behaviour

Faecal
consistency

Body weight

Normal appearance

Slight grooming deficit
Increasing grooming deficit
Distinct grooming deficit

Mouse explores the cage

Mouse refrains from exploring, but full body movement is

intact
Hunched bearing, impaired sense of balance

No movement observable

Normal amount of faeces in the cage
Defecation during assessment

Normal amount of faeces in the cage
Diarrhea

Less amount of faeces in the cage

No faeces in the cage since last assessment
Less than 1% lower than initial weight
Between 1 to 5% lower than initial weight
Between 5 to 10% lower than initial weight
Between 10 to 20% lower than initial weight

Between 20 to 25% lower than initial weight

Points

0

o w N

A W N P O W N

3.2.13.4. Experimental procedure for ex vivo analysis

Age- and weight-matched female AhRR** and AhRRE/E mice were orally infected with 50

cysts diluted in 200 pul PBS per mouse. After infection the mice were monitored twice a

day, scored and weighed each day. On day 8 after infection, blood was collected for

cytokine analysis by ELISA. Next, the mice were sacrificed and the small intestine was

harvested and stored on ice cold PBS until further preparation. The small intestine was

flushed with ice cold PBS using a 10 ml syringe and a gavage needle. Next, the fat tissue
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was removed using forceps. The length of the intestine was determined before samples
were taken for the different analytical procedures. Approximately 30 mg ileum, jejunum
and duodenum were removed and either snap frozen in liquid nitrogen or stored in
RNAlater™ at -20°C until RNA preparation. For histological analysis, roughly 1 cm ileum,
jejunum and duodenum were transferred into a 6-well plate containing 3 ml 4% PFA for at
least 4 h until further processing. For organ culture, approximately 30 mg ileum, jejunum
and duodenum were transferred into 300 ul RPMI medium in a 48 well plate for 6 h.
Alternatively, approximately 30 mg ileum, jejunum and duodenum were homogenized in
cryotubes containing glass beads using the Precellys homogenizer for 30 s at 6800 rpm
three times including 30 sec breaks between each cycle. The supernatants were used to

determine cytokine secretion by ELISA.

3.2.14. Colon Ascendens Stent Peritonitis

To induce polymicrobial peritonitis in mice, the CASP model, a highly standardized rodent

model was used.

In this model, a small stent is surgically inserted into the ascending colon of mice, creating
a continuous link between the intestinal lumen and the peritoneal cavity resulting in a
septic peritonitis [152]-[154]. The severity of the infection can be controlled by the
diameter of the inserted stent (14G, 16G, 18G or 20G).

Age-matched male and female AhRR** and AhRR¥E mice were weighed before
conducting the experiments. Prior to the surgery, the plastic tubing of a vein catheter,
which serves as the stent, was carved approximately 2 mm from the tip using a scissor.
The mouse was anesthetized using Forene (Isoflurane) supplemented with oxygen.
Thereafter, the abdominal skin was firstly disinfected with 70% EtOH and then incised
along the midline. Next, the peritoneum was cut along the linea alba to expose the
peritoneal cavity. The caecum with the terminal ileum and ascending colon was carefully
pulled out of the abdomen using sterile swabs previously moistened with sterile PBS.
Approximately 1.5 cm above the ileocecal valve, the ascending colon was fixed using

surgical suture (nylon, DSM 11) by two surgical knots [154]. Then the vein catheter was
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inserted above the suture into the ascending colon up to the carving in the plastic tube.
To prevent the pointy iron tube of the catheter to damage the other side of the colon, it
was pulled back just enough to be covered by the plastic tube but to still facilitate
stability. The free end of the surgical suture from the stitch just underneath the catheter
was placed around the plastic tube lined into the furrow and fixed by two knots.
Subsequent, the suture was stitched above the plastic tube through the colonic wall, fixed
by two surgical knots and cut off. The iron tube was then removed further and the plastic
tube was cut off approximately 1 mm from the lined suture. In the next step, the plastic
tube was carefully stabilized using forceps, and the stool was slowly pushed from the end
of the caecum towards the stent until a small drop of faeces appears in the stent. The
caecum, terminal ileum and ascending colon was then carefully placed back into the
peritoneal cavity, which was then rehydrated with 0.5 ml sterile PBS administered straight
into the peritoneal cavity. Finally the peritoneum and the abdominal skin were closed
using surgical suture (nylon, DSM 13) with a continuous stitch and fixed by three surgical
knots. During the whole surgery the gut and the open cavity were repeatedly rehydrated
with sterile PBS. The mouse was then removed from anesthesia, and placed back in its
cage, where it was monitored until full recovery from anesthesia. The insertion of the vein
catheter was omitted in sham operated mice, all other steps however were conducted in
the same manner. All experiments were performed in accordance with institutional,
state, and federal guidelines and with the permission of the state government of North-

Rhine-Westphalia, Germany, (file reference: 87-51.04.2011.A013).

3.2.14.1. Clinical score

The following clinical assessment (Table 9) was used to score the health status of the mice
and the severity of the induced sepsis. The mice were weighed every day, which was

correlated to their initial weight prior to the surgery.
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Table 9 — Clinical scoring system used to assess mice that underwent a CASP operation.

Criteria Points
Less than 5% lower than initial weight 0
Less than 15% lower than initial weight 1
Body weight
Less than 20% lower than initial weight 2
More than 20% lower than initial weight 3
Normal appearance 0
Slight grooming deficit 1
Appearance
Increasing grooming deficit 2
Distinct grooming deficit 3
Mouse explores the cage 0
Mouse detains from exploring, but full body movement is 1
Behaviour intact
Hunched bearing, impaired sense of balance 2
No movement observable 3
Mouse tries to escape upon opening the cage 0
Normal muscle tone
Mouse only tries to escape upon approaching hand 1
Provoked Slight deficit in muscle tone
behaviour Mouse only tries to escape upon touching )
Increased deficit in muscle tone
Mouse detains from escaping 3
Distinct deficit in muscle tone
No tenderness on abdominal palpation 0
Soft abdomen
Slight tenderness on abdominal palpation 1
Abdominal Soft abdomen
palpation Increased tenderness on abdominal palpation )
Abdominal resistence
Distinct tenderness on abdominal palpation 3
Firm abdomen
Normal amount of faeces in the cage 0
Defecation during assessment
Faecal Less amount of faeces in the cage 1
consistency .
Diarrhea 2
No faeces in the cage since last assessment 3
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3.2.15. Endotoxin tolerance assay

3.2.15.1. Experimental procedure

Age- and weight-matched male AhR**, AhR7-, AhRR*/* and AhRR¥E mice received either
PBS or 4 mg/kg LPS (0111:B4) i.p. on day 1 and were challenged with 15 mg/kg LPS
(0111:B4) on the day 4. Control mice received 200 pl PBS on day 1 and day 4. 90 minutes
after the challenge on day 4 the mice were sacrificed, blood was collected and the serum
was analyzed for TNF production. For survival analysis, mice were primed with
4 mg/kg LPS (0111:B4) on the day 1 and challenged with 20 mg/kg LPS (0111:B4) on
day 4. To compare our setup to a model used by Bessede et al. [161], the mice were
primed with 0.5 mg/kg LPS (055:B5) on the day 1 and challenged with 40 mg/kg LPS
(055:B5) on the day 7 [161]. In all cases the survival was monitored over 7 days after the
2"d challenge. All experiments were performed in accordance with institutional, state, and
federal guidelines and with the permission of the state government of North-Rhine-

Westphalia, Germany, (file reference: 8.87-50.10.37.09.193).

3.2.15.2. Clinical score

The following clinical score (Table 10) was used to assess the health of the mice and the

severity of the LPS treatment.

63



Materials and Methods

Table 10 - Clinical scoring system used to assess LPS treated mice.

Hunched posture, impaired sense of balance

Criteria Points
Normal appearance 0
Slight grooming deficits 1
Appearance
Increasing grooming deficit 2
Distinct grooming deficit 3
Mouse explores the cage 0
] Mouse fails from exploring, but body movement is intact 1
Behaviour
2
3

No movement observable

3.2.16. Generation of AhRR-dsRed-reporter mice

AhRR-dsRed-reporter mice were generated using a targeting vector, which was
constructed by Markus Korkowski (/UF, Dusseldorf). In this targeting vector the second
exon of the ahrr gene was replaced by the reporter gene dsRed, a Discosoma sp. Red

fluorescent protein.

200 pg of this targeting vector was linearized for 4 h at 37°C using the restriction
endonuclease Clal. The DNA was then precipitated by the addition of 1/10 of the sample
volume 3 M Na-Acetate and 2.5x of the sample volume 100% EtOH and an incubation
O/N at -80°C. The following day the sample was centrifuged, the pellet was washed with
70% EtOH, resuspended in PBS and dissolved for 1 h at 37°C. The targeting vector was
then transfected into 5 x 10’ HM-1 mouse embryonic stem (ES) cells suspended in 7 ml
complete ES cells medium by electroporation using the Electroporator Gene pulser Xcell™
at 250 V and 250 pF (Figure 11). The transfection was performed in a volume of 800 pl in
cuvettes. The transfected ES cells, which were kept in complete ES cell medium on culture
plates coated with gelatine, underwent a selection process using 200 pg/ml G418 starting
2 days after the transfection. The media supplemented with G418 was changed every
other day. Approximately 10 to 14 days later, resistant cell clones were isolated using

Trypsin and transferred to a 96 well plate. Without selective pressure, the ES cells were
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expanded, tested by southern blot to ensure successful integration of the modified allele
and frozen away at -80°C in 80% FCS supplemented with 20% DMSO. Positive ES cell
clones were then injected into blastocysts and implanted into pseudo pregnant surrogate
mothers, thereby generating chimeric offspring (Figure 11). Blastocysts injection was

performed by the transgenic service of the LIMES GRC.
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Figure 11 — Schematic of ES cell targeting strategy.

Chimeric offspring was mated with C57BL/6) WT mice, germline transmission was
obtained and their progeny was genotyped using PCR. Following, BMDCs were generated
from heterozygous progeny, stained and analyzed using flow cytometry. Skin, ear and

intestinal samples were taken for histological analysis in order to verify dsRed expression.

3.2.17. Statistical analysis

Statistical analysis was performed using GraphPad Prism. Data were in general presented
as mean plus Standard Error of the Mean (SEM). Significances were calculated using
(un)paired student t-test and in the case of survival studies, significances were calculated
using Log-rank (Mantel-Cox) test. Significant differences were depicted as *p < 0.05;

**p <0.01; ***p < 0.001.
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4. Results

4.1. Analysis of AhRR expression in different helper T cell subsets

It has been shown that AhR expression was found, among other cell types, in lymphocytes
located in barrier organs such as the gut, the lung and the skin (reviewed in [162]). In the
literature, the AhR has been described to regulate helper T cell 17 (Th17), regulatory T cell
(Treg) [90], [91], [94] and helper T cell 22 (Th22) development [163]. In contrast, AhR
expression is nearly undetectable in Thl and Th2 cells (reviewed in [162]). In addition,
parallel to this thesis, work on the influence of AhRR deficiency in a DSS-induced colitis
model conducted in our group revealed an enhanced frequency of Thl7 cells and a
reduced number of Th1 cells in AhRR-deficient mice in comparison to wild-type mice [76].
Based on these insights and in light of characterizing AhRR expression and analyzing the
influence of AhRR deficiency in various T lymphocyte populations, an in vitro helper T cell
differentiation assay was established in this thesis comparing AhRR-deficient mice,

expressing EGFP instead of the AhRR (AhRR¥/E), with wild-type littermate control mice.

4.1.1. Establishment of an in vitro helper T cell differentiation assay

In order to analyze the expression pattern and influences of the AhRR in different helper
T cell populations, naive splenic CD4* T cells from AhRR-deficient and wild-type mice were
isolated, stimulated with plate-bound a-CD3 and soluble a-CD28 and a combination of
different cytokines and antibodies, thereby differentiated into Tn1, Trh2, Thl7, Th22 and
Treg populations. After 5 days in culture, cytokines in the supernatants were analyzed by
ELISA, and the cells were used for intracellular cytokine staining. They were analyzed for
production of key cytokines of each helper T cell population, namely IFNy for Th1, IL-4 for
Th2, IL-17 for Thl7 and IL-22 for Th22 cells. For Treg, TGFP levels were measured in the
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supernatant and the expression of the transcription factor FoxP3 was analyzed in the

intracellular staining.

