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Abstract 

The Aryl hydrocarbon receptor (AhR) is a transcription factor that can be activated by various 

polyaromatic ligands and plays an important role in immune regulatory processes. AhR 

activity is regulated through the AhR-repressor (AhRR), which is involved in the regulation 

of immune responses according to our previous results. Apart from the AhRR, Cytochrome 

P450 enzymes, particularly CYP1A1, CYP1A2, and CYP1B1 also regulate AhR activity by 

metabolizing AhR ligands, hence curtailing the duration of AhR activation. Thus, we 

hypothesized that the depletion of these three CYP enzymes increases AhR’s ligand 

bioavailability and hence AhRR expression, affecting immune cell subsets under physiological 

and perturbed condition, such as Diet-Induced Obesity (DIO). To prove this, we crossed 

Cyp1a1-, Cyp1a2-, and Cyp1b1 (Triple CYP)-deficient mice with AhRRE/E mice that harbor 

an EGFP knock-in allele in the endogenous Ahrr locus (Triple CYP-KO AhRRE/E). 

This dissertation demonstrated that the ablation of AhRR and the three AhR-dependent CYP 

enzymes enhanced AhR activation more than AhRR ablation alone, as shown by the presence 

of more AhRR/EGFP-expressing immune cells in various peripheral organs, such as small 

intestine (SI), liver, and gonadal white adipose tissue (WATg). Our previous findings showed 

that no AhRR/EGFP was detected in the liver of AhRRE/E mice both in immune- and non-

immune cells. However, in Triple CYP-KO AhRRE/E mice, AhRR/EGFP expression was 

detected not only in immune-, but also non-immune cells in the liver. Furthermore, in vivo 

treatment with 3- Methylcholanthrene (3MC), a potent AhR ligand, increased AhR activation 

and hence AhRR/EGFP expression in several immune cells of Triple CYP-KO AhRRE/E mice, 

particularly in liver and WATg, suggesting that AhR ligand stimulation promoted AhRR 

expression in an organ- and cell-specific manner. Besides, this treatment also altered the 

frequencies of eosinophils and adipose tissue macrophages of type 3 (ATM3) in WATg,  

Due to the role of AhR signaling in immunometabolism, the physiological parameters (e.g., 

body weight, blood glucose, and liver enzymes), as well as the frequencies of immune cells 

and AhRR-expressing immune cells in the context of diet-induced obesity (DIO), were also 

investigated. It was shown that following 14 weeks feeding high fat diet (HFD), the ablation 

of AhRR ameliorated the DIO onset, as AhRRE/E and Triple CYP-KO AhRRE/E mice had 

reduced body- and liver-weight gain, as well as higher insulin sensitivity compared to the WT 

and Triple CYP-KO mice, respectively. Furthermore, HFD in combination with the ablation 



 
  

of AhRR and/or Triple CYP also altered both myeloid and lymphoid immune subsets mostly 

in liver and WATg.  

Overall, the results of this dissertation highlighted the effects of dysregulated AhR signaling 

on the immune cell subsets not only under physiological conditions, but also in response to 

ligand stimulation and overnutrition.
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1. Introduction  
 

1.1.    The immune system 
 

Organisms are challenged with pathogens throughout their lifetime. The immune system 

consists of various organs, cells and molecules that work in concert to protect the body against 

diseases. The immune system is a complex and interactive network that takes on various tasks 

to confer effective protection against diseases that are caused by pathogens or other harmful 

stimuli. A healthy immune system needs to fulfill four basic principles (Lentz & Feezor, 2003). 

First, it must detect and fight off infection by employing immune effector functions. Second, 

it must be able to distinguish the host’s own cells from foreign cells, hence preventing the 

former from being attacked. Third, it must prevent recurring disease due to infection caused 

by the same pathogen, by generating immunological memory. Fourth, it should limit its own 

response following pathogen removal and resolution of an infection. Inactivity of the immune 

system can lead to chronic infections and immunodeficiencies, whereas exaggerated reactions 

may result in allergy and autoimmune diseases. Based on the specificity of the response and 

chronological order of its induction, the immune system can be divided into innate and 

adaptive immunity. These two parts consist of different cell types that have various functions 

to confer protection. Nonetheless, both the innate and adaptive immune system are closely 

interconnected. 

1.1.1. Innate immune system 

 

The innate immune system is the first line of defense against pathogens when they infiltrate 

the body. From the evolutionary perspective, it is the oldest part of the immune system and it 

is a highly conserved system. Its action has limited specificity; it responds through a restricted 

set of receptors with conserved signaling pathways to all pathogens and foreign substances. 

However, it only keeps pathogens at bay and its response per se mostly does not resolve the 

disease. Moreover, it wards off pathogens by conferring multiple layers of protection (Delves 

& Roitt, 2000; Janeway, 1992). First, physical barriers like skin, nasal hair, eyelashes, tight 

junctions, and mucous. Second, chemical barriers, such as pH regulation and antimicrobial 

molecules (e.g., IgA, lysozyme, pepsin, β-defensins). Third, biological barriers, such as the 
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microbiome. Upon barrier breaching, innate immune cells phagocytose the invading pathogen, 

leading to release of cytokines or other inflammatory mediators assigned to the innate immune 

system. The latter ranges from inflammation-related serum proteins, antimicrobial peptides 

(AMP), the complement system, to cytokines and chemokines. Innate immune cells are for 

instance neutrophils, dendritic cells (DC), monocytes, and macrophages. Together with other 

innate immune cells, such as innate lymphoid cells (ILCs) and mast cells, they endow the 

organism with immediate protection. In addition, the innate immune system is equipped with 

a variety of receptors to recognize pathogen-associated molecular patterns (PAMPs) present 

on many microorganisms as well as danger-associated molecular patterns (DAMPS). These 

pattern recognition receptors (PRRs) do not only exist on the cell membrane but are also 

widely distributed in intracellular compartment membranes and in the cytoplasm (Li & Wu, 

2021). Activation of most PRRs recruits signaling adaptors that control processes like the 

induction of local inflammation, recruitment of further effector cells, restriction of a local 

infection and finally triggering of an adaptive immune response (Janeway, 1992). However, 

the innate immune system lacks classical immunological memory, meaning it responds 

uniformly, irrespective of how many times a specific infectious agent is encountered. 

Interestingly, this concept has recently been challenged. The term “trained immunity” is coined 

to describe a phenomenon, in which organisms lacking adaptive immunity have been shown 

to develop resistance to reinfections (Netea et al., 2016). This could be achieved by epigenetic 

and metabolic reprogramming, e.g., histone methylation and acetylation of genes involved in 

innate immune responses. This may also be the underlying reason why BCG vaccination in 

African children also reduced other non-tuberculous infections (Garly et al., 2003). 

Furthermore, the innate immune system cannot provide specificity against individual 

pathogens, which depends on activation of the adaptive immune system by antigen presenting 

cells (APC) (Delves & Roitt, 2000). 

1.1.2. Adaptive immune system 

 

The adaptive immune response plays a crucial role during pathogen clearance and disease 

resolution. Antigen presentation by APC eventually triggers the adaptive immune response by 

their expression of co-stimulatory molecules and the APC-induced alteration of the cytokine 

microenvironment. Adaptive immunity involves selection and expansion of lymphocytes, 

bearing receptors with high specificity for foreign antigens. These receptors allow for a fine 
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discrimination between self and non-self. Additional central features of the adaptive immune 

system are the precise elimination of pathogens and pathogen-infected cells and the creation 

of immunological memory that provides protection against re-infection (Kaech et al., 2002). 

The two main cell types of the adaptive immune system are T- and B lymphocytes To fulfill 

their function, adaptive immune cells need to recognize pathogens as well as pathogen-derived 

peptides presented in the context of major histocompatibility complex (MHC) molecules on 

the surface of APC to generate pathogen-specific antibodies or activation of T cells with 

appropriate T-cell receptors (TCRs). This process requires the maturation of B-cell receptors 

(BCRs) and clonal expansion of pathogen-specific B- and T cells, leading to a slower response 

time compared to innate immune responses. T lymphocytes, which mature in the thymus are 

the effectors of the cellular immune response and can be functionally divided into subsets 

either assisting other cells in immunological processes (CD4+ T cells) or directly destroying 

virus-infected cells or tumor cells (CD8+ T cells) (Bonilla & Oettgen, 2010). B lymphocytes, 

which arise in the bone marrow, develop into antibody producing plasma cells directed by 

signals from CD4+ helper T cells. Antibodies form the humoral component of the adaptive 

immune system and are used to neutralize pathogens, immobilize antigens for phagocytosis 

and activate the complement system (Bonilla & Oettgen, 2010; Janeway et al., 2001). 

1.2. Tissue specific regulation of immune response 

 

As mentioned above, activation of PRRs leads to a cascade of immunological processes, such 

as secretion of inflammatory and recruitment of effector cells. It has been shown, however, 

that different pathogen entry routes lead to different outcomes of adaptive immunity, even 

though they likely activate a similar PRR repertoire (Hu & Pasare, 2013). For instance, the 

mucosal route of infection seems to favor Th17 over Th1 response. Francisella tularensis 

infection via the intranasal and intradermal routes favor Th17 and Th1 responses, respectively 

(Woolard et al., 2008). Similarly, oral infection with Yersinia enterocolitica also promotes 

Th17 response, whereas systemic infection with the same pathogen promotes Th1 responses 

(DePaolo et al., 2012). Hence, the unique regulation of immune response in several peripheral 

organs, such as small intestine (SI), liver, and gonadal white adipose tissue (WATg) will be 

delineated in the following sections.  
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1.1.3.  Immune regulation in the intestine 

 

1.1.3.1. Intestinal epithelial layer 

 

Most pathogens enter via the mucosal surface, either in the mucosal membrane of the 

respiratory-, the urogenital-, or the gastrointestinal tract (Quintana-Hayashi et al., 2018). The 

gastrointestinal tract represents the largest mucosal surface in the human body; the SI of 

humans has a surface area of around 400m2 (Janeway et al., 2001). It is also exposed to the 

heaviest burden of antigens derived from the environment or diets, leading to the development 

of distinct commensal niches (Belkaid & Naik, 2013; Mestecky et al., 1999). Due to this 

constant antigen exposure, the intestine, like other barrier organs, has developed a finely tuned 

local immunosurveillance system that is also highly compartmentalized (Belkaid & Naik, 

2013). Anatomically, the intestinal barrier contains the epithelial layer that is mostly made up 

of intestinal epithelial cells (IEC) and the lamina propria of the mucosa. Both harbor diffuse 

mucosa-associated lymphoid tissue that consists of leukocytes, such as intraepithelial 

lymphocytes (IEL) and lamina propria mononuclear cells (LPMC).  

The majority of the IEL have cytotoxic properties and they express effector cytokines, such as 

interferon gamma (IFNγ), interleukin-2 (IL-2), IL-4 or IL-17. In general, IEL maintain the 

intestinal barrier and keep pathogens at bay. IEL are located at the basement membrane 

between enterocytes and they are composed of antigen-experienced T cells of both the TCRγδ+ 

and conventional TCRαβ+ lineages (Goodman & Lefrançois, 1988). Most of these cells 

express CD8 rather than CD4 and a large fraction of them expresses a CD8αα homodimer as 

co-receptor, which is essentially not found in any other location (Hayday et al., 2001). IEL can 

be further divided into natural IEL (CD8+ TCRγδ+ and TCR+) that differentiate in the 

thymus, and induced IEL (CD8+ TCR+) that differentiate in the periphery (Cheroutre et 

al., 2011; Park et al., 2019). Natural IEL acquire their intestinal homing properties in the 

thymus and dominate the intestinal epithelium early in life. In the thymus, they develop from 

non-MHC restricted triple-positive thymocytes and subsequently migrate to the intestine as 

CD8α–CD8β–CD4– cells where they undergo further differentiation (Hayday et al., 2001). 

Meanwhile, induced IEL numbers increase with age. As they become activated in the 

periphery, they obtain signals to migrate to the intestine and eventually surpass natural IEL 

(Park et al., 2019).  
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1.1.3.2. Intestinal myeloid and lymphoid cells in the lamina propria  

 

The other part of the intestinal layer is the lamina propria, which is made up of connective 

tissue between the epithelium and muscularis mucosae. This layer contains both immune and 

non-immune cells. The immune cell compartment of the lamina propria harbors a huge number 

of lymphoid and myeloid cells including B cells, T cells and numerous innate immune cells 

such as DC, macrophages, eosinophils and mast cells. CD4+ T cells are more abundant 

compared to CD8+ T cells with a ratio of two to one. They are mostly classified as conventional 

T cells primed in secondary lymphoid organs displaying an effector memory phenotype 

(CD45RO+ CCR7– CD62L–). Nevertheless, the CD4+ T cell compartment is highly diverse 

with regional differences in distribution and function along the intestine (Mowat & Agace, 

2014). These T cells might have regulatory functions and therefore be involved in maintenance 

of tolerance to environmental antigens. Lamina propria CD8+ T cells can have potent cytolytic 

activity acting as antigen experienced true effector cells (Aguilera-Montilla et al., 2004).  

The presence of large numbers of APC, such as macrophages and DC in the lamina propria 

may suggest that antigens crossing the epithelium are processed and presented to CD4+ T cells. 

DC sample antigens from the intestine, then migrate to the mesenteric lymph nodes (mLN) 

and initiate adaptive immune responses by priming of naïve T cells. Intestinal DC, like the 

ones in other organs, are identified by their co-expression of CD11c and major 

histocompatibility complex class II (MHCII), as well as their lack of F4/80 expression. The 

majority of intestinal DC express integrin αEβ7 (CD103). Intestinal DC can be further divided 

by their CD11b and CD103 expression into CD103-CD11c-, CD103+CD11b+ and 

CD103+CD11b– DC. A poorly defined CD103-CD11b+ DC subset is also found in intestinal 

lamina propria (Bain et al., 2017). All four subsets can also be located in gut-draining afferent 

lymph and are all derived from a committed FMS-like tyrosine kinase 3 ligand (Flt3L)-

dependent precursor (McDole et al., 2012). The CD103+ DC subsets induce Treg development 

but can also prime Th17 or Th1 cells if readily activated. Meanwhile, CD103– intestinal DC 

are more immunogenic, inducing effector Th1 and Th17 cells (Bekiaris et al., 2014; Cerovic 

et al., 2014). Gut-resident DC, particularly CD103+ DC, have the unique ability to induce 

expression of gut-homing adhesion molecules during T cell priming (Hue et al., 2006; 

Johansson-Lindbom et al., 2005). 
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Furthermore, intestinal macrophages, also belonging to mononuclear phagocytes, are 

identified by their expression of F4/80, CD64, and CX3CR1. On top of that, intestinal 

macrophages also express CD11c (Bradford et al., 2011). Although these cells are present 

throughout the whole intestine, their abundance increases towards the colon (Bain & Mowat, 

2014; Nagashima et al., 1996). In most tissues, macrophages arise from yolk sac and fetal liver 

progenitors, which seed tissues during embryonic development and subsequent in situ self-

renewal ensures constant macrophage replenishment (Stremmel et al., 2018). This mechanism 

has been verified for microglia, lung alveolar macrophages, liver Kupffer cells (KC) and 

epidermal Langerhans cells, whereas macrophages in the intestine need constant 

replenishment from circulating blood monocytes (Bain et al., 2014). Ly6Chi monocytes enter 

the intestinal mucosa, where they differentiate into CX3CR1hi macrophages. During this 

process, precursors upregulate MHCII, F4/80, CD64 and CX3CR1 but downregulate Ly6C 

(Bain et al., 2013; Cerovic et al., 2014). Furthermore, intestinal APC have also been shown to 

produce larger amounts of IL-23 than APC in the periphery (e.g. spleen), which stimulates the 

production of pro-inflammatory cytokines like TNF, IL-1, and IL-17 from Th17 cells (Bunte 

& Beikler, 2019). This may explain the differential regulation of immune cells in different 

organs.  

1.1.3.3. Intestinal innate lymphoid cells 

 

Innate lymphoid cells (ILCs) are a subset of mucosal lymphocytes that gained more attention 

and interest in recent years. These cells are enriched at barrier surfaces and lack antigen-

specific receptors found on T and B cells. They further lack myeloid cell- and DC-specific 

phenotypic markers and display a lymphoid morphology (Spits & Cupedo, 2012). 

Development of ILCs depends on expression of the common cytokine receptor γ-chain and the 

transcriptional repressor inhibitor of DNA binding 2 (ID2). Further, all subsets rely on 

signaling via the IL-7 receptor subunit-α (IL-7Rα) for their development and maintenance. 

Like T helper cell subsets, ILCs are subdivided into different groups based on expression of 

specific transcription factors and effector cytokines.  

Group 1 ILCs are primarily characterized by production and release of IFNγ upon stimulation 

with IL-12 and IL-18. They consist of NK cells and other ILC1s. NK cell development is 

regulated by the transcription factors T-bet and eomesodermin (Eomes). NK cells are 



Introduction 
 

7 
 

characterized by their cytotoxic function, and are therefore considered as the innate counterpart 

of CD8+ cytotoxic T cells (Fuchs et al., 2013; Klose et al., 2013). The other ILC1s are 

developmentally dependent on expression of T-bet but not of Eomes and produce IFNγ but no 

Th2- or Th17-cell-associated cytokines. (McKenzie et al., 2014; Spits & Cupedo, 2012). 

Group 2 ILCs are distinguished from other ILCs by production of the Th2-associated cytokines 

IL-4, IL-13, and IL-5 upon stimulation with IL-25, IL-33 or thymic stromal lymphopoietin 

(TSLP). Like Th2 cells, ILC2s require expression of the transcription factor GATA3 for 

development and function. Moreover, their development is also dependent on the expression 

of the transcription factor RORα. Different studies have shown importance of ILC2s in 

mediating resistance to certain helminths and nematodes. Due to their broad cytokine 

production profile, including IL-9 and amphiregulin, ILC2s are also involved in metabolic 

processes, tissue repair, alternative macrophage activation, thermoregulation and mucus 

production (Eberl et al., 2015; McKenzie et al., 2014).  

Group 3 ILCs are identified by their ability to produce the IL-17 and IL-22 cytokines. They 

additionally release lymphotoxins and granulocyte macrophage colony-stimulating factor 

(GM-CSF). Group 3 ILCs can be further sub-classified into three different categories. 

Lymphoid tissue inducer cells (LTi cells) are a prototypic ILC3 family member and are 

essential for the formation of secondary lymphoid organs. The remaining ILC3s are further 

phenotypically subdivided into NKp46+ and NKp46– ILC3s. All subgroups consistently 

produce IL-22 and IL-17 upon stimulation with IL-23 and IL-1β, and their development and 

function depends on RORγt (Klose et al., 2013). However, only NKp46–ILC3 express the Th1 

transcription factor T-bet and produce IFNγ, which is an important mediator of pathology in a 

mouse model of colitis (Buonocore et al., 2010). In addition, LTi cells and NKp46+ ILC3s 

depend on expression of the AhR for development and optimal maintenance. (Eberl et al., 

2015; McKenzie et al., 2014; Spits & Cupedo, 2012).  

1.1.3.4. Peyer’s patches 

 

In the intestinal lamina propria, there are also secondary lymphoid structures called Peyer’s 

patches (PP). PP consist of large B cell follicles and interpolated T cell areas. They are 

separated from the intestinal lumen by the follicle associated epithelium (FAE) and the 

subepithelial dome, a diffuse area directly below the epithelium, which is rich in DC, T cells 
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and B cells. Specialized epithelial cells in the FAE, the so called microfold (M) cells, are very 

potent in transcytosing antigen from epithelial surfaces of the gastrointestinal tract. These 

antigens can subsequently be taken up and sampled by DC / macrophages, located directly 

below the M cells in the PP dome region. (Bain & Schridde, 2018; Mowat, 2003; Randall & 

Mebius, 2014) 

1.1.4. Immune regulation in liver 

 

Despite its primary role in metabolism, nutrient storage, and detoxification, the liver also 

harbors a diverse immune cell repertoire as well as non-hematopoietic cell populations that 

mediate complex immunological activity (Crispe, 2009). Like the intestine, the hepatic 

immune system has to keep the balance between tolerating harmless molecules and 

recognizing possible infectious agents, malignant cells or tissue damage. In addition, multiple 

populations of non-hematopoietic liver cells, including liver sinusoidal endothelial cells 

(LSEC) and stellate cells located in the subendothelial space, as well as liver parenchymal 

cells, take on the function of APC if immunosuppressive cytokines and inhibitory cell surface 

ligands are present. This often result in tolerance. Some pathogens like Hepatitis C virus and 

the malaria parasite, exploit such tolerance, and subsequently establish persistent infection 

(Crispe, 2009). Dynamic metabolic and tissue remodeling activities, combined with constant 

exposure to microbial products, results in persistent, tightly-controlled inflammation even in 

healthy liver (Robinson et al., 2016). When such controlled inflammation is dysregulated, it 

can lead to organ damage and pathology.  

From the anatomical perspective, the low pressure blood flow, fenestrated endothelium and 

lack of a basement membrane also allows intimate interactions between resident immune cells 

and non-hematopoietic hepatic cells (Wisse et al., 1996). Hepatocytes and KC, the liver-

resident macrophages, express PRR that can bind to MAMPs and DAMPs entering the liver 

from the blood via the portal vein (Janeway, 1992; Kubes & Mehal, 2012). In the myeloid 

compartment, KC are the most predominant cell subset and account for almost a third of the 

non-parenchymal cells in the liver (Bilzer et al., 2006). Other subsets of macrophages include 

liver capsular macrophages (LCM), biliary-tree-associated macrophages, as well as peritoneal 

macrophages and Mo-Mac (Elchaninov et al., 2022). The latter two subsets are normally 

recruited during infection (Cassado et al., 2015; Louwe et al., 2020). KC are mainly identified 
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by their high expression of F4/80, intermediate CD11b expression, as well as Tim4, Clec4F, 

CD206, and CD163 expression. Some publications show that there might be two KC subsets; 

the more predominant CD206lo ESAM- (KC1) and the less frequent CD206hi ESAM+ (KC2) 

(Blériot et al., 2021; De Simone et al., 2021). This finding is still debatable, however, as both 

CD206 and ESAM are also expressed by LSEC. As LSEC are closely associated with KC, 

they might contaminate sorted KC populations (Hume et al., 2022). In general, KC are mainly 

involved in maintaining liver homeostasis, but are also important for immune regulation, tissue 

repair and liver regeneration. They are capable of inducing cytokine-, Toll-like receptor (TLR), 

RIG-like receptor and NOD-like receptor signaling (Robinson et al., 2016). KC can also 

mediate phagocytosis, as they express an array of PRR, complement receptors, and Fc 

receptors. Regarding the other macrophages subsets, LCM express F4/80, CD14, CD64 and 

CD207. They confer protection against infiltrating pathogens from the abdominal cavity 

(Sierro et al., 2017). Peritoneal macrophages are normally recruited upon infection and they 

express CD102 and GATA6, whereas biliary-tree associated macrophages express 

glycoprotein non-metastatic protein B (Gpnmb) (Remmerie, Martens, Thoné, et al., 2020). The 

role of peritoneal and biliary-tree associated macrophages are not as well-understood as the 

other two macrophages subsets (Elchaninov et al., 2022). During inflammation, monocytes are 

recruited and some of them give rise to monocyte-derived macrophages (Mo-Mac) that express 

CD11b, F4/80, and Ly6C. Even though Mo-Mac also express CD11b and F4/80, Mo-Mac 

express higher levels of CD11b and slightly lower levels of F4/80 compared to KC (Haldar & 

Murphy, 2014; Movita et al., 2012). Apart from macrophages, DC also contribute to the liver 

myeloid subset in healthy liver, and they encompass conventional DC (cDC) and plasmacytoid 

DC (pDC). Hepatic DC populations are described as phenotypically immature although they 

can stimulate strong T-cell responses depending on the stimuli (Thomson & Knolle, 2010). A 

subpopulation of human hepatic CD141+ DC have been shown to be potent cytokine producers 

and activators of T cells (Kelly et al., 2014). Granulocytic cells, such as neutrophils, are 

thought to be largely absent in the healthy liver, only accumulating in response to infection 

and inflammation (Gregory et al., 1996). Pertaining to the hepatic lymphocytes, they largely 

consist of natural killer (NK) cells, NK T cells (NKT), as well as mucosal associated invariant 

T cells (MAIT) and TCRγδ cells. The NKT cell subset also encompasses the CD1d-restricted 

invariant NKT cells (Robinson et al., 2016). The NK cells are part of ILC1, whereas the others 
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belong to the unconventional T cells. Both groups are potent cytokine producers and influence 

both innate and adaptive immune responses in the liver (Borger et al., 2019; Zhang & Huang, 

2017). In the mouse, NKT cells and NK cells make up 40% and 10% of total liver lymphocytes, 

respectively (Gao et al., 2008). Apart from innate lymphocytes, adaptive lymphocytes, such as 

CD4+ and CD8+ T cells, as well as B cells are also abundantly expressed in liver. The liver is 

particularly enriched in CD8+ T cells, activated T cells and memory T cells (Norris et al., 

1998). Specific hepatic B cell subpopulations, such as the innate-like CD5+ B cell population, 

are further expanded in the liver during hepatotropic viral infection (Curry et al., 2003; 

Racanelli et al., 2001).  

1.1.5. Immune regulation in adipose tissue 

 

Adipose tissue (AT) is partially composed of adipocytes; they make up more than 90% of 

adipose tissue volume but represent less than 50% of its cellular content (Corvera, 2021). Apart 

from adipocytes, AT also contains a stromal vascular fraction (SVF). In lean mice, the SVF is 

comprised of endothelial cells, fibroblasts, pericytes, preadipocytes, mesenchymal stem cells, 

progenitor cells as well as numerous immune cells including anti-inflammatory 

immunoregulatory T cells, Tregs , ILC2, alternatively activated macrophages, and eosinophils 

(Ahima & Flier, 2000; Blaszczak et al., 2021). These cells work in concert to ensure the 

homeostasis within the AT including systemic insulin sensitivity.  

AT is generally divided into white and brown AT (WAT and BAT, respectively). BAT is 

enriched in mitochondria and it expresses uncoupling protein 1 (UCP1), which allows it to 

modulate energy expenditure and thermogenesis (Townsend & Tseng, 2012). BAT is more 

predominantly found in newborns and infants, and it transform to WAT as we age. Meanwhile, 

WAT is the primary nutrient-sensing organ and energy storage site in our body, as WAT 

adipocytes are composed of large unilocular lipid droplets containing triacylglycerols and 

neutral free fatty acids (FFAs) (Harwood, 2012; Wensveen et al., 2015). Adipocytes release 

fatty acids into the circulation when glucose is limiting. These fatty acids are generated by 

breaking down triacylglycerols that contain more energy per unit mass than do carbohydrates 

and can essentially be stored anhydrously (Cox & Geissmann, 2020). WAT is further divided 

into two forms, subcutaneous AT (SAT) and visceral AT (VAT) (found close to and around 

the abdominal organs) (Wayne et al., 2020). In general, VAT accumulation associates with an 
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increased metabolic risk and overall mortality (Mittal, 2019). For the latter, there are six 

visceral fat depots, they are perirenal, gonadal, epicardial, retroperitoneal, omental, and 

mesenteric. These different depots are differentially affected by HFD feeding. Interestingly, 

gonadal white adipose tissue (WATg) seems to have a more limited lipid storage capacity 

compared to SAT and mesenteric VAT, as a study performed on mice showed that the WATg 

stopped expanding in size after the mice reached a body weight of around 40 g. This is also 

the point, where WATg crown-like structure (CLS) formation, liver steatosis and insulin 

resistance occurred (van Beek et al., 2015).  

Both BAT and WAT can act as endocrine organs, as they can secrete an array of hormones 

called adipokines. Adipokines are involved in maintaining energy homeostasis by modulating 

food intake, energy expenditure, carbohydrate and lipid metabolism, blood pressure, blood 

coagulation, and inflammation (Harwood, 2012; Wensveen et al., 2015). Most adipokines are 

secreted by adipocytes, but they can also be produced by resident macrophages and other cells 

of the SVF. They control adipocyte metabolism, as well as energy homeostasis in multiple 

organs through their autocrine, paracrine, and endocrine functions (Deng & Scherer, 2010; 

Harwood, 2012). Adiponectin and leptin counteract each other to maintain WAT homeostasis. 

Adiponectin is the most abundant adipokine in the circulation and its levels are inversely 

correlated to BMI, triglyceride levels, and insulin resistance (Arita et al., 1999; Kadowaki et 

al., 2006). Adiponectin is an endogenous insulin sensitizer of tissues including the skeletal 

muscle and liver. Injection of mice with recombinant adiponectin results in decreased blood 

glucose levels (Berg et al., 2001) by increasing fatty acid oxidation and stimulating glucose 

utilization via the activation of AMPK (Yamauchi et al., 2001, 2002). On the contrary, elevated 

circulating leptin is associated with obesity, although obese patients are generally resistant to 

leptin’s effects. Leptin acts on cells in specific hypothalamic nuclei that express the long form 

of the leptin receptor (ObRb) and mediate downstream signaling pathways to control appetite 

and energy expenditure (Kwon et al., 2016). Another well studied adipokine is Resistin, which 

was first discovered involved in obesity-mediated insulin resistance (Steppan et al., 2001). 

Resistin plays a role in the suppression of insulin-mediated signaling in adipocytes by 

activating SOCS3, an inhibitor of insulin signaling (Steppan et al., 2005).  

In lean mice, DC play an anti-inflammatory role in AT. The upregulation of the WNT/β-

catenin pathway in cDC1 promotes IL-10 production, while overexpression of PPARγ, a 
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transcription factor that controls adipocyte differentiation and adipogenesis in cDC2 contains 

the outbreak of local inflammatory responses (Longo et al., 2019; Macdougall et al., 2018). 

cDC2 can also directly upregulate PPARγ signaling to limit pro-inflammatory signaling 

cascades (Macdougall et al., 2018; Trim & Lynch, 2022) . However, specific depletion 

(Zbtb46cre) of either PPARγ or β-catenin in DC does not significantly impact AT homeostasis 

in mice fed a normal diet (Redondo-Urzainqui et al., 2023). For macrophages, there are 

different subsets of ATM that exert various functions depending on the physiological 

condition, as shown in Table 1.1. ATM can be distinguished by their expression of CD11c 

and CD206 (Li et al., 2023; Morris et al., 2011). ATM1a and ATM1b are the classically 

activated macrophages that express CD11c, whereas ATM2 and 3 do not express CD11c and 

they are CD206+ or CD206-, respectively. ATM2 can produce inflammatory cytokines but the 

expression of CD206 has been perceived as a marker of alternatively activated phenotype and 

CD206+ M2-like macrophages modulate insulin sensitivity by inhibiting proliferation and 

differentiation of adipocyte progenitors (Li et al., 2023; Nawaz et al., 2017). In addition, 

several other subtypes have been more recently identified using other markers, such as CD9, 

Trem2, CD36, and Ferroportin/SLC40a1 among others as shown in Table 1.2 (Li et al., 2023). 

Moreover, Bailin et al. (Bailin et al., 2022) suggested that CD206+ CD11c− ATMs are 

primarily perivascular macrophages (PVM), whereas intermediate macrophages (IM) are 

among the CD206− CD11c+ population, and lipid-associated macrophages (LAM) are within 

the CD11c+ cell subset. Nevertheless, this ATM classification is not as clear and elaborate as 

the previous ones. 

Table 1.1 Subpopulations of murine ATM. Table is adapted from Morris et al., 2011.  

Macrophage 

subsets 

Characteristics Functions 

ATM1a CD11b+, CD206- CD11c+ Pro-inflammatory; localize to CLS and 

secrete inflammatory factors including 

TNF-α, IL-1β, IL-6, and NO 
ATM1b  CD11b+, CD206+ CD11c+ 
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ATM2  CD206+ CD11c- CD163 Anti-inflammatory; localize in the 

interstitial space and secrete anti-

inflammatory cytokines, such as IL-4 

and IL-10 

ATM3 CD11b+, CD206- CD11c- Express Ccr7, localize to CLS 

 

Table 1.2 Newly identified murine ATM subsets. Table is adapted from Li et al., 2023. 

Macrophage subsets Characteristics Functions 

CD9+ ATM CD11b+, Ly6c−, CD9+ Pro-inflammatory, promote 

obesity, localize to CLS 

Lipid-associated 

macrophages (LAM) 

CD9+, CD63+, Trem2+, 

CD9, LIPA, Fabp4, Fabp5 

Localize to CLS, counteract 

inflammation and adipocyte 

hypertrophy 

Metabolically-activated 

macrophages (MMe) 

ABCA1, Plin2, CD36 Remove dead adipocytes by 

lysosomal exocytosis, 

localize to CLS 

MFehi CD163, CD11chi CD206lo, 

SLC40a1, TFRC, FTL1, and 

MGL1/2 

store iron, regulate iron-

handling genes, and protect 

adipocytes from iron 

overload 

 

resident ATM in lean mice express markers of alternatively activated macrophages like CD206 

and CD163, but not CD11c (Wentworth et al., 2010). CD11c+ ATM are more lipid-rich, are 

antigen presenting, and overlap with monocyte signatures (Muir et al., 2022). However, 

CD206+ CD11c− ATM were increased in diabetic patients, were scavenger receptor–rich with 

low intracellular lipids, and they secreted proinflammatory cytokines (Muir et al., 2022). In 

terms of localization, CD206– CD11c+ ATM can form ‘crown’ aggregates or crown-like 

structures (CLS). CD206+ CD11c– ATMs concentrate in vascularized lymphoid clusters 

adjacent to CD206– CD11c+ ATM, whereas CD206+ CD11c+ are more solitary and distributed 
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between adipocytes (Muir et al., 2022.; Wentworth et al., 2010). ATM can also be 

distinguished by their expression of Tim4, CD163, and MHCII. Based on lineage tracing and 

inducible labeling, Tim4+ ATM are of embryonic origin, whereas CD163+ and Tim4- ATM 

originate from bone marrow-derived monocytes and are dependent on Ccr2 in mice, hence 

further supporting their origin (Etzerodt et al., 2020; Félix et al., 2021).  

Apart from macrophages, eosinophils, ILC2, and immunomodulatory Tregs also play a role in 

WAT homeostasis. In WAT, eosinophils regulate axonal plasticity, leading to enhanced 

sympathetic innervation and they also promote energy expenditure (Meng et al., 2022). 

Eosinophils are recruited into WAT by ILC2, which produce IL-5 and IL-13 in response to IL-

33 (Hams et al., 2013; Molofsky et al., 2013). ILC2 together with Tregs as well as eosinophils 

and alternatively activated macrophages play a role in suppressing adipose tissue inflammation 

(Misawa et al., 2022). AT-resident Tregs highly express the transcription factors GATA3 and 

peroxisome proliferator-activated receptor γ (PPARγ). Treg proliferation is directly stimulated 

by IL-33, as adipose tissue Tregs highly express the IL-33 receptor ST2 (Cipolletta et al., 2012; 

Kolodin et al., 2015). This can also mediated by ILC2 through ICOSL and OX40L signaling 

in response to IL-33 (Halim et al., 2018).  

Many cells in the myeloid and lymphoid subsets express at least one form of leptin receptor, 

therefore they can respond to adipokines. In the myeloid cell subset, leptin increases the 

proliferation of monocytes and induces the expression of inflammatory cytokines (TNF-α and 

IL-6) and activation markers (Santos-Alvarez et al., 1999). Leptin also acts on eosinophils by  

inducing the production of inflammatory cytokines, including IL-1β, IL-6, and MCP-1 (Wong 

et al., 2007). In T lymphocytes, leptin acts as a negative signal for proliferation of thymus-

derived Tregs (De Rosa et al., 2007). Contrary to leptin, adiponectin suppresses the production 

of TNF-α and IL-6 in monocytes/macrophages in the AT (Ohashi et al., 2010). Adipocyte-

derived adiponectin is also responsible for the reduction of IFN-γ and IL-17-producing T 

lymphocytes in mice fed a normal diet (Surendar et al., 2019). Therefore, adipokines are also 

involved in shaping the immune response and pathophysiology of DIO. 

1.2. Stromal-immune cell cross-talk influences the tissue microenvironment 

 

In many organs, stromal-immune cell cross-talk has been reported to shape immune responses 

and affect disease progression, depending on the stimuli. In the intestine, the non-immune 
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compartment consists of lymphatics and blood vessels that are embedded into smooth muscle 

cells, pericytes lining the blood vessels, fibroblasts, trophocytes, telocytes, intestinal stem cells 

(ISC) residing in the epithelial crypts, and the underlying myocytes (McCarthy et al., 2020). 

Trophocytes refer to a CD81+ PDGFRαlo expressing cell subset located near the basal 

membrane. They secrete Gremlin1 and contribute to ISC maintenance. Telocytes are 

PDGFRαhi expressing cells with sub-epithelial localization, and they are distinct from the 

CD34+ PDGFRαlo cells that occupy the same space. These cells also express the pro-

differentiation factors Bmp5 and 7 (Kaestner, 2019; McCarthy et al., 2020). Intestinal stromal 

cells also interact with the immune cells via IL-6 and they can also secrete inflammatory 

factors in response to inflammatory stimuli (West, 2019). For instance, intestinal fibroblast are 

sensitive to Oncostatin M (OSM) and either OSM or TNF stimulation can lead to secretion of 

various inflammatory factors, such as CCL2, CXCL10, and IL-6 (West et al., 2017).  

In liver, LSECs can trigger steatosis, inflammatory responses, and fibrogenesis via 

communication with surrounding sinusoidal cells. This plays a role in the progression of 

NASH to liver fibrosis, as formation of capillaries and dysfunction of LSECs appear in the 

early stage of NASH. At this stage, LSECs acquire a pro-inflammatory phenotype; they recruit 

immune cells including neutrophils, monocytes and lymphocytes to the hepatic 

microenvironment, promoting HC steatosis and cell death, activating hepatic stellate cells 

(HSC) and KC, and promoting liver fibrosis. LSEC express scavenger- and mannose receptors. 

The latter can bind to glycoproteins and microbial glycans (Du & Wang, 2022). LSEC are 

perceived as the gatekeepers of hepatic immunity, as they are the first site that microbial and 

food antigens derived from the gastrointestinal tract encounter upon entry via the portal vein. 

Together with KC, LSEC scavenge and clean soluble antigens within the hepatic sinusoids. 

(Shetty et al., 2018). 

1.3. Diet-induced obesity and its implications on metabolism 

 

Obesity is a complex and chronic disease that involves many pathophysiological changes, due 

to alterations in environment. Obesity can be caused by genetic factors, diet, age, and a 

combination of these factors; of special relevance for this thesis is diet-induced obesity (DIO). 

DIO occurs when energy intake exceeds energy expenditure (Singla et al., 2010). Excessive 

energy intake disrupts the feeding regulatory centers in the central nervous system (CNS), 
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particularly the hypothalamic signaling pathway, which eventually affects the mobilization of 

fat depots (Kennedy, 1953; Woods et al., 1998). Leptin, one of the hormones that acts on 

hypothalamus, provides a satiety signal through its action on the CNS receptors, possibly the 

ventro-medial hypothalamic nucleus (VMN) (Konturek et al., 2004; Meek et al., 2013). 

However, in DIO, leptin receptors in the brain fail to respond to the leptin signaling, resulting 

in leptin resistance (Schwartz et al., 1997). Apart of leptin resistance, obesity also causes 

insulin resistance, which is the primary contributor to obesity-induced dysregulation in 

macronutrient metabolism, such as carbohydrates, protein, and most importantly lipid (Singla 

et al., 2010). The well-known hallmarks of obesity are increase plasma triglycerides (TG) and 

circulating free fatty acids (FFA) levels, which eventually can lead to further comorbidities of 

obesity, e.g., high blood pressure, non-alcoholic steatohepatitis (NASH), and atherosclerosis.  

1.4. DIO impacts organ function which involves alterations of immune cell ratios and 

functions 

 

In addition, the immune function of the body is affected by DIO, leading to a persistent low 

grade inflammation (Ellulu et al., 2017). The two organs that are impacted the most are WAT 

and liver. In DIO, inflammation of AT precedes the hepatic inflammation. In mice, obese AT 

is characterized by the early, transient infiltration of neutrophils followed by the accumulation 

of pro-inflammatory CD8+ T cells, CD4 Th1 cells and M1 macrophages all of which surround 

the dying adipocyte forming CLS. Innate immunity is an early and key component in 

sustaining AT inflammation (Blaszczak et al., 2021). Obesity induces a prominent population 

of ATMs expressing CD11c, CD9, and Trem2. Adipose tissue eosinophils (ATEs) are 

important in the control of obesity-associated inflammation and metabolic disease. ATE 

undergo major age-related changes in distribution and function associated with impaired 

adipose tissue homeostasis and systemic low-grade inflammation in both humans and mice 

(Brigger et al., 2020). HFD has been shown to reduce ATE numbers, but such reduction was 

reversible once the mice were fed with low-calorie diet (Bolus et al., 2018). 

The numbers of pro-inflammatory macrophages are increased in AT during obesity. These 

macrophages produce pro-inflammatory cytokines such as IFNγ, tumor necrosis factor (TNF)-

α, IL-6, or IL-1β, which significantly dampen the proliferation and function of ILC2s. In both 

mice and humans, the number of adipose tissue resident ILC2s is markedly reduced in response 

to obesity, and reduced ILC2 function subsequently leads to a decrease in eosinophils and 
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alternatively activated macrophages in adipose tissue, promoting pathological adipogenesis 

and insulin resistance. The induced level of pro-inflammatory cytokines such as TNF-α is also 

partially mediated by leptin, leading to increased proliferation and differentiation of the 

monocytes (Guzik et al., 2003). Acting on the neutrophils, leptin leads to an increased 

expression of CD11b, as well as increased neutrophil chemotaxis and oxidative burst 

(Anderson & Ren, 2002; Knudson et al., 2005). Dysregulated TNF-α release in AT plays a 

critical role in peripheral insulin resistance in obesity. It has been shown that neutralization of 

TNF-α in obese and insulin-resistant animals results in significant increases in peripheral 

insulin sensitivity (Hotamisligil, 1999). Besides myeloid cells, obesity alters the induced Th17 

and regulatory T cells in the lamina propria suggesting that mucosal immunity is sensitive to 

fluctuations in adiposity, and this may exacerbate inflammation leading to type 2 diabetes 

(Park et al., 2019). 

1.5. The properties of the AhR/AhRR signaling pathway 

 

The Aryl hydrocarbon receptor (AhR) is a transcription factor that can be activated by many 

polyaromatic ligands. AhR is among the first discovered members of the basic helix-loop-helix 

(bHLH)-PER-ARNT-SIM (PAS) protein family, which comprises heterodimeric transcription 

factors that act as sensors of environmental signals and are highly conserved (Konopka & 

Benzer, 1971; Poland et al., 1974). The bHLH domain covers the basic domain at the N-

terminus and the HLH domain. The basic domain consists of 15 basic amino acids, and it 

serves as a DNA-binding motif. This domain is attached to the HLH domain, which allows 

protein dimerization (Li et al., 2006). Some bHLH proteins bind to sequences containing a 

consensus hexanucleotide sequence called E-box (5’-CANNTG-3’). The PAS domain 

contains five antiparallel β-sheets flanked by several α-helices and the domain is made out of 

300 amino acid residues (Crews, 1998).  The PAS domain is divided into PAS-A and PAS-B 

sites. The PAS-A domain ensures the specificity of target gene activation by selecting a 

dimerization partner, whereas the PAS-B domain allows ligand binding (Kewley et al., 2004). 

AhR and its dimerization partner AhR nuclear translocator (ARNT) consist of both PAS-A 

and PAS-B domains, and both possess a Q-rich region in the C-terminal domain that is 

glutamine-rich (Fig. 1.1). Apart from these regions, the C-terminal domain also consists of a 

subdomain which is enriched with acidic residues (glutamate/aspartate) and another 

subdomain which is enriched with serine, threonine and proline residues (S/T/P). Coactivators 
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and co-repressors interact with the AhR via this transactivation domain (Jain et al., 1994). The 

AhR repressor (AhRR) inhibits AhR activation by competing with AhR for binding 

Xenobiotics response element (XRE). AhRR contains a PAS-A Domain but no PAS-B 

domain, making it unable to bind ligands and to induce gene expression (Haarmann-Stemmann 

et al., 2015). AhRR is also an AhR target gene and negatively regulates AhR function. Unlike 

AhRR, ARNT has a PAS-B domain, but it also does not bind ligands. The bHLH and the PAS-

B domain are involved in binding to the chaperone proteins Hsp90, keeping the AhR stabilized 

in an inactive form in the cytosol in the absence of ligand (Zhou, 2016).  

 

In human cells, there are two AhRR splice variants; one is the full length AhRR719 and the 

other an AhRR that lacks exon 8 (AhRRΔ8). The latter is the active form in humans, but its 

expression is not observed in mice (Karchner et al., 2009; MacPherson et al., 2014). The 

expression of AhRR, on mRNA and protein level can be short-lived due to mRNA decay and 

ubiquitin-mediated proteasomal degradation, respectively. Tristetraprolin (TTP), an RNA-

binding protein, can bind to the two AU-rich elements in the 3’UTR of AhRR mRNA, leading 

to mRNA decay (Lee et al., 2013). TCDD-mediated AhR activation also leads to the 

degradation of AhR via the ubiquitin-proteasome pathway (Ma & Baldwin, 2000). An increase 

in ubiquitination may in turn negatively affect the stability of the AhR and the expression of 

its target genes. Furthermore, AhRR is not the only suppressor of AhR activity, as TiPARP 

(TCDD-inducible poly [ADP-ribose] polymeras) can also inhibit AhR transactivation through 

ADP-ribosylation, leading to degradation of the AhR (Matthews, 2017). Similar to AhRR, the 

expression of TiPARP is also induced by AhR activation, as it also has multiple XREs in two 

genomic regions (Grimaldi et al., 2018). Taken together, both AhR and AhRR are regulated 

tightly, as AhRR mRNA stability is regulated by TTP and AhR can be regulated by its negative 

regulators such as AhRR, ubiquitination, as well as the three AhR-controlled CYP enzymes 

(CYP1a1, 1a2, and 1b1) which metabolize AhR lig. Loss of AhRR or TiPARP has been 

reported to enhance AhR activation and subsequently also modulates the onset of various 

diseases. For instance, AhRR-deficient mice are more susceptible to DSS-induced colitis 

(Brandstätter et al., 2016a) and TiPARP-deficient mice also have heightened sensitivity to 

TCDD-induced steatohepatitis and lethality (Ahmed et al., 2015).  
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Fig. 1.1 The structure and functional domains of AhR, AhRR, and ARNT. The AhR is a member of the basic 

helix-loop-helix/Per-Arnt-Sim (bHLH/PAS) family of transcription factors. The N-terminal basic part of the 

bHLH domain conveys DNA binding, while the HLH region facilitates protein-protein interactions. Two 200-

350 amino acid long PAS domains mediate the interaction with other PAS domain containing proteins, like the 

AhR nuclear translocator (ARNT). PAS-B contains the ligand-binding domain. Regions in the bHLH and PAS 

domains are involved in Hsp-90 binding. The C-terminal of AhR and ARNT consists of a Q-rich domain, and 

two additional subdomains can be found only in the AhR; one is enriched with acidic residues and another that 

is enriched with serine, threonine & proline (S/T/P). The -C terminus is involved in transactivation. Figure was 

adapted from Larigot et al., (2018).  

