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1. Introduction 

1.1. The immune system  

The immune system is a network of different cells, soluble mediators and organs, which 

together have developed a broad range of defense mechanisms against foreign pathogens, 

toxins or substances in order to protect the host. This system needs to detect infectious 

substances and then initiate immune effector functions. As a result, an effective immune 

response should resolve the infection and generate immune memory. Immune responses 

require tight regulation, since an unbalanced response could result in a too weak or too strong 

activation of the immune system. This might have detrimental effects and lead to allergies, 

chronic diseases, autoimmune diseases, organ failure or even to death. The immune system 

can be divided into two branches, which are the innate and the adaptive immune response. 

However, these two parts are strongly interconnected and require each other for effective 

protection of the host (Murphy & Weaver, 2017; Parkin & Cohen, 2001).  

Innate immune mechanisms are highly conserved and are present among many different 

vertebrate species. The innate arm consists of different cells and soluble mediators, which are 

able to fight foreign pathogens. Physical and chemical structures of the body build the first 

barrier for intruders (Murphy & Weaver, 2017; Riera Romo et al., 2016). The immunological 

barrier includes anti-microbial peptides (AMPs), complement proteins, acute-phase proteins, 

cytokines and chemokines. Granulocytes, mast cells, monocytes, macrophages, dendritic cells, 

natural killer (NK) cells and innate lymphoid cells (ILC) have innate features and are able to 

directly sense foreign structures. They then become activated, secrete cytokines and 

chemokines to recruit other immune cells and initiate inflammation (Figure 1). Broad classes 

of infectious substances, so called pathogen-associated molecular patterns (PAMPs) can be 

recognized by germ-line encoded pattern recognition receptors (PRRs). In addition, also self-

derived danger associated molecular patterns (DAMPs) that are released upon cell and tissue 

damage can be recognized by PRRs and induce immune responses (Medzhitov & Janeway, 

1997). The specificity of innate responses is rather low as it is limited to the detection of 

molecular structures. Activation however occurs rapidly after pathogen encounter and is 

therefore important for immediate initiation of immune responses. 

The adaptive branch of immunity consists of B-cells, T-cells and antibodies, which are 

responsible for the generation of antibody-mediated (humoral) and cell-mediated immunity 
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(Figure 1). B-and T-cells express variable receptors, which makes them in contrast to innate 

immune cells, highly specific. A further characteristic is that T-cells require presentation of 

antigens by antigen presenting cells (APC) to differentiate into effector cells and become 

activated. B-cells however, are activated either T-cell-dependently or independently and 

differentiate thereupon to antibody secreting plasma cells to mediate humoral immunity. 

Some cell types (like NKT-cells and γδ T-cells) have traits of both parts of immunity and can 

therefore be considered as a link between innate and adaptive (Pasman & Kasper, 2017). In 

contrast to innate immunity, adaptive immune responses take much longer time to develop, 

but are highly specific and capable of developing immunological memory to generate rapid 

responses upon re-infection with the same pathogen. For a long time, it has been considered 

that only adaptive immunity can build memory. This dogma has been challenged in the past 

years, as evidence could be gathered, showing that also innate immune cells are able mount 

certain resistance after infections, a process called trained immunity (Netea et al., 2020).  

 

Figure 1 Overview of innate and adaptive immune cells. 
Granulocytes, mast cells, monocytes, macrophages dendritic cells, natural killer (NK) cells and innate lymphoid 
cells (ILC) represent the main cell types of the innate immune response. These cells detect pathogens or damaged 
tissue rapidly, but are unable to generate an antigen specific response. The adaptive immune response consists 
of B-cells that produce antibodies and T-cells, which are divided further into CD4+ T-helper cells and CD8+ 
cytotoxic T-cells. These lymphocytes need more time to become fully activated, but are highly specific due to 
their variable receptors. NKT-cells and γδ T-cells have characteristics of both, innate and adaptive immune 
responses, and are therefore located in between the two groups (adapted from Dranoff, 2004). 

 

1.1.1. Innate Immunity 

Innate immune cells localize throughout the body and can be both, migratory and tissue-

resident. Their main function is to sense irregularities within their environment, such as 

infection or damage, and to induce an immune response. They do so by expression of a wide 
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range of cell surface or intracellular receptors that identify viral, bacterial or fungal 

components (Akira et al., 2006). There are different groups of PRRs: Toll-like receptors (TLRs), 

NOD-like receptors (NLRs), RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs), cytosolic 

DNA sensors (CDSs) and scavenger receptors (Takeuchi & Akira, 2010). In the following, the 

focus will be on the TLRs.  

TLRs are integral membrane receptors and all have a common structure that consists of an N-

terminal ligand recognition domain comprised of leucine-rich repeats (LRR) and a C-terminal 

Toll/IL-1R (TIR) domain necessary for downstream signaling. The main differences between 

TLRs are the cellular location (cell surface or endosomal) and ligand recognition (Table 1). 

While cell surface TLRs rather sense bacterial proteins, lipopeptides, peptidoglycans, 

lipoglycans and lipopolysaccharides (LPS), endosomal TLRs identify viral and intracellular 

pathogen-derived DNA and RNA (reviewed in Kawai & Akira, 2011).  

Table 1 TLR ligands, location and adaptor proteins. 

Ligand Receptor Cellular location Adaptor protein 

Triacylated Lipoproteins TLR1/2 Cell membrane MyD88 

Diacylated Lipoproteins TLR2/6 Cell membrane MyD88 

dsRNA TLR3 Endosomal membrane TRIF 

Lipopolysaccharide TLR4 Cell and endosomal membrane MyD88 and TRIF 

Flagellin TLR5 Cell membrane MyD88 

ssRNA TLR7 Endosomal membrane MyD88 

CpG Oligonucleotide TLR9 Endosomal membrane MyD88 

Lipoglycans TLR2/10 Cell membrane MyD88 

Profilin TLR11*, 12* Cell membrane MyD88 

rRNA TLR13* Endosomal membrane MyD88 

* Expressed only in mice  

Yet, a further difference between TLRs is the adaptor protein used for signal transduction. 

Myeloid differentiation primary response 88 (MyD88) is a central signaling adaptor protein of 

most TLRs, only TLR3 utilizes TIR-domain containing adaptor protein inducing interferon-β 

(TRIF). TLR4 has a special role, since it can use both, MyD88 and TRIF, for downstream 

signaling. The differential utilization of the adaptor molecules leads to induction of different 

transcriptional programs. MyD88-dependent signaling pathways lead to the production of 

inflammatory cytokines, type I interferons and genes involved in immune regulation and cell 

survival. MyD88 is organized in different domains: the death domain (DD), the intermediate 



I n t r o d u c t i o n 

 

4 

 

domain (INT) and the toll-interleukin-1 receptor domain (TIR). The TIR domain is required for 

interaction of MyD88 with the TLR’s TIR domain or with TIR Domain Containing Adaptor 

Protein (TIRAP). TLRs form either homodimers (like TLR4) or heterodimers (like TLR1/2). Upon 

TLR engagement the Myddosome assembles, which consists of MyD88 and IL-1 receptor-

associated kinase (IRAK) proteins that are recruited via the DD of MyD88 (Figure 2). Thereby, 

IRAK1 is phosphorylated by IRAK4 and associates with TNF-α receptor-associated factor 

(TRAF6). TRAF6 then dissociates from the receptor complex, interacts with TGF-β-activated 

kinase 1 (TAK1) and TAK1-binding proteins, which results in a larger complex formation and 

TAK1 activation. This event is followed by subsequent phosphorylation of the IKK complex and 

(mitogen-activated protein kinase) MAPK members, eventually inducing translocation of the 

transcription factors factor nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 

(NF-κB) and activator protein 1 (AP-1), respectively. Furthermore, endosomal TLRs utilizing 

MyD88, like TLR 7/8 and TLR9, can recruit TRAF3 in addition to TRAF6, which results in the 

activation of interferon regulatory factor 7 (IRF7) and induces expression of type I IFN (Kawai 

& Akira, 2007).  

 

Figure 2 Overview of MyD88-dependent TLR- and IL-33/ST2 pathways. 
MyD88 is a central adaptor protein of many TLRs and IL-1 cytokine receptors (here TLR1/2, TLR9 and ST2). After 
ligand binding, MyD88, IRAK1 and IRAK4 are recruited to the receptor and together form the Myddosome. IRAK4 
phosphorylates IRAK1 which leads to the recruitment of TRAF6. For TLR9 signaling, in addition to TRAF6 also 
TRAF3 can be recruited that causes IRF7 activation, provoking Type I IFN production. TRAF6 activation leads to 
further downstream translocation of AP-1 and NF-κB to the nucleus, which act as transcriptional regulators in 
the production of inflammatory cytokines and other inflammation-related genes (adapted from Jain et al., 2014). 
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In addition to TLR signaling, MyD88 is involved in signal transduction of IL-1 receptor signaling. 

The IL-1 cytokine family contains different members (e.g., IL-1α, IL-1β, IL-18, IL-33), of which 

especially IL-1α and IL-33 act as DAMPs and provoke a sterile inflammation (Dinarello, 2018). 

In the following, the focus will stay on the IL-1 cytokine IL-33 that plays a role in both, innate 

and adaptive immunity. It is expressed constitutively in barrier lining cells such as epithelial 

and endothelial cells and fibroblasts of the skin, gastrointestinal tract or the lung (Liew et al., 

2016). Studies also demonstrated that hematopoietic cells such as macrophages and DCs can 

be producers of IL-33. Unlike IL-1β or IL-18, IL-33 is biologically active in its nuclear full-length 

form, but further processing by caspases is able to potentiate the signaling efficiency. IL-33 

was shown to bind chromatin and act as a transcriptional regulator (Choi et al., 2012), but the 

role for this alarmin was mainly studied in its release upon cell damage or cell stress. IL-33 

binds to its specific heterodimeric receptor ST2/IL-1 receptor accessory protein (IL-1RAcP) and 

induces MyD88 downstream signaling, similar to TLRs (Figure 2, Liew et al., 2016). Further, 

there are soluble ST2 receptors that act as decoy receptors to regulate IL-33 signaling. The 

surface receptor ST2 is expressed by a broad range of innate and adaptive immune cells 

including mast cells, DCs, basophils, NK cells, ILC2, type 2 T-helper (Th) cells and regulatory T-

cells (Treg). IL-33 release is associated with many different diseases; especially the role in 

allergic diseases has been extensively studied (reviewed in Liew et al., 2016; Takatori et al., 

2018). 

1.1.2. Adaptive immunity 

Common lymphoid progenitors (CLP) in the bone marrow can give rise to B-and T-cells that 

bear antigen receptors produced by somatic recombination. Each of these naïve lymphocytes 

therefore carries a unique antigen receptor, leading to a highly diverse pool of receptors 

within the body (Murphy & Weaver, 2017).  

T-cell development takes place in the thymus, where the T-cell receptor (TCR) is rearranged. 

Most of the T-cells carry an αβ TCR, while only around 5 % express the γδ TCR. Following the 

rearrangement, αβ T-cells, also called conventional T-cells, undergo the positive and negative 

selection process, where in the end either CD4+ or CD8+ T-cells are generated that will 

recirculate mainly between secondary lymphoid organs, awaiting activation (Murphy & 

Weaver, 2017). γδ T-cells are rather tissue-associated and their numbers are enriched in many 

peripheral tissues. Activation of conventional T-cells requires APCs that present processed 
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pathogen-derived peptides (antigens) on their surface major histocompatibility complex 

(MHC) molecules to T-cells. Here, MHCI molecules present viral or tumor-derived peptides to 

CD8+ T-cells, which then acquire cytotoxic properties after activation and eradicate virus-

infected cells and tumor cells (reviewed in Murphy & Weaver, 2017). On the other hand, CD4+ 

T-cells recognize peptides on MHCII molecules, which leads to the differentiation and 

expansion of naïve T-cells into different effector T-helper (Th) cell subtypes such as Th1, Th2, 

Th17 cells, T-follicular helper (Tfh) and regulatory T-cells (Treg). These subtypes are 

distinguished by expression of different master transcription factors and secretion of a distinct 

pattern of cytokines. The Th cell subtypes have different effector functions that provide help 

to other immune cells during pathogen defense, or dampen immune reactions as for the case 

of Tregs (reviewed in Zhou et al., 2009). A fraction of the activated CD4+ and CD8+ T-cells can 

develop into long-lived memory T-cells, which home either central lymphoid organs or 

peripheral regions of the body and can rapidly give rise to potent effector cells upon re-

infection (Jameson & Masopust, 2018). 

The major task of B-cells is the production and secretion of antibodies to mediate humoral 

immunity by neutralization of pathogens and subsequent elimination by phagocytes. They 

develop within the bone marrow where they undergo immunoglobulin rearrangement to 

produce a unique B-cell receptor (BCR). B-cells then enter the blood circulation and localize in 

B-cell follicles of secondary lymphoid organs. They are capable of directly binding to antigens; 

however, some B-cell responses require assistance from Th/Tfh cells for activation and class 

switch recombination of immunoglobulins. Upon activation, most B-cells develop into plasma 

cells that secrete large amounts of antibodies to generate humoral immunity (reviewed in 

Murphy & Weaver, 2017). Similar to T-cells, some activated, antigen-specific B-cells can give 

rise to long-lived plasma cells or memory cells to provide long-term immunity (Tarlinton & 

Good-Jacobson, 2013). 