Initially, naive splenic CD4* T cells were isolated and purified by magnetic separation using
the CD4* CD62L* T cell Isolation Kit Il. However, some difficulties arose, not only in
insufficient reproducibility, but also regarding high background cytokine production
detected in ThO differentiated cells, when measuring key cytokines of each helper T cell
population in the supernatants by ELISA (Figure 12). Furthermore, only low numbers in

intracellular cytokine positive cells were detected (data not shown).
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Figure 12 — Background cytokine levels produced by in vitro cultured Tn0 cells. Key cytokine levels (IFNy
for Tnl, IL-4 for Tn2, IL-17 for Thl7 and IL-22 for Th22) measured in the supernatants of AhRR-deficient
(AhRRE’E, red bars) or wild-type (AhRR**, white bars) ThO cells cultured for 5 days in IMDM medium after
the addition of antibodies against IFNy and IL-4. Naive splenic CD4* T cells were purified by magnetic
separation. n=3-5, pooled samples from 5 independent experiments. The results are presented as mean
plus SEM.

Therefore, the assay was re-performed using Fluorescent Activated Cell Sorting (FACS) to
enrich naive splenic CD4* T cells, ensuring higher cell purity, after non-T cell and
CD8* T cell were eliminated by magnetic separation. Low purity in naive CD4* T cells might
have been the reason for the high cytokine background due to the presence of previously
activated or matured T cells. Prior to FACS analysis, the cells were stained with

fluorescently labeled antibodies specific for CD3, CD4, CD8, CD44, CD62L and CD25
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(Figure 13A). The staining for CD4 and CD8 allowed the exclusion of CD8* T cells; CD44 is a
marker for lymphocyte activation; CD62L is an adhesion molecule expressed on naive
lymphocytes, which enter secondary lymphoid tissues via high endothelial venules and is
down-regulated on memory or activated T cells; CD25 is the alpha chain of the IL-2
receptor and is found on activated T and B cells and was used to exclude regulatory T cells
and activated T cells. The sorted cells were CD3-positive, CD4-positive, CD8-negative,
CD44-low, CD62L-high and CD25-negative. The cells were sorted with an efficiency of
approximately 99.8%, leading to a purity of 99.6%, which was verified by re-analyzing the

sorted cells (Figure 13B).
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Figure 13 - Staining and gating strategy used in Fluorescent Activated Cell Sort (FACS) analysis and
verification of the purity of sorted cells. MACS purified splenic CD4* T cells were sorted according to the
depicted staining strategy (A) using fluorescently labeled antibodies against CD3, CD4, CD8, CD44, CD62L
and CD25. T cells were gated on CD3-positive, CD4-positive, CD44-low, CD62L-high and CD25-negative. (B)
The purity of naive CD4* T cells was verified after FACS analysis. A representative re-analysis of sorted naive
CD4* T cells exhibited a purity of 99.6%.
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In 2008 Veldhoen et al. investigated the effect of different culture media on in vitro Tnl
and Tn17 differentiation [91]. The authors were able to show that culturing naive CD4*
T cells in IMDM medium, instead of using the more commonly used RPMI medium, led to
10% more IFNy producing Thl cells and 30% more IL-17 positive Th17 cells due to the
higher amount of aromatic amino acids, which serve as AhR agonists. Furthermore, the
addition of the AhR ligand FICZ during Thl7 differentiation led to an increase of
approximately 15% IL-17 producing Th17 cells. Therefore, these insights were included in
the in vitro T cell differentiation protocol performed in this project. Moreover, the
cytokine cocktail Th22 differentiation was altered by adding TNF to the differentiation

protocol.

After 5 days of culture, intracellular key cytokines and the transcription factor FoxP3 were
analyzed in order to identify properly differentiated helper T cells. After removal of the
supernatants for ELISA analysis, the cells were stimulated with PMA, ionomycin,
brefeldin A and monensin for 4 h, with the exception of T cells. After an extracellular
staining specific for CD4 and intracellular staining for key cytokines and FoxP3, the cells
were analyzed by flow cytometry. The general gating strategy (Figure 14) included gating
on viable cells, followed by the gating on CD4* cells and lastly on cytokine positive cells,

which was based on fluorescent minus one (FMO) controls as well as Th0 control cells.

viability

cytokine positive

L | h | Ty Ty Ty |
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Figure 14 — Gating strategy used for flow cytometry analysis of in vitro differentiated helper T cell
subsets. Depiction of a representative gating strategy used to evaluate cytokine or FoxP3 expression in in
vitro differentiated helper T cell subsets. After 5 days of culture, cells were extracellularly stained against
CD4 and intracellularly stained against specific key cytokines or FoxP3. Additionally, a viability stain was
used.
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The adjustments of the protocol described above resulted in well distinguishable cytokine
or FoxP3 positive populations in Thl, Thl7 and T cultures as well as in a detectable
presence of cytokine positive cells in Th2 and Tn22 cultures, visible by shifts in

differentiated cell populations in contrast to unstimulated or FMO controls (Figure 15).
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Figure 15 — Representative flow cytometry plots of different in vitro differentiated helper T cell subsets.
Using intracellular staining the successful differentiation of different helper T cell subsets was assessed
according to the production of key cytokines, namely IFNy for Tn1, IL-4 for Tn2, IL-17 for Th17 and IL-22 for
Th22 cells. For Treg cells the expression of the transcription factor FoxP3 was analyzed.

4.1.2. Influence of AhRR deficiency on in vitro differentiated helper T cell subsets

Using the improved protocol approximately 85% IFNy expressing Thl cells, 50% IL-4
positive Th2 cells, 30% IL-17 expressing Thl7 cells and 60% FoxP3 expressing Treg cells
were detected for wild-type cells. Approximately 8% Th22 cells that express IL-22 were
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measured (Figure 16A). However, no significant differences were observed between
AhRR-deficient cells and wild-type cells regarding median fluorescence intensities (MFI) or
frequencies of cytokine or FoxP3 positive cells (Figure 16). Only a slight reduction of Th17
and Treg cells could be observed in AhRR-deficient differentiated cells compared to wild-
type cells (Figure 16A). However, the same tendencies were not detected in MFI values
(Figure 16B). The MFI of AhRR-deficient Th17 cells was even slightly higher than that of

wild-type cells, but the difference was not significant.
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Figure 16 — Frequencies and MFI values of cytokine or FoxP3 positive CD4* T cells of different in vitro
differentiated helper T cell subsets. Quantification of the frequency (A) and median fluorescence intensity
(MFI) (B) of IFNy (Th1), IL-4 (Tn2), IL-17A (Th17) and IL-22 (Th22) producing CD4* T cells, and the frequency
(A) and MFI (B) of FoxP3* CD4* T cells (Treg) from cultures of AhRR-deficient (AhRR¥E, red filled circles) and
wild-type (AhRR**, open circles) T cells. Different helper T cell populations were stained intracellularly for a
specific key cytokine after a 5 day culture in IMDM medium with the addition of helper T cell specific
cytokine and antibody cocktails. n=5, pooled samples from 5 independent experiments. The black line
represents the median.
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All key cytokines for each T cell subset were also measured in the supernatants of the 5
day cultures by ELISA. Because of the changes in the in vitro differentiation protocol
mentioned above, background cytokine levels measured in the supernatants of Th0 cells
were strongly reduced (data not shown). Yet, no significant differences between AhRR-

deficient and wild-type cells were detectable (Figure 17).
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Figure 17 — Cytokine levels of in vitro differentiated helper T cell subsets. Cytokine levels measured in the
supernatants of AhRR-deficient (AhRR¥E, red bars) or wild-type (AhRR**, white bars) Th1, Th2, Th17, Th22
and regulatory T (Treg) cells after a 5 day culture in IMDM medium with the addition of helper T cell specific
cytokine and antibody cocktails. n=5, pooled samples from 5 independent experiments. The results are
presented as mean plus SEM.

These results suggest that AhRR deficiency has no significant effect on the differentiation
of helper T cell populations in vitro. There was also no difference in the expression of key
cytokines measured either by flow cytometry or by ELISA. Furthermore, these
experiments revealed that the increased differentiation of Th17 cells and decreased
frequency of Thl cells observed in DSS-treated AhRR-deficient mice [76] cannot be

explained by a T cells intrinsic change in differentiation.
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4.1.3. AhRR expression in different in vitro differentiated helper T cell subsets

Moreover, the AhRR/EGFP expression was analyzed in key cytokine/transcription factor
positive cells of the various helper T cell subsets. It could clearly be demonstrated that the

AhRR/EGFP reporter is highly expressed in Th17, Th22 and Treg cells (Figure 18A).

Thl7 cells exhibit the highest AhRR/EGFP expression with approximately 85% AhRR-
expressing IL-17 positive Th17 cells (Figure 18A), which is visible as a distinct EGFP positive
population compared to wild-type cells (Figure 18B). In contrast, Th22 and Treg cells also
show AhRR/EGFP expression, but only with approximately 20% and 18% positive EGFP
positive cells, respectively. Thl and Th2 cells do not display notable frequencies of

AhRR/EGFP positive cells (Figure 18).
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Figure 18 — AhRR/EGFP expression in specific key cytokine/FoxP3 positive cells from in vitro
differentiated helper T cell subsets. (A) Quantification of the frequency of AhRR/EGFP expressing Tnl, Th2,
Thl7, Th22 and Treg cells. n=5, pooled samples from 5 independent experiments. The black line represents
the median. Significant differences are depicted as **p<0.01 and ***p<0.001 (compared to Tk0).
Significance was calculated using unpaired students t-test. (B) Representative histograms depicting the
AhRR/EGFP expression compared between wild-type (AhRR**, grey filled) and AhRR-deficient (AhRR¥F, red
line) helper T cell subsets. AhRR/EGFP expression was analyzed in CD4* cytokine or FoxP3* cells only.

These results are in line with studies describing the AhR to regulate Thl7 and Treg
development [90], [91], [94], considering that the AhRR is a target gene of the AhR and
therefore may share the same expression pattern regarding helper T cell subsets.
Furthermore, these data reveal that AhRR is also possibly playing a role in Th22 cells, next
to Thl7 and Treg cell, indicated by AhRR/EGFP expression in in vitro differentiated IL-22
producing T cells. This too, would be in agreement with the role of the AhR in maintaining

Th22 development [163].
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4.1.4. Influence of AhRR deficiency and hypoxia on in vitro differentiated helper T cell

subsets

In the literature it has been described that the transcription factor hypoxia-inducible
factor 1 (HIF-1) regulates the differentiation of Th17 cells [164]. HIF-1 is a basic helix-loop-
helix-PAS domain transcription factor consisting of an oxygen-sensitive HIF-1o. subunit
and constitutively expressed HIF-1B subunit (reviewed in [165]). HIF-1a directly interacts
with RORyt, recruiting it to the IL-17 promotor, resulting in the regulation of Tn17
signature genes and Tr17 cell development [164]. Hypoxia can lead to the expression of
HIF-1a. during helper T cell differentiation. Therefore, the in vitro differentiation of Th17
cells was repeated under hypoxic conditions. Moreover, Th17 differentiation under these
new circumstances, which may resemble the physiological situation in the intestines
more closely, might still provide new insights to the increased Th17 numbers observed in

AhRR-deficient mice in a DSS-induced colitis model described by Brandstatter et al. [76].

In addition, Trg cells were differentiated under hypoxia since this subset was also
described to be regulated by hypoxia [164]. More precisely, HIF-1a. can bind to the
transcription factor FoxP3, thereby targeting it for proteasomal degradation, leading to a
decrease of Treg development [164]. Additionally, type 1 regulatory T cells (T;1) were
differentiated. These cells are characterized by their production of IL-10 and the absence
of the transcription factor FoxP3 (reviewed in [97], [166]). Their differentiation is initiated
and regulated by IL-27 and the AhR [95]. Mascanfroni et al. were able to demonstrate

that the expression of HIF-1a leads to a suppression of T;1 development [97].

Similar to the in vitro differentiation protocol under normoxic conditions, naive splenic
CD4* T cells from AhRR-deficient and wild-type mice were isolated by magnetic
separation, purified by FACS and differentiated into Th17, Treg and T.1 populations with
the help of a combination of different cytokines and antibodies. 24 h after the naive CD4*
T cells were taken into culture, the cells were transferred to hypoxic conditions (1% O3).
After 5 days, cytokines in the supernatants were analyzed by ELISA and cells were used for

intracellular cytokine staining. The cells were analyzed for production of key cytokines,
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namely IL-17 for Th17 and IL-10 for T.1 cells, according to the gating strategy depicted in
Figure 14. For Tieg cells, TGFB levels were measured in the supernatant and the

expression of the transcription factor FoxP3 was analyzed by intracellular staining.