 

1.6. The diversity of AhR ligands 

AhR can be activated by various ligands that include a variety of environmental toxins like 

halogenated aromatic hydrocarbons (HAH) and non-halogenated polycyclic aromatic 

hydrocarbons (PAH). There are multiple ways to classify AhR ligands; they can be categorized 

either as exogenous versus endogenous ligands, or synthetic versus natural ligands. The best-

known exogenous ligand is the highly toxic and metabolically resistant HAH, 2,3,7,8-

tetrachlordibenzo-ρ-dioxin (TCDD) that can be found in Agent orange, industrial byproducts, 

and in some herbicides as toxic contaminants (Denison et al., 2011; Quintana, 2013). Another 

exogenous AhR ligand is 3-Methylcholanthrene (3MC), which is a carcinogen that can induce 

estrogenic responses binding to the estrogen receptor (ER) α, hence stimulating a functional 

interaction between AhR and ERα (Abdelrahim et al., 2006; Cirillo et al., 2019). Another 

carcinogen, Benzo[a]pyrene (BaP) that is a PAH produced by combustion processes (eg in 

cigarette smoke) is also a well-studied AhR ligand (Matsunawa et al., 2009). In contrast, there 
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are also some non-toxic, physiological AhR ligands that are derived from dietary components, 

particularly flavonoids found in vegetables and fruits (Denison et al., 2002). An example for a 

naturally occurring AhR ligand precursor is indole-3-carbinol (I3C), which is produced by the 

enzymatic breakdown of glucobrassicin, a glucosinolate that can be found in cruciferous 

vegetable such as broccoli and brussels sprouts (Hooper, 2011). By exposure to the stomach 

acid, I3C is converted into the high affinity AhR ligand indolo[3,2-b]carbazol (ICZ) and 

diindolylmethane (DIM) (Chen et al., 2001). Apart from exogenous sources, endogenous AhR 

ligands can be derived from the degradation of tryptophan. L-Kynurenine is formed by 

catalytic breakdown of tryptophan and has a low affinity for the AhR but nevertheless is of 

potential physiological relevance (Esser & Rannug, 2015). 6-formylindolo[3,2-b]carbazol 

(FICZ), also derived from tryptophan, has been shown to strongly induce AhR activity (Wei 

et al., 1998). There are also molecules that have been termed AhR activators, including 

hydrogen peroxide and AhR antagonist 3′-methoxy-4′-nitroflavone. They do not bind the AhR 

directly, but rather inhibit the induction of CYP1A1 enzyme activity by FICZ or TCDD, thus 

increasing the intracellular level of FICZ or TCDD and thereby promoting AhR activation. 

This group of mediators includes inflammatory mediators, organic solvents and metals 

(Wincent et al., 2012).  

1.7. Canonical and non-canonical AhR signaling pathways 

 

The AhR signaling pathway is composed of two arms, the canonical and non-canonical 

signaling pathways, as shown in Fig. 1.2. The canonical pathway has been more extensively 

studied, yet it cannot explain all of the AhR-mediated effects (Wright et al., 2017). To activate 

the canonical pathway, AhR ligands bind the cytosolic AhR-Hsp90 complex upon diffusion 

into the cell cytoplasm. This triggers a conformational change which subsequently leads to the 

nuclear translocation of AhR, where it dimerizes with ARNT. Following dimerization, AhR is 

released from the Hsp90 complex and the AhR-ARNT complex binds to XRE that are located 

in the promoter regions of AhR target genes (reviewed in Lamas et al., 2018; Larigot et al., 

2018). AhR target genes range from its own negative feedback regulators like Ahrr, Tiparp, 

Cyp1a1,1a2,1b1, to genes encoding enzymes involved in the second phase metabolism 

(UGT1a and GSTa1), or the fatty acid transporter CD36 (Denison & Nagy, 2003; J. H. Lee et 

al., 2010).  
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Later, the non-canonical pathway came to light as multiple studies showed that some 

transcription start sites of AhR-responsive gene do not contain XRE (Boverhof et al., 2005; 

Frueh et al., 2001; Puga et al., 2000; Tijet et al., 2006). There are several pathways involving 

AhR with no XRE binding reported (Wright et al., 2017). For instance, direct interaction 

between AhR and RelB of nuclear factor-κB (NF-κB ) has been reported. This leads to the 

expression of cytokines and chemokines, such as B-cell-activating factor of the TNF family, 

B-lymphocyte chemoattractant, CCL1, and the transcription factor interferon regulatory factor 

3 (IRF 3), and it also decreases the expression of Cyp1a1 (Vogel et al., 2007).  Moreover, AhR 

expression is also regulated by the NF-κB member RelA in LPS-stimulated DC (U937-

derived). These results further support a role for NF-κB in AhR-dependent signal transduction 

as well as in enhancement of LPS responses (Vogel et al., 2014). In the non-canonical pathway, 

it is speculated that the AhRR-mediated inhibition can still occur by competitively binding to 

ARNT (Vogel & Haarmann-Stemmann, 2017). Other target genes of the AhR also include 

cytokines and chemokines, e.g., IL-22, IL-17A, and CCL20. Their expression can be induced 

by TCDD via the canonical pathway, but they can also be mediated by RelB (Ishihara et al., 

2019). RelB/AhR also bind to a yet unrecognized responsive element of the IL-8 promoter and 

TCDD-mediated IL-8 induction relies on RelB/AhR binding (Vogel et al., 2007).   

Lastly, the AhR pathway is known to be regulated by other transcription factors and signaling 

pathways. For instance, some publications showed a crosstalk between the AhR and other 

xenobiotic receptors, e.g., Pregnane X Receptor (PXR). The Cyp1,2,3 genes in zebrafish are 

under the regulation of both, PXR and AhR (Kubota et al., 2015). Moreover, the activation of 

AhR also inhibits PXR, leading to a decrease of CYP3A4 in a rifampicin-treated liver cell line 

and in primary cells (Rasmussen et al., 2017). PXR also protects liver cells from BaP-induced 

DNA damage by regulating Ahr and Cyp1a1 (Cui et al., 2017). Apart from PXR, NF-E2-

related factor 2 (Nrf2) is also reported to be able to modulate AhR expression, by directly 

binding to Antioxidant Response Element (ARE) on AhR (Shin et al., 2007). AhR can also 

directly bind to XRE of Nrf2, which in turn regulate Nrf2 and AhR metabolites. This can 

induce oxidative stress that may also lead to Nrf2 activation (Shin et al., 2007).  
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Fig. 1.2 Schematic representation of the canonical and non-canonical AhR signaling pathways. In the 

absence of ligand, AhR is retained in the cytoplasm in an inactive complex containing chaperone proteins, such 

as HSP90 and XAP2. After ligand binding, AhR translocates into the nucleus, where it dimerizes with ARNT. 

The AhR/ARNT dimer binds genomic regions containing XRE that regulate expression of genes encoding several 

phase I and phase II metabolizing enzymes, such as Cyp1a1, Cyp1b1as well as several other genes, e.g., Ahrr. In 

the non-canonical pathway, AhR activation by ligands may lead to a direct interaction with pRb. It may also 

induce the expression of cytokines and chemokines, such as BAFF, BLC, CCL1, and IFR3, AhR through an 

interaction with NF-κB . The AhR/NF-κB  interaction also induces decreased expression of Cyp1a1. BAFF, B-

cell-activating factor of the tumor necrosis factor family; BLC, B-lymphocyte chemoattractant; CCL1, CC-

chemokine ligand 1; IFR3, interferon responsive factor; NF-κB , nuclear factor-κB. Ligand-activated AhR can 

also bind to ER, promoting the proteolysis of ER by assembling a ubiquitin ligase complex. ER, estrogen receptor. 

AhR can also dimerize with KLF6 and binds genomic regions containing NC-DRE that regulate the expression 

of target genes, such as p21cip1, which mediate cell cycle control. KLF6, tumor suppressor Kruppel-like factor 

6; NC-XRE, non-consensus XRE. The figure was adapted from Lamas et al. (2018).  
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1.8. Expression and physiological functions of AhR and its target genes 

 

AhR is highly expressed in liver and barrier organs where high concentrations of AhR ligands 

from the environment are found, such as intestine, skin, and lung (Bernshausen et al., 2006). 

AhR and its target genes can be expressed by immune- and non-immune cells. The latter 

include epithelial, stromal cells, and hepatocytes (Zhou, 2016). There are differences observed 

between AhR and AhRR in terms of expression; AhR is widely expressed in most cell types, 

whereas AhRR is mostly expressed in immune cells in different tissues (Brandstätter et al., 

2016a). Nevertheless, the physiological functions of both AhR and AhRR highly depend on 

the organ microenvironment (Yin et al., 2016; Zhou, 2016).  

Despite the high expression of AhR in some cells and organs, it does not mean that its target 

genes are also commensurately expressed. Low expression of AhRR in liver, intestinal 

epithelial cells (IEC), and keratinocytes has been previously reported using AhRR reporter 

mice (Brandstätter et al., 2016a). This shows that the expression of AhR and AhRR can be 

asymmetric. In the myeloid compartment, AhR is expressed by macrophages, DC, monocytes, 

and monocyte-derived macrophages (Mo-Mac), whereas in the lymphoid compartment, AhR 

is expressed in some populations of T cells, as well as in NK-cells, and B cells (Zhou, 2016). 

Due to its broad expression in immune cell subsets, AhR-deficiency has been reported to affect 

some properties of immune cells, such as proliferation, differentiation, or cytokine profile. For 

instance, AhR-deficiency significantly reduced the proliferative properties of B cells in adult 

mice and those of DETC in embryonic and neonatal mice (Kadow et al., 2011; Villa et al., 

2017). However, AhR-deficient B cells, did not show alterations in IgG secretion or in the 

response towards T-independent and T-dependent antigens (Villa et al., 2017). In DETC of 

neonatal mice, AhR depletion caused a more inflammatory cytokine profile, with enhanced 

Ifnγ, Gzmf, and Pdl-1, as well as increased Ccr2, Ccr5, and Ccl1 expressions (Merches et al., 

2020). AhR is also essential for development and maintenance of RORγt+ ILC, as well as the 

production of IL-22 by T cells and ILC3 in the gut (Qiu & Zhou, 2013).  

In the context of diseases, the net outcome of AhR activation is differentially regulated, i.e., it 

depends largely on cell type, organ, and the type of ailments. For instance, AhR activation by 

I3C, DIM, or FICZ could inhibit intestinal inflammatory response, suggesting an important 

role of AhR activation in regulating intestinal immunity (Chen et al., 2023).  In line with this 
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finding, both systemic and IEC-specific AhR-ablation in mice exacerbated the onset of DSS-

induced colitis, alluding to the protective role of AhR against ulcerative colitis (Qazi et al., 

2022; Q. Wang et al., 2018). However, overactivation of AhR can also cause deleterious 

effects, such as formations of cysts and metaplasia-like lesions in the gastric mucosa (Dantsuka 

et al., 2019). Furthermore, AhR depletion led to reduced metastatic spread of breast cancer 

cells, suggesting a role of AhR in modulating cell proliferation and expression of MMPs genes 

(Goode et al., 2014; Parks et al., 2014; Saito et al., 2014). In the liver, AhR signaling can be a 

double-edged sword. Mice expressing constitutively activated human AhR had a worse hepatic 

steatosis, but they were protected against other DIO symptoms, such as weight gain and insulin 

resistance (Lu et al., 2015). Furthermore, AhR activation by kynurenine induced hepatic 

Cyp1b1 and Scd1 expression, leading to hepatosteatosis and body mass gain (Rojas et al., 

2021). However, DIM-activated AhR protected against hepatosteatosis and liver 

inflammation, and promoted Treg dominance (Y. Liu et al., 2014). 

Taken together, the net effects of AhR signaling can be favorable or non-favorable, depending 

on the cell type, the physiological condition of the host, and the local milieu. Nevertheless, the 

net outcome of AhR signaling in peripheral organs in the context of DIO still needs to be 

elucidated. Hence, one of the aims of this thesis was to investigate this aspect.  

1.8.1. Function of AhR signaling in lipid metabolism and DIO 

 

The possible role of AhR in energy balance has been reported since TCDD, the most potent 

AhR ligand, was shown to cause wasting syndrome, a condition where weight loss and reduced 

food intake occur both in mice and human (Girer et al., 2020). Moreover, in addition to the 

barrier organs, AhR is abundantly expressed in AT and it has also been shown to modulate 

lipid metabolism and vascular homeostasis. Multiple studies have shown that AhR-deficiency 

protects against weight gain and other DIO-related symptoms (Girer et al., 2020; Haque et al., 

2023; Xu et al., 2015). It has also been reported that AhR confers such protection through 

sexually dimorphic mechanisms. AhR-deficiency in females led to reduced calorie intake and 

increased the metabolic rate to protect from HFD-induced weight gain, whereas in male mice 

no alteration in consumed calories could be observed. Here, DIO induced inflammation was 

reduced (Haque et al., 2023). Xu et al. (Xu et al., 2015) also reported that the protection against 

DIO was achieved via increased energy expenditure, as evident by the increased level of Ucp1 
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in BAT and mitochondrial β-oxidation genes in muscle. In addition, AhR negatively regulates 

adipocyte differentiation and adipogenesis. AhR overexpression leads to reduced 

differentiation of mature adipocytes and PPARγ expression by inducing its proteasomal 

degradation, as well as reduced adipogenic gene expression, such as Cd36, Adipsin, and Fabp4 

(Dou et al., 2019). Previous findings in our lab have also shown that ablating AhRR also 

protects mice against DIO (unpublished data). Thus, the absence of either AhR or AhRR elicits 

similar effect in the context of DIO, suggesting that the net effect of their depletion is context- 

and cell-specific. It can also be that the aforementioned effects of AhR deficiency could have 

been specifically mediated by AhRR. Nevertheless, the reason why AhR- and AhRR-

deficiency have similar effects needs to be further investigated.  

Moreover, AhR and its target genes, Cyp1a1, Cyp1b1 are also abundantly expressed in human 

endothelial cells (Conway et al., 2009). AhR-depletion attenuated HFD-induced endothelial 

dysfunction by inhibiting lysophosphatidylcholine (a major component of LDL and oxidized 

LDL), as evident by a greater nitric oxide (NO) reserve that causes vasodilation. Hence, AhR 

signaling also contributed to HFD-induced vascular dysfunction (da Silva et al., 2022). The 

three AhR-controlled CYP enzymes are also involved in lipid metabolism, as their ablation 

resulted in reduced amounts of ω–6 and ω–3 lipid mediators, such as 5-HETE, 14-HDHA, 17-

HDHA, 12-HEPE, 15-HEPE and 18R-HEPE (Divanovic et al., 2013). CYP1A1 expression 

was sufficient to protect against nonalcoholic fatty liver disease (NAFLD) induced by Western 

diet supplemented with B[a]P by decreasing food intake (Uno et al., 2018). Nevertheless, 

B[a]P-supplemented Western diet but not Western diet alone induced hepatic steatosis, which 

is associated with dysregulated bile acid and lipid metabolism, and liver cell damage in 

CYP1A1-KO but not WT mice. In contrast to CYP1A1, CYP1B1 protects against HFD-

induced obesity and glucose intolerance (Liu et al., 2015). Such reduction in weight gain also 

coincided with increased gene expression involved in fatty acid β-oxidation in WAT, liver and 

muscle in HFD-fed CYP1B1-KO mice. Taken together, AhR, CYP1A1, and CYP1B1 have 

been shown to be involved in regulating lipid metabolism and energy balance 
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2. Aim of the Thesis 
 

AhR is a ligand activated transcription factor that acts as a sensor of endogenous and 

exogenous polyaromatic chemicals. AhR is activated upon ligand binding and its activation 

leads to transcription of genes crucial for detoxification of foreign chemicals such as Cyp1a1, 

Cyp1a2, and Cyp1b1. Besides, AhR signaling is also critically involved in the development 

and regulation of the immune system. AhR expression is also controlled by its repressor, 

AhRR, which is mainly expressed in immune cells at barrier organs, as well as by the three 

AhR-dependent CYP enzymes. However, the roles of AhRR and the AhR-controlled CYP 

enzymes in health and disease need to be more elucidated. Previously, AhRR/EGFP reporter 

mice were generated that express eGFP under control of the endogenous Ahrr promoter. These 

mice are AhRR-deficient and can be used to mirror AhR activation.  

Therefore, this thesis aims at elucidating the regulation of AhR signaling by AhRR and the 

three AhR-controlled Cytochrome P450 enzymes (CYP1A1, CYP1A2, CYP1B1) in vivo, 

especially in small intestine, liver, and adipose tissue. Therefore, AhRR/EGFP reporter mice 

and mice that lack Cyp1a1, Cyp1a2, and Cyp1b1 were crossed and the activation of AhR will 

be assessed in immune and non-immune cells under physiological and pathological conditions, 

such as overnutrition.  

There are three aims of this thesis:  

First, to analyze if the enhanced ligand availability in the absence of Cyp1a1, Cyp1a2, and 

Cyp1b1 will subsequently enhance AhR activation and therefore AhRR/EGFP expression. 

Second, if the absence of the three CYP enzymes and/or AhRR will be sufficient to alter the 

composition of immune and non-immune cell subsets in different organs in vivo. For both 

aims, we investigate the different mouse lines in a naïve state, under treatment with the AhR 

ligand 3MC, and under diet-induced obesity (DIO). The third aim of the thesis is to elucidate 

whether the absence of the three CYP enzymes and/or AhRR will affect the physiological 

response to high-fat diet. Specifically, we want to analyze DIO-induced weight gain, glucose 

tolerance levels and liver damage. 
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3. Materials 
 

3.1. Equipments  
 

Table 3.1. Equipments 

 

Equipment Article (company) 

Automatic tissue processor for paraffin 

embedding 

Leica TP1020 (Leica Microsystems, 

Wetzlar, 

Germany) 

Agarose gel electrophoresis PerfectBlue Gel System (Peqlab, Erlangen, 

Deutschland) 

Balances 440-35A (Kern & Sohn, Balingen, 

Germany) 

ABJ-NM (Kern & Sohn, Balingen, 

Germany) 

EW-N (Kern & Sohn, Balingen, Germany) 

Beaker glass 100ml (Simax Bohemia Cristal, Selb, 

Germany) 

Blood glucose monitor M400 (Omron , Kyoto, Japan) 

Blotting Device V20-SDB Fisherbrand™ Semi-Dry 

Blotters (Fisher Scientific, Waltham, USA) 

Cell counting chamber Neubauer improved (La Fontaine via 

Labotec, 

Göttingen, Germany) 

Centrifuges 5415R (Eppendorf, Hamburg, Germany) 

Allegra X-15R (Beckman Coulter, 

Pasadena, USA) 

Centrifugal Devices for biomolecular 

separation Microsep with Omega 

membrane 

Pall Life Science, Port Washington, USA 

Chemistry analyzer Picollo Xpress (Abaxis, Union City, USA) 

Cryostat CM3050S (Leica, Wetzlar, 

Germany) 

Flow Cytometer BD LSR II Flow (BD Biosciences, 

Heidelberg, Germany) 

BD Symphony A5 (BD Biosciences, 

Heidelberg) 

Freezer (-20°C) Bosch GSD12A20 (Bosch, Gerlingen, 

Germany) 

Profi Line GG4310 (Liebherr, Biberach, 

Germany) 
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Freezer (-80°C) New Brunswick Ultra-Low Temperature 

Freezer 

(Eppendorf, Hamburg, Germany) 

Fridge (+4°C) KTR16A21/02 (Bosch, Gerlingen, 

Germany) 

Heating devices TS1 ThermoShaker (Biometra, Göttingen, 

Germany) 

Heatingblock Thermostat TH21 (HLC 

BioTech, 

Bovenden, Germany) 

Waterbath WNB 22 (Memmert, 

Schwabach, 

Germany) 

Homogenizer Precellys®24 (Peqlab, Erlangen, Germany) 

Handmixer 

Ice machine Scotsman Flockeneisbereiter AF200 

(Hubbard 

Systems, Birmingham, USA) 

 

Incubator (cell culture) CB 150 (Binder, Tuttlingen, Germany) 

Incubator with shaking function Innova 44 (Eppendorf, Hamburg, 

Germany) 

Luminometer Centro LB960 (Berthold, Bad Wildbad, 

Germany) 

Measuring cylinder 250ml, 500ml, 1000ml, 2000ml (VWR, 

Wayne, USA) 

Microscopes BZ-9000 (Keyence, Montabaur, Germany) 

LSM800 Airyscan (Zeiss, Oberkochen, 

Germany) 

Microtome Leica RM2255 (Leica Microsystems, 

Wetzlar, Germany) 

Peristaltic pumo Pumpdrive 5001(Schwabach, Germany) 

Pipettes 10µl, 20µl, 200µl, 1000µl (Eppendorf, 

Hamburg,Germany) 

2,5µl ErgoOne (StarLab, Hamburg, 

Germany) Multichannel DV8-10, DV12-

50, DV8-300 (HTL Lab Solutions, 

Warszawa, Poland) 

Real-Time PCR Detection System CFX96 TouchReal-Time PCR Detection 

(Bio-Rad, Munich, Germany) 

Spectrophotometer NanoDropTM ND-1000 (NanoDrop 

Products, Wilmington, USA) 

SDS-PAGE electrophoresis Mini-PROTEAN tetra cell (Biorad, USA) 

Transilluminator Transilluminator UST-30M-8R (BioView, 

Rehovot, 

Israel) 
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Vortex shaker Vortex Genie 2 (Scientific Industries, New 

York, USA) 

Western blot imaging Odyssey 92120 Infrared imaging system 

(LiCor, USA) 

 

3.2. Consumables 
 

Table 3.2 Consumables 

 

Product Article (Company) 

Blood glucose test strips Accu-Check instant (Roche Diabetes Care, 

Inc., Indianapolis, USA) 

Cell culture plates (6-,12-,24-,48-,96-

well) 

Greiner, Frickenhausen, Germany 

Cell strainer (100 µm, 70 µm) Corning, Glendale, USA 

PluriSelect, Leipzig, Germany 

Cover slips Carl Roth, Karlsruhe, Germany 

Cryomold Sakura Finetek, Torrance, USA 

Cryotubes Sarstedt, Nümbrecht, Germany 

Disposal Bags Carl Roth, Karlsruhe, Germany 

Embedding cassette Carl Roth, Karlsruhe, Germany 

Falcon tubes (15 and 50 mL) Greiner, Frickenhausen, Germany 

Flow cytometry tubes Sarstedt, Nümbrecht, Germany 

Glass beads Carl Roth, Karlsruhe, Germany 

Glass slides Thermo Fisher, Waltham, USA 

Gloves Sentina Ambidextrous Nitrile 

Microtubes (2 ml, 1,5 ml, 0,5 ml) Sarstedt, Nümbrecht, Germany 

Omnican ® 50 Syringes B. Braun, Melsungen, Germany 

Parafilm® Bemis, Neenah, USA 

Petri dishes Greiner, Frickenhausen, Germany 

Reagent reservoirs VWR, Darmstadt, Germany 

Screw cap microtube Sarstedt, Nümbrecht, Germany 

Serological pipette (5 ml, 10 ml, 25 ml) Greiner, Frickenhausen, Germany 
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Sterican® needles B. Braun, Melsungen, Germany 

Surgical Scalpel B. Braun, Melsungen, Germany 

Syringes (1 ml, 5 ml, 10 ml) B. Braun, Melsungen, Germany 

 

3.3. Chemicals  
Table 3.3. Chemicals 

Chemical Company 

100bp DNA Ladder  

 

 

New England BioLabs, Ipswich, USA 

10x TAE buffer Invitrogen, Carlsbad, USA 

 

2-Propanol >99.5% Roth, Karlsruhe, Germany 

 

3-Methylcholanthrene Sigma-Aldrich, St. Louis, USA 

 

6-Formylindolo(3,2-b)carbazole Enzo Life Science, New York, USA 

Acetone VWR, Darmstadt, Germany 

Albumin Bovine Fraction V, pH=7.0 SERVA Electrophoresis GmBH, 

Heidelberg, Germany 

Ampicillin-ratiopharm 1g/l Ratiopharm, Ulm, Germany 

Collagenase IV Sigma-Aldrich, St. Louis, USA 

Dithiothreitol (DTT) Molecular 

Grade  

 

Promega, Fitchburg, USA 

 

DNase/RNase-Free Water Zymo Research, Irvine, USA 

Invitrogen, Carlsbad, USA 

Dulbecco’s PBS  Sigma-Aldrich, Steinheim, 

Germany 

 

Entellan Merck, Darmstadt, Germany 

 

Ethanol 70% (methylated) Roth, Karlsruhe, Germany 

 

Ethanol absolute for molecular biology ApliChem, Darmstadt, Germany 

 

Ethanol Rotipuran >99.8%  Roth, Karlsruhe, Germany 

 

Ethylenediaminetetraacetic acid 

(EDTA) 

Sigma-Aldrich, St. Louis, USA 

 

FACS Clean Solution BD Bioscience, Franklin Lakes, 

USA 
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FACS Rinse Solution BD Bioscience, Franklin Lakes, 

USA 

 

Fetal Bovine Serum ThermoFischer, Waltham, USA 

FFA-free BSA (A7030) Sigma-Aldrich, St. Louis, USA 

Fixable Viability Dye eFluor 780 eBioscience, San Diego, USA 

Gelatin from porcine skin Sigma-Aldrich, St. Louis, USA 

Gey's Balanced Salt Solution (GBSS) Sigma-Aldrich, St. Louis, USA 

Hank’s Balanced Salt Solution (HBSS) 

with / without Ca2+ (10x)  

 

Gibco (Life Technologies), Carlsbad, 

USA 

HEPES Sigma-Aldrich, St. Louis, USA 

Kaiser’s glycerol gelatine phenol-free Carl Roth, Karlsruhe, Germany 

Oil-Red-O powder Sigma-Aldrich, St. Louis, USA 

OneComp/ UltraComp ebeads  eBioscience, San Diego, USA 

Paraformaldehyde (PFA)  Merck, Darmstadt, Germany 

Penicillin-Streptomycin Gibco (Life Technologies), Carlsbad, 

USA 

peqGOLD Universal Agarose peqlab, Erlangen, Germany 

Phosphate Buffered Saline Dulbecco Merck, Darmstadt, German 

Precision Count Beads™ Biolegend, San Diego, USA 

Protease Inhibitor cOmplete tablets 

mini 

Roche, Indianapolis, USA 

Protein G Sepharose® Sigma-Aldrich, St. Louis, USA 

RIPA lysis and extraction buffer ThermoFisher, Waltham, USA 

RPMI 1640 ThermoFisher, Waltham, USA 

Tissue-Tek® O.C.T.™ Compound Sakura Finetech, Torrance, USA 

Triton X-100 Sigma-Aldrich, St. Louis, USA 

Trypan Blue Sigma-Aldrich, St. Louis, USA 

Tween-20 Roth, Karlsruhe, Germany 

Xylol Roth, Karlsruhe, Germany 
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3.4. Solutions 
Table 3.4. Solutions 

Solution Content 

Adipose tissue digestion buffer 0.3% (3 mg/mL) 

2 mg/mL Collagenase II 

in plain DMEM 

Complete RPMI 1640 RPMI Medium 

 

10% FCS 

1% L-Glutamine 

1% Penicillin-Streptomycin 

50µM β-Mercaptoethanol 

Histology blocking buffer PBS 

2,5% BSA 

5% Goat Serum 

Intestinal digestion solution #1 

 

5mM DTT in HBSS 

2% FCS 

Penicillin: 100U/ml 

Streptomycin: 100µg/ml 

Intestinal digestion solution #2 

 

5mM EDTA in HBSS 

2% FCS 

Penicillin: 100U/ml 

Streptomycin: 100µg/ml 

Intestinal digestion solution #3 

 

HBSS 

10mM HEPES 

Penicillin: 100U/ml 

Streptomycin: 100µg/ml 

Liver collagenase solution for perfusion 

 

HBSS without Ca2+ 

50mg/mL Collagenase IV (1:100) 

Liver digestion buffer GBSS 

Collagenase D 80µL/10mL 

Lysis buffer (tail lysis) 

 

Aqua dest. 

5 mM EDTA, pH 8,0 

0,2 % SDS 

200 mM NaCl 

0,1 mg/ml Proteinase K 

PFA (4%) 4g PFA 100ml PBS 

Skin digestion buffer PBS 

DNase I (200 U/ml) 

Liberase™ (0.8 U/ml) 

Skin (neonatal) digestion buffer for 

dermis 

complete RPMI1640 

Dispase II (2,4 U/mL) 

Skin (neonatal) digestion buffer for 

epidermis 

complete RPMI 1640 (3mL) 

DNAse I (130U/ml) 

Stop Buffer for FACS PBS 

20% FCS 
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3.5. Enzymes 
Table 3.5. Enzymes 

Enzyme Company 

Collagenase II PAN-Biotech, Aidenbach, Germany 

Collagenase IV Sigma-Aldrich, St. Louis, USA 

Dispase II  

DNase I 

 

Roche, Basel, Switzerland 

LiberaseTM Roche, Basel, Switzerland 

 

Proteinase K Sigma-Aldrich, St. Louis, USA 

 

3.6. Kits 
Table 3.6. Kits 

Name Company 

ABsolute qPCR SYBR Green ROX Thermo Scientific, Waltham, USA 

Direct-zol Miniprep RNA Purification 

Kits 

Zymo Research, Irvine, USA 

Dual-Luciferase reporter assay system Promega, Mannheim, Germany 

Foxp3 / Transcription Factor Staining 

Buffer Set 

Thermo Scientific, Waltham, USA 

MyTaq HS Red DNA Polymerase Bioline, London, UK 

Picrosirius Red staining kit ScyTek Laboratories, Logan, USA 

Quick-RNA Miniprep RNA purification 

kit 

Zymo Research, Irvine, USA 

 

3.7. Antibodies 

 

3.7.1. Antibodies for FACS 

 
Table 3.7 FACS antibody list 

Target Clone Dilution Company 

B220 RA3-6B2 1:200 Biolegend 

CCR2  1:200 R&D systems 

CD3ε 145-2C11 1:200 Biolegend 

CD4 RM4-5 1:200 Biolegend 

 GK1.5 1:200 BD 
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CD8a 53-6.7 1:200 Biolegend 

CD8b YTS156.7.7 1:100 Biolegend 

CD11b M1/70 1:200 Biolegend / BD 

CD11c N418 1:200 Biolegend 

CD19 6D5 1:200 Biolegend 

CD24 M1/69 1:200 Biolegend 

CD25 PC61 1:200 BD 

CD31 MEC13.3 1:200 Biolegend 

CD44 IM7 1:200 Biolegend 

CD45 30-F11 1:400 (liver, S.I), 

1:200 for all other 

tissues and cells 

Biolegend 

CD62L MEL-14 1:200 Biolegend 

CD64 X54-5/7.1 1:200 Biolegend 

CD69 H1.2F3 1:200 Biolegend 

CD103 2E7 1:200 Biolegend 

CD115 AFS98 1:200 Biolegend 

CD135 A2F10 1:200 Biolegend 

 CD172a  P84 1:200 Biolegend 

CD206 C068C2 1:200 Biolegend 

c-Kit 2B8 1:200 BD 

EpCAM G8.8 1:200 Biolegend 

F4/80 BM8 1:200 Biolegend 

Ki67 SolA15 1:200 eBioscience 

Ly6C HK1.4 

 

1:200 Biolegend 

Ly6G 1A8 1:200 Biolegend 

MerTK 2B10C42 1:200 Biolegend 

MHCII M5/114.15.2 1:200 Biolegend 

NK1.1 PK136 1:200 Biolegend 

NKp46 29A1.4 1:200 Biolegend 

Siglec-F E50-2440 1:200 Biolegend 

TCRβ H57-597 1:200 Biolegend 

TCR γδ GL3 1:200 Biolegend 

Ter119 TER-119 1:200 Biolegend 

Tim4 21H12 1:200 Biolegend 
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3.7.2. Antibodies for Histology 
Table 3.8 Histology antibody list 

Target Clone Dilution Company 

B220 RA3-6B2 1:50 Biolegend 

CD31 2H8 1:100 Invitrogen 

CD34 RAM34 1:200 Invitrogen 

CD45 30-F11 1:100 Biolegend 

CD90.2 30-H12 1:100 Biolegend 

EpCAM G8.8 1:200 Biolegend 

F4/80 BM8 1:50 Biolegend 

Ki67 SolA15 1:50 eBioscience 

LYVE-1 polyclonal 1:100 Cell Signaling 

PDGFRα D1E1E 1:100 Cell Signaling 

Podoplanin (gp38) 8.1.1 1:200 Biolegend 

SIGNR1 2C7B27 1:50 Biolegend 

SiglecF E50-2440 1:50 Biolegend 

TCRβ H57-597 1:100 BD 

IgG Alexa Flour 

594 (goat anti-rat, 

anti-rabbit, and 

anti-hamster) 

Polyclonal 1.:200 Life Technologies 

 IgG Alexa Fluor 

647 (goat anti-rat 

and anti-rabbit) 

Polyclonal 1:200 Life Technologies 

IgG Texas Rat 

(goat anti-rat) 

Polyclonal 1:200 Life Technologies 

 

3.7.3. Antibodies for Western Blot 

 
Table 3.9 Western blot antibodies list 

Target Clone Dilution Company 

GAPDH 6C5 1:200 Acris 

V5-epitope tag E10 1:100 Santa Cruz Biotech 

IRDye 680RD polyclonal 1:200 Licor Biosciences 

IRDye 800CW polyclonal 1:200 Licor Biosciences 
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3.8. PCR Primers 

 
Table 3.10 PCR primers list 

Target Species  Sequence 

Ahr murine fwd 5´-TGC ACA AGG AGT GGA CGA-3´ 

  rev 5´-AGG AAG CTG GTC TGG GGT AT-3´ 

Ahrr murine fwd 5´-GGG TAA AGA GCT TCT TCC AAG C-3´ 

  rev 5´-ACG GGG AAC CCT CTG TAT G-3´ 

Cd36 murine Fwd 5´-AGATGACGTGGCAAAGAACAG-3´ 

  rev 5´-CCTTGGCTAGATAACGAATCTG-3´ 

Cyp1a1 murine fwd  

 

5’-CCTCATGTACCTGGTAACCA-3’ 

  rev 5’-AAGGATGAATGCCGGAAGGT-3’ 

 

Fabp4 murine Fwd 5´-GCGTGGAATTCGATGAAATCA-3´ 

  rev 5´-CCCGCCATCTAGGGTTATGA-3´ 

Gapdh murine fwd 5’-GAGCCAAACGGGTCATCA-3’ 

 

  rev 5’-CATATTTCTCGTGGTTCACACC-3’ 

 

Pparγ murine fwd 5´-

ACAAGACTACCCTTTACTGAAATTACCAT-

3´ 

  rev 5´-TGCGAGTGGTCTTCCATCAC-3´ 

Rps6 murine fwd 5’-ATTCCTGGACTGACAGACAC-3’ 

 

  rev 5’-GTTCTTCTTAGTGCGTTGCT-3 

Tristetraprolin murine fwd 5´-TCTCTTCACCAAGCCCATTC-3´ 

  rev 5´-ATCGACTGGAGGCTCTCG-3´ 

Ahr human fwd 5´-TGG TCT CCC CCA GAC AGT AG-3´ 

  rev 5´-TTC ATT GCC AGA AAA CCA GA-3´ 

Ahrr human fwd 5´-TGT CCT CTT GCA GGG TCT G-3´ 
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  rev 5´-AAA TAT CGTCCC TTC TGC ACT C-3´ 

AhrrΔ8 human fwd 5´-AGT ACT CGG CCT TCC TGA CC-3´ 

  rev 5´-CGC CTT CTT CTT CTG TCC AA-3´ 

Cyp1a1 human fwd 5´-CAG GTA TGT GGT GGT ATC AG-3´ 

  rev 5´-GGT AGG TAG CGA AGA ATA GG-3´ 

 

3.9. qPCR reagents 

 
Table 3.11 qPCR reagents 

Reagents Producer 

OligoDt 

 

Thermo scientific, Waltham, USA 

Absolute qPCR mix SYBRgreenTM Thermo scientific, Waltham, USA 

RevertAid transcriptase Thermo scientific, Waltham, USA 

dNTP Thermo scientific, Waltham, USA 

Ribolock Thermo scientific, Waltham, USA 

 

3.10. Mouse Diets 

 
Table 3.12 Mouse diets list 

Mouse Diet Producer 

High-fat diet (ssniff® EF acc. D12492 (I) 

mod.) 

 

ssniff Spezialdiäten GmbH, Soest, 

Germany 

Control diet (ssniff® EF acc. D12450B 

(I) mod.) 

ssniff Spezialdiäten GmbH, Soest, 

Germany 

 

3.11. Software 
Table 3.13 Software used for data analysis 

Software Company 

Affinity Designer Serif (Europe) Ltd., Nottingham, England 

BZ-II Analyzer Keyence, Montabaur, Germany 

CFX ManagerTM Bio-Rad, Munich, Germany 

FACS Diva BD, Franklin Lakes, USA 

Fiji (Image J) Open source scientific analysis program 

FlowJo v.10 BD, Franklin Lakes, USA 



Materials 
 

38 
 

GraphPad Prism 6 GraphPad, La Jolla, USA 

Microsoft Office 2011 for Windows Microsoft, Redmond, USA 

NanoDropTM ND-1000 NanoDrop Products, Wilmington, USA 

 

3.12. Animals 
 

These following genetically modified mice were used for experiments.  

Table 3.14 A list of genetically engineered mice used in experiments 

Mouse line Strain Description 

AhRRE/E C57BL/6 Mouse line expressing EGFP instead of 

AhRR, under the control of the Ahrr 

promoter (Brandstätter et al., 2016a) 

Triple CYP-/- AhRR+/+ C57BL/6 Mouse line expressing AhRR but lacking 

CYP1A1, CYP1A2, and CYP1B1 (Dragin et 

al., 2008) 

Triple CYP-/- 

AhRRE/E 

C57BL/6 Mouse line expressing EGFP under the 

control of the Ahrr promoter and lacking 

CYP1A1, CYP1A2, and CYP1B1 

(unpublished) 
 

 

3.13. Generation of AhRRE/E and Triple CYP-deficient mice 

 

Homozygous AhRRE/E mice were generated in our group (Brandstätter et al., 2016a). Mice 

were originally generated on a mixed C57BL/6J/129Ola genetic background and backcrossed 

to C57BL/6J for 11 generations. Mice were also screened for expression of the high affinity 

C57BL/6 allele by PCR as described (Hosoya et al., 2008). In all experiments, only mice with 

the high affinity allele of the AhR were used. CYP1A1/1B1−/− and CYP1A2/1B1−/− double-

knockout lines have been described (Uno et al., 2006). The CYP1A1/1A2−/− double-knockout 

was generated via Cre-mediated interchromosomal excision (Dragin et al., 2007). These mouse 

lines have been backcrossed into the C57BL/6J background for eight generations, so that the 

knockout genotypes reside in a genetic background that is >99.8% C57BL/6J (Nebert et al., 

2000). Breeding of the CYP1A1/1A2−/− with the CYP1B1−/− mice produced the 

CYP1A1/1A2/1B1 triple-knockout line (Triple CYP-/- mice) in the C57BL/6J background 

(Dragin et al., 2008). To generate Triple CYP-/-AhRRE/E mice, Triple CYP-/- mice were 

intercrossed with AhRRE/E mice at the LIMES Institute animal facility.
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4. Methods 
 

4.1. Animal Experiments 
 

All mice were maintained and bred at the Life and Medical Science Institute (LIMES) 

Genetic Resources Center (GRC) at the University of Bonn. The animals were kept in 

individual ventilated cages with up to five mice per cage under specific-pathogen-free (SPF) 

condition and had unlimited access to food and water. All animal experiments were approved 

by the regional authorities of North Rhine-Westphalia (Germany), project number was AZ: 

81-02.04.2019.A262. Mice were sacrificed by cervical dislocation. 

4.1.1. Genomic DNA isolation and gel electrophoresis 

 

In order to determine the genotype of mice, genomic DNA was isolated, and the genetically 

modified locus was amplified via PCR and visualized on an agarose gel. For this, ear punch 

biopsies were lysed O/N. at 56°C with 500µl lysis buffer and Proteinase K (100 µg/ml). The 

next day, tubes were inverted and centrifuged at 16,000g for 10 min at 4 °C. The DNA 

containing supernatant was transferred to a fresh tube and the DNA was precipitated by 

addition of 500µl isopropanol, followed by inversion of the tube and centrifugation at 16,000 

g for 10 min. Then, the precipitated DNA pellet was washed with 500µl 70 % Ethanol, 

centrifuged at 16,000g for 5 min and the pellet was air-dried. Then, the DNA was dissolved 

in 100 µl TE-buffer and stored at 4 °C until the PCR was performed. The master mix for 

each strain-specific genotyping PCR was added to the DNA and the PCR was run in a 

thermocycler (the program is shown in the table below). Afterwards, the PCR products were 

applied together with a 100 bp DNA standard on a 1.5 % agarose gel with SYBRTM Safe 

(1:20000) to identify mouse genotypes.  

Table 4.1 PCR protocol for genotyping 

Reagent Volume (per reaction) 

H2O 13,5 µL 

4x MyTaq Buffer 4 µL 

Primer 1 0,7 µL 

Primer 2 0,7 µL 

MyTaq Polymerase 0,1 µL 
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Genomic DNA 1,5 µL 

 

4.1.2.  In vivo Ligand Stimulation with 3MC 

Mice were treated per gavage with 3MC (10mg /kg body weight) in DMSO/olive oil (1:4 

v/v) for 16 hours. Control mice received 200μL PBS in DMSO / olive oil with the same 

ratio. After being treated, all animals were observed for 15 minutes. They were sacrificed 

after 16 hours of treatment by cervical dislocation and the respective organs were analyzed. 

4.1.3. High-fat diet experiment 

8-week old mice were fed for 14 weeks with either HFD (ssniff® EF acc. D12492 (I) mod.)or 

matching control diet Control diet (ssniff® EF acc. D12450B (I) mod.). Diet was refilled 

every week. Mice were scored and weighed once a week. Two weeks prior to the end of 

experiment, fasting glucose level was measured, and an in vivo glucose tolerance test was 

conducted. The mice were sacrificed after 14 weeks by cervical dislocation and organs were 

analyzed. 

4.1.4. Glucose-tolerance test 

Mice were fasted for 6 hours prior to the test and then weighed. The tails of the mice were 

incised with a scalpel to obtain blood from the tail vein. Then, their basal blood glucose level 

was measured by a blood glucose meter. Following basal measurement, 2g/kg Glucose was 

injected i.p. into every mouse. The dose and volume were estimated as follows: 8 x body 

weight from a 0.25 g/mL glucose solution in 0.9% NaCl. Measurement of the blood glucose 

concentration was repeated after 15, 30, 60, 90,120, and 180 min. 

 

4.1.5. Generation of bone-marrow-derived DC 

 

BMDC were generated by flushing the femur and tibia of mice with PBS. Cells were cultured 

in RMPI 1640 medium PAA, Coelbe, Germany) containing 10 % FCS, 1% L-glutamine, and 

1% penicillin/streptomycin mixture. Culture medium was supplemented with 2% GM-CSF 

on day 0 and day 3. After 6 days, cells were seeded onto 6-well-plates (5x106 cells/well) and 

2 hours later they were treated with either LPS (100 ng/l), 3MC (10 M), or DMSO as 

control (0.1%) for 16 hours. Cells were cultured in an incubator with 5% CO2 at 37°C. 
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4.2.  HepG2 and HEK293T cell culture  

HepG2 and HEK293T cells were cultured in RPMI1640 and DMEM medium, respectively. 

All media had been supplemented with 10% FCS, 1% L-glutamine, 1% 

penicillin/streptomycin, and 50µM β-mercaptoethanol. Then, the cells were cultured in an 

incubator with 5% CO2 at 37°C. For cell passaging, cells were detached with 0.25 % 

trypsin/EDTA (Gibco) for 5 minutes and the trypsin was then deactivated with complete 

medium. Following centrifugation, cells were resuspended in medium and their number was 

counted using a hemocytometer and a light microscope. Cells were then passaged with 1:3-

1:5 ratio.  

4.3. Cell stimulations with LPS and AhR ligands 
 

Unless otherwise specified, 3MC (stock concentration 10 mM) was diluted to 10 μM 

working concentration unless otherwise specified, while LPS (stock concentration 2 mg/ml) 

was diluted to 100 ng/ml. All compounds were diluted in complete RPMI 1640 medium. For 

the concentration kinetics, FICZ, DIM, and ICZ were used at six different concentrations 

(100 µM, 10 µM, 1 µM, 100 nM, 10 nM, 1nM). 

4.4. mRNA decay 
 

Bone marrow was flushed from the tibia and femur and was differentiated with GM-CSF 

for 6 days. Then, BMDC from one 10 cm petri dish were re‐seeded into four 6 cm dishes 

(1,5 million cells /well) two hours prior to adding either 5 μg/ml ActD or ActD and 10 µM 

3MC.  

4.5. Histology 
 

4.5.1. Tissue preparation for cryosections 

 

All tissues were fixed in 4% PFA and dehydrated in a sucrose gradient (5%, 10%, 20%) until 

they sunk. Then, they were embedded in OCT tissue freezing medium and were subsequently 

stored at -80oC. The cryoblocks were cut in 10 μm thick sections using a cryostat. For 

gonadal WAT (WATg), the tissue was embedded with porcine gelatin instead of OCT.  

4.5.2.     Tissue preparation for paraffin sections 

 

PFA-fixed tissue samples were transferred into plastic cassettes and further processed with 

the Leica Benchtop Tissue Processor that incubates tissue samples in a series of ascending 

alcohol concentrations for dehydration. Then, tissue samples were embedded into paraffin, 
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cooled down and stored at room temperature. Paraffin embedded tissue samples were 

subsequently processed with a rotary microtome to obtain 5μm sections. These sections were 

transferred to a warm water bath (40°C) and afterwards dragged onto microscope slides. 

After drying in a heating cabinet (2 hours), slides were stored at room temperature until 

further processing. 

4.5.3.    Immunofluorescence staining 

 

Cryosections were air-dried for 10 min and re-hydrated with PBS for another 10 min prior 

to staining. They were then permeabilized and blocked using 2% BSA, 1% goat serum, and 

0.01%Triton-X in PBS. Sections were stained with conjugated antibodies or purified primary 

antibodies combined with secondary antibodies. Then, DAPI (1µg/ml) was used to 

counterstain the nuclei of the cells. Subsequently, the sections were washed twice with 

0.05% Tween-20 in PBS and then submerged in deionized VE water. Finally, they were 

dried and mounted with Mowiol/Dabco solution. After O/N drying at room temperature, the 

sections were kept at 4oC.  

4.5.4. Hematoxylin and Eosin (H&E) staining 

 

H&E staining was performed to analyze gross tissue morphology. Briefly, paraffin sections 

were treated with xylol (100%), alcohol (70-100%), and water to deparaffinize the tissues. 

