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Abstract 
 

Different immune cells play a major role in maintaining tissue homeostasis, 

tissue repair but also in inflammation. Tissue integrity is mainly controlled by 

tissue regulatory T cells (Tregs), type 2 innate lymphoid cells (ILC2) and myeloid 

cells. Here, we are using a chronic kidney disease (CKD) model of adenine 

enriched diet induced crystal-nephropathy and high-fat diet induced obesity to 

investigate the contribution of Tregs, macrophages and dendritic cells during 

inflammation. Using a modified gating strategy to distinguish macrophages and 

conventional dendritic cells (cDCs) we detected that macrophages and cDCs 

infiltrate the visceral adipose tissue (VAT) during obesity. Here, sex-specific 

differences show that macrophages and cDCs accumulate significantly more in 

male VAT. RNA sequencing confirmed a higher pro-inflammatory gene signature 

in male VAT macrophages and cDCs. Those data indicate that myeloid cells 

might be a significant contributor to the sex-specific differences in the adipose 

tissue. 

 

Interleukin (IL)-33 maintaining tissue homeostasis by promoting Tregs and 

ILC2s in the VAT. Investigating IL-33 and its receptor ST2 during kidney 

inflammation in the adenine enriched diet induced crystal-nephropathy we show 

that ST2 deficiency is negligible in a severe CKD onset, whereas using a mild 

disease onset we detect a disease exacerbation. Additionally, we show that the 

deficiency for IL-33 leads to a more severe disease progression accompanied by 

a high influx of several immune cells and lower frequency of effector Tregs.  

 

Transcription factors such as IRF1, IRF4 and BATF are linked to regulate 

suppressive cell functions e.g. in Tregs and macrophages. Using transcription 

factor knockout mice, we determined that IRF1 deficiency leads to disease 

amelioration by reducing macrophage and monocyte infiltration. IRF4 and BATF 

deficiency lead to reduced numbers of Tregs in the kidney. IRF4-/- but not BATF-/- 



XI 
 

showed significant increased myeloid cell infiltration. Bone marrow chimera 

reconstituted with IRF4 deficient CD4 T cells show reduced numbers of Tregs in 

the inflamed kidney and correlated with the myeloid cell infiltration. Collectively, 

the findings point to a sex-specific contribution of macrophages and cDCs in 

tissue inflammation and indicate that the IL-33/ST2 axis regulates 

immunosuppressive cells tissue and disease progression specific. 
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1.1 Introduction 
 

Every day we are exposed to pathogens, such as viruses, bacteria or 

parasites, which are able to harm our body. To protect us from these threats the 

human body has developed different defense mechanisms: the first level of 

defense are anatomic barriers such as the skin, oral mucosa, respiratory 

epithelium and the intestine, which prevent pathogens from entering internal 

areas of the body. Yet, pathogens can overcome these first layers, for example 

through wounds. Here, the second layer of defense acts, the innate immune 

system and in particular the complement system (Chaplin 2005). The 

complement system enhances immune responses by triggering three main-

immune processes: phagocytosis, inflammation and membrane attack (rupturing 

bacteria cell walls). Furthermore, the complement system can “mark” pathogens 

for the cellular immune system (Murphy and Weaver 2017). The immune system 

can be divided into two subsystems: the innate immunity and adaptive immunity. 

The innate immune system reacts to pathogens in an immediate response, which 

is non-specific. Further, the innate response can activate the adaptive immune 

system (Iwasaki and Medzhitov 2015). This branch of the immune system is able 

to adapt its response and improves its ability to detect a specific pathogen.  

All immune cells belong to the group of white blood cells (leukocytes), which 

together with red blood cells (erythrocytes) and platelets (thrombocytes) are 

generated in a process called hematopoiesis (Maton 1993). This term describes 

the development of specialized cells from hematopoietic stem cells and occurs in 

the bone marrow. Stem cells will give rise to common progenitor cells of the two 

lineages myeloid and lymphoid. Common myeloid progenitors (CMPs) will further 

develop, amongst others, to monocytes, granulocytes, macrophages or dendritic 

cells. Common lymphoid progenitor (CLPs) cells will give rise to T and B cells as 

well as innate lymphocytes (ILC) (Birbrair and Frenette 2016).  

With its acquirement to distinguish between its own tissue (“self”) and 

foreign cells (“non-self”) the cellular immune system is our defense against 

pathogens. However, in the process of immune cell maturation, not all potentially 
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harmful T or B cells that recognize self-antigens are removed from the immune 

cell repertoire. Depending on many factors this might lead to autoimmune 

diseases such as diabetes mellitus type1, inflammatory bowel disease, systemic 

lupus or multiple sclerosis. 

Furthermore, immune responses can cause strong inflammation while 

eradicating pathogens. In an uncontrolled inflammatory environment these 

processes can lead to severe destruction of tissue and therefore have to be 

guided and stopped. Therefore, the immune system contains different regulatory 

cell populations, such as, alternatively activated or type 2 macrophages (M2), 

regulatory dendritic cells (DC) and myeloid derived suppressor cells (MDSC) as 

part of the myeloid arm of the immune system but also regulatory T cells (Treg) 

and group 2 innate lymphoid cells (ILC2) from the lymphoid immune system. 

These cell types have the function of maintaining or returning the host system to 

homeostasis (Almeida and Belz 2016; Anon 2013; Hu and Pasare 2013; Lisovska 

and Shanazarov 2019; Senovilla et al. 2013).  

 

 

1.2 The innate immune system 
 

The innate immune system is comprised of different cells, which are able to 

sense components of pathogens that are evolutionary conserved, such as 

bacterial cell wall structures or specific surface molecules on viruses. Those 

specific patterns are consolidated in the term pathogen associated molecular 

pattern (PAMPs) (Maverakis et al. 2015; Silhavy, Kahne, and Walker 2010). The 

recognition of these patterns is facilitated by specific receptors called pattern 

recognition receptors (PRRs)(Kumar, Kawai, and Akira 2011). Similarly, innate 

immune cells are also able to detect molecules which derive from the host itself 

and have been released due to cell damage or cell stress and can be associated 

with infection. These so-called damage-associated molecular patterns (DAMPs) 

are together with PAMPs sensed by a specialized group of PRRs the toll-like 

receptors (TLRs)(Kumar et al. 2011). Tissue resident immune cells are 

strategically located as first layer of defense at barrier sites, which have a high 
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potential to be breached by microorganisms. Most of these immune cells are 

phagocytes, which are able to eliminate the intruders by “eating” them. To this 

class of immune cells belong monocytes, granulocytes macrophages and 

dendritic cells (Murphy and Weaver 2017).  

 

1.2.1 Monocytes 

Monocytes are involved in homeostasis and tissue repair, microbial 

resistance and tumor surveillance (Das et al. 2015; Mitchell, Roediger, and 

Weninger 2014; Olingy, Dinh, and Hedrick 2019). They derive from hematopoietic 

stem cells in the bone marrow. After bone marrow egress monocytes will typically 

circulate for one to three days inside the blood stream and eventually enter 

peripheral tissues, where they can further differentiate to macrophages (chapter 

1.2.3) or dendritic cells (chapter 1.2.4) (Jakubzick et al. 2013). However, the 

spleen holds about half of the monocyte population as a reserve (Swirski et al. 

2009). Blood monocytes consist of at least two (in human three) functionally 

distinct subset: CX3CR1med CCR2+ CD62L+ Ly6Chi (Ly6C+) and 

CX3CR1hiCCR2–CD62L–Ly6Clo (Ly6C–) cells (Mildner, Marinkovic, and Jung 

2016). The infiltration of Ly6C+ monocytes during infectious and sterile 

inflammation is a hallmark of host defense against injuries. Depending on context 

and spatial manner of monocyte tissue entry, their plasticity allows them to 

contribute to either pro- or anti-inflammatory responses (Mildner, Yona, and Jung 

2013). In a model of chronic obstructive lesion in the kidney (a model of unilateral 

ureteral obstruction (UUO)), Braga et al. demonstrated that Ly6C+ monocytes 

infiltrate the kidney in early disease and led to higher monocyte recruitment in 

later stages, this steered the release of pro-inflammatory cytokines and fibrosis 

formation (Braga et al. 2018). In the low-grade inflammatory environment of 

adipose tissue a recent study showed that at later stage the accumulation of 

blood derived monocytes is involved in maintaining tissue inflammation (Zheng 

et al. 2016).  
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1.2.2 Granulocytes 

Granulocytes or polymorphonuclear leukocytes (PMNs) are leukocytes 

that are predominantly characterized by their appearance with granules in their 

cytoplasm. The group of PMNs is comprised of four different cell types: basophils, 

eosinophils, mast cells and neutrophils. The most abundant cell type of PMNs 

are neutrophils, which make up around 60% of leukocytes in the blood (Ermert et 

al. 2013). These phagocytes are one of the very first responders to tissue 

disturbances and play important roles in bacterial infections, several cancers and 

environmental exposure (Jacobs et al. 2010; De Larco, Wuertz, and Furcht 2004; 

Waugh and Wilson 2008). Neutrophils have a unique mechanism to kill 

extracellular pathogens using so-called neutrophil extracellular traps (NETs) 

(Brinkmann et al. 2004). NETs consists of DNA stretches and different anti-

microbial proteins such as elastase, myeloperoxidase or cathepsin G, which trap 

and kill microbes independent of phagocytotic processes (Clark et al. 2007; 

Thomas et al. 2014). 

 

 In a model of kidney ischemia-reperfusion it has been shown that the 

accumulation of neutrophils foremost happened in the interstitium (Awad et al. 

2009). Further reports showed that the degranulation of neutrophils accompanied 

with release of proteases, the release of cytokines, and the generation of reactive 

oxygen species can aggravate injury and damage the kidney (Jang and Rabb 

2009; Li and Okusa 2006; Okusa et al. 2000). Neutrophils had also been 

connected to participate in high-fat diet induced obesity. The authors report that 

the neutrophil protease elastase plays a crucial role in insulin resistance and that 

the deletion of this enzyme leads to reduced tissue inflammation (Talukdar et al. 

2012).   

 

 

 

 



6 
 

1.2.3 Macrophages 

Macrophages belong to the phagocytes and are located in essentially all 

tissues. They roam the extra cellular matrix and have the potential to phagocytose 

anything that does not belong to the body (“non-self”) (Correa-Costa et al. 2011). 

Every organ harbors tissue resident macrophages. They are non-migratory, 

proliferate in situ and provide essential factors for physiological functions and 

protect the tissue from inflammation (Gosselin et al. 2014; Muller et al. 2014; 

Okabe and Medzhitov 2014; Uderhardt et al. 2019). Recent research has shown 

that macrophages can develop from two different sources: during embryonic 

development progenitor cells enter the tissue from the yolk sac and provide one 

source for macrophage replenishment (Yona et al. 2013). Alternatively, they can 

develop from monocytes which have entered the tissue from the blood circulation 

(Yona et al. 2013). Depending on their tissue location macrophages have been 

given different names; for instance, liver resident macrophages are coined 

Kupffer cells or neural tissue macrophages are called microglial cells. Next to the 

function of general phagocytosis one of the many roles of macrophages is 

antigen presentation. After the phagocytosis of a microbe, digested parts of 

microbial proteins (peptides) can be present on the major histocompatibility 

complex II (MHC-II) molecules of macrophages and lead to the activation of 

helper T cells. This property places them as bridge between innate and adaptive 

immune system (Mantegazza et al. 2013).  

 

Macrophages have been historically classified into two subgroups, 

classically activated “M1” macrophages or alternatively activated “M2” 

macrophages (Mills et al. 2000; Mosser and Edwards 2008). “M1”-polarized 

macrophages have pro-inflammatory characteristics and are bactericidal and 

have phagocytic functions. M2-polarized macrophages are thought to lead to 

decreased inflammation, wound healing and tissue repair (Figure 1-1) (Alisi et al. 

2017; Mills 2012). In vivo M1 macrophages are induced by mediators like LPS, 

interferon (IFN)-y, tumor necrosis factor (TNF), PAMPs or DAMPs (Bianchi 2007; 

Zhang and Mosser 2008). This pro-inflammatory M1 phenotype leads to the 

production, of Interleukin (IL)-6 and TNF among other cytokines (Hesketh et al. 
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2017). Amici et al. described in vivo a robust expression of CD38 on pro-

inflammatory human macrophages. This was additionally supported by in vitro 

studies on BM derived murine macrophages, making CD38 a useful marker to 

identify M1 macrophages (Amici et al. 2018; Jablonski et al. 2015). M2 

macrophages can be generated in vitro from bone marrow derived macrophages 

stimulated with IL-4 or IL-13 (Weisser et al. 2013). In vivo, CD206+ (mannose 

receptor) macrophages had been found to participate in peritoneal fibrosis. By 

analyzing their gene expression pattern it was found that these CD206+ cells 

express similar mRNA level of “M2” mediators compared to in vitro differentiated 

M2 macrophages (Bellón et al. 2011).  

 

 

TheM1/M2 classification of macrophages is under debate among experts, 

but M1 or M2-classification delivers a simple construct. It is largely supported by 

in vitro data, with IFNg + LPS stimulation to generate the M1 phenotype, or IL-4 

Figure 1-1 Polarization of macrophages.  

Depending on the type of stimuli, monocytes can either differentiate into classically activated “M1” 
macrophages or alternatively activated “M2” macrophages. M1 macrophages are pro-
inflammatory; M2 macrophages anti-inflammatory. Adapted from: Alisi et at. 2017 
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+ IL-13 to generate M2 macrophages. However, in vivo macrophages are not 

only exposed to a limited and specific concentration of a few cytokines but 

encounter a high diversity of mediators and concentrations at any given time point 

(Gordon 2003; Ley 2017). Those manifold conditions give rise to macrophage 

phenotypes in-between the stages of M1 and M2, which results in highly complex 

macrophage compartments (Mosser and Edwards 2008). Due to the unresolved 

questions about these different phenotypes and for simplicity reasons, I will use 

in this thesis the M1 and M2 paradigm. 

 

1.2.4 Dendritic cells 

Dendritic cells (DCs) belong, next to macrophages and B cells, to the 

group of antigen-presenting cells (APC). DCs are located in tissues such as skin, 

lung, stomach or the intestine which are in contact with the external environment 

(Castell-Rodríguez et al. 2017). They scan their surroundings for pathogens via 

PRRs, similar to macrophages. Encountered microbes are phagocytized or 

endocytosed and digested, subsequently antigen can be presented. In contrast 

to neutrophils and macrophages, DCs show reduced degradation of ingested 

particles, which leads to more conserved presentation of antigens (Sallusto and 

Lanzavecchia 2002). Phagocytosis leads to DC activation, maturation and 

migration to the lymph node (Martín-Fontecha, Lanzavecchia, and Sallusto 

2009). During maturation, DCs upregulate co-receptors like CD80, CD86 and 

CD40, which facilitate the activation of T cells (Chatzigeorgiou et al. 2009; Chen 

et al. 1994; van der Merwe et al. 1997). Inside the lymph node, mature DCs 

present processed proteins (antigens) of phagocytized pathogens on MHC 

molecules to helper or killer T cells. These T cells, that can recognize the specific 

antigens via their T cell receptors (TCRs), are activated and start different 

defense mechanisms of the adaptive immune system (Sallusto and 

Lanzavecchia 2002). DCs can present antigens to T helper cells (chapter 1.3.1) 

and cytotoxic T cells (chapter 1.3.3). Furthermore, they are able to perform cross-

presentation, where exogenous antigen is presented via MHC class I to cytotoxic 

T cells to active them (den Haan, Arens, and van Zelm 2014). 
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Dendritic cells are classified into different subtypes based on their 

phenotype and function: conventional (or classical) (cDCs) and plasmacytoid 

DCs (pDCs). Both arise from bone marrow progenitors, which egress as 

immature DCs and migrate via blood to peripheral lymphoid organs. However, 

unlike cDCs, pDCs leave the bone marrow not as immature DCs, but fully 

developed (Shortman and Naik 2007). Furthermore, they act less as APCs but 

release large amounts of type-1 interferon during viral encounter (Villadangos 

and Young 2008). Furthermore, it has been shown that cDCs can be separated 

into two functionally distinct subtypes: cDC1 and cDC2. “Lymphoid-resident DCs” 

reside in secondary lymphoid tissues (i.e. spleen and lymph nodes) whereas DCs 

from non-lymphoid tissues migrate to lymph nodes and are called “migratory 

DCs”. Splenic DCs express either CD8 (cDC1) or CD4 (cDC2). In non-lymphoid 

Figure 1-2 Dendritic cell properties are dependent on activation signals.  

Immature DCs can develop into a stimulatory or a regulatory phenotype, depending on their 
activation and microenvironment. Stimulatory DCs will enforce a specific T helper cell immune 
response, whereas regulatory DCs will lead to accumulation of regulatory T cells. Figure adapted 
from Schmidt et al., 2012. 
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organs DCs do not express those markers but upregulate the integrin CD103 

(cDC1) or CD11b (cDC2). Different studies revealed that cDC1s are specialized 

in antigen cross-presentation and showing a polarization to TH1 responses. 

cDC2s are specialized in antigen presentation to CD4+ T cells, with a more 

TH2/TH17 dominant polarization (Merad et al. 2013; Schlitzer and Ginhoux 2014; 

Schlitzer, McGovern, and Ginhoux 2015).  

 

Immature DCs that encounter inflammatory signals or TLR stimulation will 

get activated and “mature”, which leads to a “stimulatory DC” type (Figure 1-2). 

On the other hand, DCs can get activated in a “regulatory” DC manner via 

tolerogenic signals. CD103+ DCs in the gut were described to induce T cell 

tolerance due to their ability to induce FoxP3+ Tregs (del Rio et al. 2010; Scott, 

Aumeunier, and Mowat 2011). Additionally, it has been reported that in a murine 

asthma model, fully mature DCs stimulated Tregs in an IL10-depended manner 

(Akbari, DeKruyff, and Umetsu 2001). Others showed that several soluble factors 

(IL-10, PGE2 or TGFβ) play a role in the induction of tolerogenic DCregs (Popov 

and Schultze 2008).  

 

 

1.2.5 Myeloid derived suppressor cells 

Myeloid derived suppressor cells (MDSCs) are a heterogenous group of 

cells with the ability to suppress the function of different cell types. MDSCs are 

present in low amounts in blood of healthy individuals, but increased in cancer, 

inflammation or infection (Almand et al. 2001; Ost et al. 2016). It has been shown 

that tumors are highly infiltrated by MDSCs, which is connected with therapy 

resistance (Gabrilovich, Ostrand-Rosenberg, and Bronte 2012). Due to their 

myeloid origin, murine MDSCs express high levels of CD11b and Ly6C and/or 

Ly6G. Depending on their Ly6C and Ly6G expression, they can further be 

subdivided in: monocytic MDSCs, which express high levels of Ly6C but low or 

no Ly6G; or granulocytic MDSCs with high levels of Ly6G and intermediate levels 

of Ly6C (Gabrilovich 2017). The existence of MDSCs has been under debate 

since they share the same markers with monocytes and granulocytes and have 
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a similar phenotype; however, they are functionally distinct (Bronte et al. 1999). 

Their potential to suppress CD8+ T cell proliferation has first been characterized 

in tumors and they are now considered an important factor in tumor immunology. 

However, they also have emerged to play a crucial role in other immune 

regulation aspects in inflammation, chronic infections, and autoimmune diseases 

(Gabrilovich 2017). Their expansion has been reported in a mouse model for 

multiple sclerosis (EAE), where they enter the central nervous system during 

inflammation (Zhu et al. 2007). MDSCs have been also shown to play pro-

inflammatory role in inflammatory bowel disease (Haile et al. 2008). MDSCs that 

are positive for the IFNgRβ receptor have been described during chronic kidney 

inflammation to exhibit exclusively suppressive activity (Höchst et al. n.d.).  

 

 

 

1.3 The adaptive immune system 
 

The pathogen recognition of the innate immune system is limited to the 

detection of molecular pattern by their PRRs. Evolution of the acquired immune 

system has overcome these limitations. Leukocytes belonging to this part of the 

immune system are called lymphocytes.  

T and B cells develop in the bone marrow from common lymphoid 

progenitor cells (CLPs). However, as B cells develop in the bone marrow, CLPs 

also migrate via blood to the thymus, were they further develop into T(hymus) 

cells (Murphy and Weaver 2017). Even though deriving from the same progenitor, 

T and B cells mount very different immune responses: humoral immunity is a B 

cell mediated response, whereas T cells are responsible for the cell-mediated 

immune response (Miller 1975). 

Humoral immunity involves macromolecules such as secreted antibodies, 

antimicrobial peptides or proteins of the complement system that can be found in 

the humors (body liquids) (Slifka et al. 1998). Antibodies produced by B cells are 

an important part of this response. After B cells mature in the bone marrow they 

enter the blood stream to migrate to secondary lymphoid organs (SLOs), such as 
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the spleen or lymph nodes (Harwood and Batista 2010). Inside the SLO B cells 

are activated when they encounter a cognate antigen, which is engulfed and 

digested (Yuseff et al. 2013). Parts of the antigen are now displayed on MHC-II 

molecules, which can be recognized by the matching mature T helper cell, 

normally a follicular T helper cell (TFH) (Blum, Wearsch, and Cresswell 2013). 

Upon T cell stimulation, cytokines and co-stimulatory molecules such as CD40L 

are produced by the TFH which help the B cell to further develop (McHeyzer-

Williams et al. 2009). Activated B cells begin to proliferate and enter the germinal 

center. Here, they differentiate into short-lived plasmablasts, which provide 

immediate protection or early memory B cells (Nutt et al. 2015). The generation 

of long-lived affinity matured plasma cells and memory B cells occurs inside the 

germinal center. Here  B cells proliferate, differentiate and mature (somatic 

hypermutation) into cells with high-affinity to the initial presented antigen 

(Shlomchik and Weisel 2012). Plasma cells produce large amounts of antibodies, 

which are transported via the blood stream or the lymphatic system to the site of 

infection. The antibodies will bind their targets and facilitate cell dependent 

immune responses, e.g. phagocytosis by macrophages or compliment activation 

(Thau and Mahajan 2019).  

In contrast, cell-mediated immunity does not involve antibodies but the 

activation of cytotoxic and helper T-lymphocytes. The T cell family is comprised 

of different specialized cell types, depending on their surface protein expression, 

e.g. CD4+ T helper cells (see 1.3.1) and CD8+ cytotoxic T cells (see1.3.3). Naïve 

T cells get activated when their TCR encounters its cognate antigen presented 

on an APC (primary immune response). Activated T cells will expand and 

differentiate into short lived effector (which will eliminate the antigen) and long-

lived memory T cells (details see chapter 1.3.1, 1.3.3) (Murphy and Weaver 

2017).  

Memory cells, such as memory B cells, memory CD4 and CD8 T cells, form 

the so-called immunological memory, one of the hallmarks of the adaptive 

immune system (Ratajczak et al. 2018). During a secondary antigen encounter 

(re-stimulation) memory cells will produce a stronger and faster immune 

response compared to the primary immune response (Sprent and Tough 1994). 
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After cognate antigen re-stimulation T cells will immediately expand to immense 

numbers of effector cells (Farber, Yudanin, and Restifo 2014; Kurosaki, 

Kometani, and Ise 2015).  

This memory characteristic of lymphocytes is taken advantage of during 

vaccination, where patients are exposed to controlled antigens of specific 

pathogens. The immune system gets primed via these “artificial” antigens and is 

able to react, on re-encounter with the “real” pathogen, before it can damage the 

body (Plotkin, Orenstein, and Offit 2008).  

 

 

1.3.1 CD4 T cells 

CD4+ T cells are a subgroup of T cells, which mount immune responses 

by boosting other immune cell responses via cytokine release. Hence, they are 

also called helper T cells. After thymic development, CD4 T cells will home similar 

to B cells into SLOs. Here, they encounter antigens presented by APCs on MHC-

II molecules. The naïve T cell, which recognizes its specific antigen via the TCR 

will be activated by a two-signal activation process. Activation releases IL-2, a 

potent growth factor for T cells, which works in an autocrine and paracrine 

manner and subsequently leads to proliferation and clonal expansion of the T cell 

(Bonilla and Oettgen 2010). Depending on the prevailing microenvironment, T 

helper cells can differentiate into TH1 (IFN-g driven), TH2 (IL-4 driven), TH9 (TGFb, 

IL-4), TH17 (IL-17) or TFH (IL-21) cells, which differ in their characteristics (Bonilla 

and Oettgen 2010; Wan and Flavell 2009). TH1 cells have been connected to 

intracellular pathogens and autoimmunity. Their release of IFN-g, lymphotoxin-a 

(LTa) and IL-2 are important for macrophage activation and their increase in 

phagocytosis. IL-2 is also critical for CD8 T cell stimulation (Mosmann and 

Coffman 1989; Paul and Seder 1994). Production of IL-4, IL-5, IL-10, IL-13 and 

amphiregulin are linked to TH2 responses and host defense against extracellular 

parasites and helminths and play important roles in asthma and other allergic 

diseases (Wan and Flavell 2009). TH17 cells produce pro-inflammatory cytokines 

and play an important role against extracellular bacteria and fungi (Korn et al. 

2007). Like mentioned above, naïve T cells will develop in distinct non-
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overlapping T helper cells lineages which are defined by the expression of 

specific master transcription factors, such as T-bet (TH1 cells), GATA3 (TH2 cells) 

RORgT (TH17 cells) or Bcl6 (TFH cells). However, the concept of one transcription 

factor one cell fate is under debate since some transcription factors are 

simultaneously expressed in the same lineage (Fang and Zhu 2017). 

 

 

 

1.3.2 Regulatory T cells 

Regulatory T cells (Tregs) belong to the adaptive immune system, more 

precisely they derive from CD4+ T cells. They are modulators of the immune 

system, preserve immunotolerance and suppress autoimmune diseases (Li and 

Rudensky 2016). These immunosuppressive effects are established via different 

factors. Cytokines play an important role in the communication between cells. 

Tregs use inhibitory cytokines such as IL-10, IL-35 or transforming growth factor 

beta (TGF-β) to suppress the induction and proliferation of effector T cells (Teff) 

(Vignali, Collison, and Workman 2008). In addition, it has been shown that Tregs 

are able to induce the production of IL-10 in other cell types (Figure 1-3, a) 

(Kearley et al. 2005). Another mechanism of suppression is the induction of 

apoptosis in Teff, which is mediated via Granzyme B and can be a perforin 

dependent or independent process (Figure 1-3, b) (Gondek et al. 2005; Zhao et 

al. 2006). Tregs also influence T cell proliferation/maturation indirectly, by 

modulating DCs, which are necessary for the activation of Teffs. Different 

mechanisms have been reported to be important in this process: Lymphocyte 

activation gene 3 (LAG3), which is a CD4 homologue binding to MHC-II and 

induces an inhibitory signaling pathway that modulates DC maturation; Cytotoxic 

T-lymphocyte antigen 4 (CTLA4), that controls access to co-stimulatory signals 

by competition between Treg (CTLA4) and Teff (CD28) ; and the induction of 

indoleamine 2,3-dioxygenase (IDO) in DCs, which leads to the production of pro-

apoptotic metabolites (Miyara and Sakaguchi 2007; Walker and Sansom 2015). 

Another mechanism is metabolic disruption, depicted in d) and e) of Figure 1-3. 

Finally, due to the high expression of the IL-2 receptor (CD25) Tregs reduces the 
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availability of IL-2 in the microenvironment and therefore “starve” Teff cells which 

need IL-2 to survive (Figure 1-3, e)(Miyara and Sakaguchi 2007). Additionally, 

the expression of the coenzymes CD39 and CD73 leads to the generation of 

pericellular adenosine, which has the capability to suppress Teff function through 

the adenosine receptor 2A (Figure 1-3,d) (Deaglio et al. 2007). 

 

 

Tregs also suppress the innate immune response, for instance the 

accumulation of macrophages and therefore reduce kidney injury in an 

Figure 1-3 Basic regulatory T cell action mechanisms.  