 

1.2. Mast cells 

In 1878, Paul Ehrlich described mast cells for the first time based on their special histological 

staining properties (Ehrlich, 1878); these granular cells are today very well known for their 

contribution to parasitic infections and allergic reactions. In the past years however, apart 

from their contribution to immune responses many other important roles have been 
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attributed to mast cells, such as in tissue remodeling, angiogenesis, cancer and neurological 

disorders (Coussens et al., 1999; Hendrix et al., 2013; Soucek et al., 2007). They are tissue-

resident cells that predominantly live in connective or mucosal tissues of barrier organs, such 

as the skin, gastrointestinal and respiratory tract. A special property of these cells is that they 

are packed with secretory granules that are released within seconds to minutes upon 

stimulation via the high-affinity IgE receptor (FcεRI) (Galli & Tsai, 2012). This process is called 

degranulation, and leads to the release of biologically active cell mediators like histamine, 

heparin, proteases, cytokines, chemokines and lipid mediators into the cell environment. This 

event is accompanied by the release of de novo synthesized mediators such as eicosanoids, 

cytokines and chemokines (Moon et al., 2014). The released granule content affects a wide 

array of neighboring cells and tissues and modulates their functional properties. Since 

degranulation occurs quickly after stimulation, local mast cells are one of the first cells to 

respond in allergy or infection. In humans, mast cells are allocated in two different subtypes 

based on the expression of the two serine proteases tryptase and chymase. In rodents 

however, these two groups are distinguished by the tissue localization and expression pattern 

of different mast cell proteases. Connective tissue mast cells (CTMC) are present in the skin 

and peritoneal cavity and the granules contain heparin whereas mucosal mast cells (MMC) 

are located in the intestinal mucosa and have chondroitin sulfate containing granules 

(reviewed in Moon et al., 2010). One of the first mouse models to study mast cell functions in 

vivo were KIT deficient mice (WBB6F1-KitW/KitW-v and C57BL/6-KitW-sh/KitW-sh) that completely 

lack mast cells. But apart from being mast cell deficient, due to the importance of stem cell 

factor (SCF)/c-Kit signaling in other cells than mast cells, these mouse models show additional 

abnormalities. As a few examples, C57BL/6-KitW-sh/KitW-sh do not only lack mast cells, but also 

are deficient for melanocytes and interstitial cells of Cajal, exhibit bile reflux and show defects 

in myelopoiesis (Grimbaldeston et al., 2005; Michel et al., 2013). Therefore, observations that 

were made in these mouse models should be regarded cautiously since they often cannot 

solely be traced back to mast cell deficiency (Michel et al., 2013; Nigrovic et al., 2008). The 

generation of genetically defined mouse models was an important step to analyze mast cell 

functions without confounding effects of Kit deficiency. Among these, mast cell protease 5 

(Mcpt5) Cre recombinase expressing mice are a valuable model for research as it allows mast 

cell-specific recombination of floxed genes (Scholten et al., 2008). 
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1.2.1. Mast cell ontogeny 

Mast cells were long considered to originate from the hematopoietic system of the bone 

marrow (Kitamura et al., 1977). Immature committed mast cell progenitors (MCp) were 

thought to continuously be released into the blood circulation and from there home tissues, 

where they continue maturation. These conclusions were supported by findings showing, that 

MCps exist within the bone marrow and can re-populate tissues of mast cell deficient mice 

(Chen et al., 2005; Kitamura et al., 1978). These observations however were made in mouse 

models that have empty mast cell niches within the tissues and therefore do not represent 

physiologic conditions. The use of novel fate mapping techniques shed a new light on the 

ontogeny of mast cells (Gentek et al., 2018; Z. Li et al., 2018). In the skin for example, mast 

cells seed in several waves, first yolk-sac derived mast cells seed the embryo followed by the 

replacement by definitive mast cells that maintain themselves without major contribution of 

bone marrow. This homeostatic maintenance of these cells is mediated by locally expanding 

MCps in the skin, which form so called ‘stable territories’ (Weitzmann et al., 2020). 

Nevertheless, current evidence shows that in inflamed skin MCps are recruited from the bone 

marrow and together with tissue-resident progenitors, these cells proliferate and expand 

within the skin, revealing the mast cells’ dual origin (Weitzmann et al., 2020).  

 

1.2.2. Mast cells in immune responses  

Beside their physiological functions, mast cells play in important role in innate and adaptive 

immunity. Mast cells essentially contribute IgE-dependent immune reactions, which are 

classically associated with parasitic infections and allergic reactions (Galli & Tsai, 2010; Mukai 

et al., 2016). But in the past years, mast cells were also shown to be important in the defense 

against different bacterial and viral pathogens, revealing other important IgE-independent 

mechanisms of mast cell activation (Yu et al., 2015). Mast cells express a high variety of PRRs 

enabling the recognition of pathogens and subsequently followed by activation (Agier et al., 

2018). Among these PRRs, most of the TLRs have been identified on human and murine mast 

cells. After engagement of different TLRs, a differential cytokine and chemokine secretion 

profile was observed (Sandig & Bulfone-Paus, 2012). In addition, degranulation was shown 

take place TLR-dependently, while TLR2 ligation potently induces granule release, TLR4 

stimulation is not able to induce degranulation (Supajatura et al., 2002). An in vitro study 
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displayed that mast cells could potentially act as APCs since they express MHCII and co-

stimulatory molecules under certain circumstances (Kambayashi et al., 2009). In vivo, mast 

cells were shown to have the capacity to migrate into draining lymph nodes, however, there 

is only little evidence that mast cells contribute to priming of naïve T-cells in the lymph node 

(Byrne et al., 2008). Nevertheless, mast cells still might have an important role in the 

peripheral expansion of antigen-specific T-cells (Katsoulis-Dimitriou et al. 2020; Mantri and St. 

John 2019). The mast cell’s immune-regulatory functions on T-cell responses are rather 

indirect through the influence of mast cell-derived mediators on other immune cells and 

through direct cell-cell interaction with APCs and modification of their T-cell priming 

capacities. Current studies show that mast cells and DCs closely interact and boost immune 

reactions in the skin (Sumpter et al., 2019). This cellular interaction was shown to be a key 

mechanism in the sensitization phase of a contact hypersensitivity reaction, where mast cells 

elevate DC activation in a TNF-α-dependent fashion (Otsuka et al., 2011). In addition, this 

interaction led to mast cell polarization and to the formation of immune synapses with DCs in 

the skin. As a consequence, intracellular organelles relocate within the cell and mast cells 

release their granules and cytokines in the direction of the DCs (Carroll-Portillo et al., 2015; A. 

Dudeck et al., 2011). The secreted mediators can stimulate DCs, but also whole secretory mast 

cell granules can be engulfed by DCs, inducing DC maturation, antigen-processing and 

migration (Dudeck et al., 2019). In this manner, priming and Th polarization of T-cells in the 

lymph node by DCs is modulated in a mast cell-dependent way. A direct mast cell-DC 

communication furthermore drives the exchange of surface molecules between cells. Here, 

the transfer of peptide-loaded MHCII molecules from DC to mast cells and of 

antigen/IgE/FcεRI complexes from mast cells to DCs was observed (Carroll-Portillo et al., 2015; 

Dudeck et al., 2017). Thereby, Th cell polarization by DCs is fine-tuned, and in addition, mast 

cells exploit the surface expression of peptide-decorated MHCII molecules to activate effector 

T-cells in the periphery. 

  

1.3. The Skin 

With a surface area of about 2 m2, the skin is one of the largest organs of the human body 

(Mosteller, 1987). As a barrier organ, the skin is permanently exposed to the environment and 

has therefore developed several defense strategies for protection from external danger. In 
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addition to the protective functions, the skin mediates the regulation of body temperature, 

vitamin D synthesis, and sensory input. The skin is organized into three different layers, the 

environment facing epidermis, the dermis underneath and the subcutaneous adipose tissue 

below the dermal layer (Figure 3). All of these layers contain different types of cells and 

structural elements, which altogether ensure efficient protection against environmental 

threats. The skin surface is home to commensal skin microbiota, consisting of millions of 

bacteria, viruses and fungi that play an important role in host defense as well (Sanford & Gallo, 

2013). The normal skin flora impedes colonization of pathogenic microbes on the skin and is 

essential for education of the body’s immune system (Belkaid & Hand, 2014).  

The epidermis is composed of many layers of keratinocytes, which is the most abundant cell 

type there. Keratinocytes derive from the continuously proliferating cells in the basal layer of 

the epidermis and migrate towards the surface. On their way to the surface, these cells 

gradually loose water and die to build a cornified top layer on the skin. The epithelial cells are 

interconnected via tight junctions and are enclosed by lipids that together prevent water loss 

and provide a compact barrier against pathogens (reviewed in Simpson et al., 2011). 

Furthermore, keratinocytes express TLRs and can produce AMPs in response to pathogens 

(Nestle et al., 2009). Through disruption of the invading bacteria’s membrane on the one hand 

and by immune modulation on the other hand, AMPs mediate protection (Lee et al., 2019). 

Along with keratinocytes, melanocytes are present in the epidermis, they reside in the basal 

layer and contribute to photo-protection by producing melanin. Langerhans cells (LC) are 

specialized APCs of the epidermis and are one of the first cells responding to pathogens. 

Although these cells seed the skin during embryogenesis, similar to tissue macrophages, they 

behave like DCs and migrate to lymph nodes upon antigen-uptake to prime naïve T-cells 

(Hoeffel et al., 2012; Merad et al., 2008). Studies showed that under homeostatic conditions, 

LCs are able to maintain themselves without bone-marrow contribution, but in inflammation, 

bone marrow-derived monocytes certainly might give rise to LCs (Ferrer et al., 2019). A unique 

γδ T-cell population called dendritic epidermal T-cells (DETC), which is absent in human 

epidermis, can be found in the murine epidermal layer, which together with dermal γδ T-cells 

play an important role in skin injury, wound repair and immune surveillance (Li et al., 2018; 

Ribot et al., 2021). They can rapidly react to damaged keratinocytes by secretion of IL-17A and 

AMPs to stimulate keratinocyte proliferation and differentiation (MacLeod et al., 2013). A 

further immune cell type are the tissue-resident memory T-cells (TRM) which can be found in 
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both, the epidermis and the dermis, where they equip the host with prompt adaptive immune 

defense upon re-infection and provide immunosurveillance (Mueller & Mackay, 2016). While 

mainly CD8+ TRM reside in the epidermis, CD4+ TRM can predominantly be found in the dermis 

and have a more migratory behavior (Gebhardt et al., 2011).  

Below the epidermis, fibroblasts build the dermal structure and are producers of extracellular 

matrix proteins. In addition, these cells are critical for the detection of pathogens via TLRs (Yao 

et al., 2015). Moreover, many other structures are located in the dermis, such as sensory 

nerves, hair follicles, blood and lymphatic vessels, sweat and sebaceous glands. Unlike the 

epidermis, the diversity of immune cells in the dermis is much greater (Figure 3). Mast cells 

contribute to local inflammation and are important during allergic reactions (see 1.2 for a 

more detailed review). Moreover, dermal DCs and macrophages are present in the dermis. 

The DC compartment comprises of a DC network whose members differ in cell ontogeny, gene 

expression profiles and functional properties (Malissen et al., 2014). By secretion of high levels 

of type I IFNs, plasmacytoid DC (pDC) are specialized cells in anti-viral immunity, but these 

cells also support wound healing in the skin (Conrad et al., 2009). The migratory dermal DCs 

are the conventional DCs (cDC) that develop from blood-derived pre-cDCs Fms-related 

tyrosine kinase ligand (Flt3L)-dependently and in contrast to the slow turnover of LCs, cDCs 

are replaced continuously in healthy skin (Henri et al., 2010; Waskow et al., 2008). In general, 

these cells function as sentinels in the peripheral tissues and transport captured antigens to 

lymph nodes to instruct T-cell activation and differentiation. In the dermis there are four 

different types of cDCs, all of them express CD11c and MHCII and can be further distinguished, 

based on different transcription factors and surface markers (Clausen & Stoitzner, 2015). The 

most abundant cDC type are CD11b+ cDC2 (IRF4-dependent), followed by XCR1+ CD11b- cDC1 

(IRF8-dependent) that can be further divided into two populations by CD103 expression 

(Malissen et al., 2014). cDC1 are experts in cross-presentation of tumor and other exogenous 

antigens, and therefore are potent initiators of cytotoxic immune responses by CD8+ T-cells 

and important in Th1 immunity to infection (Bachem et al., 2010; Haniffa et al., 2012; Soares 

et al., 2007). On the other hand, cDC2 rather present antigens to CD4+ T-cells and initiate 

priming of Th-cells like Th2 and Th17 cells (Gao et al., 2013; Schlitzer et al., 2013). The fourth 

dermal cDC population are CD11b- XCR1- double-negative (DN) cDC that similarly to cDC2 are 

responsible for Th2 immunity (Tussiwand et al., 2015). Apart from these cDC populations, 

upon inflammation monocyte-derived DCs (moDC) or inflammatory DCs differentiate from 
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infiltrating monocytes, which are recruited to the skin CCR2-dependently (Tamoutounour et 

al., 2013). In comparison to dermal DCs, dermal macrophages are rather resident and 

phagocytic, thereby contributing to pathogen resistance, local tissue homeostasis and repair, 

but also to regeneration of local nerves (Kolter et al., 2019). Dermal macrophages have a dual 

origin; monocyte-derived macrophages co-exist together with embryonically seeded 

macrophages within the skin (Mass et al., 2016; Tamoutounour et al., 2013). Next to γδ T-cells 

and TRM cells in epidermis and dermis, other conventional αβ T-cells exist in healthy skin. 

Especially Tregs are crucial cell types of the skin. Apart from their role in hair follicle 

regeneration and wound healing, they are detrimental cells in the suppression of immune 

responses and are localized in close proximity to hair follicles within the dermis (Ali et al., 

2017; Whibley et al., 2019).  

The subcutaneous adipose tissue is mainly populated by adipocytes. Aside from insulation and 

energy reservoirs, these cells provide AMPs to protect against skin infections (Wong et al., 

2019). Under inflammatory conditions, studies could show that dermal fibroblasts undergo 

adipogenesis, thereby promoting AMP production (Zhang et al., 2015). Interestingly, in aged 

skin this capacity of dermal fibroblasts is gradually lost (Zhang et al., 2019).  

 

Figure 3 Overview of the immune cells in healthy murine skin. 
The skin is divided into three different layers, which are the epidermis, the dermis and the subcutaneous tissue. 
The epidermis faces the environment and is colonized with commensal microbes. Epidermal immune cells are 
Langerhans cells, CD8+TRM and DETC, the dermal pool of immune cells consist of mast cells, dermal DC and 
macrophages, ILC, CD4+TRM, conventional T-cells (Tconv) and dermal γδ T-cells. 
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1.4. UV-radiation 

Solar UV-radiation is an environmental factor that has an impact on a wide range of biological 

processes. It is electromagnetic and can be divided into three types of radiation based on the 

wavelength. There are UVA (315-380 nm), UVB (280-315 nm) and UVC (100-280 nm) 

radiation, the radiation type with the shortest wavelength is the highest in energy, and vice 

versa. Highly energetic UVC radiation and parts of UVB radiation are absorbed and scattered 

by the stratospheric ozone layer, while the less energetic UVA and parts of UVB radiation reach 

the earth’s surface (Figure 4). UVA and UVB are able to pass through the upper skin layers of 

the human body, UVA radiation can penetrate the skin and reach deeper areas in the dermis, 

while UVB is mainly absorbed by the human epidermis. In murine skin, UVB however reaches 

until the upper dermal layers. Both UVA and UVB radiation can be harmful for the human 

body, UVB radiation however can cause more damage due to its higher energy (reviewed in 

D’Orazio et al., 2013).  

 

Figure 4 UV-radiation types and their skin penetration properties in murine skin. 
UV radiation can be classified in UVA, UVB and UVC radiation. They differ from each other based on the 
wavelength and energy. UVC is completely absorbed by the atmosphere, while UVB and UVA can enter the skin 
and reach different layers in the dermis (exemplary image of murine skin, hematoxylin & eosin staining). 
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1.4.1. UV-induced effects on the skin 

When UV irradiation reaches and penetrates the skin, the electromagnetic radiation is 

absorbed by chromophores, which become energetically excited. Melanin, DNA, urocanic 

acid, 7-dehydrocholesterol, tryptophan and proteins that are in the absorbance range of UV 

light are a few examples of such chromophores (Bernard et al., 2019). The absorbance of UV 

light by 7-dehydrocholesterol for vitamin D synthesis and by melanin are beneficial, while the 

absorbance by DNA or urocanic acid is considered as harmful. Different factors, including the 

skin type, age, genetic predispositions and the UV dose can determine the susceptibility to 

UV-induced diseases (D’Orazio et al., 2013).  