Then, the cell’s nuclei were counterstained with hemalaun, which is a basic dye that reacts 

with the negatively charged cell components (e.g. nucleic acids in the nucleus). This 

reaction gives rise to the blue colored stain. In contrast, eosin is an acidic dye that reacts 

with the positively charged components, such as the amino groups of proteins found in the 

cytoplasm, resulting in a pink colored stain. The exact protocol is delineated in the table 

below. 

Table 4.2 Deparaffinization and H&E staining steps 

Treatment Time 

Xylol 10 (min) 

Xylol 10 (min) 

100% ethanol 5 (min) 

100% ethanol 5 (min) 

95% ethanol 2 (min) 

70% ethanol 2 (min) 
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Aqua dest. 1 (min) 

Mayer’s hemalaun solution  3 (min) 

0,1% Hydrochloric acid 2 (sec) 

VE water 3 (min) 

Eosin Y solution 3(min) 

VE water 30 (sec) 

95% ethanol 10 (sec) 

95% ethanol 10 (sec) 

100% ethanol 10 (sec) 

100% ethanol 10 (sec) 

Xylol 5 (min) 

Xylol 5 (min) 

 

4.5.5. Picrosirius red staining 

 

Picrosirius red staining is used to detect and visualize collagen fibers type I and III, as well 

as muscles in paraffin tissue sections. Following deparaffinization and hydration with 

water, paraffin sections were submerged in picrosirius red solution from the picrosirius red 

staining kit (ScyTek) for 1 hour. The sections were then washed with the acetic acid 

solution contained in the staining kit and subsequently with 100% ethanol. Sections were 

directly mounted with Euparal mounting medium. 

4.5.6. Oil-Red-O staining  

 

Oil-red-O staining was used to visualize the fat cells and neutral fat, as it stains the 

triglycerides contained in lipid droplets of adipocytes red and the hemalaun will stain the 

nuclei in blue. Cryosections were thawed for 10 minutes at room temperature and Oil-Red 

O staining stock solution was prepared by dissolving the powder in 100% isopropanol (3 

mg/mL). Then, the working solution was prepared by diluting the stock solution in water 

at a 3:2 ratio. The solution was then filtered and preheated to 60oC. Slides were first covered 

with 100% propylene glycol for 2 minutes, then with Oil-red-O solution for 10 minutes. 

Sections were counterstained with hemalaun for 1 minute and were washed with distilled 

water twice. Finally, they were mounted using Kaiser’s glycerol gelatine.  
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4.5.7. Microscopy 

 

Imaging of sections that were stained with immunofluorescent antibodies or chromogenic 

solutions was performed using the Keyence BZ-9000 microscope. For the 

immunofluorescently stained sections, the imaging mode was set to monochrome and four 

dyes were used, DAPI, GFP, Cy5, and either TRITC or TexasRed. For the chromogenically 

stained sections, the imaging mode was set to color. Images were taken at various 

magnifications (4x, 10x, 20x, and 40x). Afterwards, images were analyzed with the BZII 

Analyzer and contrast / color adjustment was done with Fiji (ImageJ) software. For the 40x 

magnification images of gallbladder and small intestine, a Zeiss LSM880 Airyscan 

confocal microscope was also used.  

4.5.8. Spatial Phenotyping 

 

Spatial phenotyping was done by Dr. David Bejerano (from the group of Prof. Andreas 

Schlitzer) on liver tissue that had been fixed with 4% paraffin. Tissue staining using 

CODEX/PhenoCyclerTM (Akoya Bioscience) and images were taken with Zeiss Axio 

Observer (Bayerl et al., 2023).  

4.6. Single cell suspensions from various tissue for FACS analysis 
 

In general, mice were sacrificed by cervical dislocation and the organs of interest were 

transferred to PBS-filled multiwell plates. Different digestion protocols were used for each 

of the organs and as delineated in the following sub-sections. Following the digestion 

process, cells were resuspended in 200 uL PBS and transferred to 96-well plates for 

staining. 

4.6.1. Small Intestine (Lamina Propria and IEL) 

 

SI were flushed with cold PBS and the surrounding fat tissue, as well as Peyer’s Patches 

were removed. SI was cut longitudinally and cut into 1-2 cm-long pieces. The pieces were 

transferred into 50 ml Falcon tubes containing 20 ml digestion solution 1 and incubated in 

a shaking incubator at 37oC for 20 min. Then, the tissues were transferred into another 50 

ml Falcon tube containing 20 ml digestion solution 2 and incubated in a shaking incubator 

for 15 min. This step was repeated twice and in both steps the waste was collected and 

centrifuged at 400xg for 5 min to obtain the IEL fraction. In the last digestion step, tissues 

(excluding IEL) were incubated in a shaking incubator in 10 mL digestion solution 3 for 

10 min at 37oC. Following digestion, tissues were transferred into a 6 well-plate and minced 



Methods  

45 
 

into small pieces and the digestion solution 3 supplied with DNaseI and LiberaseTM was 

applied. The tissue was further incubated in a shaking incubator (60 rpm) at 37oC for 45 

min. The tissues were subsequently homogenized by pipetting with a serological pipette. 

The cell suspension was filtered through either a 100 µm (for myeloid cells) or a 70 µm 

(for lymphocytes) cell strainer to obtain a single-cell suspension. Cells were washed twice 

with PBS and centrifuged. 

4.6.2. WATg (stromal vascular fraction) 

 

After WATg was harvested from the peri-gonadal area, the surrounding muscle tissues and 

ductus epididymis were removed. Tissue was stored in cold PBS and minced in a petri dish 

and then transferred into a 15 ml Falcon tube that contained 2 ml of Collagenase II digestion 

mix. The tissue was digested at 37oC in an incubator for 30 min and shaken vigorously 

every 5 min until it dissolved. Stop buffer was added and the tissue was passed through a 

100 µm cell strainer. Tissue was centrifuged at 200xg for 5 min and incubated for 10 min 

at RT. The floating fraction was removed with a pipette. Cells were resuspended in 1 ml 

1x RBC lysis buffer incubated for 5 min at 37°C and afterwards washed with 4 ml FACS-

buffer, centrifuged, and resuspended in FACS-buffer. 

4.6.3. Adult murine ear skin 

 

The harvested ears were stored in PBS at 4°C until processing. The dorsal side of the ear 

was separated from the ventral side and ear cartilage was removed. The skin from both the 

dorsal and ventral sides was minced in a 12-well plate and 500 µl digestion buffer 

containing Liberase and DNAseI was applied. Tissues were incubated in a shaking 

incubator (100 rpm) at 37oC for 90 min. Tissues were then dissociated by pipetting with 

blunted tips and by filtering through either 100 µm (for myeloid) or 70 µm (for 

lymphocytes) cell strainers. Lastly, the cell suspension was centrifuged at 400xg 10 min at 

4°C and the cell pellets were resuspended in 200 µl PBS. 

4.6.4. Neonatal murine epidermis 

 

After decapitation, the tails and limbs of neonates were cut. Then, the whole-body skin was 

peeled off as intact as possible and was stored in cold, sterile PBS. Skin was incubated in 

1 ml digestion mix containing Dispase II (2,4 U/mL) in RPMI1640 medium, for 1.5 hours 

at 37oC. The epidermis was then separated from the dermis and was incubated in 3 ml 

DNAse I-containing RPMI1640 solution for 30 min at 37oC. The epidermal tissue was 

pipetted vigorously, passed through a 70 m strainer and washed with PBS, before it was 
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finally centrifuged at 300xg for 8min at 4oC. The washing step was repeated twice. The 

cell pellets were resuspended in 200 ul PBS.  

4.6.5. Isolation of immune cells from Liver 

 

Following cervical dislocation, hepatic perfusion was immediately conducted via the vena 

cava using a Gr.20 Sterican needle (Braun) and the portal vein was cut. The perfusion was 

first performed with cold PBS until the liver was pale, then with 5 ml Collagenase D 

solution (10 mg/ml in HBSS without Ca2+). Following perfusion, the liver was extracted 

and the gallbladder, as well as the surrounding connective tissues were removed. The liver 

was kept in PBS until further processing. It was then minced in a 5 cm petri dish and the 

tissue was transferred into a 50 ml Falcon tube containing digestion solution (5 mg/ml 

Collagenase D in HBSS with Ca2+). The tissue was then incubated in a shaking incubator 

(250 rpm) at 37oC for 17 min and was then passed through a 100 µm filter and flushed with 

40 ml GBSS. Cells were centrifuged at 50xg for 2 min to remove hepatocytes. The 

supernatant was collected and transferred into another 50 ml Falcon tube and centrifuged 

at 800xg for 10 min. A Percoll gradient was prepared by layering the 20 ml 25% Percoll 

on top of the 15 ml 50% Percoll solution, the latter was stained with 200 µl Phenol Red to 

make it easier to detect the interphase. Following centrifugation, cells were resuspended in 

10 ml PBS and were slowly pipetted onto the Percoll gradient and then centrifuged at 

1200xg (acceleration = 7 and deceleration = 0) for 30 min. The interphase was collected 

with a 1000 µl pipette tip, washed with 30 ml PBS, and centrifuged at 800xg for 10  min 

at 4oC. This process was repeated twice before cells were finally resuspended in 200 µl 

PBS.  

4.6.6. Isolation of immune cells from Spleen 

 

Spleens were mashed using the back of a syringe and passed through a 100 µm cell strainer 

to obtain single-cell suspensions. RBC lysis was performed for 5 min to remove the 

remaining erythrocytes. RBC lysis buffer (BioLegend) was diluted 1:10 in VE water. Cells 

were washed with PBS and centrifuged at 400xg for 5 min at 4oC, before being finally 

resuspended in 200 µl PBS.  

4.7.  FACS staining 
 

Cells were stained in 96-well V-bottom plates with 50 ul of diluted antibodies (see FACS 

panel for each organ) and Fc block that had been diluted in PBS (1:100) for 30 minutes in 

the dark at 4oC. For panels where anti-CD64 was included, the cells were first stained with 
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anti-CD64 for 30 min without Fc block prior to staining with the rest of the antibodies. 

Cells were then kept at 4oC until measurement.  

4.7.1. LIVE/DEAD® Fixable Dead Cell Staining 

 

The LIVE/DEAD® fixable dead cell stain kit was used to discriminate between living 

and dead cells. Cells were incubated in 100 or 200 μl PBS containing the fixable dye at a 

dilution of 1:1000 for 30 min on ice. The staining was typically performed in 

combination with the surface antibody staining. Afterwards, cells were washed with 300 

to 500 μl PBS (1400 rpm, 5 min) and were then further processed. 

 

4.7.2.  Fixation of cells for flow cytometric analysis or intracellular staining 

 

After surface staining and optional LIVE/DEAD® staining, cells were fixed with 2% PFA 

for 20 min at room temperature. Afterwards, cells were washed with 300 to 500 μl PBS 

(1400 rpm, 5min) and resuspended in 300 μl MACS buffer. The intracellular staining was 

conducted with Foxp3/transcription Factor Staining Buffer Set according to the protocol 

provided by the manufacturer (Thermo Scientific).  

 

4.8.  Western Blot 
 

For Western blot analysis of BMDC, total protein was extracted using 200 μl of RIPA 

buffer. Cell lysates were resuspended in beta-mercaptoethanol-containing SDS-PAGE 

sample buffer prior to loading. Proteins were then separated by SDS-polyacrylamide gel 

electrophoresis (PAGE), transferred to a nitrocellulose membrane (unless otherwise 

specified) by means of semi-dry Western blot. Membranes were blocked by 5% milk in 

TBST for 1 hour at RT and then incubated with primary antibody diluted with 2.5% milk 

in TBST O/N at 4oC. After that, membranes were treated with secondary antibodies diluted 

with 2.5% milk in TBST (LiCor IRDye 800CW and 680RD) for 2 hours at RT to allow 

two-color detection. The fluorescence signal was then detected by an Odyssey® Imaging 

System (LiCor).  

4.9. Real Time Quantitative PCR (qPCR) 
 

4.9.1. RNA isolation 

 

To isolate whole RNA from SI, colon or any other tissues, tissue samples were explanted, 

cleaned from intestinal content or fat and transferred into glass bead tubes. These tubes 
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were snap frozen in liquid nitrogen and subsequently stored at -80°C until further usage. 

600 μl of QIAzol Lysis Reagent were added to the tissue samples immediately before 

thawing. Tissue lysis and homogenization were performed with the Precellys®24 

homogenizer at 6000 rpm (3x20 seconds). RNA was isolated using the Zymo Research 

Direct-zol MiniPrepkit according to the manufacturer’s instructions. RNA was eluted with 

30 μl of DNase/RNase-free water and the RNA concentration was determined using a 

NanoDrop1000 photospectrometer. The RNA was stored at -80°C for further procedures. 

4.9.2. cDNA synthesis 

 

Isolated whole RNA was transcribed into complementary DNA (cDNA) by the enzyme 

reverse transcriptase. The employment of Oligo(dT) primers ensures the reverse 

transcription of messenger RNA (mRNA), which is protected against degradation by 

exonucleases by modification with a 3’ poly(A) tail. For all experiments between 0.5 and 

1μg of RNA was used for the reverse transcription. The RNA was diluted to the desired 

concentration in DNase/RNase free water. A maximum volume of 10 μl RNA was used. 

RNA was mixed with 3μl Oligo(dT) primer, which hybridizes to the poly(A) tail of mRNA. 

The mixture was incubated for 10 min at 70°C to unfold and denature the RNA and allow 

the primers to anneal to the RNA. Afterwards the samples were cooled down on ice. Then, 

a master mix consisting of other reagents needed (Table 3.11) was added and the cDNA 

reaction mix was incubated for 1 hour at 40°C. A final 5-min incubation at 95°C inactivated 

the reverse transcriptase and stopped the reaction. 

4.9.3. qPCR 

 

A real-time polymerase chain reaction (qPCR) was used to quantify the amount of DNA 

molecules, which has been previously transcribed from mRNA, based the amplification of 

targeted DNA in real-time. After conversion of RNA in cDNA the cDNA was used as a 

template for amplification via PCR. The 2x Absolute qPCR SYBR Green Mix contains all 

components for the quantitative PCR reaction, except primer and template. The mix 

contains appropriate amounts of SYBR Green I dye and Thermo-Start DNA Polymerase. 

SYBR Green preferentially intercalates into newly synthesized double-stranded DNA and 

subsequently emits green light at a wavelength of 520nm. The CFX96 Touch™ Real-Time 

PCR detection system detects the signal that increases with advancing DNA amplification. 

One PCR reaction had a volume of 15 μl and included 7.5μl 2x Absolute qPCR SYBR 

Green Mix, 0.3μl forward primer, 0.3μl reverse primer, 1.9μl water and 5 μl cDNA. The 
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cDNA, synthesized as described in section 4.9.2, was diluted 1:5 with water prior to the 

qPCR reaction. The CFX96 thermocycler program is listed in the table below. 

Table 4.3 qPCR program 

 Incubation Time Temperature 

1x 15 (min) 95oC 

 

44x 

20 (min) 95oC 

40 (min) 60oC 

60 (min) 40oC 

 

Following the amplification, a melting curve analysis of the synthesized double stranded 

DNA fragments was performed to check if the PCR primers used produce one specific PCR 

product or potential unwanted unspecific products or primer dimers. For this purpose, the 

thermo cycler raises the temperature in steps of 0.5°C from 65 to 95°C. The melting 

temperature was determined by a strong reduction of SYBR Green fluorescence signal as 

a consequence of its dissociation from the DNA. 

4.9.4. Comparative Ct Method Quantification 

 

The comparative Ct method of quantification is a relative quantification method based on 

an internal reference gene (e.g. GAPDH) that is used to determine fold-difference 

expression of a target gene. The quality of this method largely depends on the selection of 

a good reference or housekeeping gene that is stably expressed and largely independent of 

any experimental conditions. A housekeeping gene corrects for differences in the quality 

and quantity of the RNA that was initially utilized, which can affect the whole PCR 

process. During the PCR the accumulation of the SYBR Green fluorescence signal was 

measured. A threshold cycle (Ct) was determined at the time point where the amount of 

SYBR green fluorescence exceeds the background fluorescence. Ct values are inversely 

correlated to the amount of nucleic acid within the sample. Ct values of the target gene 

were corrected for the Ct values of the reference gene forming the ΔCt value in treated and 

control samples (ΔCt1=CtTarget treated-CtReference treated, ΔCt2=CtTarget control-CtReference 

control). In a second step control Ct values were subtracted from the Ct values of treated 

samples (ΔΔCt=ΔCt1-ΔCt2). Normalized target gene expression as fold change of treated 

over control samples was finally determined by the formula 2-ΔΔCt. 
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4.10. Luciferase assay 

 

For reporter gene analyses, 300,000 HepG2-DRE cells/well were seeded in 12-well plates, 

treated with various ligands, and cultured for 16 hours. Then, cell lysates were prepared 

and luciferase activitiy was determined using the luciferase assay system (Promega, 

Mannheim, Germany) in a Luminometer (Berthold, Germany). Luciferase activities were 

not normalized against protein concentration.  

4.11. FAT scoring for WATg fibrosis  

 

The FAT score was determined for WATg sections as shown in the publication of Bel 

Lassen et al. (Bel Lassen et al., 2017). On a histological level, fibrosis is characterized by 

pericellular and/or perilobular collagen deposition (PCF and PLF), lobular inflammation, 

and ballooning of adipocytes, the latter being the driving force of fibrosis. The severity of 

PCF and PLF was scored with ratings ranging from 0 (mild) to 2 (severe). At level 0, the 

fibrosis is mild; no or limited PCF/PLF observed, for PLF the fibrosis thickness is similar 

to the diameter of less than 1 adipocytes. For level 1, moderate PCF/PLF is observed, for 

PLF the fibrosis thickness is similar to the diameter of 1 adipocyte. In level 2, severe 

PCF/PLF is observed, for PLF the fibrosis thickness is similar to the diameters of 2 

adipocytes, whereas for PCF adipocytes trapping is also apparent. The PCF and PLF scores 

are then combined to determine the final FAT score, which ranges from 0 to 3. A FAT 

score of 0 means neither PCF nor PLF is observed. FAT 1 means moderate PCF and/or 

PLF is observed. FAT 2 means either severe PCF or PLF is observed. FAT 3 means both 

severe PCF and PLF are present.  

 

4.12. Statistical analysis 
 

Statistical analysis was performed using the unpaired Students t-test, if just two 

independent groups or two conditions for one experimental group were compared. For the 

determination of statistical difference between three or more independent experimental 

groups, the one-way ANOVA was used. The two-way ANOVA was used when analyzing 

the mean differences between groups that have been split on two independent variables. 

All data are presented as mean plus standard error of the mean (SEM) if not stated 

otherwise in the figure legend. Significance was defined by reaching certain p-values in 

the statistical tests (* p<0.05, ** p<0.01, *** p<0.001). All statistical analysis was 

conducted with the software GraphPad Prism. 
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5. Results 
 

5.1.     Validation of AhRR-V5 protein expression in mice 
 

The initial goal of my PhD work was to elucidate the protein-protein interaction between 

AhRR and its binding partners in myeloid cells, as the AhRR may carry out other functions 

apart from being an AhR repressor. For this purpose, a ChIP-seq experiment would be useful, 

as it could help not only to identify the DNA binding sites of the AhRR under physiological 

conditions in an unbiased manner, but also shed light on the AhRR function in general. Before 

a ChIP-seq could be performed, AhRR expression on the protein level needed to be proven. 

For this, BMDC were treated with 3MC, as a previous study using AhRR/EGFP reporter mice 

showed that BMDC from AhRRE/+ mice showed 15 times higher AhRR/EGFP expression in 

lymph-node-derived DC following a 16-hour 3MC treatment compared to control cells 

(Brandstaetter et al., 2016).  

As no suitable antibodies to detect AhRR expression are commercially available, our group 

generated AhRR-V5 tagged mice using the CRISPR/Cas technology (P. Hatzfeld, I. Förster 

and H. Weighardt, unpublished). The targeting strategy used for epitope tagging is shown in 

Fig. 5.1 A. A V5-epitope tag was inserted into the C-terminus of the AhRR protein. This 

epitope tag was chosen because high affinity antibodies against it are commercially available. 

Besides, it has been reported that it can be used for ChIP-seq experiments in murine models 

(Burg et al.,2016). To generate the V5-tagged AhRR mice, ribonucleoprotein complexes of 

Cas9 and sgRNAs together with a DNA oligo containing the V5-tag sequence flanked by 

homology arms were electroporated in fertilized oocytes of C57B6J/RCC mice. Correct 

insertion of the DNA oligo encoding the epitope tag was verified by sequencing. The resulting 

mice were viable and fertile. A representative genotyping result of this mouse line is shown 

in Fig. 5.1 B. 
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Fig. 5.1 AhRR expression in BMDC is not detectable by Western blot. A) Schematic representation of the 

strategy used to generate epitope tagged mice. The black arrow indicates where the AhRR-V5 primers 

hybridize for genotyping B) Genotyping of two WT and AhRR-V5 mice and controls showed a 512 bp 

fragment for AhRR-V5 and 470 bp Fragment for the WT allele. C) A representative Western blot result of 

BMDC from WT and AHRR-V5 expressing mice, which were treated either with 0.1% DMSO (ctrl) or 10μM 

3MC for 20 hours, is shown. Lysates from HEK293T cells transfected with an AhRR-V5 construct (V5-OE) 

was used as positive control. The AhRR-V5 band is detected at 76 kDA and GAPDH is at 37 kDA. D) Western 
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blot from whole lysates of BMDC from WT and AhRR-V5 mice. WT and AhRR-V5 samples were treated 

either only with 3-MC for 12 hours or additionally with MG132 in the last 4- or 6-hour. E) Immunoprecipitation 

(IP) of AhRR-V5 in HEK293T cells overexpressing AhRR-V5. The input sample is the precleared protein 

lysate before the IP process. The lysate control was taken from the antibody/coupled lysate and should represent 

proteins that were not bound to the beads. The eluate sample is antibody-coupled protein that has been released 

from the beads. F) IP of AhRR-V5 in HEK293T cells overexpressing AhRR-V5, bladder, mLN, and 20-hour 

3MC-treated BMDC from AhRR_V5 mice. All blotting steps were performed on nitrocellulose membrane 

except for D, which was done on a PVDF membrane.  

 

For the analysis of AhRR-V5 protein expression, BMDCs from both WT and AhRR-V5-

expressing mice were harvested (±5x106 cells) and Western blot analyses were conducted 

to determine AhRR-V5 protein expression following a 20-hour treatment with 3MC (a 

representative image is shown in Fig. 5.1 C). A specific AhRR-V5 signal should be detected 

at 75 kDA in the 800nm (green) channel, whereas GAPDH as a loading control was detected 

at 37 kDA in the 360nm (red) channel. Whole-cell lysates from BMDCs were used and the 

protein concentration was neither measured nor adjusted, as the goal of the experiment was 

to see if the AhRR in BMDC was expressed at all. The positive control for the experiment 

was generated by transfecting HEK293T cells with an expression plasmid coding for AhRR-

V5, resulting in cells that overexpressed AhRR-V5. So far, only the positive control yielded 

a specific AhRR-V5 signal at 75kDA, whereas there were unspecific signals at 73-74 kDA 

in all BMDC samples (both WT and AhRR-V5). However, in the positive control there were 

also unspecific bands at around 50 and 20 kDA, which could have been caused by AhRR 

degradation. Nevertheless, GAPDH expression could be detected in all samples, which 

indicated that the blotting process per se had been successful. However, the concentration 

of AhRR protein in primary cells from AhRR-V5 mice appeared to be too low to be detected 

by means of Western blot. There are multiple factors that could have led to this result, such 

as a low expression level per se, high protein turnover rate or insufficient amount of BMDC 

used for the Western blot. Also, an increased expression of UbCM4 (the mouse ortholog of 

E2 ligase UbcH7) caused by TCDD-mediated-AhR-activation, can lead to an overall 

increase of proteasomal degradation of proteins (Mejía-García et al., 2015). However, it is 

not proven if 3MC-mediated activation can also elicit such an effect. 

To analyze if proteasomal degradation caused a reduced nuclear translocation of AhR, hence 

also reduced expression of AhRR, or reduced expression of AhRR itself, another experiment 

was conducted, in which a proteasome inhibitor, MG132 was used. BMDC cultures were 

either treated only with 3MC for 16 hours without MG132 or were first treated with 3MC 

for 10 or 12 hours, and then co-treated with MG132 for 6 or 4 hours. MG132 is a peptide 
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aldehyde that covalently binds to the beta-subunits of the 20S proteasome, which leads to an 

overall inhibition of the proteolytic activity of the 26S proteasome complex (Guo & Peng, 

2013). In this experiment, a PVDF membrane instead of a nitrocellulose one was used (Fig. 

5.1 D), as it is postulated to have a greater binding capacity for proteins. Thus, it is 

considered more suitable to detect low abundant proteins. The 3MC stimulation time was 

reduced in this experiment to 16 hours to see if the AhRR protein expression would be better 

visible at this  time point compared to the 20-hour time point that was used in the previous 

experiment. The reason was because on mRNA level the expression of Ahrr post 3MC 

stimulation peaked at around the 12-hour time point before it dropped at the 24-hour time 

point, as shown in the next chapter (Fig. 5.5). In this experiment, also complete lysates of 

BMDCs were used. However, the modifications of the timing of the experiments still did 

not give better results, as a high background fluorescence was detected. Nevertheless, similar 

to the previous experiment, only the positive control showed a specific band, indicating that 

MG132 at this dose and time point could not increase AhRR protein expression. Moreover, 

the GAPDH bands at 37 kDA were still visible, although they appeared really faint, so the 

possibility of AhRR degradation can still not be excluded.  

Since the AhRR protein level is probably too low to be detected by Western blot alone, we 

tried to enrich it by means of immunoprecipitation (IP) (performed by Philip Hatzfeld), in 

which the AhRR-V5 protein was ‘pulled’ by anti-V5-protein A/G complexes and V5-

antibody was also used to detect the expression of V5-tagged-AhRR. In order to determine 

if the IP protocol worked properly, we precipitated the AhRR-V5 protein from the positive 

control (Fig. 5.1 E), which was generated by transfecting HEK293T cells with an expression 

plasmid coding for AhRR-V5 similar to the one used for the previous Western blot 

experiments. The eluate yielded a clear band at 75kDA, signifying that the AhRR-V5 protein 

was successfully precipitated. Once it was determined that the IP protocol worked, multiple 

IP experiments were performed to compare the expression of AhRR in several organs, e.g 

bladder, mLN, and 20-hour-3MC-treated BMDC with AhRR-V5-overexpressing HEK293T 

cells used before. Whole protein lysates from bladder and mLN were used, as AhRR is 

moderately expressed on mRNA level in these two organs (Tsutchiya et al., 2013; 

Brandstaetter et al., 2016). BMDCs were cultured in ten 10 cm petri dishes (±50 x 106 cells) 

for this experiment and their protein content was then concentrated using a membrane with 

a 50k molecular weight cut-off. Here, the amount of BMDC was 10x higher than the 

previous Western blot experiment. The purpose of using a higher BMDC amount was to see 

if increasing the amount of cells helped to circumvent the low expression level of the AhRR. 
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The IP experiments also worked in principle, as a clearly visible band at 75 kDA could be 

detected both in the input and eluate of the V5-overexpressing sample used as positive 

control (a representative blot is shown in Fig. 5.1 F). However, again no AhRR-V5 signal 

could be detected neither in the organ samples, nor in the BMDC samples as there was no 

clearly visible band seen at 75kDA, both in the input and the eluate sample. This means that 

after 20 hours of 3MC stimulation, the AhRR protein level in 20x106 BMDC is still lower 

than the detection threshold of the IP followed by Western blot. Also, no AhRR-V5 protein 

could be detected in the input sample of bladder and MLN tissue. Therefore, it might be 

possible that the AhRR is expressed at extremely low levels in vivo or was already degraded 

either on mRNA or protein level before the IP was carried out.  
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Fig. 5.2 The peak of Ttp expression coincides with the peak of Ahrr expression. qPCR results of BMDC that 

were treated with 10 µM 3MC. Data was normalized to 0.1% DMSO-treated control. The qPCR results show 

the gene expression of Ahr, Ahrr, and Tristetraprolin (TTP) as fold change (2-∆∆Ct). Error bars represent mean ± 

SEM. n=2. 
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Fig. 5.3 The mRNA decay rates of Ahr and its target genes. HepG2 cells were treated with actinomycin D 

only or co-treated with 3MC and Actinomycin D for 4 hours. Then, the expression of Ahr and its target genes 

were analyzed by qPCR. Data was normalized to the expression of reference gene and samples treated with the 

respective treatments for 0 hour. The qRT-PCR results show the gene expression of Ahr, Ahrr, and Cyp1a1 as 

fold change (2-∆∆Ct). Error bars represent mean ± SEM. 

 

Another reason for the low expression of AhRR-V5 in vivo could be that the Ahrr expression 

might be regulated on a post-transcriptional level. A study by Lee et al. (Lee et al., 2013) 
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showed that tristetraprolin (TTP) binds to 3’ AU-rich elements (ARE) at the 3-prime terminus 

of the Ahrr mRNA and leads to destabilization and thereby reduction of the Ahrr transcripts. 

In addition, FICZ administration in mice during DSS colitis led to upregulation of TTP (Wang 

et al., 2017). Thus, a time kinetics experiment was conducted in BMDC in order to analyze 

Ttp expression after stimulation with 3MC. The result showed that 3MC treatment did not 

significantly alter Ahr expression over the 48-hour time course (Fig. 5.2 A), whereas Ahrr 

expression started to increase at 6 hours and peaked 8 hours after stimulation before it dropped 

at the 12-hour time point (Fig. 5.2 B). This increase in Ahrr was preceded by an increase in 

Ttp mRNA that peaked 6-hour after stimulation (Fig. 5.2 C). The earlier increase of Ttp 

mRNA and therefore protein might account for the decrease in Ahrr expression after the 8-

hour time point, as a previous study showed that mRNA decay could be caused by the binding 

of TTP to the AU-rich element (ARE), which occurs post-transcriptionally. It is also important 

to mention that Ahrr mRNA contains two AREs in its 3’UTR (Lee et al., 2013). Hence, the 

very low AhRR expression on protein level might have been caused by a degradation of Ahrr 

mRNA. Subsequently, an mRNA decay experiment has also been conducted on HepG2 cells, 

by treating the cells either with 10 mg/ml Actinomycin D (ActD) only or with a 3MC and 

ActD combination for 4 hours (Fig. 5.3). ActD is a DNA intercalator that inhibits transcription 

elongation by all three polymerases (I, II,III) (Nguyen et al., 1996). The result showed that in 

ActD-treated cells the half-lives of Ahrr and Ahr mRNA were comparable, around 1,2-1,3 

hours, whereas the half-life of Cyp1a1 was a bit longer (1,7 hours). As 3MC and ActD co-

treatment did not induce a linear mRNA decay for Ahr and Ahrr, the half-lives of both genes 

could not be calculated. For Cyp1a1, the co-treatment resulted in a slightly shorter mRNA 

half-life than the ActD treatment alone.  

All in all, our attempts to detect AhRR-V5 protein expression in BMDCs by Western blot and 

IP/Western blot failed despite multiple attempts to find the optimal 3MC stimulation time, 

harvesting time point, MG132 administration, and the use of different blotting membranes. It 

seemed that the AhRR expression was very low in vivo. Hence, we concluded that it would 

not be reasonable to continue with the ChIP-seq experiment, since this procedure requires ca. 

106-107 cells and it involves more modification steps (e.g. cross-linking, fragmentation, 

freezing) that may reduce the availability of AhRR protein even more. 
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5.2. Determination of the optimal concentration and activation time point of 

different AhR ligands 
 

Since the regulation of AhR gene induction is complex, the net outcome depends on many 

factors, e.g. the nature of the ligand, duration of AhR activation, physiological condition of 

the cells, the cell type activated and which target genes get up or downregulated. For instance, 

TCDD and DIM are both AhR agonists but the elicited effects from both ligands are different; 

TCDD is highly toxic and can lead to liver toxicity and other deleterious effects, e.g. an 

impaired immune response (Kerkvliet et al., 1990), and DIM can suppress carcinogenesis 

(Lubet et al., 2011). One reason that accounts for the TCDD-mediated toxicity is that it cannot 

be metabolized by the CYP1A1, CYP1A2, and CYP1B1 enzymes, which metabolize the 

majority of AhR ligands, leading to a constitutive activation of AhR (Navrátilová et al., 2017). 

These three CYP enzymes are encoded by target genes of the AhR. Among other target genes 

generated following ligand mediated AhR activation, Ahrr and Tiparp encode two proteins 

that act as repressors of AhR. However, the mechanism used by these two repressors differs, 

as AhRR acts as direct negative feedback regulator, whereas TiPARP regulates AhR activity 

by ADP-ribosylation (MacPherson et al., 2014). Hence, the outcome of AhR signaling is hard 

to predict. To get more insight into AhR signaling, we collaborated with the group of Prof. 

Jan Hassenauer, LIMES Institute, to perform mathematical modelling of the AhR signaling 

pathway. This model consists of parameters, which are Michaelis-Menten-derived reactions 

describing the dynamics of each protein and metabolite in the system. The reactants in the 

aforementioned reactions are called species. The data was formatted in PEtab format that 

enables the specification of parameter estimation problems (Schmiester et al., 2021) and the 

model simulation was performed using AMICI (Fröhlich et al., 2021). The growth of every 

species over time is described by a set of ordinary differential equations (ODEs), which consist 

of the rate laws and stoichiometry matrices of the reactions. To fit the model, experimental 

data were needed to estimate the parameters of the ODEs to minimize the negative log-

likelihood function (Schmiester et al., 2020). Therefore, we performed experiments which 

show dose and time kinetics of Ahr activation and expression of its target genes, e.g., Ahrr, 

Cyp1a1, and Tiparp on mRNA level. Here, we used HepG2 cells to analyze this.  
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Fig. 5.4 3MC is the most potent stimulus to induce the expression of most AhR target genes. The expression 

of AhR target genes and transcriptional activation of Ahr in HepG2 and HepG2-DRE cells were measured by 

(A-E) qPCR and F) Luciferase assay after stimulating the cells with different concentrations of AhR ligands for 

16 hours. For the qPCR experiment, the fold change was calculated by 2-∆∆CT and for the luciferase experiment 

the fold induction was calculated by normalizing the Relative Light Units of the firefly signal induced by the 

3MC-treated samples to the DMSO-treated controls. In E) *, p < 0.05, between FICZ and ICZ. In F) **** p < 

0.0001 between 3MC and the other three ligands, at the same concentration. Results are shown as mean ± 

standard error of the mean (SEM) and significance was analyzed by two-way ANOVA corrected for multiple 

comparisons by the Bonferroni’s test * p<0,5, ** p<0,01, *** p<0,001. N = 3.  

The HepG2 cell line was used because it is a hepatoma-derived cell line that expresses AhR 

target genes, particularly Cyp1a1. Second, a cell line can be passaged indefinitely, making it 

more easy to use for kinetics experiments. It is also important to mention that since HepG2 is 

a human cell line, it expresses two variants of Ahrr, the full length Ahrr715 and the spliced 

AhrrΔ8 that lacks exon 8 of the full-length variant. The latter is the predominantly active 

AhRR variant in human cells (Karchner et al., 2009). In addition, I also used a HepG2-DRE 

cell line, which stably expresses a luciferase gene under the control of 5 DRE regions of the 

murine Cyp1a1 promoter (a gift from Thomas Haarmann Stemmann, IUF Düsseldorf). Using 

this stably transfected cell line, Cyp1a1 promoter activity can be compared to the induction of 

Cyp1a1 transcripts, which can be measured by qPCR after treatments with various ligands. 

 

For the concentration kinetics, the optimal concentrations of the four AhR ligands that have 

been routinely used in our lab had to be determined. They were 3-methylcholanthrene (3MC), 

6-formylindolo[3,2-b]carbazole (FICZ), indolo [3,2-b] carbazole (ICZ), and 3,3-

diidolylmethane (DIM). The optimal concentration was defined as a concentration, at which 

the expression level of all target genes in the cells treated with all ligands were clearly higher 

than after control treatment with DMSO. The 16- hour time point was chosen, as previous 
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experiments in our lab had shown that target genes of AhR were highly expressed at this time 

point in this cell line, but it was still not known if this was the most optimal time point. Thus, 

three independent qPCR and luciferase assays were conducted (Fig. 5.4). At first glance, the 

variation in between experiments is quite large. Interestingly, the four ligands chosen showed 

different potencies, as the expression of the AhR and its target genes peaked at different 

concentrations and at different magnitude, depending on which ligands were used.  

 

Overall, 3MC was the most potent ligand, followed by FICZ, ICZ, and DIM, although there 

were some differences in potency across the four target genes. Most of the ligands also reached 

their optimum concentration at 1 µM, hence the concentration curves were mostly bell-

shaped, except for Tiparp expression. For AhRR expression, 3MC was the most potent ligand 

(Fig. 5.4 A), as it could induce Ahrr expression 22 times higher as compared to control at 

1 µM, followed by DIM, which could induce Ahrr 18-fold at the same concentration (Fig. 5.4 

A). Meanwhile, for induction of AhrrΔ8 expression, FICZ and ICZ were the most potent 

ligands, with a similar potency (Fig. 5.4 B); FICZ was the most potent inductor for AhrrΔ8, 

as it could upregulate it 23-fold at a concentration of 1 μM. In addition, ICZ-treated cells also 

expressed AhrrΔ8 at a similar level (20fold) but at a higher concentration (10 μM). Expression 

of AhrrΔ8 peaked after stimulation with 3MC at a concentration of 1 μM, but the magnitude 

of induction was almost 50% lower (14-fold) compared to the FICZ-treated group. Unlike in 

the case of Ahrr, where DIM could induce Ahrr expression up to 22-fold already at 1 μM (Fig. 

5.4 A). AhrrΔ8 was induced by DIM ~15-fold at 100 μM and the induction declined from 

10 μM to 1 nM (Fig. 5.4 B). In terms of Ahr expression, DIM was the most potent stimulus, 

as it could induce Ahr expression 22-fold at only 10 nM, followed by 3MC, which could 

induce Ahr expression to 18-fold at 100 nM (Fig. 5.4 C). Furthermore, DIM also induced 

Tiparp expression by a factor of 7 at 1 μM and increasing DIM concentration to 100 μM only 

increased the expression of Tiparp expression to around 8 times (Fig. 5.4 D). Meanwhile, 

3MC increased Tiparp expression 3.5-fold starting at 100 nM and further increased its 

expression to around 7.5-fold at 100 μM. Here, the concentration of 3MC was 10x higher than 

the concentration needed to induce Ahrr and AhrrΔ8 to their peak expression. Furthermore, 

for Cyp1a1, 3MC, ICZ and FICZ induced Cyp1a1 to a comparable level (25-30-fold) (Fig. 

5.4 E). For Cyp1a1, FICZ and ICZ were the most potent stimuli, as they both induced Cyp1a1 

expression to a comparable level, but FICZ could induce it at a lower concentration; Cyp1a1 

was induced by FICZ at 1 μM to 30-fold, whereas 3MC and ICZ induced it to 28-fold at 

10 μM and 24-fold at 100 μM, respectively. The results also showed that Cyp1a1 induction 
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by DIM was the lowest among the four stimuli, and stimulation of the cells with 1-100 μM of 

DIM resulted in a similar level of Cyp1a1 expression (8-10-fold), but concentrations smaller 

than 1 μM failed to induce Cyp1a1 expression.  

 

HepG2-DRE cells were used to determine the Cyp1a1promoter activity (Fig. 5.4 F). Here, 

except for FICZ-treated cells, the promoter activity of Cyp1a1 was directly proportional to the 

ligands’ concentration. The cells that were treated with 100 μM 3MC had a significantly 

higher induction of Cyp1a1 promotor activity (up to 60-fold), followed by ICZ (23-fold) at 

the same concentration. Promotor activity was rather low in FICZ and DIM treated cells, 

whereas 3MC induced Cyp1a1 slightly more at a concentration of 10 μM compared to 100 

μM. In DIM-treated cells, Cyp1a1 promoter activity was only minimally induced to 2.5 and 4 

times at 100 μM and 10 μM, respectively, and no induction was observed at concentrations of 

1 μM or lower. Interestingly both, promotor activity and Cyp1a1 mRNA levels, were induced 

by 100 µM FICZ to a lower level compared to 10 μM. Similarly, the expression levels of Ahrr, 

AhrrΔ8, and Ahr were low (< 10-fold) when treated with the four ligands at a concentration 

of 100 μM.  It is possible that these ligands are toxic for the cells at a high concentration, 

therefore a cell viability assay, such as an MTT assay should be conducted to prove this. In 

conclusion, 3MC at the concentration of 1 μM was chosen as the most appropriate stimulus 

for the next experiment, a time kinetic experiment. In summary, these data show that 3MC 

can elicit the highest expression of all AhR target genes, except AhrrΔ8, whereas DIM was 

the most potent stimulus to induce Ahrr and Ahr.  
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Fig. 5.5 Cyp1a1 expression was highest among all target genes following 3MC stimulation. The expression 

of AhR target genes and transcriptional activation of Ahr in HepG2 and HepG2-DRE cells were measured by 

(A-E) qPCR and F) luciferase assays, respectively. Cells were stimulated with 3MC at a concentration of 1 μM 

and at multiple time points. Results are shown as mean ± standard error of the mean (SEM). For the qPCR 

experiment fold changes were calculated by 2-∆∆CT, whereas for the luciferase experiment the fold induction 

was calculated by normalizing the Relative Light Units (RLU) of the firefly signal induced by the 3MC-treated 

samples to the DMSO-treated controls. n =3 for qPCR and n =2 for luciferase assay.  

After choosing 3MC as the most suitable ligand and determining its optimal concentration 

at 1 µM, three independent time kinetic experiments were conducted. The experimental 

setup for the time kinetic experiment was similar to the one of the concentration kinetics, 

HepG2 and HepG2-DRE cells were used for qPCR and luciferase assay, respectively. This 

time 3MC-treated cells were harvested at 8 different time points (0, 1, 3, 6, 8, 12, 24, and 48 

hours post stimulation). Here, Ahrr expression peaked up to 6-fold after 12-hour stimulation 

(Fig. 5.5 A), but it then returned to its base level at the 24- and 48-hour time points. A similar 

result was observed for AhrrΔ8 expression, which also reached its peak at an 5.5-fold 

induction at the 12-hour time point, whereas it was reduced from 24 hours onwards (Fig. 5.5 

B). In general, the expression level of Ahr did not increase much overtime; its expression 

reached the highest point at the 12-hour time point, where it only increased by 2.5-fold. This 

time point was the same at which Ahrr expression was highest (Fig. 5.5 C). Like Ahr, Tiparp 

expression levels were not highly induced by 3MC throughout the 48-hour time course, its 

expression increased to only around ~2.8-fold at the 24-hour time point (Fig. 5.5 D). This 

showed that the expression dynamics of Tiparp differed from those of Ahrr and AhrrΔ8. The 

expression level of the last AhR target gene analyzed here, Cyp1a1, was induced to 45-fold 

by 3MC at 12 hours, but the highest expression was observed at the 24-hour time point with 
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a 65-fold induction over the control, followed by a decline at the 48-hour time point (Fig. 

5.5 E).  

As for the concentration kinetics experiment described above, a luciferase assay using 

HepG2-DRE was also conducted to analyze the promoter activity of Cyp1a1 over time (Fig. 

5.5 F). In this case, however, a discrepancy between the Cyp1a1 promoter activity and the 

Cyp1a1 expression levels measured by qPCR was obvious, indicating that the two methods 

led to distinct results. In the luciferase assay, the Cyp1a1 promoter activity peaked at the 8-

hour and not at the 24-hour time point as seen for the Cyp1a1 transcripts. Furthermore, when 

comparing this result to the one that was conducted for the concentration kinetics samples 

(Fig. 5.4 F), it is evident that the overall RLU levels were lower. . The highest induction of 

luciferase activity in the previous experiment was around 18 times higher than the control 

after 16 hours of treatment with 1μM 3MC, whereas here the highest induction was around 

8 times higher than control at 8-hour time point. Therefore, it could either be that the 16-

hour time point was optimal for Cyp1a1 promotor activation, but unfortunately it was not 

included in this experiment. Alternatively, the cells used for the time kinetic experiment gave 

overall lower signals and thus the experiment should be interpreted with caution. Therefore, 

the results of the qPCR of the time kinetics experiment, but not the luciferase data have been 

used to fit and optimize the values of the parameters used in the mathematical model to make 

it more reliable, i.e., to have a higher estimation accuracy. The mathematical modelling is 

performed in the group of Prof. Jan Hasenauer at the IRU Mathematics and life science.  

 

5.3. Visualization of AhRR-Expressing Cell Subsets in Different Organs Under  

Steady-State Conditions 

The AhR signaling pathway plays a role in various organs in the body, but AhRR expression 

is the highest in barrier organs in both healthy and diseased states. Therefore, its expression 

appears to be tightly controlled. It was once thought that AhRR solely represses AhR, but 

the literature showed that AhRR can also directly regulate cellular functions, e.g., immune 

responses (Vogel et al., 2017). The cytochrome P450 (CYP) 1a1, CYP1a2, and CYP1b 

metabolize AhR ligands, thus curtailing the duration of AhR activation. In line with this 

notion, mice lacking all three CYP enzymes showed enhanced AhR activation (Nebert et al., 

2004). Here we used mice lacking all AhR-dependent CYP-enzymes, to analyze the 

influence of enhanced AhR-activation on AhRR expression and the composition of immune 

cells in mice. We used naïve Triple CYP-KO AhRR+/+ mice and Triple CYP-KO AhRRE/E 
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mice. The latter was generated from Triple-CYP KO mice (Dragin et al., 2008) which were 

crossed to AhRRE/E mice that express EGFP under the control of the Ahrr promoter/enhancer 

elements and thus are AhRR-deficient. There were two aims of this study; first, to analyze 

if the enhanced ligand availability in the absence of Cyp1a1, Cyp1a2, and Cyp1b1 would 

subsequently enhance AhR activation and therefore AhRR expression. Second, it was tested 

whether the absence of the three CYP enzymes or the additional deficiency of AhRR is 

sufficient to alter the composition of immune and non-immune cell subsets in different 

organs in vivo.  

Peripheral organs of Triple CYP-KO AhRR+/+ and Triple CYP-KO AhRRE/E were 

characterized by immunohistology and FACS analysis and compared to AhRRE/E and WT 

mice. The organs used for this purpose were small intestine, gallbladder, gonadal fat 

(gWAT) stromal vascular fraction, liver, skin, and spleen. The AhRR expression and the 

frequencies of different cell subsets in each organ were examined and will be discussed 

separately in the following sub-sections.  