(a) Effector T cell inhibition via cytokines, including IL-10, IL-35 or TGFβ. (b). Induction 
of apoptosis in effector T cells via granzyme B. (c-d) Different mechanism of interaction 
between Tregs, DCs and Teff influence T cell activation. (e) Competition of local IL-2 
leads to reduced proliferative capacity of Teffs. Figure adapted from (Gwilz 2017) 
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adriamycin-induced chronic kidney disease model (Mahajan et al. 2006). It also 

has been shown that Tregs inhibit the production of ROS and cytokines by 

neutrophils (Lewkowicz et al. 2006).  

However, Tregs are comprised of a distinct pool of heterogenous subsets. 

Generally, they are classified in central Tregs and effector Tregs. Central Tregs are 

located in lymphoid tissues and show a naïve phenotype with expression of 

CD62L and CCR7 and are dependent on IL-2 (Smigiel et al. 2014). On the 

contrary, effector Tregs are primarily found in non-lymphoid tissues and show an 

activated phenotype with downregulated expression of CD62L and CCR7 

(Smigiel et al. 2014). Further, effector Tregs show expression of IL-10, CTLA-4 and 

TIGIT, which are functionally important (Cretney, Kallies, and Nutt 2013). Mature 

effector Tregs produce high level of IL-10 and are positive for the transcription 

factor B-lymphocyte-induced maturation protein 1 (Blimp-1)(Cretney et al. 2011). 

Even though CD4 T cell precursor can give rise to Tregs in the periphery, most 

Tregs are thymus derived (Teh, Vasanthakumar, and Kallies 2015). Similar to 

conventional T cells, also Tregs undergo a differentiation which is depend on 

microenvironmental stimuli (Burzyn, Benoist, and Mathis 2013; Cretney et al. 

2013). Several studies showed that Tregs show a distinct phenotype in tissues, 

such as gut, skin, lung or the visceral adipose tissue (Panduro, Benoist, and 

Mathis 2016). Especially, VAT tissue Tregs have been shown to expand locally in 

an IL-33  dependent manner (Panduro et al. 2016; Vasanthakumar et al. 2015). 

 

 

1.3.3 CD8 T cells 

T cells positive for the TCR co-receptor CD8 (also cytotoxic T lymphocyte, 

CTL) are important immune cells that are able to kill cancer cells, virus infected 

cells, or cells that signal “damaged” on their MHC class I (MHC-I) molecule. All 

nucleated cells show MHC-I expression (Kulski et al. 2002). On this molecules 

cells display peptides processed from their cytosol and any “non-self” peptide 

recognized from CTLs will trigger an immune response against this antigen/cell 

(Heath and Carbone 2001). However, like CD4 T cells, CTLs require activation 

and therefore the interaction with an APC, which are mainly DCs. Furthermore, 
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for an effective CTL activation and the formation of CD8 memory CD4 T cell help 

is necessary (Hoyer et al. 2014; Janssen et al. 2003; Shedlock and Shen 2003). 

The activated CTL will undergo clonal expansion in an IL-2 dependent manner. 

After clonal expansion mature CTLs will roam the body and search for antigen-

specific cells. CTLs are using perforin, granulysin or granzymes which are 

cytotoxins, to trigger programmed cell death in target cells (Murphy and Weaver 

2017).  

 

 

1.3.4 ILC cells 

ILCs are comprised of three types: ILC1, ILC2 and ILC3. They develop from 

common lymphoid progenitors and belong to the lymphoid cells, but do not 

express B or T cell receptor, neither do they express markers of myeloid or DC 

origin (Spits and Cupedo 2012). Their classification is based on transcription 

factor expression (ILC1s express Tbet, ILC2s express GATA3 and ILC3s express 

RORgt) and their production of cytokines (Spits et al. 2013) similar to the T helper 

cell populations (Figure 1-4, Eberl et al., 2015). NK cells (Tbet+ and Eomes+) have 

been grouped due to their developmental similarity to the type 1 ILC group. Due 

to their cytotoxic effects they mirror CD8+ T cells (Figure 1-4, Eberl et al., 2015). 

 In addition, ILCs have varying physiological functions, which are complementary 

to T helper cells. They play important roles in regulating tissue homeostasis and 

inflammation (Almeida and Belz 2016). ILC2s are particularly important for tissue 

homeostasis. They can be activated by Th2 polarizing cytokines and produce 

Th2 cytokines, which allows them to respond very early e.g. during helminth 

infections. ILC2s are involved in tissue repair processes via amphiregulin 

secretion (Palm, Rosenstein, and Medzhitov 2012). They are highly abundant in 

gut, skin, liver, adipose and lung (Kim et al. 2013; Neill et al. 2010; Ochel, Tiegs, 

and Neumann 2019; Roediger et al. 2013) and are the main population of ILCs 

in the kidney in homeostasis (Riedel et al., 2017). But they play also important 

roles during adipose regulation and kidney disease (Brestoff et al. 2015; Riedel 

et al. 2017).  
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1.4  The adipose tissue 
 

The adipose tissue (AT) is largely comprised of adipocytes and stromal vascular 

fraction (SVF) (Birbrair et al. 2013). Its main function is the storage of energy in 

form of lipids and insulation. The SVF consists mostly of vascular endothelial 

cells, fibroblasts and immune cells. However, recent studies showed that the AT 

produces huge amounts of hormones including estrogen, leptin and other 

Figure 1-4 The diversity of ILCs mirrors the diversity of T cells.  
 
Labels in cells indicate the main transcription factors that drive the function and 
differentiation of helper T cells, helper-like ILCs (ILC1, ILC2 and ILC3 cells), 
cytolytic T cells and cytolytic ILCs (NK cells). Adapted from: Eberl et al., 2015 
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cytokines (Kershaw and Flier 2004). Leptin is foremost produced in the AT and 

is connected to weight gain or loss and directs fat storage (Campfield et al. 1995; 

Zhang et al. 1994). Leptin is regulated due to feeding and fasting but also by 

insulin or inflammatory cytokines, as well as glucocorticoids (Lee and Fried 2009; 

Pan, Guo, and Su 2014). Leptin acts directly on appetite inhibition, 

thermogenesis or fatty acid oxidation and furthermore studies suggest a role in 

maintaining glucose homeostasis (Cheung, Clifton, and Steiner 1997; Flier 2004; 

Morton and Schwartz 2011). Adiponectin is another important hormone, secreted 

from AT, which regulates glucose and fatty acid levels (Díez and Iglesias 2003). 

This hormone is released into the bloodstream and shows very high 

concentrations, with higher levels in females compared to males and lower 

concentrations in diabetic people opposing non-diabetic people (Coppola et al. 

2009). Similar to leptin, adiponectin acts directly on the brain (Nedvídková et al. 

2005). Different studies showed that it acts a suppressor in metabolic changes in 

diabetes, obesity and metabolic syndrome but also in non-alcoholic fatty liver 

disease (Díez and Iglesias 2003; Renaldi et al. 2009; Ukkola and Santaniemi 

2002).  

Two major kinds of AT are known: white adipose tissue (WAT) for energy 

storage, and brown adipose tissue (BAT) for heat generation. The WAT is divided 

in different subgroups depending on location. The main WAT depots are inside 

the abdominal cavity, referred to as visceral fat (VAT), which surrounds the 

internal organs. The VAT can at least be further divided into perirenal (surrounds 

the kidneys), perigonadal (surrounds the testes in males and ovaries in females) 

and mesenteric depot (surrounds the intestines). Beneath the skin is another 

depot the subcutaneous (SC) fat. Studies showed that depending on their 

location, different fat depots acquire different metabolic functions and therefore 

differ in their contribution to obesity (Macotela et al. 2009; Wueest, Schoenle, and 

Konrad 2012).  
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1.4.1 Obesity 

Around the globe, obesity has become a pandemic and a challenging 

health problem (Roberto et al. 2015). Several studies show that a high body-mass 

index (BMI, body weight divided by square of height) is a high risk factor for 

cardiovascular disease, diabetes, chronic kidney disease and several cancers 

(Kovesdy et al. 2017; Lauby-Secretan et al. 2016; Singh et al. 2013; The 

Emerging Risk Factors Collaboration 2011). A recent study showed that in 2015 

the prevalence of obesity had been 5% among children and approximately 12% 

in the adult population worldwide Interestingly, the study found more women to 

be obese, with a peak between the age 60 to 64. Analyzing those data, the study 

did not find sex differences before the age of 20 years. The report highlights that 

high BMI contributed to 7% of all deaths in 2015. Under those causes of death 

cardiovascular disease was the most common, followed by diabetes. Chronic 

kidney disease, cancers and musculoskeletal disorders contributed with each 

less than 10% (Collaborators 2017). Taken together, this report showed that 

obesity is a major health concern and that sexual dimorphism plays an important 

role. 

 

 

 

 

Figure 1-5 Prevalence of overweight (BMI >25kg/m2) adults (age 18+).  

Source: World Health Organization 2017: Global Health Observatory 
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1.4.2 Obesity and the immune system 

In addition to adipokines, the AT also secretes cytokines (1.4.1). Cytokines can 

be directly secreted by adipocytes but also immune cells contribute to the 

cytokine microenvironment (Lu et al. 2019). The chronic low-grade inflammation 

in the adipose tissue is associated with pro-inflammatory cytokines, which further 

steer the development of type 2 diabetes during obesity. Studies connect 

foremost the innate immune system to cytokines in the AT, such as tumor 

necrosis factor alpha (TNFa), IL-6 or IL-1 (Hotamisligil 2006; Pickup and Crook 

1998), where macrophages (classically activated “M1” and alternatively activated 

“M2” macrophages) play an important role. During obesity macrophages increase 

in total numbers accompanied with an phenotype switch from M1 to M2 state 

(Olefsky and Glass 2010). M1 macrophages are the main source for TNFa in the 

AT, even though a minor amount is produced from adipocytes (Weisberg et al. 

2003) and was the first cytokine connected with inflammation and obesity and the 

development of metabolic syndrome (Hotamisligil, Shargill, and Spiegelman 

1993). TNFa exerts many effects, amongst others the inhibition of lipogenesis 

and stimulation of lipolysis, a decrease in PPARg and GLUT4 transporter (Ranjit 

et al. 2011; Ruan and Lodish 2003). In obesity, TNFa levels are increased and it 

has been shown to directly inhibit insulin signaling (Moller 2000; Stephens, Lee, 

and Pilch 1997). Studies in rodents showed that blocking of TNFa reduced insulin 

resistance (Hadad et al. 2013; Hotamisligil et al. 1993).  

 

Interleukin 6, another cytokine produced by adipocytes, has been linked to 

various diseases such as atherosclerosis, Alzheimer Disease, systemic lupus 

erythematosus several cancer and most important to diabetes (Dubiński and 

Zdrojewicz 2007; Gadó et al. 2000; Kristiansen and Mandrup-Poulsen 2005; 

Smith et al. 2001; Swardfager et al. 2010; Tackey, Lipsky, and Illei 2004). An 

early study showed also a connection between IL-6 and obesity by influencing C-

reactive protein concentrations (Bastard et al. 1999). Nevertheless, macrophages 

contribute to significant amounts of produced IL-6 and TNFa inside the AT and 

are thought to be a critical component in the development of VAT inflammation 

(Oh et al. 2012; Olefsky and Glass 2010; Weisberg et al. 2003). The adipose 
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tissue contains a variety of immune cells, such as gd T cells, Tregs, CD4 and CD8 

T cells, ILC2s, NK and NKT cells and several studies linked those cells to VAT 

homeostasis and inflammation (Dalmas et al. 2014; Feuerer, Herrero, et al. 2009; 

Kohlgruber et al. 2018; Lu et al. 2019; Lynch et al. 2012; Nishimura et al. 2009; 

Rana et al. 2019; Vasanthakumar et al. 2015). Adipose tissue inflammation and 

obesity are highly under investigation and the list of involved cell populations in 

this complex and diverse network of immune cells driving this disease is 

constantly expanded.   

 

 

1.4.3 CD38 

The surface molecule CD38 is not only expressed on macrophages (see 1.2.3) 

but had been first described as an activation marker on T lymphocytes and later 

to be expressed on a variety of immune cell types (Bhan et al. 1980; Malavasi et 

al. 1992). However, CD38 expression is not limited to immune cells but rather 

expressed in solid tissues, such as kidney, gut, brain and pancreas (Malavasi et 

al. 2008). CD38 plays a role in different biological processes and posses an ADP-

ribosyl cyclase and cyclic ADP ribose (cADPR) hydrolase activity, in which NAD+ 

is cleaved to generate ADPR or cADPR, which is a Ca2+ second messenger 

(Chini 2009; Graeff et al. 2009). Several reports showed a high expression of 

CD38 in the adipose of obese people (Chini 2009; Graeff et al. 2009). Further a 

study using CD38 knockout mice showed protection during HFD-induced obesity 

through increased NAD+ levels and Sirt1 activity (Barbosa et al. 2007). Due to 

the important role of NAD+ level in several age-related conditions, the 

upregulation of CD38 during aging had been linked to be a driver of NAD+ decline 

(Camacho-Pereira et al. 2016; Gomes et al. 2013; Schultz and Sinclair 2016). 
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1.5 The kidney 
 

The main function of the kidney is the purification of blood from metabolite 

end-products, the regulation of water excretion, as well as electrolyte and acid-

base balance. The kidney filters the so-called primary urine, which gets 

concentrated in the renal tubules to secondary urine. The basic structure of the 

kidney are nephrons, which consist of glomeruli, the proximal tubule, the loop of 

Henle, and the distal tubule which is connected to the ureter (Figure 1-6). The 

kidney is divided into renal cortex and renal medulla. The loop of Henle is located 

in the medullary part; the rest of the nephron is located inside the cortex. The 

filter function of the kidney is maintained via glomeruli, which consist of capillary 

convolutes and the Bowman´s capsule. The tubule system withdraws the water 

and soluble nutrients from the primary urine after its filtration at the glomerulus 

(Eckert et al., Animal Physiology, 5th Edition). The tubular epithelium is 

metabolically very active and therefore very vulnerable to hypoxic and toxic 

injuries. Those injuries can lead within a few days to limitation of kidney function 

and even to complete organ failure (Kurts et al. 2013).   

 

Figure 1-6 Structure of a nephron in the kidney.  

(Eckert et al., Animal Physiology, 5th Edition) 



24 
 

 

1.5.1 Kidney injuries and fibrosis 

Different inflammatory diseases can lead to kidney fibrosis. During type 1 

diabetes changes in metabolism and blood circulation may occur and thereby 

damage the glomeruli in the kidney. In the progression of the disease this will 

evolve to albuminuria (Lim 2014). Another inflammatory disease which can 

damage the glomeruli is the autoimmune disease lupus nephritis. Here, 

autoantibodies against a range of antigens form immune-complexes, that lead to 

the destruction of the kidney (Jaryal and Vikrant 2017; Mortensen, Fenton, and 

Rekvig 2008). 

Kidney damage manifests in many ways. Important part of the research 

focuses on crystal-induced inflammations in the kidney. Here, a variety of genetic 

and acquired metabolic disturbances, as well as drugs or toxins induce tissue 

damage. The kidney is especially prone to crystal formation because of its ability 

to concentrate the urine. Under non-inflammatory, steady-state conditions only a 

small number of immune cells, such as dendritic cells, macrophages and a few 

lymphocytes, reside in the kidney (Kurts et al. 2013). However, upon 

inflammation immune cells of the innate and adaptive immune system, such as 

monocytes, neutrophils and lymphocytes strongly infiltrate and accumulate in the 

kidney. Dependent on the kind of minerals, their concentration, and the signaling 

pathways triggered, crystals induce different kidney injuries. These damages are 

divided into three groups: renovascular damage (type 1), tubular damage (type 

2), and urolithiasis (type 3) (Mulay and Anders 2017). Dehydration and super 

saturation will lead to crystal accumulation, which can lead to acute kidney injury 

(AKI). Other cases might lead to chronic kidney disease (CKD), which is normally 

induced by persistent mild super saturation. Kidney damage causes 

inflammation, which finally, if not resolved, leads to kidney fibrosis. Here, 

parenchymal tissue is replaced with extracellular matrix during wound healing 

processes, which leads to the loss of kidney function (Kurts et al. 2013; Meng, 

Nikolic-Paterson, and Lan 2014)  

The acute or chronic exposure of patients to drugs, toxins or dietary 

elements, which have a tendency to crystallize in renal tubular cells may cause 
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AKI or CKD. Oxalate found in nuts, spinach or black tea, can lead to secondary 

hyperoxaluria and acute oxalate nephropathy (Mulay and Anders 2017). Similar 

effects have been described for adenine, which upon oral administration leads to 

the metabolite 2,8-DHA, which is insoluble and results over time in destructive 

changes in renal tubules via the formation of crystals in the tubulointerstitial 

compartment (Koeda et al. 1988) (Correa-Costa et al. 2011).  

Using a mouse model of crystal nephropathy induced by adenine-enriched 

chow, we and others recently showed that NLRP3-dependent inflammasome 

activation causes severe kidney damage (Ludwig-Portugall et al. 2016). Here, 

oral administration of adenine leads to the insoluble metabolite 2,8-DHA, which 

results over time in the formation of crystals in the renal tubular cells and thereby 

causes tubular damage leading to sterile inflammation. 

 

 

1.5.2 Innate immune cells in the kidney 

Under inflammatory conditions several immune cell populations of the 

innate and adaptive immune system infiltrate and accumulate in the kidney. 

Kidney DCs were first described in the cortical interstitium (Hart and Fabre 1981). 

It has been shown that DCs are important in different disease models due to their 

ability to produce CXCL2, which drives the recruitment of other immune cells 

(Tittel et al. 2011). However, kidney resident DCs also harbor suppressive 

functions. In a crescentic glomerulonephritis (cGN) model, Evers et al. showed 

that CD103+ DCs (cDC1) promoted Treg accumulation in the kidney, which 

counteracted the “pro-inflammatory” cells (Evers et al. 2016). DC depletion at an 

early or late timepoint in a model of nephrotoxic nephritis showed that during 

kidney insult the DC phenotype might switch. Early depletion exacerbated 

disease, late depletion attenuated the disease, adding another level of complexity 

to kidney inflammation and the role of kidney DCs (Hochheiser et al. 2011).  

Macrophages are seeded during embryonic development into the entire 

body and undergo in situ self-renewal throughout adulthood (Hoeffel et al. 2015; 

Schulz et al. 2012; Sheng, Ruedl, and Karjalainen 2015). However, the kidney 

harbors different types of fetal macrophages derived from yolk-sac, erythro-
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myeloid progenitors (EMPs) or hematopoietic stem cells (HSCs) (Munro and 

Hughes 2017). However, during kidney inflammation monocytes recruited from 

the BM infiltrate the kidney and give rise to different macrophage types (Lin et al. 

2009). In a model of ischemia/reperfusion injury (IRI) the depletion of 

macrophages with CD11b-DTR mice did not show kidney protection, whereas 

treatment with clodronate reduced kidney damage. The author concluded that 

clodronate did not deplete CD206+ macrophages, which exert a protective 

function (Ferenbach et al. 2012).  

 

 

1.6 Interleukin 33 and ST2 
 

Interleukin (IL)-33 is a cytokine and member of the IL-1 superfamily, which 

is closely related to IL-18 (Schmitz et al. 2005). It mediates signal transduction 

through the suppression of tumorgenicity 2 (ST-2) receptor (IL1RL1), which, upon 

IL-33 binding, forms a complex with IL-1R accessory protein (IL-1RAcP), a 

member of the IL-1R complex (Chackerian et al. 2007). This signaling leads to 

the recruitment of MyD88 and furthermore to the activation of different 

transcription factors such as NF-κB (Schmitz et al. 2005). In addition to its 

extracellular cytokine properties, IL-33  has been described to act intracellularly 

as a nuclear factor (Mirchandani, Salmond, and Liew 2012). IL-33  comprises a 

nuclear domain at its amino-terminus, which has been shown to associate with 

chromatin (Carriere et al. 2007). It has been shown that IL-33 is expressed by 

numerous cells, like DCs, macrophages, mast cells, fibroblasts and epithelial 

cells (Mirchandani et al. 2012).  

The ST-2 receptor is a member of the Toll-like family and the binding of IL-

33 leads to signaling through NF-kB (Schmitz et al. 2005). It can be found in two 

different isoforms: a soluble form (sST2) and a membrane-bound form (ST2 or 

ST2L). ST2 expression if found on a variety of immune cells, such as ILC2s, Tregs, 

macrophages, DCs, monocytes and mast cells (Liew, Girard, and Turnquist 2016; 

Mirchandani et al. 2012). The soluble form sST2 binds IL-33 and it is thought to 



27 
 

play an important role in IL-33 regulation due to its decoy receptor properties 

(Pascual-Figal and Januzzi 2015).  

 

Recent reports indicate a dual function for IL-33. Originally, IL-33  has 

been described as an alarmin, first found to enhance expression of T helper (Th) 

2 cytokines and to activate numerous immune cells (Schmitz et al. 2005). IL-33  

expression has been found during tissue homeostasis in mainly non-

hematopoietic cells, foremost epithelial and endothelial cells (Moussion, Ortega, 

and Girard 2008; Pichery et al. 2012). However, IL-33 levels are increased in 

inflammatory conditions (Kearley et al. 2015). IL-33  is a cytokine, which 

stimulates both myeloid and lymphoid cells and leads to their proliferation, 

survival and migration (Lott, Sumpter, and Turnquist 2015). Lymphoid cells with 

ST2 receptor expression includes populations such as TH2 cells, Treg cells and 

ILC2s (Liew et al. 2016). Due to the broad expression of IL-33 and its receptor 

ST2 on the surface of several cell types it has the potency to work in a pro-

inflammatory or anti-inflammatory way. It has been associated with airway 

inflammation (Barlow et al. 2013), cardiac hypertrophy and fibrosis (Sanada et al. 

2007). Additionally, IL-33 and ST2 were upregulated in a cis-platin model of 

acute-kidney injury, where the inhibition of IL-33 led to kidney damage alleviation 

(Akcay et al. 2011). However, IL-33 also takes part in the resolution of 

inflammatory processes and tissue damage repair, which is mediated trough 

Tregs, for example in graft-versus-host-disease (GVHD) (Matta et al. 2016). In a 

model of virus-induced inflammatory lung disease, it was shown that IL-33 drives 

tissue repair by induction of amphiregulin (Arpaia et al. 2015). One of the most 

extensive studied roles of IL-33 is the adipose tissue. Several studies reported 

the influence of IL-33 on ILC2s, tissue Tregs and M2 macrophages (Brestoff et al. 

2015; Miller et al. 2010; Rana et al. 2019; Vasanthakumar et al. 2015).  
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1.7 The BATF and IRF transcription factor family 
 

Transcription factors (TF) are crucial to most processes inside a cell. They 

regulate gene expression and therefore take part in the regulation of cell division, 

cell growth and cell death (Latchman 1997). Even though there is also a 

regulatory processes after transcription, the regulation of gene expression is 

mainly steered due to the fact which gene is actually transcribed (Latchman 

1997). Those regulators are grouped together by their DNA-binding domain 

(DBD), a protein domain containing a structural motif that recognizes specific 

DNA areas. The TF binding to specific DNA areas regulates the activation or 

repression of specific genes  (Stegmaier, Kel, and Wingender 2004).  

The interferon-regulatory factor (IRF) transcription factor includes nine 

members and they all share the same helix-turn-helix motif at their N-terminal 

DBD (Yanai, Negishi, and Taniguchi 2012). Several studies showed that IRFs 

have defined roles in immune cell development and their function (Lohoff and 

Mak 2005; Taniguchi et al. 2001).  

 

An early study showed that IRF4 deficiency leads to profound reduced 

antibody level and deficient mice were not able to generate cytotoxic responses. 

The authors found that IRF4 is essential to generate mature B and T cells 

(Mittrucker et al. 1997). Results of a later study showed that both IRF4 and IRF8 

are necessary in B cell development by steering the pre-B-to-B transition by 

functioning as a molecular switch (Honda and Taniguchi 2006). T helper cells 

lacking IRF4 are unable to differentiate into TH2 effector cells and show impaired 

IL-4 production, indicating a role for IRF4 in TH2 responses (Rengarajan et al. 

2002). Moreover, Zheng et al. demonstrated that IRF4 is additionally necessary 

for Treg cells by direct interaction between IRF4 and Foxp3 (Zheng et al. 2009). A 

functional cooperation of the transcription factor BATF and IRF4 has been found 

which showed the importance of both factors to promote Il10 transcription in T 

cells (Li et al. 2012). Additionally, IRF4 is responsible for B lymphocyte-induced 

maturation protein-1 (Blimp-1) expression and therefore plays a critical role in the 

establishment of functional aspects in regulatory T cells (Cretney et al. 2011).  
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Furthermore, it has been demonstrated that IRFs not only play a role in 

lymphocytes but also in myeloid cells. Especially, IRF4 had been shown to be 

required for a specific DC subset (CD103+ CD11b+) in the small intestine. IRF4 

deficient mice showed reduced cell numbers of this DC subset and were unable 

to mount a strong TH17 response (Persson et al. 2013).  

 

Family members of the Basic leucine zipper transcription factor ATF-like 

(BATF) transcription factor are another important TF family. BATF is a subgroup 

of the basic leucine zipper (bZIP) TFs and is comprised of three members: Batf, 

Batf2 and Batf3 (Bateman et al. 2004). They all share an a-helical bZIP domain, 

containing a basic DNA-binding region. Early identified member of this group are 

the important regulators FOS and JUN, which constitute the heterodimeric TF 

“activator protein 1” (AP-1) 5. FOS and JUN contain additionally to their bZIP 

domain a distinct transactivation domain, which is a typical characteristic of bZIP 

family member (Murphy, Tussiwand, and Murphy 2013). However, functional 

distinct BATF and BATF3 lack other additional domains, whereas BATF2 has an 

additional domain with unknown function. It has been shown that on basis of their 

bZIP domain the BATF family forms heterodimer with JUN proteins; which 

includes TFs such as FOS, FOSB or ATF3 (Chinenov and Kerppola 2001; Vinson 

et al. 2002) These heterodimer can interact either with IRF4 or IRF8, which leads 

to different regulatory actions in immune cells (Chang, Zuo, and Stormo 2018).  

 

BATF family member have intrinsic functions in DCs, B Cells and T cells 

(Murphy et al. 2013). It has been shown that this specific regulation is due to 

interactions with members of the IRF family (Murphy et al. 2013). In homeostatic 

conditions, high levels of BATF3 have been reported in cDCs, whereas BATF 

and BATF2 get upregulated during inflammatory conditions (Tussiwand et al. 

2012). Vasanthakumar et al. demonstrated the dependency of VAT tissue Tregs 

on BATF and IRF4, highlighting their role in suppressive immune cell populations 

(Vasanthakumar et al. 2015). 
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It is necessary to distinguish between two different roles of TFs. All cells 

develop from stem cells and TFs play a crucial role as lineage-determining 

factors. However, the same TF can be involved in the differentiation of several 

cells not restricted to a single lineage. Once a cell has reached its terminal 

differentiation state, some TFs are dispensable, whereas some are continuously 

required to keep the cell identity with its specific characteristics. The latter TFs 

are coined “terminal selectors” (Hobert 2008; Holmberg and Perlmann 2012). In 

this regard, IRF8 has been described to be important in several immune cells, 

and inside the myeloid lineage especially during DC development. However, only 

in cDC1s it has the function of a terminal selector, this is reflected by high 

expression of IRF8, which is an additional characteristic of terminal selectors 

(Sichien et al., 2016).  

 

IRF1 is another member of the IRF family and has also been identified to 

play crucial roles in myeloid cell development. Myeloid cells of IRF1 knockout 

mice display immature macrophage and DC cells types, indicating developmental 

implications for IRF1 (Hoffman et al. 1991; Testa et al. 2004). Furthermore, 

polarization of macrophages to either M1 or M2 phenotype where connected to 

several member of the IRF family such as IRF1, IRF3, IRF4 and IRF8 (reviewd 

in Günthner et al., 2013). 