Acute UV irradiation leads to tissue damage, inflammation and manifests itself in a sunburn. 

Such a sunburn is characterized by formation of erythema and edema, in severe cases the skin 

might blister. However, not only acute UV exposure can be harmful, chronic exposure to low 

doses without acute symptoms can also have adverse effects (Matsumura & Ananthaswamy, 

2004). Long-term consequences for acute and chronic exposure are premature skin ageing, 

suppression of adaptive immune responses and eventually skin tumor formation (Hart & 

Norval, 2018; Norval & Halliday, 2011; Rittié & Fisher, 2015). The skin provides its own 

strategies for protection from UV-light, but these mechanisms are limited. For example, the 

epidermis of UV-irradiated skin is thickened due to enhanced proliferation of keratinocytes, a 

phenomenon referred to as acanthosis. This epidermal thickening protects underlying skin 

layers by decreasing the penetration depth of irradiation (Bech‐Thomsen & Wulf, 1995). 

Moreover, epidermal melanocytes produce increased amounts of melanin, which is 

transferred in melanosomes to neighbouring keratinocytes within the epidermis to shield DNA 

from UV-induced damage (Stanojević et al., 2004).  

1.4.2. UV-induced effects on immune responses in the skin  

In a more detailed perspective, some of the main UV-induced mechanisms and molecules that 

interfere with cellular processes and influence innate and adaptive immunity will be 

introduced. Figure 5 illustrates and summarizes some of these mechanisms. 

Innate immune activation through the release of DAMPs  

UV-injured and stressed cells release damaged DNA, proteins and reactive oxygen species 

(ROS). These compounds might act as DAMPs and activate the immune system via TLRs and 

other PRRs, resulting in inflammation (Gallo & Bernard, 2014). Pro-inflammatory cytokines are 
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secreted in this process by skin-resident immune cells and keratinocytes, thereby recruiting 

neutrophils and monocytes (Noske, 2018; Piskin et al., 2005). LCs, dermal DCs and mast cells 

become activated when sensing these DAMPs and initiate adaptive immune responses that 

are strongly modulated by UV irradiation (Bernard et al., 2019). The alarmin IL-33 was shown 

to be secreted by epithelial cells upon UVB irradiation and to promote tumor development 

(Amôr et al., 2018; Byrne et al., 2011; Suhng et al., 2018). IL-33 expressing cells were also 

described to interact with mast cells and neutrophils in the skin (Byrne et al., 2011). Moreover, 

extracellular matrix proteins might experience oxidative damage after UV irradiation. 

Fragmented parts of these proteins can then be recognized by immune cells, which not only 

contributes to innate inflammation, but also leads to skin ageing since collagen fibers and 

other matrix proteins are degraded prematurely (Amano, 2016; Gariboldi et al., 2008).  

DNA damage  

Further effects of UV irradiation are DNA lesions, the most frequent modification are 

cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4) photoproducts (6-

4PP) (Cadet & Douki, 2018). These modifications are formed either directly by irradiation or 

indirectly through oxidative damage and are highly mutagenic (Ravanat et al., 2001). Cells 

have evolved a whole DNA repair machinery, enabling the repair of these mutations. The 

nucleotide excision repair (NER) is most common repair mechanism for UV-induced DNA 

modifications. Here, the damaged DNA strand is enzymatically excised, followed by a refill of 

the gap using the remaining strand as a template (Rastogi et al., 2010). However, some 

mutations remain irreparable and cause skin cancers if they occur in oncogenes or tumor 

suppressor genes. In addition, DNA damage in keratinocytes and LCs was associated with 

immunosuppression (Kripke et al., 1992). Especially LCs are important in instructing Tregs to 

mediate immunosuppression (Schwarz et al., 2010). The importance of DNA repair 

mechanisms and the contribution of DNA damage to immunosuppression becomes apparent 

in xeroderma pigmentosum patients, these patients lack DNA repair enzymes and show very 

high numbers of skin tumors in UV-exposed skin regions (Digiovanna & Kraemer, 2012). 

Molecules involved in immunosuppression  

UVB irradiation is necessary in the first step of vitamin D synthesis, since it is required for the 

conversion of 7-dehydrocholesterol to pre-vitamin D3 in the skin. Besides the function in 

calcium absorption, vitamin D3 contributes to immunosuppression by modulating 
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macrophages and DCs (Penna et al., 2007; Y. Zhang et al., 2012). In consequence, these cells 

acquire tolerogenic phenotypes and promote immunosuppression through the generation of 

Tregs (Schwarz et al., 2012; Van Der Aar et al., 2011). 

Urocanic acid (UCA) is a chromophore that is present in the stratum corneum of the epidermis. 

It derives from filaggrin catabolism and upon UVB light exposure, the naturally existent trans-

UCA is converted to cis-UCA (Gibbs et al., 2008). Cis-UCA was shown to further increase levels 

of DNA damage, thus possibly regulating immunosuppression and photocarcinogenesis 

(Sreevidya et al., 2010). Furthermore, studies show that cis-UCA on the one hand activates 

mast cells and induces the release of histamine, and on the other hand stimulates the 

production of TNF-α by keratinocytes which supports emigration of LCs from the skin 

(Cumberbatch & Kimber, 1992; Hart et al., 2000; Kurimoto & Streilein, 1992). Both events 

together facilitate the induction of immunosuppression. Supporting evidence shows that mice 

with LC-depleted skin failed to develop UV-induced immunosuppression (Schwarz et al., 

2010).  

Moreover, UV-induced ROS generation triggers the oxidization of keratinocyte lipids, resulting 

in the release of platelet-activating-factors (PAF). PAF activates many different immune cells 

such as mast cells, neutrophils, macrophages, but also keratinocytes via the PAF receptor 

(PAFR) (reviewed in Damiani & Ullrich, 2016). PAFR deficient mice failed to generate 

immunosuppressive effects due to impaired mast cell migration, therefore indicating a highly 

significant role for PAF signaling in this mechanism (Chacon-Salinas et al., 2014). The 

responsible cell type for the induction of immune suppression are mast cells, which migrate 

along the CXCR4-CXCL12 axis to draining lymph nodes and suppress antibody formation in an 

IL-10 dependent manner (Byrne et al., 2008).  
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Figure 5 Mechanisms of UV-induced immune suppression. 
UV irradiation is absorbed by different chromophores in the skin. DNA damage and the release of DAMPS and IL-
33 from dying cells can lead to innate immune activation, resulting in the secretion of AMPs and inflammatory 
cytokines. This process is accompanied by the recruitment of other innate immune cells like monocytes and 
neutrophils. The dermal cytokine milieu of UV-irradiated skin is characterized by IL-4, IL-10 and TNF-α.  Moreover, 
vitamin D3, cis-UCA and PAF affect Langerhans cells and mast cell functions. In consequence, these cells acquire 
tolerogenic functions and migrate to skin-draining lymph nodes where they induce the differentiation of Treg 
and Breg. These regulatory lymphocytes then home tissues and suppress immune responses by secretion of IL-
10 (adapted from Bernard et al., 2019).  

 

1.4.3. Photocarcinogenesis 

UV light is one of the main risk factors for the development of melanomas and non-melanoma 

skin cancers in humans. In mice, only non-melanoma skin cancers emerge after UV exposure, 

the formation of melanomas requires additional mutations in genes like tumor suppressor 

genes for example (Day et al., 2017). DNA mutations and the suppressive immune 

environment collectively facilitate formation of UV-induced tumors and their pre-cancerous 

forms such as solar keratosis (Hart & Norval, 2018). The two most frequent non-melanoma 

cancer types are basal cell carcinomas and squamous cell carcinomas. Principally, they form 

in sun-exposed areas of the skin, since the main cause for these types is the long-term impact 

of UV irradiation. Basal cell carcinomas originate from basal keratinocytes of the epidermis, 

while squamous cell carcinomas derive from keratinocytes in the epidermal stratum 

spinosum. In contrast to non-melanoma cancers that are rather non-metastatic, melanomas 
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are more fatal and highly metastatic. Besides genetic factors, recurrent and intensive UV 

exposure in childhood and adolescence are the main risk factor for melanomas in humans 

(reviewed in Mengoni et al., 2021). The disease incidence for melanoma and non-melanoma 

skin cancers increased within the past years due to ageing populations, high disease rates in 

elder individuals and changed lifestyles (Krebs in Deutschland Für 2015/2016, 2019). Since 

2015, some non-melanoma skin cancer types are recognized as occupational diseases in 

Germany (Strom et al., 2015). This is one of the many reasons, why the identification of 

immunosuppressive mechanisms and the influence of innate signaling pathways in disease 

emergence are of high interest.  

 

1.5. Allergies 

The immune system requires a tight regulation and fine-tuning in order to initiate a specific 

immune response against dangerous substances or pathogens and to shut down immune 

responses once an infection is resolved. However, when the immune system is dysregulated, 

it might react to innocuous antigens and lead to disease. Autoimmune diseases can develop 

when the immune response is directed towards self-derived antigens, while in allergic 

reactions the immune system responds to environment-derived allergens that and can be 

found in certain food, drugs, pollen, insect venoms, chemicals, metals or UV-light induced self-

antigens (Murphy & Weaver, 2017). The prevalence of allergies has been steadily increasing 

over the past decades and seem to predominantly appear in industrialized countries, revealing 

a correlation between increased hygienic standards to allergy occurrence (Lambrecht & 

Hammad, 2017). 

Classically, Gell and Coombs categorized immune reactions towards allergens into four groups 

(Gell & Coombs, 1963). Type I hypersensitivity reactions are IgE-mediated and occur within a 

very short time frame after allergen exposure. The underlying reaction is that allergens bind 

to antigen-specific IgE antibodies on the mast cell and basophil cell surface. This recognition 

will result in cross-linking of the IgE receptor, followed by degranulation. The released granule 

compounds like histamine, prostaglandin and tryptase may cause inflammation and tissue 

swelling, in the worst case leading to anaphylaxis. Type II allergic reactions are mediated by 

IgG antibodies towards cell surface antigens and induce cell-mediated or complement 

mediated cytotoxicity. Type III reactions are characterized by complement activation by free 
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floating antigen/antibody immune complexes, inducing leukocyte activation. In contrast to 

the first three described hypersensitivity reactions, type IV reactions happen in a cell-

mediated manner. Here, APCs recognize foreign soluble or cell-associated antigens, 

internalize these and present the antigenic peptide to T-cells. CD8+ T-cells are activated and 

mediate cytotoxicity or Th1 cells can differentiate and might in turn activate tissue 

macrophages via cytokines to mediate cellular damage (reviewed in Descotes & Choquet-

Kastylevsky, 2001; Murphy & Weaver, 2017). 

 

1.5.1. Anaphylaxis 

The anaphylactic reaction is a sudden, allergic reaction that belongs to the group of type I 

hypersensitivity reactions. Its effects can range from mild cutaneous signs like erythema or 

urticaria to life threatening symptoms like hypotension, arrhythmias, cardiac or respiratory 

arrest (Simons, 2010). Patients with type I allergies tend to have elevated levels of antigen-

specific IgE antibodies due to prior sensitization with a certain allergen (Qiu et al., 2020). Mast 

cells and basophils express the receptor FcεRI that bind these IgE antibodies. One hallmark of 

a type I reaction is degranulation and thereby the release of vasoactive and pro inflammatory 

compounds by these two cell types upon binding of the allergen to IgE antibodies on the cell 

surface (Murphy & Weaver, 2017).   

Passive cutaneous anaphylaxis (PCA) is an animal model frequently used to mimic a local type 

I allergic reaction of the skin. In this model, antigen-specific IgE antibodies are administered 

to the skin, followed by antigen exposure to induce allergy. Often, an indicator dye is injected 

together with the antigen to monitor vascular leakage, which is one of the key processes in 

the course of local anaphylaxis. Thus, the severity of the reaction can be examined by the 

amount of dye that penetrates the tissue, as well as by the enhanced release of inflammatory 

mediators and swelling of the tissue (Evans et al., 2014). 

 

1.5.2. Allergic contact dermatitis 

Contact dermatitis is an allergic skin disease and belongs to the group of type IV delayed-

hypersensitivity reactions. This disease represents the largest group of occupational-related 

skin diseases, patients often work in sectors with frequent allergen exposure, such as the 
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healthcare or cosmetic sector, food industry or metal sector. Symptoms of contact dermatitis 

include a rash accompanied by itch, dryness and skin swelling, and in severe cases even blisters 

might develop (Sasseville, 2008). Allergic contact dermatitis (ACD) is a subtype of contact 

dermatitis and occurs when skin is exposed to an allergen during the sensitization phase of 

the disease. This sensitization can arise either after a single exposure or it can be established 

after repeated exposures, which is dependent on the type of allergen. After priming of 

allergen-specific T-cells in the sensitization phase, further allergen exposure initiates 

elicitation, which is characterized by the recruitment of allergen-specific T-cells to the site of 

exposure (Kaplan et al., 2012). In ACD, almost all of the contact allergens are haptens. Haptens 

are small molecules (<500 Da) that are not antigenic per se. However, when they pass through 

the skin these molecules covalently bind to self-proteins thereby making them antigenic and 

recognizable to innate immune cells (Eisen et al., 1952; Kaplan et al., 2012). In more detail, 

skin penetrating haptens form complexes with self-derived proteins and lead to the activation 

of keratinocytes, LCs, dermal DCs and mast cells. This activation occurs through DAMPs which 

are released by damaged skin cells, by pro inflammatory cytokines such as IL-1β, TNF-α and 

mast cell-derived histamine which lead to activation of skin immune cells (Martin et al., 2011). 

This inflammatory environment induces phagocytosis of hapten-self-protein complexes, 

activation and migration of dermal DCs and LCs to the skin draining lymph node. Especially 

mast cells have been shown to enhance DC migratory abilities. In the lymph node, DCs present 

antigens and prime CD4+ and CD8+ T-cells which will proliferate and differentiate into effector 

cells which will migrate to the inflamed skin tissue. Further exposure to the same hapten, also 

on unrelated sites of the skin, will elicit a rapid, antigen-specific allergic reaction since the T-

cells were primed before and memory T-cells have been generated. These memory T-cells 

moreover induce infiltration of monocytes/macrophages and neutrophils to the skin, which 

contributes to the hypersensitivity reaction in an antigen-unspecific manner (reviewed in 

Honda et al., 2013). 