5.3.1. AhRR expression and analysis of cell subsets in the small intestine  

 

AhRR is expressed in the small intestines’ lamina propria of both Triple CYP-KO AhRRE/E 

and AhRRE/E mice, albeit with a different expression level; AhRR expression is expressed 

in more cell types in Triple CYP-KO AhRRE/E mice compared to AhRRE/E mice. In AhRRE/E 

mice, AhRR is expressed in the lamina propria of the intestinal villi as shown in Fig. 5.6. A, 

whereas in the Triple CYP-KO AhRRE/E mice, AhRR is expressed additionally in the area 

surrounding the crypts and it extends to the muscularis mucosa (Fig. 5.6. B). The identity of 

these additional AhRR-expressing cells found in Triple CYP-KO AhRRE/E mice were yet to 

be elucidated. However, based on their large size and appearance, they look more like 

stromal cells than immune cells. To identify these cells by means of immunofluorescence 

staining stromal cell markers were chosen for counterstaining the EGFP signal to 

differentiate e.g. endothelial cells, fibroblasts or intestinal stem cells. Among the first 

markers that were tested, stainings with a marker for vascular endothelial cells 

(CD31/PECAM) and a marker for lymphatic endothelial cells (LYVE-1) were carried out 

(Fig. 5.6). We could show that both, vascular and lymphatic endothelial cells are among the 

EGFP+ cells. Furthermore, the attempt to elucidate if the AhRR-expressing cells are 

fibroblasts was challenging, as fibroblasts are a highly heterogeneous population of cells. 

There are many combinations of markers that can help identifying fibroblasts, such as CD34, 

PDGFRα, and gp38 (podoplanin). On its own, each of these markers is also expressed on 
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multiple other cell types; CD34 is usually expressed on stem cells, fibroblasts, and telocytes. 

Telocytes are perceived as supporting cells that regulate the activity of tissue-resident stem 

cells. They play a role in shaping the microenvironment of stem cells and contribute to tissue 

renewal and repair (Rosa et al., 2021).  

Also, the marker distribution of the latter cell population is still debatable, as two papers 

showed different definitions of telocytes; McCarthy et al. (McCarthy et al,. 2020) showed 

that telocytes are CD34- PDGFRαhi, but Kondo et al. (Kondo et al., 2019) showed that 

telocytes are CD34+ PDGFRα+ cells. Apart from being expressed by telocytes, PDGFRα is 

also expressed by intestinal fibroblasts (Muhl et al., 2022). It also plays a role in vessel 

formation (Santini et al., 2020) and intestinal epithelial growth during early development 

(Maimets et al., 2022). Lastly, gp38 can be expressed on lymphatic endothelial cells, 

myofibroblasts, and cells of the intestinal lamina propria. To identify the AhRR-expressing 

cells, a CD34/PDGFRα co-staining was used to identify fibroblasts (Fig. 5.6. E), whereas 

the combination of CD34/gp38 was used to identify intestinal stem cells (Fig. 5.6. F). Fig. 

5.6. E shows that AhRR expression mostly overlapped with either PDGFRα+ or CD34+ cells 

but AhRR/EGFP+ cells did not co-express PDGFRα and CD34. These cells are probably 

CD34- telocytes, as they localized at the tip of the villi. Meanwhile, Fig. 5.6. F shows that 

AhRR/EGFP expression also mostly overlapped with gp38 expression, but not with CD34 

expression, indicating that these AhRR/EGFP+ cells could also be fibroblasts or 

myofibroblasts. Further staining with α-SMA and PDGFRβ or other pericytes marker is 

necessary to properly identify myofibroblasts, as they are supposed to be α-SMA+ but 

PDGFRβ-. Besides, cells that co-express gp38 and CD34, but not AhRR could be identified. 

They are localized around the crypt areas, the niche of intestinal stem cells. Hence, it might 

be possible, that these gp38+ CD34+ cells are stem cells, but further staining with Lgr5 should 

be done to conclude this.  

Based on these findings, however, there were still EGFP+ cells that were negative for all of 

these markers, which might be either immune cells (Brandstätter et al., 2016) or other 

stromal cell types. To identify AhRR-expressing immune cells, FACS analysis should be 

carried out, as AhRR is expressed by multiple cell subsets, e.g. intraepithelial lymphocytes 

(IELs) and type 3 innate lymphoid cells (ILC3) among others. It is also important to note 

that the only AhRR/EGFP signal found in the epithelial layer came from IEL and not from 

the epithelial cells themselves (Brandstätter et al., 2016). This is intriguing, as epithelial cells 

as the first layer are highly exposed to AhR ligands in the intestinal lumen, particularly in 
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the proximal SI, and AhR expression is also highest in this area (Ireland et al., 2004; 

Stockinger et al., 2021).   
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Fig. 5.6. Enhanced AhRR/EGFP Expression in the Small Intestine of Triple CYP-KO AhRRE/E mice. 

Expression of AhRR/EGFP in cryosections of the small intestine of A) AHRRE/E and B) Triple CYP-KO 

AhRRE/E under physiological conditions. Images C-F) are taken from the small intestine of Triple CYP-KO 

AhRRE/E mice. C) and D) depict co-localization of AhRR/EGFP with markers of vascular endothelial cells 

(CD31) and lymphatic endothelial cells (LYVE-1). E) depicts co-localization of AhRR with CD34 and PDGFRα, 

whereas F) depicts co-localization of AhRR with CD34 and gp38 (podoplanin). Images A and B are taken at 10x 

magnification, whereas C and D were taken at 20x maginfication. Images A-D were taken with a Keyence 9000 

epifluorescent microscope. E and F were taken at 40x magnification with a Zeiss LSM Airyscan 800 confocal 

microscope. Scale bar = 200 μm. 

 

5.3.2. AhRR expression and analysis of cell subsets in the skin  

 

Similar to the small intestine, AhRR is expressed in the skin of both Triple CYP-KO AhRRE/E 

and AhRRE/E mice. Also here, AhRR/EGFP expression was found in additional cell types in 

Triple CYP-KO AhRRE/E mice compared to AhRRE/E mice. As for the intestine, the identity 

of these cells was further elucidated by means of flow cytometry and immunohistology. Based 

on the histological analysis, AhRR/EGFP expression in the epidermis was not as strong as in 

the dermis. In the dermis, AhRR was expressed mostly in the papillary dermis in AhRRE/E 

mice (Fig. 5.7. A), whereas in Triple CYP-KO AhRRE/E mice, AhRR expression was not only 

stronger in both epidermis and papillary dermis, but even extended to the reticular dermis 

(Fig. 5.7. B). At this point, it was not clear if these EGFP+ cells were primarily immune cells 

or a mixture of immune and stromal cells and/or vascular cells. Further histologic analyses 

with more markers were conducted to determine the identity of the cells. Furthermore, flow 

cytometry analysis was conducted to investigate which immune cell populations express 

AhRR/EGFP. Skin myeloid and lymphocyte subsets were gated based on the strategy depicted 

in Fig. 5.8. For the myeloid subsets, cDC and monocyte-derived cells were gated with separate 

gating strategies. Following the exclusion of debris, dead cells, and doublets, cDC1 and cDC2 

cells were gated by their expression of CD24 and CD11b; cDC1 cells were identified as 

CD24+ CD11b-, whereas cDC2 cells were identified as CD24- CD11b+ Ly6C- CD64- cells. 

Langerhans cells were identified as CD24+ CD11b+ cells (Fig. 5.8 A). Monocyte-derived cells 

were identified as CD24- CD11b+ Ly6Chi/int CD64int/- and the CD64int cells and were further 

divided based on the expression of CCR2 (Fig. 5.8 B). Skin lymphocytes could be divided 

into three main subsets, which were the TCR+ conventional T cells, TCRγδint dermal γδ T 

cells, and TCRγδhi DETC (Fig. 5.8 C). 

 

There were no significant differences between the genotypes in the frequencies of total 

Langerhans, cDC1, monocyte-derived cells (both CCR2+ and CCR2-) (Fig. 5.9 A). In these 

subsets, large variations in the single data sets were observed and this was particularly 
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observed in the frequencies of the CCR2+ and CCR2- monocyte subsets. In contrast, 

significant differences were observed in the proportions of cDC2. The frequency of cDC2 

(Fig. 5.9 A) was significantly higher in Triple CYP AhRRE/E mice compared to WT mice but 

cDC2 were not altered either in AhRRE/E mice nor in Triple CYP AhRR+/+ mice. This suggests 

that the increase in cDC2 frequency occurred only when both, AhRR and Triple CYP enzymes 

were missing and that the absence of either AhRR or the Triple CYP enzymes alone did not 

increase the cDC2 frequencies.  

Fig. 5.7. Enhanced AhRR/EGFP expression in the back skin of Triple CYP-KO AhRRE/E mice on a 

histological level. EGFP-expressing cells mark AhRR expression in the back skin A) of AhRRE/E and B) Triple 

CYP-KO AhRRE/E mice. Exemplary sections were shown. Images were taken at 20x magnification. Scale bar 

= 100μm. 

 

Overall, the histology and FACS analyses were in line, as the latter also showed a higher 

expression of AhRR in the total living cells of Triple CYP-KO AhRRE/E mice compared to 

AhRRE/E mice (Fig. 5.9 B), with approximately 9 times more AhRR/EGFP+ cells per total 

living cells. In the myeloid cell compartment, around 60% of Langerhans cells expressed 

AhRR in Triple CYP AhRRE/E mice, whereas only 42% of them expressed AhRR in AhRRE/E 

mice (Fig. 5.9 C). In the two DC subsets, AhRR was more predominantly expressed by cDC2 

than by the cDC1 subset. Around 60% of cDC2 cells expressed AhRR in Triple CYP AhRRE/E 

mice, whereas only 20% of them expressed it in AhRRE/E mice. In the cDC1 subset, AhRR 

expression was only observed in Triple CYP AhRRE/E mice, but not in AhRRE/E mice; about 

20% of cDC1 expressed AhRR in the Triple CYP AhRRE/E mice (Fig. 5.9 C). Moreover, the 

frequency of AhRR-expressing cells in the total monocyte-derived cells was similar to that of 

the cDC2 subset; around 60% and 18% of monocyte-derived cells expressed AhRR in the 

Triple CYP AhRRE/E and AhRRE/E mice, respectively. Consequently, the frequency of AhRR-

expressing cells in the two monocyte-derived subsets (CCR2+ and CCR2-) was also mirrored 

to the one of the parent populations.  
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Fig. 5.8. Gating strategies for myeloid and lymphocytes subsets in the ear skin. Cells were gated for living 

single CD45
+ cells. A) cDC1 cells were identified as CD24

+
 CD11b-, whereas cDC2 cells were identified as 

CD24- CD11b
+
 Ly6C- CD64- cells. Langerhans cells were identified as CD24

+
 CD11b

+ cells. B) Monocyte-
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derived cells were identified as CD24- CD11b
+
 Ly6Chi/int CD64int/- and the CD64int cells were further divided 

based on the expression of CCR2. C) T cell subsets were divided into TCR
+
 conventional T cells, TCRγδint 

dermal TCRγδ
+ cells, and TCRγδhi DETC.  

 

0

5

10

15

20

% Langerhans cells from CD45+

%
 C

D
2
4
+

 C
D

1
1
b

+

0

5

10

15

%cDC2s from  CD45+

%
C

D
1
1
b

+
 L

y
6
C

- 
C

D
6
4
-

✱

0

10

20

30

40

50

% Monocyte-derived cells from CD45+

%
 M

o
-c

e
ll

s
 f

ro
m

  
C

D
4
5
+

CCR2+ CD64+ CCR2- CD64+

0

5

10

15

20

25

% CCR2+/- CD64+ from CD45+

%
 C

C
R

2
+

/-
 f

ro
m

  
C

D
4
5
+ WT

AhRR EE

Triple CYP AhRR ++

Triple CYP AhRR EE

A

0

1

2

3

4

% cDC1s from  CD45+

%
 C

D
2
4
+

 C
D

1
1
b

-

 

 

0

20

40

60

80

100

% eGFP+ langerhans

%
e
G

F
P

+
 l
a
g

e
rh

a
n

s

✱

0

20

40

60

80

100

% eGFP+ cDC2

%
 e

G
F

P
+

 c
D

C
s

✱✱✱✱

0

20

40

60

80

100

eGFP+ mo-derived-cells

%
e
G

F
P

+
 m

o
-d

e
ri

v
e
d

c
e
ll
s

✱✱✱✱

CCR2+ CCR2-

0

20

40

60

80

100

eGFP+ total CCR2+

%
 e

G
F

P
+

 C
C

R
2
+

✱✱✱✱

✱✱✱✱
AhRR EE

Triple CYP AhRR EE

0

20

40

60

80

% eGFP+ cDC1

%
 e

G
F

P
+

 c
D

C
1

✱

C

 

Fig. 5.9. Elevated cDC2 frequency and AhRR/EGFP expression in all myeloid subsets in the skin of 

Triple CYP AhRRE/E mice.  Skin cells were isolated from the ear skin of 8-week old naïve mice. They were 

stained for Langerhans cells, cDC2, cDC1, total monocyte-derived cells, and CCR2
+

/- CD64
+

 cells and 

analyzed by flow cytometry. A) The frequencies of myeloid cells, B) AhRR/EGFP expression in total living 

cells and C) AhRR/EGFP expression in each of the cell subsets were quantified. Percentages of EGFP
+

 cells 

were calculated from the total cell number of each subset. Results are shown as mean ± SEM and significance 

was analyzed by either one-way ANOVA corrected for multiple comparisons by the Bonferroni’s method 

(frequencies of cell subsets) or simple paired t-test (frequencies of EGFP
+

 cells). * p<0,05, ** p<0,01, **** 

p<0,0001. Data was pooled from three independent experiments (n = 7) of ear skin of Triple CYP AhRRE/E, 

AhRRE/E, Triple CYP AhRR
+/+, and WT mice.  
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Regarding the frequencies of the lymphocytes, CD4+ T cells (Fig. 5.10 A) were significantly 

increased in Triple CYP AhRRE/E mice by ~4% compared to WT mice, while AhRRE/E and Triple 

CYP AhRR+/+ mice showed unaltered frequencies. It is also important to mention that in the skin 

most of the TCR+ cells were CD4+ T cells. AhRRE/E mice, however, had a significantly higher 

frequency (~2% of total CD45+ cells) of dermal TCRγδ cells compared to WT mice. Moreover, 

a slight decrease, instead of an increase was observed in Triple CYP-KO AhRRE/E mice. In 

contrast to the aforementioned cell subsets, epidermal γδ T cells (DETC) were reduced roughly 

from 6% to 2% in Triple CYP AhRRE/E and AhRRE/E mice (Fig. 5.10 A), suggesting that this 

effect was mediated by the deficiency of AhRR and not by the CYP enzymes. Nevertheless, it 

has yet to be elucidated if this is caused by impaired proliferation or impaired seeding of DETC 

precursors in the skin that takes place during day 14-18 of gestation (Havran & Allison, 1990).  

 

In general, AhRR/EGFP expression was more pronounced in myeloid cells than in lymphocytes. 

In the lymphocyte subsets, AhRR/EGFP was barely expressed in CD4+ T- cells in AhRRE/E mice, 

but almost 25% of CD4+ T cells in Triple CYP AhRRE/E mice expressed AhRR (Fig. 5.10 B). 

Compared to conventional CD4+ T cells, the AhRR expression in the two γδ T cells subsets 

(epidermal TCRγδhi DETC and dermal TCRγδint cells) was higher in both AhRRE/E and Triple 

CYP AhRRE/E mice. AhRR was expressed by 17% and 30% of dermal TCRγδ+ cells in AhRRE/E 

and Triple CYP AhRRE/E mice, respectively (Fig. 5.10 B). Interestingly, the frequencies of 

AhRR-expressing DETC in AhRRE/E and Triple CYP AhRRE/E mice were comparable, around 

60% and 65%, respectively.  

 

In line with the FACS data, immunofluorescent staining also showed that most of the AhRR-

expressing cells, both in the epidermis and dermis are CD45+ immune cells (Fig. 5.11 A). In Fig. 

5.11 B it was shown that some of the epidermal immune cells express TCRγδ, thus they were 

DETC. To determine, if the proliferation of DETC is affected by AhRR and/or the deficiency of 

the three AhR-dependent CYP enzymes, cryosections of back skin obtained from 8-week mice 

were co-stained with Ki67 and TCRγδ antibodies. Initially it was planned to quantify the total 

TCRγδ cells and the double positive cells in the epidermis, but only very few Ki67+ TCRγδ+ cells 

(around 0-3 cells/image) could be detected (Fig. 5.11 C). This might be due to the fact that in 

mice older than 4 weeks, the DETC frequency is maintained at ∼5–8% of all epidermal cells 

(Kadow et al., 2011) and these cells might not be proliferative in adult mice. Next, proliferating 

DETC from mice were quantified at post-natal day 2, a time point where DETCs are still actively 

proliferating. Here, epidermal cell suspensions were analyzed by flow cytometry. 
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Fig. 5.10 Ablation of AhRR reduces the frequency of DETC. T cell subsets from 8-week naïve mice and the 

AhRR/EGFP
+

 expression in each subset was analyzed by flow cytometry. The frequencies of A) TCR
+

 T cells, 

dermal TCRγδ, and DETC, as well as B) the AhRR/EGFP
+

 were quantified. Percentages of EGFP
+

 cells were 

calculated from the total of each myeloid subset. Results are shown as mean ± SEM and significance was analyzed 

by either one-way ANOVA corrected for multiple comparisons by the Bonferroni’s method (for the cell subset 

frequencies) or simple paired t-test (for the EGFP
+

 cells frequencies). * p<0,05, ** p<0,01, *** p<0,001. Data was 

pooled from three independent experiments (n = 7).  
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Fig. 5.11 Confirmation of AhRR-expression in DETC of back skin. Exemplary images of immunofluorescence 

stainings of A) anti-CD45, white arrows show co-localization of AhRR and CD45. B) anti-TCRγδ, white arrows 

show co-localization of AhRR and TCRγδ, C) no co-localization between Ki67 and TCRγδ was observed. Image 

A) and C) were taken at 20x and B) was taken at 40x.Scale bar = 100μm. 
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Fig. 5.12 Ablation of the three AhR-dependent CYP enzymes and AhRR reduced the frequency of 

proliferating DETC in mice on post-natal day 2. A) Gating strategy of Ki67
+

 proliferating and Ki67- non-

proliferating Tγδhi DETC in the whole-body-skin of post-natal day 2 mice. B) Frequencies of proliferating, non-

proliferating, and total DETC were determined by flow cytometry. Results are shown as mean ± SEM and 

significance was analyzed by simple paired t-test. C) AhRR/EGFP
+

 expression in the proliferating, non-

proliferating, and total DETC, respectively. * p<0,5*, *** p<0,001. **** P ≤ 0,0001. N= 5. Data was pooled from 

two independent experiments (n = 6).  

Prior to quantifying the proliferating DETC in neonatal mice, a suitable time point needed to be 

determined. According to Kadow et al. (Kadow et al., 2011), the most ideal time point to analyze 

proliferating DETC is at post-natal day 14 (p14), the time point where DETC proliferation peaked 

in WT mice, and proliferation was already declining in AhR-KO mice. However, the hair-growth 

cycle at p14 is at the late anagen, in which the morphogenesis of hair follicles is highly active 

(Lin et al., 2004). This made it difficult to efficiently remove the epidermis from the dermis. 

Therefore, I chose post-natal day 2 (p2) mice instead, since the hair-growth cycle is still at early 

anagen phase, which led to an easy and reproducible isolation of epidermal tissue from the whole 

body (except limbs and tails) of the mice. For this experiment, only WT and Triple CYP AhRRE/E 

mice were used, as the mice from the other two genotypes did not yield progeny in a timely 

manner. FACS analysis was conducted to quantify the proliferating DETC and the gating strategy 

is shown in Fig. 5.12 A. Significantly more proliferating DETC could be detected at p2 compared 

to adult mice. Of note, a lower number of non-proliferating DETC were detected in WT mice 
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compared to Triple CYP AhRRE/E mice (Fig. 5.12 B), although the frequencies of total DETC 

between the two genotypes were comparable. Moreover, the AhRR expression in DETC in Triple 

CYP AhRRE/E mice at p2 was higher than the one in adult 8-week mice (Fig. 5.12 C) since almost 

100% of DETC, both proliferating and non-proliferating, expressed AhRR in p2 mice.  

In conclusion, deficiency of both, the AhRR and the three AhR-dependent CYP enzymes caused 

an increase in the frequencies of cDC2 and CD4+ T cells, but the absence of AhRR alone was 

enough to reduce the frequency of epidermal TCRγδhi DETC. In contrast, for dermal TCRγδint 

cells, the absence of AhRR led to different outcomes; AhRR deficiency alone increased the cell 

frequency but the deficiencies of both AhRR and the three CYP enzymes decreased the cell 

frequency. Moreover, the ablation of both AhRR and the three AhR-dependent CYP enzymes 

significantly reduced the frequency of proliferating DETC in p2 mice.  

5.3.3. AhRR expression and analysis of cell subsets in the liver 

Interestingly, an AhRR/EGFP signal has not been detected in the liver of AhRRE/E mice 

(Brandstätter et al., 2016), despite the high level of AhR expression in this organ (Esser and 

Rannug, 2015). This finding also holds true when cryosections of the liver of AhRRE/E mice were 

analyzed in this thesis (Fig. 5.13 A). Remarkably, AhRR/EGFP expressing cells could be 

detected in Triple CYP AhRRE/E mice (Fig. 5.13 B). In liver, CYP1A1 and CYP1A2 are 

constitutively expressed, but the former is more highly expressed than the latter (Klomp et al., 

2020), whereas the constitutive expression of CYP1B1 is more limited (Falero-Perez et al., 

2018). Hence, the lack of the three AhR-dependent CYP enzymes combined with the lack of the 

AhRR probably increased the ligands bioavailability to a certain level that was sufficient to 

prolong or enhance the activation of AhR thus enabling hepatic AhRR expression. Additional 

histological analysis (Fig. 5.13 B, D, and E) showed, however, that the AhRR was not localized 

in hepatocytes, but rather in the vicinity of the surrounding vessels. Therefore, 

immunofluorescent staining with the markers of blood and lymph vessels, CD31 and LYVE-1, 

respectively, was conducted. Nevertheless, there was only a minimal colocalization between 

AhRR and these two vessel markers (Fig. 5.13 D), since some of the EGFP+ cells overlapped 

with CD31+ cells, but not with LYVE-1+ cells.  

 

To identify the cells that were neither CD31+ nor LYVE1+, liver cryosections were also stained 

with F4/80 and Tim4 antibodies to assess if AhRR/EGFP expression colocalized with 

perivascular macrophages and/or Kupffer cells (KC). Because the AhRR is highly expressed in 

myeloid cells and due to the presence of AhRR/EGFP+ cells surrounding the vessels, these 
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AhRR-expressing cells could be perivascular macrophages. As KC are the most predominant 

myeloid cell type in the liver under physiological conditions, it also could not be excluded that 

the AhRR-expressing cells were KC. Sections were stained with antibodies against F4/80 and 

Tim4. Perivascular macrophages are F4/80+ Tim4-, whereas KC are F4/80+ Tim4+. However, the 

immunostaining showed no overlap of F4/80 and Tim4 staining with AhRR/EGFP, indicating 

that the AhRR-expressing cells were neither KC nor perivascular macrophages. Furthermore, an 

overlapping expression of F4/80 and Tim4 was observed in most of the F4/80+ cells (Fig. 5.13 

D). To elucidate the identity of the EGFP+ cells in liver, we collaborated with Prof. Andreas 

Schlitzer and Dr. David Bejarano, who performed spatial proteomics using the PhenocyclerTM 

system on liver tissues (Bayerl et al., 2023). The results demonstrated that most of the EGFP+ 

signals derived from the CD45- compartment (Fig. 5.13 E). Out of the CD45- subset, the EGFP+ 

cells co-localized with CD73 (ecto-5′-nucleotidase) in both central veins (CV) and portal veins 

(PV) and not with CD31/PECAM, SMA, or EPCAM (Fig. 5.13 F). These EGFP+ cells 

predominantly localized near the central, rather than the portal veins and they are likely to be 

hepatic stellate cells.  

 

For the quantification of hepatic immune cell subsets, flow cytometry analysis was conducted, 

and the gating strategy is shown in Fig. 5.14. FACS analysis of the liver turned out to be 

challenging, due to high autofluorescence signals in several channels, including the live/dead 

channel, which made it hard to strictly exclude the dead cells. This could be attributed either to 

autofluorescence that might arise from erythrocytes or LSEC, or by phagocytosis of the live/dead 

marker by macrophages or to cell death during the processing of the samples. Nevertheless, the 

myeloid subset was first gated as cells lacking CD19 and NK1.1 expression. Then, KC were 

identified as CD11bint F4/80hi Tim4+ cells and cDCs were identified as Ly6lo MHCII+ CD11chi 

cells. The two cDC subsets were distinguished by the expression of either XCR1 (cDC1) or 

CD172a (cDC2). For the lymphocyte subset, T cells were identified as TCR+ NK1.1- cells, 

whereas NKT cells were TCR+ NK1.1+. In Fig. 5.14, it can also be seen that most of the F4/80hi 

cells were also Tim4+, which supported the histology result shown in Fig. 5.13 D. In addition, 

there was a tendency that both Triple CYP-KO AhRR+/+ and Triple CYP-KO AhRRE/E mice had 

less Tim4+ F4/80+ KC than AhRRE/E and WT mice (Fig. 5.15 A). This effect was therefore 

mediated by the absence of the three AhR-dependent CYP enzymes, rather than absence of 

AhRR. Frequencies of both cDC1 and cDC2 subsets appeared to be very low (Fig. 5.15 B) and 

were comparable in WT, Triple CYP-KO AhRR+/+ and Triple CYP-KO AhRRE/E mice.Although 

the frequencies were very low, AhRRE/E mice had the highest cDC2 percentage compared to the 
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other mouse lines analyzed. Here, the difference was significantly higher compared to WT mice. 

For TCR+ T cells, NK-, and NKT cells subsets, there were no differences in their frequencies 

across all genotypes (Fig. 5.15 C).  
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Fig. 5.13 AhRR/EGFP expression in the liver is observed in Triple CYP-KO AhRRE/E but not AhRRE/E 

mice in histological sections. Expression of AhRR/EGFP in. A) AhRRE/E and B) Triple CYP-KO AhRRE/E 

mice. Immunofluorescence staining of liver cryosections counterstained for C) CD31 and LYVE-1, D) Tim4 

and F4/80. E) Percentage of EGFP+ CD45- and CD45+ cells quantified by spatial proteomics. F) EGFP+ cells 

co-localized with CD73 in central veins (CV) and portal veins (PV), but not with CD31, EpCAM, and SMA. 

All Images were taken at 20x magnification and scale bar = 100μm.Images in A-D were taken with Keyence 

BZ-9000 and Images in F were taken with Zeiss Axio Observer. 

 

 

Fig. 5.14 Gating strategies for myeloid and lymphocyte subsets in the liver. Cells were gated for living 

single CD45
+

 cells. T cells were identified as TCR
+

 NK1.1- cells, whereas NKT cells were TCR
+

 NK1.1
+ 

cells. KC were identified as CD11bint F4/80hi Tim4
+

 and cDCs were identified as Ly6lo MHCII
+

 CD11chi. 

The two cDC subsets were distinguished by the expression of XCR1 (cDC1) or CD172a (cDC2).  
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Fig. 5.15 Ablation of AhRR or the three AhR-dependent CYP enzymes did not cause significant 

differences in lymphocyte and myeloid subsets. KC, cDC1 & cDC2, NK, T cells, and NK1 cells were 

isolated from 8-week naïve mice and were analyzed by means of flow cytometry. The frequencies of myeloid 

cells were quantified. Results are shown as mean ± SEM and significance was analyzed by one-way ANOVA 

corrected for multiple comparisons by the Bonferroni’s method. * p<0,5. Data was pooled from three 

independent experiments (N = 7). 

AhRR/EGFP expression was also monitored by flow cytometry and was only detected in 

the Triple CYP-KO AhRRE/E mice and even in these mice, only ~2% of total living cells 

expressed the AhRR (Fig. 5.16 A), which is in line with the histology result shown in Fig. 

5.13 A and B. The results obtained by FACS analysis did not fully correspond to the 

histology results, as CD45-  stromal cells did not express AhRR/EGFP in either Triple 

CYP-KO AhRRE/E or AhRRE/E mice (Fig. 5.16 B). This could be due to a loss of certain 

CD45- cells during organ processing and digestion. Surprisingly, a small fraction of CD45+ 

cells expressed AhRR and these were TCR+ and NK1.1+ cells rather than DC or 

macrophages in Triple CYP-KO AhRRE/E mice (Fig. 5.16 C and D). Based on the 

literature, these TCR+ cells could be conventional T cells or natural killer T cells (NKT 

cells) that express semi-invariant TCRαβ chains and NK1.1 (Hua et al., 2011). Only 2% of 

the TCR+ NK1.1- subset and around 12% of NK1.1+ in the Triple CYP-KO AhRRE/E mice 

expressed AhRR (Fig. 5.16 C and D). Interestingly, even though in the histologic 

evaluation no EGFP expression in AhRRE/E mice could be detected, the FACS analysis 

showed that there were some EGFP+ expressing cells present, as ~1% of TCR+ NK1.1- 

cells and 6% of NK1.1+ NK cells expressed AhRR/EGFP. One reason that may account for 

this discrepancy might be that all five lobes were used for FACS analysis and only one 

liver lobe was analyzed for histology. But also technical reasons may have caused the 
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discrepancy as FACS is a more sensitive method to detect the EGFP signal, or the 

cytoplasmic EGFP signal might have been lost during fixation for histology. 
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Fig. 5.16 AhRR/EGFP is expressed in hepatic immune cell subsets. AhRR/EGFP
+

 cells from A) total 

living cells, B) CD45
- cells, C) T- and D) NK cells were analyzed by flow cytometry. Debris and doublets 

were excluded prior to gating of the hepatic AhRR/EGFP
+

 cells. Results are shown as mean ± SEM and 

significance was analyzed by either one-way ANOVA corrected for multiple comparisons by the 

Bonferroni’s method. * p<0,5, ** p<0,01, *** p<0,001. N= 5 (data was pooled from two experiments).  
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5.3.4. AhRR expression and analysis of cell subsets in the Stromal Vascular Fraction of 

WATg 

 

 

Fig. 5.17 Gating strategies for myeloid and lymphocyte subsets in the SVF of WATg. Cells were gated 

for living single CD45
+

 cells. A) eosinophils were identified as CD11b
+

 SiglecF
+

 Ly6G- cells, macrophages 

were identified as F4/80
+

 CD64
+

 cells and were further divided into 4 subsets: ATM 1a, b, 2, and 3. ATM 

1a and 1b were identified as CD11c
+

 CD206- and CD206
+

, respectively. ATM2 were defined as CD206
+

 

CD11c- cells, whereas ATM3 were defined as CD206- CD11c- cells. cDCs were identified as CD11b
+/- 

F4/80lo CD64
+ MHCII

+
 cells. B) In the lymphocyte subset, conventional T cells were identified as TCRβ

+
 

CD11b-, which could be further divided into CD4
+

 and CD8
+

 cells. Tγδ cells expressed TCRγδ and were 

CD11b-. In the CD11b
+

 fraction, NK cells and NKT cells were identified as TCRβ- NK1.1
+

 and TCRβ
+

 

NK1.1
+

, respectively. 

 

For the analysis of adipose tissue, gonadal white adipose tissue (WATg) was pooled from 

2-3 mice/genotype in each experiment, as the mice were young female mice that did not 

have a large amount of adipose tissue. The SVF was isolated and FACS analysis was 
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conducted. The gating strategies for both, myeloid cells and T cells are shown in Fig. 5.17 

A and B, respectively. Following the exclusion of debris, doublets, and lymphocytes, the 

CD11b+/- cDC subset was gated based on the expression of MHCII and lack of F4/80 as 

well as CD64. Macrophages were identified as CD11b+ SiglecF- Ly6G- F4/80+ CD64- cells, 

whereas eosinophils were identified as CD11b+ SiglecF+. For the lymphocyte subsets, B 

cells were identified as CD19+ MHCII+ cells. Conventional T cells were identified as 

TCR+ cells, which could be further divided into CD4+ and CD8+ T cells, whereas Tγδ 

cells were identified as TCRγδ- cells. Lastly, the NK cells and NKT cells were identified 

by their expression of CD11b, as well as TCR- NK1.1+ and TCR+ NK1.1+, respectively. 

 

The FACS results showed that there were no significant differences in the frequencies of 

eosinophils, macrophages, and CD11b+ DCs across all genotypes, although Triple CYP-

KO AhRRE/E and Triple CYP-KO AhRR+/+ mice had a slightly higher frequencies of cDCs 

compared to WT and AhRRE/E mice (Fig. 5.18 A). More experiments are required to see if 

it is just a mere variation, or an effect mediated by the deficiency of the three AhR-

dependent CYP-enzymes. Furthermore, all of the mice predominantly harboured CD206+ 

CD11c- non-inflammatory adipose-tissue macrophages (ATM2) as shown in Fig. 5.17 A. 

This is in line with the literature, since all mice were fed a normal chow and no high-fat 

diet that can lead to metaflammation and to the accumulation of CD206- ATM 3, as well 

as CD11c+ ATM1a and 1b macrophage subsets (Morris et al., 2015). In terms of 

AhRR/EGFP expression, macrophages, SiglecF+ eosinophils, and CD45-  cells were  

positive in Triple CYP-KO AhRRE/E mice, (Fig. 5.18 B and C), whereas only background 

signals were detected in AhRRE/E, Triple CYP-KO AhRR+/+ and WT mice. AhRR 

expression in macrophages was expected, as Brandstaetter et al. (Brandstaetter et al., 2016) 

showed high expression of the AhRR in macrophages, but it was a new finding to observe 

AhRR/EGFP expression in CD45- cells and eosinophils in WATg. In liver, AhRR-

expression in the CD45- fraction in the liver was barely detected by FACS, and AhRR-

expression was also not detectable in eosinophils in the other organs analyzed here. 

However, AhRR is also expressed in intestinal eosinophils (Diny et al., 2022). Lastly, the 

frequencies of NK-, NKT, conventional- and Tγδ cells (Fig. 5.19 A-C) were highly 

variable between the samples, therefore it is hard to conclude if there was a difference 

between the genotypes. In addition, none of these cell subsets expressed AhRR/EGFP in 

WATg.  
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Fig. 5.18 Enhanced expression of AhRR/EGFP in Triple CYP EE mice did not lead to significant changes 

in the frequencies of myeloid cells in WATg. SVF cells were isolated from the WATg of 8-week naïve mice 

and the frequencies of A) myeloid cell subsets, as well as EGFP
+

 B) eosinophils and ATM 2 macrophages and 

C) CD45
- cells across all genotypes were quantified. Results are shown as mean ± SEM. Data was pooled from 

2-3 mice / experiment. * p<0,5, ** p<0,01, *** p<0,001. N = 3 independent experiments.  
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Fig. 5.19 Neither deficiency of AhRR- nor AhR-dependent CYP enzymes led to significant changes in 

lymphocyte subsets in WATg. SVF cells were isolated from the WATg of 8-week naïve mice. Then, the 

frequencies of A) NK and NKT cells, B) T cells expressing αβ (conventional) and γδ TCR receptor, C) CD4 

and CD8
+

 conventional T cells were quantified. Results are shown as mean ± SEM. N = 3 independent 

experiments.  

5.3.5. AhRR expression and analysis of cell subsets in the gallbladder 

 

Out of all other organs analyzed in this experiment, the gallbladder is the least well-

investigated organ and the function of the three AhR-dependent CYP enzymes, as well as 

AhR or AhRR in gallbladder has not been analyzed well, although all molecules should be 

expressed there, especially in the biliary epithelium (Lakehal et al., 1999, Volz et al., 

2008). Surprisingly, when analyzing the liver sections from Triple CYP-KO AhRRE/E mice, 

AhRR/EGFP expression was found in the extrahepatic bile duct (Fig.5.20 A). Therefore, 

we asked, which cell type might express the AhRR in the bile duct and gallbladder. 

Analysis of gallbladder sections showed that similar to the liver, AhRR/EGFP is only 

expressed in Triple CYP-KO AhRRE/E mice and not in AhRRE/E mice ( Fig.5.20 B). These 

AhRR/EGFP+ cells localized in the subepithelial area in the lamina propria and they were 

found parallel to the mucosal folds. Looking at the morphology of these AhRR/EGFP-

expressing cells, they might be too big for being immune cells and some of them also 

seemed to have processes, making them look like fibroblasts. To confirm this notion, 

gallbladder cryosections were stained with a pan-immune cell marker, CD45 (Fig.5.20 C 

and D), as well as a fibroblast marker, CD90.2 (Fig.5.20 E). From the CD45 staining 

(Fig.5.20 C and D), it is apparent that most of the EGFP+ cells are not CD45+ immune 
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cells, although a smaller proportion of the cells do express CD45 (Fig.5.20 C, white arrow). 

Also, in some of the sections of Triple CYP-KO AhRRE/E mice, there were CD45+ cell 

clusters detectable (Fig.5.20 C, white circle). However, such clusters of immune cells were 

not always found in the cryosections from the other three genotypes, but more sections 

need to be analyzed, as only five sections/genotype were analyzed so far. Due to this low 

number of analyzed sections, it is not yet clear if the deletion of AhRR and/or the three 

CYP enzymes causes the accumulation of immune cells in clusters. In addition, flow 

cytometry analysis would be necessary to quantify the total number of CD45+ cells to 

determine if AhRR- or Triple CYP-deficiency can cause an increase of immune cells in the 

gallbladder. Unfortunately, CD90.2 staining did not seem to work for gallbladder (Fig.5.20 

D), as most of the CD90.2 signals did not colocalize with the DAPI signal and therefore 

are most likely unspecific. Thus, a possible co-localization of the AhRR/EGFP signal with 

CD90.2 could not be assessed. 

 

 

Fig.5.20 AhRR/EGFP is expressed in the gallbladder of Triple CYP AhRRE/E mice. A) AhRR/EGFP 

expression in extrahepatic bile duct in Triple CYP-KO AhRRE/E mice. B) AhRR/EGFP-expressing cells in the 

gallbladder of AhRRE/E and Triple CYP-KO AhRRE/E mice. Immunofluorescence staining of gallbladder 

cryosections with C) anti-CD45 and D) anti- CD90.2. Images A was taken at 20x, B was taken at 10x, and C-E 

were taken at 40x magnification. Scale bar = 100μm. 
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Fig. 5.21 The AhRR/EGFP-expressing cells in the gallbladder are CD34
+

 stromal cells. Cryosections of 

gallbladders from Triple CYP-KO AhRRE/E mice were stained with antibodies against A) CD34 and B) 

PDGFRα. C) A cryosection was stained only with a secondary antibody as a control for the PDGFRα staining. 

Images in (A) were taken at 40x magnification, whereas images (B and C) were taken at 20x magnification. 

These images were taken from two different mice.  

 

According to a paper by Liang et al. (Liang et al., 2021) who published a scRNAseq data 

set of gallbladder cells during gallstone formation, there are four main cell subsets in the 

gallbladder, EpCAM+ epithelial cells, endothelial cells, fibroblasts, and smooth muscle 

cells. They also describe a small subset of macrophages, which might be the AhRR-

expressing CD45+ cells in the cluster seen here (depicted in Fig.5.20 C). The EGFP-

expressing cells localize in the sub-epithelial space, thus, they can either be endothelial 

cells, fibroblasts, or smooth muscle cells. Moreover, based on literature, various stromal 

cells other than fibroblasts or endothelial cells exist in the gallbladder, such as pericytes, 

and telocytes/interstitial cells of Cajal (Diaz-Flores et al., 2020). However, after staining 

and visualizing both blood and lymphatic vessels in the intestine, the volume of these 

AhRR-expressing cells appeared to be bigger than both types of endothelial cells. Besides, 
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the pattern of AhRR expression in the gallbladder did not resemble the localization patterns 

of both blood and lymphatic vessels. They also did not localize adjacent to blood vessels, 

since the blood vessels in gallbladder are localized beneath the mucosal layer (Damor et 

al., 2013). Therefore, these cells might be either fibroblasts or telocytes. In order to 

determine which markers were expressed by telocytes, a literature search was conducted, 

and it showed that telocytes expressed CD34 (Diaz-flores et al, 2020) or co-express both 

CD34 and PDGFRα (Ding et al., 2023). The CD34 staining worked well and it showed that 

the AhRR-expressing cells in the subepithelial space largely colocalize with CD34 

expression, indicating that these cells could be telocytes, but the CD34+ cells in the 

muscularis layer did not express AhRR (Fig. 5.21 A). Thus, it might be that the CD34+ 

cells in the mucosal and muscularis layers are different cell types, and only the cells in the 

subepithelial space express AhRR. Further, PDGFRα expression did not seem to overlap 

with AhRR (Fig. 5.21 B) but the PDGFR signal was largely unspecific, as the section 

stained only with the secondary antibody also showed some signals (Fig. 5.21 C). 

Nevertheless, AhRR expression in the stromal cells of the gallbladder has not been reported 

before and the role of AhRR in the gallbladder should be analyzed in more detail.  

 

5.3.6. AhRR expression and analysis of cell subsets in the spleen 

 

In general, AhRR/EGFP was expressed in the spleen of both Triple CYP-KO AhRRE/E 

mice and AhRRE/E mice, but with a much lower intensity in AhRRE/E mice, as expected 

from the expression analysis of the other organs analyzed here. This was shown by both 

histological (Fig. 5.22 A) and FACS analysis (Fig. 5.22 B). AhRR/EGFP expression in the 

spleen of AhRRE/E mice was barely seen, unlike in Triple CYP-KO AhRRE/E mice, where 

AhRR/EGFP was expressed in vessels and to a lesser extent in cells in either red pulp or 

marginal zone (Fig. 5.22 A). A similar result was also obtained by FACS analysis (Fig. 

5.22 B). AhRR/EGFP expression in AhRRE/E mice was only 0.05% of total living cells, 

while it was around 1% (20x higher) in the Triple CYP-KO AhRRE/E mice. The identity of 

these AhRR/EGFP-expressing cells was further elucidated by flow cytometry and 

immunohistology.   
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Fig. 5.22 Enhanced AhRR expression is observed in the spleen of Triple CYP-KO AhRRE/E mice on 

histological level. A) AhRR/EGFP-expressing cells in spleen cryosections from AhRRE/E and Triple CYP-

KO AhRRE/E mice. Images were taken at 20x magnification. B) FACS analysis of AhRR/EGFP expression 

in all living cells in all genotypes.  
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Fig. 5.23 Gating strategies for myeloid and lymphocyte subsets in spleen. Splenic cells obtained from 8-

week naïve mice were first gated for living single CD45
+

 cells. A) Gating for B cells and myeloid cells. B 

cells were identified as CD19
+

 MHCII
+

 cells. In the myeloid subset, cDCs were identified as MHCII
+

 

CD11c
+

. Macrophages were identified as Ly6C- MHCII
+ F4/80

+
 CD11bint cells, whereas monocytes were 

identified as MHCII- Ly6G- Ly6C
+/-. B) T cell subsets were divided into TCR

+
 conventional T cells, which 

were further divided into CD4
+ and CD8

+
 T cells. The naïve T cells from both subsets expressed CD62L

+
 

in addition to either CD4
+

 or CD8
+

.  
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Splenic myeloid and lymphocyte subsets were gated based on the strategies depicted in 

Fig. 5.23 A and B, respectively. Following the exclusion of debris, doublets, and 

lymphocytes, cDC were gated by their expression of MHCII and CD11c. Macrophages 

were identified as Ly6C- MHCII+ F4/80+ CD11bint cells, whereas monocytes were 

identified as MHCII- Ly6G- Ly6C+/-. B cells were identified as CD19+ MHCII+ cells and 

conventional T cells as TCR+ cells, which could be further divided into CD4+ and CD8+ 

T cells. Naïve T cells from both subsets were detected by the expression of CD62L.  

In terms of frequency, B cells are among the highly represented cells in the spleen as 

expected and no differences in frequencies were observed across all genotypes Fig. 5.24 

A. In the myeloid cell subset, monocytes had the highest frequency, especially the Ly6C- 

monocyte subset with 10-14% of the total CD45+ immune cells, followed by the Ly6C+ 

monocyte subset with ~6%  of CD45+ cells (Fig. 5.24 B). Interestingly, the frequency of 

NK cells was significantly higher in the AhRRE/E, Triple CYP-KO AhRR+/+, and Triple 

CYP-KO AhRRE/E mice compared to WT mice (Fig. 5.24 C). In addition, the frequencies 

of macrophages and total cDCs were quite low (0,5-1%) and no significant differences 

across all genotypes were observed (Fig. 5.24 D and E). Mice deficient in the three AhR-

dependent CYP enzymes showed a tendency to have a higher frequency of macrophages 

compared to the other genotypes analyzed (Fig. 5.24 D), but the variation between the 

samples was rather high. Initially, it was planned to also analyze the MHCII- CD11c- Ly6C+ 

Ly6G+ neutrophils, but neutrophils could not be detected in most samples (data not shown). 

Furthermore, in the T cell subset, there was also no significant difference across all 

genotypes, neither in terms of total T cells nor in the individual CD4+ or CD8+ T-cell subset 

(Fig. 5.25 A-E).  

Only 0.5% of B cells expressed AhRR in Triple CYP-KO AhRRE/E mice, in the other 

genotypes no AhRR/EGFP expression could be detected (Fig. 5.26 A). Also, only 2-3% of 

monocytes and NK cells expressed AhRR (Fig. 5.26 B and C), whereas in macrophages 

only 1% expressed AhRR. Again, AhRR/EGFP expression could only be detected in Triple 

CYP-KO AhRRE/E mice (Fig. 5.26 D). In the cDC subset, ~50% of cDC expressed AhRR 

and they only made up around 0.7% of total CD45+ cells (Fig. 5.26 E). In addition, 

approximately 10% of cDC expressed AhRR/EGFP in AhRRE/E mice. In this mouse line, 

AhRR/EGFP was also expressed by 0.6% of total macrophages. In the T cell subsets, 

AhRR/EGFP expression was also observed mostly in CD4+ T cells rather than in CD8+ T 

cells, as around 2-3% of CD4+ were AhRR/EGFP+, whereas only 0.13% of CD8+ T cells 
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expressed AhRR (Fig. 5.27). Here, AhRR/EGFP expression was mainly restricted to T 

cells of Triple CYP-KO AhRRE/E mice.   
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Fig. 5.24 Deficiency in either AhRR or the three AhR-dependent CYP enzymes can elevate the frequency of 

NK cells. Immune cells were isolated from the ear skin of 8-week naïve mice. The frequencies of distinct cell 

populations of total CD45
+

 cells are depicted. A) CD19
+

 B cells, B) NK1.1
+

 NK cells, C) CD11b
+

 DCs, D) 

CD4
+ T cells, E) CD8

+
 T cells across all genotypes. Results are shown as mean ± SEM and significance was 

analyzed by one-way ANOVA corrected for multiple comparisons by the Bonferroni’s method. * p<0,5, ** 

p<0,01, *** p<0,001. Data was pooled from two experiments. n=5. 
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Fig. 5.25 Deficiency in neither AhRR nor Triple CYP alters the frequency of T cells in the spleen. The 

frequencies of total TCR
+ T cells, as well as CD4

+
 and CD8

+
 T cells were calculated from all CD45

+
 cells. 