  



31 
 

 

1.8 Thesis aims 
Interleukin-33 has been described as a multifaceted cytokine, which 

regulates many aspects from tissue homeostasis to inflammation. Adipose tissue 

Tregs (VAT-Tregs) have been shown to maintain tissue homeostasis by preventing 

obesity-associated inflammation, preserving insulin sensitivity and glucose 

tolerance (Cipolletta 2014; Feuerer, Herrero, et al. 2009). IL-33 signaling is 

necessary for the development and maintenance of VAT-Tregs and preserves their 

transcriptional profile. Furthermore, VAT-Tregs depend on the transcription factors 

IRF4 and BATF (Vasanthakumar et al. 2015). Moreover, unpublished data from 

the Kallies lab show a pronounced sexual dimorphism in the VAT, which is 

imprinted in VAT Treg phenotype and transcriptional landscape and 

(Vasanthakumar et al. under review). 

VAT inflammation is associated with the accumulation of pro-inflammatory 

(M1) macrophages, whereas anti-inflammatory (M2) macrophages can maintain 

tissue health (Castoldi et al. 2015). The transcription factors IRF1 and IRF4 had 

been associated with M1 and M2 macrophage polarization (Satoh et al. 2010; 

XIE et al. 2016). The pro-inflammatory VAT M1 macrophages had been identified 

using the cell surface marker F4/80 and CD11c. However, due to progress in the 

field it became apparent that F4/80 is not only a macrophage marker but can also 

be expressed by DCs (Guilliams et al. 2014). Here, we want to apply a new 

proposed gating strategy from an unsupervised high-dimensional analysis to 

differentiate macrophages and cDCs (Guilliams et al. 2016) to explore the 

diversity of myeloid cells inside the adipose and renal tissue. Furthermore, we 

will investigate if sex specific differences of macrophages or cDCs influence 

adipose tissue inflammation.  

 

To address if the IL-33 VAT phenotype can be found in other non-lymphoid 

organs, we use a model of adenine-enriched diet induced crystal-nephropathy to 

induced chronic kidney disease. A protective role for exogenous IL-33 due to Treg 

and ILC2 expansion had been described in other models (Riedel et al. 2017; 

Stremska et al. 2017). Here, we want to investigate how IL-33 influences the 
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progression of chronic kidney disease and if cells of the lymphoid but also from 

the myeloid lineage are affected. Furthermore, we aimed to understand if the 

transcription factors IRF1, IRF4 and BATF regulate suppressive immune cells 

during chronic kidney disease.   

 

 

The objective of this dissertation is to address the following aims: 

1. Examine sex-specific and diet-induced differences in the myeloid cell 

compartment of the visceral adipose tissue (Chapter 3) 

2. Investigate the influence of ST2 and IL-33 in chronic kidney disease 

(Chapter 4) 

3. Examine the role of transcription factors of the IRF family and their 

partners in chronic kidney disease (Chapter 5) 
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Chapter 2 - Materials and Methods 
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2.1 Materials  

2.1.1 Mouse strains 
 
Table 1 - Overview of mouse strains used in this study 

Strain Full strain name Reference 
B6 C57BL/6  

ST2ko Il1rl1tm1Anjm (Townsend et al. 2000) 

IL-33ko Il33tm1Anjm (Wong et al. 2012) 

IRF1ko Irf1tm1Mak (Matsuyama et al. 1993) 

IRF4ko Irf4tm1Mak (Mittrucker et al. 1997) 

IRF8ko Irf8tm1.2Hm (Holtschke et al. 1996) 

Irf4GFP Irf4GFP (Man et al. 2017) 

Irf8RFP Irf8RFP Unpublished (Kallies lab) 

IRF4fl/fl Irf4tm1Rdf/J (Klein et al. 2006) 

CD4cre CD4cre (Sawada et al. 1994) 

BATFko B6.129S-Batftm1.1Kmm/J (Schraml et al. 2009) 
 

 

2.1.2 Equipment 
Table 2 Overview of equipment used in this study 

Equipment  Name and supplier  
  

Centrifuge  Centrifuge 5810R, Eppendorf, Hamburg Germany 

NJ, USA 

ELISA Plate reader Flow 

cytometer  

Safire 2 (Tecan, Männedorf, Switzerland) 

Flow cytometer FACS LSR FortessaTM flow cytometry, BD 

Bioscience, USA 

Freezer -20°C Bosch, Munich 

Freezer -80°C Heraeus, Hanau 
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Ice machine   Icematic Scotsman®; Frimont Bettolinc, Pogliano, 

Italy  

Incubator HeraCell, HeraCell 240 (Heraeus, Hanau) 

Microscope Olympus CKX31 (Olympus, Düsseldorf) 

Smartflow 

Mouse cages IVC Tecniplast, Hohenpeißenberg, Germany 
  

Neubauer chamber Brand, Wertheim 

pH- meter  Mettler Toledo 

Pipettes (2 μl, 10 μl, 20 μl, 

100 μl, 200 μl, 1000 μl) 

Eppendorf, Hamburg  

Vortex Velp Scientifica, Italy 

Water bath  Memmert, Germany 

Workbench, sterile  HERAsafe; Heraeus, Braunschweig, Germany  
 

 

 

2.1.3 Chemicals and reagents Reagent  
Table 3 Overview of reagents used in this study 

Reagent Supplier  
β-mercaptoethanol  Sigma-Aldrich, St. Louis, MO, USA, NJ, USA  

Bovine Serum Albumin 

(BSA)  

Roth, Karlsruhe, Germany 

Brefeldin A (Golgi Plug) 

(1000x)  

eBioscience, San Diego, CA, USA 

Collagenase stock 200mg/ml Roche Diagnostic, Germany  

Counting Beads (APC)  CountBrightTM Absolute Counting Beads, for flow 

cytometry (Life Technologies, Carlsbad, CA, USA)  

Ethylene diamine 

tetracetic acid (EDTA) 

Merck, Darmstadt, Germany 

Ethanol, 70% (v/v) Roth, Karlsruhe 
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Fetal Calf Serum (FCS) 

Ionomycin 

Life Technologies, Carlsbad, CA, USA  

rmIL-33 stock 10 μg/ml, Peprotech 

Liquid nitrogen Linde, Wiesbaden, Germany 

Sodium hydrogen 

carbonate (NaHCO3) 

Gibco, Thermo Fisher Scientific, Waltham, USA  

Paraformaldehyde (PFA)  AppliChem, Darmstadt 

Penicillin-Streptomycin-

Glutamine (100x) 

Thermo Fisher Scientific, Waltham, MA, US  

Phosphate-buffered 

saline (PBS)  

Thermo Fisher Scientific, Waltham, MA, US BD 

Bioscience 

RPMI 1640 medium  Invitrogen, Darmstadt, Germany  

Perm/Wash Buffer Sigma-Aldrich, St. Louis, MO, USA  

Tween80 Roth, Karlsruhe 

RNase away spray  VWR, Darmstadt, Germany  

 

 

2.1.4 Buffers, media and solutions 
Table 4 Overview of buffers used in this study 

Buffers  Description  
Cell culture medium  RPMI 1640 (500 ml) FCS 10% (50 ml) 1% 

antibiotics (penicillin + streptomycin) (5 ml), 1% β- 

mercaptoethanol (5 ml)  

ELISA Blocking and 

Dilution medium  

500 ml PBS, 5 g Bovine Serum Albumin  

Kidney digestion Medium  RPMI 1640, FCS 2%, 1% antibiotics (penicillin + 

streptomycin) Collagenase I and DNAse (both 

1:100 from stock solution) 

Red cells buffer (RCB)  15.58 g NH4Cl, 0.074 g EDTA (2Mm, 2.0 g 

NaHCO3 (10 mM, 2 L des. Water 

Fixation/Permeabilization 

buffer (Foxp3 Kit) 

1 Fix/Perm Concentrate: 3 Fix/Perm diluent   
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Permeabilization Buffer 

(Foxp3 Kit)  

1 10x Stock solution Perm buffer : 9 ddH2o 

Perm/Wash Buffer  1 Perm/Wash saponin buffer : 9 ddH2o  

  

 

2.1.5 Antibodies  
Table 5 Overview of antibodies used in this study 

Antigen  Fluorochrome 
conjugate 

Clone Stock conc. Company 

CD11b BV711 M1/70 0.2 mg/ml Biolegend 

CD11b BV605 M1/70 0.2 mg/ml Biolegend 

CD11b biotinylated M1/70 0.5 mg/ml Biolegend 

CD11c BV711 N418 0.2 mg/ml Biolegend 

CD11c BV605 N418 0.2 mg/ml Biolegend 

CD11c biotinylated N418 0.5 mg/ml Biolegend 

CD19 PerCP/Cy5.5 1D3/CD19 0.2 mg/ml Biolegend 

CD19 biotinylated MB19-1 0.5 mg/ml Biolegend 

CD206 (MMR) PE/Cy7 C068C2 0.2 mg/ml Biolegend 

CD31 PE 390 0.2 mg/ml Biolegend 

CD38 PE/Dazzle 594 90 0.2 mg/ml Biolegend 

CD3ε biotinylated 145-2C11 0.5 mg/ml Biolegend 

CD45 BUV395 Clone 104  0.2 mg/ml BD Biosciences 

CD5 biotinylated 53-7.3 0.5 mg/ml Biolegend 

CD64 APC X54-5/7.1 0.2 mg/ml Biolegend 

CD73 PE/Cy7 eBioTY/11.8 0.2 mg/ml eBioscience 

CD8 BV650 53-6.7 0.2 mg/ml Biolegend 

eBioscience™ 

Fixable Viability 

Dye 

eFluor 780 
 

1:1000 ThermoFischer 

Scientific 

eBioscience™ 

Fixable Viability 

Dye 

eFluor 506 
 

1:1000 ThermoFischer 

Scientific 



38 
 

F4/80 BV421 BM8 0.2 mg/ml Biolegend 

F4/80 BV605 BM8 0.2 mg/ml Biolegend 

Foxp3 FITC FJK-16s 0.5 mg/ml invitrogen 

Foxp3 PE FJK-16s 0.2 mg/ml invitrogen 

GATA3 BV421 L50-823 50 test BD Bioscience 

IFNyR2 PE MOB-47 0.2 mg/ml Biolegend 

KLRG1 APC 2F1/KLRG1 0.2 mg/ml Biolegend 

KLRG1 BV711 2F1/KLRG1 0.1 mg/ml Biolegend 

Ly6C BV421 HK1.4 0.2 mg/ml Biolegend 

Ly6G PE/Cy7 1A8 0.2 mg/ml Biolegend 

Ly6G biotinylated RB6-8C5 0.5 mg/ml Biolegend 

MHC II APC-Cy7 M5/114.15.2 0.2 mg/ml Biolegend 

PD-L1 BV605 10F39G2 0.2 mg/ml Biolegend 

Sca-1 BV711 D7 25 µg/ml Biolegend 

ST2 (IL-33R) PerCPeFluor710  RMST2-33 0.2 mg/ml Biolegend 

ST2 (IL-33R) PE  RMST2-33 0.2 mg/ml Biolegend 

Streptavidin-

Conjugated 

fluorocrome 

PerCp5.5 
 

0.2 mg/ml Biolegend 

Streptavidin-

Conjugated 

fluorocrome 

APC 
 

0.2 mg/ml Biolegend 

TCRβ PerCP/Cy5.5 H57-597 0.2 mg/ml Biolegend 

TCRβ biotinylated H57-597 0.5 mg/ml Biolegend 

Ter-119 PerCP/Cy5.5 TER-119 0.2 mg/ml Biolegend 

Thy1.2 

(CD90.2) 

APC-Cy7 30-H12  0.2 mg/ml Biolegend 

XCR1 BV650 ZET 0.2 mg/ml Biolegend 

γδTCR biotinylated UC7-13D5 0.5 mg/ml Biolegend 
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2.1.6 Kits 
Table 6 Overview of kits used in this study 

Kit Catalogue no. Supplier 
Mouse IL-33 DuoSet ELISA DY3626-05 R&D system 

Sandwich KIM ELISA  DY1817    R&D system 

Sandwich TIMP-1 ELISA  DY980 R&D system  

RNA isolation (NucleoSpin RNA mini)  740955 Macherey Nagel (MN)  

High capacity reverse transcription kit  10400745 eBioscience 

Fixation/Permeabilization Kit (Foxp3 Kit)  00-5523-00  Applied Biosystems  

 

 

2.1.7 Software 
Table 7 Overview of software used in this study 

Name Company  
FACS Diva V6.1.1  Becton, Dickinson and Company, Lakes, NJ, USA 

MagellanTM Tecan 

FlowJo 10.0.7  Tree star, Ashland, OR, USA  

Prism 8 for Mac  GraphPad, La Jolla, CA, USA 

Microsoft Office 2011 Microsoft, Redmond, VA, USA 

Adobe Illustrator CS6 Adobe Systems, San Jose, CA, USA 

Mendeley Mendeley Ltd. 

Biorender Biorender, www.biorender.com 
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2.2 Methods 
 

2.2.1 Experimental treatment of mice 

 

2.2.1.1 Induction of crystal nephropathy 

WT or transgenic male or female mice between 12- and 20-weeks of age were 

fed with either 0.15% or 0.2% adenine-enriched diet for 42 or 21 days 

respectively. 

Mice fitness, social behavior and signs of pain were monitored during the course 

of the experiment and scored in agreement with the Animal Ethic Application. In 

case a weigh loss of more than 15% was recorded, the animal was excluded from 

the experiment. Further, mice that showed a negative change in social behavior, 

in weight loss or in general fitness were sacrificed in accordance with the German 

regulation of animal experimentation.  

All animal experiments were approved by the local government authorities 

(LANUV, NRW, Germany and The University of Melbourne Animal Ethics 

Committee) and were performed in adherence to the national and institutional 

guidelines for the care and use of laboratory animals. 

 

2.2.1.2 High-fat diet 

Male C57BL/6 mice were fed with a high-fat diet where 59% of the total energy 

is derived from lipids (59 kcal% fat, Specialty Feeds, SF03-002) for a minimum 

time of 20 weeks.  

 

2.2.1.3 IL-33 treatment  

For the in vivo stimulation of ST2+ cell populations, we administrated 

intraperitoneally (i.p) per mouse 0.4 μg of recombinant mouse IL-33 diluted in 

100 μl PBS.  

These C57BL/6 male mice were between 12 and 20 weeks old and they received 

the treatment on day 3, day 5, day 7, day 9 and day 11 of the adenine-enriched 

diet. Mice were analyzed on day 14.  
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2.2.1.4 Generation of bone marrow chimera 

Mixed bone marrow chimera were generated from lethally irradiated (2 × 550 R) 

wild-type Ly5.1+ mice and reconstituted with a mixture of congenically marked 

mutant and/or control bone marrow as indicated. After irradiation, 6-8 weeks time 

was given to allow mice to reconstitute. Mice were maintained and used in 

accordance with the guidelines of the Animal Ethics Committee (PDI/ University 

of Melbourne) 

 

2.2.1.5 Glucose-tolerance tests 

After mice had been fasted for 8h, 1.75 g per kilogram of body weight (g/kg), 

glucose was injected intraperitoneally, and blood samples were collected from 

the tail tip. The glucose concentration in the blood was measured using a 

handheld glucometer (Accu-Chek Performa, Roche). 

 

2.2.1.6 Insulin measurement 

Bio-Plex Pro mouse diabetes immunoassay kit (Bio Rad, 171F7001M) was used 

to measure serum concentrations of insulin according to manufacturer’s protocol.  

 

 

2.2.2 Isolation of cells from organs 

2.2.2.1 Isolation from cells from the kidney and spleen 

Prior to kidney removal, mice were perfused with 10 ml of ice-cold PBS. The 

kidney capsule was removed, and kidney and spleen were placed in 24 wells 

plate containing 2 ml digestion medium in each well (RPMI 1640 supplemented 

with 2%FCS, 1% Pen-Strep, 1% β-mercaptoethanol, DNase (0.1 mg/ml) and 

Collagenase (1 mg/ml)). In order to perform tissue digestion, the kidney was 

mechanically dissociated and incubated 20 min at 37°C. To optimize digestion of 

big kidney fractions, vigorously pipetting was performed after the first incubation 

time and orangs were incubated for an additional time of 20 min at 37°C. The cell 

suspension was filtered through a 100 µm nylon mesh and the single cell 
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suspension was treated with red blood cell lysis buffer, in order to eliminate 

erythrocytes from the cell suspension.  A final washing step with FACS buffer or 

RPMI 1640 (2% FCS) medium was performed to remove lysate cells. 

After digestion the spleen was resuspended in culture medium and the lysis of 

red blood cells was performed as described above. Subsequently, the spleen was 

resuspended in FACS buffer for further flow cytometric analysis. 

 To remove stromal cells, such as podocytes or tubular cells from the kidney cells 

suspension, samples were resuspended in 4 ml of medium and placed on ice for 

4 minutes. After sedimentation of unwanted cells, the supernatant was collected 

and transferred to a new tube upon filtration through a 50 µm nylon mesh. After 

centrifugation (300 g / 5 min / 4°C), the pellet was re-suspended in cell culture 

medium or FACS buffer for further analysis. 

  

2.2.2.2 Preparation of lymphocytes from the fat 

The gonadal fat pad was collected from 30 to 35-week-old male or female mice 

and placed in PBS. After measurement of the organ weights, fat pad was finely 

minced in a petri dish and subsequently transferred to a 50 ml falcon and 

resuspended in digestion media (RPMI1640 containing 0.025% collagenase 

Type IV (Gibco) (2 ml collagenase per gram fat)). Next, the fat was incubated for 

45 min at 37 °C placed on a vertical shaker to keep cells in suspension, and 

afterwards the suspension was diluted with PBS + 2% FCS in a 1:10 ratio.  

A final centrifugation step was performed at 800 g for 15 min at 4 °C; here, the 

upper fraction was discarded, and the pellet was further purified in order to isolate 

leukocytes. 

 
 

2.2.3  Biochemistry assay 

 

2.2.3.1 ELISA 

To evaluate possible physiological damage in the kidney, the Kidney Injury 

Marker (KIM-1) and tissue inhibitor of metalloproteinases 1 (TIMP1) were 

analyzed respectively in the urine and in the serum of treated and untreated mice. 
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Analysis of secreted IL-33 was performed in cell culture supernatant upon 

overnight incubation by sandwich ELISA (Enzyme Linked Immunosorbent 

Assay). Here, a 96 well plate (GBO Microplate) was coated with 50 μl capture 

antibody at a concentration recommended by the Kit manufacture (R&D system). 

After a 4°C overnight incubation, three washing steps were performed with wash 

buffer (200 μl/well PBS/ 0,1% Tween80) and a blocking step was performed by 

adding 200 μl/well PBS / 1% BSA. Plates were then incubated for one hour at 

room temperature.  

Standard curve was prepared as recommended by the manufacture's protocol. 

In brief: to reach a working concentration of 4000 pg/ml, the stock solution (60 

ng/ml) was diluted 1:15 in PBS / 1% BSA. The working concentration was further 

diluted by performing a 1:2 serial dilution on plate, in order to obtain a seven-

point standard curve. Samples were diluted as followed: urine samples were 

diluted 1:5 in PBS/BSA (1%) and serum samples were diluted 1:10 in PBS/BSA 

(1%), supernatant for IL-33 measurements was plated undiluted. All samples and 

the standard curve were placed in doublets. After incubation for two hours at room 

temperature, three washing steps were performed with 200 μl wash buffer per 

well. Next, plates were incubated with detection antibody diluted in 1% PBS/BSA 

at a final concentration recommended by the manufacturer. Subsequently, the 

detection antibody was added to each well and incubated for two hours at room 

temperature, followed by three washing steps as described before. After three 

additional washing steps, plates were incubated for 45 minutes at room 

temperature with Streptavidin- Peroxidase (SA-POX) as described in the 

manufacture's protocol. After incubation, three more washing steps were 

performed. 

The final phase of this assay is the development, where a solution prepared with 

5 mg OPD and 5 μl H2O2 in 5 ml OPD-Buffer was added in a volume of 50 μl in 

each well. 

The reaction was stopped by adding 50 μl H2SO4 (1M) in each well and the 

absorbance at 492 nm was measured at the ELISA plate reader (Tecan). Results 

were calculated as interpolated values of the linear regression of the standard 
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curve and the final concentration was calculated considering the specific dilution 

of the samples initially performed. 

 

 

2.2.3.2  RNA isolation and qPCR  

The left kidney of each mouse was longitudinally cut to obtain two identical kidney 

sections. One of these sections was additionally fractioned in smaller units, 

collected in a 1.5 ml tube and shock-freeze in liquid nitrogen. For long-term 

storage, samples were kept at -80°C.  

RNA from whole tissue was extracted by using the RNA extraction kit purchased 

from Macherey-Nagel and performed as described in the manufacture’s protocol. 

Next, RNA was reverse transcribed into cDNA using high-capacity reverse 

transcriptase kit (Applied Biosystems). cDNA was further diluted 1:5 in ddH2O 

prior preparation for qPCR analysis.  

Here, the SYBR Green kit (Applied Biosystems) was used following 

manufacture’s protocol.  

 

2.2.4 Histology  

The left kidney of each mouse was longitudinally cut to obtain two identical kidney 

sections. One of these fractions was fixed by using 2 ml methacarn solution and 

stored overnight at 4°C. The next day, samples were placed in cold PBS and 

delivered to our collaboration partner Dr. Peter Boor at the Institute for Pathology 

at the University Hospital of Aachen.  

Briefly, the fixed kidney sections were deparaffined with xylol, rehydrated with 

alcohol and stained 1 hour with anti-α-SMA or collagen III primary antibody. 

Samples were washed for 5 minutes with PBS, and then stained for 30 minutes 

with anti-IgG2A antibody. After an additional washing step samples were further 

incubated with ABC complex for 30 minutes. Samples were washed again and 

further incubated with 3,3′-Diaminobenzidine (DAB) solution in order to form a 

visible brown precipitate. For the quantitative analysis of the area positively 

stained, 16 to 22 photomicrographs covering almost the total cortical area were 
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taken for each mouse and the positive area for α-SMA or collagen III were 

quantified by using the open access image analysis software ImageJ.  

 

2.2.4 Flow cytometry 

2.2.4.1 Staining of surface molecules 

Single cell suspensions of kidney, spleen or adipose tissue were resuspended in 

FACS buffer or RPMI1640 (2% FCS) and a volume of cell suspension specific for 

each organ was used to perform flow cytometry analysis: 1/5 Kidney, 1/20 spleen 

and 1/3 adipose tissue cell suspension. These fractions were transferred into a 

96 well plate and centrifuged 300 x g / 5 minutes / 4°C and resuspended in a 

solution containing 50 μl PBS, viable dye, to discern living or dying cells 

(live/dead) and human serum, to prevent unwanted binding of antibodies with the 

FC receptor  (FC-block). This solution was applied on samples and incubated for 

20 min at 4°C. Next, cells were washed with FACS buffer and resuspended in a 

master mix containing fluorochrome labeled antibodies against cell surface 

molecules of interest. Cells were incubated with this antibody mix for 20 minutes 

at 4°C. Subsequently, cells were washed and resuspended in 200 μl of FACS 

buffer and analyzed at a LSRFortessa (BD) flow cytometer.  

In case of ILC staining: lineage cocktail containing biotinylated antibodies against 

CD3e, CD11b, CD5, CD19, TCRb, gd TCR and CD11c was applied on samples 

and incubated for 20 min at 4°C after the live/dead staining as described above.  

In order to detect biotinylated antibodies, an antibody against biotin streptavidin 

(SA) coupled to a fluorochrome (FITC or APC) was added to the cell suspension. 

After additional 20 minutes incubation, samples were washed and resuspended 

in PBS for LSRFortessa (BD) analysis as described before. 

 

2.2.4.2 Staining of transcription factors  

Intracellular staining for transcription factors were performed following 

manufacturer’s protocol (eBioscience Foxp3 / Transcription Factor Staining 

Buffer Set). Briefly, after cell surface staining, cells were fixed and permeabilized 

(30 min / 4°C) by using permeabilization/fixation buffer. Next, cells were 
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incubated with 100 μl of the fluorochrome-labelled antibody mix for intracellular 

molecules diluted in permeabilization buffer for 30 minutes at 4°C. After 

incubation, cells were washed 2X with 100 μl permeabilization buffer, centrifuged 

at 300 x g, 5 minutes, 4°C and resuspended in 200 μl PBS for acquisition at the 

LSRFortessa (BD). 

 

2.2.5 RNA-sequencing and analysis.  

RNA was purified following manufacturer’s protocol using a RNAeasy Plus Mini 

Kit (Qiagen). Two samples from a male and female mouse were pooled for each 

biological condition. Sequencing was performed on an Illumina NextSeq 500 

generating 75 bp paired end reads. The mouse reference genome 

GRCm38/mm10 was used to align reads using the Subread aligner (version 

1.6.2) (Liao, Smyth, and Shi 2013). NCBI RefSeq mouse genes were used to 

assign mapped reads and gene-wise counts were produced by using 

featureCounts (Liao, Smyth, and Shi 2014). If genes failed to achieve a CPM 

(counts per million mapped reads) value of 0.5 in at least 2 libraries, they were 

excluded from downstream analysis. The voom function of the limma package 

was used to quantile normalize and precision weighted read counts which had 

been converted to log2-CPM (Law et al. 2014; Ritchie et al. 2015). Differences in 

expression were assessed by using empirical Bayes moderated t-statistics, after 

genes were fitted to a linear model (McCarthy and Smyth 2009). Differentially 

expressed genes achieved a false discovery rate (FDR) less than 0.1 and a fold 

change greater than 1.2. 

 

2.2.6 Statistical analysis  

Results are expressed as mean ± SD. To determine statistical differences 

between two groups, a Student-t test with Mann-Whitney post-test was applied. 

To determine statistical differences between three or more groups, a One- or 

Two-Way ANOVA analysis of the variance with Tukey post-test was applied and 

always specified in each experiment. Analysis and graphs preparation were 

performed with Prism (GraphPad).  
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3.1 Introduction 
 

Obesity induces a chronic state of low-grade inflammation, so called chronic 

metabolic inflammation (metaflammation) (Christ and Latz 2019; Gregor and 

Hotamisligil 2011). Indeed, excess consumption of nutrients leads to metabolic 

changes which trigger inflammation. Adipocytes contribute to the inflammation by 

sustaining the insult and further mediating the “metabolic input and inflammatory 

output” (Hotamisligil 2006). Several studies in mouse and human showed that 

obesity leads to a dysregulation in inflammatory associated cytokines, i.e. TNFa, 

IL-6, IL-1b and CCL2 (Berg and Scherer 2005; Hotamisligil et al. 1995; de Luca 

and Olefsky 2008). Furthermore, obesity does not solely drive higher 

proinflammatory cytokine levels in the adipose tissue, but additionally in liver, 

pancreas, brain and muscle (Cai et al. 2005; Ehses et al. 2007; Saghizadeh et 

al. 1996; De Souza et al. 2005) .  

 

Different populations of immune cells have been shown to infiltrate the 

obese adipose tissue and to contribute to the increased secretion of 

proinflammatory mediators (Ferrante 2013). However, the exact influence of 

different immune cells is not well defined yet, owed to the high complexity of the 

immunological network. Adding to this complexity are different functions of 

immune cells depending on their microenvironment. Pro-inflammatory 

macrophages, often referred to as “M1”, play a major role in adipose tissue 

inflammation (Chylikova et al. 2018; Fujisaka et al. 2009; Weisberg et al. 2003). 