Comparable to the experiments described above (Figure 16A), similar frequencies of IL-17
producing Thl7 cells and FoxP3 expressing Treg cells were detected for wild-type cells
cultured under normoxic conditions. Approximately 25% IL-17 expressing Tnl7
differentiated cells (Figure 19A) and 65% FoxP3 expressing Treg differentiated cells (Figure
19C) were detected. Approximately 35% differentiated T.1 cells that express IL-10 were
measured under normoxic conditions (Figure 19B). No significant differences were
observed comparing AhRR-deficient cells and wild-type cells regarding frequencies or MFI

values of cytokine or FoxP3 positive cells.

Th17 have been described to exhibit increased differentiation of IL-17 producing cells
when cultured in hypoxia [164]. Dang et al. were able to show that IL-17 producing cells
exhibited an increase of approximately 22% [164]. Conversely, in the experiments
performed in this thesis, no increase in the frequency of IL-17 producing cells under
hypoxic conditions was identified (Figure 19A). However, an increase in MFI values for
both AhRR-deficient cells and wild-type cells was observed, yet this increase was not

significant.

Tr1 cells exhibited only marginal decreases in frequencies under hypoxic conditions
compared to cells cultured under nomoxia (Figure 19B). Interestingly, IL-10 expressing T:1
cells displayed higher MFI values under hypoxic culture conditions. However, the MFI
median value was only calculated on the basis of 3 samples, which exhibited a large

deviation between each other (Figure 19B).

In contrast, significantly lower frequencies of FoxP3* cells were measured in Treg cultures
for AhRR-deficient cells and wild-type cells under hypoxia with approximately 25% FoxP3
expressing Treg cells (Figure 19C), exhibiting a decrease by 40% compared to normoxic
cells. MFI values were also reduced. These results are in line with the literature, describing
the attenuation of T development by the expression of HIF-1a under hypoxia, leading

to the degradation of FoxP3 and thereby regulating differentiation [164].
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Figure 19 — Frequencies and MFI values of cytokine/FoxP3 positive CD4* T cells of different in vitro
differentiated helper T cell subsets cultured under normoxia or hypoxia. Quantification of the frequency
and median fluorescence intensity (MFI) of IL-17A (Th17) (A) and IL-10 (T:1) (B) producing cells, and the
frequency and MFI of FoxP3* cells (Treg) (C) from cultures of AhRR-deficient (AhRR¥E, red) and wild-type
(AhRR**, open) CD4* T cells differentiated under normoxia (circles) or hypoxia (squares). Different helper
T cell populations were stained intracellularly for specific key cytokines after a 5 day culture in IMDM
medium with the addition of helper T cell specific cytokine and antibody cocktails. n=3-7, pooled samples
from 7 independent experiments. The black line represents the median. Significant differences are depicted
as *p<0.05 and **p<0.01. Significance was calculated using unpaired students t-test.
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Additionally, all key cytokines for each T cell subset were measured by ELISA. However, no
significant differences between AhRR-deficient and wild-type cells were detected in the
different helper T cell subsets differentiated under normoxia as wells as under hypoxia
(Figure 20). Nevertheless, the same tendencies observed in the frequencies and MFI
values, were also visible in the cytokine production. Th17 cells, which exhibited slightly
higher MFI values under hypoxic conditions (Figure 19A) also displayed a marginally
higher IL-17 production under hypoxia compared to normoxia (Figure 20A). A reduced
FoxP3 expression was detected in hypoxic Trg cultures (Figure 19B), translating into
significant reduction in TGFB levels in both AhRR-deficient and wild-type cells (Figure

20B). Also, IL-10 levels were slightly lower in hypoxic T(1 cells (Figure 20C).
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Figure 20 — Cytokine levels of in vitro differentiated helper T cell subsets under normoxia or hypoxia.
Cytokine levels measured in the supernatants of AhRR-deficient (AhRR¥E, red bars) or wild-type (AhRR**,
white bars) Th17 cells (A), regulatory T cells (Treg) (B) and T:1 cells (C) after a 5 day culture in IMDM medium
under normoxia or hypoxia with the addition of helper T cell specific cytokine and antibody cocktails. n=3-7,
pooled samples from 7 independent experiments. The results are presented as mean plus SEM. Significant
differences are depicted as *p<0.05 and **p<0.01. Significance was calculated using unpaired students t-
test.
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These results suggest that AhRR deficiency also does not exert a significant effect on in
vitro differentiation of helper T cell subsets, such as Thl7, T:1 and T cells, when

cultured under hypoxic conditions.

4.1.5. AhRR expression in different in vitro differentiated helper T cell subsets under

hypoxic conditions

The AhRR/EGFP expression was analyzed in key cytokine/FoxP3 positive cells of the
various helper T cell subsets directly comparing cells differentiated under normoxia with
cells cultured under hypoxia (Figure 21). It could clearly be shown that AhRR/EGFP is
significantly higher expressed in Th17 and Teg cells cultured under normoxic conditions as
already seen in the results shown above (Figure 18 and 21). Furthermore, under hypoxia
Thl7 and Treg cells also show AhRR/EGFP expression, however, to a slightly lower extent
(Figure 21). T(1 cells express AhRR/EGFP under normoxia as well as under hypoxia, even

to a higher extent than Teg cells (Figure 21A).
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Figure 21 — AhRR/EGFP expression in specific key cytokine/FoxP3 positive cells from in vitro
differentiated helper T cell subsets cultured under normoxia or hypoxia. (A) Quantification of the
frequencies of AhRR/EGFP expressing Thl7, Treg and Tr1 cells. n=3-7, pooled samples from 7 independent
experiments. The black line represents the median. Significant differences are depicted as **p<0.01
(between data obtained from cultures under normoxia) and §§p<0.01 (between data obtained from
cultures under hypoxia). Significance was calculated using unpaired students t-test. (B) Representative
histograms depicting the AhRR/EGFP expression compared between wild-type (AhRR**, grey filled) and
AhRR-deficient (AhRR¥E, red line) helper T cell subsets. AhRR/EGFP expression was analyzed in CD4*

cytokine or FoxP3* cells only.
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4.2. Role of the AhRR in parasitic infection with Toxoplasma gondii

As the AhRR is more prominently expressed in the small intestine in comparison to the
large intestine [76], the role of the AhRR in an infection model causing an inflammation of
the small intestine was analyzed. Oral infection of mice with the parasite Toxoplasma
gondii results in an ileitis, which resembles the pathology of Morbus Crohn in humans

[129].

AhR-deficient mice were shown to be highly susceptible to Toxoplasma gondii infections,
as indicated by increased weight loss [84]. Furthermore, an enhanced susceptibility in
both AhR and AhRR knock out mice was observed in DSS-induced colitis [76], [101].
Considering these findings, investigating the role of the AhRR in Toxoplasma gondii
infections might provide additional information on the interplay between AhR and its

repressor.

The Toxoplasma gondii infection model was established with the help of Daniel Degrandi
and Klaus Pfeffer (Institute of Medical Microbiology, Heinrich Heine University
Diisseldorf). CD-1 mice are resistant to Toxoplasma gondii induced pathology and were
therefore used to propagate the parasite. The parasites were isolated from the brain and
were then orally administered to female AhRR-deficient and wild-type littermate control

mice.

4.2.1. Survival analysis of Toxoplasma gondii infections in AhRR-deficient mice and

wild-type littermate control mice

First survival experiments were performed by oral administration of 200 cysts per mouse
(Figure 22). The mice were weighed regularly and it was attempted to harvest stool
samples to examine possible occult blood as a sign of inflammation of the small intestine.
This, however, turned out to be impossible. Instead of having diarrhea as a result of the

inflammation, the infected mice seemed to stop feeding, and hence excreted almost no
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feces. Coherently, a severe weight loss was observed in addition to grooming deficits and
impaired behavior indicated by a high clinical score (Figure 22B). Thus, the application of
200 cysts per mouse appeared to induce a very severe infection, which led to a 100%
death rate 9 days post infection in both AhRR-deficient and wild-type mice (Figure 22A).
Control mice received PBS and as expected did not show any weight loss, grooming

deficits or behavioral changes.
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Figure 22 — Toxoplasma gondii-induced ileitis using 200 cysts leads to 100% lethality and severe weight
loss. Survival curves (A) and clinical scores (B) of AhRR-deficient (AhRR¥E, red line) and wild-type (AhRR*/*,
black line) female mice after Toxoplasma gondii infection with 200 cysts were analyzed. Control mice
(dotted black line) of each genotype received PBS. n=3-4 (AhRR¥E n=4, with all mice sacrificed after
obtaining a clinical score of 8, AhRR** n=3, with all mice sacrificed after obtaining a clinical score of 8)

Consequently, the next survival experiments were performed with only 100 orally

administered cysts per mouse (Figure 23). In this setup, AhRR-deficient mice displayed a
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higher susceptibility to this parasite induced ileitis with a 100% death rate by day 12 post
infection compared to wild-type controls, which showed an 88% death rate (Figure 23A).
During the progression of the infection the mice suffered from drastic weight loss and

grooming deficits as seen in the raised clinical score (Figure 23B).
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Figure 23 — AhRR deficiency leads to 100% lethality and drastic weight loss after administration of 100
Toxoplasma gondii cysts. Survival curves (A) and clinical scores (B) of AhRR-deficient (AhRR¥E, red line) and
wild-type (AhRR**, black line) female mice after Toxoplasma gondii infection with 100 cysts were analyzed.
Control mice (dotted black line) of each genotype received PBS. n=8, data pooled from 2 independent
experiments (AhRR¥E n=8, with all mice sacrificed after obtaining a clinical score of 8, AhRR** n=8, with 7
mice sacrificed after obtaining a clinical score of 8). Significant differences are depicted as *p<0.05.
Significance was calculated using Log-rank (Mantel-cox) test.

As the infection with 100 cysts was still rather severe, the next experiments were
performed with 50 orally administered cysts per mouse (Figure 24). In this setting, AhRR-
deficient mice were clearly more susceptible to Toxoplasma gondii induced ileitis with
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18% survival rate compared to wild-type controls with 50% survival rate (Figure 24A).
Using this lower number of cysts, the clinical score also displayed a visible difference

between AhRR-deficient mice and wild-type mice (Figure 24B).
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Figure 24 — Toxoplasma gondii-induced ileitis with 50 cysts leads to significantly enhanced susceptibility
in AhRR-deficient mice compared to wild-type mice. Survival curves (A) and clinical scores (B) of AhRR-
deficient (AhRR¥E, red line) and wild-type (AhRR**, black line) female mice after Toxoplasma gondii
infection with 50 cysts were analyzed. Control mice (dotted black line) of each genotype received PBS.
n=16, data pooled from 3 independent experiments (AhRREE n=16, with 13 mice sacrificed after obtaining a
clinical score of 8, AhRR** n=16, with 8 mice sacrificed after obtaining a clinical score of 8). Significant
differences are depicted as *p<0.05. Significances were calculated using (A) Log-rank (Mantel-cox) test and
(B) unpaired students t-test.

Survival experiments with only 25 orally administered cysts per mouse (Figure 25)
demonstrated even more prominently that AhRR-deficient mice are significantly more

sensitive compared to wild-type littermate controls, exhibiting a 20% survival rate in
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contrast to a 71% survival rate, respectively (Figure 25A). This differences in survival
between AhRR-deficient mice and wild-type mice were also reflected in the clinical scores
(Figure 25B). Over the course of infection AhRR-deficient mice weighed less than wild-
type mice, exhibited more grooming deficits and behavioral changes, as indicated by

significant differences in the clinical score (Figure 25B).
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Figure 25 — AhRR-deficient mice are significantly more sensitive to Toxoplasma gondii-induced ileitis with
25 cysts compared to wild-type littermate control mice. Survival curves (A) and clinical scores (B) of AhRR-
deficient (AhRR¥E, red line) and wild-type (AhRR**, black line) female mice after Toxoplasma gondii
infection with 25 cysts were analyzed. Control mice (dotted black line) of each genotype received PBS. n=7-
10 (AhRR¥E n=10, with 8 mice sacrificed after obtaining a clinical score of 8, AhRR** n=7, with 2 mice
sacrificed after obtaining a clinical score of 8). Significant differences are depicted as *p<0.05, **p<0.01 and
***¥p<0.001. Significances were calculated using (A) Log-rank (Mantel-cox) test and (B) unpaired students t-
test.
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These results demonstrate that AhRR-deficient mice are significantly more susceptible to
Toxoplasma gondii induced ileitis than wild-type littermate control mice. Furthermore,
the difference in survival was more apparent using lower numbers of administered cysts

and could be mirrored in the clinical scores.