Results are shown as mean ± SEM. Data was pooled from two experiments. n=5. 
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Fig. 5.26 . Triple CYP deficiency enhances AhRR/EGFP expression in the splenic myeloid cell subsets in 

Triple CYP AhRRE/E mice. AhRR/EGFP
+

 expression of A) CD19
+

 B cells, B) monocytes C) NK cells D) 

macrophages E) DCs were analyzed and quantified by means of flow cytometry. Results are shown as mean ± 

SEM and significance was analyzed by one-way ANOVA (A,C,D,E) or two-way ANOVA (B) corrected for 

multiple comparisons by the Bonferroni’s method. ** p<0,01, **** p<0,0001. Data was pooled from two 

experiments. n=5.  
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Fig. 5.27 AhRR/EGFP expression in splenic T lymphocyte subsets was detected in Triple CYP 

AhRRE/E but not in AhRRE/E mice. Frequencies of CD4
+

 T cells and CD8
+

 T cells across all genotypes are 

depicted. Results are shown as mean ± SEM and significance was analyzed by one-way ANOVA (A,C,D,E) 

or two-way ANOVA (B) corrected for multiple comparisons by the Bonferroni’s method. * p<0,05, **** 

p<0,0001. Data was pooled from two experiments. n=5. 

 

AhRR/EGFP expression in Triple CYP-KO AhRRE/E mice in a small number of T- and B 

lymphocytes was also observed in histology (Fig. 5.28 A), where a co-localization of the 

AhRR/EGFP signal with some TCR+- or B220+cells was visible. The AhRR/EGFP 

expression was relatively low compared to other organs analyzed, like intestine or skin. 

Nevertheless, the histology result was in line with the FACS result, where only ~2.5% of T 

cells and 0.5% of B cells expressed AhRR (Fig. 5.27). Furthermore, AhRR expression could 

be observed in or near the marginal sinus (Fig. 5.28 B). Since the FACS analysis showed 
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that ~1.2% of splenic macrophages expressed AhRR (Fig. 5.26 D), it was interesting to 

analyze if these AhRR-expressing cells were marginal zone macrophages. Hence, the 

cryosections of the spleen of Triple CYP-KO AhRRE/E mice were co-stained with B220 and 

SIGNR1 to visualize the B cells and the marginal zone macrophages, respectively. However, 

there was no co-localization of AhRR/EGFP and SIGNR1. These cells could be marginal 

metallophilic macrophages (MMMΦs), as they were localized in the marginal sinus (Borges 

da Silva et al., 2015) or endothelial cells of the sinus. Further immunofluorescent stainings 

with F4/80, Siglec1, MOMA1 and CD31 are required to see if these AhRR-expressing cells 

are indeed MMMΦs.  

 

Fig. 5.28 AhRR/EGFP is expressed in T- and B cells, but not in SIGNR1
+

 marginal zone macrophages. 

A) Exemplary samples of cryosections of Triple CYP-KO AhRRE/E mice stained with anti-TCR and anti-

B220, respectively. The Red arrow indicates co-localization of AhRR/EGFP with TCR, whereas the white 

arrow co-localization of AhRR/EGFP in B220
+

 cells. B) Staining of cryosections of Triple CYP-KO AhRRE/E 

mice with anti-B220 and anti-SIGNR1, which are the markers of B cells and marginal zone macrophages, 

respectively. Scale bar = 100μm, images were taken at 20x magnification. 
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5.3.7. AhRR expression and analysis of cell subsets in bone-marrow-derived DC (BMDC) 

Fig. 5.29 Gating strategy for myeloid subsets in BMDC. BMDC obtained from 8-week old naïve mice were first 

gated for living single cells. GM-DCs were first identified as CD11c
+

 MHCII
+

. The level of MHCII expression was 

directly proportional to the activation state of the GM-DCs. GM-DCs were separated from the monocytes-derived 

cells by their CD11bint MHCIIhi expression, then were further characterized by the CD135 expression; The double 

negative DCs (GM-DN) did not express CD135 and CD115, while the bona fide GM-DCs expressed CD135. The 

macrophages (GM-macs) were identified by their expression of both F4/80 and MerTK.  

BM cells were obtained from 8-week-old mice differentiated with GM-CSF for 6 days. Then, the 

different myeloid subsets contained in BMDC were gated based on the strategy depicted in Fig. 

5.29 (Helft et al., 2015). In general, there was a high variance of the CD11b+ MHCII+ subset 

between the experiments (Fig. 5.30). The lower datapoints were derived from BMDCs generated 

in the first experiment, in which the BMDCs might not have been differentiated properly, as there 

were only 30-45% total DC (CD11c+ MHCII+) detectable (Fig. 5.30 A). Nevertheless, the LPS 

treatment worked in all experiments, since there was a shift in MHCII expression in the LPS-

treated BMDCs to a higher level, regardless of the genotype, signifying an increase in maturation 

of the BMDCs subset (Fig. 5.30 B and C). Treatment with 3MC, however, did not lead to any 

alterations in cell frequencies. This was expected, as acute 3MC treatment did not affect the 

differentiation/maturation of DCs in previous experiments (data not shown). Moreover, there was 

no significant difference in frequency of the CD115- CD135- double negative (GM-DN) 

population across all genotypes and treatments, although the LPS-treated samples tended to have 

a higher GM-DN frequency compared to control and 3MC-treated cells (Fig. 5.30 D). The GM-

DC population was thesmallest subset, with ~1.3% of total living cells (Fig. 5.30 E), whereas the 

macrophage subset in the cultures (GM-Macs, MerTK+, F4/80+, and CD115+) was more 

abundant, with 3-8% of total live cells (Fig. 5.30 E and F). This is in agreement with the findings 
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of Helft et al. (Helft et al., 2015), who showed that GM-CSF-generated BMDCs consisted mostly 

of GM-Macs instead of GM-DC. Interestingly, the frequency of MerTK+ F4/80+ GM-Macs of 

Triple CYP-KO AhRRE/E mice was significantly reduced (Fig. 5.30 F) compared to the other 

genotypes, implying that deficiencies in both, AhRR and the three AhR-dependent CYP enzymes 

might diminish GM-Mac differentiation. Interestingly, LPS-treatment also downregulated 

CD115 expression in GM-Macs in vitro, not only in WT but also in the other three genotypes 

(Fig. 5.31). This result is in line with previous findings published by O’dea et al., where also 

downregulation of CD115 in WT mice post-LPS treatment was also observed (O’Dea et al., 

2009). Another study also demonstrated that LPS decreased cell-surface MerTK in WT 

macrophages, but increased soluble MerTK (Cai et al., 2016). Such a phenomenon may account 

for the decrease in the frequency MerTK+ F4/80+ GM-Macs following LPS treatment.  
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Fig. 5.30 The absence of both AhRR and Triple CYP reduces GM-Mac frequency. The frequencies of A) total 

mature BMDCs, B) CD11c
+

 MHCIIint BMDCs, C) activated CD11c
+

 MHCIIhi BMDCs D) CD115- CD135- DN 

DCs, E) CD115- CD135
+

 DCs, and F) MerTK
+

 F4/80
+

 GM-MAC were quantified from total live single cells. 

Results are shown as mean ± SEM and significance was analyzed by two-way ANOVA corrected for multiple 

comparisons by the Bonferroni’s method. * p<0,05; ** p <0,01. Data was pooled from two experiments. n=4. 
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Fig. 5.31 LPS-mediated downregulation of CD115 in BMDCs of WT mice. BMDCs that were differentiated by 

GM-CSF were treated with LPS aor DMSO only as control and were analyzed by flow cytometry. After gating the 

F4/80
+
 MerTK

+
 GM-Macs, the expression of CD115 on GM-Macs was analyzed.  

 

AhRR/EGFP was highly expressed in both Triple CYP AhRRE/E and AhRR E/E mice with comparable 

frequencies in CD11c+ MHCII+, GM-DN, and GM-Mac subsets in both control and 3MC-treated 

samples (Fig. 5.32 A-C). The 3MC treatment did not further increase the AhRR expression in all 

subsets in both Triple CYP AhRRE/E and AhRR E/E mice, as ~95% cells in all cell subsets in the 

control samples already expressed AhRR. However, AhRR expression in the MerTK+ F4/80+ GM-

Macs subset of AhRRE/E mice was significantly reduced after LPS-treatment, compared to the control 

and the 3MC-treated samples (Fig. 5.32 C), but this did not occur in the GM-Mac of Triple CYP-

KO AhRRE/E mice. The bonafide GM-DC subset consisted of only few cells (Fig. 5.30 E) and none 

of them expressed AhRR (data not shown). 
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Fig. 5.32 Comparable AhRR/EGFP expression was detected in the BMDC subsets of Triple CYP AhRRE/E 

and AhRRE/E mice regardless of the treatments. Frequency of EGFP
+

 cells in A) total mature CD11c
+

 

MHCII
+

 BMDCs B) GM-double negative cells C) MerTK
+

 F4/80
+

 GM-Macs* p<0,5, *** p<0,001, **** p 

<0,0001. Data was pooled from two experiments. n=5. 

 

5.4. AhR ligand application enhances AhRR expression in multiple cell subsets of peripheral 

organs under physiological conditions 

 

AhRR, CYP1A1, CYP1A2, and CYP1B1 are negative regulators of the AhR signaling pathway 

and their expression is induced by the activation of AhR. The activation of AhR is induced by 

many polyaromatic ligands. The source of potential AhR ligands is ranging from endogenous 

metabolites to dietary constituents (e.g, I3C) and environmental toxins (e.g, TCDD, BPA, 3MC). 

As already discussed above, in this thesis, 3MC was used as a prototypic ligand to activate the 

AhR. Injecting mice interperitoneally with 3MC has also been shown to be effective in inducing 

AhRR expression in myeloid cells in secondary lymphoid organs and small intestine 

(Brandstätter et al., 2016b). Another study showed that supplementing a diet that had a reduced 

AhR ligand content with I3C, a dietary AhR ligand, could rescue AhRR expression in murine 

immune cell subsets in secondary lymphoid organs and small intestine (Schanz et al., 2020). 

Therefore, it was of interest to investigate if acute treatment with 3MC for 16 hours can also 
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induce or upregulate the expression of AhRR in vivo. 3MC was administered by oral gavage, as 

it is a non-invasive administration method and ensures direct intestinal absorption of the ligand. 

 

5.4.1. AhRR expression in small intestine 

 

AhRR expression in the SI has been well documented in previous publications, both in IEL and 

immune cells of the lamina propria (Brandstätter et al., 2016b; Schanz et al., 2020a). In these 

studies, AhRR expression has been shown to be strongly regulated by the high availability of 

AhR ligands in SI, which also influenced barrier integrity of the intestine during DSS-induced 

colitis (Schanz et al., 2020). Hence, it was interesting if the combination of ablation of the AhRR 

and/or the three AhR-dependent CYP enzymes with an acute 3MC treatment would lead to a 

further enhanced AhRR/EGFP expression in both IEL and immune cells in lamina propria. For 

this purpose, intestinal epithelial cells and IEL were isolated together with the SI lamina propria 

to generate single cell suspensions for flow cytometry. Small samples from the proximal and 

distal small intestine were also taken for histology and qRT-PCR, respectively.  
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Fig. 5.33 AhR and its target genes in SI 16 hours post in vivo 3MC treatment. WT, AhRRE/E, Triple CYP-KO 

AhRR
+/+, and Triple CYP-KO AhRRE/E mice were treated with 3MC by oral gavage for 16 hours and the expression 

of AhR and its target genes were analyzed by qPCR. Data was normalized to the expression of a reference gene and 

the DMSO-treated control. The qRT-PCR results show the gene expression of Ahr, Ahrr, and Cyp1a1 in terms of 

fold change (2-∆∆Ct). Error bars represent mean ± SEM. Significance was analyzed by one-way ANOVA corrected 

for multiple comparisons by the Bonferroni’s method, * p<0,05, *** p<0,001. Data was pooled from two 

independent experiments (n=4). 

The gene expression of AhR and its target genes was also examined in the SI by qRT-PCR prior 

to analyzing the AhRR/EGFP expression to validate if the 3MC treatment for 16 hours efficiently 

induced AhR activation. Interestingly, 3MC-mediated AhR activation increased Ahr expression 

in the Triple CYP-KO AhRR+/+ but not Triple CYP-KO AhRRE/E mice (Fig. 5.33, left figure) 

and Ahrr expression was also upregulated in Triple CYP-KO AhRR+/+ mice, but not in WT mice. 

This is intriguing, as Ahr expression might be upregulated as a result of the enhanced Ahr 

activation, but such an increase in Ahr was not observed in the liver of Triple CYP-KO AhRR+/+ 

mice, where a ~30-fold upregulation of Ahrr was observed post 3MC treatment (Fig. 5.44 in the 
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next sub-chapter). The underlying cause of this increased Ahr expression was unclear. 

Nevertheless, the 3MC treatment was sufficient to induce the expression of Ahrr in Triple CYP-

KO AhRR+/+ mice but not in WT mice (Fig. 5.33, middle figure) and the expression of Cyp1a1 

in both WT and AhRRE/E mice also slightly increased (Fig. 5.33, right figure).  

  

5.4.1.1. AhRR expression in IEL 

 

 

Fig. 5.36 Gating strategy for IEL of SI. SI was isolated from 8-week-old mice and single cell suspensions were 

generated prior to gating IEL and epithelial cells. Epithelial cells (IEC) were identified as CD45- EpCAM
+

 cells, 

whereas IEL were divided into TCR
+

 and TCRγδ
+

 cells. For the TCR
+

 cells, they were further identified as either 

CD8 or CD8 IEL. For the TCRγδ
+

 cells, they were identified as CD8 expressing IEL.  

IEL reside in between the intestinal epithelial cells, hence they are the first immune cells that 

encounter pathogens or dietary/chemical by-products, including AhR ligands. AhR activity has 

been proven to be necessary to maintain the IEL and IEC cell turnover (Li et al., 2011) and it 

was shown that AhRR deficiency led to reduced colonic CD8α+TCRγδ+ IEL. However, this 

reduced IEL number was notobserved in the SI (Brandstätter et al., 2016b). Another AhR target 

gene, Cyp1a1 is also expressed in IEC (Schiering et al., 2017a) Hence, it was of our interest to 

see if there would be inherent differences in IEC and IEL frequencies in the mice that are 

deficient in AhRR and/or the three AhR-dependent CYP enzymes. Moreover, it is also important 

to know if 3MC would further enhance AhR activation, hence AhRR expression in the intestinal 

IEL and if this would translate to altered cell frequencies. Following the 16-hour treatment of 

mice with 3MC or PBS, cells in intestinal epithelia and lamina propria were isolated and analyzed 

by flow cytometry. The frequencies of the total immune cells and the AhRR/EGFP-expressing 

immune cells in each subset, as well as the Median Fluorescence Intesity (MFI) of the 
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AhRR/EGFP signal were quantified. The gating strategy used is shown in Fig. 5.36. Here, 

epithelial cells were identified as CD45- EpCAM+ cells, whereas IEL were divided into TCR+ 

and TCRγδ+ cells. For the TCRβ+ cells, they were further identified as either CD8+ or 

CD8+. For the TCRγδ+ cells, they were identified as TCRγδ+ CD8+ cells.   

control 3MC

0

10

20

30

40

50

% EpCAM+

%
E

p
C

A
M

+
 /
 l
iv

e
 c

e
ll
s

ns

ns

control 3MC

0

10

20

30

40

%TCRγδ+ CD8aa+

%
T

C
R
γ
δ

+
 C

D
8
a
a
+

/C
D

4
5
+

ns

ns

ns

ns

control 3MC

0

5

10

15

20

% TCRb+ CD8ab+

%
T

C
R

b
+

 C
D

8
a
b

+
/C

D
4
5
+

ns

ns

ns

control 3MC

0

5

10

15

20

25

% TCRb+ CD8aa+

%
T

C
R

b
+

 C
D

8
a
a
+

/C
D

4
5
+

WT

AhRR EE

Triple CYP AhRR++

Triple CYP AhRREE

ns

ns

ns

ns

A B

C D

 

Fig. 5.37 3MC does not alter the frequencies of epithelial cells and T cell subsets in SI. SI was isolated from 

mice that were treated with DMSO control or 3MC (10mg/kg) by oral gavage for 16 hours. The cells in the epithelial 

layer were then gated for EpCAM
+

, TCRγδ
+

 CD8
+

, TCR
+

 CD8
 +

, and TCR
+

 CD8
+

. The frequencies 

of the cell subsets were analyzed by means of flow cytometry and were quantified out of the total CD45
+

 cells. 

Results are shown as mean ± SEM and significance was analyzed by two-way ANOVA corrected for multiple 

comparisons by the Bonferroni’s method.  * p<0,5. Data was pooled from two independent experiments (n=5 for 

AhRRE/E and WT in control group, n=6 for the other genotypes). 

In terms of the frequencies of EpCAM+ epithelial cells and immune cell subsets, there were minor 

but no significant differences across all four genotypes and treatment groups. (Fig. 5.37 A-D). 

The IEC frequency of AhRRE/E mice was comparable to the one the WT in both control and 3MC 

groups, but in the 3MC group, this frequency was slightly reduced by ~10% in AhRRE/E mice 

(Fig. 5.37 A). Moreover, no significant differences were observed in the frequencies of the three 

IEL subsets in both control and 3MC groups (Fig. 5.37 B-D). The frequency of TCRγδ+ CD8+ 

IEL in Triple CYP-KO AhRR+/+ mice was reduced by ~9% in the 3MC group compared to 

control (Fig. 5.37 B). On the contrary, the TCR+ CD8+ cell frequency was reduced by ~3% 

in the 3MC-treated Triple CYP-KO AhRRE/E mice (Fig. 5.37 C). On the contrary, the frequency 

of TCR+ CD8+ cell in the 3MC-treated Triple CYP-KO AhRR+/+ mice, was slightly increased 
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by ~5% compared to the control group. In the TCRβ+ CD8αα+ subset, there was no apparent 

tendency in cell frequency in both control- and 3MC-groups (Fig. 5.37 D).  
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Fig. 5.38 3MC treatment does not increase the frequencies of AhRR-expressing IEL. The EGFP
+

 IEL subsets 

were analyzed by flow cytometry (A-D) and their frequencies were quantified. Results are shown as mean ± SEM 

and significance was analyzed by two-way ANOVA corrected for multiple comparisons by the Bonferroni’s method, 

ns = not significant. E) Representative figures of EGFP-expressing CD45
+

 IEL from both control and 3MC groups 

of all genotypes. Data was pooled from two independent experiments (n=5 for AhRRE/E and WT in control group, 

n=6 for the other genotypes). 

Overall, AhRR was highly expressed in all IEL subsets analyzed (60-80% AhRR-expressing 

IEL) in both AhRRE/E and Triple CYP-KO AhRRE/E mice, and to a much lesser extent in IEC 

(Fig. 5.38 A-D). In IEC, AhRR was solely detected in Triple CYP-KO AhRRE/E mice. In the 

control group, AhRR was barely expressed, despite the abundant AhR expression in IEC (Esser 

and Rannug, 2015) but it was further enhanced (by about 10 times) by 3MC treatment (Fig. 5.38 

A). In the three IEL subsets, AhRR was already highly expressed in AhRRE/E mice but was not 

further enhanced in Triple CYP-KO AhRRE/E mice (Fig. 5.38 B-D). However, a background 
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EGFP signal was also detected in the WT and Triple CYP-KO AhRR+/+mice (Fig. 5.38 E), as 

~0.5-1.5% CD45+ cells were captured in the EGFP+ gate. Furthermore, 3MC treatment did not 

upregulate AhRR expression in either AhRRE/E or Triple CYP-KO AhRRE/E mice. This result is 

in line with the study by Brandstaetter et al. (Brandstaetter et al., 2016), where AhRR was also 

not detected in the IEC of AhRRE/E mice but was highly expressed in the IEL subsets. The 

histological analysis of 3MC-treated Triple CYP-KO AhRRE/E mice also revealed barely any 

AhRR-expressing cells in intestinal epithelial cells co-localized with EpCAM (Fig. 5.39). Most 

of the AhRR-expressing cells in the epithelial layer could be IEL (Fig. 5.39, white arrows), but 

co-staining with lymphoid markers, e.g., TCR or TCRγδ would be necessary to determine their 

identities. In terms of MFI, consistent with the EGFP expression analysis, a high background 

signal was also detected in WT and Triple CYP-KO AhRR+/+ mice in IEC and in all IEL subsets 

(Fig. 5.40 A-D). This made analyzing the true EGFP expressions in AhRRE/E and Triple CYP-

KO AhRRE/E difficult.  
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Fig. 5.39 Minimal expression of AhRR in IEC was observed in intestinal epithelia of 3MC-treated Triple 

CYP-KO AhRRE/E mouse. Cryosections of the SI of Triple CYP-KO AhRRE/E that had been treated with 3MC 

was stained with EpCAM to visualize the IEC. The AhRR/EGFP expression was also visualized to observe if 

there was co-localization of AhRR and EpCAM. White arrows depict AhRR-expressing cells in the epithelial 

layer of the SI. The left image was taken at 20x magnification, whereas the right image was taken at 40x 

magnification. Scale bar = 100 μm. 
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Fig. 5.40 There is no difference in MFI of AhRR/EGFP between genotypes and treatment groups. The MFI of 

AhRR/EGFP in the IEL subsets were analyzed by flow cytometry (A-D) and their frequencies were quantified. 

Results are shown as mean ± SEM and significance was analyzed by two-way ANOVA corrected for multiple 

comparisons by the Bonferroni’s method, ns = not significant. Data was pooled from two independent experiments 

(n=5 for AhRRE/E and WT in control group, n=6 for the other genotypes). 

 

5.4.1.2. AhRR expression in the lamina propria of SI 

 

 

Fig. 5.41 Gating strategy for small intestinal lamina propria cells. SI cells were isolated from lamina propria and 

gated for living single CD45
+

 cells prior to further gating for B- and T cells, macrophages, Mo-Mac, and cDC. B- 

and T cells were identified by their expression of B220
+

 and TCR
+

, respectively. Mo-Mac were identified as 

Ly6C
+

 Lc6G- F4/80
+

 cells, whereas macrophages were identified as F4/80
+

 CD64
+

 Ly6C- cells, and cDC were 

identified as MHCII
+

 CD11c
+

 cells. cDC was further divided into three subsets, CD103
+

 CD11b
+

, CD103
+

 CD11b-

, and CD103- CD11b
+

 cDC.  
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Next we focused on the analysis of AhRR expression in the lamina propria by flow cytometry, 

as AhRR is expressed in the lymphoid and myeloid cell subsets in the lamina propria of AhRRE/E 

mice (Brandstätter et al., 2016b). It was unknown, however, if the ablation of the three AhR-

dependent CYP enzymes and 3MC treatment would further upregulate the AhRR expression in 

these subsets. The gating strategy is outlined in Fig. 5.41 Gating strategy for small intestinal lamina 

propria cells. The flow cytometry analysis revealed that there was a big variance between the 

samples and that there were no significant differences in the frequency of cell subsets between 

PBS- and 3MC-treated mice across all genotypes (Fig. 5.42 A-E). Only in the T-cell subset, 

ablation of either AhRR or the three CYP enzymes appeared to slightly reduce the T-cell 

frequency.  
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Fig. 5.42 3MC does not alter myeloid and lymphoid cell subsets in SI lamina propria. SI lamina propria cells 

were isolated from mice that were treated with DMSO as control or 3MC (10mg/kg) by oral gavage for 16 hours. 

The cells were then gated for B- and T cells, macrophages, Mo-Mac, and cDC. The frequencies of the immune cell 

subsets were analyzed by flow cytometry. The frequencies of myeloid cells were quantified in relation to the total 

CD45
+

 cells. Results are shown as mean ± SEM and significance was analyzed by two-way ANOVA corrected for 

multiple comparisons by the Bonferroni’s method.  Data was pooled from two independent experiments (n=5 for 

AhRRE/E and WT in control group, n=6 for the other genotypes). 

In general, AhRR expression was similar comparing the AhRRE/E and Triple CYP-KO AhRRE/E 

mice in each treatment group across almost all immune cell subsets. In B- and T cells of both 

AhRRE/E and Triple CYP-KO AhRRE/E mice, 3MC slightly increased the AhRR/EGFP 

expression (Fig. 5.43 A & B), with a higher increase in the latter subset in AhRRE/E mice. In 

macrophages 3MC significantly increased the AhRR expression in the Triple CYP-KO AhRRE/E 

mice, whereas in AhRRE/E mice, 3MC only slightly increased the AhRR expression (Fig. 5.43 
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C). In Mo-Mac, the AhRR expression was also significantly increased in Triple CYP-KO 

AhRRE/E mice, but it remained constant in AhRRE/E mice (Fig. 5.43 D). In cDC, the overall 

frequency of AhRR-expressing cells was low (Fig. 5.43 E), and the total cDC frequency was also 

low (Fig. 5.42 E). In terms of AhRR/EGFP fluorescence intensity, there was no difference in 

MFI across the genotypes and treatment groups in the lymphoid subsets (Fig. 5.44 A-B). In 

macrophages, AhRR MFI was slightly increased in the 3MC-treated Triple CYP-KO AhRRE/E, 

but not in AhRRE/E mice (Fig. 5.44 C). In the Mo-Mac, 3MC caused an increased MFI both in 

WT and Triple CYP-KO AhRR+/+ mice (Fig. 5.44 D). This might suggest that 3MC per se can 

cause autofluorescence, as described before (Qin et al., 2002). Lastly, in the cDC subset, 3MC 

slightly increased the AhRR/EGFP MFI, particularly in AhRRE/E mice (Fig. 5.44 E).  
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Fig. 5.43 The frequencies of AhRR-expressing macrophages and Mo-Mac were increased by 3MC. The 

frequencies of AhRR/EGFP-expressing immune cell subsets were analyzed by flow cytometry. Results are shown 

as mean ± SEM and significance was analyzed by two-way ANOVA corrected for multiple comparisons by the 

Bonferroni’s method.  Data was pooled from two independent experiments (n=5 for AhRRE/E and WT in control 

group, n=6 for the other genotypes). 
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Fig. 5.44 Fluorescence intensity of AhRR-expressing immune cells was not significantly increased by 3MC. 

The median fluorescence intensity (MFI) of AhRR/EGFP-expressing immune cell subsets were analyzed by flow 

cytometry. Results are shown as mean ± SEM and significance was analyzed by two-way ANOVA corrected for 

multiple comparisons by the Bonferroni’s method. Data was pooled from two independent experiments (n=5 for 

AhRRE/E and WT in control group, n=6 for the other genotypes). 

Histological analysis showed that there was an increase in AhRR-expressing cells in 3MC-treated 

AhRRE/E mice compared to control, as there were more AhRR/EGFP signals at the base of the 

villi (Fig. 5.45). In Triple CYP-KO AhRRE/E mice, 3MC-treatment induced more AhRR/EGFP 

expression at the pericryptal area, and the intensity appeared higher. However, this observation 

was based on three sections/animal, hence more sections need to be analyzed and quantified to 

reach a definitve conclusion. It is also not clear if there are more stromal cells (e.g., fibroblast, 

telocytes, trophoblasts, and endothelial cells) which upregulated AhRR after 3MC treatment, as 

it has been shown in the previous chapter that AhRR was also expressed in stromal cells in Triple 

CYP-KO AhRRE/E mice. In the future, flow cytometry or spatial proteomics would be helpful to 

quantify and visualize the localization of these AhRR-expressing stromal cell subsets.  



Results  

109 
 

 

Fig. 5.45 AhRR expression in SI in control and 3MC-treated mice. SI cryosections were retrieved from AhRRE/E, 

and Triple CYP-KO AhRRE/E mice that had been treated by DMSO (control) or 3MC for 16 hours. Images were 

taken at 20x magnification with similar exposure time.  Scale bar = 100μm.  

5.4.2.  AhRR expression in Liver 

 

The liver is the main organ responsible for metabolism of various xenobiotics, due to the strong 

presence of enzymes of the CYP superfamily (Renaud et al., 2011). Previous findings showed 

that hepatic AhR activation by a low dose of TCDD is associated with the upregulated expression 

of genes involved in lipid, glucose, and cholesterol metabolism (Sato et al., 2008). Another 

possible reason why AhR is thought to be involved in the energy and lipid metabolism of the 

liver is that its ablation led to spontaneous lipid accumulation and fibrosis in liver (Schmidt et 

al., 1996; Wada et al., 2016). In contrast, the expression and possible roles of AhRR in liver still 

remains elusive.  

In the previous chapter, it was shown that hepatic expression of AhRR is only observed in the 

Triple CYP-KO AhRRE/E mice, and it was detected mostly in lymphocytes and also in endothelial 

cells. This result suggests that the four negative regulators of AhR had to be ablated 

simultaneously in order to induce AhRR/EGFP expression in some cells of the liver. Therefore, 

we wondered whether further upregulation of AhR activation by administration of 3MC would 

be able to enhance AhRR/EGFP expression in the hepatic immune cells or even hepatocytes of 

Triple CYP-KO AhRRE/E mice, and whether it would also result in a detectable AhRR/EGFP 

expression in AhRRE/E mice. In addition, expression of AhR and its target genes in liver samples 
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was examined by qRT-PCR in parallel to ensure that the oral gavage of 3MC (10mg/kg body 

weight) was able to activate the Ahr, hence also increasing the expression of its target genes. 

AhR activation did not significantly affect Ahr transcription level regardless of genotypes, 

whereas the ablation of the three CYP enzymes and AhRR significantly upregulated the 

transcription of the Ahrr and Cyp1a1 genes, respectively (Fig. 5.44). This result suggests that the 

oral 3MC treatment was sufficient to induce the expression of AhR target genes. It also showed 

that in WT mice, Ahrr was not upregulated after 16-hour 3MC treatment. Only in Triple-CYP-

deficient mice Ahrr expression was induced by ~30-fold. Cyp1a1 expression was already induced 

in WT mice by 20-fold, and in AhRRE/E mice a ~50-fold upregulation was observed post 3MC-

treatment. Moreover, neither the increase of Ahrr in Triple CYP-KO AhRR+/+ mice nor the 

increase of Cyp1a1 in AhRRE/E mice affected the AhR expression levels following the 16-hour 

3MC treatment.  

0

5

10

15

Ahr

F
o

ld
 C

h
a

n
g

e

WT

AhRR EE

Triple CYP AhRR ++

Triple CYP AhRR EE

ns

ns

0

20

40

60

80

Ahrr

F
o

ld
  

C
h

a
n

g
e

✱✱✱✱

0

20

40

60

80

100

Cyp1a1

F
o

ld
 C

h
a

n
g

e

✱

 

Fig. 5.44. The expression of AhR and its target genes in liver 16 hours post in vivo 3MC treatment. WT, 

AhRRE/E, Triple CYP-KO AhRR
+/+, and Triple CYP-KO AhRRE/E mice were treated with 3MC (10mg/kg) by oral 

gavage for 16 hours and the expression of AhR and its target genes was analyzed by qPCR. Data was normalized to 

the expression of the reference gene and to the DMSO-treated control. Gene expression of Ahr, Ahrr, and Cyp1a1 

is depicted as fold change (2-∆∆Ct). Error bars represent mean ± SEM. Significance was analyzed by one-way 

ANOVA corrected for multiple comparisons by the Bonferroni’s method, ns = not significant, * p<0,05, **** 

p<0,0001. Data was pooled from two independent experiments (n=5 for AhRRE/E, n=6 for the other genotypes). 

Following the validation of the expression of AhR and its target genes, the AhRR/EGFP 

expression in the hepatic immune cell subsets and their cell frequencies were also analyzed by 

flow cytometry after 3MC treatment. For the flow cytometric analysis, livers of 8-week-old naïve 

mice treated with PBS or 3MC for 16 hours were isolated to generate single cell suspensions. 

Then, the frequencies of NKT-, T cells, NK cells, as well as KC, cDC1 & cDC2 were analyzed. 

The gating strategy is shown in Fig. 5.47. The myeloid subset was first gated by the lack of CD19 

and NK1.1 expression. Then, KC were identified as CD11bint F4/80hi Tim4+ CD31- and cDCs 

were identified as Ly6lo MHCII+ CD11chi. Mo-Mac subsets were divided into two 

subpopulations, based on the expression of F4/80 and Ly6C; either as F4/80+ Ly6C+ CD11b+ or 
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F4/80+ Ly6C- CD11b+.  Moreover, Mo-Mac can lose their Ly6C expression as they get settled 

in an organ (Zhang et al., 2018). Monocytes were identified as Ly6C+ MHCII+/-. Lastly, cDC 

were identified as Ly6C- MHCII+ CD11chi. The cDC subsets were distinguished by the 

expression of either CD11c or CD11b, but their frequencies were low (< 0.5 %) (data not shown), 

hence they were not included in this analysis. 

 

Fig. 5.47 Gating strategies for myeloid and lymphocyte subsets in the liver. Liver cells were isolated from 8-

week-old mice treated with either DMSO as control or 3MC. Cells were then gated for living single CD45
+

 cells. T 

cells were identified as TCR
+

 NK1.1- cells, whereas NKT cells were TCR
+

 NK1.1
+

 cells. KC were identified as 

CD11bint F4/80hi Tim4
+

 CD31-, whereas monocyte-derived macrophages (Mo-Mac) were defined either as F4/80
+

 

Ly6C
+

 CD11b
+

 or F4/80
+

 Ly6C- CD11b
+

. The monocyte population was identified as Ly6C
+

 MHCII
+

/-. cDC 

were identified as Ly6C- MHCII
+

 CD11chi. The two cDC subsets were distinguished by the expression of CD11c 

and CD11b.  

Regarding the frequencies of various cell subsets in the liver, there was no significant difference 

across all genotypes in general in both the control- and 3MC-treated group. However, there were 

tendencies that the deletion of the three AhR-dependent CYP enzymes mediated a decrease in 

NKT cells, one of the most predominantly expressed immune cell subsets in the liver (Fig. 5.48 

A). The ablation of AhRR alone also seemed to slightly decrease the T-cell subset in both 

treatment groups (Fig. 5.48 B), whereas the ablation of either AhRR or the three CYP enzymes 

tended to increase the NK cells in the control, but not in the 3MC group (Fig. 5.48 C). In the 

myeloid subsets, the cell frequencies were much lower than that of lymphocytes (Fig. 5.48 D-G) 

and there was also no difference in frequencies across all genotypes. An increase in neither 

monocytes nor Mo-Mac was observed post 3MC treatment, which makes sense as the mice did 

not undergo chronic inflammation that can lead to monocyte recruitment from the blood and to 
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an increase in Mo-Mac in the liver (Shi & Pamer, 2011). Hence, there was no inherent difference 

caused by the ablation of AhRR and/or the three CYP enzymes and the 16-hour 3MC treatment 

also did not alter the frequencies of immune cell subsets regardless of genotypes. Moreover, this 

result also differed from the one shown in Chapter 3 (Fig.5.15 in Chapter 3), as there was a 

significant increase in the cDC2 frequency in AhRRE/E mice compared to WT mice. However, 

caution needs to be exercised when comparing the immune cell frequencies from these two 

experiments, as the liver processing method for this experiment differs from the one used in 

Chapter 3.  
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Fig. 5.48 Acute 3MC treatment did not cause significant differences in frequencies of lymphocytes and 

myeloid subsets in the liver. NKT-, T cells, NK cells, as well as KC, cDC1 & cDC2 were isolated from 8-week 

old naïve mice that were treated with control and 3MC (10mg/kg) by oral gavage for 16 hours. The frequencies of 

the immune cell subsets were analyzed by means of flow cytometry. The frequencies of myeloid cells were 

quantified out of the total CD45
+

 cells. Results are shown as mean ± SEM and significance was analyzed by two-

way ANOVA corrected for multiple comparisons by the Bonferroni’s method.  * p<0,5. Data was pooled from two 

independent experiments (n=5 for AhRRE/E and WT in control group, n=6 for the other genotypes). 

Regarding AhRR/EGFP expression, the result for the untreated control group was consistent with 

the previous experiment shown in chapter 3 in which AhRR/EGFP was expressed only in cell 

subsets of Triple CYP-KO AhRRE/E mice. Furthermore, in line with the qRT-PCR result (Fig. 

5.44), the ablation of the three CYP enzymes could significantly upregulate AhRR also on the 

protein level. The 3MC treatment significantly increased the AhRR/EGFP expression in Triple 
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CYP-KO AhRRE/E mice in almost all immune cell subsets (Fig. 5.49 A-G). Nevertheless, the 

magnitude of this increase differed from one subset to the others. For instance, the EGFP 

expression in NKT cells was 15 times higher in the 3MC-treated Triple CYP-KO AhRRE/E mice 

(Fig. 5.49 A), whereas in T cells the increase was ~6 times higher (Fig. 5.49 B). In NK cells, the 

AhRR/EGFP expression was already high in the control group and 3MC further induced it ~20 

times (Fig. 5.49 C). In KC, there was also a ~6 times higher upregulation, but again, a high 

variance was observed in the 3MC group, therefore, the difference was not significant (Fig. 5.49 

D). In monocytes, as well as Ly6C+ and Ly6C- Mo-Mac, a 30-50-fold upregulation was observed 

(Fig. 5.49 E-G). This strong increase should, however, be put into perspective considering the 

overall low cell numbers of these cell subsets as they only made up < 2% of the total immune 

cells in the liver as shown in Fig. 5.48 E-G. In AhRRE/E mice, in some immune cell subsets such 

as T cells, Ly6C+ monocytes, as well as Ly6C+ and Ly6C- Mo-Mac (Fig. 5.49 B,E,F, and G), a 

slight increase of AhRR/EGFP expression was observed. In T cells, there were 2 times more 

AhRR-expressing cells in the 3MC group (Fig. 5.49 B), whereas in the monocyte and the two 

Mo-Mac subsets, a 10-20-fold upregulation was observed (Fig. 5.49 E-G). Furthermore, the MFI 

of the AhRR/EGFP-expressing cells was measured (Fig. 5.49 G-I). Interestingly, in NKT- and 

T cells, 3MC could enhance the MFI of the AhRR/EGFP reporter in AhRRE/E mice to a level that 

was comparable with the one of Triple CYP-KO AhRRE/E mice (Fig. 5.49 G and H), but such 

an increase was not observed in NK cells (Fig. 5.49 I). Taken together, the FACS analysis further 

proved that the 3MC treatment increased AhR activation, hence also AhRR expression.  

The histological analysis in the previous chapter showed that there AhRR/EGFP expression 

occurs in endothelial cells that partially expressed PECAM/CD31 or LYVE1 (blood and lymph 

vessel markers) in some of the intrahepatic vessels of Triple CYP-KO AhRRE/E mice but not in 

AhRRE/E mice. Thus, it was interesting to assess if 3MC treatment would also increase the 

AhRR/EGFP expression in these endothelial cells in both Triple CYP-KO AhRRE/E mice and in 

AhRRE/E mice. In contrast to the enhanced AhRR/EGFP expression in the immune cell subsets, 

there appeared to be no AhRR/EGFP expression in liver endothelial cells in either AhRRE/E mice 

or Triple CYP-KO AhRRE/E mice after 3MC treatment (Fig. 5.50). However, it is important to 

note that only 5 sections were analyzed qualitatively, and quantitative analysis of the CD45- cells 

from at least one liver lobe needs to be conducted. Lastly, 3MC treatment did not induce AhRR 

expression in hepatocytes (Fig. 5.50).  
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Fig. 5.49 Acute 3MC-treatment increased the frequencies and the MFI of AhRR-expressing immune cells in 

the liver. The frequencies of EGFP
+

 cells from lymphocytes and myeloid subsets (A-F), as well as the median 

fluorescence intensity (MFI) of the AhRR/EGFP expression were analyzed by flow cytometry. Results are shown 

as mean ± SEM and significance was analyzed by two-way ANOVA corrected for multiple comparisons by the 

Bonferroni’s method. ** p<0,01, *** p<0,001, **** p<0,0001. Data was pooled from two independent experiments 

(n=5 for AhRRE/E and WT in control group, n=6 for the other genotypes). 
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Fig. 5.50 3MC does not enhance AhRR expression or its intensity in intrahepatic vessels. One lobe of the 

liver of the DMSO- and 3MC-treated mice was embedded and cryosections were prepared. Images were taken at 

20x magnification with similar exposure time Scale bar = 100μm.  

 

5.4.3. AhRR expression in gonadal white adipose tissue (WATg) 

 

Apart from xenobiotic metabolism, the AhR is thought to play a role in modulating energy 

metabolism, as it is highly expressed in metabolically active tissues, e.g. liver or adipose tissue. 

It has been shown that AhR activation mediated by a 28-day-TCDD-stimulation led to reduced 

glucose uptake by pancreatic and adipose tissue, possible due to a reduction in glucose transport 

proteins (Enan et al., 1992, Sayed et al., 2022). As the localization of AhRR expression in adipose 

immune cells and its function in this tissue is still unknown, we investigated the influence of 

3MC on AhR signaling in immune cells in WATg, by quantifying AhRR expression and immune 

cell frequencies in this tissue.  
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Fig. 5.51 Gating strategy of myeloid subsets in the SVF of WATg. The stromal vascular fraction (SVF) was 

isolated from WATg of 8-week-old mice treated with either DMSO only or 3MC and the samples were gated for 

living single CD45
+

 cells. Then, eosinophils were identified as CD11b
+

 SiglecF
+

 Ly6G- cells, monocytes were 

identified as Ly6C
+

 cells, whereas macrophages were identified as F4/80
+

 CD64
+

 cells. They were further divided 

into 4 subsets: ATM 1a, b, 2, and 3. ATM 1a and 1b were identified as CD11c
+

 CD206- and CD206
+ cells, 

respectively. ATM 2 were defined as CD206
+

 CD11c- cells, whereas ATM 3 were defined as CD206- CD11c- cells. 

cDCs were identified as CD11b
+/- F4/80lo CD64- MHCII

+
 cells. 
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Fig. 5.52 3MC increased the frequency of ATM3 in AhRRE/E mice in WATg. The stromal vascular fraction 

(SVF) was isolated from WATg of 8-week old mice treated with either DMSO only as control or with 3MC. Then, 

cells were stained for A) eosinophils, B) monocytes, C-D) ATMs, and E-F) DC and were analyzed by flow 

cytometry. Results are shown as mean ± SEM and significance was analyzed by two-way ANOVA corrected for 

multiple comparisons by the Bonferroni’s method. * p<0,05, ** p<0,01. Data was pooled from two independent 

experiments (n=5 for AhRRE/E and control WT, n=6 for the other genotypes).  
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As shown in the immune cells of liver and SI, AhRR expression in the mice following 16-hour 

3MC- or DMSO treatment was investigated. To test the effect of 3MC on AhRR expression in 

WATg, the SVF of WATg was isolated and the resulting cell suspension was analyzed by flow 

cytometry. As the mice used were lean 8-week-old female mice, the availability of WATg was 

limited, hence only analysis of the myeloid cell subset was conducted. The gating strategy used 

for this experiment is shown in Fig. 5.51. Following the exclusion of debris, dead, and CD45- 

cells, the immune cells were identified. Eosinophils were identified as CD11b+ SiglecF+ Ly6G- 

cells, monocytes were identified as Ly6C+ cells, and Adipose Tissue Macrophages (ATM) were 

identified as F4/80+ CD64+ cells. They were further divided into 4 subsets: ATM1a, b, 2, and 3. 

ATM 1a and 1b were identified as CD11c+ CD206- and CD206+, respectively. ATM2 were 

defined as CD206+ CD11c- cells, whereas ATM3 were defined as CD206- CD11c- cells. cDCs 

were identified as CD11b+/- F4/80lo CD64- MHCII+ cells.  

 

Analysis of immune cells in WATg revealed that the frequency of eosinophils was markedly 

decreased in the 3MC-treated AhRRE/E mice; whereas in the untreated control group, the 

eosinophil frequency in AhRRE/E mice was significantly higher compared to the Triple CYP-KO 

AhRR+/+ and Triple CYP-KO AhRRE/E mice (Fig. 5.52). In contrast, there was no alteration in 

the frequencies of Ly6C+ monocytes and CD206 ATM (Fig. 5.52 B and C). The frequency of 

CD206- ATM was upregulated in 3MC-treated AhRRE/E mice (Fig. 5.52 D). For the two cDC 

subsets, no significant difference in terms of cell frequency was observed, both between 

genotypes and treatment groups (Fig. 5.52 E and F). Nevertheless, in the CD11b- cDC subset, 

the frequencies in the control-treated Triple CYP-KO AhRR+/+ and Triple CYP-KO AhRRE/E 

mice were slightly increased compared to WT, but such an increase was not observed in the 

3MC-treated group. In this group, the cell frequency in the AhRRE/E mice was also slightly 

reduced compared to WT mice (Fig. 5.52 F).  

The AhRR/EGFP reporter was expressed with varying frequencies in DMSO-treated Triple 

CYP-KO AhRRE/E control mice, whereas it was barely expressed in DMSO-treated AhRRE/E 

control mice (Fig. 5.53 A-F). Overall, 3MC could significantly increase the AhRR/EGFP+ cells 

in both Triple CYP-KO AhRRE/E and AhRRE/E mice. The 3MC treatment could significantly 

increase the AhRR-expressing eosinophil subset by ~10% in Triple CYP-KO AhRRE/E mice, but 

no significant upregulation was observed in AhRRE/E mice (Fig. 5.53 A). In the rest of the 

myeloid subsets, 3MC significantly increased the AhRR/EGFP expression in both AhRRE/E and 

Triple CYP-KO AhRRE/E mice. In the monocyte subset, the frequencies of EGFP-expressing 

cells in AhRRE/E and Triple CYP-KO AhRRE/E mice markedly increased by ~60% and 50%, 
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respectively (Fig. 5.53 B). In the ATM2 and ATM3 macrophage subsets, 3MC increased the 

frequncy of AhRR-expressing macrophages in AhRRE/E and Triple CYP-KO AhRRE/E mice by 

~60% and ~30%, respectively (Fig. 5.53 C and D). Similarly, in the CD11b+ DC subset, the 

AhRR/EGFP+ cells frequencies increased by ~50% in the AhRRE/E and Triple CYP-KO AhRRE/E 

mice (Fig. 5.53 E). In the CD11b- subset, the AhRR/EGFP+ cell frequencies increased by 30% 

in the AhRRE/E and 50% in Triple CYP-KO AhRRE/E mice (Fig. 5.53 F).  
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Fig. 5.53 3MC significantly increases the frequency of AhRR-expressing eosinophils in Triple CYP-KO 

AhRRE/E mice in WATg. The frequencies of AhRR/EGFP-expressing myeloid cells from each subset were 

quantified. Percentages of EGFP
+

 cells were calculated from the total cell number of each subset. Results are shown 

as mean ± SEM and significance was analyzed by two-way ANOVA corrected for multiple comparisons by the 

Bonferroni’s method.  **** p<0,0001. Data was pooled from two independent experiments (n=5 for AhRRE/E and 

WT in control group, n=6 for the other genotypes). 