Obesity leads to a shift from anti-inflammatory alternatively activated 

macrophages (AAMs, “M2” like) to the pro-inflammatory M1 phenotype (Lumeng 

et al. 2008). However, not only macrophages but also dendritic cells, natural killer 

T cells (NKT), NK cells, gd T cells and  CD8 T cells and have been described to 

play important roles in AT inflammation (Cho et al. 2016; Chylikova et al. 2018; 

Ferrante 2013; Fujisaka et al. 2009; Nishimura et al. 2009). Especially immune 

cells belonging to type 2 responses, such as regulatory T cells, eosinophils, mast 

cells, M2 macrophages and ILC2s had been shown to regulate AT health and 

counteract inflammatory effects in obesity (Ferrante 2013; Feuerer, Hill, et al. 
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2009; Kumar et al. 2019; Odegaard and Chawla 2015; Vasanthakumar et al. 

2015; Villarroya et al. 2018).  

 

However, various studies have shown that one of the driving mechanisms 

of VAT inflammation is the accumulation of pro-inflammatory immune cells, e.g. 

macrophages, in human and mouse adipose tissue (Olefsky and Glass 2010; 

Weisberg et al. 2003). Macrophages are important regulators of the immune 

system and are positioned strategically throughout host tissues to sense danger 

signals via pathogen recognition receptors (PRRs), which may also include 

factors released due to tissue damage (Wong et al. 2012). Upon PRR activation 

macrophages take part in the initiation of a pro-inflammatory cascade, which may 

initiate tissue inflammation and pathology. However, macrophages can also 

exhibit regulatory functions and aid in tissue repair (Jeremy S Duffield et al. 2005).  

To distinguish these two phenotypes of macrophages the concept of pro-

inflammatory “M1” and anti-inflammatory “M2” macrophages has been 

established (Mills 2012; Mills et al. 2000). Even though, this concept is currently 

under debate it has been shown to provide in vivo the main macrophage 

polarization axis (Buscher et al. 2017; Ley 2017). Additional concepts discuss a 

continuum of macrophage polarization where M1 and M2 are extremes of 

polarization (Palma et al. 2018; Sica and Mantovani 2012). However, an in-depth 

characterization of cell surface marker expression on the different macrophages 

subsets has still to be addressed.  

Adding to this complexity of macrophages is that further refinement of the 

characterization of the myeloid lineages, molecules previously used to identify 

DCs and macrophages (CD11c and F4/80, respectively) have been found to be 

expressed on either population (Gautier et al. 2012). Therefore, some studies in 

the adipose tissue, where CD11c has been associated with M1 macrophages 

(Fujisaka et al. 2009; Weisberg et al. 2003), did not consider that also DCs carry 

the marker CD11c and may upregulate the macrophage marker F4/80. Since it 

has been shown in other organs, such as the kidney or dermis, that DCs can be 

F4/80+, it is necessary to have a closer look into the adipose tissue and the 



50 
 

different myeloid subsets (Bogunovic et al. 2006; Gottschalk and Kurts 2015; 

Rogers et al. 2014). 

A recent study showed that the use of CD64 together with F4/80 is able to 

distinguish macrophages and DCs across tissues (Guilliams et al. 2016). The use 

and establishment of these marker might lead to uniform reports of macrophages 

and DCs. 

 

Besides their characterization, the depletion of CD11c+ cells during obesity 

showed rapid normalization of insulin sensitivity, directly linking macrophages 

and/or dendritic cells to play crucial roles in adipose tissue inflammation and 

metabolic disease (Patsouris et al. 2008). 

 

An additional level of complexity stems from the observation of sex specific 

differences in the adipose tissue. In humans we know that the distribution of fat 

depots differs between male and females. Females tend to accumulate more 

subcutaneous fat, whereas males accumulate visceral fat depots, correlated to 

higher risk of cardiovascular disease (Palmer and Clegg 2015). Interestingly, in 

females adipose deposition changes after menopause and shifts to visceral 

adipose sites, similar to men, accompanied by a higher risk of metabolic disease 

(Gavin, Cooper, and Hickner 2013; Richelsen 1986). A growing body of evidence 

connects sex hormones, primarily estrogen, to adipose tissue inflammation and 

sex dimorphism (Davis et al. 2013). However, estrogen and its receptors 

estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ) are expressed 

in female as well as male adipose tissue, but also androgen plays important roles 

in body fat deposition and health (Finkelstein et al. 2013; Lee, Kim, and Choi 

2012). Intriguingly, androgen and estrogen receptors are expressed on immune 

cells and their function is of importance in many tissues and conditions, including 

cancer and lung disease (Becerra-Díaz et al. 2018; Kovats 2015; Thompson et 

al. 2017).  
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Taken together, it is well established that immune cells, especially 

macrophages and dendritic cells, play a critical role in adipose tissue 

homeostasis and disease. Furthermore, the Kallies lab found differences in 

stromal cell populations in the adipose tissue. This was accompanied by a 

pronounced sexual dimorphism in adipose tissue Tregs (Vasanthakumar et al. (in 

press). Therefore, we extended our investigations to macrophages and dendritic 

cells and if they contribute to the sexual dimorphism in the adipose tissue 

between males and females.  
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3.2 Results 
 

3.2.1 High fat diet induced obesity leads to accumulation of different myeloid cell 

types in visceral adipose tissue 

 

To examine the involvement of different myeloid cells in adipose tissue 

inflammation, a model of diet induced obesity (DIO) was applied. To this end, 

mice were fed for 16 weeks with high fat diet (HFD) in which 59% of the energy 

provided comes from lipids. Littermate control mice were fed over the same 

timeframe with regular mouse food (normal diet, ND) which provides 12% of its 

energy as fat (Figure 3-1, A). Over this period, HFD fed mice gained significantly 

more weight compared to ND fed controls (Figure 3-1, B). A closer examination 

of the weight of harvested visceral adipose tissue (VAT, Figure 3-1, C) identified 

significantly more VAT in HFD mice compared with ND controls, but no significant 

difference in splenic weight between groups (Figure 3-1, D). Furthermore, to 

detect alterations in the glucose metabolism following DIO, we performed insulin 

and glucose tolerance tests (ITT, GTT, details in 2.2.1, (Vinué and González-

Navarro 2015)). Following intravenous injection of insulin, HFD-fed mice 

displayed significantly higher blood glucose levels than ND-fed controls (Figure 

3-1, E). Similarly, following intra-peritoneal injection of glucose (GTT), mice from 

the HFD group were not able to remove glucose from the bloodstream as quickly 

as ND controls. (Figure 3-1, F). Those two parameters indicated that 16 weeks 

of high fat diet feeding is sufficient to induce insulin resistance. 

 

Together, those results indicate successful establishment of DIO and 

metabolic impairments with the intervention described. This includes established 

markers of DIO including increased adipose tissue deposition and altered 

glucose homeostasis. 
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Figure 3-1 High fat diet feeding induces physiological changes in mice 

(A) 6 weeks old male C57BL/6 mice were fed for 16 weeks with high fat diet (HFD) or control diet 
(ND). (B) Weight gain of mice. (C, D) VAT and spleen (one experiment) weight changes due to 
HFD. (E) Insulin and (F) glucose tolerance test of male mice at week 15. Data shown represents 
the mean ± SD (>3 mice per experiment, (B) Pooled data from at least two independent 
experiments, (B-F) Representative data from at least two independent experiments). Asterisks 
indicate statistically significant differences versus ND controls as assessed by (C-D) Student´s two-
tailed T test or (B, E, F) one-way ANOVA (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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To study the role of the myeloid compartment in obese adipose tissue, we 

characterized macrophage and dendritic cell (DC) populations within the tissue 

using flow cytometry. In order to place our work in the context of the current 

literature, we first quantified F4/80+ and CD11c+ cells in the VAT (Figure 3-2, A). 

Consistent with previous reports, we identified a significant increase in both the 

number and frequency of F4/80+CD11c+ cells in the VAT of HFD mice compared 

to their control counterpart (ND) mice. 
 

In order to more specifically characterize the VAT myeloid compartment of 

healthy and obese mice, we next applied the macrophage and DC gating strategy 

shown in Figure 3-2, B. We identified a significant increase in both macrophages 

and DCs in HFD treated mice, in frequencies and also in total cell numbers, 

(Figure 3-2, B and C). There was no change in the relative distribution of cDC1s 

and cDC2s (frequency of DCs), with both DC subtypes are increasing in a similar 

manner in total numbers (Figure 3-2, D and E).  

 

Our analysis has corroborated and further refined previous reports, having 

identified a specific increase in both macrophages and DCs in DIO. Interestingly, 

neither class of cDC is predominantly increased in this disease model. 
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Having identified an increase in total macrophages in our DIO model, we 

asked if we can identify specific populations of VAT macrophages. We 

determined classically activated macrophages (CAMs, or ‘M1 macrophages’) by 

expression of CD38, and alternatively activated macrophages (AAMs, or ‘M2 

macrophages’) by expression of CD206 (Mannose receptor) (Gordon 2003; 

Jablonski et al. 2015). To our surprise, macrophages isolated from the VAT did 

not fit the established strategy. We did not find classic CAM phenotype (CD38+ 

CD206-) macrophages, rather, CD38+ cells in the VAT also expressed the 

mannose receptor CD206 (Figure 3-3, A). Interestingly, we observed a slight 

increase in the frequency of AAM-phenotype (CD206+CD38-) macrophages in 

the VAT of HFD mice, but no significant difference in the frequency of CD38+ 

macrophages. This contrasts with earlier work which described that HFD feeding 

induces CAMs (Lumeng, Bodzin, and Saltiel 2007). However, in human adipose 

tissue a mixed expression of M1/M2 marker has been described (Wentworth et 

al. 2010). We further identified significantly higher levels of CD206 expression by 

ATMs from HFD mice compared with ND controls, independent of CD38 

expression (Figure 3-3, D).  

Here we have found the current strategy of identifying CAMs and AAMs to 

be insufficient to distinguish these populations in the visceral adipose tissue. 

Rather, we have identified a CD38 and CD206 double positive population in the 

adipose that undergoes substantial changes in DIO. Further we have observed 

enhanced expression of CD206 and expansion of the CD206+ AAM population in 

DIO. 

 
Figure 3-2. High fat diet induced accumulation of immune cells in visceral adipose tissue 

(A-F) Male mice were fed either a high fat diet (HFD) or normal control diet for 16 weeks. All 
cells are pre-gated on live CD45+ and TCR beta- CD19- cells. (A) Representative gating 
strategy used to identify macrophages (CD64+F4/80+) and DCs (CD64-F4/80-MHC-II+CD11c+). 
(B) Frequencies and numbers of F4/80+ CD11c+ cells in VAT. (C) Frequencies and numbers of 
macrophages and (D) DCs. (E) Frequencies and numbers of cDC1s (XCR1+ CD11b-) and (F) 
cDC2s (XCR1- CD11b+). Data represent the mean ± SD from at least two independent 
experiments (n=3-5 mice per experiment). Asterisks indicate statistically significant differences 
versus ND controls as assessed by Student´s two-tailed T test (* p<0.05, ** p<0.01,  **** 
p<0.0001). 
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Figure 3-3 Visceral adipose tissue macrophages show phenotype shift during development of diet 
induced obesity.  

(A) Representative FACS plots of “M1” (CD38+) and “M2” (CD206+) macrophages of VAT isolated 
from normal- and HFD fed mice. (B) Frequencies and numbers of CD206+ CD38+ VAT 
macrophages. (C) Frequencies and numbers of CD206+ CD38- VAT macrophages. (D) Geometric 
MFI of CD206 expression on CD206+ CD38- and CD206+ CD38+ cells. Data represent the mean 
± SD (3-5 mice per group, representative data from at least two independent experiments). 
Asterisks indicate statistically significant differences versus ND controls as assessed by Student´s 
two-tailed T test (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001) 
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3.2.2 Sex specific differences in adipose tissue myeloid cells 

 
 

We and others have identified specific differences in the regulatory T cell 

compartments of male and female mice (Vasanthakumar et at., under review, 

(Cipolletta 2014; Spallanzani et al. 2019). Further investigation showed that the 

VAT of male mice expressed higher levels of inflammatory mediators, such as 

MCP-1/CCL2 and TNFa, while female mice displayed superior metabolic function 

in terms of insulin and glucose uptake measured by ITT and GTT 

(Vasanthakumar et at., under review). As macrophages have been described to 

play an important role in adipose tissue inflammation, we investigated whether 

the myeloid compartment displays sex specific differences, that may contribute 

to the higher inflammatory phenotype in the VAT of male mice. 

 

 

First, we found significantly more perigonadal VAT in age-matched male 

compared with female mice (Figure 3-4, A). We further identified male mice to 

display poorer rates of glucose clearance compared with female mice, indicating 

fundamental metabolic differences between the sexes (Figure 3-4, B), which 

goes in line with previous reports (Macotela et al. 2009; Wintrob et al. 2014). 

Next, we used flow cytometry and applied the previous established gating 

strategy (Figure 3-2, B) to identify different immune cell populations. Compared 

with females, the VAT of male mice contained significantly more macrophages, 

both by frequency and number per gram (Figure 3-4, C). Further, we identified a 

significant increase in the frequency, but not number per gram, of dendritic cells 

in male vs female VAT. Further interrogating the DC phenotype, we could not 

identify significant differences in cDC1s or cDC2s between the two sexes, though 

we did observe a slight trend toward cDC1s and lower frequencies for cDC2s in 

female mice.   
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Figure 3-4 Male mice show elevated accumulation of macrophages in VAT. 

 (A) VAT weights of 24 weeks old male and female mice fed with normal diet. (B) Glucose 
tolerance test of male and female mice. (C) Frequency and total cell numbers of macrophages. 
(D) Frequency and total cell numbers of dendritic cells. (E) Frequency and total cell numbers of 
cDC1s. (F) Frequency and total cell numbers of cDC2s. Data shown represents the mean ± SD 
from at least two independent experiments (n=3-5 mice per experiment). Asterisks indicate 
statistically significant differences versus ND controls as assessed by Student´s two-tailed T test 
(* p<0.05, ** p<0.01). 
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These data show that male mice harbor more adipose tissue and perform 

worse in metabolic tests. Furthermore, male VAT contains higher frequencies of 

macrophages and dendritic cells compared to female VAT. Together, these 

observations identify sex-specific differences in the myeloid compartments of the 

VAT. 

 

We next assessed whether the phenotype of the ATM population differed 

between sexes. Notably, both sexes displayed the CD38/CD206 distribution on 

macrophages as described above. In quantifying the three populations 

distinguishable by CD38 and CD206 expression, we identified a significant 

increase, both numerically and by frequency, of the CD206+CD38- population in 

male compared with female VAT(Figure 3-5, C). We did not observe a significant 

difference in the frequency of the CD38/CD206 double positive population 

between the sexes. (Figure 3-5, B). A comparison of CD206 expression in those 

two populations revealed a slight, though nonsignificant, trend toward higher 

CD206 expression by both populations in male mice (Figure 3-5, D). 

 

These data indicate that ATM cells from male VAT have an 

overrepresentation of the CD206+CD38- population we described above. The 

accumulation of macrophages in AT has been associated with VAT inflammation 

and insulin resistance (see introduction). However, CD206 is frequently used to 

describe M2 macrophages, whereas AT inflammation is described to involve M1 

macrophages. Therefore, our findings show an interesting new aspect of CD206+ 

ATMs in HFD induced obesity. CD206/CD38 double positive macrophages are 

associated with the protective phenotype as seen both in females and lean mice. 
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Figure 3-5 Male and female mice show significant differences in macrophage phenotype.  

(A) Flow cytometry plot of male and female macrophages gated on CD38 and CD206. (B) 
Frequencies and numbers of CD206+ and CD38+ macrophages in male and female VAT. (C) 
Frequency and numbers of CD206+ and CD38- macrophages in male and female VAT. (D) 
Geometrical mean fluorescence intensity (gMFI) of CD206 in the CD206+ CD38- and CD206+ CD38+ 
macrophage populations. Data represent the mean ± SD from at least two independent experiments 
(n=3-5 mice per experiment). Asterisks indicate statistically significant differences versus ND 
controls as assessed by Student´s two-tailed T test (* p<0.05, **** p<0.0001). 
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3.2.3 RNA sequencing of male and female macrophages and dendritic cells 

reveals transcriptional differences 

 

The results obtained so far indicate a clear correlation between the 

myeloid compartment and the degree of VAT inflammation. This, and the 

established role of myeloid cells to initiate and maintain inflammation, makes 

them prime candidates for mediating the effects we observed in the DIO model 

and the differences between male and female adipose tissue inflammation. Our 

results have shown that even under normal diet conditions male and female 

adipose tissue shows sex specific differences. Male mice showed decreased 

glucose tolerance compared to females, which was paralleled by an increased 

cell number of macrophages and a higher frequency of dendritic cells compared 

to female VAT.  

 

In order to understand whether there may be specific differences in the 

transcriptional programs of male and female myeloid cells responsible for the 

difference between sexes, we performed transcriptional profiling of DCs and 

macrophages from male and female VAT. To this end, we used flow sorting to 

isolate macrophages and dendritic cells (sorting strategy followed gating in Figure 

3-2, B) from the perigonadal adipose tissue of male and female mice. The male 

macrophages showed a more inflammatory gene signature with higher 

expression of Il1b, Il6, Ccl2 and Tnf, and lower expression of Ccl5, depicted in 

the volcano plot (Figure 3-6, A). Similarly, proinflammatory Il1b, Il6 and Ccl2 were 

upregulated in male adipose tissue dendritic cells (Figure 3-6, B). All those genes 

are connected to inflammation and indicate that macrophages as well as dendritic 

cells of male adipose tissue display a more pronounced inflammatory signature. 

Additionally, we found a general difference between male and female 

macrophages and dendritic cells as shown in Figure 3-6, C. From this heatmap 

we can observe distinct transcriptional patterns dependent upon both the cell type 

and the sex of the donor mice. We found that DC associated genes like Ccl22 or 

Cxcl9 are upregulated in male and female DCs but not male or female 

macrophages.   
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Figure 3-6 Male VAT macrophages and DCs show upregulation of pro-inflammatory genes.  

Visceral adipose tissue from male and female mice was collected and sorted for macrophages 
(TCRb- CD19-, CD64+ F4/80+) and DCs (TCRb- CD19-, CD64-, MHC-II+ CD11c+). (A) Volcano plot 
indicating differentially expressed genes in male and female VAT macrophages. (B) Volcano plot 
indicating differentially expressed genes in male and female VAT DCs. (C) Heat-map of 
differentially expressed genes of male and female VAT DCs and macrophages, genes of interest 
are named on the right. 
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Myc, a gene found to be highly upregulated in macrophages and low in DCs, is 

another example represented in this data set, indicating that our gating strategy 

clearly distinguishes macrophages and dendritic cells. 

 

These data are the first to specifically characterize the transcriptional 

profiles of male and female myeloid cells from the VAT. These datasets identify 

sex-dependent transcriptional programs, which are enriched for genes encoding 

inflammatory mediators. These results establish VAT-resident macrophages and 

dendritic cells as likely contributors to the maintenance and possible 

establishment of the inflammatory state of male perigonadal fat. 

 

 
3.2.4 Sex hormone treatment did not influence cytokine production of bone 

marrow derived DCs  

 
Our findings show that adipose tissue macrophages as well as DCs are 

molecularly distinct between males and females. Previous reports (summarized 

in Bianchi, 2019) are controversial about testosterone and its role as a pro- or 

anti-inflammatory mediator. Furthermore, a study showed that in ovariectomized 

mice, lacking the production of estrogen, the levels of pro-inflammatory cytokines 

increased, indicating an anti-inflammatory role for estrogen (Rogers et al. 2009).  

To include the possibility of pro-inflammatory epigenetic imprinting, in bone 

marrow progenitors of high fat fed mice, in our investigations, we extracted bone 

marrow from HFD or ND mice, and male or female mice, and generated bone 

marrow derived dendritic cells (BMDCs): after isolating the bone marrow from 

male and female mice fed with control or HF diet, bone marrow cells where 

cultured with Flt3 ligand (150 ng/ml) for 8 days. Cells were then collected and 

seeded in 96 well plates and subsequently stimulated for 24 hours with media 

alone, estradiol or testosterone to investigate the effects of those sex hormones 

on the cytokine production of dendritic cells. After 24 hours cells were stimulated 

with LPS (50 ng/ml) for 24 hours, following which supernatant was collected and 

analyzed for expression of various cytokines (Summarized in Figure 3-7 A).   
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Figure 3-7 BMDCs from HFD treated mice show no significant differences in cytokine 
production.  

(A) Experimental setup: Bone marrow was extracted from male and female mice treated with 
HFD or control diet for 16 weeks and subsequently cultured with Flt3 ligand (150 ng/ml) to 
generate BMDCs. At day 8 BMDCs were incubated with or without Estradiol (0.1 µM) or 
Testosterone (1 µM) for 24h and further incubated for an additional 24h with LPS (50 ng/ml). 
Supernatant was collected and further analyzed for different cytokines. (B) Concentrations 
(pg/ml) of IL-6, TNFa, MCP-1 (CCL2) and IL12p70 measured in supernatant. Data represent 
the mean ± SD from one experiment (n=2 mice).  
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We found no significant differences for IL-6, TNFa, MCP-1 or IL12p70 

production. However, remarkably, DCs derived from HFD fed mice produced 

detectable amounts of IL-6 without being LPS stimulated (Figure 3-7, B, left upper 

corner). Additionally, only DCs from control diet treated females did not show any 

expression of MCP-1 in untreated conditions (Figure 3-7, B, left lower corner). 

Both findings might indicate that the ongoing inflammation in the adipose tissue 

alters the epigenetic landscape of BM progenitors. However, this experiment has 

only been done once and needs to be repeated and the number of animals has 

to be increased to make more evident observations. 

 

Taken together, we could not demonstrate that BMDCs show significant 

differences in LPS induced cytokine production between male and female mice 

or high fat diet treated or untreated mice. However, untreated cells showed a 

tendency to a more pro-inflammatory phenotype. 

 

The above presented experiments show that our high-fat diet induced 

obesity model leads to significant differences in physiological parameters, such 

as glucose uptake and insulin tolerance, but also to changes in immune cell 

composition. Furthermore, we found significant differences in male and female 

AT in homeostatic conditions. In both cases we observed a dysregulation of 

macrophages and DCs, suggesting their contribution to the physiological 

differences. These sex specific differences might be a consequence or cause of 

the more “pro-inflammatory” phenotype in male adipose. Testing if these 

differences are already imprinted into bone-marrow cells, we did not detect 

significant differences in LPS induced cytokine release in BMDCs generated from 

male or female BM under homeostatic or HFD treated mice. Additionally, the 

treatment of those BMDCs with sex hormones did not induce a change in their 

cytokine profile. These results might indicate a more complex network of immune 

cells and their microenvironment in the VAT. 
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3.3 Discussion 
 

This chapter investigated the distribution of myeloid cells, namely macrophages 

and dendritic cells in the adipose tissue. We utilized a model of diet induced 

obesity, for which we fed C57BL/6 mice for 16 weeks with high fat diet. Analyzing 

male visceral adipose tissue revealed an increase in F4/80+ CD11c+ cells which 

had been previously reported (Lumeng et al. 2007). However, additionally to 

macrophages also dendritic cells express CD11c+ and it has been shown that 

DCs are capable to upregulate the macrophage marker F4/80+ (Austyn and 

Gordon 1981; Guilliams et al. 2014). Importantly, both cell types have specific 

characteristics and different roles in tissue homeostasis and inflammation. To 

define specific treatments for adipose tissue inflammation, and to fully understand 

the underlying reasons and disease progression, it is important to understand the 

multifaceted network between immune cells and their surroundings, such as 

immune cell - stromal cell interactions. Therefore, we have to better distinguish 

between macrophages and DCs. Here, we used a modified gating strategy 

proposed from unsupervised computational analysis of flow cytometry and mass 

cytometry data (Guilliams et al. 2016). Our results indicate that not only 

macrophages increased in the adipose tissue of mice in a DIO-model, but also 

dendritic cells. Furthermore, we found sex specific differences in the adipose 

tissue of male and female mice regarding macrophages in dendritic cells.  

 

By feeding male mice a HFD we found a significant increase of body weight and 

the accumulation of visceral adipose tissue. Mice fed with HFD showed also 

significant changes in metabolic fitness regarding insulin and glucose uptake 

compared to normal diet fed mice, which is consistent with the literature (Palm 

and Medzhitov 2009; Reaven 2011; Xu et al. 2003). Analyzing the perigonadal 

adipose tissue we found increased numbers of F4/80+ CD11c+ cells in HFD fed 

mice. Those cells had been reported as pro-inflammatory macrophages and their 

increase is in line with older reports (Patsouris et al. 2008; Weisberg et al. 2003). 

However, aware that the expression of CD11c overlaps with conventional 

dendritic cells, we applied the above-mentioned gating strategy to distinguish 
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between macrophages and cDCs (Guilliams et al.). We found significantly 

increased frequencies and numbers of CD64+ F4/80+ adipose tissue 

macrophages. In addition, adipose tissue cDC were significantly increased, both 

in frequencies and numbers, which goes in line with reported results (Cho et al. 

2016). Investigating the specific cDC subsets, we found no changes in cDC1 and 

cDC2 frequencies, both ATDC subtypes increased during VAT inflammation. 

Macdougall et al. showed in the adipose tissue that during homeostasis cDCs 

acquire a tolerogenic phenotype where cDC1s produce IL-10 and the expression 

of PPARg in cDC2s suppresses the onset of inflammatory responses (Macdougall 

et al. 2018). However, in this study we did not analyze in vivo changes of adipose 

tissue DC metabolism or their cytokine profile. 

It has been reported that with onset of adipose tissue inflammation 

macrophages undergo a phenotypic switch from the anti-inflammatory 

alternatively activated “M2” (AAM) phenotype to the pro-inflammatory classically 

activated macrophages (CAM) phenotype (Castoldi et al. 2015). The mannose 

receptor (CD206) is a well-known and accepted marker for AAMs (Cavallo et al. 

2011; Martinez-Pomares 2012) Furthermore, it has been shown that CD38 is in 

vitro and in human SLE patients identifies pro-inflammatory “M1” macrophages 

(Amici et al. 2018; Jablonski et al. 2015). To distinguish between the macrophage 

phenotypes, we made use of both markers in our study. Interestingly, we found 

in mice fed with either control diet or HFD possessed a double positive (DP) 

population of CD38 and CD206 expressing macrophages. To our knowledge this 

population has not been reported before. However, in the onset of obesity we 

found a decrease in DP cells and an accumulation of CD206 single positive cells. 

Further, we found increased expression of CD206 on macrophages under 

inflammatory conditions. These results argue either against the model that VAT 

inflammation leads to a phenotypic switch of macrophages, or against the 

usefulness of CD206 as a marker to characterize “M2” macrophages. Even 

though CD38 had been described to be upregulated in human, as well as murine 

models during inflammation, its role is not yet fully understood. CD38 is a 

universal enzyme being involved in the modulation of many signal pathways, 

mainly due its role in intracellular Ca(2+) regulation (Malavasi et al. 2008). It has 
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been connected to diabetes by playing an important role in insulin 

responsiveness in pancreatic beta-cells  (Johnson et al. 2006). Further, CD38-ko 

mice are resistant to HFD induced obesity, being part in a metabolic cascade for 

regulating energy expenditure (Barbosa et al. 2007). Therefore, the value of 

CD38 as CAM marker might be restricted to certain tissues and needs further 

investigation, especially in the adipose tissue.  

 

It has become evident that sex dimorphism plays crucial roles in onset and 

progression of diseases such as, autoimmune diseases, several cancers but also 

obesity (Clocchiatti et al. 2016; Fitzgerald et al. 2018; Morrow 2015; Ngo, Steyn, 

and McCombe 2014). Having identified that macrophages and cDCs increase 

during HFD induced obesity, we were interested if these immune cells are also 

involved in sex differences observed in the visceral adipose tissue. Therefore, we 

investigated male and female perigonadal adipose tissue of age-matched mice. 