Allergic contact dermatitis is commonly studied in a mouse model of contact hypersensitivity 

(CHS). Here, animals are sensitized on the shaved skin with a hapten like 1-Fluoro-2,4-

dinitrobenzene (DNFB) and challenged several days later with the same hapten on a different 

site of the skin, which usually are the ears. This challenge initiates the elicitation phase and 

the skin rapidly begins to show symptoms of inflammation. One hallmark of inflammation, the 

swelling response, is monitored during the elicitation phase by measurements of the ear 
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thickness, which directly correlates with the degree of inflammation. To study UV-induced 

immunosuppression, the CHS model is performed with additional UV exposure prior to 

sensitization. Here, the ear swelling response directly correlates with the degree of 

immunosuppression (Schwarz, 2005). Analysis of immune cell infiltrates in the skin gives 

further information about the underlying immune reaction.  
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1.6. Aim of the thesis 

Excessive exposure to UVB radiation is as a danger for human health. However, not only acute 

exposure leading to sunburns and erythema is dangerous, but also chronic exposure with low 

UVB doses might become harmful. Chronic UVB radiation leads to photoaging of the skin, 

which is characterized by wrinkle formation and decreased elasticity, but also leads to 

suppression of adaptive immunity. Moreover, repeated UVB exposure leads to accumulated 

DNA mutations and along with the immunosuppressive skin environment, the risk for 

development of tumors rises. As a central protein of innate immunity, MyD88 mediates 

signaling of infectious substances or self-derived DAMPs through several TLR and IL-1 receptor 

pathways and thereby induces inflammation. Previous experiments from our group could 

indeed demonstrate MyD88-dependent effects on the skin after UVB-irradiation concerning 

inflammation, mast cell accumulation, acanthosis and DNA damage (Opitz, 2016). Most of 

these UVB-induced effects were restored in mast cell-specific MyD88 knock-in animals in the 

model of chronic UVB irradiation, revealing a fundamental role for mast cell-specific MyD88 

signaling in UVB irradiation. Therefore, this thesis focused on the role of MyD88 signaling in 

mast cells to investigate the influence of MyD88 on mast cell functionality. Furthermore, the 

influence of IL-33 in chronic UVB irradiation was studied. Mast cells are not only key effector 

cells in allergies, but are also involved in the host defense during other diseases and have the 

capability to induce and guide adaptive immune responses into certain directions. Together 

with dermal DCs, mast cells can regulate the course of skin disease and alter adaptive effector 

responses. Especially in UV-induced diseases, dermal mast cells were shown to contribute to 

immunosuppression and tumor formation. In this project, we therefore wanted to further 

examine if MyD88 signaling in mast cells affects these processes. 

As a summary, we aim to understand the following:  

1. What is the role of MyD88 in in vitro generated mast cells? 

2. How does the alarmin IL-33 signaling affect mast cells during chronic UVB irradiation? 

3. Does MyD88 signaling have an impact on mast cell-DC interactions? 

4. How does MyD88 signaling in mast cells contribute to the generation of immune 

suppression and to UV-induced tumor formation? 
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2. Material 

2.1. Equipment 

Table 2 Equipment. 

Equipment Product/Company 

Automatic tissue processor  
Leica TP1020 (Leica Microsystems, Wetzlar, 

Germany) 

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

ABJ-NM (Kern & Sohn, Balingen, Germany) 

Caliper 
Oditest (Kroeplin Längenmesstechnik, 

Schlüchtern, Germany) 

Cell counting chamber 
Neubauer Improved (BRAND, Wertheim, 

Germany) 

Centrifuges 
5415R (Eppendorf, Hamburg, Germany)  

5810R (Eppendorf, Hamburg, Germany) 

Cryostat 
Leica CM3050S (Leica Microsystems, Wetzlar, 

Germany) 

Electrical shaver ChroMini® Pro (Moser, Unterkirnach, Germany) 

ELISA washer CAPP wash 12 (CAPP, Nordhausen, Germany) 

Flow Cytometer 

BD FACSSymphonyTM, BD LSR II, BD 

FACSCantoTM II (BD Biosciences, Heidelberg, 

Germany) 

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

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

(Eppendorf, Hamburg, Germany) 

Homogenizer 
Precellys®24 (Bertin Instruments, Montigny-le-

Bretonneux, France) 

Hydrophobic barrier pen ImmEdgeTM pen (Vector Lab, Burlingame, USA) 

Ice machine 
Scotsman Flockeneisbereiter AF200 (Hubbard 

Systems, Gt. Blakenham, UK) 

Incubator CB 150 (Binder, Tuttlingen, Germany) 

Incubator shaker 
New BrunswickTM Innova 44 (Eppendorf, 

Hamburg, Germany) 
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Isoflurane Vaporizer 
Combi-vet® system (Rothacher Medical, Berne, 

Switzerland) 

Laminar flow workbench 
BDK Laminar Flow (BDK, Sonnenbühl, 

Genkingen, Germany) 

Light microscope Eclipse TS100-F (Nikon, Tokyo, Japan) 

Magnetic stirrer 
IKA RCT basic (IKA-Werke GmbH & Co. KG, 

Staufen, Germany) 

Microliter pipettes (2 µl, 20 µl, 200 µl, 1000 µl) 
FinnpipetteTM F2 (Thermo Scientific, Waltham, 

USA) 

Microscope 
BZ-9000 (Keyence, Neu-Isenburg, Germany) 

LSM 780 (Carl Zeiss Microscopy, Jena, Germany) 

Microtome 

Leica RM2255 (Leica Microsystems, Wetzlar, 

Germany)  

Leica HI1210 (Leica Microsystems, Wetzlar, 

Germany) 

Microwave NN-E235M (Panasonic, Osaka, Japan) 

Multichannel pipette 
DV8-10, DV12-50, DV8-300 (HTL Lab Solutions, 

Warsaw, Poland) 

Pipette controller Accu-jet® pro (BRAND, Wertheim, Germany) 

Power supply PowerPac Basic (BioRad, Hercules, USA) 

Spectrophotometer 

NanoDropTM ND-1000 (Thermo Scientific, 

Waltham, USA) 

EL 800 (BioTek, Winooski, USA) 

Thermal cycler T100 (BioRad, Hercules, USA) 

Transilluminator 

Transilluminator UST-30M-8R (BioView, 

Rehovot, Israel) 

Dark Hood DH-40/50 (Biostep, Burkhardtsdorf, 

Germany) 

UVB lamp TL 20W/12RS (Philips, Amsterdam, Netherlands) 

UV-meter 
Variocontrol (Waldmann, Villingen-

Schwenningen, Germany) 

Vortex shaker 
Vortex Genie 2 (Scientific Industries, New York, 

USA) 
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2.2. Consumables 

Table 3 Consumables. 

Product Company 

Cell culture plates (6-,12-,24-,48-,96-well) Greiner, Frickenhausen, Germany 

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

Corning® Costar® Transwell® cell culture inserts 

(8 µm) 
Corning, New York, USA 

Cover slips Carl Roth, Karlsruhe, Germany 

Cryomold Sakura Finetek, Torrance, USA 

Cryotubes Sarstedt, Nümbrecht, Germany 

Disposal Bags Carl Roth, Karlsruhe, Germany 

Embedding cassette Carl Roth, Karlsruhe, Germany 

Flow cytometry tubes Sarstedt, Nümbrecht, Germany 

Glass beads Carl Roth, Karlsruhe, Germany 

Glass slide Thermo Fisher, Waltham, USA 

Gloves Sentina Ambidextrous Nitrile 

Half-area ELISA plates Greiner, Frickenhausen, Germany 

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

Multiply®µStrip Pro mix.colour Sarstedt, Nümbrecht, Germany 

Omnican ® 50 Syringes B. Braun, Melsungen, Germany 

Parafilm® Bemis, Neenah, USA 

Petri dishes Greiner, Frickenhausen, Germany 

Reagent reservoirs VWR, Darmstadt, Germany 

Screw cap microtube Sarstedt, Nümbrecht, Germany 

Serological pipette (5 ml, 10 ml, 25 ml)   Greiner, Frickenhausen, Germany 

Sterican® needles B. Braun, Melsungen, Germany 

Surgical Scalpel B. Braun, Melsungen, Germany 

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

Tubes (15 ml, 50 ml) Greiner, Frickenhausen, Germany 
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2.3. Chemical Reagents 

Table 4 Chemical Reagents. 

Reagent Company 

1,4-Diazabicyclo (2.2.2) octane (DABCO) Carl Roth, Karlsruhe, Germany 

100 bp DNA ladder New England Biolabs, Ipswich, USA 

10x TAE buffer Invitrogen, Carlsbad, USA 

1-Fluoro-2,4,-dinitrobenzene (DNFB) Sigma-Aldrich, St. Louis, USA 

2-Propanol Carl Roth, Karlsruhe, Germany 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 
Sigma-Aldrich, St. Louis, USA 

4’-6-Diamidino-2-phenylindole (DAPI) Sigma-Aldrich, St. Louis, USA 

Acetone VWR, Darmstadt, Germany 

Agarose PeqLab, Darmstadt, Germany 

Albumin Bovine Fraction V, pH 7 SERVA Electrophoresis, Heidelberg, Germany 

AnnexinV APC Biolegend, Fell, Germany 

Brilliant stain buffer BD Biosciences, Franklin Lakes, USA 

Calcium chloride (CaCl2) Merck, Darmstadt, Germany 

Compensation Beads Thermo Fisher Scientific 

cOmpleteTM Protease inhibitor tablets Roche, Basel, Switzerland 

Dinitrophenyl human serum albumin (DNP-HSA) BioCat, Heidelberg, Germany 

Dulbeccos phosphate buffered saline (DPBS) PAN-Biotech, Aidenbach, Germany 

Ethanol 70%, 99% Carl Roth, Karlsruhe, Germany 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich, St. Louis, USA 

Euparal Carl Roth, Karlsruhe, Germany 

Evans Blue Sigma-Aldrich, St. Louis, USA 

Fetal Bovine Serum PAN-Biotech, Aidenbach, Germany 

FITC-Avidin Biolegend, Fell, Germany 

Fixable Viability Dye eFlourTM 780 Thermo Fisher, Waltham, USA  

Formamide Carl Roth, Karlsruhe, Germany 

Glycerol Carl Roth, Karlsruhe, Germany 

Hank’s Balanced Salt Solution (HBSS,  

w and w/o Ca2+ and Mg2+) 
PAN-Biotech, Aidenbach, Germany 

Indo-1 Invitrogen, Carlsbad, USA 
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Ionomycin Sigma-Aldrich, St. Louis, USA 

Isoflurane Zoetis, Parsippany-Troy Hills, USA 

L-Glutamine Life Technologies, Carlsbad, USA 

Lipopolysaccharide (LPS) from Escherichia coli 

O111:B4 
Sigma-Aldrich, St. Louis, USA 

Mowiol® 4-88 Carl Roth, Karlsruhe, Germany 

Murine recombinant cytokines (IL,3, IL-33, SCF, 

CCL5, CCL17, CCL21) 
Peprotech, New York, USA 

Olive Oil Sigma-Aldrich, St. Louis, USA 

OneComp / UltraComp eBeadsTM Thermo Fisher, Waltham, USA 

Pam3CSK4 EMC Microcollections, Tübingen, Germany 

Pantevit® eye drops WDT, Garbsen, Germany 

Paraffin Leica Biosystems, Nußloch, Germany 

Paraformaldehyde (PFA) Merck, Darmstadt, Germany 

Penicillin-Streptomycin Life Technologies, Carlsbad, USA 

Phosphate buffered saline (PBS) Bio & Sell, Feucht, Germany 

Phosphate buffered saline (PBS) Merck, Darmstadt, Germany 

Precision Count beadsTM Biolegend, Fell, Germany 

Radioimmunoprecipitation Assay (RIPA) buffer Cell Signaling, Danvers, USA 

Roswell Park Memorial Institute (RPMI)1640 PAN-Biotech, Aidenbach, Germany 

Serum (goat, mouse, rat) Sigma-Aldrich, St. Louis, USA 

Skim milk powder Carl Roth, Karlsruhe, Germany 

Sodium chloride (NaCl) Carl Roth, Karlsruhe, Germany 

Sodium dodecyl sulfate (SDS) Carl Roth, Karlsruhe, Germany 

Sodium hydroxide (NaOH) Carl Roth, Karlsruhe, Germany 

Sucrose Sigma-Aldrich, St. Louis, USA 

Sulfuric acid (H2SO4) Carl Roth, Karlsruhe, Germany 

SYBR® safe DNA gel stain Invitrogen, Carlsbad, USA 

Tissue freezing medium Leica Biosystems, Nußloch, Germany 

Toluidine Blue O VWR, Darmstadt, Germany 

Tris-HCL Carl Roth, Karlsruhe, Germany 

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

Trypan Blue Sigma-Aldrich, St. Louis, USA 

Tween20 Carl Roth, Karlsruhe, Germany 

https://de.wikipedia.org/w/index.php?title=Roswell_Park_Memorial_Institute&action=edit&redlink=1
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Xylol Carl Roth, Karlsruhe, Germany 

Zymosan from Saccharomyces cerevisiae Sigma-Aldrich, St. Louis, USA 

β-mercaptoethanol Sigma-Aldrich, St. Louis, USA 

 

2.4. Buffers, Media and Solutions 

Table 5 Buffers, Media and Solutions. 

Name Dissolved in Ingredients 

AnnexinV binding buffer Aqua. Dest. 

10 mM HEPES (pH 7.4) 

140 mM NaCl 

2.5 mM CaCl2 

Blocking buffer (ELISA) PBS 1 % BSA 

Blocking buffer (histology 

sections) 
PBS 

2.5 % FCS 

2.5 % BSA 

1 % rat serum 

1 % goat serum 

Blocking buffer (histology whole 

mount) 
PBS 

0.5 % BSA 

0.3 % Triton-X-100 

Complete medium 
RPMI 1640 w/o Glutamine 

 

10 % FCS 

1000 U/ml Penicillin  

1000 µg/ml Streptomycin 

2 mM L-Glutamine 

50 µM β-Mercaptoethanol 

Digestion buffer HBSS (with Ca2+ and Mg2+) 
0.8 U/ml LiberaseTM 

200 U/ml DNase I 

EDTA (0.5 M) Aqua. Dest. 
0.5 M EDTA 

Set to pH 8 with NaOH 

Lysis buffer Aqua. Dest. 

100 mM Tris HCl (pH 8.5) 

5 mM EDTA (pH 8.0) 

0.2 % SDS 

200 mM NaCl 
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Mowiol mounting solution Aqua. Dest. (6 ml) 

2.4 g Mowiol 

6 g Glycerol 

12 ml Tris (0.2 M, pH 8.5) 

2.5 % DABCO 

PFA PBS 4 % PFA 

Staining buffer (histology whole 

mount) 
PBS 

0.25 % BSA 

0.15 % Triton-X-100 

Starving medium RPMI 1640 w/o Glutamine 

0.5 % FCS 

1000 U/ml Penicillin  

1000 µg/ml Streptomycin 

Stop solution (ELISA) Aqua. Dest. 2 N H2SO4 

TE-buffer Aqua. Dest.  
100 mM Tris HCl (pH 8.0) 

1 mM EDTA 

Washing buffer (ELISA) PBS 0.5 % Tween20 

 

2.5. Kits 

Table 6 Kits. 