 

Apart from increasing the frequencies of the AhRR/EGFP-expressing cells, 3MC treatment also 

increased the MFI of AhRR in some of the myeloid cell subsets in both Triple CYP-KO AhRRE/E 

and AhRRE/E mice (Fig. 5.54 A-F). For instance, the MFI of AhRR/EGFP was markedly 

increased in the eosinophil subset in the 3MC group, but not in Triple CYP-KO AhRRE/E mice 

(Fig. 5.54 A). In monocytes, the MFI was only slightly increased in 3MC-treated AhRRE/E and 

Triple CYP-KO AhRRE/E mice (Fig. 5.54 B). In the ATM2 subset, the AhRR MFI significantly 

increased in the 3MC- treated Triple CYP-KO AhRRE/E mice, and to a lesser extent also in 

AhRRE/E mice (Fig. 5.54 C). Here, the MFI between the two aforementioned genotypes in the 
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3MC group also differed significantly. In the ATM3 subset, the difference in the MFI of 

AhRR/EGFP between control- and 3MC-treated Triple CYP-KO AhRRE/E and AhRRE/E mice 

was not significant (Fig. 5.54 D), but the MFI between the Triple CYP-KO AhRRE/E and AhRRE/E 

mice in the 3MC group was. In CD11b+ DC, 3MC significantly increased the AhRR MFI in both 

Triple CYP-KO AhRRE/E and AhRRE/E mice (Fig. 5.54 E). In CD11b- DC, high variances in 

AhRR/EGFP MFI across all genotypes and treatment groups were observed and there was also 

a high background noise in WT and Triple CYP-KO AhRR+/+ mice in both treatment groups (Fig. 

5.54 F).  
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Fig. 5.54 3MC enhances the MFI of AhRR/EGFP expression of some of the myeloid cell subsets in WATg. 

Median Fluorescence Intensity (MFI) of AhRR/EGFP from each myeloid subset were quantified. Results are shown 

as mean ± SEM and significance was analyzed by two-way ANOVA corrected for multiple comparisons by the 

Bonferroni’s method.  **** p<0,0001. Data was pooled from two independent experiments (n=5 for AhRRE/E and 

WT in control group, n=6 for the other genotypes). 

 

Aside from analyzing the AhRR/EGFP expression by means of flow cytometry, histologic 

analysis was conducted. Cryosections generated from gelatin embedded WATg samples were 

mounted and visualized using an epifluorescence microscope. However, the attempt to perform 

this analysis was challenging, as the tissue was delicate and there was a high autofluorescence 

observed in the WATg of mice from all genotypes. Hence, determining the true EGFP signal was 

hard. Nevertheless, 3MC treatment did not appear to increase the EGFP signal and a real EGFP 

signal appears to only be found in the Triple CYP-KO AhRRE/E mice (Fig. 5.55). Nevertheless, 
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since AhRR is mostly expressed in immune cells, it could also be that the presence of adipocytes 

on tissue level made the increase of AhRR expression in immune cells less noticeable, due to 

their bigger size. Previous imaging analyses of WATg and WATi cryosections in our lab using 

a confocal microscope have also shown that the AhRR/EGFP signal was only found in Triple 

CYP-KO AhRRE/E mice (data not shown). Thus, visualizing the tissues with a confocal 

microscope would be advantageous in the future to minimize the high autofluorescence and to 

determine if 3MC treatment increases EGFP expression in Triple CYP-KO AhRRE/E and 

AhRRE/E mice. It would also be interesting to stain for stromal cell and pre-adipocytes markers, 

to see if EGFP expression is also enhanced in these subsets following 3MC treatment.  

Taken together, 16-hour in vivo 3MC treatment was sufficient to increase the frequencies and 

MFI of AhRR/EGFP-expressing myeloid cells in WATg, as well as to modify the frequency of 

eosinophils and ATM3 in AhRRE/E mice. This result now raised the question whether enhanced 

AhR signaling would also alter immune cell subsets and function in a metabolically altered state. 

 

Fig. 5.55 Tissue autofluorescence was observed in the cryosections of WATg. Expression of AhRR/EGFP in 

WT, AhRRE/E, Triple CYP-KO AhRR
+/+, and Triple CYP-KO AhRRE/E mice treated with DMSO (control) or 3MC. 

Immunofluorescence stainings of WATg cryosections counterstained for C) CD31 and LYVE-1, D) Tim4 and F4/80. 

All Images were taken at 20x magnification and scale bar = 100μm. 

 

5.5. Modulation of AhR signaling and immune cell frequencies in diet-induced obesity 

 

Several publications already showed that AhR signaling mediates diet-induced obesity (DIO) in 

rodents, as complete ablation of AhR prevented weight gain and also protected against liver 

fibrosis and insulin resistance (da Silva et al., 2022; Kerley-Hamilton et al., 2012; Moyer et al., 

2016; Rojas et al., 2021; C. Wang et al., 2011). In line with these findings, mice carrying the 

high-affinity AhR allele had higher weight gain and more gonadal fat mass, following 28-week 
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WWestern diet feeding than mice carrying the low-affinity allele (Kerley-Hamilton et al., 2012). 

Exposure to AhR ligands such as TCDD and dioxin-like PCBs also correlated with an increased 

risk for diabetes (Alonso-Magdalena et al., 2011). Findings from our lab have shown that similar 

to AhR, loss of AhRR was also sufficient to protect from weight gain and glucose intolerance 

(unpublished data). To further elucidate the involvement of AhR signaling in DIO, other AhR 

target genes, such as those encoding the three AhR-dependent CYP enzymes were also ablated. 

Mice lacking AhRR and/or the three CYP enzymes were fed for 14 weeks with either high-fat 

diet (HFD) with 60 kJ% lard content or the matching control diet (CD), an isocaloric diet with 

only 10 kJ% fat content. Both, HFD and CD are purified diets that contain less AhR-activating 

phytochemicals comparable to the ligand-reduced diet used by Schanz et al., 2020 (Schanz et al., 

2020b). Furthermore, the three CYP enzymes are also involved in lipid metabolism by mediating 

lipid mediator biosynthesis and their ablation also reduced neutrophil numbers in the peritoneal 

cavity following zymosan treatment (Divanovic et al., 2013), which may also help resolving 

adipose tissue inflammation in DIO (Lopategi et al., 2016). Thus, it would be interesting to know 

if dysregulation in lipid mediator synthesis by the absence of the CYP-enzymes would influence 

the course of DIO.  

The aims of this experiment were to investigate if the ablation of the three AhR-dependent CYP 

enzymes and/or AhRR would alter the physiology, cellularity of the tissue, and gene expression 

levels in the context of DIO. In addition, we analyzed whether the deficiency of the CYP-

enzymes would enhance AhR signaling in the presence of limited supply of AhR ligands. Hence, 

body and organ weights, blood glucose as well as liver enzymes and cholesterol markers in the 

serum were measured. Apart from that, the frequencies of the immune subsets, as well as the 

AhRR expression in these subsets in SI, liver, and WATg were also analyzed.  

5.5.1. Physiological alterations induced by high fat diet 

 

Mice aged 8-10 weeks old were fed with either HFD or CD for 14 weeks. The mice were weighed 

and scored every week. At the 12-week-mark, a glucose tolerance test was performed, in which 

mice were injected with 250mg/mL glucose i.p (8µL/g bodyweight) and their blood glucose 

levels were measured first within 15-minute-, then within 30-minute intervals up to 150 minutes 

post glucose challenge (Fig. 5.56 A).  

Ablation of AhRR and/or the three AhR-dependent CYP enzymes led to systemic physiological 

alterations. The body weight measurements indicated that the HFD feeding worked, as HFD-fed 

mice gained anywhere from 10-18g more weight, compared to the CD-fed mice at the end of 

week 14. The result also confirmed previous experiments done in our lab, in which AhRR 
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depletion protected against weight gain following 14-week HFD feeding. However, only a slight 

change was observed in the weight curve over the course of 14 weeks between the genotypes in 

both HFD and CD groups (Fig. 5.56 B), but at the end of experiment, HFD-fed AhRRE/E mice 

gained significantly less weight (~5g) compared to WT mice (Fig. 5.56 C). A similar tendency 

was also seen in Triple CYP-KO AhRRE/E mice although their body weight was not significantly 

lower than the WT and Triple CYP-KO AhRR+/+ mice. Further, Triple CYP-KO AhRR+/+ mice 

had a slightly higher weight gain compared to WT mice (~2g more). Similar tendencies in the 

distribution of the weight gain of AhRRE/E and Triple CYP-KO AhRRE/E mice were also observed 

in CD-fed mice. Moreover, the glucose tolerance test (GTT) showed that the glucose challenge 

worked, as the blood glucose peaked at the 30 minutes time point in both HFD and CD groups. 

The maximum blood glucose levels in the HFD groups were about 5-10 mmol/L higher compared 

to the CD group, depending on the genotype (Fig. 5.56 D). The blood glucose level of CD-fed 

mice started to decrease from 60 minutes onwards. The reduced weight gain in the AhRR-

deficient mice in the HFD group was accompanied by better glucose tolerance, particularly in 

AhRRE/E mice compared to WT mice, as the blood glucose in AhRRE/E mice was 6 and 8 mmol/L 

less than WT at the 60- and 90-minute time points (Fig. 5.56 D). Interestingly, a similar reduction 

in blood glucose concentration in AhRRE/E mice compared to WT was also observed in the CD 

group. In the HFD group, it was also apparent that the peak blood glucose level of WT mice was 

sustained up to 90 minutes, whereas in AhRRE/E mice, it already declined at the 60-minute time 

point. The ablation of the three CYP enzymes also reduced the glucose tolerance, as the blood 

glucose level of Triple CYP-KO AhRR+/+ mice in the HFD group failed to return to the baseline 

level even at the 150-minute endpoint. Nevertheless, AhRR-deficiency slightly overturned the 

reduced glucose tolerance caused by the ablation of the triple CYP enzymes, since the blood 

glucose level of the Triple CYP-KO AhRRE/E mice tended to be lower than in the Triple CYP-

KO AhRR+/+ mice, and it already started to decrease at 90 minutes. This suggests that the loss of 

AhRR led to inherently leaner mice and higher glucose tolerance, as it was observed in both HFD 

and CD groups, whereas the ablation of the three CYP enzymes led to opposite effects, but such 

effects were only apparent in HFD-fed mice. The results regarding AhRR-deficient mice are in 

line with the previous results obtained in our group, where loss of AhRR was protective against 

DIO (unpublished data). Interestingly, deficiency of the three CYP enzymes led to higher weight 

gain, which might be related to the dysregulated lipid metabolism in these mice.  

To assess if HFD inflicted liver damage, serum ALT and AST were measured. AhRRE/E and 

Triple CYP-KO AhRRE/E mice fed with HFD had slightly lower ALT and AST levels compared 

to WT and Triple CYP-KO AhRR+/+ mice (Fig. 5.56 , left and middle figures). The AST and 
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ALT serum results were reflected in the calculated AST/ALT ratio, as the Triple CYP-KO 

AhRR+/+ mice also had the highest ratio in the HFD group. However, HFD feeding did not 

increase the ratio in the other three genotypes; the ratio in WT mice was comparable to AhRRE/E 

and Triple CYP-KO AhRRE/E mice in both CD and HFD group.  Moreover, serum triglyceride 

levels, which indicate increased free fatty acids in the circulation were increased in the HFD 

group compared to CD group regardless of the genotypes (Fig. 5.56 E, right figure).  
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Fig. 5.56 Lack of AhRR reduced weight gain and increased glucose tolerance in the presence and absence 

of CYP enzymes. A) WT, AhRRE/E, as well as Triple CYP-KO AhRR
+/+ and AhRRE/E were fed with either a 

HFD or CD for 14 weeks. An in vivo glucose tolerance test was conducted 2 weeks prior to sacrificing the mice. 

B) The mice were weighed and scored every week throughout the experiment and C) the weight difference 

between the beginning and the end of experiment was calculated. D) During the glucose tolerance test, mice 

were challenged with glucose and blood glucose levels were measured within 15- and 30-minute intervals. E) 

the serum AST, ALT, AST/ALT ratio, and Triglycerides obtained at the end of experiment were measured. 

Results are shown as mean ± SEM and significance was analyzed by one-way (B-D) or two-way ANOVA 

corrected for multiple comparisons by the Bonferroni’s method.  * p<0,5. In Figure D, * refers to the significance 

between WT and AhRRE/E mice. For Figures B-D, data was pooled from two independent experiments (n=7), 

whereas for Figure E, data was from one experiment only (n=4).  
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5.5.2.    Cellular composition of the small intestinal intraepithelial lymphocytes and lamina 

propria after HFD challenge 

 

Obesity has been shown to alter the intestinal milieu and immune compartments therein (Khan 

et al., 2021). Simultaneously, AhR activation by β-naphthoflavone plays a role in immune cell 

maintenance at mucosal barrier sites, as it protected junctional complexes in the murine 

intestinal epithelium via PKC and p38MAPK signaling pathway (Postal et al., 2020). Another 

study also showed that AhR activation via indigo also protected against HFD-induced insulin 

resistance by enhancing IL-22 production (Lin et al., 2019). The ablation of AhRR and/or the 

three AhR-dependent CYP enzymes was supposed to enhance AhR signaling, as shown in 

Chapter 4. Here, it was interesting to determine if the frequencies of immune cells would be 

altered in the absence of AhRR and/or the three CYP enzymes in DIO and in the limited 

presence of AhR ligands when fed a HFD and CD.  

5.5.2.1. Cellular compositions of IEL 
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Fig. 5.57 HFD does not alter the frequencies of cell subsets in intestinal epithelium. SI was isolated from mice 

that were fed with either a CD or HFD for 14 weeks. The cells from the epithelial layer were then gated for EpCAM
+

, 

TCRγδ
+

 CD8αα
+

, TCR
+

 CD8
+

, and TCR
+

 CD8
+

. The frequencies of the cell subsets were analyzed by 

flow cytometry and were quantified out of the total CD45
+

 cells. Results are shown as mean ± SEM and significance 

was analyzed by two-way ANOVA corrected for multiple comparisons by the Bonferroni’s method.  Data was 

pooled from two independent experiments (n=7).  

Following isolation of SI cells from the epithelial layer, the cells were gated for EpCAM+ IEC, 

TCRγδ+ CD8αα+, TCRβ+ CD8αβ+, and TCRβ+ CD8αα+ IELs. The gating strategy is depicted in 

Fig.5.2 (Chapter 4). FACS analysis of IEL revealed that HFD feeding did not alter the 

frequencies of any of the cell’s subsets and neither did the ablation of AhRR and/or the three 
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CYP enzymes (Fig. 5.57). In terms of EpCAM+ IEC, there were no prominent differences across 

genotypes and treatment groups, but a mild induction was observed in the HFD-fed group (Fig. 

5.57 A). In the TCRγδ+ CD8+ subset, WT mice had the highest frequency in both diet groups. 

However, HFD slightly reduced the frequency of TCRγδ+ CD8+ and TCR+ CD8+ 

particularly in Triple CYP-KO AhRR+/+ mice (Fig. 5.57 B and C). In both TCR+ IEL subsets, 

neither HFD nor the absence of AhRR and/or the three CYP enzymes led to alterations in 

frequencies (Fig. 5.57 C and D). In terms of AhRR expression, there was no difference in AhRR 

expression in EpCAM+ IEC and the three IEL subsets between AhRRE/E and Triple CYP-KO 

AhRRE/E mice in both HFD and CD groups (Fig. 5.58 A-D). Compared to the in-vivo ligand 

experiment in Chapter 4, there was an overall reduction in AhRR/EGFP expression in IEC and 

IEL subsets. In the ligand feeding experiment, the frequency of AhRR-expressing IEC reached 

~10% in the control-treated Triple CYP-KO AhRRE/E mice, whereas the frequencies of AhRR-

expressing IEL subsets reached 60-80% (Fig 5.4 Chapter 4). Here, the frequency was around 5% 

or less in both CD- and HFD-treated AhRRE/E and Triple CYP-KO AhRRE/E mice (Fig. 5.58). In 

addition, the frequencies of AhRR-expressing IEL subsets were reduced to around 50% in CD- 

and HFD-fed AhRRE/E and Triple CYP-KO AhRRE/E mice. In general, HFD feeding did not cause 

further reduction in the AhRR-expressing IEL frequencies compared to the CD group, although 

in the TCR+ CD8+ subset, HFD seemed to slightly reduce the frequency in AhRRE/E mice. 

The frequencies of the AhRR-expressing IEL subsets in AhRRE/E mice were also slightly lower, 

compared to the result shown by Schanz et al. (Schanz et al., 2020), in which the frequencies of 

EGFP+ TCR+ IEL in AhRRE/+ mice fed with ligand-reduced diet reached ~70% among all 

TCR+ IEL. However, the mice analyzed in this HFD experiment were ~12 weeks older than the 

ones used by Schanz et al., suggesting that age and AhRR expression could be inversely 

correlated. 
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Fig. 5.58. HFD does not increase the frequencies of AhRR-expressing IEL SI was isolated from mice that were 

fed with either a CD or HFD for 14 weeks. The cells from the epithelial layer were then gated for EpCAM
+

, TCRγδ
+

 

CD8αα
+

, TCRβ
+

 CD8αβ
+

, and TCRβ
+

 CD8αα
+

.The EGFP
+

 EpCAM and IEL subsets were analyzed by flow 

cytometry and their frequencies were quantified. Results are shown as mean ± SEM and significance was analyzed 

by two-way ANOVA corrected for multiple comparisons by the Bonferroni’s method. Data was pooled from two 

independent experiments (n=7). 

 

5.5.2.2. Cellular composition in SI Lamina Propria 

 

Fig. 5.59 Gating strategy of lymphocytes in SI lamina propria. SI cells were isolated from lamina propria and 

gated for living single CD45
+

 cells. Single cell gating was performed twice prior to gating the CD45
+

 subset. Then, 

B- and T cells, both conventional CD4
+

 and CD8
+

 TCRβ
+

 cells, as well as TCRγδ cells.  

Following the isolation of immune cells in lamina propria, the cells were gated for B cells, TCR+ 

T cells (both conventional CD4+ and CD8+ TCR+ cells and Tγδ cells), macrophages, Mo-Mac, 

and cDC. B- and T cells were identified by their expression of B220 and TCR, respectively. 
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Mo-Mac were identified as Ly6C+ Lc6G- F4/80+ cells, whereas macrophages were identified as 

F4/80+ CD64+ Ly6C- cells, and cDC were identified as MHCII+ CD11c+ cells. The lamina 

propria DC were further divided into four subsets, CD103- CD11b-, CD103+ CD11b+, CD103+ 

CD11b-, and CD103- CD11b+ DC, but the double negative population was omitted in the 

analysis, due to extremely low cell number. The gating strategy for the myeloid subset is depicted 

in Fig 5.7 (Chapter 4), whereas the gating strategy for the lymphocytes is depicted in Fig. 5.59. 

There was no significant difference in the frequency of conventional T cells (both CD4+ and 

CD8+), although the frequency of CD8+ T cells tended to increase in the HFD group (Fig. 5.60 

A-C). The frequency of Tγδ cells was slightly increased in AhRRE/E mice under HFD, whereas 

the ablation of triple CYP enzymes slightly reduced the Tγδ cell frequency in both HFD and CD 

groups (Fig. 5.60 D). A significant difference in the frequency of Tγδ cells was observed between 

the HFD-fed AhRRE/E and Triple CYP-KO AhRR+/+mice. Further, HFD did not alter the 

frequency of B cells across all genotypes (Fig. 5.60 E). In contrast, the ablation of either AhRR 

and/or the Triple CYP enzymes reduced the frequency of B cells compared to WT mice 

regardless of diet groups. In terms of total macrophages and MHCII+ macrophages, there were 

no significant differences observed (Fig. 5.60 F and G). HFD seemed to slightly increase the 

frequency of Mo-Mac in Triple CYP-KO AhRR+/+ mice, which led to a significant difference 

between Triple CYP-KO AhRR+/+ and Triple CYP-KO AhRRE/E mice (Fig. 5.60 H). Also, the 

Mo-Mac frequency was reduced in AhRRE/E mice to a level observed in CD-fed mice, indicating 

that deficiency of AhRR inhibits the accumulation of Mo-Mac under HFD. In terms of DC, the 

frequencies of each subset were rather low (~0.5-2%). Regarding CD103+ CD11b+ cDC, HFD 

slightly reduced their frequency across all genotypes, compared to the frequencies in the CD 

group (Fig. 5.60 I), whereas the frequency of CD103+ CD11b- DC was slightly enhanced under 

HFD conditions in Triple CYP-KO AhRRE/E mice (Fig. 5.60 J). In contrast, HFD slightly reduced 

the frequency of CD103- CD11b+ DC in AhRRE/E mice (Fig. 5.60 K). These diverse effects on 

frequencies of various immune cells further showed the cell-type specificity of AhRR regulation 

and it also indicated that the ablation of AhRR and/or the Triple CYP enzymes could directly 

alter the frequency of intestinal immune cells.  
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Fig. 5.60 HFD slightly altered the frequencies of γδ T cells and Mo-Mac in SI lamina propria. SI lamina propria 

cells were isolated from mice that were fed either by HFD or CD for 14 weeks. The cells were then gated for B- and 

T cells (both conventional and γδ T cells), macrophages, Mo-Mac, and DC. The frequencies of the immune cell 

subsets were analyzed by means of flow cytometry. The frequencies of myeloid cells were quantified out of the total 

CD45
+

 cells. Results are shown as mean ± SEM and significance was analyzed by two-way ANOVA corrected for 

multiple comparisons by the Bonferroni’s method.  Data was pooled from two independent experiments (n=7). 
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Fig. 5.61 HFD markedly reduced the frequencies of AhRR-expressing immune cells in SI lamina propria. 

The frequencies of AhRR/EGFP-expressing immune cell subsets were analyzed by flow cytometry. Results are 

shown as mean ± SEM and significance was analyzed by two-way ANOVA corrected for multiple comparisons by 

the Bonferroni’s method.  Data was pooled from two independent experiments (n=7). 

HFD reduced the AhRR/EGFP expression in most of the immune cell subsets, both in lymphoid 

and myeloid subsets of AhRRE/E and Triple CYP-KO AhRRE/E mice. HFD reduced the frequency 

of AhRR-expressing CD4+ T cells from a mean value of around 35% to 20% in both AhRRE/E 



Results  

131 
 

and Triple CYP-KO AhRRE/E mice, compared to the CD-fed mice, but there was no inherent 

difference between the two genotypes (Fig. 5.61 A). Similarly, HFD also reduced AhRR-

expressing CD8+ T cells from mean values of 58% and 38% to ~20% and ~10% in AhRRE/E and 

Triple CYP-KO AhRRE/E mice, respectively (Fig. 5.61 B). Interestingly, the frequency of AhRR-

expressing cells in AhRRE/E mice was significantly higher than Triple CYP-KO AhRRE/E mice in 

the CD group. Regarding Tγδ cells, there was also a tendency that HFD reduced the frequency 

of these cells in both AhRRE/E and Triple CYP-KO AhRRE/E mice, and the frequency of AhRR-

expressing Tγδ cells was also slightly higher in AhRRE/E mice (Fig. 5.61 C). This result differed 

from the result shown in Chapter 4, where AhRR expression was higher in Triple CYP-KO 

AhRRE/E mice both in lymphocytes and myeloid cells, but the mice used here were around 22–

24-week-old, much older than the 8-week-old mice used in the previous experiment. This may 

suggest that the combination of lack of AhR ligands, aging, and ablation of the three CYP 

enzymes might mediate such a reduction in AhRR/EGFP expression. Apart from T cells, HFD 

also significantly reduced the frequency of AhRR/EGFP+ B cells in Triple CYP-KO AhRRE/E 

mice (Fig. 5.61 D). In the myeloid compartment, the frequency of AhRR-expressing cells was 

comparable between AhRRE/E and Triple CYP-KO AhRRE/E mice and feeding a HFD also 

significantly reduced the frequency of AhRR-expressing macrophages, Mo-Mac, and DC in both 

genotypes (Fig. 5.61 E-H).  

In addition to FACS analysis, a qualitative histological analysis of SI from CD- and HFD-fed 

AhRRE/E and Triple CYP-KO AhRRE/E mice was conducted (Fig. 5.62). In this case, however, it 

was harder to observe the HFD-mediated reduction of AhRR expression on tissue level. One 

explanation could be that the AhRR is also expressed in intestinal stromal cells, and it could be 

that the AhRR expression in these cells was not as affected as in the immune cells. In fact, the 

previous chapter showed that AhRR is differentially regulated in stromal versus immune cells. 

Nevertheless, it seems that AhRR expression in mice fed with purified diets (both CD and HFD) 

was reduced both in terms of intensity and frequency, as the AhRR-expressing stromal cells in 

the pericryptal areas that were normally observed in NC-fed mice were not visible in the CD- 

and HFD-fed Triple CYP-KO AhRRE/E mice, as shown in Fig. 5.62. In the future, an isolation 

method for the stromal cells in lamina propria should be developed to determine if HFD can also 

reduce the AhRR expression in various stromal cells subsets. 
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Fig. 5.62 AhRR expression in SI of CD- or HFD-fed mice. SI cryosections were prepared from AhRRE/E and 

Triple CYP-KO AhRRE/E mice that had been fed with either CD or HFD for 14 weeks and AhRR expression was 

compared to the one from NC-fed 8-week-old female mice. Representative images of one mouse from each treatment 

group and genotype are shown here. Images were taken at 20x magnification with similar exposure time.  Scale bar 

= 50μm. 

 

5.5.3. AhRR and CYP-dependent cellular and metabolic alterations in the liver after dietary  

challenge 

 

In liver, AhR and the three AhR-dependent CYP enzymes are highly expressed, and they all play 

a role in xenobiotic metabolism, which takes place in the liver. AhR expression, particularly of 

the high-affinity AhR which is present in C57BL/6J mice, and activation by kynurenine has been 

shown to induce not only increased body weight gain and hyperglycemia, but also liver steatosis 

(Kerley-Hamilton et al., 2012; Rojas et al., 2021). The three AhR-dependent CYP enzymes as 

mentioned earlier also have been shown to mediate the synthesis of lipid mediators (Divanovic 

et al., 2013) . To assess if enhanced AhR activation in mice fed a HFD for 14 weeks would also 

result in NASH, a more progressive form of liver inflammation, we sought to investigate if DIO 

and ablation of AhRR and/or the three CYP enzymes would affect the frequencies of hepatic 

immune cells and if this alters liver pathology at large.  
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Fig. 5.63 Loss of Triple CYP enzymes increased liver weight and hepatic Ahrr expression. WT, AhRRE/E,Triple 

CYP-KO AhRR
+/+, and Triple CYP-KO AhRRE/E mice were fed with either CD or HFD for 14 weeks. A) Liver 

was isolated and weighed at the end of week 14, and the expression of B) Ahr and its target genes, as well as C) 

genes involved in obesity progression were quantified by qPCR. Data was normalized to the expression of the 

reference gene and to the CD-fed mice from the respective genotype. Gene expression of Ahr, Ahrr, Cyp1a1, Pparγ, 

and Fabp4 is depicted as fold change (2-∆∆Ct). Error bars represent mean ± SEM. Significance was analyzed by one-

way ANOVA corrected for multiple comparisons by the Bonferroni’s method, * p<0,05, *** p<0,001. Data was 

pooled from two independent experiments in figure A and B (n=7), whereas in figure C, data was obtained from one 

experiment (n=4).  

 

At a gross level, HFD slightly increased the liver weight of WT mice and to a lesser extent the 

liver weights of AhRRE/E and Triple CYP-KO AhRRE/E mice, but only the liver weight of Triple 

CYP-KO AhRR+/+ mice was significantly increased compared to the CD-fed counterpart (Fig. 

5.63 A). Neither the loss of AhRR nor the three CYP enzymes altered the liver weight in the CD 

group. At mRNA level, Triple CYP-KO mice fed with HFD had a slightly increased Ahr 
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expression in liver compared to the other genotypes. The Ahrr expression of these mice was also 

significantly increased by ~8-fold relative to the CD-fed mice, suggesting that AhR activation 

was occurring. However, such induction was more than three times lower compared to the 

induction of Ahrr expression in the NC-fed mice used in the ligand stimulation experiment (Fig. 

5.63 B), which showed more than 30 times higher expression of Ahrr following 3MC application 

(Fig. 5.44). Moreover, Cyp1a1 expression in AhRRE/E mice fed with HFD was comparable to 

WT mice, further alluding to reduced AhR signaling in mice fed a purified diet. In terms of 

obesity-related genes, the loss of AhRR mildly reduced Pparγ expression in liver and it was 

further reduced by 2.5-fold when both AhRR and Triple CYP were absent (Fig. 5.63 C). To a 

lesser extent, the loss of AhRR also slightly reduced Fabp4 expression in liver. 

To see if HFD feeding induced structural alterations and changes in lipid accumulation in liver, 

H&E and Oil-red-O stainings of liver sections were performed. Overall, both stainings showed 

similar phenotypes, matching the ones in the body and liver weights. The H&E staining 

demonstrated that WT and Triple CYP-KO AhRR+/+ mice exhibited slightly more fat 

accumulation in the liver lobules than AhRRE/E mice (Fig. 5.64 A and B, upper row). 

Interestingly, the liver of Triple CYP-KO AhRRE/E mice appeared to be most protected against 

HFD-induced hepatosteatosis. In the CD-fed mice, no apparent lipid accumulation was observed, 

except for the liver of Triple CYP-KO AhRR+/+ mice (Fig. 5.64 A and B, lower row). 

Furthermore, Oil-red-O (ORO) staining was performed to detect neutral lipids, such as 

triglycerides, cholesteryl esters, and lipoproteins (Du et al., 2022). Overall, preliminary staining 

results from two or three sections/mouse demonstrated more extensive lipid droplet accumulation 

in HFD-fed WT and Triple CYP-KO AhRR+/+ mice compared to AhRR-deficient mice, as 

evident in the more intense ORO staining and larger lipid droplets (Fig. 5.65 A and B, upper 

row). Interestingly, lipid accumulation was also visible in the CD-fed WT and Triple CYP-KO 

AhRR+/+ mice, but not in AhRRE/E and Triple CYP-KO AhRRE/E mice (Fig. 5.65 A and B, lower 

row). Nevertheless, quantification of lipid droplet size still needs to be conducted with ImageJ 

AdipoQ plugin and more sections should be stained and analyzed.  

 



Results  

135 
 

 

Fig. 5.64 Liver histology in response to HFD and CD feeding. Livers were isolated from WT, AhRRE/E,Triple 

CYP-KO AhRR
+/+, and Triple CYP-KO AhRRE/E mice were fed with either CD or HFD for 14 weeks. They were 

then paraffinized and H&E staining was performed on the paraffin sections. Representative images from one mouse 

/ genotype are shown here. Sections were visualized at A) 4x and B) 10x magnification. Scale bar = 500µm in A 

and 200µm in B.  
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Fig. 5.65 Loss of AhRR reduces lipid accumulation and lipid droplet size. Livers were isolated from WT, 

AhRRE/E,Triple CYP-KO AhRR
+/+, and Triple CYP-KO AhRRE/E mice fed with either CD or HFD for 14 weeks. 

Cryosections were then obtained, and Oil-Red-O staining was performed to detect neutral lipids, cholesterols, and 

lipoprotein. Images are representative of three mice/genotype, of which one image/genotype is shown here. Sections 

were visualized at A) 4x and B) 10x magnification. Scale bar = 500µm in A and 200µm in B.  

Although the HFD-fed mice exhibited increased lipid accumulation and hepatosteatosis/NAFLD 

developed, it was unclear if the HFD feeding also resulted in development of fibrosis, which is 

also a sign of NASH. Hence, Picrosirius Red staining was conducted on paraffin liver sections. 

This staining detects type I and type III collagen. Collagen I is expressed by fibroblasts, but also 

large vessels contain type I and III collagen (Schwarz, 2015; Xu & Shi, 2014). Nevertheless, the 

staining showed no extensive collagen deposition in HFD-fed mice (Fig. 5.66 A and B). Like 

the ORO staining, the Picrosirius Red staining was performed on two sections/mouse and showed 

some variations between animals, correlating with their body and liver weights. In general, only 

mild fibrosis was observed across all genotypes, there was accumulation of collagen observed in 

some tissue areas, but fibrotic bridges could hardly be detected. Hence, the ORO and Picrosirius 

Red stainings suggested that feeding the mice with HFD for 14 weeks in our animal facility 

resulted in NAFLD/hepatic steatosis but did not lead to NASH. Nevertheless, more sections need 

to be stained and an objective method for scoring needs to be employed. 
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Taken together, ablation of the three CYP enzymes led to an altered energy homeostasis and lipid 

metabolism, as evident in the increased body mass, glucose intolerance, as well as hepatic lipid 

accumulation and larger lipid droplet size. On the contrary, ablation of AhRR rather protected 

against symptoms of DIO and this effect was dominant over Triple-CYP deficiency. 

 

Fig. 5.66 HFD feeding did not cause extensive liver fibrosis. Livers were isolated from WT, AhRRE/E, Triple 

CYP-KO AhRR
+/+, and Triple CYP-KO AhRRE/E mice were fed with either CD or HFD for 14 weeks. Paraffin 

sections were obtained and Picrosirius red staining was performed to detect type I and III collagen. Images are 

representative of three mice/genotype, of which one image/genotype is shown. Sections were visualized at A) 4x 

and B) 10x magnification. Scale bar = 500µm in A and 200µm in B.  

Obesity has been shown to perturb not only the molecular architecture of liver cells, but also the 

homeostasis of the hepatic immune system (Parlakgül et al., 2022; Remmerie, Martens, & Scott, 

2020). Hence, the frequencies of hepatic immune cells, from both the lymphoid and myeloid 

compartments, were analyzed by flow cytometry. Hepatic immune cells were gated based on the 

strategy shown in Figure 5.13 (Chapter 4). The myeloid subset was first gated based on the lack 

of CD19 and NK1.1 expression. Then, KC were identified as CD11bint F4/80hi Tim4+ CD31- cells 

and cDCs were identified as Ly6lo MHCII+ CD11chi cells. Mo-Mac subsets were divided into 

two subpopulations, based on the expression of F4/80 and Ly6C: either as 

F4/80+ Ly6C+ CD11b+- or F4/80+ Ly6C- CD11b+ cells. Monocytes were identified as 
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Ly6C+ MHCII+/-. Lastly, cDC were identified as Ly6C- MHCII+ CD11chi cells. The cDC subsets 

were distinguished by the presence or absence of CD11b; CD11b- cDC belong to cDC1 and 

CD11b+ belong to cDC2. 

HFD-feeding induced some alterations in the immune cell subsets of the different genotypes on 

top of the alterations induced by the ablation of AhRR and/or the three CYP enzymes. In the 

lymphocyte subsets, no alteration was observed in the T cell subset across genotypes and 

treatment groups (Fig. 5.67 A), whereas HFD slightly reduced NKT frequency in AhRRE/E  and 

Triple CYP-KO AhRRE/E mice compared to WT mice, but the reduction was only significant in 

the latter (Fig. 5.67 B). Remarkably, the frequency of NK cells in Triple CYP-KO AhRR+/+ mice 

in the CD group was significantly higher compared to the other genotypes, but HFD reduced the 

proportion of NK cells and made it more comparable to that in Triple CYP-KO AhRRE/E mice, 

although it was still significantly higher than in AhRRE/E mice (Fig. 5.67 C). In the myeloid 

compartment, the KC frequency in AhRRE/E mice reached 9% out of the total CD45+ cells (Fig. 

5.67 D). It was significantly higher compared to the other three genotypes, which was different 

to the previous experiments (Figure 5.14 D, Chapter 4). HFD feeding, in turn, significantly 

reduced the frequency on KC in AhRRE/E mice down to ~2% and to a lesser extent also in WT 

and Triple CYP-KO AhRRE/E mice. Of note, the KC frequency in Triple CYP-KO AhRR+/+ mice 

was the lowest among the four genotypes regardless of the diet. In contrast, HFD markedly 

increased Ly6C+ Mo-Mac frequency from around 1,6% to 3,0% in Triple CYP-KO AhRR+/+ 

mice (Fig. 5.67 E). HFD also tended to increase the Ly6C+ Mo-Mac frequency in WT and to a 

lesser extent, in AhRRE/E mice. Interestingly, the Ly6C+ Mo-Mac frequency in Triple CYP-KO 

AhRRE/E mice consistently remained low despite the HFD feeding. In the more mature Mo-Mac, 

in which Ly6C expression has already been downregulated, HFD markedly increased the 

frequency of Ly6C- MHCII+-, but not MHCII- Mo-Mac (Fig. 5.67 F and G). Moreover, HFD 

slightly increased the hepatic MHCII+ monocyte frequency from 2% to 3-3,5% in AhRRE/E, 

Triple CYP-KO AhRR+/+, and Triple CYP-KO AhRRE/E mice (Fig. 5.67 H), but did not notably 

alter the MHCII- monocyte frequency (Fig. 5.67 I). There were also no significant alterations in 

the MHCII- monocyte frequency caused by the ablation of AhRR and/or the three CYP enzymes.  

Lastly, in terms of cDC, HFD significantly increased the frequency of cDC2 in Triple CYP-KO 

AhRRE/E mice, so that it was also significantly higher than in WT mice (Fig. 5.67 J). In contrast, 

neither HFD nor the loss of AhRR and/or Triple CYP altered the cDC1 frequency (Fig. 5.67 K).  

The increase in KC frequency in CD-fed mice was not observed in untreated NC-fed mice as 

shown in Chapter 4. When comparing the two experiments, it should be considered that the CD- 
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and HFD-fed mice were of male sex, and they were already 22-24 weeks old at the end of the 

experiment, whereas the mice used in the ligand experiment were 8-week-old female mice. NC 

contains more phytochemicals and flavonoids that have AhR-activating properties; hence it was 

interesting to determine if age-matched male mice fed NC diet would also exhibit alterations in 

KC frequency. Therefore, 24-week-old male mice fed with NC throughout their lifetime were 

used and the hepatic immune cells were isolated. The gating strategy depicted in 5.13 (Chapter 

4) was used to identify KC. The result showed that the KC frequency of WT and AhRRE/E mice 

were comparable in NC fed mice (Fig. 5.68), suggesting that the presence of AhR ligands, not 

the age or sex of mice may modulate KC maintenance and frequency.  
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Fig. 5.67 Comparison of hepatic immune cell frequencies between CD- and HFD-fed mice. Liver cells were 

isolated from mice that were fed with either CD or HFD for 14 weeks. They were gated for NKT-, T cells, NK cells, 

as well as KC, Mo-Mac, monocytes, as well as cDC1 & cDC2. The frequencies of the cell subsets were analyzed by 
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flow cytometry and were quantified out of the total CD45
+

 cells. Results are shown as mean ± SEM and significance 

was analyzed by two-way ANOVA corrected for multiple comparisons by the Bonferroni’s method.  Data was 

pooled from two independent experiments (n=7). 
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Fig. 5.68 The absence of AhRR does not increase KC frequency in NC-fed mice. Liver cells were isolated from 

24-week-old WT and AhRRE/E mice that were fed with NC. The frequencies of the cell subsets were analyzed by 

flow cytometry and were quantified out of the total CD45
+

 cells. Results are shown as mean ± SEM and significance 

was analyzed by two-tailed paired t-test.  

 

 

Fig. 5.69 Both HFD and CD feeding greatly reduced AhRR expression in hepatic immune and stromal cells. 

Following liver cell isolation, the AhRR/EGFP expression in each genotype and treatment group was analyzed in 

A) in living CD45
+

 subset by FACS. B) Liver cryosections of Triple CYP-KO AhRRE/E mice were also analyzed 

for EGFP expression. In both A) and B), representative images from one mouse from each treatment group and 

genotype are shown. In B), scale bar represents 200µm. 
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Previously, Brandstätter et al. (Brandstätter et al., 2016a) showed that AhRR/EGFP was not 

expressed in the liver of AhRRE/+ and AhRRE/E mice. In this organ, AhRR/EGFP has been only 

observed so far in some immune and perivascular stromal cells of NC-fed Triple CYP-KO 

AhRRE/E mice, as shown in Chapter 4. However, expression of AhRR/EGFP was no longer 

observed in mice fed with CD or HFD (Fig. 5.69 A and B). This result is consistent with the 

finding of Schanz et al. (Schanz et al., 2020b), which showed that HFD and CD, which both are 

purified diets that contain less AhR-activating phytochemicals, greatly reduced AhRR/EGFP 

expression (Fig. 5.69). Hence, the AhRR/EGFP expression in individual immune subsets were 

not plotted here. Taken together, purified diets caused a low AhR activation state in liver, hence 

the alterations that were observed in some immune cell subsets here may have been directly or 

indirectly mediated by non-canonical AhR signaling. 

5.5.4. AhRR and CYP-dependent cellular and metabolic alterations in WATg after dietary 

challenge 

 

AhRR is expressed in immune cells of WATg, as shown in Fig 5.19 (Chapter 4). Besides, a 

previous publication also showed that conditional ablation of AhR in Pdgfrα-expressing cells, 

such as preadipocytes, protected mice from DIO and liver steatosis (Gourronc et al., 2020). AhR 

activation by TCDD, BaP, and PCB-like dioxins led to different metabolic complications in 

murine models, such as AT inflammation, increased lipid levels, impaired glucose homeostasis, 

and reduced glucose tolerance (Baker et al., 2015; Enan et al., 1992; Lou et al., 2022). Among 

the three AhR-dependent CYP enzymes, CYP1b1 has been shown to be increased in human 

WAT following adipogenic stimulation and its deficiency protected against DIO and glucose 

intolerance in mice (Liu et al., 2015). However, the role of Ahrr as an AhR target gene in 

modulating lipid metabolism is still not well elucidated. Hence, it was of our interest to 

investigate if AhRR ablation with or without the ablation of the three AhR-dependent CYP 

enzymes, would alter the physiology of the AT, as well as immune cell frequencies in DIO-

induced metainflammation.  

HFD feeding for 14 weeks increased the overall WATg weight by 1-1.5g compared to CD-fed 

mice and the ablation of the three CYP enzymes with or without AhRR ablation also led to a 

slightly increased WATg weight upon HFD challenge (Fig. 5.70 A). To assess lipid metabolism, 

a lipolysis assay was performed by Dr. Laia Reverte-Salisa. In this assay, norepinephrine, a 

catecholamine, was used to stimulate sympathetic nerves that innervate WATg via the three beta-

adrenergic (beta 1-, beta 2-, and beta 3-adrenergic) receptors. Stimulated sympathetic nerves can 
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in turn promote the release of energy in the form of FFAs, as well as glycerol (Malfacini & 

Pfeifer, 2023). The amount of glycerol released from the tissue was quantified following 

norepinephrine administration and normalized to the tissue weight. Baseline levels of lipolysis 

in CD and HFD groups were comparable, but the NE-induced increase in lipolysis was lower in 

the HFD- compared to the CD-fed mice (Fig. 5.70 B). This might suggest that neither AhRR nor 

the three CYP enzymes played major roles in lipolysis in WATg.  
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Fig. 5.70 Loss of Triple CYP enzymes tended to increase WATg mass after HFD. WT, AhRRE/E ,Triple CYP-

KO AhRR
+/+, and Triple CYP-KO AhRRE/E mice were fed with either CD or HFD for 14 weeks. A) WATg was 

isolated and weighed at the end of week 14. B) A lipolysis assay was conducted Dr. Laia Reverte-Salisa to measure 

the amount of glycerol released upon norepinephrine (NE) stimulation. The glycerol amount was normalized to the 

tissue weight.  

 

Moreover, H&E staining was performed to see if HFD had altered the cellular and tissue 

architecture of WATg (Fig. 5.71 A and B). WT and Triple CYP-KO AhRR+/+ mice exhibited 

more advanced adipose tissue pathogenesis than AhRRE/E and Triple CYP-KO AhRRE/E mice, as 

there appeared to be more Crown-Like Structures (CLS) surrounding the adipocytes. This was 

most prominent in the Triple CYP-KO AhRR+/+ mice, although variations were observed 

between animals. CLS are macrophages mostly derived from monocytes in blood surrounding 

dead or dying adipocytes. The presence of CLS is a hallmark of the proinflammatory process in 

adipose tissue (Wang et al., 2019). Nevertheless, additional immunohistochemical staining of 



Results  

143 
 

macrophages needs to be conducted in the future to confirm if the cell infiltrations surrounding 

the adipocytes are indeed comprised of macrophages.  

 

 

Fig. 5.71 WATg histology of WATg after CD or HFD feeding. WATg was isolated from WT, AhRRE/E,Triple 

CYP-KO AhRR
+/+, and Triple CYP-KO AhRRE/E mice fed with either CD or HFD for 14 weeks. H&E staining was 

performed on paraffin sections of the adipose tissue. Representative images from one mouse/genotype are shown 

here. Sections were visualized at A) 4x and B) 10x magnification. Scale bar = 500µm in A and 200µm in B. 

Consistent with the H&E staining, the Picrosirius Red staining showed that WT and Triple CYP-

KO AhRR+/+ mice exhibited a more severe phenotype, as a higher deposition of collagen was 

observed compared to AhRRE/E and Triple CYP-KO AhRRE/E mice (Fig. 5.72 A and B). The 

preliminary scoring of Picrosirius Red staining obtained from three sections/mouse showed that 

the results also varied between animals (Fig. 5.72 C). The scoring was based on the method 

described by Lassen et al. (Lassen et al., 2017), where fibrosis in adipose tissue was divided into 

two main categories, pericellular and perilobular fibrosis (PCF and PLF, respectively). Based on 

the severity of the fibrosis in both categories, the fibrosis score of adipose tissue (FAT scores) 

was determined, which is further divided into four stages: stage 0, where neither PLF and PCF 

are observed; stage 1, where moderate PLF and/or moderate PCF are observed; stage 2, where 

either severe PLF or severe PCF was observed; and stage 3, where severe PLF and severe PCF 
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is observed. 14-week HFD feeding in our mice facility only led to moderate PCF in WT and 

Triple CYP-KO AhRR+/+ mice (stage 1) (Fig. 5.72 C). In AhRRE/E and Triple CYP-KO AhRRE/E 

mice, a mild to moderate fibrosis was observed (stage 0-1). In CD-fed mice, mild fibrosis in some 

WT and Triple CYP-KO AhRR+/+ mice was detected.  

 

Fig. 5.72 HFD did not cause severe fibrosis in WATg. WATg lobes were isolated from WT, AhRRE/E ,Triple 

CYP-KO AhRR
+/+, and Triple CYP-KO AhRRE/E mice were fed either CD or HFD for 14 weeks. Paraffin sections 

were obtained from adipose tissue, and Picrosirius red staining was performed to detect type I and III collagen. 

Images are representative of three mice/genotype, of which one image/genotype is shown here. Sections were 

visualized at A) 4x and B) 10x magnification. Scale bar = 500µm in A and 200µm in B. C) Three sections obtained 

from each mouse/genotype were scored based on the fibrosis severity and the average scores were plotted in the 

graph. The scores were determined as described in the methods section. Data was derived from one experiment (n 

=4).  
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On the cellular level, it was also necessary to quantify the presence of immune cells that resided 

in the SVF of WATg, as it had been shown that obesity and aging altered the immune milieu of 

visceral AT (Khan et al., 2020). Hence, the frequencies of various immune cell subsets from 

lymphoid and myeloid compartments were quantified by flow cytometry. The gating strategy for 

myeloid cells has been depicted in Fig 5.17 (Chapter 4), whereas the gating strategy for 

lymphocytes is shown in Fig. 5.73. The lymphocytes were gated for CD19+ B cells, TCR+ T 

cells (both conventional CD4+ and CD8+ TCR+ cells and Tγδ cells), as well 

NK1.1+ TCR+ CD11b+ NKT cells and NK1.1+ TCR- CD11b- NK cells. For the myeloid cells, 

eosinophils were identified as CD11b+ SiglecF+ Ly6G- cells, monocytes were identified as 

Ly6C+ cells, whereas ATM were identified as F4/80+ CD64+ cells. ATM were further divided 

into 4 subsets: ATM 1a, b, 2, and 3. ATM 1a and 1b were identified as CD11c+ CD206- and 

CD206+, respectively. ATM 2 were defined as CD206+ CD11c- cells, whereas ATM 3 were 

defined as CD206- CD11c- cells. cDCs were identified as F4/80lo CD64+ MHCII+ cells. 