We found that male mice show significantly increased VAT weight and impaired 

glucose tolerance, which is consistent with reports studying sex dimorphism in a 

rat model of DIO (Estrany et al. 2013). Interestingly, we found significantly 

reduced frequencies and numbers of macrophages in the female VAT. We also 

found significantly decreased VAT cDC frequencies in female mice, however the 

difference in numbers were not significant. Further examination of cDC subsets 

did not show significant differences. Recapping the study of Macdougall et al. 

about IL-10 producing adipose tissue cDC1s during homeostatic conditions, 

higher frequencies of cDC1s might be an additional factor leading to differences 

between male and female VAT inflammation (Macdougall et al. 2018). However, 

we did not further investigate the specific phenotypes or cytokine profiles of the 

cDC subtypes.  

Our characterization of the macrophage populations in the VAT of male 

mice fed with control or high fat diet showed an increase in CD38- CD206+ 

macrophages and an elevated expression of CD206, the mannose receptor, in 

obese mice. Comparing male and female mice fed with normal diet, we found the 

same differences. The significantly lower cell count of macrophages and the shift 

to fewer CD38- CD206+ macrophages in female mice suggests that this 
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population plays a role in adipose tissue inflammation. Using CD38 and CD206 

could prove useful to distinguish adipose tissue macrophage populations; 

however, further work is needed to understand the development and function.  

To further investigate the differences in male and female macrophages 

and cDCs, we performed RNAseq. We found that male macrophages and cDCs 

showed elevated gene expression of pro-inflammatory mediators, such as Il1b, 

Il6 or Ccl2. Those genes are linked to VAT inflammation and insulin resistance 

(Coppack 2001; Hardy et al. 2011; Kang et al. 2016). Our data indicate that VAT 

macrophages and DCs differ between males and females not only numerically 

but also molecularly. This suggests that they play important roles in sex 

dependent differences in VAT inflammation.  

 

Sex hormones control sexual dimorphism and sex-specific differences in 

immune responses (Taneja 2018). To determine if the observed differences in 

male and female cDCs could be induced directly via sex hormone signaling, we 

generated bone marrow derived DCs (BMDCs). Furthermore, we took into 

consideration that in recent years several studies showed indications for “trained 

immunity” (Mulder et al. 2019). A recent report from Christ et al. demonstrated 

that myeloid progenitor cells isolated from western diet treated mice showed an 

increased pro-inflammatory phenotype. This increased responsiveness to TLR 

stimuli was still evident after four weeks of control chow feeding (Christ et al. 

2018). Therefore, we isolated BM from male and female mice from control chow 

or HFD treated mice. Furthermore, we exposed the BMDCs with the sex 

hormones estradiol or testosterone prior to LPS stimulation. Next, we measured 

their cytokine production. However, we did not detect significant differences 

between cells treated with estradiol or testosterone, nor differences between the 

sexes or HFD treated mice. An interesting finding is, that we obtained an IL-6 

concentration from male and female mice treated with HFD but without LPS 

stimulation. Similar to MCP-1: here we found no signal in control diet fed female 

mice without LPS stimulation. However, these are preliminary results, further test 

have to validate these findings. 
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In this regard, we have to rule out that GM-CSF induced DCs might react 

different to treatment with sex hormones, since they already show a more 

monocytic DC-like phenotype, potentially resembling more closely DCs in the 

adipose tissue (Bhattacharya et al. 2015; Xu et al. 2007). Further, the use of an 

intermediate concentration of LPS and 24h stimulation might be able to override 

subtle differences between the BM generated cells. Due to difficulties during 

culturing of BM derived macrophages, we cannot yet comment if they show 

different phenotypes dependent on sex hormone stimulation or trained immunity. 

Lastly, this experiment has only been performed once. We have to further 

establish culture conditions and to test different concentrations of estradiol and 

testosterone but also LPS. Additionally, it might be of significant importance at 

what time point we stimulate the cells with the sex hormones. Here, we stimulated 

them after differentiation, however, sex hormones can already influence 

progenitor cells in the BM and affect their differentiation process, what we need 

to take into consideration as well (Carreras et al. 2008).  

 

Taken together, we showed that both macrophages and cDCs accumulate 

in HFD treated perigonadal adipose tissue in male mice. Furthermore, we found 

increased frequencies of macrophages and cDCs in adipose tissue of control 

chow fed male mice, compared to female mice. Closer investigation of their 

genetic profile showed that male macrophages and cDCs show upregulated pro-

inflammatory mediators. These differences indicate that both myeloid cell types 

could contribute to sex specific differences in male and female adipose tissue 

physiology. However, their specific contribution to VAT inflammation has to be 

addressed in further studies. Using the macrophage cell surface markers CD38 

and CD206 showed that they distinguish at least three adipose tissue 

macrophage populations. We found a shift during obesity from double positive 

cells to CD206 single positive cells, which was also evident in differences 

between male and female AT macrophages. The usefulness of these marker 

needs to be further explored. 
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Chapter 4 - The IL-33/ST2 axis in 
crystal-induced nephropathy 
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4.1 Introduction 
 

The alarmin IL-33 and its receptor ST2 play various roles in health and 

disease. A study of the host defense against Trichuris muris, a mouse nematode 

parasite, was one of the first to show a protective function of IL-33. Here, the 

exogenous administration of IL-33 prevented the parasite-driven TH1 polarization, 

lead to IL-4, IL-9 and IL-13 cytokine induction and generated a protective TH2 

response (Humphreys et al. 2008). Further reports showed that mice deficient for 

IL-33 have a limited potential to clear worm infections, due to the role of TH2 

cytokines in worm expulsion (Hung et al. 2013; Yasuda et al. 2012). In a model 

of cerebral malaria strong TH1 responses have been observed, which led to 

vascular leakage of blood vessels in the brain. Here, IL-33 treatment of mice 

infected with Plasmodium berghei ANKA resulted in protection from cerebral 

malaria due to the reduction of IFNg, IL-12 and TNFa. The authors showed that 

IL-33 administration lead to the expansion of ILC2s, increased frequencies of M2 

macrophages and Tregs and thus a suppression of pro-inflammatory damage. 

However, no significant impact on parasite burden was observed (Besnard et al. 

2015). In inflammatory bowel disease (IBD) ST2-ko mice or the use of ST2 

blocking antibody significantly reduced colitis in mice. Furthermore, IL-33 was 

shown to enhance intestinal inflammation via non-hematopoietic cells and 

therefore, the authors concluded that the IL-33/ST2 axis negatively influences 

colitis progression (Sedhom et al. 2013).   

The adipose tissue shows high levels of IL-33 and ST2 expression, and high body 

mass index had been correlated with low serum level of IL-33 suggesting a 

protective role of IL-33 against obesity in humans (Hasan et al. 2014). In a high 

fat diet induced obesity model, ST2-ko mice showed increased body weight and 

adipose tissue accompanied by impairment of insulin and glucose regulation (N. 

Jovicic et al. 2015). Again, the TH2 polarization and secretion of type 2 cytokines, 

polarization of M2 macrophages, accumulation of ILC2s and Tregs are thought to 

be mediated via a protective effect of IL-33 which is important for adipose tissue 

health (Kolodin et al. 2015; Miller et al. 2010; Vasanthakumar et al. 2015).   
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IL-33 mediates a dual role in kidney disease. In a model cis-platin model of acute 

kidney disease (AKI) Akcay et al. neutralized the function of IL-33 by using 

soluble ST2 (sST2). The authors found less CD4+ T cell infiltration, lower level of 

tubular necrosis, apoptosis and lower serum creatinine. Whereas, the 

administration of rIL-33 increased the before mentioned parameters, an effect not 

observed in CD4 knockout mice, suggesting a CD4 T cell/IL-33 axis involved in 

AKI tissue damage (Akcay et al. 2011).  

In contrast, another group generated an IL-2 – IL-33 hybrid cytokine (IL233), 

which more efficiently enhanced Treg and ILC2 mediated protection in AKI 

compared to a coinjection of IL-2 and IL-33 alone, and showed that the 

accumulation of Tregs and ILC2s is sufficient to ameliorated renal injury (Stremska 

et al. 2017). Similarly, Riedel et al reported that short-term injection of IL-33 in an 

adriamycin induced glomerulosclerosis model ameliorated disease by expanding 

ILC2s (Riedel et al. 2017). 

Taken together, those studies showed a multifaceted function of IL-33. 

Depending, on disease model and organ IL-33 or ST2 might improve or 

exacerbate disease outcome. Mechanisms of protection are expansion of Tregs, 

ILC2 or the polarization of macrophages to alternative activated macrophages.  

Also, in the kidney macrophages can possess dual properties. Their role as “pro-

inflammatory” cells was shown in a cGN model, where the ablation of 

macrophages led to disease attenuation and tubular injury (Jeremy S. Duffield et 

al. 2005). However, they play also an important role in disease progression and 

the resolution of renal inflammation or fibrosis (Anders and Ryu 2011). 

 
The aim of the following chapter was therefore to investigate what role the 

IL-33/ST2 axis plays in a crystal-induced nephropathy model and if IL-33 

treatment might be applicate as a therapeutic agent to protect from renal damage. 
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4.2 Results 
 

4.2.1 Il33 expression in the homeostatic and inflamed kidney 

 

In order to assess the role of IL-33 during chronic inflammation we 

employed an established disease model of adenine-crystal-induced nephropathy 

(Correa-Costa et al. 2011; Ludwig-Portugall et al. 2016). In this model, mice are 

fed with 0.2% adenine-enriched food for 21 days and subsequently analyzed. 

First, we quantified the release of IL-33 due to disease induction. Here, we MACS 

separated CD45+ hematopoietic from CD45- non-hematopoietic kidney cells from 

mice fed with either control diet or adenine-enriched (AF) diet and cultured them 

overnight. Subsequently, we analyzed the supernatant for the concentration of 

IL-33 protein and found increased concentrations in the CD45- cells populations 

due to kidney inflammation (Figure 4-1, A)  

To further identify the IL-33 expressing compartment and how it may 

change with inflammation, we utilized a reporter mouse line, in which the coding 

sequence for the GFP variant citrine is inserted immediately after the Il33 start 

codon (Il33cit/+ mice (Hardman, Panova, and McKenzie 2013). First, the CD45- 

non-hematopoietic cell compartment was examined. Using multicolor flow 

cytometry to analyze single cell suspensions of total kidneys (gated on living 

CD45- Ter119- as depicted in Figure 4-1, B), we observed Il33 to be 

predominantly expressed by CD31+ endothelial cells (Figure 4-1, B, C). We 

detected Il33 expression in animals on normal diet (control). Remarkably, around 

50% of CD31+ cells and less than 0.03% of CD31- cells expressed Il33 in steady 

state. During kidney inflammation, the frequency of Il33 expressing CD31+ 

endothelial cells significantly increased, and we saw a non-significant increase 

among the CD31- cell compartment (Figure 4-1, D). However, we found that the 

total numbers of CD31+ and CD31- cells expressing Il33 did not significantly differ 

between animals on control or adenine-enriched diet.  
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Figure 4-1 Il33 expression increases in murine kidneys during crystal induced nephropathy  

Mice are fed with normal diet (control) or 0.2% adenine-enriched diet (AF) for 21 days. (A) ELISA 
quantified concentration of IL-33 in supernatant of MACS (CD45+/-) separated kidney cells after 
overnight incubation (B) Gating strategy for non-hematopoietic cells: live CD45- Ter119-; CD31+ 
vs CD31-. (C) Gating of Il33 expression in CD31+ (upper panel) and CD31- (lower panel) cells. 
Left plots show wild type control, middle plots Il33 citrine reporter (wt/cit) on normal diet (control) 
and right plots Il33 reporter on 0.2% adenine-enriched diet. (D) Frequency of Il33 expressing cells 
among the CD31+ and CD31- populations. (E) Total cell numbers per kidney of Il33 expressing 
CD31+ and CD31- cells (D). (A) n=1, 3 pooled mice per data point. (D, E) Data shown represents 
the mean ± SD (2-3 mice per group, representative for 2 independent experiments). Asterisks 
indicate statistically significant differences versus normal diet controls assessed by one-way 
ANOVA (*** p<0.001). 
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To more specifically characterize which cells are producing the IL-33 we 

gated Il33 expression versus CD73. This is based on the unpublished 

observation of the Kallies lab according to which CD73+ stromal cells are a major 

source of IL-33 in the adipose tissue. However, in the kidney only a small fraction 

of Il33+ cells expressed additionally CD73+ (Figure 4-1, C). 

 

Our data indicate that Il33 expression among kidney stromal cells is 

predominantly localized to CD31+ endothelial cells. This population also 

displayed an increase in frequency of cells expressing the alarmin following the 

induction of sterile inflammation, suggesting a role of endothelia in Il33 production 

in both homeostasis and disease. 

 

We then investigated the Il33 production of hematopoietic cells (CD45+), 

which have also been reported to express this cytokine, in the kidney. We 

distinguished dendritic cells (DCs, live CD45+TCRbeta-CD19-CD64-F4/80-MHC-

II+CD11c+) in two distinct subsets: cDC1 (XCR1+) and cDC2 (XCR1- CD11b+) 

(gating strategy Figure 4-2, A). Further, we used XCR1 versus Il33 citrine (Figure 

4-2, B) to identify which DC subpopulation was producing IL-33. We observed 

minimal Il33 expression among kidney DCs during homeostasis, but a significant 

increase in the percentage and total cell numbers of cDC2s but not cDC1s 

expressing Il33 following crystal-induced kidney inflammation (Figure 4-2, C). 

Gating on macrophages (Macs, live CD45+TCRbeta-CD19-CD64+F4/80+, Figure 

4-2, A) we found that these cells also upregulated Il33 expression during the 

course of inflammation. In homeostatic conditions we observed minimal Il33 

expression by macrophages, which increased to around 1% expression in 

inflammatory conditions (Figure 4-2, E). Similar to the DC compartment, Il33 

expression among macrophages was observed specifically by CD11b+ cells 

(Figure 4-2, D). Finally, comparing the enumeration of Il33 expressing cells in the 

hematopoietic (Figure 4-2 C, E) and non-hematopoietic cells (Figure 4-1, E), 

about one tenth as many DCs and macrophages express Il33 in the kidney 

compared with stromal cells during crystal-induced nephropathy. 
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Figure 4-2 IL-33 expression of dendritic cells and macrophages in chronic kidney disease.  

(A) Representative gating strategy for DCs and macrophages (FCS-A vs SSC-A to discriminate 
debris; FSC-A vs FSC-H gating out doublets; Live/dead vs CD45+ to gate on hematopoietic cells; 
gating out T and B cells via TCRb and CD19; CD64 / F4/80 double positive cells are considered 
macrophages (Macs). Non-macrophages (Non-Macs) are further gated on MHC-II vs CD11c: 
double positives are DCs. DCs are further subdivided by using XCR1+ as cDC1s and CD11b+ as 
cDC2s. (B, C) Left plots show wild type control, middle plots control chow fed Il33 reporter (wt/gfp) 
and right plots 0.2% adenine food fed reporter cells at day 21. (B) Pre-gated on DCs and (C) 
macrophages. (D, E) Graphs show frequencies and total numbers of Il33 expressing DC’s (D) 
and macrophages (E). Data represent the mean ± SD (3-4 mice per group, representative for two 
independent experiments). Asterisks indicate statistically significant differences versus controls 
as assessed by (B) two-way ANOVA and (C) Student´s two-tailed T test (* p<0.05, **** p<0.0001). 
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Together these data identify populations of myeloid cells in the kidney that 

express Il33 in response to sterile inflammation and constitute a notable 

proportion of the Il33+ compartment within the organ. 

 

Having observed DCs and macrophages to express Il33 we asked if other 

myeloid cells could be identified to express Il33 in the kidney. Therefore, we 

additionally applied the gating strategy depicted in Figure 4-3, A: cells pre-gated 

on TCRb- CD19- (Figure 4-2, A) were further gated on CD11b+ and then divided 

into monocytes (Ly6C+ Ly6G-) and PMNs (Ly6Cint Ly6G+). We observed minimal 

expression of Il33 in monocytes and PMNs during homeostasis (control, Figure 

4-3, C and D). However, similar to macrophages and Dendritic cells we identified 

significantly elevated expression in inflammatory conditions (Figure 4-3, C and 

D). Interestingly, expression of PD-L1 (programed death-ligand 1, an inhibitor of 

T cell function) correlated with Il33 expression among monocytes as well as 

PMNs (Figure 4-3, B). 

 

Here, we identified that CD31+ endothelial cells represent the predominant 

Il33 producing cells in the kidney. Additionally, we also found that immune cells 

of the myeloid cell lineage also contribute to the pool of Il33-producing cells. The 

relatively low number of those cells compared to the CD31+ endothelial cells may 

indicate a lesser role for myeloid-derived Il33, or perhaps a more targeted effect 

of Il33 produced by these motile cell types. 
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Figure 4-3 Monocytes and PMNs express IL-33 in chronic kidney disease.  

(A) Representative gating strategy for monocytes and PMNs. Cells are pre-gated as TCRb-CD19- 
(see Figure 1 A), CD11b+, Ly6C+ Ly6G- cells are considered monocytes, Ly6Cint Ly6G+ are 
considered PMNs. (B) Left plots show wild type control, middle plots control chow fed IL-33 
reporter (wt/cit) and right plots 0.2% adenine food fed reporter cells at day 21. Upper panel is pre-
gated on monocytes and lower panel on PMNs. (C) Graphs show percentages and total cell 
numbers of IL-33 expressing monocytes. (D) Graphs show percentages and total cell numbers of 
IL-33 expressing PMNs. Data shown represents the mean ± SD (n=4-5 mice per group, pooled 
data from two independent experiments). 
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4.2.2 ST2 receptor is expressed on myeloid cells 

 

To determine whether hematopoietic cells might represent targets of the 

IL-33 produced during kidney inflammation we investigated the expression of the 

IL-33 receptor (ST2) on these cells using flow cytometry. First, we investigated 

monocytes and PMNs (Figure 4-4, A). Similar to Il33, we observed increased 

expression of ST2 during inflammation on all investigated cell types (Figure 4-4, 

A-G). We observed monocytes to not express ST2 in steady state (control) but 

upregulate it significantly in the inflammatory environment of adenine-enriched 

diet fed mice (AF) (Figure 4-4, A and B). A similar trend was evident among PMNs 

(Figure 4-4, C), although a small fraction (<1%) already expressed ST2 in non-

inflammatory state (control). 

We observed that a small of fraction macrophages and DCs already in 

steady state expressed ST2. Induction of crystal-induced nephropathy let to a 

significant increase in ST2 expression on macrophages, cDC1s and cDC2s. In 

total, macrophages displayed the greatest numerical increase in ST2 expressing 

cells (Figure 4-4, E).  

These results show that inflammation leads to upregulation of the IL-33 

receptor ST2 on monocytes, PMNs, macrophages and dendritic cells. Therefore, 

these cells may be able to react to the IL-33 released during the inflammatory 

process and might have an influence on the development of kidney fibrosis. 

  



82 
 

  

Figure 4-4 ST2 expression of myeloid cells during chronic kidney disease.  

(A+D) Representative FACS plots showing ST2-FMO control (left), untreated control (middle) and 0.2% 
adenine food fed mice at day 21 (right). Pre-gating is depicted in Figure 1A and Figure 2A. (A) 
Representative FACS plots gated on Ly6C vs ST2, shown are monocytes (upper panel) and PMNs (lower 
panel). Graphs show frequencies and total numbers of ST2 expressing (B) monocytes and (C) PMNs. (D) 
Representative FACS plots for ST2 expression. Upper panel shows macrophages, middle panel shows 
cDC1 and lower panel cDC2. Graphs show frequencies and total numbers of ST2 expressing (E) 
macrophages (F) cDC1 and (G) cDC2. Data shown represent the mean ± SD (3-5 mice per group, 
representative for two independent experiments). Asterisks indicate statistically significant differences 
versus ND controls as assessed by Student´s two-tailed T test (* p<0.05, ** p<0.01, *** p<0.001) 
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4.2.3 The loss of the ST-2 receptor has no significant impact on severe crystal-

induced nephropathy model. 

 

Having identified considerable induction of both IL-33 and its receptor 

during sterile inflammation in the kidney, we sought to test the function of the IL-

33/ST2 axis on disease. Since different publications show that IL-33 can work in 

a pro- or anti-inflammatory manner, we asked what the role of the IL-33/ST2 axis 

in crystal-induced nephropathy is. To answer this question we used ST2 receptor 

knockout mice (Townsend et al. 2000) and compared them to wild type mice 

using the same model of crystal-induced nephropathy as before (Figure 4-5, A). 

To analyze kidney damage different readouts were utilized. Kidney injury marker-

1 (KIM-1, KIM) and tissue inhibitor of metalloproteinases 1 (TIMP1) are 

established readouts of renal fibrosis (for more details see introduction 1.5.1). 

Urine levels of KIM and serum levels of TIMP1 were strongly increased in mice 

on an adenine diet compared to control mice; however, we did not detect 

significant differences between wild type and ST2 knockout mice (Figure 4-5, 

A+B). Similarly, the pathohistological results for alpha-SMA and Collagen III, both 

indicators for kidney fibrosis, showed significant increases in mice on a adenine-

enriched diet compared to control mice, but there were no differences between 

wild type and knockout mice (Figure 4-5 ,C+D). Additionally, we tested the urine 

and blood serum for creatinine levels, an additional established readout for 

kidney damage (for more details see introduction 1.5.1). No significant 

differences were found (Figure 4-5, E+F). The serum was further analyzed for 

blood urea nitrogen (BUN), an additionally indicator for loss of kidney function. 

This was the only marker that was significantly lower in ST2 knockout mice 

compared to wild type mice fed with adenine-enriched diet (Figure 4-5, G). 

Furthermore, we used RT-qPCR analysis to detect changes at mRNA level. We 

examined transcripts for several markers, such as aSMA, collagen I and IV, 

fibronectin, TGFb, TNFa and vimentin, which are connected to kidney fibrosis. 

However, there were no significant differences between wild type and ST2 

knockout mice (Figure 4-5, H).   
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Figure 4-5 Influence of ST2 receptor loss on physiological kidney parameters during CKD.  

Mice were fed with control diet (CF) or 0.2% adenine-enriched diet (AF) for 21 days. (A) KIM (urine) and 
(B) TIMP-1 (serum) measurements. (C, D) Pathohistological analysis of alpha-SMA and collagen III 
positive area of kidney sections. (E) Creatinine levels of urine. (F) Creatinine levels of serum. (G) Blood 
urea nitrogen (BUN) levels of serum. (H) Analysis of different kidney fibrosis related genes via qPCR of 
whole kidney lysate. Data represent the mean ± SD. (A-D) Data pooled from two independent 
experiments. (E-G) Data from one experiment. (H) Representative for two independent experiments. 
Asterisks indicate statistically significant differences versus ND controls as assessed by Student´s two-
tailed T test (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Taken together, our results indicate that deficiency in the IL-33 receptor 

ST2 has no significant impact on the development of kidney fibrosis in the severe 

adenine-induced crystal nephropathy. However, in most of the results we saw a 

general trend toward less damage among the ST2 knockout cohort, which might 

still indicate that IL-33 and ST2 play a role in kidney inflammation under some 

conditions. 

 

 
4.2.4 Influence of the alarmin IL-33 and its receptor ST2 in a long term, mild 

onset chronic kidney disease model 

 
In recent literature a time and dose dependent manner for the alarmin IL-

33 is discussed. Furthermore, IL-33 appears to play a particularly important role 

in low-grade inflammation such as observed in the adipose tissue (see 

introduction of this chapter). To determine the role of IL-33 and its receptor ST2 

in a mild onset chronic kidney disease model, we reduced the concentration of 

adenine in the mouse diet from 0.2% to 0.15%. The concentration reduction 

allowed us to keep the mice for 42 days on adenine-enriched diet and therefore 

mimics a more chronic disease progression with the possibility of healing of the 

kidney damage that was induced (Figure 4-6, A).  

 

 

4.2.4.1 IL-33 expression in mild onset chronic kidney disease model 

 

Using the new model setup by feeding the mice with 0.15% adenine-

enriched chow for a mild onset chronic kidney disease, we first analyzed if and in 

which quantity the expression of IL-33 changes compared to the fast-onset 

model. To this end, we utilized flow cytometric analysis of Il33 reporter (wt/gfp) 

mice. Notable, this Il33 reporter line is a different line used for Figure 4-1, Figure 

4-2 and Figure 4-3. Il33GFP (Oboki et al., 2010) mice have exon 2 of the Il33 gene 

replaced with a GFP gene whereas a Citrine gene was directly inserted after the 

Il33 start codon of Il33cit mice (Hardman et al. 2013).   
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Figure 4-6 IL-33 expression of non-hematopoietic cells during long term chronic kidney disease.  

(A) Model setup: mice were fed with control or 0.15% adenine-enriched diet for 21 days or 42 
days. (B) Representative gating strategy pre-gated on live CD45-, Ter119- cells (Figure 4-1, B). 
Upper panel represents CD31+ fraction and lower panel CD31- fraction. Left panel shows wild 
type control (wt/wt), second panel IL-33 reporter (wt/gfp) with control diet, third and fourth panel 
Il33 reporter with 0.15% adenine-enriched diet at day 21 and day 42. (C) Frequency and (D) total 
cell numbers of CD31+ CD73+ or CD73- cells. Data shown represents the mean ± SD (3-5 mice 
per group, representative for two independent experiments). Asterisks indicate statistically 
significant differences assessed by two-way ANOVA test (** p<0.01, *** p<0.001). 
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We applied the same gating strategy used before (Figure 4-1, B) and in 

Figure 4-6, B a representative FACS plot is depicted: CD45- Ter119- cells were 

further divided into CD31+ endothelial cell and CD31- non-endothelial cell 

populations. CD31- cells neither in hemostasis nor during inflammation 

expressed any Il33; this occurred only in the CD31+ cell population. Furthermore, 

we observed that during the time course of the inflammation the amount of IL-33+ 

cells of the CD73- population stayed stable, whereas we see a continual increase 

from day 0 to day 42 in the IL-33+CD73+ fraction (Figure 4-6, C, D). 

Our data indicate that Il33 expression increase over time in a mild onset 

chronic kidney disease model. The predominantly Il33 expressing populations 

are CD31+ endothelial cells, where we found differences in CD73+ and CD73- cell 

subsets. Also, in the severe onset model Il33 shows an increased expression and 

therefore might play an important role for tissue damage or repair. 

 
 
4.2.4.2 Mild onset model leads to influx of macrophages and DCs into kidney 

 

Having identified elevated Il33 expression in the mild-onset model, we 

further characterized this model. First, we analyzed the KIM-1 concentration in 

the urine of 0.15% adenine-enriched diet fed (AF) mice and found elevated 

concentrations compared to mice fed with normal chow (CF). This increase was 

not significant (Figure 4-7, A) and in addition, the serum concentration for Timp-

1 did not show differences between both groups (Figure 4-7, B). On gene level, 

we observed non-significant elevated expression for aSMA, collagen I, 

fibronectin and vimentin in AF mice. Collagen III and TGFb had been significantly 

elevated in AF mice and TNFa expression did not differ (Figure 4-7, C). These 

results indicated a weaker kidney inflammation and renal damage than described 

in the strong onset model. To further elucidate these findings, we next analyzed 

flow cytometry data for macrophages and DCs. Here, we found a not significant 

increase in macrophages due to adenine-diet feeding in AF mice (Figure 4-7, D). 