Product Company 

DuoSet® ELISA Development Kit (IL-6, TNF-α, IL-10, TSLP) R&D systems, Minneapolis, USA 

IL-13 ELISA Ready-SET-Go!™ eBioscience, San Diego, USA 

MyTaq™ HS Red DNA Polymerase Bioline, London, UK 

 

2.6. Primers 

Table 7 Genotyping primers. 
All Primers were purchased from IDT (Coralville, USA). 

Gene Sequence Product size 

Mcpt5  

TGA GAA GGG CTA TGA GTC C 

GTC AGT GCG TTC AAA GGC CA 

ACA GTG GTA TTC CCG GGG AGT GT 

300 bp (WT 

600 bp (Cre) 

MyD88 WT allele 
ACA CTG TAG CTG CCT GCA GAC ACA C 

GGA CTC CTG GTT CTG CTG CTT ACC T 

305 bp (WT) 

500 bp (MyD88IND) 

MyD88 LSL allele 
CTG AAG AGG AGT TTA CGT CCA G 

CTA GCC TTG GCA TAT TAA TCT TG 
825 bp 
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2.7. Antibodies 

Table 8 Antibodies for flow cytometry. 

Antibody Clone Dilution Company 

B220 RA3-6B2 1:200 Biolegend, Fell, Germany 

CCR2 475301 1:200 R&D systems, Minneapolis, USA 

CD103 M290 1:200 Biolegend, Fell, Germany 

CD11b M1/70 1:200 Biolegend, Fell, Germany 

CD11c N418 1:100 Biolegend, Fell, Germany 

CD16/32 (TruStain FcX™) 93 1:100 Biolegend, Fell, Germany 

CD19 6D5 1:200 Biolegend, Fell, Germany 

CD24 M1/69 1:200 Biolegend, Fell, Germany 

CD25 PC61 1:200 Biolegend, Fell, Germany 

CD3 145-2C11 1:200 Biolegend, Fell, Germany 

CD4 RM4-5 1:250 Biolegend, Fell, Germany 

CD40 HM40-3 1:200 Biolegend, Fell, Germany 

CD44 IM7 1:200 Biolegend, Fell, Germany 

CD45 30-F11 1:400 Biolegend, Fell, Germany 

CD62L MEL-14 1:200 Biolegend, Fell, Germany 

CD64 X54-5/7.1 1:200 BD Biosciences, Franklin Lakes, USA 

CD80 16-10A1 1:200 Biolegend, Fell, Germany 

CD86 GL-1 1:200 Biolegend, Fell, Germany 

CD8a 53-6.7 1:250 Biolegend, Fell, Germany 

c-Kit 2B8 1:200 BD Biosciences, Franklin Lakes, USA 

FcεRIα MAR-1 1:200 Biolegend, Fell, Germany 

FoxP3 FJK-16s 1:100 BD Biosciences, Franklin Lakes, USA 

Ly6C HK1.4 1:200 Biolegend, Fell, Germany 

Ly6G 1A8 1:200 Biolegend, Fell, Germany 

MHCII M5/114.15.2 1:500 Biolegend, Fell, Germany 

Sca-1 D7 1:200 Biolegend, Fell, Germany 

ST2 U29-93 1:200 BD Biosciences, Franklin Lakes, USA 

TCRβ H57-597 1:200 BD Biosciences, Franklin Lakes, USA 

TCRγδ GL3 1:200 Biolegend, Fell, Germany 

β7 integrin FIB501 1:200 BD Biosciences, Franklin Lakes, USA 

 



M a t e r i a l 

 

31 
 

Table 9 Antibodies for histology. 

Antibody Clone Dilution Company 

Primary antibodies    

CD31 (rat) MEC13.3 1:200 ear skin 
BD Biosciences, Franklin 

Lakes, USA 

GFP (rabbit) polyclonal 
1:200 back and ear 

skin 

Life Technologies, 

Carlsbad, USA 

Ki-67 (rat) SolA15 1:50 back skin 
eBioscience, San Diego, 

USA 

MHCII APC M5/114.15.2 
1:200 back and ear 

skin 
Biolegend, Fell, Germany 

Secondary antibodies    

IgG Alexa Flour 488 

(goat anti-rabbit) 
polyclonal 

1:200 back skin 

1:400 ear skin 

Life Technologies, 

Carlsbad, USA 

IgG Alexa Flour 594 

(goat anti-rat) 
polyclonal 1:400 ear skin 

Life Technologies, 

Carlsbad, USA 

IgG Texas Red (goat 

anti-rat) 
polyclonal 1:100 back skin 

Life Technologies, 

Carlsbad, USA 

 

Table 10 Antibodies for animal experiments and cell culture assays. 

Antibody Clone Concentration Company 

Dinitrophenyl-IgE  

(DNP-IgE) 
SPE-7 2 µg/ml 

Sigma-Aldrich, St. Louis, 

USA 

FcεRIα MAR-1 1 µg/ml Biolegend, Fell, Germany 

IgG1 RTK2071 1 mg/ml Biolegend, Fell, Germany 

ST2 DIH4 1 mg/ml Biolegend, Fell, Germany 
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2.8. Enzymes 

Table 11 Enzymes. 

Enzyme Company 

DNase I Roche, Basel, Switzerland 

LiberaseTM Roche, Basel, Switzerland 

MyTaqTM HS DNA polymerase Bioline, London, UK 

Proteinase K Sigma-Aldrich, St. Louis, USA 

 

2.9. Software 

Table 12 Software. 

Software Company 

Argus X1 Biostep (Burkhardtsdorf, Germany) 

BD FACS Diva BD Biosciences (Heidelberg, Germany) 

BioRender BioRender (Toronto, Canada) 

BZ-II Analyzer & Viewer Keyence (Neu-Isenburg, Germany) 

Fiji Open-source software 

FlowJo 10.7.1 BD Biosciences (Franklin Lakes, USA) 

Gen 5 BioTek (Winooski, USA) 

GraphPad Prism 6.0 GraphPad Software (San Diego, USA) 

Mendeley Elsevier (Amsterdam, Netherlands) 

Microsoft Office 2016 Microsoft Corporation (Redmond, USA) 

NanoDrop 1000 V3.8.1 Thermo Fisher (Waltham, USA) 
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3. Methods 

3.1. Animal Experiments 

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

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

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

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

regional authorities of North Rhine-Westphalia (Germany).  

3.1.1. Mouse Genetics 

To analyze the global and cell-type specific role of the adaptor protein MyD88, genetically 

modified mouse lines were used. The MyD88 loxP-Stop-loxP (MyD88 LSL) mouse line was 

generated by insertion of a loxP-flanked stop cassette into intron 1 of the MyD88 locus, which 

leads to a premature stop in transcription and therefore to global MyD88-deficiency (Gais et 

al., 2012). Following Cre-mediated recombination, the floxed stop cassette is excised and 

functional MyD88 expression can be restored (Figure 6). Hence, utilization of Mcpt5 Cre 

recombinase expressing mice which express Cre in mast cells selectively, enables the analysis 

of mast cell specific MyD88 re-expression in otherwise MyD88 deficient mice (Scholten et al., 

2008).  

 

 

Figure 6 Genetic background of the mouse model. 
MyD88 LSL mice contain a floxed stop cassette in intron 1 that prevents transcription, homozygous MyD88 LSL 
mice therefore are MyD88 deficient. Presence of Cre recombinase leads to excision of the stop cassette and 
restoration of MyD88 expression. Here, Mcpt5 Cre mice were used to generate mast cell-specific expression of 
MyD88.  
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For an overview of the genetic modifications, the following section lists all the mouse lines 

that were employed. All animals were C57BL/6 mice with a JRcc background. 

WT  These mice were Wildtype mice without any further genetic 

modification.  

MyD88 proficient  These mice were heterozygous for the floxed stop cassette. Previous 

results from AG Weighardt showed that they behave similar to WT 

mice, therefore they were used as controls. 

MyD88 KO These mice were homozygous, both alleles contained the floxed stop 

cassette and these mice were therefore MyD88 deficient (Gais et al., 

2012). 

MyD88Mcpt5Ind These mice were MyD88 deficient while only Mcpt5 expressing mast 

cells had MyD88 (Scholten et al., 2008). 

R26eYFPMcpt5Ind These mice expressed the fluorescent protein eYFP specifically in 

Mcpt5 expressing mast cells and were therefore used as mast cell 

reporter mice (Srinivas et al., 2001). 

 

3.1.2. Genomic DNA isolation and gel electrophoresis 

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

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

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

next day, tubes were inverted and centrifuged at 16000 g 10 min 4 °C. The DNA containing 

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

500 µl isopropanol, followed by inversion of the tube and centrifugation at 16000 g 10 min. 

Then, the precipitated DNA pellet was washed with 500 µl 70 % Ethanol, centrifuged at 

16000 g 5 min and the pellet was air-dried. Then, the DNA was dissolved in 100 µl TE-buffer 

and stored at 4 °C until the PCR was performed. The master mix for each mouse line-specific 

genotyping PCR was pipetted and the PCR was run in a thermocycler (Table 13). Afterwards, 

the PCR products were applied together with a 100 bp DNA standard on a 1.5 % agarose gel 

with SYBRTM Safe (1:20000) to identify mouse genotypes. 
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Table 13 PCR reaction for genotyping. 

Reagent  Volume (per reaction) 

H2O 13.5 µl (12.8 µl for 3 Primers) 

4x MyTaq Buffer 4 µl 

Primer 1 0.7 µl 

Primer 2 

(Primer 3) 

0.7 µl 

(0.7 µ) 

MyTaq Polymerase 0.1 µl 

Genomic DNA 1.5 µl 

 

3.1.3. Passive cutaneous anaphylaxis 

Mast cell and basophil degranulation are one of the main hallmarks of a type I allergic reaction. 

The passive cutaneous anaphylaxis assay, which is a model for a type I allergic reaction, 

induces local anaphylaxis. The severity of the anaphylactic reaction correlates with the 

amount of degranulation by mast cells and basophils. To test whether MyD88 is involved in 

mast cell degranulation in vivo, the passive cutaneous anaphylaxis assay was performed with 

female 8-10 week old MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice. Under isoflurane 

anesthesia, either 10 µl PBS as control or 10 µl anti Dinitrophenyl-IgE (anti DNP-IgE) antibodies 

(2 µg/ml) were i.d. injected to the ventral side of the ear skin, which bind to FcεRI surface 

receptors via their Fc portion. After 24 h, mice were restrained and 100 µl DNP-human serum 

albumin (DNP-HSA; 1 mg/ml) with 0.1 % Evans Blue were i.v. injected to the tail vein and mice 

were then transferred back to the cage. DNP-HSA serves as an antigen, thus binds to DNP-

directed IgE antibodies on the cell surface and thereby crosslinks IgE receptors. This induces a 

downstream signaling cascade that finally leads to the release of preformed granule content 

such as histamines and prostaglandins, which increase vascular permeability. The dye Evans 

Blue has a high binding affinity to serum albumin. Due to the increased vascular permeability, 

the injected albumin-bound dye can extravasate into the ear tissue and therefore serves as a 

color indicator for degranulation. 1 h after i.v. injection, mice were sacrificed and ears were 

excised. The Evans Blue dye was extracted from the tissue by incubation of each ear in 700 µl 

formamide for 48 h at 60 °C. Then, the formamide solution was filtered through 100 µm filters 

to remove hair and the optical density (OD) was determined in duplicates in 96-well plates at 

630 nm.  
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3.1.4. Chronic UVB irradiation with ST2 blocking 

To analyze the significance of IL-33 signaling in the context of UVB irradiation, a chronic UVB 

irradiation protocol with additional blocking of the IL-33 pathway was conducted. Therefore, 

female 8-10 week old WT mice were shaved in the beginning of every experimental week with 

electrical shavers and irradiated five times a week beginning with low, non-inflammatory 

doses of UVB (Figure 7). The UVB dose was increased weekly by 10 mJ/cm2 for adaptation and 

reached a maximal dose of 100 mJ/cm2 in week five and six. In addition, from week four 

onwards 100 µl of antibodies against the IL-33 receptor ST2 or IgG1 control antibodies (both 

1 mg/ml) were administered i.p. to block IL-33 signaling. On d40, mice were sacrificed and 

organs were harvested for further analyses. 

 

 

Figure 7 Model for chronic low-dose UVB irradiation with ST2 blocking.  
Mice were shaved on the first day of the week and irradiated 5x a week with low, but weekly increasing doses of 
UVB-light to adapt mice and impede skin inflammation. In week 4, 5 and 6 mice were i.p injected twice a week 
with 100 µg in 100 µl of αST2 to block IL-33 signaling, control mice received IgG1 antibodies. On d40, the 
experiment was ended and organs were harvested.  

 

3.1.5. UVB-induced immune suppression 

In order to analyze the immunosuppressive effects of UVB irradiation on inflammatory skin 

diseases and to identify the role of MyD88 signaling in this process, mice were irradiated with 

UVB, followed by the model of contact hypersensitivity (Figure 8). Male 8-10 week old MyD88 

proficient, MyD88 KO and MyD88Mcpt5IND mice were shaved on their back under isoflurane 

anesthesia on d-9 and irradiated on four consecutive days with 100 mJ/cm2 UVB light, 

followed by sensitization of the back skin on d-5 with 25 µl 0.5 % DNFB (w/v) in acetone/olive 

oil (4:1). On d0, mice were anesthetized and the baseline ear thickness was measured with a 

caliper. Then, mice were challenged with 20 µl 0.3 % DNFB (w/v) in acetone/olive oil (4:1) on 

one ear and 20 µl of acetone/olive oil (vehicle) as a control on the other ear (10 µl on the 

dorsal side, 10 µl on the ventral side for each ear). On d1, d2 and d3 mice were anaesthetized 

https://www.linguee.de/englisch-deutsch/uebersetzung/anaesthetised.html
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and the ear swelling was measured with a caliper, on d3 the experiment was ended and organs 

were harvested for further analyses. 

 

 

Figure 8 Model for UVB-induced immune suppression.  
Mice were shaved on the back and irradiated for four consecutive days with 100 mJ/cm2 UVB. The following day, 
mice were sensitized on the back with 0.5 % DNFB and five days after sensitization the challenge took place. For 
this, the ear thickness was measured and 0.3 % DNFB or vehicle solution were applied on the ears. The ear 
thickness was determined daily for three days, then the experiment was ended and immune cell populations 
were analyzed. 

 

3.1.6. Photocarcinogenesis 

In order to examine the role of MyD88-signaling on UV-induced skin tumor formation, female 

6-10 week old MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were shaved on the back 

with an electrical shaver in the beginning of every experimental week and irradiated with UVB 

light three times a week, starting with a dose of 100 mJ/cm2. The UVB dose was increased 

weekly by 25 or 50 mJ/cm2 until reaching the final dose of 300 mJ/cm2 in week six (Figure 9). 

Mice were then further irradiated with 300 mJ/cm2 for a total of 32 weeks with this UVB dose. 

During the entire period of the experiment, tumor sizes and tumor numbers were 

documented weekly and in week 33 mice were sacrificed and organs were harvested for 

further analyses. 