In summary, these data demonstrate that AhRR deficiency results in enhanced
susceptibility in Toxoplasma gondii induced ileitis similar to AhR deficiency [84]. This
finding is in line with previous studies, showing that both AhR- and AhRR-deficient mice
are susceptible to DSS-induced colitis [76], [101], [102] and indicating that the extent of
AhR activation in the intestine needs to be tightly balanced for prevention of intestinal

immunopathology.

4.2.2. Ex vivo analysis of Toxoplasma gondii infected AhRR-deficient and wild-type

littermate control mice

In order to understand why AhRR deficiency causes enhanced susceptibility in
Toxoplasma gondii induced ileitis, infected tissues were analyzed ex vivo. Ex vivo analysis
was performed at day 8 post infection, as in all survival experiments, irrespective of the
number of administered cysts, the infected mice succumbed earliest 8 days post
infection. These observations are in line with published data, showing that C57BL/6 mice
infected with Toxoplasma gondii develop an acute phase of inflammation between day 6
and day 8 post infection [167]. The mice used for the ex vivo analysis were orally infected

with 50 Toxoplasma gondii cysts.

Several parameters were used to evaluate the severity of the infection, such as the
intestinal length, the parasite burden present in the small intestine, histological analysis
of the structural changes, and Toxoplasma gondii distribution along the ileum as well as

the production of pro-inflammatory cytokines.

The shortening of the small intestine can be used as a parameter for the establishment of
the infection and is commonly used in the assessment of infection in colitis models. In the
ileitis model used in this thesis, infected mice also exhibited reduced small intestinal

length in comparison to naive control mice (Figure 26). For both AhRR-deficient mice and
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wild-type littermate control mice there was a significant difference between uninfected,
naive mice and Toxoplasma gondii infected mice. As initial values of intestinal length
determined for naive mice differed between AhRR-deficient and wild-type mice, it was
difficult to define whether there are differences between the infection-related intestinal
shortening of AhRR-deficient and wild-type mice. Therefore, the relative intestinal
shortening was calculated according to Heimesaat et al. [167], revealing that infected
wild-type mice displayed a relative intestinal shortening of 14,17% and infected AhRR-
deficient mice exhibited 14,73% relative intestinal shortening. Consequently, it can be
concluded that there are no differences in the intestinal shortening between AhRR-

deficient and wild-type mice after Toxoplasma gondii infection.
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Figure 26 — AhRR-deficient mice exhibit no differences in intestinal shortening compared to wild-type
mice 8 days post Toxoplasma gondii infection with 50 cysts. Intestinal shortening of naive AhRR-deficient
(AhRR¥E, red bar) and wild-type (AhRR**, white bar) female mice and infected mice 8 days after
Toxoplasma gondii infection with 50 cysts. n=4-12, pooled from 4 independent experiments. The results are
presented as mean plus SEM. Significant differences are depicted as **p<0.01. Significance was calculated
using unpaired students t-test.

Next, the parasite load in the small intestine was analyzed by qRT-PCR. Both infected
AhRR-deficient mice and infected wild-type mice displayed approximately 2 to 3 fold
higher parasite burden than naive AhRR-deficient mice and wild-type mice, respectively,

when normalized to naive wild-type mice (Figure 27). Despite of a tendency that infected

88



Results

AhRR-deficient mice exhibited a lower parasite burden compared to infected wild-type

mice (Figure 27) no statistical significant level could be reached.
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Figure 27 — AhRR-deficient mice exhibit slightly reduced parasite burden compared to wild-type mice 8
days post Toxoplasma gondii infection with 50 cysts. Parasite burden of naive AhRR-deficient (AhRR¥E, red
bar) and wild-type (AhRR**, white bar) female mice and infected mice 8 days after Toxoplasma gondii
infection with 50 cysts. n=4-12, pooled from 4 independent experiments. The results are presented as mean
plus SEM.

In summary, these results were not anticipated, as AhRR deficiency led to higher
susceptibility analyzed in survival experiments. Therefore, it was expected that AhRR-
deficient mice would exhibit greater intestinal shortening as well as an equal or higher
parasite burden. After oral Toxoplasma gondii infection, however, the survival rate not
only depends on the parasite load, but also on the immunopathology induced by the

parasite.

For this reason, intestinal histopathology was analyzed 8 days post infection with
Toxoplasma gondii using H&E stained paraffin sections. The representative microscopic
images shown in Figure 28A clearly depict that ileum samples from infected AhRR-
deficient mice exhibit more tissue damage compared to ileum samples from infected
wild-type mice. This observation is supported by a significant difference in the histological
score (Figure 28B). The histological scores were calculated by classifying epithelial
changes in the mucosa and submucosa, such as erosions, ulcerations or necrosis, and

changes in the mucosal architecture, such as the distortion of villous structure [160]. lleal
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mucosa samples of infected AhRR-deficient mice were visibly necrotic and fibrotic, and
exhibited distorted villi, whereas ileum samples of infected wild-type mice mostly
displayed diffuse cell infiltrates in the mucosa or submucosa, marginal villous blunting

and only rarely distortions of the villi (Figure 28A).
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Figure 28 — AhRR-deficient mice displayed significantly stronger ileal tissue damage than wild-type mice 8
days post Toxoplasma gondii infection with 50 cysts. Representative H&E staining (A) of naive AhRR-
deficient (AhRR¥E) and wild-type (AhRR**) female mice, and infected mice 8 days after Toxoplasma gondii
infection. Scale bar: 100 um. Histological scores (B) of H&E stained paraffin ileal sections from AhRR-
deficient (AhRR¥E, red bar) and wild-type (AhRR**, white bar) female mice 8 days after Toxoplasma gondii
infection. n=7, pooled from 3 independent experiments. The results are presented as mean plus SEM.
Significant differences are depicted as *p<0.05. Significance was calculated using unpaired students t-test.

To sum up, histopathology of AhRR-deficient mice was more severe than that of wild-type

mice and in line with the results obtained in survival experiments. AhRR deficiency caused
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significantly more damage to the intestinal structure, which may have caused the higher

lethality in Toxoplasma gondii-induced ileitis.

Next, colonization of ileal tissue with Toxoplasma gondii was assessed. Using Toxoplasma
gondii specific rabbit serum, which was kindly provided by Ingrid Reiter-Owona
(University Hospital Bonn), murine intestinal samples from infected AhRR-deficient mice
and wild-type mice were stained. Strikingly, the Toxoplasma gondii staining pattern
revealed a patchy distribution as seen in the four representative microscopic pictures of
infected ileal samples of both AhRR-deficient mice and wild-type mice depicted in Figure
29. As described in the literature, Toxoplasma gondii infects epithelial cells, proliferates
and then spreads to neighboring cells, possibly accounting for the patchy appearance of
the staining [121], [122]. Spreading of the parasite from one cell to the next cell, leaves
the infected cells damaged, leading to the loss of EGFP as it leaks out of the injured cell

(Figure 29).
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Figure 29 — Immunofluorescent staining of Toxoplasma gondii infected ilea from AhRR-deficient and wild-
type mice 8 days post Toxoplasma gondii infection with 50 cysts. Representative immunofluorescent
stainings of naive AhRR-deficient (AhRR¥E) and wild-type (AhRR*/*) female mice, and infected mice 8 days
after Toxoplasma gondii infection. Sections were stained with rabbit serum against Toxoplasma gondii
ME49/a-rabbit-eFluor594 (red) and counterstained with DAPI (blue). Scale bar: 100 um.

The analysis of the Toxoplasma gondii infection pattern, however, did not reveal any
differences between infected AhRR-deficient and wild-type mice. Furthermore, no

obvious difference in the quantity of Toxoplasma gondii infected tissue was observed.
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Moreover, it was attempted to measure the production of different pro-inflammatory
cytokines in the the duodenum, jejunum and ileum of the small intestine. In addition, two
different methods for the extraction and measurement of cytokines were tested. On the
one hand, cytokines were measured in the supernatants of organ cultures, in which the
three different intestinal parts were incubated in complete RPMI medium for 6 h (Figure
30), and the cytokine concentration was normalized to the weight of the tissue sample.
On the other hand, the samples of the different intestinal regions were homogenized,
cellular debris was removed by centrifugation and the cytokines were measured in the
supernatant (Figure 31). Again, the cytokine concentration was calculated based on the
weight of the tissue sample. Toxoplasma gondii induced ileitis has been characterized by
an overproduction of pro-inflammatory cytokines, such IFNy and TNF, in a helper T cell-
dependent manner [168], [169]. Furthermore, elevation in IL-12 levels indicate the
activation of the helper T cells by DCs, which are critical for the pathology of the small
intestine [170]. In addition to that, IL-23 has been described to play a role in the
inflammation of the small intestine during Toxoplasma gondii infection [169]. Most
interestingly, IL-17 expression was elevated in the intestinal mucosa of IBD patients
(reviewed in [171]). Therefore, the panel of cytokines measured included IFNy, TNF, IL-18,
IL-12p70, IL-23 and IL-17.

All cytokine levels measured in jejunal and ileal samples showed the same tendencies
using both methods. Regarding the duodenal samples however, homogenized samples
displayed very low cytokine levels compared to jejunal und ileal samples (Figure 31),
whereas cytokines measured in the supernatants of duodenum cultures exhibited rather

high levels in comparison to jejunal and ileal samples (Figure 30).

Toxoplasma gondii infection has been described to mainly affect the ileum, possibly
spreading to the jejunum [129]. Since the cytokine levels measured in the duodenal
samples differ between the different methods and therefore might be unreliable, only the

data obtained from the jejunal and ileal samples were considered for further discussion.

Of particular note is the significant decrease in IFNy levels in AhRR-deficient ileal samples
measured in the supernatants of ileum cultures (Figure 30A). A similar tendency was
observable in jejunum cultures. This might be an explanation for the impaired survival, as

IFNy is a key player in the defense against Toxoplasma gondii infection [116], [129]. Apart
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from IFNy, all other cytokine levels measured in ileum cultures revealed no significant
differences between infected AhRR-deficient and wild-type mice, whereas the pro-
inflammatory cytokines TNF (Figure 30B), IL-1B (Figure 30C), IL-12 (Figure 30) and IL-23

(Figure 30E) appeared elevated in jejunum cultures of AhRR-deficient mice.

In addition, IL-17 levels were elevated in jejunum cultures from AhRR-deficient mice
(Figure 30F), indicating a possible role for Thl7/Tc17 cells in the defense against

Toxoplasma gondii infection as well as suggesting influences of pathogenic Th17 cells.
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Figure 30 — Cytokine levels of intestinal cultures of AhRR-deficient and wild-type mice 8 days post
Toxoplasma gondii infection with 50 cysts. Intestinal cultures of naive AhRR-deficient (AhRR¥E, red bar)
and wild-type (AhRR**, white bar) female mice, and infected mice 8 days after Toxoplasma gondii infection
with 50 cysts were analyzed for IFNy (A), TNF (B), IL-1p (C), IL-12p70 (D), IL-23 (E) and IL-17 (F). n=9, pooled
samples from 3 independent experiments. The results are presented as mean plus SEM. Significant
differences are depicted as *p<0.05. Significance was calculated using unpaired students t-test.

In contrast to cytokines measured in the supernatants of organ cultures, the method of
homogenizing intestinal samples led to higher cytokine levels. But the same tendencies
were also detected with this method. As mentioned before, IFNy levels were decreased in
AhRR-deficient homogenized jejunal samples in comparison to wild-type samples (Figure
31A). In contrast, pro-inflammatory cytokines, such as TNF (Figure 31B), IL-1B (Figure
31C), IL-12p70 (Figure 31D), IL-23 (Figure 31E) and IL-17 (Figure 31F) were elevated in
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jejunal samples from infected AhRR-deficient mice similar to the effects observed in
jejunum organ cultures (Figure 30). lleal samples also showed no distinct differences for
all cytokines measured, except for slightly increased IL-1B levels in AhRR-deficient ileal

samples (Figure 31C).
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Figure 31 — Cytokine levels of homogenized intestinal tissue of AhRR-deficient and wild-type mice 8 days
post Toxoplasma gondii infection with 50 cysts. Homogenized intestinal tissue of naive AhRR-deficient
(AhRR¥E, red bar) and wild-type (AhRR**, white bar) female mice, and infected mice 8 days after
Toxoplasma gondii infection with 50 cysts were analyzed for IFNy (A), TNF (B), IL-1 (C), IL-12p70 (D), IL-23
(E) and IL-17 (F). n=4. The results are presented as mean plus SEM.