Conventional dendritic cells significantly increased in kidneys of AF mice (Figure 

4-7, E).   
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Figure 4-7 Mild onset model leads to myeloid infiltration and kidney damage 

Mice were fed with control (CF) or 0.15% adenine-enriched diet (AF) for 42 days. (A) KIM-1 
concentration. (B) TIMP-1 concentration. (C) RT-qPCR data for several fibrosis linked genes 
relative to B6 CF mice. Total cell numbers per kidney of (D) macrophages, (E), cDCs, (F) cDC1s 
and (G) cDC2s. Pathohistological data for alpha SMA (H) and Collagen III (I) positive stained area 
per kidney section. (J) Representative H&E stained kidney sections of CF mouse (left) and AF 
mouse (right). Data shown represent the mean ± SD (3-5 mice per group, (A-C) representative 
for two independent experiments, (D-G) pooled data from two independent experiments, (H, I) 
One experiment). Asterisks indicate statistically significant differences assessed by students T 
test (A, B, D-I) or one-way ANOVA (C) (* p<0.05, ** p<0.01, *** p<0.001) 
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Analyzing the two cDC compartments, we found that both cDC1s and cDC2s 

significantly accumulated in AF kidneys (Figure 4-7, F, G). Pathohistological 

analysis of kidney sections showed that collagen III is not significantly elevated 

in AF kidneys (Figure 4-7, H). However, treated kidneys showed significant 

increased positive areas for aSMA (Figure 4-7, H). The performed hematoxylin 

and eosin (H&E) staining for control and AF mice, showed a drastically change 

in cell infiltration (arrows) in the kidney (Figure 4-7, H).  

 

Taken together, we found that in the mild onset model macrophages and 

DCs accumulate in the kidneys of treated mice. Even though KIM-1 and Timp-1 

were not significantly elevated, we found significant increased gene expression 

of collagen III and TGFb. Together with significantly increased staining for aSMA 

and the H&E staining, we found that feeding of 0.15% adenine-enriched diet 

leads to kidney damage. These results confirm the chronic character of this 

model. 

 

 
4.2.4.3 Absence of IL-33 aggravates kidney damage in mild onset model  

 
Having identified an increased cell number of Il33 expressing non-

hematopoietic cells in the mild-onset chronic disease model, we asked if the 

absence of the alarmin IL-33 or its receptor ST2 influences disease outcome. 

First, we analyze the expression of molecules indicating kidney damage in 

urine (KIM-1) and blood serum (TIMP-1) via ELISA (Figure 4-8, A+B). KIM-1 

concentration showed a significant increase in IL-33 knockout mice (IL-33ko) 

compared to wild type mice (B6). However, there was no significant difference in 

KIM-1 concentration between ST2 knockout mice (ST2ko) and B6 mice. The 

analysis for TIMP-1 showed that the absence of IL-33 led to significantly more 

TIMP-1 in the serum of the animals compared to B6 mice. Again, we saw no 

differences between B6 and ST2ko animals.   
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Figure 4-8 Influence of IL-33 or ST2 knockout in long term mild onset chronic kidney disease 
model.  

Wild type (B6), ST2 knockout (ST2ko) and IL-33 knockout (IL-33ko) mice had been fed for 42 
days with 0.15% adenine-enriched diet (AF). (A) KIM-1 concentration. (B) TIMP-1 concentration. 
(C+D) Pathohistological data for alpha SMA (C) and Collagen III (D) positive stained area per 
kidney section. (E) RT-qPCR data for several fibrosis linked genes relative to untreated control 
B6 mice. Data shown represent the mean ± SD. (A, B, E) 4 mice per group, representative for 
two independent experiments, (C) 5-6 mice per group, experiment performed once). Asterisks 
indicate statistically significant differences assessed by one-way ANOVA (A-E) or two-way 
ANOVA (F) (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Pathohistological analysis of treated B6 and ST2ko mice revealed significant 

more positive area for aSMA and collagen III, indicating more tissue damage 

(Figure 4-8, C, D). Furthermore, differences in gene expression were analyzed 

with the help of RT-qPCR. We found that IL33ko mice and ST2koF showed a 

significant higher mRNA expression for collagen I and III, fibronectin, TGFb, 

TNFa and vimentin but not for a-SMA, compared to wild type mice (Figure 4-8, 

E).  

 

Together our data show increased damage in mice lacking either IL-33 or 

its receptor ST2 compared to treated wild type mice. This indicates that IL-33 and 

its receptor ST2 play a crucial role during the chronic crystal-induced kidney 

disease. 

 

 

4.2.4.4 Absence of IL-33 leads to increased cell numbers of different myeloid cell 

types in mild-onset model  

 

To identify a possible mechanism for those differences, we used flow 

cytometry to detect changes in the myeloid cell compartment, e.g. macrophages, 

dendritic cells, monocytes and PMNs.  

 

Comparing the frequencies of macrophages and dendritic cells, we did not 

see any significant differences between wild type mice (B6), ST2 knockout 

(ST2ko) or IL-33 knockout (IL-33ko) mice (Figure 4-9, A). However, we found a 

significant increase between IL33ko and ST2ko and B6 mice in total cell numbers 

of macrophages (Figure 4-9, B). Interestingly, the macrophages B6 and ST2ko 

did not differ significantly. Also, total cell numbers of dendritic cells did not show 

significant differences between B6 and ST2ko mice. Dendritic cells of IL33ko 

mice were significantly elevated compared to B6 mice, but not compared to 

ST2ko mice.  
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Monocytes showed in frequency and total cell numbers a non-significant 

decrease comparing B6 mice to ST2ko.Monocytes of IL33ko mice had been 

significantly increased comparing them to ST2ko mice, but no significant 

difference to B6 mice. However, a tendency to increased monocyte numbers in 

IL33ko mice was observed. (Figure 4-9, C).  

We found no significant differences in neither frequency nor total cell 

numbers of PMNs between the groups. (Figure 4-9, D).  

 

Our observations showed that in the absence of IL-33, the number of 

macrophages, dendritic cells and monocytes was increased in the inflamed 

kidney. The additional infiltration of immune cells is an indicator for higher tissue 

damage observed in Figure 4-8. In the case of ST2ko mice, however, we were 

not able to observe a significantly higher influx of myeloid immune cells, which 

cannot explain the increased aSMA and collagen III scores in Figure 4-8. Lastly, 

we showed that the absence of the cytokine IL-33 had different effects on myeloid 

immune cells compared to the absence of its receptor ST2. 
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Figure 4-9 Myeloid cells during mild onset chronic kidney disease model.  

Wild type (B6), ST2 knockout (ST2ko) and IL-33 knockout (IL-33ko) mice had been fed for 
42 days with 0.15% adenine-enriched diet (AF). Frequencies and total cell numbers per 
kidney of (A) Macrophages, (B) dendritic cells, (C) Monocytes and (D) PMNs. Data shown 
represents the mean ± SD. (A, B) Data pooled from two independent experiments. (C, D) 
Data representative for two independent experiments. Asterisks indicate statistically 
significant differences assessed by one-way ANOVA (** p<0.01). 
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4.2.4.5 Regulatory T cells and ILC2s are increased in IL-33 knockout mice during 

mild onset model 

 
 

Recent publications showed that ST2 and IL-33 play important roles for 

regulatory T cells and ILC2s in different tissues and disease models (Riedel et al. 

2017; Schiering et al. 2014; Vasanthakumar et al. 2015). Therefore, we 

investigated in our mild-onset crystal-induced nephropathy model if those 

suppressive immune cells are affected due to the absence of IL-33 or ST2. 

Investigating CD4 T cells (Lineage+ (CD3e, CD11b, CD5, CD19, TCRb, gd TCR, 

CD11c) CD4+, gating strategy see Figure 4-10, A) we found no significant 

differences in frequency between the compared groups. However, the total 

numbers in IL33ko mice compared to B6 mice were significantly elevated (Figure 

4-10, B). We found no significant differences of CD4 T cells between ST2ko and 

B6 mice.  

 

Analyzing regulatory T cells (Lineage+, CD4+ Foxp3+), we found no-

differences in frequencies between the compared groups; however, total Treg 

numbers per kidney were significantly increased in IL33ko mice. We did not 

observe significant differences in ST2ko compared to B6 mice (Figure 4-10, C). 

Interestingly, frequencies of KLRG1+ effector Tregs were significantly increased in 

B6 mice, but neither in IL33ko nor ST2ko mice. However, total cell numbers of 

KLRG1+ Tregs were not significantly different between B6 and ST2ko mice. 

Elevated, but not significantly, cell numbers were observed in IL33ko mice 

compared to the other groups (Figure 4-10, D). Furthermore, we found no 

significant differences in frequency or total cell numbers in CD8 T cells 

(Lineage+CD8+) between B6, ST2ko or IL33ko mice (Figure 4-10, E). 
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Figure 4-10 IL33ko mice show increased CD4 T cell numbers during mild-onset chronic kidney 
disease.  

Mice were fed with 0.15% adenine-enriched diet for 42 days. (A) T cells were gated as follows: 
Lineage+ (CD3e, CD11b, CD5, CD19, TCRb, gd TCR, CD11c), CD4 T cells (CD4+), CD8 T cells 
(CD8+), Tregs (CD4+, Foxp3+). Frequency and total numbers of (B) CD4 T cells, (C) Fopx3+ cells 
of CD4 T cells, (D) KLRG1+ Tregs (E) CD8 T cells. Data represent the mean ± SD (n=4 mice per 
group, (B, D, E) Pooled data from two independent experiments, (D)representative for two 
independent experiments). Asterisks indicate statistically significant differences assessed by one-
way ANOVA (* p<0.05, ** p<0.01, *** p<0.001). 
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 Next, we analyzed the ILC2 compartment (Lineage-GATA3+CD90+, gating 

strategy see Figure 4-11, A). Here, we found no significantly differences in 

frequencies between the three groups. Surprisingly, the numbers of ILC2s per 

kidney in IL33ko and ST2ko mice were significantly increased compared to the 

B6 group (Figure 4-11, B). Frequencies of KLRG1+ ILC2s were significantly 

decreased in ST2ko mice, both compared to B6 and IL33ko mice. No differences 

between B6 and IL33ko mice was observed in of KLRG1+ ILC2s frequency. 

However, IL33ko mice showed significantly increased numbers in KLRG1+ ILC2s 

compared to B6 mice (Figure 4-11, C). We detected no significant differences 

between wild type and ST2ko mice, even though the total cell numbers of ST2ko 

showed a similar tendency as IL33ko mice. Interestingly, we saw significantly 

elevated numbers of ST2+ ILC2s in IL33ko mice compared to B6 mice (Figure 

4-11, D). 

Together, our results show that the deficiency of the ST2 receptor only has 

minor effects in the CKD model. The amount of CD4 T cells, Tregs, and effector 

Tregs did not differ significantly compared to wild type mice. However, ST2ko mice 

showed significant differences in frequencies of KLRG1+ Tregs and in total cell 

number of ILC2 compared to wild type mice. Furthermore, we showed that CD4 

T cells, Tregs, ILC2s and KLRG1+ ILC2s increased in cell numbers in the absence 

of IL-33. This was associated with increased pathology. Considering it had been 

shown that IL-33 has the potential to locally expand Tregs and ILC2s, our results 

are puzzling. Especially the significant higher number of ILC2s in both ST2ko and 

IL33ko kidneys indicates that these cells might not depend on IL-33 for their local 

proliferation or accumulation. The significant increase of ST2+ ILC2s in IL33ko 

mice might suggest that those cells accumulate during enhanced inflammation. 

Higher number of activated (KLRG1+) ILC2s in ST2ko and IL33ko might also be 

an indicator for higher inflammation. Maybe due to reduced frequency of KLRG1+ 

Tregs. However, the role of ST2 and IL-33 in this model remains elusive. We will 

address these open questions with mixed bone marrow chimera (ST2ko) and a 

more detailed characterization of Tregs and ILC2s in this model. 
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Figure 4-11 ILC2s during mild onset chronic kidney disease.   

Mice were fed with 0.15% adenine-enriched diet for 42 days. (A) ILC2s were gated as follows: 
Lineage- (CD3e, CD11b, CD5, CD19, TCRb, gdTCR, CD11c), Gata3+, Thy1.2+. (B) Frequency 
and total numbers of ILC2 cells in kidney. (C) Frequency of KLRG1+ ILC2s and cell numbers of 
ILC2s. (D) Frequency of ST2+ ILC2s and cell numbers of ST2+ ILC2s per kidney. Data represent 
the mean ± SD (4-5 mice per group, (B) Pooled data from two independent experiments (C, D) 
Representative data from at least two independent experiments). Asterisks indicate statistically 
significant differences assessed by one-way ANOVA (* p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001). 
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4.2.5 Influence of short-term IL-33 injections in crystal-induced kidney injury. 

 

The above presented findings showed that the absence of the alarmin IL-

33 leads to an increased number of several immune cells, most significantly an 

increase of macrophages. Other studies showed (Riedel et al. 2017; 

Vasanthakumar et al. 2015) that the administration of recombinant IL-33 can 

expand regulatory T cells or ILC2s and therefore leads to disease reduction. 

Here, we investigated if the administration of IL-33 (0.4 µg/injection) alters kidney 

damage. To align with the above-mentioned studies, we reduced our model to a 

time frame of 14 days. Mice were fed a 0.2% adenine-enriched diet and 

interperitoneally injected with IL-33 (0.4 µg) at days 3/5/7/9 and 11 (Figure 4-12, 

A). Using the same indicators for kidney damage as applied in 4.2.3 and 4.2.4, 

we found that the injection of IL-33 did not alter the concentration of KIM-1 (Figure 

4-12, B) but showed a significant increase in TIMP-1 concentrations (Figure 4-12, 

C) compared to PBS injected controls. We found no significant differences in 

pathohistological analysis, using staining for aSMA or collagen III (Figure 4-12, 

D and E). Similarly, we found no significant difference in mRNA expression for 

aSMA, Collagen I, Fibronectin, TGFb, TNFa and Vimentin in IL-33 injected mice 

compared to PBS controls; however, Collagen III showed a significant increase.  

 

These data show that the injection of IL-33 did not lead to significant 

reduction in kidney damage. Rather IL-33 seemed to result in disease 

aggravation.  
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Figure 4-12 Physiological and cellular changes due to IL-33 injections during adenine induced 
CKD 

(A) Mice were fed a 0.2% adenine-enriched or a control diet for 14 days. Additionally, mice were 
injected with 0.4 µg IL-33 or PBS at day 3, 5, 7, 9 and 11. (B, C) ELISA quantification of 
concentrations of KIM (urine) and Timp-1 (serum). (D+E) Pathohistological data for aSMA (D) 
and Collagen III (E) positive stained area per kidney section. (F) RT-qPCR data for several fibrosis 
linked genes relative to untreated control B6 mice. Data shown represent the mean ± SD. (B, C) 
5-6 mice per group, (D+E) 3 mice pre group, (F) 4 mice per group. All data are representative for 
two independent experiments. Asterisks indicate statistically significant differences as assessed 
by one-way ANOVA (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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To investigate the underlying reasons for this aggravation at the cellular 

level, we applied multicolor flow cytometry and analyzed the immune cell 

compartments of the kidneys.  

We found that macrophages, cDC2, eosinophils, monocytes and PMNs 

significantly increased in total numbers in adenine-enriched diet fed mice 

compared to control diet fed mice. Further, we found that macrophages 

significantly increased in total numbers to IL-33 injection, but not in frequency 

(Figure 4-13, A and B). Dendritic cells decreased in frequency when mice were 

injected with IL-33; however, total numbers did not differ between the PBS and 

the IL-33 groups. We did not observe significant differences in cDC1s nor cDC2s 

due to IL-33 injection. Also did the injection of IL-33 not alter the number of 

eosinophils per kidney (Figure 4-13, E and F). Monocytes increased nearly two-

fold between PBS group and IL-33 treated mice. We did not detect differences in 

monocytic or PMN MDSCs (IFNyR2+ monocytes, IFNyR2+ PMNs) between the 

groups. Analyzing PMNs, we found an increase in the IL-33 treated group in 

frequency and numbers.  

 

Our findings demonstrate that the intraperitonially injection of IL-33 leads 

to an increase of macrophages but not DCs. Furthermore, we found an increase 

in total cell numbers of monocytes and PMNs, but not their MDSC counter parts. 

These results indicate that IL-33 per se does not reduce the infiltration of immune 

cells which are connected to kidney damage. 
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Figure 4-13 Effect of IL-33 administration on different myeloid cell subsets. (A-F)  

Mice were fed a normal diet (control) or 0.2% adenine-enriched diet for 14 days. 
Additionally, they were injected with PBS or IL-33 (0.4 µg) at days 3/5/7/9/11. Gating 
strategy is shown in Figure 4-2 and Figure 4-3, A. (A) Frequencies and (B) total cell numbers 
of macrophages (CD64+ F4/80+) (C) Frequencies or (D) numbers of total dendritic cells or 
two different subsets, cDC1s (XCR1+, CD11b-) and cDC2s (XCR1-, CD11b+). (E) 
Frequencies or (F) total cell numbers of different myeloid cell types: eosinophils (CD11b+ 
SiglecF+), monocytes (CD11b+ Ly6C+ Ly6G-) and PMNs (CD11b+ Ly6Cint Ly6G+). Data 
represent the mean ± SD (3-5 mice per group, representative for two independent 
experiments). Asterisks indicate statistically significant differences as assessed by two-way 
ANOVA test (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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A previous report showed that the administration of IL-33 leads to the 

expansion of alternative activated macrophages in a colitis model (Tu et al. 2017). 

Therefore, we were interested if the administration of IL-33 leads to the expansion 

of CD38+ classical activated macrophages (CAM) or CD206+ alternatively 

activated macrophages (AAM) during kidney disease. Using flow cytometry, we 

analyzed the macrophage compartment using the expression of the surface 

markers CD38 and CD206 (Figure 4-14, A). Interestingly, we found very little 

expression of CD38 or CD206 in control mice (Figure 4-14, B+C), suggesting that 

no CAM or AAM are present in mouse kidneys during homeostasis. Mice fed a 

0.2% adenine-enriched diet for 14 days showed an increase in CD38+ and 

CD206+ cells; however, the most prominent population was double positive for 

both markers (Figure 4-14, A,B,C). The CD38+ and CD206+ populations did not 

show significant differences in frequencies of CD45+ cells; however, the double 

positive cells are significantly increased in IL-33 treated mice (Figure 4-14, B). 

Also, total cell numbers of single positive cells (CD38, CD206) showed no 

significant differences, whereas double positive cells significantly increased in IL-

33 treated mice compared to PBS treated mice. Thus, we found that IL-33 

administration leads a more than two-fold expansion of CD38+ CD206+ 

macrophages. Additionally, we found a significant increase in ST2+ macrophages 

in the kidneys of IL-33 injected mice (Figure 4-14, D, E).  

To examine if those macrophages are classically or alternatively activated, 

we used RT-qPCR to analyze total kidney lysate for specific genes related to 

those activation states. Three genes related to AAMs, namely Arginase-1 and 

Fizz-1 both showed a significant increase, whereas YM-1 increased in a not 

significant manner in IL-33 treated mice. Further, iNos a marker for classical 

activated macrophages, did not differ between the PBS and IL-33 treated group 

(Figure 4-14, F).  

  



103 
 

 

Figure 4-14 IL-33 administration leads to increased numbers of CD38+ CD206+ 
macrophages in kidney.  

Mice were fed a normal diet (control) or 0.2% adenine-enriched diet for 14 days and 
administered PBS or IL-33 (0.4 µg) at days 3/5/7/9/11 (Figure 4-12,A ). (A) Representative 
FACS plots pre-gated on macrophages (CD45+TCRb-CD19-CD64+F4/80+). (figure legend 
continues next page) 
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Our results showed that IL-33 administration significantly increased ST2+ 

macrophages. Additionally, we saw a significant increase in CD38+ CD206+ 

macrophages in IL-33 treated mice compared to PBS treated mice. Examination 

of genes related to macrophage activation states determined that genes for 

AAMs are significant upregulated in IL-33 treated mice. Together our data 

suggest that the administration of IL-33 leads to an accumulation of AAM in the 

kidney of crystal-induced nephropathy mice. 

IL-33 has been reported to expand suppressive cells, foremost Tregs and 

ILC2s. Applying the gating strategy shown in Figure 4-10, A, we analyzed these 

cell compartments for compositional changes. We found first a significant 

reduction in the frequencies of CD4 T cells in the IL-33 treated group; however, 

the total cell count did not differ significantly between PBS and IL-33 treated 

group (Figure 4-15, A). Treg numbers on the other hand did increase significantly 

in numbers per kidney (Figure 4-15, B). Additionally, we examined if the Treg 

phenotype was influenced due to IL-33 injection. Therefore, we further gated Tregs 

on KLRG1, a marker for effector Tregs. We found a non-significant increase in 

numbers of KLRG1+ Tregs per kidney. Next, we turned our attention to the second 

group of cells reported to expand upon IL-33 injection: ILC2s. Applying the same 

gating strategy from Figure 4-11 (Lineage- GATA3+ CD90+), we found increased 

ILC2 numbers per kidney and increased frequencies of KLRG1+ ILC2 in the IL-

33 treated group compared to the PBS group (Figure 4-15, E).  

Taken together, we found that the short-term treatment of B6 mice with IL-

33 leads to higher accumulation of Tregs and ILC2s. Furthermore, both cell types 

show higher level of KLRG1 expression, indicating a more activated phenotype. 

 
(B) Percentages and numbers (C) of macrophages based on differential expression of CD206 
and CD38. (D) Percentages and numbers of ST2+ macrophages. (E) Representative histogram 
of ST2 cell-surface expression on macrophages of control (grey), PBS (blue) or IL-33 injected 
mice (red). Red dotted line represents FMO control. (F) mRNA expression of different M1/M2 
related genes in total tissue lysate. Data represent the mean ± SD (3-5 mice per group, 
representative for two independent experiments). Asterisks indicate statistically significant 
differences as assessed by two-way ANOVA test (* p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001). 
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Figure 4-15 Effect of IL-33 administration on different non-myeloid cell subsets.  

(A-F) Mice were fed a normal diet (control) or 0.2% adenine-enriched diet for 14 days, and 
additionally were injected with PBS or IL-33 (0.4 µg) at days 3/5/7/9/11. Data shown for kidney 
cells. Gating strategy is shown in Figure 4-10 and Figure 4-11, A. (A) Percentage and total 
numbers of CD4 T cells. (B) Percentage and total numbers of Tregs. (C) Percentage and total 
numbers of KLRG1+ Foxp3+ cells. (D) Percentage and total numbers of Lineage- Gata3+ CD90+ 
cells. (E) Percentage and total numbers of KLRG1+ ILC2 cells. Data shown represent the mean 
± SD (n=3-5 mice per group, representative for two independent experiments). Asterisks indicate 
statistically significant differences as assessed by one-way ANOVA (* p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001). 
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4.3 Discussion 
 

This study has investigated the role of the IL-33/ST2 axis in chronic kidney 

disease. Several studies investigated the impact of IL-33 and its receptor ST2 in 

other disease and organs and showed a specific or unique role of the IL-33/ST2 

axis in organ-specific disease progression (Liew et al. 2016). Our results show 

that the major source of Il33 in the kidney are non-hematopoietic cells and that 

CD31+ endothelial cells are the dominant source. This is contrast to adipose 

tissue, where CD31- stromal cells were the main producers of Il33 (Moussion et 

al. 2008; Pichery et al. 2012; Rana et al. 2019). Even though we observed a 

significantly higher proportion of Il33+ CD31+ cells under inflammatory conditions, 

the total cell number of Il33+ non-hematopoietic cells did not change. Recognized 

as nuclear alarmin, IL-33 is located in the cell nucleolus and is released into the 

extracellular space after cell injury to signal tissue damage (Cayrol and Girard 

2014). The observation that the number of Il33 producing cells stayed similar 

during inflammation might indicate a higher rate of cell death and correlates with 

higher levels of extracellular IL-33 protein. Notably, we detected significant 

elevated Il33 expression in cDC2s, macrophages, monocytes and granulocytes. 

Consistent with recent reports the observed level of expression was considerably 

lower compared to non-hematopoietic cells (Byers et al. 2013; Talabot-Ayer et al. 

2012). However, the specific role of Il33 produced by CD45+ cells has not yet 

been fully addressed. Fock et al. reported a crucial role of macrophage-derived 

IL-33 in placental growth indicating potential importance of immune cell derived 

IL-33 (Fock et al. 2013). Furthermore, it has been shown that DCs produce IL-33 

after stimulation with LPS and that this is enhanced via adrenoreceptor-mediated 

stimulation (Yanagawa, Matsumoto, and Togashi 2011). Further analysis is 

necessary to address if IL-33 has cell intrinsic effects, especially during 

inflammation, when IL-33 is upregulated in immune cells. Since IL-33 is also 

produced from stromal cells in the bone marrow, mice deficient for IL-33 might 

possess immune cells which egress in an already altered phenotype due to 

differences in their microenvironment (Mager et al. 2015). Interestingly, a recent 

study showed the accumulation of ILC2 progenitor cells inside the bone marrow 
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of IL-33 knockout mice (Stier et al. 2018). It has been shown that ILC2s establish 

their niches in the perinatal period and get replenished in situ in peripheral tissues 

(Gasteiger et al. 2015; O’Sullivan et al. 2016). In the lung ILC2 niche 

establishment happens in an IL-33 dependent manner, however, if kidney ILC2s 

are dependent on IL-33 remains elusive (de Kleer et al. 2016; Steer et al. 2017). 

To our surprise we found elevated numbers of ILC2s in the kidneys of ST2 and 

IL-33 deficient mice. Recently, another group reported similar findings in the lung 

of ST2 knockout mice (Verma et al. 2018). They discuss that the deficiency of 

ST2 leads to the accumulation of ST2- ILC2s which are positive for IL-9 and IL-

13. If this is the case in our model and how those ILC2s interfere with disease 

progression has to be further investigated. To answer this question, we will utilize 

ST2 deficient mixed bone marrow chimera and closer investigate the phenotype 

of ST2- ILC2s. 

 

Our data also show that monocytes, granulocytes, macrophages and cDCs 

express the IL-33 receptor ST2. Similar, to Il33 the ST2 expression was elevated 

during kidney inflammation on the before mentioned cells, indicating that IL-33 in 

the inflamed kidney acts on several myeloid cell types. ST2+ AAMs have been 

linked to tissue repair in the lung (Dagher et al. 2017); however, we did not further 

investigate the specific role of ST2+ myeloid cells. However, we demonstrate that 

deficiency in ST2 had no significant impact on overall disease severity in our 

severe model of adenine induced nephropathy. However, adapting our model to 

a more chronic disease by reducing the concentration of adenine in the diet and 

therefore prolonging the treatment time to 42 days showed increased fibrotic 

parameters due to ST2 deficiency. In this ‘mild-onset’ model, we also 

demonstrated that the deficiency in Il33 leads to more severe physiological 

kidney damage as well as higher expression of fibrosis associated genes. We 

found no striking differences between adenine treated wild type mice and ST2-

ko mice, suggesting that the increased fibrosis in ST2 deficient mice was at least 

unrelated to increased accumulation of immune cells. A recent study suggested 

a role for IL-33 in an ST2-independent manner (Nishizaki 2018). ST2-ko mice 

may show high levels of “free” IL-33 as neither membrane-bound nor the decoy 
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receptor sST2 is present. Thus, free IL-33 may potentiate ST2 independent IL-

33 effects. However, the finding that the deficiency for ST2 leads the 

accumulation of IL-9+ ILC2s and IL-9 is known to expand mast cells (Tete et al. 

2012; Verma et al. 2018; Zhang et al. 2017) To this extent there is a body of 

literature linking mast cells to the progression of kidney disease (Owens et al. 

2019). We did not yet address mast cells in our analysis, neither did we in depth 

characterize cytokine profiles of specific cell types, such as TH9 cells. These 

analyses will be included in further experiments to answer the involvement of 

mast cells and ILC2 phenotypes in our model of chronic kidney disease. 