 

 

Figure 9 Model for UVB-induced Photocarcinogenesis. 
Mice were shaved on the back on the first day of the week and were irradiated with the indicated doses thrice a 
week. The doses increased weekly from week one to six, reaching the maximal dose of 300 mJ/cm2. Mice were 
irradiated for 32 weeks in total before the experiment was ended in week 33 and organs were harvested.  
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3.1.7. Blood serum preparation 

Post mortem, blood was immediately collected in an empty tube by puncturing the inferior 

vena cava or the submandibular vein. The tube was centrifuged twice at 16000 g 15 min 4 °C 

to separate coagulated blood components from the serum. The serum was transferred to a 

fresh tube and then stored at -80 °C.  

 

3.2. Histology 

To visualize the architecture and the location of cells within the tissue, the back skin and the 

ear skin was histologically analyzed. Toluidine Blue staining was performed on paraffin 

embedded sections, while immunofluorescent staining was carried out on frozen sections.  

3.2.1. Paraffin sections 

To create paraffin sections, first, skin pieces were fixed in 4 % PFA solution and kept at 4 °C. 

Next, samples were transferred to embedding cassettes and were run in a tissue processor. 

The tissue processor dehydrated samples by incubation in ethanol and xylol (ethanol: 2x70 %, 

2x80 %, 90 %, 96 %, 2x100 %, xylol: 2x, 1 h of incubation for each), as well as paraffinized the 

skin samples. Then, samples were embedded in paraffin and 7 µm sections were produced 

with a rotary microtome. The sections were transferred to glass slides and were dried o. N. in 

a 37 °C oven and afterwards stored at RT until staining.  

3.2.2. Toluidine Blue staining 

Mast cell granules have metachromatic properties, which means that staining with a dye such 

as Toluidine Blue will shift the absorption maxima from blue to purple. With this histological 

method, mast cell granules can easily be identified in tissues. Therefore, paraffin embedded 

skin sections were heated in a 65 °C oven for 30 min to eliminate paraffin from the sections. 

Then sections were incubated in xylol 2x for 5 min each, followed by incubation in ethanol 

(99 %, 95 %, 90 %, 80 %,70 %) for 5 min each to re-hydrate sections. Slides were then hydrated 

in water for 5 min, followed by staining in 0.01 % Toluidine Blue solution for 10 min. 

Afterwards, the sections were washed in water 3x for 5 min and were air-dried. Lastly, sections 

were mounted with coverslips in one drop of Euparal per section and were dried O/N and kept 

at RT until microscopic analysis.  
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3.2.3. Frozen sections 

For the generation of frozen sections, back skin pieces were fixed in 4 % PFA at 4 °C for 4 h, 

followed by incubation in 5 % and 10 % sucrose in PBS for 2 h each and in 20 % sucrose 

solution O/N at 4 °C. These sucrose incubation steps allow de-hydration of the samples, as 

water crystals might destroy the structural integrity of the samples once frozen. Then, skin 

pieces were cut in smaller pieces, embedded in plastic molds using Tissue Tek®, directly frozen 

on dry ice and stored at -80 °C. Sectioning of the skin was performed with a cryostat, the skin 

was cut in 10 µm sections and transferred to glass slides which were air-dried for at least 

30 min. Afterwards, the slides were stored at -80 °C until further processing.  

3.2.4. Immunofluorescence staining  

For staining of skin tissue with fluorescent antibodies and dyes, frozen sections were thawed. 

A hydrophobic border around each section was created with the help of the ImmEdgeTM pen 

to prevent mixing of antibody solutions from different sections on the same slide. The sections 

were then re-hydrated in PBS for 5 min, followed by permeabilization in 0.1 % Triton-x-100 for 

10 min (if mast cell granule staining was included). Sections were then washed thrice for 5 min 

each in PBS before they were blocked in blocking buffer for 1 h at RT. Then, the buffer was 

tapped off and the primary antibody solution was pipetted to the sections and incubated O/N 

at 4 °C. The next day, the antibody solution was removed and slides were washed three times 

for 5 min each in PBS. The secondary antibody solution was applied to the sections and 

incubated for 2 h at RT, followed by three rounds of washing for 5 min each. If the staining 

included directly conjugated antibodies, these were co-incubated together with the secondary 

antibodies, if possible. Afterwards, slides were washed thrice with PBS for 5 min then 

counterstained with DAPI (1:1000) for 5 min, followed by two times washing in PBS for 5 min 

and one washing step in water for 5 min. Finally, glass slides were air-dried, mounted with 

Mowiol containing mounting solution with DABCO (10 % w/v). All incubation and washing 

steps were carried out at RT in the dark if not mentioned elsewise. The slides were dried O/N 

at RT, then kept at 4 °C until microscopic analysis. 

3.2.5. Whole ear mounts 

In addition to back skin sections, mast cell and DC interactions were analyzed in more depth 

by staining whole ears. Therefore, mice were sacrificed and hair was removed from ears using 

depilation cream. Ears were then excised and fixed with 2 % PFA O/N on a rocker at 4 °C. The 
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next day ears were rinsed five times with PBS and the dorsal and ventral halves of the ear 

were carefully separated. Then, ears were permeabilized and blocked with blocking buffer 

O/N on a rocker at 4 °C. On the following day, ears were stained with unconjugated primary 

antibodies in staining buffer on a rocker at 4 °C. After three days of incubation, ears were 

rinsed with PBS and washed three times for 5 min each, followed by incubation with the 

secondary antibody solution on a rocker at 4 °C for two days. The ears were again rinsed and 

washed in PBS three times for 5 min each, followed by a DAPI counterstain for 10 min. Lastly, 

the ears were rinsed and washed in PBS three times for 5 min each, followed by one washing 

step in water. The ears were air-dried and finally mounted between two coverslips in Mowiol 

containing mounting medium with DABCO (10 % w/v).   

3.2.6. Mast cell granule staining 

Fluorescently-labeled Avidin can be used to visualize mast cell granules in both microscopy 

and flow cytometry. Avidin is capable of binding to glycosaminoglycans that are present within 

mast cell granules, such as heparin, heparin sulfate or chondroitin sulfate. For 

immunofluorescent staining of skin sections, the following procedure was integrated in the 

protocols of 3.2.4 and 3.2.5. The slides were treated for 10 min with 0.1 % Triton-x-100, before 

the sections were blocked. The actual staining was performed when antibody staining was 

completed. Here, FITC-Avidin solution (5 µg/ml) was incubated for 30 min on the sections, 

followed by three rounds of washing with PBS for 5 min each. The staining then proceeded 

with DAPI staining and mounting as described in 3.2.4 and 3.2.5. 

3.2.7. Microscopy 

The microscopic analysis was performed with the Keyence BZ-9000 fluorescence microscope 

or the Zeiss LSM 780 confocal microscope. Images were further edited and analyzed with the 

BZ-II Analyzer or Fiji. 

 

3.3. Cell isolation  

3.3.1. Isolation of skin cells 

For the isolation of immune cells from the skin, ears were harvested and stored in PBS at 4 °C. 

The dorsal and ventral side of the ear were separated using forceps and cut into small pieces 

in a 12-well plate. Then, the minced tissue was digested in a shaking incubator (100 rpm) at 
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37 °C for 90 min in 500 µl of digestion buffer. After incubation, the tissue was further 

dissociated by pipetting the suspension with a blunted tip and filtering through 100 µm and 

subsequently through 70 µm cell strainers. Finally, the suspension was centrifuged at 

4000 rpm 10 min 4 °C, the cell pellet was resuspended in 1 ml PBS and then stained for flow 

cytometry analysis.  

3.3.2. Isolation of lymph node cells 

Surrounding connective and fat tissue was removed from auricular or brachial lymph nodes 

(aLN, bLN). Then, lymph nodes were mashed through 70 µm cell strainers with the plunger of 

a syringe, the strainer was washed with 15 ml PBS and the cell suspension was centrifuged at 

400 g 5 min 4 °C. The cell pellet was resuspended in PBS and cells were further stained for flow 

cytometry analysis.  

 

3.4. Flow cytometry 

Phenotypes and functional properties of cells can be characterized by flow cytometry. With 

the help fluorophore-conjugated antibodies and fluorescent dyes cell-specific markers can be 

stained. The flow cytometer acquires cells in a suspension and uses different lasers, dichroic 

mirrors and filters to analyze these fluorescent signals, making it possible to measure multiple 

parameters per cell.  

3.4.1. Cell surface staining 

For staining of surface antigens, cells were transferred to FACS tubes or V-bottom plates and 

washed in PBS at 400 g 5 min 4 °C. The antibody mix containing fluorescent labeled antibodies, 

Trustain FcXTM blocking reagent (5 µg/ml) and Viability dye (1:1000) was mixed, and 50 µl of 

this mix were added to the cells and incubated for 20 min at 4 °C in the dark. Then, 2 ml PBS 

were added and cells were washed at 400 g 5 min 4 °C. After washing, cells were either 

resuspended in 200 µl PBS and stored at 4 °C until measurement or further processed for 

staining of intracellular markers. Before cell acquisition, 10 µl counting beads were added for 

calculation of total cell counts. 

3.4.2. Intracellular transcription factor staining 

After staining of surface antigens, the FoxP3 Fixation/Permeabilization Kit was used according 

to the manufacturer’s instructions. Briefly, cells were fixed and permeabilized for 30 min at 
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RT, followed by washing twice at 400 g 5 min RT. Antibodies for the intracellular staining 

against FoxP3 were incubated o. N. at RT on a rocker, the next day cells were washed twice at 

400 g 5 min RT, resuspended in 200 µl PBS and stored at 4 °C until the measurement. Before 

cell acquisition, 10 µl counting beads were added for calculation of total cell counts. 

 

3.5. Cell culture and in vitro assays 

3.5.1. Bone marrow cell isolation 

The bone marrow harbors many different immune cell types and hematopoietic cell 

progenitors. Cultivation of bone marrow with cell type-specific growth factors induces the 

differentiation of hematopoietic progenitor cells, which then can give rise to various immune 

cell types, such as macrophages, dendritic cells or mast cells.  

For the isolation of bone marrow, femur and tibia were removed, cleaned from muscle tissue 

and opened at the epiphysis. The bone marrow was then flushed out with PBS using a syringe, 

collected in a falcon tube and pelleted by centrifugation at 300 g 5 min 4 °C.  

3.5.2. Generation of bone marrow-derived dendritic cells (BMDC) 

For the generation of BMDC, the bone marrow cell pellet was resuspended in complete 

medium, counted and adjusted to a concentration of 0.5 x 106 cells/ml. On d0, 5 x 106 cells 

were seeded in a 10 cm bacteriological dish in 10 ml of complete medium with 2 % GM-CSF 

containing supernatant (of GM-CSF transfected X63Ag8-653 cells) and incubated at 37 °C and 

5 % CO2. On d3, 10 ml complete medium with 2 % GM-CSF containing supernatant were added 

to each dish. On d6, non-adherent and loosely adherent BMDC were collected and pelleted at 

300 g 5 min RT. BMDC were counted, the concentration was adjusted according to the 

subsequent assay and BMDC differentiation was confirmed. Therefore, 0.5 x 106 cells were 

stained with antibodies against the surface receptors CD11c and MHCII and measured by flow 

cytometry.  

3.5.3. Generation of bone marrow-derived mast cells (BMMC) 

For the generation of BMMC, the bone marrow cell pellet was resuspended in complete 

medium, counted, and adjusted to a concentration of 2 x 106 cells/ml with 20 ng/ml IL-3. Bone 

marrow cells were then seeded in 6-well plates with 6 x 106 cells/well and incubated at 37 °C 

and 5 % CO2. On d4, 2 ml of complete medium with 20 ng/ml IL-3 were added per well. On d7, 
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suspension cells were harvested, centrifuged at 300 g 5 min RT and resuspended in fresh 

complete medium with 20 ng/ml IL-3 in a concentration of 1-2x106 cells/ml. Like for the first 

week, a complete medium change was performed once a week with addition of fresh medium 

containing IL-3 in between. The purity of the BMMC cultures was tested regularly by flow 

cytometry measurement. The cultures usually reached a purity of >90 % after six to eight 

weeks, which was measured by expression of the markers c-kit and FcεRIα. Pure BMMC 

cultures were then used for further experiments. 

3.5.4. Co-cultivation of BMDC and BMMC 

For the BMDC and BMMC co-cultures, the cells were mixed in a ratio of 2:1 and 0.2 x 106 cells 

in 200 µl complete medium were seeded per well of a flat bottom 96-well plate. Cells were 

then stimulated in triplicates for 24 h with LPS and CCL21 (100 ng/ml + 50 ng/ml), zymosan 

(1 µg/ml) or were left untreated. The next day, 96-well plates were centrifuged at 400 g 5 min 

RT and supernatants were stored at -20 °C for cytokine measurements. The pelleted cells were 

resuspended in PBS and kept at 4 °C for subsequent flow cytometry staining.  

3.5.5. Enrichment of peritoneal cell-derived mast cells (PCMC) 

A different source of mast cells for in vitro cultures is the peritoneum. Here, primary mature 

mast cells can be obtained by peritoneal lavage, the proliferative capacity of these cells 

however is rather limited compared with BMMC. For isolation, mice were sacrificed and the 

abdominal skin was removed, exposing the intact peritoneum. Mice were i.p. injected with 

6 ml PBS and 2 ml air and the peritoneal cavity was gently washed several times, before the 

peritoneal cell suspension was collected with a syringe. Cells were then centrifuged at 300 g 

5 min RT and resuspended in complete medium with IL-3 (10 ng/ml) and SCF (30 ng/ml) and 

incubated at 37 °C and 5 % CO2 in 3 ml in a well of a 6-well plate. On d2, suspension and loosely 

adherent cells were removed, washed at 300 g 5 min RT and resuspended in fresh medium 

with SCF (30 ng/ml) and IL-3 (10 ng/ml). On d5, the whole medium was changed by 

centrifugation of the cells at 300 g 5 min RT and replaced with fresh medium containing SCF 

(30 ng/ml) and IL-3 (10 ng/ml) and seeded in a concentration of 1-2x106 cells/ml in 3 ml in 6-

well plates. This procedure was continued with a medium change every 5-6 days and addition 

of fresh medium in between. After three weeks of cultivation, the purity of the cultures was 

tested via c-Kit and FcεRIα staining and cells were used for degranulation experiments.   
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3.5.6. Apoptosis assay 

To examine the role of MyD88 in BMMC survival, cells were seeded on d0 in a concentration 

of 1x106 cells/ml with 200 µl/well in 96-well plates and were treated with IL-33 (100 ng/ml), 

SCF (100 ng/ml) or left untreated. Apoptosis was monitored daily from d1 to d4 using 

AnnexinV and Propidium Iodide (PI) staining. With the help of these two markers, cell 

populations can be analyzed for early apoptosis (AnnexinV+ PI-), late apoptosis (AnnexinV+ PI+), 

necrosis (AnnexinV- PI+) and living cells (AnnexinV- PI-). For that, cells of every condition were 

harvested, centrifuged at 400 g 5 min 4 °C and subjected to surface staining against c-Kit and 

FcεRIα. Following the surface staining, cells were resuspended in 50 µl AnnexinV binding 

buffer and 2.5 µl AnnexinV APC was added. Cells were incubated for 15 min at RT in the dark, 

followed by addition of another 150 µl AnnexinV binding buffer and of 2.5 µl PI (of a 50 µg/ml 

stock) immediately before cells were measured by flow cytometry. 