In summary, measurement of cytokine levels after Toxoplasma gondii infection revealed a
slight increase in several pro-inflammatory cytokines in the jejunum of AhRR-deficient
mice compared to wild-type mice. In contrast, IFNy levels were clearly reduced in

intestinal samples of AhRR-deficient mice.
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4.3. Influence of the AhRR in polymicrobial sepsis induced by the colon ascendens

stent peritonitis model

To induce a polymicrobial peritonitis in mice, the CASP model, a standardized rodent
model for sepsis was used [152]. In this model, a small stent is surgically inserted into the
ascending colon of mice, creating a continuous link between the intestinal lumen and the
peritoneal cavity resulting in a septic peritonitis. The severity of the infection can be
controlled by the diameter of the inserted stent (14G, 16G, 18G or 20G). At first, an
experiment with female wild-type mice was carried out, comparing 14G and 16G stents
(Figure 32A). As expected, mice, which received a 14G stent had a lower survival rate of
33%, whereas 66% mice, which received the smaller stent (16G), survived. Additionally,
the mice with the surgically inserted 14G stent on average developed lethal septic shock

syndrome 19 hours earlier than the mice with the 16G stent (Figure 32A).

As a result, survival experiments were performed with 16G stents, since the sepsis
induced with 14G stents might have been too severe to be able to properly detect
differences in susceptibility to sepsis comparing AhRR-deficient mice to heterozygous
AhRR-EGFP-reporter and wild-type littermate control female mice. A slightly higher
survival rate of 20% in AhRR-deficient female mice compared to wild-type littermate
controls after induction of polymicrobial sepsis by CASP using 16G stents was detectable
(Figure 32B). Heterozygous AhRR-EGFP-reporter mice also displayed a higher survival rate
than wild-type mice. However, they did not show the same protection as observed in

AhRR-deficient mice (Figure 32B).

Additionally, the survival experiments were performed with male mice, in order to
compare possible gender differences in response to the septic infection (Figure 32C).
Here, similar tendencies as seen in female mice were also observed in male mice,
however, less pronounced. Male AhRR-deficient mice showed a 10% higher survival rate
compared to wild-type control mice (Figure 32C). Heterozygous AhRR-EGFP-reporter mice
again exhibited a survival rate between AhRR-deficient and wild-type mice (Figure 32C).

These findings are in line with the observed protection of AhRR-deficient mice against
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LPS-induced septic shock [76], allowing the conclusion that the AhR/AhRR-system plays a

role in the defense against pathogens.
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Figure 32 — Survival analysis of AhRR-deficient and wild-type mice after the induction of polymicrobial
sepsis using the Colon Ascendens Stent Peritonitis (CASP) model. (A) Survival rate of wild-type female mice
after CASP surgery using 14G stents (grey) and 16G stents (black) was assessed. n=3. Survival curve of AhRR-
deficient (AhRR¥E, red), AhRR-EGFP-reporter (AhRR¥*, grey) and wild-type (AhRR**, black) female mice (B)
and male mice (C) after CASP surgery using a 16G sized stent was analyzed. n=20, pooled from 8
independent experiments. (AhRREE n=20, with 8 female and 8 male mice sacrificed, AhRR¥* n=20, with 10
female and 10 male mice sacrificed, AhRR** n=20, with 8 female and 11 male mice sacrificed after obtaining
to severe clinical scores)

4.4. Role of the AhR and AhRR in endotoxin tolerance

Our group could show that the AhRR is upregulated by TLR stimulation in DCs and
macrophages in vitro and in vivo. Furthermore, it has been shown that AhRR-deficient
mice are less susceptible to LPS-induced septic shock compared to wild-type control mice
[76]. As repeated stimulation with LPS leads to endotoxin tolerance [140]-[143], it was

interesting to assess whether the AhR/AhRR system also plays a role in the induction of
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endotoxin tolerance. In fact, requirement of AhR signaling for development of endotoxin

tolerance was recently described in the literature [161].

4.4.1. In vitro endotoxin tolerance analysis of AhR-deficient, AhRR-deficient and wild-

type BMM¢

To induce endotoxin tolerance in vitro, bone marrow derived macrophages (BMMa) from
AhR-deficient (Figure 33A), AhRR-deficient mice (Figure 33B) or wild-type littermate
controls were stimulated with three different low dose LPS treatments (1, 10 and
20 ng/ml) for 20 hours. Subsequently, the cells were challenged once with the same LPS
doses for 6 hours. The supernatants were analyzed for TNF production by ELISA. However,
no differences in endotoxin tolerance induction between BMM¢ from the different
genotypes were observed (Figure 33A and B). These results indicate that AhR or AhRR
deficiency plays no obvious role in the induction of endotoxin tolerance in vitro. BMMd®
which were only challenged with LPS once exhibited high TNF levels, independently of
AhR or AhRR deficiency (Figure 33A and B).
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Figure 33 — In vitro endotoxin tolerance induction in bone marrow-derived macrophages of AhR, AhRR
and wild-type mice. TNF levels in the supernatants measured by ELISA in BMMa cultures of AhR-deficient
(AhR”", blue bars), AhR-heterozygous (AhR*/", light blue bars) and wild-type (AhR**, black bars) mice (A) and
in BMMd cultures of AhRR-deficient (AhRR¥E, red bars), AhRR-EGFP-reporter (AhRR¥*, grey bars) and wild-
type (AHRR**, white bars) mice (B) after 15t LPS stimulation for 20 hours followed by 2" LPS stimulation for
6 hours (depicted on the right), as well as after only 2" LPS stimulation (depicted in the middle) and
medium control (neg. control, depicted on the left)). (A) n=4-5, pooled samples from 4 independent
experiments; (B) n=4, pooled samples from 4 independent experiments. The results are presented as mean
plus SEM. Significant differences are depicted as *p<0.05, **p<0.01 and ***p<0.001. Significance was
calculated using unpaired students t-test.
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4.4.2. In vivo endotoxin tolerance analysis of AhR-deficient, AhRR-deficient and wild-

type mice

Since the analysis in vitro might not necessarily reflect the situation in vivo, an in vivo
endotoxin tolerance assay was also established. AhR-deficient, AhRR-deficient and wild-
type mice were primed i.p. with a low dose of LPS (4 mg/kg). Four days later, the mice
were challenged i.p. with a higher dose of LPS (15 mg/kg). 90 minutes thereafter the mice
were sacrificed and the serum was collected and analyzed for TNF levels by ELISA.
However, also in vivo no differences between LPS primed and challenged wild-type and
AhR-deficient mice could be observed (Figure 34A). Also, analysis of AhRR-deficient and
wild-type mice revealed that both were able to establish endotoxin tolerance (Figure
34B). Notably, AhRR-deficient mice that received only the 2" LPS challenge leading to
LPS-induced septic shock in wild-type mice, displayed significantly reduced TNF levels
compared to wild-type mice, in accordance with the protective effect facilitated by AhRR
deficiency (Figure 34B) [76]. In contrast, AhR-deficient mice exhibited TNF levels

comparable to wild-type mice after a single challenge with high dose LPS (Figure 34A).
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Figure 34 — Endotoxin tolerance induction in AhR-deficient, AhRR-deficient and wild-type mice in vivo.
AhR-deficient (AhR”, blue bars) and wild-type (AhR**, black bars) mice (A) as well as AhRR-deficient
(AhRR¥E, red bars) and wild-type (AhRR**, white bars) mice (B) were treated on day 1 with either 200 pl
PBS (depicted on the left and in the middle) or primed with 4 mg/kg LPS, followed on day 4 by a second
treatment with 200 ul PBS (neg. control, depicted on the left) or challenged with 15 mg/kg LPS (depicted in
the middle and on the right). TNF levels were measured in serum, which was collected from mice
90 minutes after the second PBS treatment or LPS challenge. n=5-9, pooled samples from 3 independent
experiments. The results are presented as mean plus SEM. Significant differences are depicted as *p<0.05,
**p<0.01 and ***p<0.001. Significance was calculated using unpaired students t-test.

4.4.3. Survival analysis of AhR-deficient and wild-type mice during establishment of

endotoxin tolerance

In a recent publication from Bessede et al. in Nature 2014, the authors showed that AhR-
deficient mice are not able to induce endotoxin tolerance in vivo [161]. Their protocol
differed from the protocol used in this thesis. Using our in vivo protocol, however, it could

be shown that in contrast to the results of Bessede et al., LPS primed AhR-deficient mice
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(Figure 35B), like the LPS primed wild-type mice (Figure 35A), have a 100% survival rate.
Furthermore, the previously described high susceptibility of AhR-deficient mice to LPS-
induced septic shock was also shown (Figure 35) [100]. These results are in line with the in
vivo data, where no differences in TNF production in serum of LPS primed AhR-deficient

and wild-type mice were demonstrated (Figure 34A).
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Figure 35 — AhR-deficient mice are able to establish an endotoxin tolerance in vivo. Survival curves of wild-
type (AhR**, black line) (A) and AhR-deficient (AhR”", blue line) (B) mice and LPS-primed wild-type (prAhR**,
dashed black line) (A) and AhR-deficient (prAhr”-, dotted blue line) (B) mice after a second challenge with

LPS. Mice were primed with 4 mg/kg LPS and challenge on day 4 with 20 mg/kg LPS. LPS originated from
E.coli strain 0111:B4. n=4-5.

In order to get a better comparison of these results to the published data, the survival
experiments were repeated with precisely the same protocol used by Bessede et al. [161].
This includes the application of a lower LPS dose for priming (0,5 mg/kg instead of
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4 mg/kg), a higher dose of LPS for the second challenge (40 mg/kg instead of 20 mg/kg),
which was performed on day 7 instead of day 4, as well as the use of a different type of
LPS from the same E. coli strain. In agreement with the first survival experiments and in
contrast to the results published by Bessede et al., it was shown that also using the new
protocol AhR-deficient mice can establish endotoxin tolerance indicated by a 100%
survival rate in LPS primed and re-challenged mice (Figure 36B). LPS-induced septic shock
led to a significantly higher susceptibility in AhR-deficient mice compared to wild-type

control mice as described previously by Sekine et al. (Figure 35 and 36) [100].
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Figure 36 — AhR-deficient mice are able to establish an endotoxin tolerance in vivo. Survival curves of wild-
type (AhR**, black line) (A) and AhR-deficient (AhR7", blue line) (B) mice and LPS-primed wild-type (prAhR**,
dashed black line) (A) and AhR-deficient (prAhr”-, dotted blue line) (B) mice after a second challenge with

LPS. Mice were primed with 0,5 mg/kg LPS and challenge on day 7 with 40 mg/kg LPS. LPS originated from
E.coli strain 055:B5 according to [161]. n=6.
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In summary, neither AhR nor AhRR is required for development of endotoxin tolerance.

Furthermore, the findings by Bessede et al. could not be confirmed in this thesis.

4.5. Generation of AhRR-dsRed-reporter mice

In many cases intercrosses of the AhRR-EGFP-reporter mouse line with other reporter

mouse lines are hampered as most other reporter systems also utilize GFP. In order to be

able to precisely compare the cell-type specific expression of the AhRR with the

expression of other molecules of interest, a new AhRR-reporter mouse line was generated

using dsRed instead of EGFP.

The AhRR-dsRed-reporter mice were generated using a targeting vector, which was

constructed by Markus Korkowski (IUF, Disseldorf). In this targeting vector the reporter

gene dsRed, a Discosoma sp. red fluorescent protein was inserted into the second exon of

the ahrr gene (Figure 37). The third exon was completely deleted to avoid the generation

of a truncated protein due to alternative splicing.
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Figure 37 — Targeting-strategy used for the generation of AhRR-dsRed-reporter mice. The dsRed gene was
inserted into the second exon of the AhRR gene. The third exon was deleted. A loxP-flanked neomycin
resistance cassette was inserted to allow selection during ES cell targeting.
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This vector was transfected into cultured HM-1 mouse embryonic stem (ES) cells by
electroporation. The transfected cells underwent a selection process using G418. Only ES
cell clones, in which homologous recombination between the targeting vector and the
genomic DNA occurred successfully, survive the selection process due to positive selection
for the integration of the neomycin resistance cassette and negative selection against
integration of the HSV-TK cassette (Figure 37). Genomic DNA was isolated from G418 and
ganciclovir resistant clones and tested by PCR with primers specific for the targeting
vector. Genomic DNA of PCR positive as well as negative clones (data not show) were
restricted using the endonuclease Dral and then tested by southern blot to ensure a

successful integration of the modified allele at the correct location (Figure 38).
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Figure 38 — Southern blot analysis of PCR positive clones. Two PCR positive clones (#211 and #270) and
neighboring negative clones (#212 and #271) were hybridized with a 5" probe after digestion with the
restriction enzyme Dral. The wild-type allele displays a fragment of 6.7 kb and the mutated allele displays a
fragment of 3.7 kb. The positives clones #211 and #270 display both fragments.

PCR and Southern blot positive ES cell clones were injected into blastocysts, four chimeric

mice were born and germline transmission was obtained.