 

The exogenous administration of IL-33 has been a widely used approach in 

the last years. Especially, in a model of renal ischemia-reperfusion injury (IRI) it 

was shown that the expansion of regulatory T cells and ILC2s upon IL-33 injection 

promoted renoprotective functions (Cao et al. 2018). However, in our severe 

model of adenine induced nephropathy, we did not observe protective properties 

of exogenous IL-33; to the contrary, we obtained higher level of timp-1 and 

collagen III, suggesting increased disease activity. However, studies showed that 

IL-33 can have direct effects on timp-1 and collagen and lead to their 

upregulation, which might explain our findings that both are increased (Millar et 

al. 2015; Wu et al. 2018). Most strikingly, we found a significant increase in 

macrophage numbers in IL-33 treated mice. Whereas, the number of cDCs and 

eosinophils and MDSCs did not differ, we found higher numbers of monocytes 

and PMNs. The remarkable increase in macrophages led us to further 

characterize their phenotype. We showed that in steady state, macrophages do 

barely express the “M1” associated marker CD38 nor the “M2” associated marker 

CD206 (Amici et al. 2018; Jablonski et al. 2015). However, during inflammation 

we found an increase in CD38 and CD206 expressing macrophages, in particular 

CD38/CD206 double positive macrophages. Further, we showed that the 

expression of ST2 was significantly elevated on macrophages, indicating an 

important role for macrophages in this model. Analysis of total tissue mRNA 

showed that the M2 associated genes such as Arginase1 and Fizz1 were 

significantly increased upon IL-33 administration, but the M1 related gene iNOS 
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did not show differences between PBS and IL-33 group. These data suggest a 

M2-like polarization of macrophages. Tu et al. reported the induction of AAMs 

due to IL-33 administration and a protective effect in a colitis model (Tu et al. 

2017). Interestingly, it had been shown that the deletion of arginase-1 in 

macrophages, a hallmark enzyme in AAMs, leads to a stronger development of 

fibrosis in the liver, indicating that AAMs can suppress fibrosis (Pesce et al. 2009). 

However, it also had been reported that the accumulation of AAMs in the lung 

leads to tissue fibrosis (Li et al. 2014). In our model, the injection of IL-33 led to 

increased influx of several immune cells, what correlates with enhanced tissue 

damage. This influx indicates that IL-33 injection and the accompanied 

accumulation of AAMs is not sufficient to protect the kidney. Moreover, we see 

elevated fibrotic markers, which argues more in favor of the observations of Li et 

al., that the accumulation of AAMs exacerbates fibrosis. However, since IL-33 

can directly act on fibrocytes, a cell type involved in the development of fibrosis, 

the accumulation of collagen III might be an AAM independent effect, triggered 

by non-hematopoietic cells (Hayashi et al. 2014). 

IL-33 is a known mediator for Treg and ILC2 expansion and therefore 

provides tissue protective effects (Besnard et al. 2015; Riedel et al. 2017). 

Consistent with those reports we found increased cell numbers of Tregs and ILC2s. 

Yet, we did not observe direct renoprotecive effects in this severe CKD model; 

however, we cannot exclude that we will see those effects in the mild onset 

model. Therefore, we plan to perform the administration of IL-33 in the mild onset 

model which will allow a direct comparison to the IL33ko phenotype than using 

the IL-33 administrations in the severe model. That the deficiency and the 

administration of IL-33 leads both to higher accumulation of immune cells and 

also induces higher gene expression of fibrosis related genes is an interesting 

finding. We cannot exclude that the available concentration of IL-33 inside the 

inflamed kidney plays a critical role. Other studies already reported and 

discussed dose dependent effects of IL-33 on different cell types, such as 

lymphatic endothelial cells (LECs) or human umbilical vein endothelial cells 

(HUVECs)(Choi et al. 2009; Han et al. 2017; Hazlett et al. 2010). The 

administration of IL-33 in the severe kidney model together with the high 
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concentration of IL-33 released from non-hematopoietic cells might explain a 

different outcome in the here used model compared to other models or 

investigated organs. We might address these effects in further studies. Therefore, 

the higher fibrotic gene expression in the IL-33 administered kidney compared to 

the loss of IL-33 in IL33ko mice, might underlayer two separate causes. Further 

studies might elaborate those different effects. 

 

Taken together, this study demonstrates the complexity of the IL-33/ST2 

axis. Whereas, ST2-deficiency only led to moderate changes, the deficiency for 

IL-33 led to massive influx of several immune cells of myeloid and lymphoid 

origin. This indicates that IL-33 has protective properties by regulating 

inflammation and immune cell influx into the kidney. Furthermore, the 

discrepancy between cytokine and receptor knockout might point out that IL-33 

is able to directly act in a non-ST2-dependent manner on cells. The administration 

of IL-33 led to accumulation of macrophages and the upregulation of “M2” 

associated genes; however, this had no effect of immune cell influx or kidney 

damage. Future experiments will address if the deficiency for ST2 or IL-33 leads 

to cell specific phenotype changes. The understanding if and how IL-33 

influences specific cells and their phenotype is an important step to further predict 

disease outcome and might shape the future use of IL-33 as a therapeutic agent. 
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Chapter 5 - Transcription factors of 
the IRF and BATF family and their 

role in chronic inflammations 
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5.1 Introduction: 
 

Different studies showed the role of the interferon-regulatory factor (IRF) 

transcription factor family in immune cell regulation (Platanitis and Decker 2018; 

Tamura et al. 2008; Yanai et al. 2012). The finding that different subsets of 

dendritic cells can be classified by the expression of IRF4 or IRF8 is of specific 

interest for this work. Whereas IRF4 is mainly expressed in CD4+ DCs and pDCs, 

IRF8 expression had been found in the CD8+ DCs and pDC subset. The use of 

knockout mice (IRF4-ko or IRF8-ko) demonstrated the developmental 

dependency of those DC subtypes on these transcription factors (Schiavoni et al. 

2002; Tamura et al. 2005). Whereas, IRF8-ko mice have a deficiency for cDC1 

cells, cDC2 cell development is not impaired (Sichien, Charlotte L Scott, et al. 

2016) In contrast, cDC2 depend of IRF4. However, several studies showed that 

cDC2s are comprised of a heterogenous group of cells with different 

characteristics and tissue specialization (Alcantara-Hernandez et al. 2017; See 

et al. 2017; Villani et al. 2017). This is also reflected in their dependency on IRF4. 

Schlitzer et al. identified an IRF4-dependent CD103- CD11b+ CD24+ DC 

population (cDC2 subset) in the lung, which was necessary for the induction of 

IL-17 producing T helper cells. In their study they showed reduced numbers in 

the cDC2 compartment, but not a total ablation (Flores-Langarica et al. 2018; 

Persson et al. 2013; Schlitzer et al. 2013)  

However, IRF TFs have not only been reported to be important in DCs but 

were also described to be relevant for macrophages and monocytes. Monocytes 

deficient for IRF4 showed reduced capacity to develop into monocyte-derived 

DCs, instead these monocytes develop into macrophages in response to GM-

CSF and IL-4 (Briseño et al. 2016).  

IRF4 has been shown to regulate the polarization between M1 and M2 in 

macrophages. Several studies reported that IRF4 deficient mice showed a 

skewing to the M1 phenotype in macrophages (Bruns et al. 2016; El Chartouni, 

Schwarzfischer, and Rehli 2010; Satoh et al. 2010).  

Transcription factors of the BATF family play important roles in immune cells and 

form heterodimers with members of the IRF family. In homeostatic conditions, 
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high levels of BATF3 have been reported in cDCs, whereas BATF and BATF2 

get upregulated during inflammatory conditions (Tussiwand et al. 2012). Batf3 

knockout mice lacking CD8+ DCs, revealing their dependency on this TF (Hildner 

et al. 2008). In a murine crescentic glomerulonephritis (cGN) model Evers et al. 

showed that the lack of Batf3 leads to reduced number of CD103+ DCs (cDC1) 

accompanied by a reduction of regulatory T cells and therefore, concluded that 

cDC1s foster intrarenal Treg accumulation (Evers et al. 2016). Interestingly, Li et 

al. reported an inhibitory effect of BATF3 in Treg differentiation. They showed that 

BATF3 binds to the CNS1 region of the Foxp3 locus which lead to a reduction in 

gene expression (Li et al. 2012). Furthermore, in a model of experimental 

autoimmune encephalomyelitis the lack of BATF expression (Batf knockout mice) 

showed reduced TH17 immune cell polarization and resistance to inflammation 

(Schraml et al. 2009). A functional cooperation of the transcription factor BATF 

and IRF4 has been found to promote IL10 transcription in T cells (Li et al. 2012). 

Additionally, IRF4 is responsible for Blimp-1 expression and therefore plays a 

critical role in the establishment of functional aspects in regulatory T cells 

(Cretney et al. 2011).  

The phenotypes of Irf4 deficient and Batf deficient mice are very similar 

suggesting their regulation of common genes (Murphy et al. 2013). Both, IRF4 

and BATF, are linked had been linked to TH2 associated gene expression, such 

as Il4 and Il10 (Ahyi et al. 2009; Tussiwand et al. 2012). Several reports showed 

that the lack of IRF4 in CD4 T cells results in a block of TH2, TH9, TH17 and TFH 

cell development (Bollig et al. 2012; Brüstle et al. 2007; Huber et al. 2008; Lohoff 

et al. 2002; Rengarajan et al. 2002; Staudt et al. 2010; Tamiya et al. 2013; 

Tominaga et al. 2003).    

Foxp3 directly regulates IRF4 in Tregs, which express high amounts of IRF4 

(Zheng et al. 2009). Vasanthakumar et al. showed that Tregs in the adipose tissue 

require IRF4 and BATF for their differentiation, which is directly regulated through 

the IL-33 receptor ST2 and the PPAR-g (Vasanthakumar et al. 2015). 

IRF1 is another member of the IRF family and has also been identified to 

play crucial roles in myeloid cell development (Zhao, Jiang, and Li 2015). 

Macrophage and DC cells in IRF1 knockout mice display immature phenotypes, 
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indicating developmental requirements for IRF1 (Hoffman et al. 1991; Testa et al. 

2004). Furthermore, polarization of macrophages to either M1 or M2 phenotype 

were connected to several members of the IRF family, such as Irf1, Irf3, Irf4, Irf5 

and Irf8, underlying the importance of IRFs in regulation of immune responses 

(Günthner et al. 2013). 

 

Taken together, this body of literature identifies important functions of IRF4 and 

IRF8 in lymphocytes but also myeloid cells. Whereas, IRF8 seems to be 

important in DC development and a terminal selector for cDC1 cells, IRF4 

controls cDC2 but also other immune cells, such as B cells, CD4+ and CD8+ T 

cells and (Betz et al. 2010; Nam and Lim 2016). BATF and IRF4 cooperate 

functionally e.g. in Th17 cells and Tregs. However, the specific roles of these 

different TF in chronic disease are not fully addressed yet. 

 

The aim of the following chapter was to identify the contribution of different 

myeloid and lymphoid cell subsets in a chronic model of crystal-induced nephritis 

and to determine their regulation by members of the IRF and BATF families. 

 
 
 
5.2 Results 
 

5.2.1 IRF4 and BATF deficiency result in a dysregulated myeloid cell 

compartment 

Our data showed a correlation between accumulation of myeloid cells and 

disease progression. As IRF4 and BATF have been identified to support the 

differentiation of specific lymphoid and myeloid cell types (Liao et al., 2011), we 

aimed to investigate if the knockout of these TFs influences the development and 

progression of chronic kidney disease. 

Here, we applied the crystal-induced nephropathy model with 0.2% 

adenine-enriched diet described in chapter 4 (4.2.1).  Irf4-ko and Batf-ko mice 

were analyzed after 21 days of treatment and myeloid cell populations in the 

kidney were defined by flow cytometry. In comparison to wildtype controls, we 
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identified a proportional increase in macrophages in both knockouts; however, 

we only observed a significant increase in macrophage numbers in Irf4-ko (Figure 

5-1, A). Using the previously introduced staining and gating of CD38 and CD206 

expression, we further investigated changes in macrophage polarization 

(described in detail in chapter 1.2.3). Here, we detected a modestly increased 

frequency of CD206+ CD38+ macrophages and decreased frequency of CD206+ 

CD38- macrophages in the absence of Irf4 but those changes were not significant 

compared to WT (Figure 5-1, B-D).  These findings were further supported by the 

significantly increase of total cell numbers of CD206- CD38+ and CD206+ CD38+ 

macrophages in the Irf4-ko mice. No differences in the frequencies and numbers 

of macrophages were observed comparing Batf-ko to B6 mice (Figure 5-1, B-D).  

In addition, we observed a significant increase in the number and proportion of 

dendritic cells in the kidneys of Irf4-ko relative to control kidneys, while loss of 

Batf did not impact DC frequencies (Figure 5-1, E). Irf4 deficiency led to a shift 

from cDC1 cells to cDC2 cells, and numbers of cDC2s were increased comparing 

Irf4-ko mice to wild type mice. Batf deficiency did not lead to significant changes 

in DCs composition (Figure 5-1, F and G).  

 

Taken together, we found significantly more macrophages and dendritic 

cells, specifically cDC2s, due to Irf4 deficiency and a tendency to more CD206+ 

CD38+ macrophages. The deficiency for Batf resulted in only a modest 

proportional increase in kidney macrophages. However, these are preliminary 

data, and further experiments have to be conducted to confirm our findings. 

 

  



116 
 

  

Figure 5-1 IRF4 knockout mice show increased accumulation of macrophages and cDC2 
in CKD model.  

Mice were fed a 0.2% adenine-enriched diet for a period of 21 days. Frequencies and 
numbers in the kidney of (A) macrophages, (B-D) macrophage subsets, (E) dendritic 
cells, (F) cDC1, (G) cDC2. Data represent the mean ± SD (3-5 mice per group, n=1). 
Asterisks indicate statistically significant differences between AF groups as assessed by 
one-way ANOVA (* p<0.05, ** p<0.01, **** p<0.0001). 
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5.2.2 IRF4 and BATF deficiency lead to decreased numbers of kidney regulatory 

T cells and CD8 T cells in chronic kidney disease 

 

As Irf4 and Batf have well characterized roles in T cell differentiation 

(Grusdat et al. 2014; Hagman 2017; Li et al. 2012; Vasanthakumar et al. 2015), 

we next investigated the kidney T cell compartment for changes due to Irf4 and 

Batf deficiency in our kidney disease model. Here, we found reduced numbers of 

CD4 T cells in Batf-deficient mice. However, Irf4-ko mice did not show 

significantly reduced CD4 T cell numbers (Figure 5-2, A). In contrast to the total 

CD4 T cell population, Tregs showed a significant reduction in the frequency as 

well as in total cell numbers in the kidneys of both knockout genotypes compared 

to WT controls (Figure 5-2, B). Further, both knockouts had a similar reduction in 

Tregs frequencies. Interestingly, the expression of killer cell lectin-like receptor G 

(KLRG)-1, expressed by effector Treg cells, showed barely any expression in Irf4-

ko mice, whereas Batf-ko mice still expressed it in lower amounts. However, both 

are significantly reduced compared to wild type mice (Figure 5-2, C). Lastly, we 

found lower total CD8+ T cell numbers in Batf- and Irf4- deficient mice, though 

only the latter was significantly reduced compared to B6 mice (Figure 5-2, D).  

 

Together, these results indicate that the loss of the Irf4 leads to reduced 

numbers of Treg cells and specifically KLRG1+ effector Treg cells in the kidney T 

cell compartment. Though Batf deficiency resulted in a similar extent of Treg cell 

loss, we observed significant differences in KLRG1+ Treg cell frequencies 

compared to Irf4 deficiency. Furthermore, loss of either factor resulted in 

decreased numbers of kidney CD8 T cells. 
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Figure 5-2 BATF and IRF4 knockout leads to loss of Tregs in the kidney.  

Mice were fed for 21 days with 0.2% adenine-enriched diet. Frequency and numbers 
in the kidney of (A) CD4 T cells and (B) regulatory T cells.  (C) Frequency of KLRG1+ 
Tregs. (D) Frequency and total cell number of CD8 T cells. Data shown represents the 
mean ± SD (3-5 mice per group, n=1). Asterisks indicate statistically significant 
differences between AF groups as assessed by one-way ANOVA (* p<0.05, ** 
p<0.01, *** p<0.001, **** p<0.0001). 
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5.2.3 Unique patterns of IRF4 and IRF8 expression identify specific  

macrophage and DC populations 

 

Having observed that IRF4 deficiency leads to changes in macrophages and 

DCs, we wanted to examine the expression of IRF4 in those cell types. Since it 

also has been reported that the transcription factor IRF8 plays important roles in 

myeloid cell differentiation and cell lineage commitment (Sichien, Charlotte L 

Scott, et al. 2016) we asked whether distinct patterns of expression of these 

factors might elucidate specific myeloid populations. To this end, we utilized a 

novel double reporter mouse for IRF4 and IRF8 developed by the Kallies lab. The 

IRF4 reporter allele was made by knocking the coding sequence for a tomato 

fluorescent protein 3’ into the IRF4 locus, which results in the generation of an 

IRF4-tomato fusion protein (Kallies et al, unpublished). This mouse was crossed 

to mouse line expressing an IRF8-GFP fusion protein described earlier (Wang et 

al. 2014) to generate the IRF4/IRF8 double reporter mouse line. In order to 

assess reporter expression in a range of mature myeloid populations, we 

characterized reporter expression by VAT and Kidney resident cells using flow 

cytometry. Pre-gating on macrophages (CD64+ F4/80+) helped to resolve two 

distinct populations by reporter expression. One population was double negative 

(DN) for both transcription factors, whereas the other population showed an 

intermediate expression of both Irf4 and Irf8 (Dint) (Figure 5-3, A upper). 

Interestingly, comparing VAT and kidney we identified a clear DN population in 

the VAT, whereas the kidney showed a more diverse expression pattern, with a 

low expression of Irf4, nevertheless both organs showed similar distribution in 

frequencies. The dendritic cell compartment resolved into five different 

populations based on reporter expression. Here, we can clearly distinguish the 

Irf8+ population which are the cDC1 DCs (Sichien, Charlotte L Scott, et al. 2016).  

The Irf8+ population showed in both tissues a similar frequency (ca 28% VAT to 

ca 23% kidney).  
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Figure 5-3 IRF4/IRF8 double reporter distinguishes different myeloid cell populations across 
tissues.  

(A) Left plots show B6 control mouse (VAT), middle plots show adipose tissue and right plots 
kidney cells. Upper plots are pre-gated on macrophages (F4/80+ CD64+), lower panel on DCs 
(F4/80lo CD64-, MHC-II+ CD11c+). Numbers indicate frequencies of each population.  



121 
 

Similar to the macrophages, we observed a double negative population, 

which was only found in the adipose tissue (21%) but barely in the kidney (2%) 

(DN). Also, the Irf4+ DC population was more pronounced in the VAT (24%) 

compared to kidney (15%). The Irf8int populations did not differ between VAT and 

kidney, both showed a frequency of 5%. The main population in the kidney was 

the double mid-hi positive population (52%) (Dmid-hi), which displayed only a small 

population in the VAT (18%) (Figure 5-3, A lower).  

 

 

 

These data identify distinct patterns of Irf4 and Irf8 expression in different 

myeloid populations. Furthermore, we found populations in macrophages and 

dendritic cells which do not express IRF4 and IRF8. Additionally, our reporter 

showed a clear population of IRF8+ DCs, indicating cDC1s (see chapter 

1.7).Several studies showed involvement of IRF4 and IRF8 in the development 

and differentiation of myeloid cells, especially of pre-DCs into specific subsets of 

cDCs (Bajaña et al. 2016). Together with established cell surface marker, this 

double reporter mouse will enable us to clearly identify subsets of the myeloid 

lineage. Further, this novel tool will provide the means to investigate the 

commitment of cells to IRF4 or IRF8 in homeostasis and even more striking 

during the course of disease development. 

 

 

5.2.4 The role of IRF4 in CD4 T cells in kidney disease 

To test the requirement of IRF4 in T cells in kidney disease, we utilized a 

mouse line in which T cells conditionally lose IRF4 expression (IRF4fl/flxCD4cre 

mice, described previously (Man et al. 2017)). To be able to examine effects of 

IRF4 intrinsic to Tregs and conventional effector T cells we generated mixed bone 

marrow chimeric mice. To this end, we obtained bone marrow (BM) from 

IRF4fl/flxCD4cre donor mice and mixed it with BM from Ly5.1 donor mice in a ratio 

of 2 to 1 (see experimental protocol Figure 5-4, A). As a control group we isolated 

BM from Ly5.2 wild type donor mice (Figure 5-4, A). The cells were injected into 



122 
 

lethally irradiated Ly5.1 recipient mice (hosts). After 6 weeks of reconstitution 

recipient mice were fed with 0.15% adenine-enriched diet for 42 days (model 

description see chapter 4.2.4). In the interests of clarity (if not directly labelled 

with Ly5.1 or Ly5.2) IRF4fl/flxCD4cre describes the hosts containing the 

IRF4fl/flxCD4cre cells. 

 

 

5.2.5 IRF4 is required for kidney Tregs 

 

Having observed significant differences in the kidney T cell compartments 

of IRF4ko and wildtype controls (Figure 5-2, D), we assessed the intrinsic 

requirement for IRF4 in their generation by assessing the capacity of 

IRF4fl/flxCD4cre donor bone marrow to regenerate these populations in a 

competitive mixed bone marrow chimeric model (Figure 5-4, A). Analyzing the 

spleen of WT and IRF4fl/flxCD4cre chimeric mice, we found CD4+ T cells showed 

an expected distribution of Ly5.1+ and Ly5.2+ cells (Figure 5-4, B). Investigating 

the spleen of WT chimeras, we found as expected that Tregs in the spleen were 

reconstituted similarly from the Ly5.1 and Ly5.2 bone marrow compartments 

(Figure 5-4, C, D). Furthermore, we found in the spleens from IRF4fl/flxCD4cre 

chimeric mice a reduced frequency of Treg cells of the knock-out (Ly5.2+) 

compartment compared to WT (Ly5.1) cells (Figure 5-4, D). These data identify 

an Irf4-dependent Treg deficiency in the splenic Ly5.2 compartment. 

 

Reduced frequencies of Ly5.2+ Tregs in the IRF4flxCD4cre BM compared to 

WT BM cells proves the intrinsic defect of Treg differentiation of the IRF4 deficient 

CD4 T cell compartment.   
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Figure 5-4 IRF4fl/flxCD4cre + Ly5.1 chimeras show a deficient Treg compartment.  

(A) Generation of BM chimera: Ly5.1 WT chimera received Ly5.2 BM (WT) + Ly5.1 (WT) or 
IRF4flxCD4cre (KO, 2x) + Ly5.1 (WT, 1x) mixed BM. (B) Splenic frequencies of CD4+ cells of 
WT chimera and IRF4flxCD4cre chimera with control diet (left) or adenine-enriched diet (right). 
(C) Representative plot showing CD4+ cells gated on Foxp3 and Ly5.1. (D) Splenic 
frequencies of Foxp3+ cells of WT chimera and IRF4flxCD4cre chimera with control diet (left) 
or adenine-enriched diet (right). Data shown represents the mean ± SD (4-5 mice per group, 
n=1). Asterisks indicate statistically significant differences assessed by one-way ANOVA (* 
p<0.05, **** p<0.0001). 
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We then analyzed the composition of the kidney T cell compartments by 

flow cytometry following CKD induction. In WT chimeric mice more than half of 

the CD4 T cells had been replenished by transferred BM cells (Ly5.2+). This was 

in contrast to IRF4flxCD4cre chimeric mice, in which Ly5.2 (KO) cells contributed 

much less to the kidney T cells, indicating that Irf4 deficient CD4 T cells have a 

reduced capacity to reconstitute the CD4 T cell compartments of the kidney. 

(Figure 5-5, A).  

 

Next, we analyzed the compartment of regulatory T cells. While WT 

chimeric mice showed a similar Ly5.1+ to Ly5.2+ Treg cell distribution (Figure 5-5, 

A and B), we observed a nearly total loss of the Ly5.2+ (KO) Treg compartment 

of mice that received IRF4flxCD4cre BM (Figure 5-5, B). Furthermore, KLRG1+ 

Tregs had been completely vanished in the Irf4-deficient Treg compartment (Figure 

5-5, C). As expected, in the WT chimeric mice we observed no significant 

changes (Figure 5-5, C). 

 

Using a cell specific gene knockout system (IRF4fl x CD4cre) shows a T cell 

intrinsic requirement for IRF4 both in conventional and regulatory T cells in the 

kidney. Compared to the mildly reduced Tregs numbers in the splenic IRF4-

deficient Treg compartment, we found a near complete loss of IRF4-deficient Treg 

in the kidney. This indicates significant differences of IRF4 and Treg development 

in lymphoid and non-lymphoid organs. Further, we found no KLRG1+ Tregs in the 

Irf4-deficent compartment, confirming that effector Treg generation requires IRF4. 
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Figure 5-5 IRF4 deficiency in T cells leads to loss of Tregs in the kidney.  

Bone marrow chimeric mice containing Ly5.1+ WT mixed with either Ly5.2+ WT or 
IRF4fl/flxCDCre bone marrow cells were fed for 42 days with 0.15% adenine-enriched diet. 
Frequency and numbers of CD4 T cells (A), regulatory T cells (B, left) and KLRG1+ regulatory T 
cells (C, left). (B+C, right) Representative facs plots of Tregs and KLRG1+ Tregs and Ly5.1 
expression. Data shown represents the mean ± SD (4-5 mice per group, n=1). Asterisks indicate 
statistically significant differences assessed by one-way ANOVA (* p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001). 
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5.2.6 Irf4-deficiency in T cells alters myeloid infiltration in CKD  

 

Next, we wanted to assess whether loss of IRF4 in T cells and impaired 

Treg development resulted in alteration in the myeloid compartment. We found a 

significant increase in frequency and total cell numbers of kidney macrophages 

in hosts that received IRF4flxCD4cre relative to control bone marrow (Figure 5-6, 

A). We identified a similar increase in kidney dendritic cells following 

reconstitution with IRF4 conditionally deleting bone marrow (Figure 5-6, B). There 

was no change in relative distribution of cDC1s and cDC2s: both cell types did 

increase in a similar manner in total numbers (Figure 5-6, C and D). Interestingly, 

we observed a slight increase in monocytes both in frequency and total cell 

numbers among recipients of IRF4flxCD4cre cells even though these increases 

were not significant (Figure 5-6, E). Numerically, PMN accumulated significant 

more among recipients of IRF4flxCD4cre compared to those of B6 marrow (Figure 

5-6, F).  
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Figure 5-6 IRF4 deficiency in CD4 T cells leads to increased accumulation of myeloid cells.  

Bone marrow chimeric mice (described in Figure 3) were fed for 42 days with 0.15% adenine-
enriched diet. Frequencies and numbers of macrophages (A), dendritic cells (B), cDC1 DCs (C), 
cDC2 DCs (D), monocytes (E) and PMNs (F). Data represent the mean ± SD (4-5 mice per group, 
n=1). Asterisks indicate statistically significant differences between AF groups as assessed by 
two tailed students T test (* p<0.05, ** p<0.01, *** p<0.001). 
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Here we have found that deficiency of Irf4 in T cells leads to a loss of 

kidney Tregs. Moreover, we found a significant increase in the amount of myeloid 

infiltration observed in the kidney following CKD induction. We identified a 

significant increase in total cell numbers of macrophages, DCs and PMNs, and a 

trend toward increased numbers of monocytes when IRF4 is absent from the T 

cell compartment. This indicates a requirement for IRF4-sufficient T cells to 

control tissue infiltration of myeloid cells in kidney disease.  

 

5.2.7 Loss of IRF1 ameliorates pathology in crystal-induced chronic kidney 

disease 

 

Our previous data showed the influence of IRF4 deficiency on 

conventional and regulatory T cell infiltration and accumulation of myeloid cells 

in the kidney of adenine-enriched diet fed mice. Recent publications have 

identified IRF1, another IRF family member, to be important for the regulation of 

macrophage M1/M2 polarization (Günthner et al. 2013). Specifically, IRF1 was 

identified to be important for nitric oxide (NO) synthesis in macrophages, making 

it a candidate regulator of effector function in classically activated macrophages 

(CAMs) (Kamijo et al. 1994).  