3.5.7. Transwell migration assay 

To test mast cell migration towards a certain stimulus, transwell migration assays, also known 

as the Boyden Chamber assay, were performed. This assay system consists of a bottom well 

and a smaller insert with a porous membrane that is installed on top of the well. The lower 

compartment is filled with chemoattractant containing medium, while cells are resuspended 

in the upper insert in chemoattractant-free medium. Cells then migrate towards the lower 

compartment and the proportion of migrated cells can then be determined. In detail, BMMC 

were first incubated for 2 h in starving media at 37 °C, 5 % CO2. In the meantime, stimuli were 

prepared and 600 µl of medium with SCF, CCL17, CCL5 (all 100 ng/ml) or without stimulus 

were pipetted to the wells of a 24-well plate. Each chemoattractant was tested in duplicate. 

After 2 h, BMMC were centrifuged at 300 g 5 min RT, resuspended and were counted. Then, 

100 µl of the BMMC cell suspension (1 x 106 cells/ml) were introduced to the inserts with a 

pore size of 8 µm. The plate was incubated at 37 °C and 5 % CO2 and cells migrated for 5 h. 

Afterwards, the insert was carefully removed from the well and the whole medium from the 

lower compartment together with the trans-migrated cells was transferred to FACS tubes and 

centrifuged at 500 g for 5 min. Finally, cells were resuspended in 500 µl PBS and were 

measured by flow cytometry to determine cell counts.    
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3.5.8. Ca2+ mobilization assay 

Upon IgE-receptor crosslinking a downstream signaling cascade resulting in the degranulation 

of mast cells is induced. During this process, intracellular Ca2+ liberation from the endoplasmic 

reticulum and Ca2+ influx from the extracellular environment are key events. Therefore, Ca2+ 

mobilization within mast cells can be used to gain knowledge about mast cell degranulation.  

For this, 1x106 cells/ml PCMC were treated O/N with anti DNP-IgE (1 µg/ml) at 37 °C 5 % CO2. 

The next day, cells were washed twice with HBSS (w/o Ca2+ and Mg2+) at 300 g 5 min and 

resuspended in HBSS (w/o Ca2+ and Mg2+) at a concentration of 5 x 106 cells/ml and stained 

with indo-1 (4 µM) for 30 min at 37 °C. Indo-1 is a fluorescent dye that binds to Ca2+ ions, 

thereby shifting its emission spectrum and allows to differentiate between the presence and 

absence of Ca2+ within a cell. After incubation, cells were washed twice with HBSS (w/o Ca2+ 

and Mg2+) at 300 g 5 min, resuspended in HBSS (w/o Ca2+ and Mg2+) and incubated for further 

20 min at RT. Thereafter, cells were washed another time at 300 g 5 min, resuspended in HBSS 

(with Ca2+ and Mg2+) at a concentration of 1x106 cells/ml, distributed to tubes with 

0.5x106 cells/tube and incubated in a heating block at 37 °C just until flow cytometry 

measurement. For this, the cell suspension was transferred to FACS tubes and the baseline 

indo-1 signal intensity was acquired, followed by addition of DNP-HSA (1 µg/ml) and 

immediate continuation of measurement for further 3 min. 

3.5.9. Degranulation assay 

A different assay to monitor mast cell degranulation is by FITC-labeled Avidin staining of mast 

cell granules (3.2.6 for comparison). In this assay, PCMC were counted and 0.2x 106 cells/ml 

were stimulated per well of a 96-well plate with anti-FcεRIα (2.5 µg/ml) antibodies, IL-33 

(100 ng/ml), ionomycin (1 µg/ml) or left untreated for 1 h at 37 °C with 5 % CO2. After 

incubation, the mast cell surface markers c-Kit and FcεRIα were stained as described in chapter 

3.4.1. Then, cells were fixed for 15 min with 100 µl 2 % PFA, followed by centrifugation at 

300 g 5 min. Cells were then permeabilized using 100 µl of 1 % Triton-x-100 for 15 min. 

Subsequently, cells were washed with PBS at 300 g 5 min and stained with FITC-Avidin 

(5 µg/ml) in 2 % Triton-x-100 with milk powder (50 mg/ml) for 1 h, followed by washing of the 

cells at 300 g 5 min. All incubation and centrifugation steps were carried out at RT in the dark 

if not mentioned elsewise. Stained PCMC were then measured via flow cytometry and the 

decrease of FITC-Avidin signal intensity, indicating degranulation, was examined.  
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3.6. Protein quantification 

3.6.1. Protein isolation from back skin 

Back skin was snap frozen in liquid nitrogen after organ harvest and stored in cryotubes at -

80 °C until protein isolation. For isolation, the skin was thawed on ice and the subcutaneous 

fat was removed using forceps. Then, the skin was cut into small pieces and transferred to a 

screw cap tube filled with glass pearls and 500 µl of 1x RIPA buffer with 1x protease inhibitor. 

Next, the skin tissue was disrupted at 6500 rpm 3 x 30 s using the Percellys®24 tissue 

homogenizer and lysates were transferred to a fresh tube. The screw cap tube was washed 

with another 500 µl of 1x RIPA buffer with protease inhibitor and lysates were centrifuged at 

16000 g 15 min 4 °C to clear proteins from residual tissue. Finally, the protein concentration 

was determined using the NanoDropTM spectrophotometer.  

3.6.2. Enzyme-linked immunosorbent assay (ELISA) 

The ELISA measurement is a method to determine the concentration proteins or other 

molecules in liquid samples. Here, cytokines and chemokines from cell culture supernatants 

and back skin lysates were quantified. The here utilized ELISA method is an indirect sandwich 

ELISA. The measurements were performed according to the manufacturer’s instructions with 

the exception of using only half the amounts indicated in the instructions using half-area 96-

well plates. In brief, capture antibodies were incubated O/N at RT, followed by three rounds 

of washing with ELISA washing buffer the next day. Afterwards, free binding spots on the plate 

were blocked with 1 % BSA in PBS for 1 h at RT. Then, the blocking buffer was removed and 

the samples were pipetted to the wells. In order to calculate protein concentrations, a serial 

dilution of a protein standard was included, which was incubated together with the samples 

for 2 h at RT, followed by three rounds of washing. Thereafter, biotinylated detection 

antibodies were pipetted to the wells and incubation took place for 2 h at RT, followed by 

three rounds of washing. Then, horse radish peroxidase (HRP) -coupled streptavidin solution 

was added to the wells for 20 min RT that leads to binding of streptavidin to the biotinylated 

detection antibody, followed by three rounds of washing. Lastly, TMB Plus2 solution was 

added to the wells which serves as a substrate for HRP and is converted to a blue colored 

product. The conversion is terminated by addition of 2 N sulfuric acid, leading to color change 

from blue to yellow. Measurement of the optical density at 450 nm/630 nm then enables 

calculation of the protein concentration with the help of a standard curve. For protein lysates 
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from the skin, the cytokine concentration was further normalized to the whole protein 

concentration.  

 

3.7. Statistical analysis  

The statistical analysis was performed using GraphPad Prism. For the comparison of three or 

more independent groups within one experiment, the one-way ANOVA was used. The two-

way ANOVA was used to test mean differences in experiments where groups were split by two 

independent variables. For some experiments, only significant differences within one 

experimental group are depicted in the graphs for better clarity, this is however mentioned in 

the figure legends. All data are represented as mean +Standard Error of the Mean (SEM) if not 

mentioned elsewise. Significant differences are indicated as the following: * p< 0.05, **p < 

0.01, *** p< 0.001, ****p< 0.0001.  
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4. Results 

Mast cells are granulated tissue-resident innate immune cells that fulfil different functions in 

both, health and disease. Previous findings of our group could show that dermal mast cells are 

affected MyD88-dependently in the context of chronic UVB irradiation (Opitz, 2016). More 

precisely, UVB-induced mast cell accumulation was not observed in the absence of MyD88, as 

well as the epidermal thickening and the amount of damaged DNA that were altered. Mast 

cell specific re-induction of MyD88 was able to restore these observed effects, which reveals 

a special importance of MyD88 signaling in mast cells.  

Many TLRs and IL-1 receptors utilize the adaptor protein MyD88 for signal transduction, 

mediating the induction of inflammatory genes. In mast cells, TLR and IL-1 receptor signaling 

was shown to influence different mast cell functions such as activation and degranulation. To 

investigate, whether MyD88 signaling specifically has an effect on other mast cell functions, 

BMMC and PCMC of MyD88 proficient and MyD88 KO mice were generated and tested to 

explore different functional capacities upon stimulation. 

 

4.1. The role of MyD88 in in vitro generated mast cells 

4.1.1. MyD88 deficiency does not majorly affect BMMC differentiation from 

bone marrow cells 

For in vitro testing of mast cell functions, BMMC were generated from bone marrow cells. To 

exclude effects of MyD88 deficiency on mast cell progenitors (MCp) within the bone marrow 

compartment prior to BMMC differentiation, MCp frequencies were quantified based on a 

flow cytometry gating strategy described by Chen and colleagues (Chen et al., 2005). In this 

sense, bone marrow cells form WT, MyD88 KO and MyD88Mcpt5IND mice was isolated, stained 

and analyzed by flow cytometry (Figure 10).  

First, living, Lin- single cells were selected and further subdivided in Ly6C-, Sca1-, FcεRIα-, c-Kit+, 

CD27-, β7 integrin+ and ST2+ cells, which are MCps (Figure 10 A). In general, around 1 % of all 

viable Lin- bone marrow cells were identified as MCps (Figure 10 B). MyD88 proficient mice 

showed slightly higher MCp frequencies of 1.2 %, while the lack of MyD88 in MyD88 KO and 

MyD88Mcpt5IND mice led to slightly decreased numbers of 1 % MCps in the bone marrow. This 
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observation did not reach significance, but however clearly shows a minor MyD88-dependent 

difference in precursor frequencies.  

Similar results in full MyD88 KO mice and MyD88Mcpt5IND mice might be explained by the fact 

that both strains are deficient for MyD88 (except for mast cells in MyD88Mcpt5IND mice) and 

that MCp numbers and their development might be regulated by MCp extrinsic effects by 

other cells. Moreover, Mcpt5 expression was described to be present in MCps, mature mast 

cells however express higher levels of Mcpt5 (Dahlin et al., 2015). Therefore, Mcpt5-driven 

recombination in MCps of MyD88Mcpt5IND mice might occur in a much lower degree than in 

mature mast cells, possibly explaining similar results to cells from MyD88 KO mice.  

 

Figure 10 MCps in the bone marrow are slightly reduced in the absence of MyD88. 
Bone marrow was isolated from femur and tibia of MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice. A The 
gating strategy of stained bone marrow cells is shown. Mast cell precursors were identified as a living, single cell, 
Lin-, Ly6C-, Sca1-, FcεRIα-, c-Kit+, CD27-, β7 integrin+ and ST2+ cell population. B The percentage of mast cell 
precursors from all living, Lin- cells is depicted for all genotypes (mean ± SEM, n=5-7). 

 

Since MCps were present in bone marrow, the bone marrow cells of MyD88 proficient (see 

3.1.1 for comparison) and MyD88 KO mice were cultured in the presence of IL-3 to induce 

mast cell differentiation. Over the course of differentiation, the BMMC cultures were tested 

regularly for purity of the cultures and cell proliferation (Figure 11). A representative plot of 

>90 % pure BMMC cultures of MyD88 proficient and MyD88 KO cultures is shown in Figure 11 

A, BMMC were gated as single, c-Kit+ and FcεRIα+ cells. No remarkable difference in mast cell 

differentiation was observed between MyD88 proficient and MyD88 deficient cultures. In 
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addition, BMMC proliferation was measured by cell counting (Figure 11 B). The total cell 

counts decreased rapidly within 2 weeks of culture and remained stable until week 5. After 

that, BMMC proliferated massively, which also correlates to the time when cultures became 

pure. Also, the absence of MyD88 did not affect cell proliferation. 

 

Figure 11 Differentiation of BMMC is not altered in the absence of MyD88. 
Bone marrow was isolated from femur and tibia of MyD88 proficient and MyD88 KO mice and cultured for up to 
10 weeks in the presence of IL-3. A BMMC Differentiation was monitored regularly via flow cytometry, mast cells 
were gated as single, c-Kit+ and FcεRIα+ double positive cells. B The total cell number was determined weekly 
over the course of differentiation to assess differences in cell proliferation (mean +SEM, n=6).  

 

In summary, slightly less MCps among bone marrow cells were detected in the complete 

absence of MyD88 and in cells from MyD88Mcpt5IND mice. But this did not affect the 

differentiation or proliferation to BMMC, indicating that the BMMC generation between 

MyD88 proficient and MyD88 KO cells was very comparable, which was important for the 

further analysis of the role of MyD88 for mast cell functionality. 

 

4.1.2. BMMC migration is unaltered in the absence of MyD88 

Following chronic UVB irradiation, mast cells accumulated MyD88-dependently in the dermis. 

This effect could likely be attributed to increased migration of MCps to the dermis caused by 

inflammatory cues, or by increased emigration from the dermis to lymph nodes. In 

inflammation, cell migration of several immune cell types, such as neutrophils or Langerhans 

cells, has been shown to depend on MyD88 signaling (Castoldi et al., 2012; Didovic et al., 
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2016). For these reasons, we tested if MyD88 might facilitate the migration of mast cells as 

well.  

Therefore, BMMC were tested in a transwell migration assay. FCS starved cells were seeded 

to a semi-permeable insert with 8 µm pores on a cell culture plate and were let migrate for 

5 h towards chemoattractant containing medium, in these experiments SCF, CCL5 and CCL17, 

or medium only. Subsequently, transmigrated cells were counted by flow cytometry and the 

fold increase in migration for each condition over the respective medium control was 

calculated. BMMC showed the highest migratory capacities towards SCF, which was around 

6-fold higher than the medium control while migration towards CCL5 containing medium was 

around 3-fold increased (Figure 12). Interestingly, for both chemoattractants no difference 

between MyD88 proficient and MyD88 KO cells could be detected. For CCL17, MyD88 

proficient BMMC showed a very minor increase in migration.  

Taken together, only SCF and CCL5 were able to induce migration in MyD88 proficient and 

MyD88 KO BMMC, indicating that BMMC are migratory. In vitro, MyD88 does not appear to 

play a role in migration towards SCF and CCL5, but it might still have an effect in vivo or if an 

additional MyD88 dependent stimulus is introduced together with SCF or CCL5. 