AhRR-dsRed targeted mice were analyzed immunohistologically in sections of colon, small
intestine and skin (Figure 39), as it was already described in our group that AhRR-EGFP-
reporter mice expressed AhRR/EGFP at these sites [76]. Indeed, the expression pattern of
AhRR-dsRed-reporter mice was comparable to the EGFP expression of AhRR-EGFP-
reporter mice, exhibiting dsRed expression in the colon, in the LP of the small intestine

and in the skin (Figure 39).

105



Results

AhRR+/+ AhRRdsRed/+

colon

Small
intestine

skin

DAPI AhRR/dsRed

Figure 39 - Immunofluorescence AhRR/dsRed staining of frozen sections of colon, small intestine and skin
from AhRR-dsRed-reporter mice and wild-type mice. Representative immunofluorescent stainings of
heterozygous AhRR-dsRed-reporter (AhRR¥Re*) and wild-type (AhRR**) mice. Sections were stained
against dsRed (red) and counterstained with DAPI (blue). Scale bar: 100 um.

Furthermore, it was shown in our group that AhRR-EGFP was expressed in 16% of cells in
activated BMDCs, defined as CD11c* and MHCII"8". This frequency was boosted to

approximately 50% positive AhRR-EGFP cells in BMDC cultures after LPS stimulation.
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AhRR-dsRed-reporter BMDCs exhibited similar frequencies of AhRR/dsRed positive
CD11*MHCII"e" cells. Approximately 20% AhRR-dsRed positive cells were found in
unstimulated AhRR-dsRed BMDC cultures (Figure 40). LPS stimulation led to a 2-fold

increase of AhRR-dsRed expression.
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Figure 40 — Expression of AhRR/dsRed in BMDC generated from AhRR-dsRed-reporter mice and wild-type
mice. CD11c* MHCII"8" jn vitro generated BMDC were left untreated or stimulated with LPS and analyzed for
AhRR/dsRed expression. n=3, pooled samples from 2 independent experiments. The results are presented
as mean plus SEM. Significant differences are depicted as *p<0.05 (between AhRR** and AhRR¥Red/* BMDCs)
and §p<0.05 (between untreated AhRRIRed* and LPS stimulated AhRRIRed* BMDCs). Significance was
calculated using unpaired students t-test.

Next, the expression of the dsRed protein was analyzed in BMDC protein lysates obtained
from wild-type and AhRR-dsRed-reporter mice (Figure 41). The dsRed protein has a size of
28 kDa [172]. In the Western blot shown in Figure 41, it is clearly visible that dsRed
protein expression can only be found in BMDC protein lysates from AhRR-dsRed-reporter
mice, whereas BMDC protein lysates from wild-type mice displayed no dsRed protein
expression. GAPDH protein expression was used as a loading control and was detected in

AhRR-dsRed-reporter as well as wild-type protein lysates (Figure 41).
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Figure 41 — Expression analysis of dsRed protein in BMDCs using Western blot. DsRed protein (28 kDa)
expression was analyzed in BMDCs from wild-type (WT) and heterozygous AhRR-dsRed-reporter mice
(AhRRIRed*) Analysis of GAPDH protein (37 kDa) expression was used as a loading control.

Thus, AhRR-dsRed-reporter mice were successfully generated and can be used to create
double reporter mouse lines, allowing the analysis of the expression pattern of the AhRR
by means of dsRed expression as well as the expression pattern of the molecule of
interest on the basis of GFP expression, which is the most commonly used fluorescent

reporter protein.
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5. Discussion

The AhR is a well conserved ancient transcription factor with orthologues among various
species [173]. Much of todays’ understanding of the AhR function has been revealed
originally in toxicological and pharmacological studies. Hence, the AhR is best known for
mediating toxicity as response to the binding of dioxin (2,3,7,8-tetrachloro-dibenzo-p-
dioxin (TCDD)). Activated through dioxin or other xenobiotics, the AhR leads to the
expression of xenobiotic metabolizing enzymes, thus promoting detoxification of those

environmental toxins.

However, the understanding of the AhR refined, when it was identified that the AhR not
only binds to environmental toxins, but also endogenous ligands and dietary ligands
(reviewed in [60]). Moreover, it has been described that the AhR plays a role in growth,
differentiation, liver development and physiology, and fertility [52]—[55]. Furthermore, it
has been shown that the AhR is important for the development of immune cells. In
addition, the AhR influences immune responses to infections, nutrition and microbiota

(reviewed in [39]).

The activity of the AhR can be regulated by negative feedback inhibition through the
AhRR, which is one of the AhR target genes [73]. In contrast to the AhR, less is known
about the AhRR. Our group generated AhRR-EGFP-reporter mice, which express EGFP
under the control of the ahrr promotor, allowing the analysis of the expression pattern,
but also permit the investigation of AhRR deficiency and its effects [76]. Using this mouse
strain, it was demonstrated that the AhRR is expressed in immune cells mainly located in
barrier organs, such as the skin and the intestine. Interestingly, AhRR expression does not
strictly correlate with AhR expression and is not entirely dependent on AhR activation. In
addition, it was revealed that in the absence of AhRR, mice are protected from LPS-
induced septic shock [76] in contrast to high sensitivity in AhR knock out mice [100].
Conversely, AhRR-deficient mice are more sensitive to DSS-induced colitis similar to AhR-
deficient mice [76], [101]. In this thesis, the function and influence of the AhRR was

further analyzed in systemic infections on the one hand and intestinal inflammation on
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the other hand, in order to shed more light into the selective expression pattern of the

AhR/ARR system and its balance in systemic and intestinal homeostasis.

5.1. Tissue and cell specific expression of the AhRR

Analysis of ahrr expression by qRT-PCR performed in our group revealed that skin, small
intestine, Peyer’s patches (PP) and mesenteric lymph nodes (mLNs) show ahrr expression,
while liver, spleen and lung displayed no ahrr expression. These findings were
strengthened by the detection of ahrr expression in single cell suspensions of the lamina
propria (LP) of the small intestine, PPs and mLNs [174]. Most interestingly, it
demonstrated that AhR and AhRR expression are not entirely overlapping, evident by the
absence of AhRR expression in lung and liver, in which high expression of the AhR has
been described [51]. Using flow cytometry, it was confirmed that the AhRR is strongly
expressed in the gut, especially in the LP of the small intestine, in the dome region of PPs
and in the LP of the colon. In contrast to the absence of AhRR expression in splenic T cells,
high AhRR expression was found in 20-40% of CD4* and CD8* T cells in the small intestinal
LP, while in PPs only 20% of CD8* T cells express the AhRR. Additionally, all intestinal DC
subsets express the AhRR, as well as ILC3 and IEL [76]. Several groups could show that the
AhR is involved in Thl7, Th22, T:1 and Trg cell development [90], [91], [97], [163].
However, there have been some inconsistent reports regarding Thl7 cells in AhR knock
out mice. Veldhoen et al. demonstrated that AhR deficiency has no influence on T,17
frequencies but leads to the impairment of IL-22 production, while Kimura et al. could not
differentiate Th17 cells from AhR-deficient naive CD4* T cells [90], [91]. The latter group
speculated that the reason for these opposing findings is the marker profile of the naive
CD4* T cells. Veldhoen et al. did not differentiate between CD62L positive and negative
cells, thereby including both cell fractions and only purifying CD4 positive and CD25
negative T cells isolated from lymph nodes [91]. Kimura et al. on the other hand were
able to show that CD4*CD25CD62L T cells spontaneously express IL-17 without IL-6 or
TGFB stimulation and therefore excluded these cells and used CD4*CD25CD62L* T cells in
their differentiation assays [90]. Furthermore, there have also been some inconsistent

reports about the AhR expression in Treg cells (reviewed in [162]). Some groups described
110



Discussion

clear AhR expression in Treg cells [90], [94], whereas another group reported only

marginal AhR expression in Treg cells [91].

5.2. AhRR expression in Th17, Th22, T;1 and T.eg in vitro differentiated T cells

In this thesis, the analysis of different in vitro differentiated helper T cell subsets clearly
shows AhRR expression in Th17, Th22, T;1 and Teg cells, whereas AhRR expression in Tp1
and Th2 cells was less prominent. Thl7 cells express the highest amount of AhRR.
Furthermore, AhRR expression was found in T cells, but at lower levels than in Th17
cells. AhRR expression was clearly measurable in in vitro differentiated IL-22 producing
Th22 cells, which is in line with reports of AhR expression in Th22 cells, as well as the
importance and influence of the AhR on IL-22 production[175]. Lastly, AhRR expression
was found in T,1 cells. T,1 cells are characterized by the production of IL-10 and a lack of
FoxP3 expression. In 2015, it was described that TGFB and AhR activation can promote
the conversion of Th17 cells into T:1 cells in vivo during an immune response [176],
highlighting the plasticity of Th17 cells and giving a plausible explanation for the AhR and
AhRR expression in both helper T cell subsets. In summary, these results are additional
examples of overlapping AhR and AhRR expression patterns, in line with the AhRR being a

target gene of the AhR.

Apart from gaining more insights in the AhRR expression pattern, the use of homozygous
AhRR-EGFP-reporter mice allows the analysis of the influence of AhRR deficiency on
helper T cell differentiation as well as on cytokine production. It was clearly shown that
AhRR deficiency had no influence on either differentiation or cytokine production
capacities in any helper T cell subsets. Parallel to this thesis, work on the influence of
AhRR deficiency in DSS-induced colitis revealed that AhRR-deficient mice exhibited
increased numbers in Th17 cells in the LP of the small intestine [76]. In contrast, in vitro
differentiation of Th17 cells showed marginal decreases of Th17 cell frequencies in AhRR-
deficient mice compared to wild-type control mice. These results were not anticipated. In
order to further compare the in vivo data obtained from DSS-treated mice with the in

vitro data, a more physiological situation during in vitro helper T cell differentiation was
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investigated. This was achieved by differentiating helper T cells under hypoxic conditions.
In the gut of naive mice hypoxia was observed in epithelial cells adjacent to the intestinal
lumen, creating a gradient from the tips of the villi to the base of the villi with increasing
oxygen levels (reviewed in [177]). In colitis, however, it was shown that oxygen levels
decrease throughout the mucosa, causing increased expression of hypoxia-inducible
factors (HIF), such as HIF-1, which is important for maintaining oxygen homeostasis
(reviewed in [165]). The subunit HIF-1a directly interacts with RORyt, thereby regulating
Th17 cell differentiation [164]. Literature reports that when Th17 cells were cultured
under hypoxic conditions, Th17 frequencies were doubled [164]. Interestingly, a general
increase in Thl7 frequencies cultured under hypoxia was not detected in my own
experiments. In addition, when differentiating Th17 cells in this setup, there were also no
significant differences in Thl7 cell frequencies and IL-17 production between AhRR-
deficient mice and wild-type mice. In opposition to the experimental setup described by
Dang et al., Th17 cells were differentiated in this thesis using double the concentration of
TGFB and even 5 times the concentration of IL-6. More importantly, | also added the AhR
ligand FICZ to the cultures. FICZ has been described to have a boosting effect on Thl7
differentiation [93]. Perhaps these differences in the differentiation cocktail resulted in
the maximal frequencies of Thl7 cells that can be obtained during an in vitro
differentiation culture and therefore no further increase could be detected under
hypoxia. In contrast to Thl7 cells, | also detected decreased Treg frequencies in hypoxic
cultures. These observations are in agreement with the literature, demonstrating reduced
Treg NumMbers when culturing Treg cells under hypoxia and reports describing that HIF-1
was shown to lead to proteasomal degradation of FoxP3 resulting in attenuated Treg
development [164]. Marginal decreases in T:1 frequencies as well as decreases in IL-10
production were also detected. These findings are in line with literature describing
suppressive regulatory effects of HIF-1 on T,1 development [97]. Of note, AhRR
expression was not altered in T cells cultured under hypoxia. Taken together, especially
regarding Th17 frequencies in AhRR-deficient T cells cultured under normoxia or hypoxia,
these results are not in line with the increased Trn17 cell numbers in the LP of DSS-induced
colitis mice. However, another aspect that has to be taken into account is that the naive
CD4* T cells used in these differentiation assays were isolated from the spleen and might

therefore not be comparable to the T cells analyzed in the LP of the small intestine.
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Nevertheless, the results of this thesis support the conclusion that the AhRR does not act
directly on helper T cells and that changes in Thl7 frequencies are not due to T cell
intrinsic AhRR effects. It can be speculated that the AhRR acts indirectly, possibly through

myeloid cells interacting with T cells.