 

In order to more specifically characterize the role of macrophages, in 

particular CAMs, in our CKD model, we utilized Irf1 knockout mice. Analyzing the 

urine and blood serum after three weeks of feeding with 0.2% adenine-enriched 

diet (severe CKD model), we found decreased levels of urea KIM-1 and serum 

Timp-1 in Irf1ko mice compared with B6 mice (Figure 5-7, A).   
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Figure 5-7 Irf1 deficiency results in reduced kidney damage in the CKD model.  

Mice were fed with 0.2% adenine-enriched diet for 21 days. (A) Concentration of urine KIM. (B) 
Concentration of serum TIMP-1. Patho-histologically analysis of alpha-SMA (C) and collagen III 
(D). Relative expression of different genes related to kidney fibrosis. Data represent the mean ± 
SD (3-4 mice per group, n=1). Asterisks indicate statistically significant differences between AF 
groups as assessed by two tailed students T test (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Histopathological analysis revealed a significant reduction in for alpha-SMA 

expression (Figure 5-7, B) and an even more pronounced reduction in collagen 

III (Figure 5-7, D) in the kidneys of IRF1ko mice compared with treated B6 mice. 

To further investigate the impact of Irf1 deficiency we analyzed total kidney mRNA 

levels for genes related to kidney fibrosis. In line with the reduced disease, genes 

encoding alpha-SMA, collagen I and IV, fibronectin, TNFa and vimentin were 

expressed at lower levels in the kidneys of Irf1ko versus B6 CKD mice, though 

only the differences in collagen I and fibronectin transcript levels reached 

statistical significance (Figure 5-7, E). 

 

Together our data identify significantly reduced kidney damage and 

fibrosis progression in the absence of Irf1. Strikingly, Irf1-ko animals were largely 

protected from CKD, appearing more similar to untreated B6 controls than treated 

B6 controls in each marker of pathology tested. These data identify a clear role 

for IRF1 in mediating the pathology observed in our experimental CKD system.  

 
 

5.2.8 IRF1 deficiency leads to reduced accumulation of macrophages and 

monocytes in crystal-induced chronic kidney disease 

 

Having observed a striking amelioration of pathology in crystal induced 

chronic kidney disease in IRF1-deficient animals, we sought to assess whether 

the myeloid compartment was a mediator of this phenotype. To this end, we 

analyzed the kidneys of IRF1ko and B6 CKD and untreated control B6 mice by 

flow cytometry for the composition of the myeloid compartment. We observed 

significantly reduced frequencies of macrophages (MHC-II+ F4/80+ CD11b+) in 

the kidneys of treated IRF1ko compared to treated B6 mice, though total numbers 

of macrophages did not significantly differ between groups (Figure 5-8, A).   
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Figure 5-8 IRF1 deficiency leads to reduced accumulation of macrophages and monocytes in 
CKD.  

Mice were fed with 0.2% adenine-enriched diet for 21 days. Frequencies and numbers of 
macrophages (A), dendritic cells (B), monocytes (C) and PMNs (D). Geometric MFI of ST2 
expression on macrophages (E) and monocytes (F). (G) Representative histogram showing 
expression of ST2 receptor on macrophages (left) and monocytes (right). Red dotted line shows 
ST2-FMO control, grey population control group fed with normal diet, blue line IRF1ko mice and 
red line are B6 mice. Data represent the mean ± SD (3-4 mice per group, n=1). Asterisks indicate 
statistically significant differences between groups as assessed by one-way ANOVA test (* 
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Interestingly, we did not observe any differences in frequencies or numbers of 

DCs (MHC-II+ F4/80lo CD11c+, (Figure 5-8, B). Next, we analyzed kidney 

monocytes (CD11b+ Ly6C+ Ly6G-) and found a significant reduction of monocytes 

in the kidneys of IRF1ko mice, in both frequencies and numbers, relative to 

treated B6 mice (Figure 5-8, C). Analysis of PMNs (CD11b+ Ly6Cint Ly6G+) 

showed no differences between treated IRF1ko and B6 mice (Figure 5-8, D). 

Last, we investigated the expression of the IL-33 receptor ST2 and found that the 

kidney macrophages of IRF1ko mice showed significantly less ST2 expression 

compared to those of B6 treated mice (Figure 5-8, E). Similar results were 

obtained investigating the ST2 expression on monocytes, with monocytes from 

IRF1-ko mice showing a significantly lower MFI of ST2 (Figure 5-8, F, G). 

 

Taken together, our data showed that the deficiency of IRF1 impaired the 

infiltration of monocytes and macrophages into the inflamed kidney. These cells 

were less activated in the absence of IRF1, with reduced expression of the IL-33 

receptor ST2. Furthermore, we found strikingly reduced inflammation in the 

absence of IRF1, which correlated with reduced kidney damage and fibrosis.  
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5.3 Discussion 
 

 

In this chapter we investigated the role of the transcription factors Irf4 and 

Batf in a crystal-induced chronic kidney disease model. IRF4 plays important 

roles in T and B lymphocytes, dendritic cells and macrophages where it regulates 

activation, differentiation and function (Nam and Lim 2016). BATF is binding 

partner of IRF4 and both factors control similar regulatory pathways, at least in T 

cells (Huber and Lohoff 2014).  

In our study we found a strong influence of Irf4 on the lymphoid and myeloid 

compartment, whereas Batf deficiency mainly affected the T cell compartment. 

Using conditional knockout mice we confirmed that IRF4 is required for kidney 

Tregs and that the loss of IRF4 in T cells leads to accumulation of myeloid cells. 

Further, we used a novel reporter mouse to show distinct expression pattern of 

IRF4 and IRF8 in myeloid cells. Finally, we found that IRF1 is essential for 

monocytes and macrophage accumulation in the inflamed kidney and its ablation 

led to reduced kidney damage and fibrosis. 

 

Our results showed that kidneys of Irf4-ko mice fed with 0.2% adenine-

enriched diet had significantly more macrophages and dendritic cells than B6 or 

Batf-ko mice. This might indicate more tissue damage, which would be in line with 

the notion that accumulation of macrophages correlates with increased kidney 

damage (Eddy 2014; Meng et al. 2014; Wang and Harris 2011). However, 

analysis for tissue damage have still to be performed to show conclusive results. 

In Chapter 3 and 4 we used the concept of the classically activated “M1” 

macrophage (CAM) marker CD38 and CD206 as alternatively activated “M2” 

macrophage (AAM) marker. Previously, IRF4 had been described to be a 

required transcription factor for AAM polarization and to induce signature gene 

transcription (Satoh et al. 2010). However, analyzing the macrophage 

compartment of Irf4-ko kidneys, we found elevated cell numbers of CD38+ and 

CD206+ macrophages, especially double positive (DP) cells accumulated in high 

numbers. This observation would either argue against the concept that Irf4 is 
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required for AAM polarization or question that CD206 is a marker for AAMs in the 

kidney. However, we have to analyze this population in more depth to test if it 

has other AAM properties, such as arginase-1, IL-10 or TGF-b (Gordon and 

Martinez 2010). Further, we found a significant shift from cDC1s to cDC2s in Irf4-

ko mice. This was surprising as IRF4 has been described to be required for cDC2 

differentiation (Bajaña et al. 2016). cDC2s however, are a heterogenous group of 

cells with clear DC characteristics and their role especially in the kidney was 

shown to be mainly pro-inflammatory (Alcantara-Hernandez et al. 2017; 

Gottschalk and Kurts 2015; Guilliams et al. 2016). In a model of cGN it had been 

shown that the ablation of cDC1s directly correlated with reduced Treg number in 

the kidney and disease aggravation. Further that study showed that cDC1 can 

produce IL-10 but also CCL20, a chemoattractant for Tregs, indicating a direct and 

indirect protective role for cDC1 (Evers et al. 2016). The shift from cDC1 to cDC2 

cells in Irf4 deficient mice might therefore indicate more inflammation due to 

missing regulation. Our study supports this idea as IRF4Ko mice have very limited 

Treg numbers and completely lack effector (KLRG1+) Treg.  

 

The role of IRF4 in myeloid cells is well documented (Yamamoto et al. 

2011), whereas, only a handful of reports link BATF to the myeloid cell 

compartment. One is the compensatory role of BATF for BATF3 in cDC1s, (Guler 

et al. 2015; Tussiwand et al. 2012). However, the role for Batf in lymphoid cells 

is well accepted (Betz et al. 2010; Li et al. 2012; Schraml et al. 2009). Studies 

showed that BATF and IRF4 form cooperative complexes to promote chromatin 

accessibility to other TFs, and in this regard Batf- and Irf4-ko mice are very similar 

in their phenotype (Huber and Lohoff 2014). In line with this model, 

Vasanthakumar et al. demonstrated that VAT Treg cells are dependent on IRF4 

and BATF (Vasanthakumar et al. 2015). We reported here a similar phenotype 

regarding the T cell compartment. Batf-ko mice showed reduced frequencies of 

CD4+ T cells; however, in contrast to Irf4-ko mice, also significantly reduced total 

cell numbers. Further, both knockouts displayed similar reductions in Tregs and 

CD8 T cells. The only difference was that Baft-ko mice still possessed some 

KLRG1+ Tregs in the inflamed kidney, while this populations was absent from 
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IRF4-KO. This might indicate that both TFs share same pathways for Treg 

differentiation in the kidney but only IRF4 is indispensable for effector Treg 

differentiation. In contrast to Irf4-ko mice, the deficiency of Batf did not lead to a 

significant accumulation of myeloid cell numbers in the kidney. However, we 

found a significant increase in cDC1 frequencies, indicating a potential role in 

cDC regulation for BATF as described by others (Tussiwand et al. 2012). Taking 

the dual role of IRF4 in lymphoid and myeloid cells into consideration and 

comparing the Batf-ko data with the Irf4-ko data, we cannot exclude a 

suppressive role for Irf4 dependent myeloid cells in the CKD model. However, 

this experiment has only be performed once and we did not further investigate 

specific cDC2 subsets nor did we investigate the macrophages for M2 gene 

expression or cytokine profile. Therefore, further experiments with higher mouse 

numbers have to be performed to thoroughly test the role of Irf4 in myeloid cells 

during CKD. 

 

To investigate the role of IRF4 in kidney CD4 T cells in more detail, we 

generated mixed IRF4flxCD4cre bone marrow chimeric mice. With this conditional 

Irf4 knockout we were able to confirm that kidney Treg depend on IRF4, which 

goes in line with already reported IRF4 dependency in tissue Tregs (Burzyn et al. 

2013; Cretney et al. 2011; Panduro et al. 2016; Teh et al. 2015). Further, the 

diminished Treg population leads to increased accumulation of several myeloid 

cell populations, such as macrophages, DCs, monocytes and PMNs. This 

suggests an important role for Tregs to suppress kidney inflammation, which is well 

in line with reports for other kidney disease models (Alikhan et al. 2018). 

However, also this experiment needs repetition to confirm our findings. To fully 

understand the role of IRF4 in the myeloid cell compartment, we will use the IRF4 

floxed mice and cross them with CD11c-cre or LysM-cre mice, to generate 

conditional knockouts in DCs and macrophages. IRF4 deficiency in DCs had 

been shown to deplete CD24+ CD11b+ cDC2s, which resulted in a reduced TH17 

response in the lung tissue (Schlitzer et al. 2013). Since cDC2 cells increased 

significantly in our model, this would allow us to further differentiate between the 

heterogenic cDC populations and further identify their specific role in CKD. 



136 
 

Further, IRF4 is upregulated in IL-4 treated macrophages and is associated with 

AAM polarization (El Chartouni et al. 2010). The conditional deletion of IRF4 with 

LysM-cre mice might answer our question which role AAMs play in our model. 

 

Further we addressed the expression of IRF4 and IRF8 in myeloid cells using a 

novel Irf4/Irf8 double reporter mouse. We identified two clearly distinguishable 

macrophage populations. A recent paper reported that tissues contain two 

macrophage populations: Lyve1loMHC-IIhiCx3CR1hi and Lyve1hiMHC-

IIloCx3CR1lo (Chakarov et al. 2019). Further flow cytometry analysis is needed to 

review whether these two reported populations correlate with the two populations 

we found. Furthermore, analysis of the cDC compartment of the double reporter 

mice showed at least four different populations. High expression of IRF8 has 

been reported for cDC1s (Guilliams et al. 2016), therefore we can identify the 

IRF8+ IRF4- population as cDC1. Further, Guilliams et al showed that cDC2s 

express IRF4+. Indeed, we identify a single IRF4 positive population, which we 

conclude represent cDC2. We also identify a population that expresses low 

amounts of both IRF4 and IRF8. Comparing VAT to kidney, we found that this 

double positive population contains the highest frequency of cDCs in the kidney, 

whereas the lowest frequency in the VAT. These cells may represent transitional 

cDC types. But more work is required to examine their identity and function. 

These results showed that the double reporter is a state-of-the-art tool and can 

further be used to explore different myeloid cell populations and in combination 

with the right cell surface marker be able to resolve everlasting questions of 

myeloid cell ontogeny.  

 

Finally, we found another IRF family member to be important in chronic kidney 

disease. Applying our severe CKD model to Irf1-ko mice, we found amelioration 

of kidney inflammation and fibrosis. Deficiency in Irf1 led to reduced accumulation 

of macrophages and monocytes in the kidney. Resting DCs and macrophages 

only express low level of Irf1, whereas an increase of expression is detectable 

after stimulation of macrophages (Martinez et al. 2006). It has been shown before 

that IRF1 interacts with MyD88 and leads to TLR-mediated transcription of pro-
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inflammatory genes (Liu et al. 2003; Negishi et al. 2006). Irf1 deficient 

macrophages lack the production of inducible nitric oxide synthase (iNOS) upon 

LPS stimulation (Kamijo et al. 1994) and moreover IRF1 intrinsically represses 

IL-4 promotor activity (Elser et al. 2002). In this way IRF1 is a modulator of M1 

polarization of macrophages. In our model adenine-diet treated Irf1-ko mice 

showed impaired recruitment of macrophages and monocytes into the kidney. 

Their numbers were similar to those in WT mice on control diet. From previous 

experiments we know that WT kidney macrophages under homeostatic 

conditions do not express CD38 or CD206, and it is very likely that these cells 

represent mainly tissue resident macrophages. In wildtype mice, the high influx 

of monocytes leads to the accumulation of pro-inflammatory monocytes and 

monocyte derived macrophages, both of which promote kidney inflammation 

(Kratofil, Kubes, and Deniset 2017; Shi and Pamer 2011). The few monocytes 

infiltrating the kidneys in Irf1-ko mice might be restricted to differentiate into M2 

macrophages, which are able to suppress the ongoing inflammation. However, 

to investigate this point in more detail, we have to conduct further experiments. 

Interestingly, we found higher expression of ST2 on monocytes and 

macrophages in B6 mice with CKD compared to Irf1-ko mice, suggesting that 

IRF1 regulates expression of ST2 on myeloid cells. Moreover, we did not yet 

examine the lymphoid cell compartment, where Irf1 is known to play a role in T 

cell differentiation (Brien et al. 2011; Giang and La Cava 2017). Unfortunately, 

our experiments were limited by mouse numbers and therefore we were not able 

yet to further investigate the role of IRF1 in more detail. Additional experiments 

will be necessary to more closely examine IRF1-dependent gene expression and 

cytokine profiles of macrophages and monocytes. Further, the use of conditional 

Irf1 knockout mice will help to understand the roles of IRF1 in different cell types. 
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Chapter 6 - General discussion  
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The alarmin IL-33 is ubiquitously expressed in several tissues of the body, such 

as lung, skin, liver, adipose and kidney (Liew et al. 2016; Rana et al. 2019). Its 

role has been described in several diseases, and depending on tissue and 

condition, the IL-33/ST2 axis can have an immunostimulant or an 

immunosuppressive function and therefore attenuate or exacerbate disease 

progression (rev. in (Liew et al. 2016)). In the respiratory system insults to the 

airway epithelium releases IL-33 and initiate a TH2 immune response (Islam and 

Luster 2012). In line with this notion, IL-33 promoted disease progression and 

fibrosis in bleomycin- and rhinovirus-induced injury models (Jackson et al. 2014; 

Li et al. 2014). However, due to its dual functions several studies reported 

protective effects of IL-33. A paper reported that in a house dust mite model of 

airway hyperresponsiveness IL-33 signaling can have a protective effect 

(Zoltowska Nilsson et al. 2018). IL-33 has also indications in different cancer, 

where it has mainly pro-tumorigenic effects mostly by regulating  the 

accumulation of immunosuppressive cells (reviewed in: Larsen et al., 2018). 

Further, in a model of myocardial infarction IL-33 attenuated inflammation and 

reduced fibrosis by promoting M2 macrophages (Li et al. 2019). However, it was 

also shown that IL-33 exerts a protective effect due to the stimulation of CCR2+ 

infiltrating myeloid cells that produce iNOS to fight the inflammation in the central 

nervous system due to Toxoplasma gondii infection (Still et al. 2018). Especially, 

in the adipose tissue IL-33 exhibits protective functions by promoting ILC2s and 

Tregs (Brestoff et al. 2015; Han et al. 2015; Vasanthakumar et al. 2015). The 

decline in ILC2s and Tregs during the chronic state of obesity is linked to 

development of type 2 diabetes, indicating their protective role (Brestoff et al. 

2015; Shu, Benoist, and Mathis 2012). In acute kidney injury, IL-33 expression 

correlated with exacerbated kidney disease (Akcay et al. 2011; Park et al. 2016). 

In addition to these studies, it had been shown that IL-33 can promote ILC2s and 

be protective in a model of adriamycin-induced glomerulosclerosis (Riedel et al. 

2017). However, the role of IL-33 in chronic kidney disease is not yet intensively 

investigated. Furthermore, it has been shown that in both diseases, adipose 

tissue inflammation and in chronic kidney disease, macrophage accumulation 

and phenotype correlate with disease progression (Anders and Ryu 2011; Zeyda 
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and Stulnig 2009). Here, we wanted to investigate the diversity and function of 

myeloid cells in two different chronic inflammatory microenvironments. 

 

In this study, we show that high amounts of Il33 is expressed in kidney endothelia 

cells during homeostasis and inflammation. Furthermore, we found that Il33 is 

expressed at low amounts in monocytes, PMNs, macrophages and DCs during 

kidney inflammation, similar to reports in lung inflammation (Hardman et al. 

2013). IL-33 is stored in the nucleolus of barriers cells, such as endo- or epithelia 

cells. Upon tissue insult or necroptosis of these cells, IL-33 gets released into the 

extracellular space and activates other cells via its receptor ST2 (Cayrol and 

Girard 2009; Lüthi et al. 2009).  

We found in a severe onset model of crystal-induced nephropathy that deficiency 

in ST2 does not alter the disease outcome in a significant way. However, using a 

mild onset model with a prolonged exposure to the insult, we found that ST2 

deficient mice showed exacerbated disease. We show that during inflammatory 

conditions the ST2 receptor is upregulated on myeloid cells, such as 

macrophages, DCs, monocytes and PMNs, which is consistent with other reports 

(reviewed in Griesenauer and Paczesny, 2017). It has been reported that ST2+ 

microglia have an more pronounced pro-inflammatory phenotype and that ST2 

deficiency leads to exacerbated brain injury (Yang et al. 2017). In our study, we 

did not further characterize the specific phenotype of ST2+ macrophages or other 

myeloid cells. However, also ILC2s and Tregs express the ST2 receptor and are 

known for their anti-inflammatory properties. Interestingly, we did not detect 

significant differences in Treg numbers, but an increase in ILC2 numbers in ST2ko 

compared to WT mice. The accumulation of ILC2s in ST2 deficient mice had 

recently been reported in an asthma model (Verma et al. 2018). In further studies, 

we will more closely characterize the phenotype of ST2+ myeloid cells but also 

investigate if the ST2 deficiency leads to the accumulation of IL-9+ ILC2s, which 

further promote kidney inflammation. The induction of kidney inflammation in the 

mild onset model led to a significantly increased influx of immune cells of the 

innate and adaptive lineages into the kidneys of IL-33 deficient mice compared 

to WT mice.  
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However, we did not clarify yet whether this accumulation of immune cells was 

caused by the lack of IL-33-dependent suppressive cell populations, such as 

ILC2 or Tregs, or was mediated by other mechanisms. Furthermore, we did not 

investigate the role of mast cells, which are another cell type with high expression 

of ST2. 

 

Furthermore, IL-33 has been shown to act in two different ways, either as 

extracellular cytokine or as an endogenous nuclear factor with transcriptional 

properties (Carriere et al. 2007; Gautier et al. 2016). It has been reported that 

endogenous IL-33 negatively modulates the NF-kB pathway and therefore is able 

to dampen pro-inflammatory cytokine production (Ali et al. 2011). Taking this into 

consideration, the knockout of Il33 might enhance pro-inflammatory cytokine 

production. If this is the case, upregulation of Il33 in both epithelial and myeloid 

immune cells would have a self-intrinsic regulation to attenuate immune 

responses. Therefore, it is necessary to evaluate our data and to further 

investigate the phenotype of specific immune cells in IL-33 knockout mice.  

 

Importantly, we show that the deficiency of ST2 can have significant differences 

depending on disease onset. The two kidney models applied here follow the 

same principle and only differ in the adenine concentrations used. IL-33 is a 

potent immunostimulant and therefore tightly regulated. In the extracellular space 

the decoy receptor sST2 dampens IL-33 signaling (Akimoto et al. 2016), as well 

as rapid oxidation and the forming of disulfide-bridges (Cohen et al. 2015). It is 

important to consider, that due to this restricted availability in the onset of IL-33 

release, the tissue location of immune cells might play a critical role. ILC2, tissue 

Tregs and mast cells express constitutively high level of ST2 on their surface and 

are therefore likely to be first to respond to IL-33 release (Cayrol and Girard 2014; 

Lunderius-Andersson, Enoksson, and Nilsson 2012; Turnquist et al. 2011). 

Similar, to the suppressive mechanism of IL2/CD25 on Tregs, this might reduce 

the availability of IL-33 to other cells. Therefore, the tissue concentration of IL-33 

might play a crucial role and is likely a determining factor for disease progression.  
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We found that the short-term injection of IL-33 increased the numbers of 

ILC2s, Tregs and CD206+ macrophages. However, in contrast to a kidney model 

of adriamycin-induced glomerulosclerosis, we found only a moderate effect of IL-

33 on ILC2s  (Riedel et al. 2017). Whether this is an effect of local IL-33 

concentration, location of tissue insult or location of immune cell remains to be 

shown. However, an important factor is the use of mice on different genetic 

backgrounds. Riedel et al. injected IL-33 into BALB/c mice, whereas we used 

C57BL/6 mice. It has been shown that BALB/c mice exhibit a TH2 dominant, 

whereas C57BL/6 mice exhibit a TH1 dominant phenotype (Nemanja Jovicic et 

al. 2015; Watanabe et al. 2004). Thus, the use of different mouse strains has 

important implications for further studies. Interestingly, in our short-term model, 

the injection of IL-33 led to increased levels of timp-1 and collagen-III. These 

findings are in line with a liver fibrosis model, where the authors reported that IL-

33 acted directly on hepatic stellate cells to produce IL-6, TGF-b, a-SMA and 

collagen (Tan et al. 2018). This direct effect of IL-33 on non-hematopoietic cells 

has additionally to be considered, especially if fibrosis is a part of the disease 

readout. Injection of IL-33 might lead to the additional induction of M2 

macrophages, which play important roles in wound healing and tissue repair, but 

in an uncontrolled environment may also promote kidney fibrosis (Wynn and 

Vannella 2016).  

 

To address the question if M2 macrophages accumulate in our model we used 

the mannose receptor (CD206), which has been identified in different studies as 

a marker for M2 macrophages (Bellón et al. 2011; Li et al. 2014; Nawaz et al. 

2017). Furthermore, we used CD38 to identify M1 macrophages (Amici et al. 

2018; Jablonski et al. 2015). Under homeostatic conditions, we found no 

expression of either marker on macrophages in the kidney. After induction of 

inflammation, however, we found a robust accumulation of CD38+, CD206+ and 

double positive macrophages. Having found expression of these markers in the 

inflamed kidney, we further wanted to know if we find similar expression pattern 

in the chronic inflamed adipose tissue. 
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Analyzing the adipose tissue, we found again both markers expressed on 

macrophages. Notably, our study indicates higher accumulation of CD206+ 

macrophages in the adipose tissue of HFD fed male mice, but also in male mice 

compared with female mice. This correlated both with impaired metabolic fitness 

as examined by glucose and insulin tolerance tests (Vasanthakumar et al., under 

review). In this study the Kallies lab also found an increased amount of Tregs in 

male adipose tissue and propose that they are recruited to restrain inflammation. 

A similar model could envisaged for M2 macrophages. However, at present we 

don't know the function of CD206+ macrophages in the adipose tissue. 

Importantly, we observed large numbers of macrophages expressing both CD206 

and CD38, questioning the use of CD38 as proinflammatory marker. Here, we 

observed fewer CD38+ cells under more inflammatory conditions. Our results 

contribute to the discussion of the concept of M1 and M2 macrophages and 

further to their identification with specific cell surface marker. More studies have 

to be conducted to clearly identify the heterogenous groups of macrophages and 

their individual contribution to disease progression in the kidney and in adipose 

tissue. 

 

As outlined above, myeloid cell identification by surface markers is inherently 

difficult, as they often share similar patterns of marker expression. Furthermore, 

cell surface marker can be differentially expressed or even downregulated in 

different tissues (Gurka et al. 2015; Singh-Jasuja et al. 2013). Therefore, we 

generated a genetic mouse model which reports the expression of the lineage 

defining transcription factors Irf4 and Irf8. Both transcription factors are 

expressed by different myeloid immune cells, such as macrophages and DCs. 

This reporter mouse together with some already known cell surface marker might 

aid to identify novel cell specific marker and unique cell populations across 

tissues. Even though, the expression of Irf4 and Irf8 might vary, we strongly 

believe that their expression is more stable, and this tool will enable us to identify 

novel aspects of myeloid cell development and their contribution to health and 

disease.  
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We have shown that the immune cell composition in male and female adipose 

tissue differs, which is paralleled by differences in the metabolic fitness 

(Vasanthakumar et al. 2019, under review). This study shows a pronounced 

sexual dimorphism of Treg cells accompanied by differences in the stroma cell 

compartment. Since IL-33 is a driving factor of this dimorphism in the adipose 

tissue, it will be important to investigate if sex specific differences also apply to 

the kidney model. Identifying these differences between sexes is of upmost 

importance, especially in regard of disease prevention and treatment (Neugarten, 

Golestaneh, and Kolhe 2018). 

 

The alarmin IL-33 plays manifold roles in a cell- and tissue specific manner. Many 

studies show its involvement in various aspects of health and disease. However, 

there are still many unanswered questions. Especially, the fact that IL-33 

responses do not only differ between tissues, but even in the same tissue depend 

on the kind of insult. Here, we report that the absence of ST2 has different 

implications depending on fast or slow disease onset in the kidney. Furthermore, 

we found differences between IL-33 deficiency and ST2 deficiency. Both findings 

add another layer of complexity to fully understand the mechanisms of IL-33 and 

future studies have to address these different outcomes. Besides that, we 

examined sexual dimorphism of macrophages and dendritic cells in the adipose 

tissue. Here, we found that male mice accumulated more macrophages and DCs 

in the adipose tissue in comparison to female. Additionally, we showed that male 

and female DCs and macrophages differ in their genetic profile, with a more 

pronounces pro-inflammatory phenotype in male isolated cells. However, further 

investigations have to show which exact role these cells play during VAT 

inflammation. To further characterize the phenotype of macrophages we used 

the marker CD206 (M2) and CD38 (M1) in our study. The accumulation of 

CD206+ macrophages and the decline in CD38+ CD206+ macrophages during 

inflammation indicated that surface markers can vary depending on tissue and 

condition. The use of the here generated IRF4/IRF8 double reporter mouse might 

help to circumvent the use of varying cell surface marker and aid to identify 

specific cell populations across tissues during health and disease.   
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