 

 

Fig. 5.73 Gating strategy of lymphocytes in the SVF of WATg. Stromal vascular fraction (SVF) was isolated 

from WATg of mice fed with either CD or HFD for 14 weeks and single SVF cells were gated for living single 

CD45
+

 cells. Then, T cells were identified as either conventional TCR
+

 cells (CD4
+

 and CD8
+

 T cells) or Tγδ 

cells. B cells were identified as CD19
+

 cells. NKT cells were identified as NK1.1
+

 TCR
+

 CD11b
+

, whereas NK 

cells were identified as TCR- CD11b
-
 cells.  

There was no inherent alteration of either NKT- and NK-cell subsets caused by the ablation of 

AhRR or the three CYP enzymes, and HFD also did not significantly alter the frequencies of 
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NKT- and NK cells across all genotypes (Fig. 5.74 A and B). In contrast, the ablation of the 

three CYP enzymes in Triple CYP-KO AhRR+/+ and Triple CYP-KO AhRRE/E mice significantly 

reduced CD4 T cells frequency to around 8% compared to 15% cell frequency in CD-fed WT 

mice (Fig. 5.74 C). Meanwhile, HFD reduced the CD4 T cells frequency in WT, but not in the 

other three Moreover, HFD primarily affected the frequency of CD8 T cells in Triple CYP-KO 

AhRR+/+ mice to an extent that was significantly higher than the one in Triple CYP-KO AhRRE/E 

mice (Fig. 5.74 D). HFD also slightly increased the frequency of CD8 T cells in WT and AhRRE/E 

mice. Further, there was a tendency that HFD increased the B cell frequency in WT mice, but 

not in the mice that lacked AhRR or the three CYP enzymes (Fig. 5.74 E). Interestingly, the 

ablation of the three CYP enzymes was sufficient to markedly increase the Tγδ cells frequency 

to around 5% compared to 2% in WT, whereas the ablation of AhRR only slightly increased the 

frequency of Tγδ cells (Fig. 5.74 F). Nevertheless, the Tγδ cell frequency in Triple CYP-KO 

AhRRE/E mice was not higher than the one in Triple CYP-KO AhRR+/+ mice.  

Of note, HFD strongly reduced the frequency of eosinophils in WT mice from 12% to around 

2%, as well as in Triple CYP-KO AhRR+/+ and Triple CYP-KO AhRRE/E mice from around 7,5-

8% to 2,5-3%, respectively (Fig. 5.74 G). Besides, in the CD group, the eosinophil frequency in 

WT mice tended to be higher than in the other three genotypes. Interestingly, HFD increased all 

cDC subpopulations across all genotypes, especially in AhRRE/E and Triple CYP-KO AhRRE/E 

mice, suggesting that AhRR depletion elevated cDC frequencies in AT (Fig. 5.74 H). This 

increase was primarily attributed to the CD24- cDC rather than the CD24+ cDC (Fig. 5.74 I and 

J, respectively). Regarding CD24+ cDC, HFD increased their frequency in AhRRE/E, Triple CYP-

KO AhRR+/+ , and Triple CYP-KO AhRRE/E mice, whereas HFD only slightly reduced the CD24+ 

cDC frequency in Triple CYP-KO AhRR+/+ mice (Fig. 5.74 J). HFD also significantly increased 

the frequencies of both MHCII- and MHCII+ monocytes (Fig. 5.74 K and L, respectively). In 

the MHCII- subset, HFD increased the cell frequency from 2% to 5,8% (WT), 4% (AhRRE/E), 

and 5% (Triple CYP-KO AhRR+/+). In the MHCII+ subset, HFD increased the frequency from 

around 1,5% to around 4% in WT and around 3% in AhRRE/E and  Triple CYP-KO AhRR+/+ mice. 

Further, the frequency of MHCII- monocytes in WT and Triple CYP-KO AhRR+/+ mice was 

slightly higher than the one in AhRRE/E and Triple CYP-KO AhRRE/E mice (Fig. 5.74 K). The 

frequency of total F4-80+ Ly6C+ Mo-Mac, was not altered by either different diet or different 

genotypes (Fig. 5.74 M). Also, HFD did not induce the expression of CD11c in ATM, thus only 

ATM 2 and -3 (both were lacking CD11c) frequencies were quantified (Fig. 5.74 N and O, 

respectively). In general, HFD increased the frequencies of both ATM subsets across all 
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genotypes, but the increase was not significant in the ATM subsets of WT mice (Fig. 5.74 N and 

O).  

As shown in Fig. 5.19 (Chapter 4), AhRR/EGFP was expressed by immune cells, particularly 

myeloid cells of WATg, but this was exclusively observed in the Triple CYP-KO AhRRE/E mice. 

Feeding HFD and CD greatly reduced the AhRR/EGFP expression in the CD45+ immune cells 

in WATg SVF of AhRRE/E and Triple CYP-KO AhRRE/E mice, as already described for the 

hepatic immune cell subsets (Fig. 5.75). Hence, the AhRR/EGFP expression in individual 

immune subsets of WATg were alos not plotted here. Unfortunately, for the histology it was hard 

to obtain intact WATg sections particularly from the HFD-fed mice, thus it was not possible to 

analyze AhRR/EGFP expression by histology. Therefore, it could also not be determined whether 

AhRR expression was changed in the AT. All in all, HFD induced many alterations across 

various immune cell subsets, but the absence of AhRR and/or the three CYP enzymes fed CD 

altered frequencies in only two immune subsets, namely CD4+ T cells and Tγδ cells).  
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Fig. 5.74 HFD altered the frequencies of multiple lymphoid and myeloid subsets. WATg SVF cells were isolated 

from mice that were fed with either CD or HFD for 14 weeks. Cells were t gated for NKT-, T cells, NK cells, as 

well as KC, Mo-Mac, monocytes, as well as cDC1 & cDC2. The frequencies of the cell subsets were analyzed by 

flow cytometry and were quantified out of the total CD45
+

 cells. Results are shown as mean ± SEM and significance 

was analyzed by two-way ANOVA corrected for multiple comparisons by the Bonferroni’s method.  Data was 

pooled from two independent experiments (n=7). 
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Fig. 5.75 HFD and CD diminished AhRR-expressing immune cells in WATg SVF. Following the isolation of 

WATg SVF, the AhRR/EGFP expression in each genotype and treatment group was analyzed in the living CD45
+

 

subset by flow cytometry
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6.  Discussion 

The AhR is expressed widely in cells of the immune system and its activity is particularly high 

in different cell types of barrier organs (Esser & Rannug, 2015), in line with its main function 

as an environmental sensor. AhR activation leads to the transcription of target genes, such as 

Ahrr, Cyp1a1, Cyp1a2, and Cyp1b1, all of which are negative regulators of AhR. The function 

of the AhRR is highly context- and organ dependent. During intestinal inflammation, AhRR 

and AhR react in a similar way to attenuate inflammation, whereas in the LPS shock model, the 

AhRR antagonizes the anti-inflammatory function of the AhR (Brandstaetter et al., 2016). 

Furthermore, CYP1A1, CYP1A2, CYP1B1, three enzymes of the cytochrome P450 family that 

metabolize most of AhR ligands except for TCDD, are all expressed in an AhR-dependent 

manner (Nebert et al., 2004). The overarching aim of my project was to assess AhR activation 

and AhR-dependent trasncriptional regulation in different ways. To elucidate the role of the 

AhRR during AhR signaling, V5-epitope tagged mice were generated as a potential tool to trace 

the AhRR protein within cells. To characterize this new reporter mouse line, AhRR-V5 

expression was analyzed. In addition, to gain a better understanding of AhR signaling, both 

concentration and time kinetics were conducted, and a mathematical modeling approach was 

initiated in collaboration with the group of J. Hasenauer. In addition, AhR signaling in the 

absence of the negative regulators AhRR and the three AhR-dependent CYP enzymes was 

analyzed under multiple conditions, comparing steady-state, enhanced AhR activation 

following application of AhR ligands, and obesity-induced metaflammation.  

 

6.1.  Validation of AhRR-V5 protein expression in mice 

 

To analyze the expression and function of the AhRR on the protein level, V5-tagged AhRR 

mice were generated, as there is no commercially available antibody against AhRR. To test the 

functionality of the mice, AhRR-V5 expression was first analyzed by Western blot using V5-

specific antibodies in primary cells and organs isolated ex vivo. Unfortunately, AhRR-V5 

expression could not be detected by this method even after stimulating BMDC with 3MC for 

12 and 20 hours. Also, after increasing the cell number to 20 million cells/sample, AhRR 

expression could not be detected. Then, another approach using IP was used to pull down the 

V5-tagged AhRR protein from 20 million 3MC-treated BMDC, as well as bladder and mLN 

prior to detection by Western blot. Bladder and mLN were used, as these organs were 

previously shown to moderately express AhRR (Brandstätter et al., 2016; Tsuchiya et al., 2003). 
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However, only the positive control, AhRR-V5 overexpressing HEK293T cells, yielded a 

AhRR-V5 specific band. This indicates that either the physiological expression level of the 

AhRR was generally too low to be detected, or that the AhRR mRNA or protein might have 

been rapidly degraded on post-transcriptional and post-translational level, respectively, during 

the procedure. It is known that Ahrr mRNA contains 2 AU-rich elements (ARE) in the 3’UTR. 

RNA binding proteins can bind to these AREs, and these proteins can either stabilize or 

destabilize mRNA (Kramer & Carrington, 2014;  Lee et al., 2013). TTP is one of the mRNA 

binding proteins that can destabilize Ahrr mRNA, hence also reduces AhRR expression. 

Therefore, Ttp expression on mRNA level was analyzed. Ttp expression peaked earlier than 

AhRR expression peaked, thus it is unclear whether TTP would be able to interfere with AhRR 

mRNA stability. It would be more ideal to measure TTP expression on the protein level, since 

it is the TTP protein that binds to the AREs. To assess if Ahrr is unstable at the mRNA level, 

an mRNA decay assay was conducted. In this assay, HepG2 cells were either treated with ActD 

only, a DNA intercalator that inhibits RNA polymerase-mediated transcription or co-treated 

with 3MC and ActD. The co-treatment of 3MC and ActD slightly induced Cyp1a1 mRNA 

decay, but not that of Ahr and Ahrr. When treated with ActD alone, the half-lives of Ahrr and 

Ahr were comparable and they were slightly shorter than the one of Cyp1a1, making it unlikely 

that Ahrr mRNA is regulated by enhanced mRNA decay. Nevertheless, the half-lives of Ahr, 

Ahrr, and Cyp1a1 may be different in BMDC. 

Apart from post-transcriptional regulation, there is also post-translational regulation by 

ubiquitination-mediated proteasomal degradation by the 26S proteasome that can degrade a 

broad array of proteins, including AhR and AhRR. An earlier study showed that TCDD-

mediated AhR activation leads to the degradation of AhR via the ubiquitin-proteasome pathway 

(Ma & Baldwin, 2000) and hence would also lead to reduced AhRR expression. Nevertheless, 

UbCM4 acts on many proteins and can possibly also degrade AhRR directly. Another AhR 

repressor, TiPARP represses AhR using a similar mechanism, as its overexpression could 

enhance TCDD-mediated proteolytic degradation of the AhR (MacPherson et al., 2013). Thus, 

the possibility of enhanced proteasomal degradation of AhR and AhRR cannot be excluded. 

Therefore, the proteasomal inhibitor MG132 was also used in one of the Western blot 

experiments to treat the cells post 3MC treatment. However, also here, no AhRR-V5 protein 

could be observed. It might be that the dose and or the timing of MG132 treatment was not 

optimal. In addition, dose and time course is also dependent on the cell type analyzed (Dang et 

al., 2014; Sun et al., 2018). In further experiments, a time and dose kinetic for MG132 in BMDC 

should be performed, as well as testing the optimal time point for 3MC treatment. It seems that 



Discussion  

152 
 

pre-treatment is favored over co- or post-treatment, as previous findings have shown that 2-

hour pre-treatment of MG132 at 10μM could efficiently prevent p53 degradation in HeLa and 

SiHa cervical-cancer-derived cells (Hougardy et al., 2005), and 1-hour pre-treatment at the 

same concentration could prevent the degradation of the Topoisomerase II cleavage complex 

(Sciascia et al., 2020). Besides, one also does not know if MG132 treatment would confound 

the interpretation of the ChIP-seq result. Hence, we decided not to continue to work with this 

model and another approach to increase AhRR mRNA and protein expression was chosen. One 

way to achieve that is by generating a mouse model, in which the enzymes that metabolize AhR 

ligands are ablated. This mouse model could be used not only to increase AhRR expression, 

but also to elucidate the functional properties that may be elicited by the enhanced expression 

of AhRR.  

6.2. Expression kinetics of Ahr and its target genes after stimulation with different AhR 

ligands 

 

The aims of the kinetics experiment were to determine the optimal concentration and 

stimulation time of various ligands, and to investigate the expression dynamics of Ahr and its 

target genes at the optimal time point. From the concentration kinetics, it was concluded that 

the most optimal concentration for most ligands is 1μM, as they could elicit all the target genes 

except Tiparp at this concentration. Tiparp was induced 5-7.5 times higher compared to the 

control at a concentration of 100μM after 16 hours, depending on the ligands. In addition, Ahr 

expression appeared to be upregulated by lower concentrations of the different ligands (10-100 

nM), whereas the three target genes analyzed (Ahrr, AhrrΔ8, Cyp1a1) were upregulated by 

higher concentrations (100nM -10μM). Furthermore, the concentration kinetics results of Ahrr 

and AhrrΔ8, a splice variant of the full length AhRR are also not entirely similar; for the Ahrr, 

3MC and DIM were the most potent stimulants, whereas for the AhrrΔ8, FICZ and ICZ were 

the most potent ones. The underlying reason for this discrepancy is unclear, as they are 

supposed to be induced in a similar manner following AhR activation. In human cells, the 

AhrrΔ8 is more prominent compared to the full-length form and can repress the endogenous 

HepG2 Ahr expression by 61%, whereas Ahrr barely represses it (Karchner et al., 2009). For 

the analysis of Cyp1a1, not only mRNA levels were determined but also the activation of the 

Cyp1a1 promoter was accessed using a reporter cell line. In this case, the expression levels of 

Cyp1a1 after stimulation with different ligands were largely in agreement with the result of the 

reporter assay, except for the fact that in the latter 3MC at a concentration of 100μM elicited 

the highest Cyp1a1 promoter activation, but it was 3MC at 10μM that elicited the highest 

Cyp1a1 transcript. Such a discrepancy should be interpreted with caution, as both assays 
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measured different aspects of gene expression. It might be that a larger amount of Cyp1a1 

mRNA was degraded at the 100μM concentration of 3MC and such an effect did not affect the 

Luciferase experiment, as it only measured the Cyp1a1 promoter activation and not the amount 

of transcript. For most ligands and target genes, the 100μM concentration might elicit toxic 

effects on the cells, as the expression levels of most of the target genes dropped at this 

concentration. All in all, 3MC elicited the highest expression of all AhR target genes analyzed, 

except AhrrΔ8, whereas DIM was the most potent stimulus to induce Ahrr and Ahr. Meanwhile, 

ICZ and FICZ had a similar kinetic, but they were not as potent as 3MC and DIM in inducing 

most target genes, except AhrrΔ8 and in the case of FICZ, also Cyp1a1. Nevertheless, these 

experiments showed variations between the independent experiments performed. Each of the 

three experiments was conducted with around 2-3 weeks in between, increasing the passage 

number of the cells overtime. This might have altered the properties of the HepG2 cell line and 

caused the large variations between the experiments.  

 

For the time kinetics experiment, the three independent experiments were done with only a 

week interval in between to minimize the unwanted effects of over-passaging cells that could 

cause larger variations. The time kinetics data was also used to generate a mathematical model 

of AhR signaling following ligand binding. Upon 3MC stimulation, Cyp1a1 was induced up to 

50-fold after 24-hour stimulation, showing the highest expression level compared to the other 

AhR target genes, probably due to its constitutive expression and high inducibility in hepatic 

tissue (Klomp et al., 2020; Ye et al., 2019). In the same setting, Ahr and Tiparp were induced 

only up to 2.5- and 2.3-fold at 12- and 24 -hours, respectively. When comparing this to the 

results published by MacPherson et al. (MacPherson et al., 2013), who treated T-47D human 

breast cancer cells with TCDD, the Cyp1a1 kinetics is similar, as it also peaked 24-hours after 

stimulation. However, discrepancies were observed in terms of Ahrr and Tiparp expression. In 

TCDD-treated MCF7 human breast cancer cells, Ahrr had already reached its peak at 2.5-hours 

and this was sustained up to 24-hours (MacPherson et al., 2014). In contrast, Tiparp expression 

reached its peak (~6-fold) within 1.5 hours post treatment, but this only lasted for 30 minutes, 

and its expression had already declined from 2.5 hours onwards. This is intriguing, as TCDD 

could sustain the peak expression of Ahrr but not Tiparp. The sustained Ahrr expression can be 

attributed to the high stability of TCDD (Denison and Nagy, 2003), even though the binding 

affinity of TCDD is comparable to 3MC (Giani Tagliabue et al., 2019). Thus, it was expected 

that TCDD could have induced Tiparp also for a longer time period. It is possible that Tiparp 

is even more unstable than Ahrr on mRNA level, but a mRNA decay assay should be conducted 
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to prove this notion. Furthermore, 3MC triggered the Cyp1a1 promoter activity the most 8 hours 

after stimulation, whereas the amount of Cyp1a1 transcript peaked at 24-hour. An explanation 

for this could be that promoter activation is detected earlier than the transcripts, as the 

Luciferase assay monitors promoter activation, whereas qPCR measures gene expression.  

 

6.3. Increased AhR signaling through elimination of CYP- and/or AhRR- mediated negative 

feedback regulation 

 

Several publications have shown that AhR signaling is tightly controlled, as its prolonged 

activation either by ligands that resist metabolic clearance, e.g., TCDD (Bock, 2016, Kerkvliet 

et al., 2002) or by the expression of a constitutively active AhR has detrimental effects on 

cellular physiology (Mitchell and Elferink, 2009, Andersson et al., 2002). A proof-of-concept 

experiment (Schiering et al., 2017) had shown that both systemic and IEC-restricted constitutive 

expression of Cyp1a1 alone were sufficient to increase the metabolic clearance of AhR ligands 

in the small intestine and therefore curtailed the duration of AhR signaling in this organ. The 

net effect of constitutive activation of Cyp1a1 mimicked an AhR-deficient state, in which the 

AhR-dependent ILC3 and Th17 cells were depleted. The reduced Th17 level also led to a 

reduced IL-22 level in the small intestine of mice with systemic or IEC-restricted constitutive 

Cyp1a1 expression. However, most AhR ligands are metabolized not only by CYP1A1, but 

also by CYP1A2 and CYP1B1 (Nebert et al., 2004). Moreover, Nebert et al. (Nebert et al., 

2004) have also shown that the ablation of these three CYP enzymes caused alterations in both 

gross conditions (e.g. lower body weight, higher serum ALT and AST) and at the cellular level 

(e.g. increased neutrophils and macrophages numbers in zymosan-induced peritonitis). Hence, 

we aimed to further investigate the cellular phenotype of these mice and crossed the Triple 

CYP-KO mice with AhRRE/E mice to further enhance AhR activity and to quantify and visualize 

AhRR expression. We analyzed the Triple CYP-KO mice in the presence of the homozygous 

AhRRE/E knockin only and no heterozygous mice were analyzed, different from the study 

conducted by Brandstaetter et al (Brandstätter et al., 2016a). The reason for this was that the 

phenotype of AhRRE/+ mice is quite unpredictable, as cell-type specific gene dosage effects 

were observed in the AhRRE/+ heterozygous mice. Moreover, the AhRRE/+ mice also possessed 

weaker EGFP signal strength compared to the AhRRE/E mice. In addition, by breeding the mice 

using homozygous as opposed to heterozygous breeding pairs, we could reduce the number of 

mice required for breeding, which is in accordance with the 3R principle.  
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These animal models enabled us to conduct a proof-of-concept experiment that showed 

enhanced expression of AhRR/EGFP in the Triple CYP-deficient mice in various cell subsets 

and in multiple organs under physiological condition. Such enhanced expression was also 

accompanied by altered frequencies of specific immune cell subsets.  

6.3.1. Triple CYP deficiency enhanced AhRR expression in immune and stromal non-

immune cells in different organs 

 

In general, there were obvious differences both in the AhRR/EGFP expression level and in the 

distribution of AhRR/EGFP-expressing cells in various organs comparing Triple CYP-KO 

AhRRE/E and AhRRE/E mice. These differences were observed by both histology and FACS 

analysis. For gallbladder and small intestine only histological analysis was conducted, whereas 

for the rest of the organs, similar results could be achieved by both methods. Overall, 

AhRR/EGFP expression was readily detected in immune cells, which is in line with the findings 

of Brandstätter et al. (Brandstätter et al., 2016a). In some organs (e.g S.I. and gallbladder), 

however, AhRR/EGFP could also be detected in CD45- stromal cells in the Triple CYP-KO 

AhRRE/E mice, but not in AhRRE/E mice. This increase in AhRR/EGFP expression in stromal 

cells makes sense, as CYP1A1 and CYP1B1 expression could be found in hepatocytes, 

endothelial cells, hepatic LSEC (Dragin et al., 2006), lung epithelial cells (Alessandrini et al., 

2022), and vascular endothelial cells (Conway et al., 2009). Hence, the ablation of the three 

CYP enzymes could also lead to elevated AhR ligand levels, upregulating AhRR (Dragin et al., 

2006). In most of the immune cell subsets in these organs, AhRR/EGFP expression was 

detected in both Triple CYP-KO AhRRE/E and AhRRE/E mice, with an enhanced level of 

AhRR/EGFP expression in Triple CYP-KO AhRRE/E mice. This shows that ablating the three 

CYP enzymes has successfully increased AhR activation, hence also AhRR/EGFP expression. 

Remarkably, such an increase in AhRR/EGFP expression did not occur in IEC. This result is 

very interesting, as AhR and the three CYP enzymes are expressed by IEC in both SI and colon 

(Schiering et al., 2017; Shah et al., 2022; Stockinger et al., 2021; Yoshimatsu et al., 2022), 

indicating that AhRR expression is specifically prevented in IEC by an additional, so far 

unknown mechanism.  

 

In the SI of Triple CYP-KO AhRRE/E mice, AhRR/EGFP expression was detected in the 

PDGFRα+, CD34+, and gp38+ stromal cells in the villi and crypts. However, the identity of 

these cells was hard to determine. The PDGFRα+ AhRR/EGFP-expressing cells could be 

telocytes, but these EGFP+ cells are localized more in the superficial villi and not at the crypt-

villus junction like intestinal telocytes (McCarthy et al., 2020). McCarthy et al. also suggested 
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that there are CD81+ PDGFRαlo trophocytes at the crypt base. Hence, further staining with 

CD81 would be required to determine if some of the AhRR/EGFP-expressing cells are 

trophocytes. Also, an upregulation of AhRR in the immune cell subsets should be visible, as 

AhRR is expressed in intestinal cDC, macrophages, and T cells (Brandstaetter et al., 2016, 

Schanz et al., 2020). But in this experiment, it could not be determined if there are more 

AhRR/EGFP-expressing immune cell subsets in the Triple CYP-KO AhRRE/E due to the lack 

of a FACS analysis.  

 

In the skin, AhRR/EGFP was expressed in more immune cell subsets in Triple CYP-KO 

AhRRE/E than AhRRE/E mice, such as in cDC1, CCR2--monocyte-derived cells, and TCR+ 

cells. In the other subsets, such as Langerhans cells, cDC2, CCR2+-monocyte-derived cells, 

dermal γδ T cells, and DETC, AhRR/EGFP was expressed in both Triple CYP-KO AhRRE/E 

and AhRRE/E mice with a higher level in the former mice. There were more AhRR/EGFP-

expressing cells among γδ T cells than in TCR+ T cells in both genotypes. This may 

complement previous findings that showed that ~15% of dermal MHCII- cells in AhRRE/E mice 

expressed AhRR/EGFP (Brandstaetter et al., 2016). These MHCII- cells contain both, T cells 

and fibroblasts. Therefore, the reported AhRR-expressing T cells could also be γδ T cells 

(Brandstätter et al. 2016). Based on the previous finding by Brandstaetter et al., it can also be 

hypothesized that some of the AhRR/EGFP-expressing cells could be fibroblasts and that 

AhRR/EGFP expression can also be enhanced in dermal fibroblasts in Triple CYP-KO AhRRE/E 

mice. Therefore, multiplex staining is required in the future to determine if AhRR/EGFP 

expression is enhanced in one or more fibroblast subsets. In DETC, there was a comparable 

level of AhRR/EGFP expression in both Triple CYP-KO AhRRE/E and AhRRE/E mice, as most 

of the cells (~60% of total DETC) were already AhRR/EGFP+ in AhRRE/E mice. The expression 

of the AhRR also changed during development, as AhRR/EGFP expression was higher in 

DETC of p2 neonates than in 8-week adult mice, suggesting that AhRR may play a role in 

supporting the development of this cell subset. Nevertheless, how or if AhRR is regulated 

during development is still not well elucidated.  

Similar to the skin, in BMDC cultures, there was a comparable level of AhRR/EGFP expression 

in both Triple CYP-KO AhRRE/E and AhRRE/E mice, as most of the cells (~80-95% of total 

BMDC) were already AhRR/EGFP+ in AhRRE/E mice. BMDC cultures generated by GM-CSF 

stimulation consist not only of DC (GM-DC) but also of macrophages (GM-Macs). The 

expression of AhRR/EGFP in the CD11c+ MHCII+ subset, double-negative cells (GM-DN), 

and GM-Macs in control- and 3MC-treated samples were comparable. However, AhRR/EGFP 
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expression in LPS-treated samples was reduced in CD11c+ MHCII+ cells and GM-Macs, 

particularly in AhRRE/E mice. This contradicts previous finding by Brandstätter et al. 

(Brandstätter et al., 2016a), who showed that LPS increased AhRR/EGFP expression in DC and 

macrophage subsets in BMDC cultures of AhRRE/+ mice. It is unclear what contributes to such 

discrepancy, but it could be that the presence of one allele that encodes functional AhRR in 

heterozygous AhRRE/+ mice may account for this. Furthermore, LPS is also known to reduce 

the expression of CD115 (M-CSFR1) in PBMC-derived monocytes, but this effect was 

inhibited by co-treating the cells with TMI005, an ADAM17 inhibitor. This suggests that LPS-

induced CD115 shedding was mediated by ADAM17 (Waller et al., 2019). Furthermore, the 

AhRR/EGFP expression in the MerTK+ F4/80+ GM-Mac subset of AhRRE/E mice was 

significantly reduced after LPS-treatment, compared to the control and the 3MC-treated 

samples. However, this did not occur in the BMDC of Triple CYP-KO AhRRE/E mice, and it is 

not clear what caused this effect and if it is mediated by the downregulation of CD115. Thus, it 

might be conceivable that the already very high AhRR/EGFP expression could not be further 

enhanced by elevated AhR activation in the Triple CYP-KO mice. This may suggest that AhRR 

expression is strictly regulated, i.e. its expression will be limited once it reaches a certain 

threshold.  

In contrast, in the liver, spleen, and gallbladder, AhRR/EGFP was only expressed in the cells 

of Triple CYP-KO AhRRE/E mice and not in those of AhRRE/E mice, based on both FACS and 

histological analyses. In these organs, the AhRR/EGFP was mainly expressed in non-immune 

cells, for example in CD34+ interstitial cells of Cajal/telocytes in gallbladder and in CD73+ cells 

in the liver. Expression of CD73 is associated with hepatic stellate cells and portal vein 

fibroblasts (Vuerich et al., 2019). Like for IEC, as discussed above, it is not clear why there 

was no enhanced AhRR/EGFP expression in hepatocytes of Triple CYP-KO AhRRE/E mice. 

Again, this was unexpected, as AhR and its associated CYP enzymes are highly inducible in 

hepatocytes (Klomp et al., 2020).  

 

In the WATg SVF, only SiglecF+ eosinophils and CD206+ CD11c- ATM2 macrophages of 

Triple CYP-KO AhRRE/E mice expressed AhRR/EGFP. Both immune cell subsets have been 

shown to modulate inflammation in AT, particularly in obesity or other related metabolic 

diseases (Vieira-Potter, 2014; Brigger et al., 2020). In the gallbladder, the AhRR/EGFP-

expressing cells were mainly the CD34+ stromal cells. According to Diaz-Flores et al. (Diaz-

Flores et al., 2020), these cells are telocytes, which have multiple region-specific functions, 

such as to modulate the proliferation and maturation of parenchymal stem cells during tissue 
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regeneration and act as one of the main sources of mesenchymal precursor cells during tissue 

repair (Diaz-Flores et al. 2020). In the gallbladder, the altered amino acid composition of bile 

in gall stone patients could reduce the number of telocytes (Bugajska et al., 2023). Nevertheless, 

the function of telocytes in gallbladder is not well elucidated.  Lastly, the AhRR expression in 

the spleen was minimal (<5%) and AhRR/EGFP-expressing cells were largely found in T cells 

of Triple CYP-KO AhRRE/E mice. This finding also supports the study conducted by 

Brandstaetter et al. (Brandstaetter et al., 2016), as there was barely any AhRR/EGFP expression 

detected in spleens of AhRRE/E mice.  

 

In some cases, discrepancies between the FACS- and histological results were also observed. 

For instance, the liver histology from Triple CYP-KO AhRRE/E mice showed that AhRR/EGFP 

expression was most pronounced in the stromal cells surrounding blood or lymphatic vessels, 

but the FACS result showed that no AhRR/EGFP-expressing cells were detected in the CD45- 

fraction of the Triple CYP-KO AhRRE/E mice. The underlying reason could be the preparation 

of the tissues for FACS analysis and immunohistology. Some of the CD45- negative cells could 

have been lost during preparation of single cells or could have been damaged during the 

preparation, thus leading to a leakage of the cytoplasmic EGFP signal. Therefore, it would be 

crucial to test other preparation methods or develop methods that can capture the heterogeneity 

of stromal cells to identify and quantify the AhRR/EGFP-expressing cells, so that the FACS 

result can also complement the histological result.  

 

In conclusion, AhRR and the three CYP enzymes are not co-expressed in IEC and hepatocytes, 

as no AhRR/EGFP signal was detected in AhRRE/E mice. Moreover, AhRR/EGFP remained 

undetected in these cells despite the increase of ligand bioavailability resulting from knocking 

out the three CYP enzymes. It might be that a protective mechanism or a strict regulatory 

mechanism, e.g., by epigenetic means, exists that prevents AhRR expression in these cell types. 

One can also speculate that aberrant AhRR expression and inhibition of AhR signaling in these 

cell types is unfavorable, as AhR signaling is crucial in IEC and hepatocytes to maintain 

homeostasis. For instance, AhR activation prevents fibrogenesis and activation of hepatic 

stellate cells (Yan et al., 2019) and AhR signaling in IEC is necessary not only to maintain IEC, 

but also ILC3 and Th17 cells (Schiering et al., 2017). In the future, conducting an experiment 

that allows us to force the expression of AhRR in hepatocytes or IEC using newly generated 

Rosa26-LSL-AhRR mice will be interesting, as one can see if such forced expression may lead 

to deleterious effects on health. 
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6.3.2. Lack of AhRR and/or deficiency of the three AhR-dependent CYP enzymes 

alters the frequency of immune cell subsets 

 

Apart from an increased AhRR/EGFP expression in Triple CYP-KO AhRRE/E mice compared 

to AhRRE/E mice, the lack of AhRR and/or AhR-dependent CYP enzymes led to alterations in 

the cellularity of different organs. For instance, in the SVF of WATg, none of the immune cell 

subsets in the Triple CYP-KO mice and/or AhRRE/E mice was altered across all genotypes. 

According to Divanovic et al. (Divanovic et al., 2013), the three CYP enzymes are present in 

this tissue and supposed to play a role in lipid metabolism. In addition, this study also showed 

that under homeostatic conditions there were no significant differences between WT and Triple 

CYP-KO mice in the immune cell numbers as well as in the level of ω-6 and ω-3 

polyunsaturated fatty acids, as well as leukotriene B (LTB) 4, which are lipid mediators in the 

peritoneal cavity. Only following zymosan-induced peritonitis there was an enhanced 

neutrophil recruitment in the Triple CYP-KO mice compared to WT mice, due to increased 

peritoneal levels of LTB4 in these mice (Divanovic et al, 2013). 

In liver and spleen, the lack of either AhRR or the three CYP enzymes was sufficient to alter 

the frequencies of immune cells. Thus, the absence of AhR-dependent CYP enzymes led to a 

slightly lower frequency of KCs in the liver compared to WT and AhRRE/E mice. This finding 

is plausible, as 55% of CYP isozymes are highly expressed in liver, including the three CYP 

enzymes (Renaud et al., 2011). Moreover, systemic ablation of the three AhR-dependent CYP 

enzymes has been shown to increase neutrophil frequency in peripheral blood following 

benzo(a)pyrene (BaP) induction (Divanovic et al., 2013; Dragin et al., 2008). Unfortunately, the 

FACS panel used in the current experiments did not include Ly6G, hence the frequency of 

neutrophils could not be analyzed. Interestingly, AhRR-deficiency also increased the frequency 

of hepatic CD172+ cDC2 only in the AhRRE/E but not in Triple CYP-KO AhRRE/E mice. Hence, 

it is possible that AhRR and the three CYP enzymes engage in different downstream signaling 

pathways that subsequently affect immune subsets in a differential manner. In the spleen, the 

absence of either AhRR or Triple CYP increased the NK cell frequency compared to WT mice, 

but interestingly, the absence of all of these proteins in the Triple CYP-KO AhRRE/E mice did 

not further increase the NK-cell frequency. In skin, a reduced frequency in the DETC subset of 

8-week-old mice could be seen in both AhRRE/E and Triple CYP-KO AhRRE/E mice, therefore 

the reduced DETC frequency was most likely mediated by AhRR-deficiency rather than by the 

deficiency of the three CYP enzymes.  
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In other subsets, however, the altered immune cell frequencies could not be explained by the 

absence of either AhRR or AhR-dependent CYP enzymes alone. For instance, in skin cDC2 

and conventional T cells, the absence of AhRR or AhR-dependent CYP enzymes was not 

sufficient to alter their frequencies, but in the absence of all of them in Triple CYP-KO AhRRE/E 

mice the frequencies of cDC2 and T cells was enhanced. Similarly, a reduction of GM-Macs in 

BMDC only occurred in the absence of the three AhR-dependent CYP enzymes and AhRR. It 

is known that the three CYP enzymes are present in bone-marrow and skin, in which they play 

a role in the metabolism of not only AhR ligands but also fatty acids (Divanovich et al., 2013; 

Slominski et al, 2014). Nevertheless, it has not yet been investigated how the metabolic 

alterations caused by the absence of these three CYP enzymes affect the canonical AhR 

signaling in steady state. Lastly, FACS analysis of the SI could not be conducted due to time 

restraints. Hence, the frequencies of intestinal immune cells (e.g, ILC3 and Th17 cells) that 

were analyzed in the experiment by Schiering et al. (Schiering et al., 2017b) could not be 

quantified and compared in the present study to determine if the alteration of immune subsets 

in CYP1A1-deficient mice would be similar to the one of Triple CYP KO. 

Taken together, it is still unclear why deficiency in AhRR or Triple CYP was sufficient to alter 

cell frequencies in some cells and organs, but in others, the deficiency of both was required. 

One possibility is that this depends on differences in the baseline expression of AhRR and 

Triple CYP in each organ and cell type. In some cell types either AhRR or CYP enzymes are 

expressed, and AhRR expression might therefore be restricted to distinct cell types. For 

instance, in the liver, CYP enzymes are abundant (Renaud et al., 2011), but AhRR is minimally 

expressed (Brandstaetter et al., 2016). In the intestine, both AhRR and CYP enzymes are highly 

expressed, but not in the same cell types (Brandstaetter et al., 2016; Uno et al., 2018). In the 

skin, AhRR expression is also high in immune cells (Brandstaetter et al., 2016; Divanovich et 

al., 2013), whereas CYP1A1 expression is high in keratinocytes (Kyoreva et al., 2021). 

Therefore, the regulation of AhR signaling would also differ in these cell types. Alternatively, 

it might also be that the absence of the three CYP enzymes affects the expression of other CYP 

enzymes, as the ablation of Cyp1a2 caused reduced expression of Cyp4a14 and Cyp4a10 

mRNA (Smith et al., 2003). Also, it might be that other CYP enzymes produce metabolites that 

eventually can influence AhR signaling. We cannot exclude the possibility that such influence 

may lead to the induction of other signal cascades that influence the presence of immune cell 

subsets. Thus, single-cell transcriptomics and metabolic profiling of these cell subsets might be 

helpful to elucidate which other genes are affected by the AhRR and/or the three CYP-enzymes.  
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Another aspect that still warrants further investigation is the question whether alterations in 

AhRR and/or CYP expression would affect the cytokine profiles, since AhR activation or 

inhibition has been shown to modulate the expression level of numerous cytokines in different 

cells, e.g., IL-33 in macrophages (Ishihara et al., 2019) and IL-10 in Foxp3+ T cells (Gandhi et 

al., 2010). Such alterations in cytokine expression may in turn modulate the microenvironment 

and cellularity of an organ. It can also affect the crosstalk between immune and stromal cells. 

For instance, in the gut, macrophages and Treg produce IL-10 which targets IEC to foster their 

proliferation and the homeostasis of the gut barrier, whereas IEC can also produce IL-33 under 

perturbed conditions, which targets ILC2 and Tregs among others, leading to Type 2 immune 

responses and intestinal inflammation (Mahapatro et al., 2021). Apart from cytokines, immune 

cells can also generate lipid mediators under certain conditions, for example following zymosan 

challenge depending on the three AhR-dependent CYP enzymes (Divanovich et al., 2013). 

Hence, in Triple CYP-KO mice or in Triple CYP-KO AhRRE/E mice dysregulated metabolic 

processes in both immune and stromal cells, could occur. In line with this notion, a study by 

Uno et al. (Uno et al., 2018) showed that the absence of CYP1A1 could exacerbate the 

progression of NAFLD in mice fed a BaP-supplemented Western diet. This was mediated by 

elevated expression of the genes involved in bile acid export (Abcc4 and Slc51b) and reduction 

in bile-acid-synthesizing genes (Cyp7a1 and Cyp8b1). 

6.3.3. Deficiency for AhRR and Triple CYP inhibit proliferation of skin epidermal DETC 

under physiological conditions 

 

FACS analysis of skin epidermal DETC showed that in adult, 8-week-old mice, there was a 

reduction in the DETC frequency in both AhRRE/E and Triple CYP-KO AhRRE/E mice, 

suggesting that the DETC reduction was mediated by AhRR deficiency. It was not clear though 

if this reduction was caused by impaired proliferation, premature cell death, or impaired 

migration of DETC to the skin, as DETC also migrate from thymus to peripheral organs once 

they are differentiated, like conventional T lymphocytes (Fiala et al., 2020). Kadow et al., 

(Kadow et al., 2011) showed that the reduction of DETC numbers in AhR-KO mice can already 

be observed in the thymus during the embryonic phase. In contrast, the seeding of DETC into 

the skin was not affected, as DETC numbers were comparable with WT on postnatal day 2 (p2). 

Interestingly, there were more cycling cells in AhR+/− mice than in AhR-KO mice, suggesting 

that the reduced DETC numbers were caused by impaired proliferation rather than cell death or 

impaired seeding. 
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Based on these earlier findings, epidermal cells from Triple CYP-KO AhRRE/E mice at p2 were 

isolated and stained with Ki-67, a proliferation marker, and their frequencies were quantified 

by flow cytometry. There was no significant difference in total DETC numbers in epidermal 

immune cells, which is similar to the result for AhR-KO mice (Kadow et al. 2011). However, 

there was a significant reduction in Ki67+ proliferating DETC but not Ki67- non-proliferating 

DETC in the Triple CYP-KO AhRRE/E mice already at p2. Therefore, the reduced DETC 

frequency at 8 weeks of age was most likely due to impaired proliferation and not to increased 

cell death or impaired migration. Moreover, the time point at which the DETC reduction was 

observed differs between the AhR-KO and Triple CYP-KO AhRRE/E mice; DETC numbers in 

AhR-KO mice are lower than in WT starting from p7 onwards, whereas DETC in Triple CYP-

KO AhRRE/E mice are already lower at p2 compared to WT. This result suggests that the 

absence of AhRR and the three CYP enzymes depleted the DETC by a mechanism other than 

the absence of the AhR per se. Unfortunately, because there were no data from the AhRRE/E 

mice at p2, it cannot be concluded that the reduced frequency of proliferating DETC is due to 

AhRR deficiency, as it is in the adult 8-week-old mice. Nevertheless, it is interesting that DETC 

are reduced in both AhR-KO and Triple CYP-KO AhRRE/E mice already at the neonatal phase.  

 

The reduced DETC frequency has been reported to impair the maturation of Langerhans cells, 

since DETC are a major source of GM-CSF that is required for Langerhans cell maturation 

(Kadow et al., 2011). Nevertheless, the Langerhans cells frequency was not reduced in this 

experiment, and it is not clear if they use an alternative GM-CSF source or other growth factors 

to sustain their maturation. It is also possible that the Langerhans cells reach maturation by 

simply expressing AhR. Hence, GM-CSF measurement by ELISA needs to be done in the future 

to see if there’s a reduction of GM-CSF.  

 

6.4. 3MC treatment in vivo can upregulate AhRR expression in myeloid cells of 

various organs 
 

AhR ligands are derived from various sources; they can be endogenous, like tryptophan 

metabolites, such as FICZ, kynurenine, and kynurenic acid (Murray & Perdew, 2020) or 

exogenous carcinogenic polycyclic aromatic hydrocarbons, like 3MC or BaP (Stejskalova et 

al., 2011). For the current experiments, 3MC, a synthetic ligand, also found as a byproduct of 

industrial combustion processes, was used because of its high potency and binding affinity to 

AhR (Giani Tagliabue et al., 2019; Tsuchiya et al., 2003). Previous data demonstrated that 16-
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hour 3MC treatment of mice following i.p. injection in a concentration of 10mg/kg upregulated 

AhRR expression mostly in myeloid cells in skin, intestine, and secondary lymphoid organs 

(Brandstätter et al., 2016a). However, the oral/intragastric bypass is more physiologically 

relevant than the i.p route, even though the ligands applied are subjected to both hepatic and 

gastrointestinal first-pass metabolism (Al Shoyaib et al., 2019). Besides, this method also 

allows direct administration of 3MC to the small intestine, where high expression of AhR and 

its target genes has been observed. The main aim of these experiments was to investigate the 

effect of acute 3MC treatment administered by oral gavage on the AhRR expression in immune 

cells.  

 

6.4.1. 3MC activates AhR and induces AhR target genes on mRNA level in several 

peripheral organs 
 

3MC administered by gavage for 16 hours was sufficient to enhance AhR signaling, therefore 

also AhRR expression in various immune cell populations in liver, SI, and WATg. In liver and 

SI, the increase was also measured on mRNA level. 3MC significantly enhanced the expression 

of both AhR target genes, Ahrr and Cyp1a1 in the liver of Triple CYP-KO AhRR+/+ and 

AhRRE/E mice, respectively. In SI, 3MC significantly enhanced Ahrr in Triple CYP-KO 

AhRR+/+ mice and slightly increased Cyp1a1 in AhRRE/E mice. Interestingly, Ahr expression in 

SI was also upregulated post 3MC treatment in Triple CYP-KO AhRR+/+ mice, but not in in 

Triple CYP-KO AhRRE/E mice. It is unclear what might have caused this increase, but there are 

several possible reasons. First, it can be hypothesized that enhanced Ahr activation caused by 

the ablation of the three AhR controlled CYP enzymes led to an increased Ahr expression. 

However, if this was true, such an increase should also have been observed in the Triple CYP-

KO AhRRE/E mice, in which the highest AhR activation was taking place. Moreover, the 

increase also did not occur in liver, where 30-fold-upregulation of Ahrr was observed, further 

suggesting an organ- or cell type-specific effect of AhR. Previous publications have also 

reported that IDO1/TDO expression does not only activate the AhR, but also increases AhR 

expression (Solvay et al., 2023). They postulated that such an increase could be mediated by 

Nrf2, as it can bind to AhR antioxidant response elements in the AhR promoter (Raghunath et 

al., 2018; Shin et al., 2007). In general, Nrf2 is an AhR-target and it can be induced by AhR 

ligands (Wen et al., 2014), although FICZ treatment does not induce its expression 

(Mohammadi et al., 2021). So far it has only been reported that Nrf2 expression can be induced 

by tryptophan (Wen et al., 2014). Nevertheless, Nrf2 also responds to thiol reactive compounds 
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(both xenobiotics and endogenous compounds) and subsequently alters the redox balance in 

cells (Hayes et al., 2009), which could influence AhR expression. 

Another reason for enhanced Ahr expression could be that functional AhRR expression might 

have counteracted other competing pathways, such as the Rel B subunit of NF-kappaB (Vogel 

& Haarmann-Stemmann, 2017), that could have been induced by 3MC or its metabolites and 

subsequently inhibited not only AhR activation, but also Ahr expression. This would explain 

the absence of an increased Ahr expression in Triple CYP-KO AhRRE/E mice. On the other 

hand, it is largely unknown whether Ahr expression can also be inhibited by other pathways. 

The pregnane X receptor (PXR), another transcription factor that plays a role in xenobiotic 

metabolism, can directly bind AhR at its DNA-binding domain, thereby preventing AhR from 

binding to its target genes and reducing Cyp1a1, 1a2, and 1b1 expression (Cui et al., 2017). 

Nevertheless, activation of neither the canonical AhR signaling pathway nor other unknown 

pathways can fully explain the increase in Ahr expression in Triple CYP-KO AhRR+/+ mice. In 

the future, transcriptomic and ChIP-seq analyses of SI derived from mice that lack Triple CYP 

and/or AhRR would be helpful to see which other transcription factors are up/down-regulated 

and which potential binding partners of the AhRR can be detected.  

6.4.2. AhRR expression is induced by 3MC treatment in immune cells in several 

peripheral organs 

 

In addition to the transcriptomic analysis, the increase in AhRR expression was also measured 

by flow cytometry and histological analysis using the AhRR/EGFP reporter mouse model. 