5.3. Increased susceptibility of AhRR-deficient mice during intestinal inflammation

Our group was able to show that AhRR expression was stronger in the small intestine
compared to the colon. Therefore, the influence of the AhRR in the small intestinal
immune system was addressed. An oral infection with the parasite Toxoplasma gondii
was performed in AhRR-deficient mice and wild-type mice. Oral infection with this
parasite leads to an inflammatory pathology resembling Crohn’s disease [129]. Immune
cells and inflammatory cytokines associated with Crohn’s disease have been widely
characterized, revealing that the pathology is dominated by a Thl response. Next to a
strong IFNy production by Thl cells as well as NK cells, activated macrophages, DCs and

neutrophils produce large amounts of IL-12, TNF and IL-1B [178].

Initially, the number of administered cysts was titrated to determine the optimal amount
of cysts for oral infection. Evidently, the administration of 200 cysts led to very severe
intestinal inflammation resulting in 100% lethality of wild-type as well as AhRR-deficient
mice by day 9 post infection. Reducing the number of cysts to 100 prolonged the duration
of the lifespan of wild-type mice and allowed a small, but significant distinction to the
survival rate of AhRR-deficient mice. This significant difference in survival between wild-
type and AhRR knock out mice was further enhanced when orally infecting mice with 50
cysts, permitting ex vivo analysis to further investigate intestinal pathology, parasite load
and infection pattern, intestinal shortening and cytokine production. Infecting mice with
25 cysts resulted in an even more striking difference between the survival rate of wild-
type and AhRR-deficient mice. In summary, the survival experiments clearly revealed that
the AhRR has a role in the defense against Toxoplasma gondii induced ileitis, indicated by
the increased susceptibility of infected AhRR-deficient mice in comparison to infected

wild-type mice. These results are in line with the effect of AhRR deficiency in DSS-induced
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colitis [76]. Of note, AhR-deficient mice also exhibit a high susceptibility in Toxoplasma
gondii induced ileitis and DSS-induced colitis [84], [101]. All these findings demonstrate
and highlight the importance, but also the complexity of the AhR/AhRR system in

maintaining immune homeostasis in the intestine.

Both wild-type and AhRR-deficient mice exhibited a similar small intestinal shortening in
comparison to naive wild-type and AhRR-deficient mice. However, this parameter only
served as an indicator for the establishment of the infection and does not necessarily

reflect the severity of the infection.

The examination of morphological changes in the ileum caused by the parasitic infection
showed a stronger pathology in AhRR-deficient mice, displayed by a fibrotic and necrotic
mucosa as well as blunted and distorted villi evaluated according to the literature [160].
The high susceptibility of AhRR-deficient mice detected during the survival analysis was in
accordance with the significantly more damaged morphology of the intestinal structure.
These results are comparable with the necrosis of the LP observed in Toxoplasma gondii

infected AhR-deficient mice [84].

In contrast to the distinct differences between wild-type and AhRR-deficient mice
regarding the morphological changes after infection, there were no visible differences in
the infection pattern and distribution of the parasite in the ileum. Wild-type and AhRR-
deficient ileal sections were stained with an antiserum against Toxoplasma gondii,
revealing that parasite infection occurs in a patchy manner, infecting single villi. In
addition, no overlap of the AhRR-EGFP signal and the parasite staining was detected.
Toxoplasma gondii has the ability to invade a wide variety of cells [119]. The parasite
attaches to the host cell membrane with the help of adhesins, which recognize host cell
receptors. By a process termed gliding motility the parasite enters the host cell in
approximately 15 to 30 sec in an actin-myosin dependent manner, followed by the
formation of a parasitophorous vacuole (PV) protecting the parasite. Within the PV, the
parasitic tachyzoites divide in a 6 to 9 h cycle. After reaching approximately 64 to 128
parasites within a PV, the tachyzoites exit the PV, leading to the disruption of the host
cell, followed by the infection of the neighboring cells [119]. This could explain the patchy
infection pattern observed in infected wild-type and AhRR-deficient mice. Thus, the

parasite clearly causes damage to the infected cells resulting in apoptosis and the loss of
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EGFP signal, providing an explanation for the lack of overlap between EGFP-AhRR signal

and the parasite.

QRT-PCR analysis of the parasite load revealed that infected AhRR-deficient mice tend to
exhibit a lower parasite burden in comparison to infected wild-type mice. These
differences in parasite burden could be a result of efficient parasite clearing. Another
possibility might be that the tachyzoites have already passed the intestinal tissue and
have entered the bloodstream of AhRR-deficient mice and therefore cannot be detected
in the intestinal tissue anymore. However, these hypotheses cannot be confirmed by the
immunostaining of the ileal samples of AhRR-deficient mice, because EGFP-AhRR signal
was detected in all villi that did not show parasite staining, thereby implying that the cells
were intact and have remained uninfected. Furthermore, no apparent differences in the
guantity of the parasites between AhRR-deficient mice and wild-type mice were detected
in histological sections stained for Toxoplasma gondii. Even though it cannot be clarified
how this difference in parasite burden was brought about, it reinforces the notion that

AhRR deficiency plays a role in parasite-induced ileitis.

The analysis of pro-inflammatory cytokines production revealed on the one hand that the
production varies along the different regions of the small intestine in both wild-type and
AhRR-deficient mice. Highest cytokine levels were generally measured in the jejunum. On
the other hand, even though similar tendencies were detected using two different
methods to extract and measure the cytokines, it was also clear that the two methods
yielded different cytokine concentrations. Large differences were especially apparent in
cytokine levels measured in the duodenum. While the analysis of homogenized duodenal
samples revealed almost no detectable cytokine levels in comparison to jejunal and ileal
samples, relatively high cytokine levels were measured in the supernatants of duodenum
cultures. In summary, the method of sample acquisition needs further improvement.
Particularly with regard to the patchy infection pattern observed in the
immunohistological analysis, it might also be necessary to collect either larger samples of
each region or to take several size-matching small samples using punch biopsies, in order

to make sure that sufficient equally infected tissue is analyzed.

Interestingly, the most striking differences between wild-type and AhRR-deficient mice

were observed in cultured as well as homogenized jejunal samples. Pro-inflammatory

115



Discussion

cytokines, such as TNF, IL-1B, IL-12p70 and IL-23 were increased in AhRR-deficient mice
compared to wild-type mice. In contrast, IFNy levels were decreased in AhRR-deficient
mice. This decrease was also clearly detected in IFNy levels measured in ileum cultures.
IFNy is very critical for parasite growth control and therefore crucial for survival during
Toxoplasma gondii infection [179] (reviewed in [180]). But parasite burden was not
obviously increased in AhRR-deficient mice, which is discrepant with the lower IFNy
levels. Nevertheless, considering the reduced frequencies of Th1 cells observed in AhRR-
deficient mice after DSS-induced colitis [76], an analysis of Thl cell populations in the LP
of Toxoplasma gondii infected AhRR-deficient mice might give further insight into the
differences in IFNy production. Moreover, in AhR-deficient mice an increased T-bet
expression in CD4* T cells after the induction of Toxoplasma gondii ileitis was described,
indicating enhanced differentiation of Tn1 cells. Additionally, PMA/ionomycin stimulation
resulted in an increased IFNy production, leading to the proposal that AhR-deficient mice
develop a hyperactivated Th1 cell response [84]. In comparison to IFNy, IL-1B levels were
increased in jejunal samples of AhRR-deficient mice. Toxoplasma gondii can lead to
activation of the inflammasome, which induces pyroptotic cell death and the processing
of IL-18 and IL-18 (reviewed in [119]). In addition, IL-12 production was also visibly
increased in jejunum samples of AhRR-deficient mice. It was proposed that [L-12
production is mainly initiated by CD8a* DCs [181], leading to the activation of NK cells,
which also produce large amounts of IFNy (reviewed in [130]). Interestingly, it has been
described that the absence of IFNy has no influence on IL-12 production [182]. Therefore,
the assumption can be made that AhRR-deficient DCs are not impaired in their 1L-12
production. IL-23 was analyzed based on reports of its essential role in the development
of Toxoplasma gondii induced immunopathology and because of its close relation to IL-12
[169]. Both cytokines are heterodimeric cytokines and are made up of the same subunit
p40. Similar to IL-12, I1L-23 levels were also enhanced in jejunal samples of AhRR-deficient
mice. Interestingly, IL-23 has also been described to induce the development of
pathogenic Th17 cells [183]. Th17 have been reported to become pathogenic during the
induction of inflammatory bowel diseases [184]. In agreement with these reports, IL-17
cytokine levels were also slightly increased in AhRR-deficient mice. It has also been shown
that Toxoplasma gondii infection leads to an increased IL-17 production and that

neutralization of IL-17 results in partial protection against Toxoplasma gondii induced
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inflammation [185]. Furthermore, as mentioned above, it is well described that the AhR
regulates Th17 development [90], [91], [94]. Several mechanisms have been suggested on
how the AhR supports Th17 differentiation (reviewed in [162]). The AhR may directly bind
to the IL-17 gene locus inducing transcription [186]. Another study described that the AhR
inhibits Statl phosphorylation, thereby preventing Tnl differentiation and promoting
Thl7 development [90]. It is tempting to speculate that AhRR deficiency leaves AhR
expression unregulated, resulting in increased AhR activity promoting Th17 development.
Furthermore, it has been described that CD8* T cells and their secretion of IL-17 are also
associated with the defense against Toxoplasma gondii [187]. To sum up, it would be
interesting to isolate CD4* and CD8* T cells, specifically Th17/Tc17 and Th1/Tc1 cells, from
naive and orally Toxoplasma gondii infected wild-type and AhRR-deficient mice and

analyze their frequencies and cytokine expression.

The high susceptibility for Toxoplasma gondii induced ileitis in AhR-deficient mice has
been attributed to reduced frequencies of group 3 ILCs [84]. ILC3 share several similarities
with Th17 cells, such as the cytokine production profile and expression of AhR (reviewed
in [162]) and AhRR [76]. Frequencies of ILC3 were not yet analyzed in Toxoplasma gondii
infected wild-type and AhRR-deficient mice. However, Brandstatter et al. were able to
show that naive AhRR-deficient mice and wild-type mice exhibit equal frequencies of
NKp46*RORyt* ILC3 as well as NKp46'RORyt* ILC3 in LP of the small intestine [76].
Furthermore, ILC3 play a vital role in the protection against Citrobacter rodentium
infections, as they are one of the main sources of IL-22 in the gut (reviewed in [25]). IL-22
is known to boost epithelial cell proliferation and repair, thus maintaining homeostasis at
gut mucosal barriers in addition to providing protection against bacterial and fungal
infections [188]. It has also been shown to regulate the colonic lymphoid structure in
Citrobacter rodentium infections [189]. AhR-deficient mice have been described to be
highly sensitive to Citrobacter rodentium infections [76], [81], whereas AhRR-deficient
mice were shown to be as resistant as wild-type mice [76]. Resistance of AhRR-deficient
mice against Citrobacter rodentium infections therefore indicated that the AhRR
deficiency does not influence the functionality of ILC3 cells. Similarly, it is unlikely that the
observed susceptibility of AhRR-deficient mice for Toxoplasma gondii induced ileitis is due
to an impairment of ILC3 functionality. Group 1 ILCs also have been associated with

chronic inflammatory diseases, specifically with Crohn’s disease. It has been described
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that IFNy producing ILC1 frequencies increase in the gut of patients with Crohn’s disease
[190]. In addition, it was reported that ILC1 protect wild-type mice against Toxoplasma
gondii infections by producing high levels of IFNy and TNF [191]. Therefore, it would be
interesting to analyze ILC1 frequencies in naive and Toxoplasma gondii infected AhRR-

deficient mice.

In addition, as described above, it is well reported that NK cell activity is vital in the
defense against Toxoplasma gondii. Interestingly, it has been described that AhR ligands
promote NK cell cytotoxicity as well as IFNy production and that AhR expression is
necessary to induce IL-10 production during Toxoplasma gondii infection [192]. Another
cell type that has been described to produce IFNy is neutrophils. Analysis of these cells
might also provide an explanation for the decreases in IFNy levels in AhRR-deficient

Toxoplasma gondii infected mice.

Another aspect that has not yet been addressed in this thesis is the immunoregulation
during Toxoplasma gondii infection mediated by IL-10 and TGFB. Thl mediated immune
responses control parasite growth, but immunosuppressive cytokines are important for
counter-regulation, in order to prevent immune-mediated pathology. Therefore, analysis
of Treg cells might provide more information. Interestingly, no differences in Treg

frequencies could be detected between DSS-treated wild-type and AhRR-deficient mice.