AhRR/EGFP expression was particularly pronounced in different myeloid subsets (e.g. 

macrophages, DC, and Mo-Mac) of 3MC-treated Triple CYP-KO AhRRE/E mice in liver, SI 

lamina propria, and WATg. In liver, AhRR/EGFP expression was also upregulated in 

lymphocytes (e.g. T cells, NKT- and NK cells). In contrast, in most cases 3MC only marginally 

increased AhRR/EGFP reporter expression in AhRRE/E mice, in liver and SI. In WATg SVF, 

3MC treatment significantly increased the AhRR/EGFP-expressing myeloid subsets both in 

AhRRE/E and Triple CYP-KO AhRRE/E mice. Unfortunately, this result was only partially 

confirmed by histology, mainly due to the high autofluorescence of adipocytes. In addition, the 

sensitivity of the detection method also differs, as FACS is more sensitive than the 

epifluorescence microscopy and because of the exclusion of adipocytes from the SVF also 

allows to put a better focus on the analysis of immune cells. Besides, the mechanical shear force 

inflicted by the sectioning procedure can also cause EGFP to leak from the cell cytoplasm. 

Furthermore, 3MC upregulated AhRR/EGFP expression not only in a cell type-specific manner, 
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but it also did so in differential magnitudes. Thus, in the SI, the AhRR/EGFP upregulation was 

more pronounced than in WATg. This may indicate that the amount of 3MC and its metabolites 

that ended up in each organ might differ. Measurement and quantification of 3MC and its 

metabolites in each organ by means of LC-MS could be conducted to prove this hypothesis. 

Regarding the intensity of staining, 3MC did not so much enhance the MFI of AhRR/EGFP on 

a per cell basis, which was also apparent in histology based on qualitative analysis. Only in the 

ATM2 and DC population in WATg 3MC treatment could markedly increase the MFI of 

AhRR/EGFP. In some of the immune subsets, there were not many AhRR-expressing cells to 

begin with, but they had an artificially high MFI due to autofluorescence. Nevertheless, in terms 

of the frequency of AhRR/EGFP+ cells, the present results are in agreement with previous 

findings, as a higher frequency of Ahrr and AhRR/EGFP-expressing DC and macrophages in 

mesenteric lymph nodes (mLN) of AhRRE/+ mice were also observed following 3MC treatment 

(Brandstätter et al., 2016a). This was also the case for DC, macrophages, and T cells in intestinal 

lamina propria following 4-week feeding with I3C-supplemented diet (Schanz et al., 2020). The 

upregulation of AhRR/EGFP expression was greatly mediated by AhR activation, as AhR-

/- AhRRE/+ mice had a strongly reduced, barely detectable frequency of AhRR/EGFP-expressing 

cells in secondary lymphoid organs (Schanz et al., 2020). Taken together, 3MC treatment 

increased the frequency of AhRR/EGFP expressing cells but not necessarily the intensity of 

EGFP fluorescence in different immune cell subsets in various peripheral organs. Furthermore, 

in SI IEL, which already showed a very high basal AhRR/EGFP expression, 3MC could not 

further increase the expression, further implying that AhRR/EGFP expression is limited per cell 

once it reached a certain level.  

 

Apart from immune cells, AhRR/EGFP was also found to be expressed in endothelial cells in 

liver and SI of Triple CYP-KO AhRRE/E mice as shown in Chapter 3, as well as in WAT tissue 

(unpublished data). As the FACS analysis done here mainly focused on the immune cell 

analysis, additional analyses to capture the stromal cell subset should be performed in future. 

Qualitative analysis by means of histology showed that the AhRR/EGFP expression in the 

hepatic endothelial cells of control- and 3MC-treated Triple CYP-KO AhRRE/E mice appeared 

to be similar, and 3MC did not induce AhRR/EGFP expression in hepatic endothelial cells of 

AhRRE/E mice. This might be because AhR and its target genes (e.g. Cyp1a1, Cyp1b1) are 

highly expressed in hepatic endothelial cells (Lano et al., 2020; Li et al., 2020) and the AhR-

dependent CYP enzymes limit the AhR activation in endothelial cells of AhRRE/E mice (Major 

et al., 2023; Wiggins et al., 2023). Furthermore, the expression of the individual CYP enzymes 
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may not be identical in all cell types or organs. For instance, the inducible expression of 

CYP1A1 and CYP1A2 was the highest in the proximal small intestine, whereas the CYP1B1 

expression was the highest in stomach and esophagus (Uno et al., 2008). Therefore, 3MC might 

have been metabolized by different combinations of the three AhR-dependent CYP enzymes in 

different organs.  

In the SI, 3MC induced an overall increase of AhRR/EGFP expression in the lamina propria of 

AhRRE/E mice, as the EGFP expression was extended down to the base of the villi and not just 

in the upper regions of the villi. The additional AhRR/EGFP-expressing cells could be immune 

cells, as there were increments of AhRR/EGFP-expressing macrophages and Mo-Mac in the 

lamina propria of AhRRE/E mice. Besides, AhRR expression can also occur in stromal cells, as 

the result in Chapter 3 showed that AhRR/EGFP is also expressed by endothelial cells and 

possibly by PDGFRα+ telocytes. In the Triple CYP-KO AhRRE/E mice, there were even more 

AhRR/EGFP-expressing cells in the cryptal area, but not in the villi. The exact identity of these 

additional AhRR-expressing cells at the villus base and crypt areas is not yet known. Because 

of their sub-epithelial localization, they might be fibroblasts, α-SMA+ myofibroblasts, 

telocytes, or PDGFRAlo mesenchymal cells (McCarthy et al., 2020; Powell et al., 2011). 

Regardless of their identity, the maintenance of cells at the villus base and in crypts was shown 

to be mediated by Wnt and EGF signaling rather than BMP signaling and they further rely on 

TRPA1, TAC1, and GLP1 hormones (Y. Wang et al., 2022). Interestingly, Wnt signaling has 

been shown to be mediated by AhR signaling in the intestine (Metidji et al., 2018). 

Nevertheless, most AhRR/EGFP expressing cells in the epithelial layer did not overlap with 

EpCAM+ IEC, suggesting that they are more likely to be IEL.  

 

The histological analysis and FACS results permit several conclusions: First, 3MC did not 

induce AhRR/EGFP expression in cells of AhRRE/E mice that did not anyways have basal 

AhRR/EGFP expression, like hepatocytes, hepatic endothelial cells, and IEC. The possible 

reasons for the absence of AhRR expression in the aforementioned cell types has been explained 

at the end of Chapter 6.3. Second, this result may also imply that 3MC treatment activated other 

pathways that are independent of canonical AhR signaling, which might have hampered AhRR 

expression. One of the possible pathways affected is the NF-κB  pathway, as the promoter 

sequence of the AhRR contains three GC box sequences and one NF-κB  site on top of the XRE 

site (Baba et al., 2001). Alternatively, it can simply be that the 3MC-mediated AhR activation 

was not sufficient to induce AhRR expression in these cells. Hence, activating AhR with either 
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longer stimulation time, higher dose, or more potent ligands like TCDD would also be crucial 

to prove this notion.  

6.4.3. 3MC treatment alters the frequency of eosinophils and double negative ATM in 

WATg SVF 

 

In general, enhanced AhR signaling and AhRR expression by 3MC treatment did not lead to 

alterations in the frequency of immune cells in liver and SI. However, in WATg SVF, the 

frequencies of both eosinophils and CD206- CD11c- ATM3 in the 3MC-treated AhRRE/E mice 

were reduced or increased, respectively. Interestingly, AhRR/EGFP expression in eosinophils 

of AhRRE/E mice was not significantly upregulated by 3MC and only ~4.5% of eosinophils 

expressed AhRR/EGFP in 3MC-treated AhRRE/E mice, as shown by the FACS analysis. In 

contrast, AhRR/EGFP expression in the ATM3 subset was upregulated in the 3MC-treated 

AhRRE/E mice such that ~60% of the ATM3 in AhRRE/E mice expressed AhRR/EGFP after 

3MC treatment, similar to the AhRR-expressing ATM2 subset. It is not clear if the alteration 

of eosinophil- and ATM3 cell numbers were mediated by different AhR target genes. 

Alternatively, both upregulation and downregulation of ATM3 and eosinophils, respectively 

were mediated by AhR activation. Nevertheless, the involvement of other signaling pathways 

cannot be excluded.  

 

It is well possible that the three CYP enzymes are the ones that mediate this effect, as the altered 

frequencies only occurred in AhRRE/E mice and not in the Triple-CYP KO AhRRE/E mice. 

Alternatively, it can be that the AhR signaling in the Triple-CYP KO AhRRE/E mice was too 

strong, and this prevented the eosinophils from declining via an unknown mechanism. 

Quantification of the expression levels of Ahr and other Ahr target genes should also be done 

in future. It is also unfortunate that the frequency of eosinophils was not measured and analyzed 

in liver and SI, as such information might also be helpful to see if the reduction of eosinophils 

following 3MC treatment occurs systemically or whether it is restricted to WATg. Lastly, 

further investigation is required to see if AhR signaling per se accounts for such reduction in 

eosinophils (both in WATg and systemically). 

 

6.5. Dysregulated AhR signaling affects the onset of obesity and immune cell frequencies 

 

Long-term consumption of HFD causes an excess energy intake, which is stored in fat  (Hill et 

al., 2013). Thus, it triggers excessive fat accumulation mostly in adipose tissue and liver, which 
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eventually leads to systemic chronic low-grade inflammation and insulin resistance among 

other symptoms (Balistreri et al., 2010). DIO also alters the functions of intestinal stem cells, 

enhances cell death in adipocytes, causes fatty liver/NAFLD, as well as inflammation in liver 

and adipose tissue (Aliluev et al., 2021; Eguchi & Feldstein, 2014; Hildebrandt et al., 2023). 

The latter is known to be mediated by the NF-κB  signaling pathway (Catrysse & Loo, 2017).  

 

Moreover, numerous publications demonstrated the intricate role of the AhR and its activation 

in energy homeostasis and DIO. Mice carrying the high-affinity AhR allele, such as C57BL/6J 

mice, had higher weight gain and gonadal fat mass following 28-week Western diet feeding 

compared to mice with the low affinity AhR allele (Kerley-Hamilton et al., 2012). Global AhR-

deficiency consistently resulted in reduced body weight in the context of DIO and in some 

studies also in increased glucose tolerance (Moyer et al., 2016; Rojas et al., 2021; Wang et al., 

2011). The three AhR-controlled CYP enzymes might contribute to this effect as they also 

mediate the biosynthesis of some lipid mediators, which are conversion byproducts of ω–6 and 

ω–3 fatty acids (Divanovic et al., 2013). Some of these lipid mediators participate in either the 

initiation or resolution phase of inflammation. AhR plays a role in DIO as inhibition of AhR 

activation by alpha-naphthoflavone (aNF) could also reverse DIO and liver steatosis in mice 

fed with Western diet (Rojas et al., 2020). Previous findings showed that the absence of either 

CYP1A1 or CYP1B1 is sufficient to influence the DIO onset; CYP1A1 depletion exacerbated 

hepatic steatosis following BaP-supplemented HFD (Uno et al., 2018), whereas CYP1B1 

depletion attenuated HFD-induced obesity and liver steatosis (Liu et al., 2015). In contrast, 

inhibition of the enzymatic activity of CYP1A1 by 5-methoxyflavone, a flavonoid, ameliorated 

NAFLD by reducing triglyceride deposition (Zhang et al., 2023). Interestingly, the AhRR has 

been shown to regulate adipocyte differentiation in vitro (Ishihara et al., 2019) and previous 

findings in our lab showed that loss of AhRR protected against DIO (unpublished data). 

Nevertheless, the consequences of dysregulated AhR signaling caused by the absence of AhRR 

and/or the three CYP enzymes in the context of DIO is still not well elucidated. Therefore, mice 

lacking AhRR and/or the three CYP enzymes were fed for 14 weeks with either CD or HFD. 

The overall aim of this study was to test if the ablation of the three AhR-dependent CYP 

enzymes and/or AhRR would lead to alterations of systemic metabolism, cellular architecture 

on tissue level, and gene expression in SI, liver, and WATg. 

 

6.5.1.  Purified diets significantly reduce AhRR/EGFP expression 
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As shown in Chapter 3 and 4, ablating AhR target genes that participate in feedback control of 

AhR signaling, such as Ahrr and genes encoding the three AhR-controlled CYP enzymes, led 

to increased AhR activation in AhRRE/E and Triple CYP-KO AhRRE/E mice fed with normal 

chow (NC), as evident by the increased expression of the AhRR/EGFP reporter. However, both 

histology and FACS analysis demonstrated that AhRR/EGFP expression in AhRRE/E and Triple 

CYP-KO AhRRE/E mice was reduced when mice were fed with either HFD or CD. In immune 

cell subsets of liver and WATg, only minimal AhRR/EGFP expression was observed in both 

AhRRE/E and Triple CYP-KO AhRRE/E mice. Besides, AhRR/EGFP expression was also no 

longer observed in hepatic stromal cells in Triple CYP-KO AhRRE/E mice that were fed with 

CD or HFD, although this was clearly observed in NC-fed mice, as shown in Chapter 4. This 

loss of Ahrr expression was due to a low AhR activation state that was caused by the purified 

diets, which differ from NC diet regarding nutrient composition. NC is a grain-based diet, as it 

contains unprocessed plant ingredients, such as ‘ground corn’, ‘ground wheat’, ‘ground oats’, 

and ‘soybean meal’. On top of that, vitamin and mineral premixes are supplemented to these 

diets, further adding undefined levels of micronutrients provided inherently from other 

ingredients (Pellizzon & Ricci, 2018). Such ingredients contain multiple sources of AhR 

ligands. The dietary fibers can also be fermented by microbiota in the gut, leading to the 

production of short-chain fatty acids (SCFA) that include butyrate, a recently described AhR 

ligand (Venter et al., 2022). In addition to the dietary fibers, phytoestrogens can also be found 

in some ingredients, e.g., ‘soybean meal’ and can also serve as AhR ligands. On the contrary, 

purified diets like CD and HFD are comprised of highly refined ingredients, such as casein, 

corn starch, sucrose, cellulose, and soybean oil, which contain one main nutrient and only few 

non-nutrient chemicals. Most importantly, they are deprived of phytoestrogens, which are 

known AhR ligands. Hence, CD and HFD feeding caused a low AhR activation state and 

subsequently low AhRR/EGFP expression.  

Nevertheless, in the SI IEL, AhRR/EGFP expression was comparable between AhRRE/E and 

Triple CYP-KO AhRRE/E mice, and also between diet groups. In contrast, in the SI lamina 

propria, HFD strongly reduced the proportion of AhRR/EGFP-expressing T- and B 

lymphocytes, as well as myeloid cells. In most of the subsets, the reduction occurred in both 

AhRRE/E and Triple CYP-KO AhRRE/E mice. This result is in line with a previous publication, 

which also showed an overall reduction in AhRR/EGFP expression in the SI lamina propria of 

mice fed with a special ligand-reduced diet (LRD), as well as CD and HFD (Schanz et al., 

2020). In this publication, AhRRE/+ mice were used, and they were only fed with the 

aforementioned diets for 4 weeks, hence the age of the mice at the end of the experiment was 
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younger than in the present HFD experiments. Moreover, the present work shows that 

AhRR/EGFP expression in Triple CYP-KO AhRRE/E mice was also reduced across all immune 

subsets after CD and HFD feeding. Prostaglandin E2 (PGE2), a lipid mediator derived from 

ω6-fatty acids that are abundant in HFD has also been reported to be able to activate AhR, 

which would not fit with the HFD-induced reduction of AhRR expression (Seidel et al., 2001). 

Nevertheless, the fact that PGE2 contained in HFD can activate AhR may explain the qPCR 

result of the liver, as a ~7.5-fold induction of Ahrr transcripts between CD- and HFD-fed Triple 

CYP-KO AhRR+/+ mice was observed. This was also significantly higher than the Ahrr 

induction in WT mice. This notion that PGE2 can activate AhR is also supported by another 

finding of Divanovich et al. (Divanovic et al., 2013) who also showed that PGE2 is increased 

in Triple CYP-KO mice. However, no AhRR/EGFP expression was detected in the liver of 

AhRRE/E and Triple CYP-KO AhRRE/E mice in the CD or HFD group. It is not clear what has 

caused the discrepancy between the qPCR and FACS results. Furthermore, HFD also slightly 

elevated Ahr transcripts by ~3%. It is also unclear what is the underlying cause of this increase, 

but it could be that HFD caused increased NFkB signaling, hence RelA availability, which can 

also upregulate the Ahr expression via binding of RelA/p50 to an NF-κB  binding site in the 

Ahr promoter (Vogel et al., 2014).  

 

6.5.2. Ablation of AhRR but not Triple CYP protects against weight gain and liver steatosis 

 

As mentioned previously, systemic ablation of the AhR protects against DIO, as it resulted in 

reduced body weight in the context of DIO and in some studies also in increased glucose 

tolerance (Moyer et al., 2016; Rojas et al., 2021; Wang et al., 2011). Here, the ablation of the 

AhRR both in AhRRE/E and Triple CYP-KO AhRRE/E mice, which is supposed to enhance AhR 

activation (Brandstätter et al., 2016; Schanz et al., 2020) also protected from enhanced body- 

and liver weight, as well as glucose intolerance in the HFD-fed mice. Interestingly, a similar 

tendency was also observed in the CD-fed mice. Based on this, it seems that both ablation and 

enhanced activation of AhR can protect against DIO.  

In line with the weight reduction and glucose tolerance, the serum levels of AST and ALT, but 

not of triglycerides tended to be lower in both AhRRE/E and Triple CYP-KO AhRRE/E mice. 

Increases in serum AST and ALT levels are hallmarks of NAFLD. Sometimes the AST/ALT 

ratio is also calculated and it should be <1 in NAFLD, unless cirrhosis is present (Hall & Cash, 

2012; Sattar et al., 2014). In this experiment, only the Triple CYP-KO AhRR+/+ mice had an 

AST/ALT ratio of 1.5 on average, whereas the mean ratio in the other genotypes was around 1. 
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Accordingly, more extensive lipid droplet accumulation was observed in HFD-fed WT and 

Triple CYP-KO AhRR+/+ mice compared to AhRR-deficient mice, and the lipid droplets 

seemed larger in these mouse lines. Interestingly, in the CD-fed WT and Triple CYP-KO 

AhRR+/+ mice, a more intense Oil-Red-O staining was observed compared to the two AhRR-

deficient groups, suggesting that some lipid accumulation in the liver had already occurred in 

the 24-week-old mice even in the absence of high fat diet.  

In contrast to AhRR deficiency, the ablation of the three CYP enzymes slightly exacerbated the 

DIO, as they had slightly more weight gain, worsened liver steatosis, and less glucose tolerance 

compared to the other three genotypes. Moreover, Triple CYP-KO AhRRE/E mice that were 

deficient in AhRR and the three CYP enzymes showed less severe symptoms than the Triple 

CYP-KO AhRR+/+ mice, showing that the protection from DIO through AhRR-ablation is 

dominant over the absence of the Triple CYP enzymes. This is intriguing, as both AhRR and 

the three CYP enzymes are negative regulators of AhR signaling, hence ablating one or all 

would result in enhanced AhR signaling. However, it appears that AhRR depletion attenuates 

DIO, whereas Triple CYP depletion has an opposite tendency. Thus, merely enhanced AhR 

signaling cannot be causative for the reduced weight gain, it is more likely the differential 

organ- or cell-type specific expression of the AhR and its target genes that is the key to the 

observed response of the different knockout mouse lines to high caloric diet. It could be that 

constitutive hepatic AhR activation induced spontaneous hepatic steatosis due to upregulation 

of CD36, encoded by another AhR target gene, and other fatty acid transport proteins, which 

inhibited the export of hepatic triglycerides (J. H. Lee et al., 2010). It is therefore intriguing to 

see that Triple CYP-KO AhRRE/E mice, which are supposed to have the highest AhR activation 

showed an attenuated phenotype in DIO compared to Triple CYP-KO AhRR+/+ mice. 

Therefore, the expression level of CD36 in Triple CYP-KO AhRRE/E mice was analysed. Both 

Pparγ and its target Fabp4 were slightly lower in AhRRE/E- and Triple CYP-KO AhRRE/E mice, 

but HFD did not highly upregulate their expression. Both Fabp4 and Cd36 are among the 

downstream targets of PPARγ, hence they are upregulated upon PPAR activation. However, 

the Pparγ primers used were able to detect all Pparγ isoforms, including γ1 that is expressed 

ubiquitously and not necessarily upregulated because of DIO and Pparγ expression is also more 

predominant in WAT than liver (Wang et al., 2020). Hence, measuring Pparγ and its target 

genes in WAT should also be done in the future. Moreover, a previous experiment in our lab 

using metabolic cages has also shown that the reduced weight gain in these mice was not due 

to reduced food intake, suggesting that it is not mediated by alteration of the hypothalamic-

pituitary-adrenal (HPA)-axis. Nevertheless, it is not yet known if the reduced weight gain was 



Discussion  

172 
 

caused by altered lipid metabolism and if it was, it would be interesting to know how the lipid 

metabolism is altered. The exacerbated DIO exhibited by Triple CYP-KO AhRR+/+ mice also 

highlights the complicated relationship between the individual CYP1 enzymes in the context of 

obesity. While CYP1B1 deficiency alone was protective against weight gain and glucose 

intolerance induced by 6-weeks HFD feeding (Liu et al., 2015), CYP1A1 deficiency was 

associated with increased cholesterol, triglyceride and bile acid levels following Western diet 

feeding (Uno et al., 2018). The role of CYP1A2 in obesity is not as well elucidated as the other 

two CYP1 enzymes and it is also unclear which one of the three CYP enzymes played the most 

dominant role in the regulation of obesity.  

Apart from body- and liver weight, WATg weight was also measured. It has been shown that 

adipose precursor cells of WATg are more resistant to differentiation into adipocytes and are 

more sensitive to cell death than the ones from subcutaneous AT (Macotela et al., 2012). This 

phenomenon can also greatly contribute to inflammation and metabolic syndrome (Ghaben & 

Scherer, 2019), although it is unclear if adipocyte death is required to elicit inflammation. The 

WATg weights of Triple CYP-KO AhRR+/+ and Triple CYP-KO AhRRE/E mice were similar 

and even slightly higher than the ones of AhRRE/E  and WT mice. This points out, together with 

the enhanced weight gain, that the three CYP enzymes are also involved in lipid metabolism in 

WATg. As shown in this thesis, the increased WATg weight in Triple CYP-KO AhRR+/+ and 

Triple CYP-KO AhRRE/E mice was not caused by reduced lipolysis. This is in line with previous 

findings that obesity blunted the catecholamine-induced lipolysis in female humans (Horowitz 

& Klein, 2000) possibly mediated by leptin resistance, reduced expression of β-adrenergic 

receptors or increased expression of α2-adrenergic receptors (Mowers et al., 2013). Moreover, 

obesity causes a dynamic remodeling of WAT in which adipocytes can either increase in size 

(hypertrophy) or in number (hyperplasia) (Hildebrandt et al., 2023). It would be interesting to 

determine if the increase in WATg weight in Triple CYP-KO AhRR+/+ and Triple CYP-KO 

AhRRE/E mice was caused by adipocyte hypertrophy or increased adipocyte numbers, as such 

an analysis has not been conducted, yet. In the future, body composition analysis, for instance 

by Dual Energy X-ray Absorptiometry (DEXA) scan, should be conducted to see in which fat 

depot the Triple CYP-KO AhRR+/+ mice have more mass, which contributes to the overall 

higher body weight compared to the Triple CYP-KO AhRRE/E mice. Alternatively, mice can be 

kept in metabolic cages to determine which physiological parameters (e.g. O2 consumption, 

energy expenditure, indirect calorimetry) are affected the most by the HFD and the genetic 

alterations. 
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6.5.3. HFD did not lead to extensive fibrosis in liver and WATg 

 

The spectrum of NAFLD can be manifested in the form of fatty liver disease (non-alcoholic 

fatty liver, NAFL) or progression to non-alcoholic steatohepatitis (NASH), which is steatosis 

accompanied by chronic inflammation and cell damage (Heyens et al., 2021). On the 

histological level, NASH is characterized by pericellular and /or perilobular collagen deposition 

(Bel Lassen et al., 2017), lobular inflammation, and ballooning of hepatocytes, the latter being 

the driving force of fibrosis. Even though the 14-week HFD feeding caused liver steatosis and 

elevated levels of serum AST and ALT, particularly in WT and Triple CYP-KO AhRR+/+ mice, 

it only led to mild fibrosis in liver and WATg across all genotypes. Only mild pericellular 

fibrosis that did not lead to adipocyte trapping occurred in the WATg of WT and Triple CYP-

KO AhRR+/+ mice, whereas it was nearly absent in AhRRE/E and Triple CYP-KO AhRRE/E mice. 

In the literature there is evidence that not all long-term HFD treatments lead to development of 

fibrosis (Matsumoto et al., 2013). Whereas one study showed that 10-week HFD feeding was 

sufficient to induce liver fibrosis in WT mice (Wada et al., 2016b), another study showed that 

extensive liver fibrosis only occurred in mice fed with HFD for 80 weeks, in which both age 

and HFD contributed to obesity and liver fibrosis (Velázquez et al., 2019). In some studies, WT 

mice were fed with a Western diet for 12 weeks or with a choline-deficient, L-amino acid-

defined, high-fat diet (CDAHFD) to induce fibrosis (Matsumoto et al., 2013; Yang et al., 2023). 

In this study, rats fed with the CDAHFD diet showed rapid progression of fibrosis followed by 

a rise in ALT (Matsumoto et al., 2013). 

 

DIO has been shown to cause an accumulation of crown like structures (CLS) in WAT that is 

induced by WAT inflammation. CLS formation consists of macrophages that have a 

metabolically activated phenotype, and they normally surround the dying adipocytes. Hence, 

the presence of CLS signifies that adipocyte death and inflammation have occurred (Lindhorst 

et al., 2021; Wang et al., 2019). In the case of WATg in our experiment, there were CLS 

observed particularly in Triple CYP-KO AhRR+/+ and WT mice, which is in agreement with 

the more severe DIO onset observed in these mice. Besides CLS, the pro-inflammatory 

response in WATg should be determined, as it is unclear if the levels of pro-inflammatory 

cytokines in our HFD experiment were not high enough to induce a more severe fibrosis 

phenotype. Quantifying the expression levels of pro-inflammatory genes is also necessary to 

determine the involvement of NF-kB and non-canonical AhR signaling or other pathways that 

mediate the pro-inflammatory process in liver and WATg. The non-canonical AhR signaling 
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pathway has been shown to be influenced by inflammation; LPS-induced inflammation 

enhances AhR expression via RelA activation and the binding of RelA/p50 complex to an NFkB 

binding site in the AhR promoter (Vogel et al., 2014). Nevertheless, supplementing the HFD 

with high sugar as in Western diet may be able to induce more extensive fibrosis, which may 

also be accompanied by stronger activation of pro-inflammatory pathways and subsequently 

more alterations in immune cell subsets both in terms of frequencies and cytokine expression.  

 

6.5.4.  Ablation of AhRR and/or Triple CYP deficiency alters immune cell frequencies 

after dietary challenge 

 

As mentioned earlier, CD and HFD reduced AhRR/EGFP expression and hence AhR activation 

strongly. Therefore, it was interesting to investigate the effect of the low AhR-activation state 

on the frequency of immune cells subsets in the DIO model, as there could be other signaling 

pathways involved, e.g pro-inflammatory signaling like NF-kB activation that can also mediate 

non-canonical AhR signaling. Therefore, we also analyzed the frequencies of myeloid cells and 

lymphocytes in SI, liver, and WATg in this model.  

 

6.5.4.1. Ablation of AhRR reduces the lamina propria Mo-Mac after HFD 

 

Feeding mice with HFD did not significantly affect the IEC, IEL, and immune cells in the 

lamina propria. IEC, however, slightly increased in HFD-fed WT and AhRRE/E mice compared 

to the CD-fed counterparts. This result is similar to a published finding that showed an increase 

(~7%) in enterocytes in WT mice following 11-13 weeks HFD feeding, which is caused by an 

increase in enterocyte progenitors. In addition, it could be shown that HFD induces intestinal 

stem cell (ISC) differentiation and turnover, as evident by reduced ISC frequency, but increased 

Goblet- and enteroendocrine cells (Aliluev et al., 2021). (Wang et al., 2023). For IEL, it has 

been reported that their function depends on the activation state, as activated TCRγδ IEL might 

modulate levels of GLP-1 and possibly other gut hormones (Bank, 2022; Park et al., 2019), and 

can contribute to insulin resistance and obesity. Mice lacking IEL following ablation of α4β7 

and αeβ7 integrins are resistant to DIO (He et al., 2019). HFD-fed Triple CYP-KO AhRR+/+ 

mice tended to have reduced frequencies of natural (CD8+ TCRγδ and TCR+) IEL, but 

increased frequencies of induced (CD8+ TCR+) IEL. In contrast, the frequencies of both 

natural and induced IEL between the HFD-fed and CD-fed WT mice were comparable. This is 

in agreement with a published study, which demonstrated that 18-22 weeks of HFD feeding 

reduced the absolute numbers of both γδ and αβ T cells, but their frequencies were comparable 
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to the CD counterparts (Park et al., 2019). Such a reduction in αβ T cells, but not γδ T cells, 

was attributed to the reduced frequencies of proliferating cells. Further, another publication 

showed that a 12-week Western diet regimen induced a 25% reduction in CD8+ TCRγδ  and 

CD8+  TCRαβ IELs combined and ~5% reduction in CD8αβ+ TCRγδ and CD8αβ+ TCRαβ+ 

IELs following IEL sorting (Wang et al., 2023). This also further highlights the different effects 

exerted by Western diet compared to HFD. Overall, IEL numbers may not be the main reason 

of the differences in DIO onsets between different genotypes, but transcriptional and cytokines 

profiles of sorted IEL post HFD treatment need to be analyzed in the future.  

In terms of the immune cells in SI lamina propria, there were some alterations observed across 

genotypes but not treatment groups. The Tγδ+ cells were higher in AhRRE/E mice and Triple 

CYP-KO AhRRE/E mice compared to WT and Triple CYP-KO AhRR+/+ mice, suggesting such 

increase was mediated by AhRR deficiency. Nevertheless, such increase in Tγδ+ cells has only 

been observed in mice with HFD or CD, as Tγδ+ cells were not analyzed in the previous 

experiment involving NC-fed mice. Furthermore, it has been shown that HFD reduced the 

frequency of  CD8αα+ and CD8αβ+ TCRγδ/TCRb+  cells in lamina propria due to increased cell 

death (Wang et al., 2023). Hence, the higher frequency of TCRγδ+ in AhRR-deficient mice 

could be caused by increased resistance to cell death or TCRγδ+ cells compensate for increased 

cell death by enhancing proliferation. Also, the frequency of B cells was reduced in mice 

deficient of AhRR and/ or the three CYP enzymes significantly reduced their frequency 

compared to WT mice in the CD group, suggesting that enhanced AhR signaling mediated by 

these ablations may account for the B cells reduction.  

Interestingly, HFD-fed Triple CYP-KO AhRR+/+ mice had a markedly higher macrophage 

frequency compared to Triple CYP-KO AhRRE/E mice. Macrophages differentiated from 

recruited blood monocytes produce TNF, which promotes loss of barrier function that 

contributes to local inflammation as well as systemic immunometabolic dysfunction in DIO 

(Breznik et al., 2023). Enhanced frequencies of inflammatory Mo Mac would be in line with 

the enhanced DIO observed in Triple CYP-KO AhRR+/+ compared to Triple CYP-KO AhRRE/E 

mice. In contrast, in the study conducted by Wang et al. (Wang et al., 2023), the 12-week 

Western Diet feeding markedly increased the frequencies of plasma cells, CD4 T-cells, and to 

a lesser extent also cDC and ILC1-3 in WT mice and reduced CD8aa+ TCRγδ /TCRb+ T cells 

frequency. This finding alludes that the combination of high fat and high-sugar components of 

Western Diet might have exerted more pro-inflammatory stimuli on IEL and lamina propria 

immune cells.  
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6.5.4.2. DIO and dysregulated AhR signaling alter the frequencies of hepatic KC and      

Mo-Mac 

 

DIO and NAFLD have been reported to alter the hepatic immune milieu by triggering 

inflammatory cascades, as well as by activating endothelial and hepatic stellate cells among 

many other processes (Huby & Gautier, 2022; Méndez-Sánchez et al., 2021). Hepatocytes can 

also contribute to inflammation by secreting HMGB1, PGE2, and activating the NRLP3 

inflammasome and NF-kB pathways. Subsequently, NLRP3 activation can cause hepatocyte 

death following secretion of DAMPs, which in turn activate other downstream signaling 

molecules, such as STAT3 in hepatocytes that may lead to hepatocarcinogenesis (Méndez-

Sánchez et al., 2021).  

Hence, FACS analysis was conducted on cell suspensions of the liver to analyze the frequencies 

of hepatic immune cell subsets post HFD treatment. In the current experiments, HFD reduced 

the frequency of KC in AhRRE/E mice compared to the CD-fed control mice, although AhRRE/E 

mice had the highest KC frequency among all genotypes in the CD group. The impact of a 

reduction of KC during DIO is still unclear. Previous findings showed that a lack of KC led to 

enhanced steatosis, STAT3 signaling, and insulin resistance (Clementi et al., 2009). This work 

also demonstrated that 15-week HFD feeding neither increased expression of KC markers nor 

caused classical activation of KC. In contrast, another study demonstrated that DIO induces 

proinflammatory polarization of KC, which can inhibit insulin signaling and activate hepatic 

glucose production leading to the development of insulin resistance (Jager et al., 2016). 

Furthermore, alternative activation of KC that is mediated by hematopoetic PPARδ confers 

protection against DIO (Odegaard et al., 2008). Interestingly, the increased KC frequency 

observed in CD fed mice could not be observed in 24-week-old AhRRE/E mice fed with NC 

obtained from a separate experiment. This suggests that AhR signaling may directly or 

indirectly influence the frequency of KC. Apart from KC, HFD also altered the frequencies of 

Ly6C+ and Ly6C- Mo-Mac. HFD significantly increased the frequency of Ly6C+ Mo-Mac in 

Triple CYP-KO AhRR+/+ mice and also slightly increased it in WT mice, whereas the frequency 

of Ly6C- Mo-Mac was elevated in Triple CYP-KO AhRRE/E mice. These two Mo-Mac subsets 

have been shown to originate from Ly6chi and Ly6clo monocytes, respectively. The former are 

proinflammatory and pro-fibrotic, whereas the latter are restorative and involved in tissue repair 

(Cho et al., 2023; Ramachandran et al., 2012). Some cells of the Ly6C- Mo-Mac subset also 

express MHCII, which enables antigen presentation between macrophages and IFNγ-producing 

lymphoid populations (Buxadé et al., 2018). The result of our experiment showed that Ly6chi 
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Mo-Mac were more highly represented in Triple CYP-KO AhRR+/+- and WT mice, whereas 

Ly6clo Mo-Mac were more predominantly expressed in Triple CYP-KO AhRRE/E mice. Since 

it is postulated that Ly6chi Mo-Mac have more proinflammatory properties, whereas Ly6clo 

have a rather restorative function, this result may fit to the phenotype of the WT, Triple CYP-

KO AhRR+/+ mice and the Triple CYP-KO AhRRE/E mice, respectively. Furthermore, hepatic 

immune cells, particularly myeloid cells like KC (in activated state), monocytes and Mo-Mac, 

have been shown to be recruited during inflammation or infection (Devisscher et al., 2017; 

Zigmond et al., 2014) and can drive the progression of liver steatosis to NASH (Devisscher et 

al., 2016).  

In addition, HFD significantly increased the frequency of CD11b+ cDC2 in Triple CYP-KO 

AhRRE/E mice and also slightly increased their frequency in AhRRE/E mice. The hepatic cDC2 

subset has been shown to induce a pro-inflammatory environment, inducing CD4+ T-cell-

mediated immunity, as well as recruiting macrophages into the liver (Méndez-Sánchez et al., 

2021). Therefore, the increased cDC2 frequency in Triple CYP-KO AhRRE/E mice may also 

contribute to the increase of Ly6clo Mo-Mac.  

Apart from the alterations solely induced by HFD, the ablation of AhRR and/or the three CYP 

enzymes also altered the immune cell frequencies under CD conditions. The frequency of NKT 

cells was significantly lower in HFD-fed Triple CYP-KO AhRRE/E mice compared to WT mice, 

whereas the NK-cell frequency was significantly higher in Triple CYP-KO AhRR+/+ mice 

compared to the other genotypes in the CD group and it was significantly higher than AhRRE/E 

mice in HFD group. However, the roles of both hepatic NKT and NK cells in DIO are not well 

elucidated, but it is thought that they are pivotal regulators of inflammation (Highton et al., 

2021; Martin-Murphy et al., 2014). It has been reported that 12-week HFD feeding did not alter 

the frequency of NK cells but the cells were less cytotoxic than the ones from CD-fed control 

mice (Cuff et al., 2019). Such reduction in NK cell cytotoxicity was considered protective 

against DIO. In line, ablation of NKT cells in mice conferred less protection against DIO 

(Martin-Murphy et al., 2014). However, another study showed that feeding mice with a choline-

deficient HFD activated NKT cells and CD8+ T cells, but not myeloid cells, which was shown 

to promote not only NASH but also hepatocellular carcinoma (Wolf et al., 2014). Therefore, it 

is possible that NKT cells play a dual role in the progression of NAFLD, depending on the 

stimuli from the microenvironment or diet.  
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6.5.4.3. HFD alters both lymphoid and myeloid immune compartments in WATg 

 

During the course of DIO, AT, particularly WAT inflammation precedes liver inflammation 

(Stanton et al., 2011; van der Heijden et al., 2015). This process involves adipokine and 

cytokine secretion, which affect not only the inflammatory response but also lipid metabolism 

(Harwood, 2012; Kawai et al., 2021). Hence, FACS analysis was conducted to investigate if 

DIO and dysregulated AhR signaling would differentially alter the frequency of immune cells 

in WATg.  

 

FACS analysis revealed that more HFD-induced changes in immune cell frequencies were 

observed in WATg compared to liver or SI. Here, a reduced CD4+ T-cell frequency was 

observed in HFD-fed WT mice. This however, did not go in line with a previous publication 

that showed an increase of CD4+ T-lymphocytes in epididymal AT in DIO (Kintscher et al., 

2008). Different from the present experiments, this study used histology and qPCR to detect 

the CD4+ T cells, which can be inaccurate as NKT- and NK cells can also express CD3 and 

CD4, depending on their activation state (Krijgsman et al., 2018; Milush et al., 2009). Further, 

HFD increased the frequency of CD8+ T cells in WT, AhRRE/E, and Triple CYP-KO AhRR+/+ 

mice, although this was significant only in the latter. This result is supported by a study, which 

showed that obesity (both diet- and genetically-induced) elevated infiltrating CD8+ T cells in 

AT, driving ATM polarization towards a pro-inflammatory phenotype (Rausch et al., 2008). 

Moreover, HFD reduced the TCRγδ frequency in Triple CYP-KO AhRR+/+ mice, but not in the 

other three genotypes including Triple CYP-KO AhRRE/E mice, suggesting a Triple-CYP-

specific effect that is somehow counter-regulated by AhRR deficiency. Previous findings 

support this result, as they also showed that DIO does not only reduce TCRγδ cells, but also 

reduces TNFα upregulation by TCRγδ cells, which alters their homeostasis and also impairs 

their ability to promptly retract their dendrites upon wounding (Costanzo et al., 2015; Taylor et 

al., 2010). However, other studies showed the opposite: HFD increased both the frequency and 

absolute number of Tγδ cells (Bruno et al., 2022; Mehta et al., 2015) and promoted the 

accumulation of ATM, inflammation, and insulin resistance in obese mice (Mehta et al., 2015).  

 

Along this line, HFD increased CD206+ CD11c- ATM2 (resident macrophages) and 

CD206- CD11c- ATM3 macrophages across all genotypes with no significant differences 

observed between genotypes. There are four known ATM subsets (Li et al., 2023). First, ATM1, 

which express CD11c, possess a pro-inflammatory phenotype and can be subdivided into 
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ATM1a and 1b that are CD206- and CD206+, respectively. Second, ATM2, the resident 

macrophages that possess an alternatively activated phenotype. Lastly, ATM3, which may 

possess more pro-inflammatory phenotype, as they also accumulate in CLS and uniquely 

express chemokine receptor CCR7. DIO has been shown to induce the CD11c+ ATM1 

macrophages (Li et al., 2023), but this did not occur in our experiments. Such lack of CD11c 

expression was not caused by digestion buffer, as collagenase I and II contained in the Liberase 

solution used for the WATg digestion cannot cleave CD11c (Autengruber et al., 2012; Botting 

et al., 2017). Additionally, Bailin et al. (Bailin et al., 2022) suggested that CD206+ CD11c− 

ATMs are primarily perivascular macrophages (PVM), whereas intermediate macrophages 

(IM) are among the CD206− CD11c+ population and lipid-associated macrophages (LAM) are 

within the double-positive CD206+ CD11c+ cells. ATM2 can produce inflammatory cytokines 

but the expression of CD206 has been perceived as a marker of an alternatively activated 

phenotype and CD206+ M2-like macrophages modulate insulin sensitivity by inhibiting 

proliferation and differentiation of adipocyte progenitors (Li et al., 2023; Nawaz et al., 2017). 

Moreover, a previous study showed that CD206 can also be internalized in a Clathrin-dependent 

manner upon ligand binding or proteolytically cleaved and shed by an unknown metalloprotease 

(van der Zande et al., 2021). This shedding occurs constitutively and depends on Dectin-1-

mediated signaling. The level of soluble CD206 correlates with the amount of total CD206 

expressed in the cells. Thus, we can speculate that the HFD-induced increases in ATM2 and 3 

could have been caused by increased cleavage and shedding of surface CD206 receptor, which 

in turn also increased the turnover of the mannose receptor. In our experiment, AhRRE/E mice 

had more CD206+ ATM2 and less CD206- ATM. It is possible that the CD206 turnover and 

shedding occurs at a lower rate in these mice, but it is not clear if AhRR deficiency can directly 

influence the turnover rate. Soluble CD206 has been shown to induce pro-inflammatory 

macrophage activation, which subsequently leads to a cellular reprogramming towards an 

inflammatory phenotype mediated by Src/Akt/NF-κB  (Embgenbroich et al., 2020). In DIO, 

this soluble form of CD206 is increased. Hence, further quantification of soluble CD206 by 

ELISA needs to be conducted to confirm this notion and to determine if the level of soluble 

CD206 correlates with the DIO severity between the different genotypes in our experiments. In 

DIO-induced metaflammation, ATM subsets, particularly the CD11c+ ATM1 that express 

CCR7 and CD11c- CD206- ATM3, also contribute to the CLS formation (Morris et al., 2011; 

Shaul et al., 2010). As CLS formation was most pronounced in the Triple CYP-KO AhRR+/+ 

mice, the ATM1 and 3 subsets should be the highest here, but the CD11c+ expressing ATM1 

subset was not observed in my experiment. An in vivo pulse experiment by Shaul et al. (Shaul 
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et al., 2010) using the lipophilic dye PKH26 also showed that the MGL1med CD11c+ ATM1 are 

not derived from resident MGL1+ CD11c- cells (PKH26+), they are rather derived from the 

recruited MGL1+ CD11c- (PKH26-) cells. This might also be the cause of the increased 

CD206+/- CD11c- ATM post HFD feeding in our experiment. Nevertheless, it would be 

interesting to also check the transcriptional profiles of the ATM from the mice deficient of 

AhRR and/or three CYP enzymes. 

 

Furthermore, HFD also led to a reduced eosinophil frequency in WT, Triple CYP-KO AhRRE/E, 

and Triple CYP-KO AhRR+/+ mice, and to a lesser extent in AhRRE/E mice. This result is in 

agreement with previous findings; eosinophils are reduced in HFD-fed mice and this decrease 

is accompanied by increased weight gain and glucose intolerance (Hams et al., 2013; Li et al., 

2019). Another study also showed that eosinophils play a role in dampening age-related local- 

and systemic low-grade inflammation (Brigger et al., 2020). Nevertheless, the protective role 

of eosinophils in DIO is still disputable, as contradicting evidence arose from other murine 

studies (Calco et al., 2020). Eosinophils have been reported to regulate axonal plasticity in 

WAT, leading to enhanced sympathetic innervation and increased energy expenditure (Meng 

et al., 2022). Intestinal eosinophils contributed to transcriptional upregulation of genes related 

to the immune response, cell–cell communication, and extracellular matrix remodeling (Diny 

et al., 2022). In addition, AhR expression was essential for eosinophil degranulation and 

survival. However, it is not known if WAT eosinophils also play similar roles as their intestinal 

counterparts. When comparing the eosinophil frequency from the HFD experiments with the 

one from the AhR ligand feeding experiments shown in Chapter 4, there was an overall 

reduction in eosinophil frequency in both CD and HFD (~2.5-12.5%), compared to the control 

group in the ligand feeding experiment (18-38%). This indicates that survival and or 

proliferation of WAT eosinophils may also depend on AhR activation.  

 

HFD also increased the cDC frequency across all genotypes and this increment was mostly 

attributed to the increased frequency of CD24- cDC with no differences between genotypes. 

However, the frequency of CD24+ cDC was higher in AhRRE/E and Triple CYP-KO AhRRE/E 

mice compared to AhRR-proficient mice. CD24 has been shown to interact with SiglecE, which 

is also expressed in hematopoetic cells and this interaction negatively regulated DIO-associated 

metaflammation (Wang et al., 2022). Therefore, the reduction in CD24+ cDC might have 

contributed to the attenuated DIO phenotype of the two AhRR-deficient mouse lines. Lastly, 

HFD also increased MHCII+- and MHCII- monocytes, except in Triple CYP-KO AhRRE/E mice. 
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It is expected that the Triple CYP-KO AhRRE/E mice had lower monocyte infiltration, as 

recruited monocyte-derived ATM have been suggested to cause low-grade systemic 

inflammation and insulin resistance (Félix et al., 2021). In ATM, MHCII expression also plays 

a role in T cell maturation and metaflammation, but it is not known if MHCII on monocytes 

also assumes similar roles (Cho et al., 2014). 

 

6.6  Conclusion 

 

Taken together, the reduction in DIO symptoms (increased body and liver weights, as well as 

glucose intolerance, and liver steatosis) in AhRRE/E and Triple CYP-KO AhRRE/E mice could 

not simply be attributed to enhanced AhR signaling. If this would be the case, Triple CYP-KO 

AhRR+/+mice should also have shown ameliorated DIO symptoms compared to WT, but these 

mice even had a worse phenotype than WT mice. This suggests that the three CYP enzymes 

also exert AhR-independent effects, possibly in lipid metabolism. Moreover, altered expression 

levels of proteins involved in lipid metabolism might be the contributing factors to the 

differences in the severity of DIO between genotypes. Both AhRRE/E and Triple CYP-KO 

AhRRE/E mice had slightly lower levels of both FabP4 and PPARγ and they both exhibited 

attenuated DIO symptoms in terms of body weight, liver steatosis, and glucose tolerance. The 

altered frequencies of various immune cells in peripheral organs that may be caused by the 

combination of altered AhR signaling and altered microenvironments (e.g., hepatokines and 

adipokines profile) are likely to further contribute to the attenuated and exacerbated DIO onsets 

caused by AhRR and Triple-CYP depletion, respectively. In the future, transcriptomic- and 

cytokine profiling analyses need to be performed to better understand how the dysregulated 

AhR signaling exerts its effect and to also investigate the effects of AhRR and Triple-CYP 

depletion on the non-canonical AhR signaling pathway in DIO.
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