Furthermore, it might be beneficial to analyze the impact of AhRR deficiency on AhR
activity. This could be realized by generating an AhR-reporter mouse strain, similar to the
AhRR-EGFP-reporter mice or the AhRR-dsRed-reporter mice generated in this thesis.
Intercrosses between AhR- and AhRR-reporter mice will allow the investigation of the
balance between both molecules in specific cell types in the small intestine during

Toxoplasma gondii induced ileitis.

5.4. The role of AhRR deficiency in systemic infections

AhR deficiency has been described to lead to an increased susceptibility to LPS-induced
septic shock. Increased pro-inflammatory cytokines, such as TNF and IL-6, were detected

in hypersensitive AhR-deficient mice after LPS challenge [100]. In contrast, AhRR
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deficiency establishes protection against high dose LPS injection, supported by reduced
production of TNF, IFNy, IL-12p70 and IL-1B in AhRR-deficient mice compared to wild-type
mice [76]. In order to examine the influence of the AhRR in a more physiological
experimental sepsis model, AhRR-deficient mice were analyzed in the colon ascendens

stent peritonitis (CASP) model, resulting in a polymicrobial sepsis [152].

As observed for LPS-induced septic shock, AhRR-deficient mice exhibited a reduced
susceptibility to septic shock after CASP induction compared to wild-type mice.
Heterozygous AhRR-EGFP-reporter mice were also slightly more protected against
polymicrobial sepsis compared to wild-type mice, but still displayed a lower survival rate
than AhRR-deficient mice. This might be explained by a gene dosage effect, as the AhRR is
encoded only on one allele, while the other allele encodes EGFP. Of note, the CASP
analysis was performed in female as well as male mice, in order to exclude possible
gender differences in response to polymicrobial sepsis. Studies on sepsis with female and
male mice reported that females are able to cope better immunologically with the
challenges of sepsis, probably due to the lack of male sex steroids [193]. In addition,
patient studies also described higher incidences of bacteremic infections, as well as
development of infections after surgery in male patients [194], [195]. In this study,
however, no obvious differences in response to CASP between male and female mice
were detected. Even though a better protection against polymicrobial sepsis was
observed in both female and male AhRR-deficient mice compared to wild-type mice, the
strength of protection was not nearly as high as seen in LPS-induced septic shock.
Whereas AhRR-deficient mice showed approximately a 60% higher survival rate in
comparison to wild-type mice in LPS-induced septic shock, AhRR-deficient mice only
exhibited about 15 to 20% higher survival rates compared to wild-type mice in the CASP
model. Further investigations regarding cytokine production or the analysis of neutrophil
infiltration still have to be performed. The analysis of the cytokine profile of AhRR-
deficient mice after induction of polymicrobial sepsis might give an explanation for the
protective effect observed and potentially also might reveal further differences to the
LPS-induced septic shock model. Moreover, it might be interesting to analyze the
bacterial burden and composition after CASP surgery. Another experiment, which might
round up and give further insights into the influence of the AhR/AhRR system in systemic

infections, is the analysis of AhR-deficient mice in the CASP model.
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Despite CASP being a more physiological model of sepsis than LPS-induced septic shock,
all animal models of sepsis own a few drawbacks when comparing them with human
sepsis. One example is the timing of disease progression in the animal models, which is
not comparable to the development of sepsis in humans. In humans, sepsis and
subsequent multiple organ failure progress over days to weeks, whereas the
development of sepsis in animal models occurs in hours to days (reviewed in [135]). The
use of LPS-induced septic shock in animal studies is a simple and easily reproducible
assay. In contrast to humans, however, it is well described that mice are fairly resistant to
LPS. Therefore relatively high LPS doses need to be used in order to induce septic shock.
CASP on the other hand, resembles a bacterial postoperative peritonitis many patients
suffer from after abdominal surgery. But also this model possesses differences to sepsis
progression in humans. While in human patients sepsis is characterized by two phases,
namely systemic inflammatory response (SIRS) followed by compensatory anti-
inflammatory response (CARS), CASP induction in mice leads to the induction of SIRS and

CARS simultaneously (reviewed in [135]).

Since it was already shown that the AhR/AhRR system plays a role in systemic infections
and based on the different effects of AhR and AhRR deficiency in LPS-induced septic
shock, | also analyzed in this thesis whether AhR or AhRR deficiency has an influence on
the establishment of endotoxin tolerance. Endotoxin tolerance describes the reduced
immune response to a LPS challenge following pretreatment with LPS. In vitro
experiments using BMMd¢ from AhR-deficient, AhRR-deficient and wild-type littermate
control mice showed that repeated stimulation with LPS led to reduced TNF levels in the
supernatants of wild-type and both AhR- and AhRR-deficient BMMd. These results clearly
revealed that AhR-deficient as well as AhRR-deficient cells are able to establish endotoxin
tolerance in vitro. To reinforce these new insights, an in vivo analysis was performed,
demonstrating that AhR and AhRR deficiency also had no influence on the induction of
endotoxin tolerance in vivo. Parallel to the work conducted in this thesis, published data
demonstrated that AhR-deficient mice could not establish LPS tolerance using a survival
analysis [161]. Bessede et al. used LPS derived from a different E.coli strain, as well as a
longer period between priming and challenge of LPS and different doses for priming and
challenge compared to the standard protocol used in our laboratory. However, survival

analysis using our parameters as well as the experimental setup used in the publication
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demonstrated that AhR-deficient mice are able to establish endotoxin tolerance indicated
by 100% survival rate in both experimental setups. Certainly, some differences remain,
such as different genetic backgrounds, housing conditions of the mice leading to
potentially different commensal colonization, as well as sex and age. Though, both studies
were conducted using 8 to 10 weeks old male mice for endotoxin tolerance assays.
Furthermore, it has been described that the survival rate in LPS-induced septic shock
models is also dependent on the time of day when the mice were treated with LPS. This
indicates that the results obtained from LPS treatment can be influenced by the circadian
clock [196], which may also be a possible explanation for the discrepant results obtained

by Bessede et al.[161].

5.5. Clinical relevance and conclusion

A systematic review published in 2012 reported an increasing incidence of IBDs. Thus, IBD
is emerging as a global disease, possibly caused by western lifestyle and diet [103].
Another disease that represents a serious, life-threatening condition is sepsis, which is
caused by an overwhelming immune response to a systemic bacterial infection.
Understanding mechanisms and potential molecular players involved in these diseases

can represent an opportunity to identify therapeutic targets and develop treatments.

The findings in this thesis and the work performed in our group identified the AhR/AhRR
signaling pathway to play a role in intestinal and systemic infections. On the one hand,
the classical view that the AhRR acts as a repressor of AhR activity was supported by the
opposing effects of AhR and AhRR deficiency in LPS-induced septic shock and CASP-
induced polymicrobial sepsis. On the other hand, AhR and AhRR deficiency provoked
comparable increases in intestinal inflammation assessed in DSS-induced colitis and
Toxoplasma gondii induced ileitis. These insights seem contradicting, however, it can be
assumed that these different influences of the AhR/AhRR system might be depending on
the restricted expression of the AhRR in immune cells located in barrier organs, whereas
AhR expression can be found more ubiquitously, leading to local regulation of AhR activity

by the AhRR in specific cells and tissues relevant in immunity. Further analysis of AhR and
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AhRR interaction in different cell-types and organs upon diverse ligand stimulation
elicited by nutrients, commensals, pathogens and environmental toxins might provide
sufficient knowledge to develop promising therapeutic strategies for intestinal and

systemic diseases.
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Summary

IV. Summary

The Aryl hydrocarbon Receptor (AhR) is a ligand-activated transcription factor that regulates the
detoxification of environmental toxins by the induction of metabolizing enzymes. Initially, the AhR
was described as a receptor for TCDD, but it could also be identified as a sensor of endogenous
ligands, such as tryptophan derivatives, polyphenols and dietary ligands. The activity of the AhR is
regulated by the AhR repressor (AhRR), which is an AhR target gene, but its exact function is still

largely unknown.

In this thesis, the AhRR/EGFP mouse strain generated in our group, which express green
fluorescent protein under the control of the ahrr promotor, were analyzed in parasitic and
polymicrobial infections. The examination of different in vitro differentiated helper T cell
populations, isolated from naive splenic CD4* T cells and differentiated using a combination of
different cytokines and antibodies in Thl, Th2, Thl7, Th22, T:1 and T cell populations, showed
that the AhRR had no intrinsic effect on the helper T cell differentiation. AhRR/EGFP was
expressed in Th17, Th22, T:1 and Treg cells, but not in Th1 and Tx2 cells. In an lleitis model, caused
by oral infection with the parasite Toxoplasma gondii, it was shown that AhRR-deficient mice own
a markedly increased sensitivity compared to wild-type littermate control mice. This result was
supported by a stronger pathology as well as decreased IFNy production in the ileum of AhRR-
deficient mice. Using the CASP model, which induces polymicrobial peritonitis, it was shown that
AhRR-deficient mice exhibited an increased survival rate compared to wild-type mice.
Furthermore, the establishment of endotoxin tolerance in AhRR-deficient as well as AhR-deficient
mice was analyzed. A tolerance indicated by decreased TNF production could be determined in
wild-type, AhR and AhRR-deficient macrophages in vitro as well as in AhR- and AhRR-deficient and
wild-type mice. Furthermore, AhR-deficient and wild-type mice were also able to establish an

endotoxin tolerance after endotoxin priming in vivo.

In the course of this work, it became evident of the AhRR has an influence in the intestinal and
systemic immune system, which indicate an important role of the AhR/AhRR system in the

regulation of immune responses.
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Zusammenfassung

V. Zusammenfassung

Der Arylhydrokarbonrezeptor (AhR) ist ein Liganden-aktivierter Transkriptionsfaktor, der die
Detoxifikation von Umweltgiften durch die Induktion metabolisierender Enzyme reguliert.
Urspriinglich wurde der AhR als Rezeptor fiir exogene Chemikalien, wie TCDD beschrieben, jedoch
konnte er auch als Sensor endogener Liganden, wie Tryptophanderivaten, Polyphenolen und
Nahrungsinhaltsstoffen identifiziert werden. Die Aktivitat des AhR wird durch den AhR-Repressor
(AhRR) reguliert, der ein Zielgen des AhR ist, dessen genaue Funktion jedoch noch gréRtenteils

unbekannt ist.

In der hier vorgelegten Dissertation wurde die in unserer Arbeitsgruppe generierte AhRRR/EGFP-
Mauslinie, die griin fluoreszierendes Protein unter der Kontrolle des ahrr Promotors exprimieren,
in parasitaren und polymikrobiellen Infektionen untersucht. Die Analyse verschiedener T Helfer
Zell Populationen, welche in vitro aus naiven Milz CD4* T Zellen mithilfe einer Kombination aus
verschiedenen Zytokinen und Antikdrpern in Thl, Th2, Thl7, Th22, T:1 und Tz Zellpopulationen
differenziert wurden, zeigte, dass der AhRR keinen intrinsischen Effekt auf deren Differenzierung
hat, allerdings in Th17, Th22, T:1 und T Zellen, jedoch nicht in Tyl und Tn2 Zellen exprimiert
wird. In einem lleitis Modell, verursacht durch orale Infektion mit dem Parasiten Toxoplasma
gondii, konnte gezeigt werden, dass AhRR-defizienten Mause im Vergleich zu Wildtyp-
Wurfgeschwistern eine deutlich erhdhte Empfindlichkeit aufweisen. Dieses Ergebnis wurde durch
eine starkere Gewebszerstérung sowie geringere Produktion von IFNy im lleum von AhRR-
defiziente Mausen unterstiitzt. Mittels des CASP Modells, welches eine polymikrobielle Peritonitis
induziert, konnte gezeigt werden, dass AhRR-defiziente Mause im Vergleich zu Wildtyp-Mausen
geschitzt waren. Weiterhin wurde die Etablierung einer Endotoxin-Toleranz in AhRR-defizienten
als auch in AhR-defizienten Mausen analysiert. Dabei konnte sowohl in Wildtyp-, AhR- als auch in
AhRR-defizienten Makrophagen in vitro, als auch bei AhR- und AhRR-defizienten und Wildtyp-
Mausen die Induktion einer Endotoxin-Toleranz durch eine geringere Produktion von TNF
nachgewiesen werden. Auch in vivo konnte eine Toleranz bei AhR-defizienten und Wildtyp-

Mausen nach Vorbehandlung mit Endotoxin festgestellt werden.

In dieser Arbeit wurden klare Hinweise auf einen Einfluss des AhRR auf das darmassoziierte, sowie
systemischen Immunsystem gefunden, welche auf eine wichtige Rolle des AhR/AhRR-System bei

der Regulation von Immunantworten bei Infektionen hindeuten.
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