 

Figure 12 BMMC transmigration does not depend on MyD88. 
BMMC were generated and tested in a transwell setup for migration towards SCF, CCL5, CCL17 or medium 
without chemokines as control. The number of transmigrated cells was determined by flow cytometry in the 
forward and sideward scatter and depicted as fold change over the respective medium control (mean +SEM, n=3 
medium and SCF, n=1 CCL5 and CCL17). 

 

4.1.3. BMMC release great amounts of IL-6 and IL-13 upon IL-33 treatment 

BMMC were stimulated for 24 h with the TLR ligands LPS or Pam3Cys, SCF, IL-33 or mast cell 

degranulation-inducing FcεRIα antibodies to discover the role of MyD88 in cytokine secretion 

by mast cells. After the incubation period, cells were sedimented, the supernatant was 
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collected and IL-6 and IL-13 levels were measured by ELISA (Figure 13). LPS and Pam3Cys 

stimulation both induced IL-6 release in MyD88 proficient BMMC only, while SCF did not lead 

to remarkable cytokine secretion (Figure 13 A). Stimulation with antibodies directed against 

the high affinity IgE receptor FcεRIα has been shown to activate mast cells, for this reason we 

tested whether this activation happens MyD88-dependently (Hübner et al., 2011). Here, 

FcεRIα stimulation led to IL-6 secretion independent of MyD88. Stimulation with IL-33 

however, significantly increased IL-6 secretion in a MyD88-dependent manner. Similar trends 

could be seen for IL-13 release. While Pam3Cys and IL-33 affected the IL-13 release MyD88-

dependently, FcεRIα stimulation induced IL-13 secretion independent of MyD88 (Figure 13 B). 

 

Figure 13 BMMC secrete considerable amounts of IL-6 and IL-13 upon IL-33 stimulation. 
BMMC were generated and stimulated for 24 h with LPS, Pam3Cys, SCF, IL-33, αFcεRI antibodies (Ab.)  or left 
unstimulated. After 24 h of treatment, supernatants were collected and A IL-6 and B IL-13 cytokine levels were 
determined by ELISA (mean +SEM, n=2-5 for IL-6, n=1-4 for IL-13, **** p<0.0001). 

 

4.1.4. IL-33 ameliorates mast cell survival MyD88-dependently  

Another hypothesis how MyD88-dependent accumulation of dermal mast cells in the model 

of chronic UVB irradiation might have occurred is that MyD88 deficient mast cells might have 

lower survival rates. To study mast cell apoptosis, BMMC were cultured in medium containing 

IL-33, SCF or medium only for 4 days and tested daily for apoptosis rates by AnnexinV/PI 

staining (Figure 14 A). Leaving BMMC unstimulated mainly led to an increase in early apoptosis 

(AnnexinV+, PI-), while late apoptosis (AnnexinV+, PI+) was minorly affected. Therefore, the 

whole fraction of all AnnexinV+ BMMCs was utilized for quantification. Without any 

stimulation, a daily increase in all AnnexinV+ cells could be measured which was MyD88-

independent (Figure 14 B). After 4 days of cultivation, the cultures constituted of around 60 % 
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apoptotic cells. Strikingly, cultivation in IL-33 containing-medium was able to significantly 

reduce apoptosis in MyD88 proficient cells; after 4 days of treatment only 10 % of the cells 

were apoptotic (Figure 14 C). MyD88 KO cells on the other hand were unable to respond to 

IL-33 within the cultures and showed apoptosis rates comparable to the unstimulated 

condition. Interestingly, SCF treatment decreased apoptosis compared to the unstimulated 

condition in both BMMC cultures independent of the genotype (Figure 14 D). Still, SCF was 

not as potent as IL-33 in the induction of survival, after 4 days of culture SCF treated cells 

constituted of around 30 % apoptotic cells. In summary, only IL-33 could efficiently induce 

survival in MyD88 proficient BMMC, while SCF acted MyD88-independently.  

 
Figure 14 BMMC survival takes place MyD88-dependently in IL-33 treated mast cell cultures. 
BMMC were differentiated by cultivation of bone marrow cells in the presence of IL-3. When cultures consisted 
of > 90 % BMMC, 0.2x106 cells were seeded per well in 96-well plates and stimulated with 100 ng/ml IL-33, 
100 ng/ml SCF or left unstimulated. A Over the time of 5 days, cells were analyzed daily and therefore stained 
with AnnexinV and PI to monitor apoptosis by flow cytometry. The frequency of AnnexinV+ cells of the BMMC 
population was quantified for B unstimulated cells, C IL-33 stimulated cells and D SCF stimulated cells (mean 
+SEM, n=3, **p<0.01, ***p<0.001). 

 

4.1.5. Mast cell degranulation  

A hallmark of mast cells is their ability to degranulate upon stimulation. In this process, pre-

formed granules containing cell-mediators are rapidly exocytosed and released into the 

cellular environment. Here, we studied the degranulation capacity of PCMC with two different 
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approaches and analyzed whether MyD88 signaling interferes in this process. In contrast to 

the other assays, PCMC were used instead of BMMC, since BMMC failed to degranulate 

although containing granules (data not shown). PCMC were isolated from the peritoneal cavity 

by lavage with PBS and further expanded by cultivation with IL-3 and SCF (see 3.5.5 for 

comparison). After 3 weeks of cultivation, PCMC were utilized for experiments. 

In the first approach, PCMC were treated with degranulation inducing stimulant FcεRIα or 

ionomycin as a positive control for 1 h. Mast cells were then stained with FITC-Avidin and 

analyzed by flow cytometry. FITC conjugated Avidin specifically stains negatively charged 

glycosaminoglycans of mast cell granules such as heparin, thereby enabling to study mast cell 

granule content (Kett et al., 2003; Tharp et al., 1985). The decrease of the FITC-Avidin signal 

intensity within the mast cell population was an indicator for granule release (Figure 15 A). 

The gMFI values were determined, normalized to the respective unstimulated control and 

depicted as the decrease in FITC-Avidin signal intensity (Figure 15 B). FcεRIα engagement 

alone led to a signal reduction in MyD88 proficient and MyD88 KO cells, but was more 

prominent in the presence of MyD88. Co-treatment with IL-33 did not affect FcεRIα-mediated 

degranulation. Ionomycin stimulation was used as a positive control and induced a much 

stronger decrease in signal intensity, which seemed to be MyD88-dependent as well. A general 

reduction of granule content in MyD88 KO mast cells compared to MyD88 proficient cells 

however might explain this observation. 

In a second approach to study degranulation, PCMC were pre-incubated with anti-DNP IgE 

antibodies and were stained with the Ca2+ indicator dye indo-1 and subjected to Ca2+ flux 

measurements by flow cytometry (Figure 15 C). Indo-1 is a ratiometric dye that shifts its 

emission maximum when bound to Ca2+ ions. The Ca2+ unbound form emits fluorescence at 

475 nm, while Ca2+ bound indo-1 shifts emission to 400 nm. The 400/475 ratio of the indo-1 

median fluorescence intensity is presented here. After 1 min of baseline measurement, DNP-

HSA was added to the cells and the acquisition was continued for further 3 min. Immediately 

after the addition, the indo-1 signal peaked, but then declined within the following 20 s and 

formed a stable signal intensity. Interestingly, during the peak WT PCMC showed a slightly 

higher signal than MyD88 KO cells, indicating that there might be slightly more Ca2+ release 

and degranulation, supporting the finding of the other degranulation assay in Figure 15 A and 
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B. However, this Ca2+ measurement approach in PCMC was rather unstable and was only 

observed in few experiments.   

 

 
Figure 15 MyD88 contributes to PCMC degranulation. 
PCMC were differentiated by cultivation in the presence of IL-3 and SCF. Cells were seeded in 96-well plates with 
0.2x106 cells/well and were left unstimulated or were treated with anti-FcεRIα alone or with anti-FcεRIα together 
with IL-33, or with ionomycin for 1 h. Then, cells were harvested and mast cell granules were stained with FITC-
Avidin. A Representative histograms of the FITC-Avidin signal in PCMC throughout the different conditions are 
depicted. B The FITC-Avidin gMFI values for the different conditions were normalized to the unstimulated control 
to show the relative decrease of the FITC-Avidin signal (mean +SEM, n=3, αFcεRIα+IL-33 n=1). C Ca2+ flux 
measurements were performed using PCMC and the Ca2+ indicator indo-1 (n=1).  
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4.2. MyD88 contributes to cutaneous anaphylactic reactions 

Mast cells are key effector cells in allergic reactions. Especially in type I hypersensitivity 

reactions, mast cell degranulation upon IgE receptor crosslinking is one of the hallmark events, 

leading to the release of mast cell granules. Since MyD88 was involved in survival and cytokine 

secretion of BMMC (Figure 13, Figure 14), as well as in degranulation of PCMC in vitro (Figure 

15) it was tested whether MyD88 might as well be engaged in the process of degranulation in 

vivo. To examine whether MyD88 signaling influences mast cell degranulation, MyD88 

proficient, MyD88 KO and MyD88Mcpt5IND mice were analyzed in the model of passive 

cutaneous anaphylaxis, which is a mouse model of a type I hypersensitivity reaction. 

Therefore, PBS or anti-DNP IgE antibodies were i.d. injected into the ear skin, followed by i.v 

injection of DNP-HSA with Evans Blue 24 h afterwards. Subsequently, ears were excised to 

measure the Evans Blue leakage into the ear tissue. PBS injected ears did not appear blue, 

while anti-DNP IgE treated ears exhibited blue spots indicative of vascular leakage (Figure 16 

A, B). As a second control, a group of MyD88 proficient mice did not receive any i.d injection 

and showed similar results as PBS injected mice, revealing that the injection per se did not 

lead to major trauma. Intriguingly, anti-DNP IgE injected MyD88 proficient mice showed a 

greater Evans Blue signal than MyD88 KO mice. Mice expressing MyD88 in mast cells 

specifically however had again a higher Evans Blue leakage than MyD88 deficient animals. This 

suggests that MyD88 signaling in mast cells is involved in mast cell degranulation.  
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Figure 16 MyD88-signaling contributes to the anaphylactic reaction. 
Mice were i.d. treated with anti-DNP IgE antibodies (20ng) or PBS and 24 h later i.v. injected with DNP-HSA 
(1 µg/ml) and 1 % Evans Blue in PBS. 1 h after the injection, mice were sacrificed and leakage of the blue dye into 
the ear tissue was determined. A Exemplary photos of a control PBS injected ear and an anti-DNP-IgE injected 
ear. B The leaked dye was extracted from ear tissue and measured in a spectrophotometer in duplicates at 
630 nm (mean +SEM, each dot represents one ear, *p<0.05, ****p<0.0001).  

 

These results highlight that mast cell-specific MyD88 signaling affects mast cell functionality 

in vivo. In vitro however, MyD88 only slightly affected PCMC degranulation. Strikingly, mast 

cell activation and survival were massively regulated by IL-33, which is known to act MyD88-

dependently. Therefore IL-33 is an interesting candidate to study, if it is able to modify mast 

cell functions in vivo.  
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4.3. Impacts of IL-33 signaling in chronic UVB irradiation 

IL-33 has been shown to be expressed after UVB irradiation by a human keratinocyte cell line, 

as well as in murine skin, where IL-33 secreting cells are closely associated with skin 

neutrophils and mast cells (Byrne et al., 2011; Suhng et al., 2018).  

In vitro data revealed that BMMC are strongly affected by IL-33 in a MyD88-dependent 

manner (Figure 13, Figure 14). To explore if the UVB-induced mast cell accumulation occurs 

due to IL-33 release, to which MyD88 KO mice cannot respond, WT mice were irradiated using 

a chronic UVB irradiation protocol and IL-33 signaling was blocked for the last three weeks of 

irradiation by i.p. injection of anti-ST2 antibodies (100 µg, Chen et al., 2018), that are directed 

against the IL-33 receptor ST2, twice a week. As a control, UVB irradiated WT mice were i.p. 

injected with the same amount of IgG1 antibodies. By the end of the experiment, the back 

skin was histologically examined and immune cell populations in the ear skin were analyzed. 

Furthermore, protein lysates of skin specimens were prepared for IL-33 measurements by 

ELISA (Figure 17). In line with the literature, enhanced IL-33 levels were detected in mice that 

were exposed to UVB irradiation. Blocking of IL-33 signaling could further increase IL-33 levels.  

 

Figure 17 IL-33 expression in the skin rises after chronic UVB irradiation.   
WT mice were irradiated with UVB for six weeks, during the last three weeks of irradiation IL-33 signaling was 
blocked by i.p. injection of anti-ST2 or IgG1 antibodies as a control. Protein lysates from the back skin were 
prepared and tested by ELISA for IL-33 expression. The detected protein concentration was normalized to the 
total amount of proteins per sample (mean +SEM, n=4). 

 

The back skin tissue was fixed, embedded in paraffin, sectioned and subjected to Toluidine 

Blue staining. Toluidine Blue stains metachromatic mast cell granules in a violet color while 

the background is stained in lighter violet/blue (Figure 18 A). Mast cell numbers in the dermis 

were counted and the number of mast cells in a certain dermal area was calculated (Figure 18 
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B). Unirradiated control mice had the lowest number of mast cells per mm2, both irradiated 

groups showed significantly increased mast cell counts in the dermis which were not altered 

by blocking of IL-33 signaling. UVB exposure is known to induce keratinocyte proliferation, 

which leads to epidermal thickening (acanthosis). To discover if IL-33 signaling influences the 

UVB-induced acanthosis, the epidermal thickness was measured using Fiji (Figure 18 C). 

Similar to the mast cell counts, UVB irradiation led to an increase in thickness of the epidermal 

skin layer.  

 
 

Figure 18 IL-33 signaling is involved in the formation of UVB-induced acanthosis of the epidermis, but not in 
accumulation of dermal mast cells. 
WT mice were irradiated with UVB for six weeks, during the last three weeks of irradiation IL-33 signaling was 
blocked by i.p. injection of αST2 or IgG1 antibodies as a control. A The back skin was sectioned and stained with 
toluidine blue to visualize mast cells. B Mast cells were counted and numbers were normalized to the dermal 
area. C The epidermal thickness was measured (mean +SEM, n=7, *p<0.05, **p<0.01, ***p<0.001).  

 

Interestingly, in contrast to the mast cell numbers ST2 blocking attenuated acanthosis (Figure 

18 C). IL-33 is described to be released by keratinocytes, but also influences keratinocyte 
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function in an autocrine manner and thereby contributes to keratinocyte function in skin 

inflammation (Byrne et al., 2011; Zeng et al., 2021). For this reason, it was further tested if ST2 

blocking in the context of UVB exposition directly affects keratinocyte proliferation in order to 

prove that absent IL-33 signaling reduces proliferation and therefore causes attenuated 

epidermal thickening (Figure 18 C). This was performed by staining of the nuclear marker Ki-

67, which is only detectable during interphase in cell division and is therefore used as an 

indicator of cell proliferation. Frozen sections of back skin samples were stained for Ki-67 

expression and cell nuclei were counterstained with DAPI (Figure 19 A). The number of Ki-67 

expressing cells in the epidermis was determined and is presented as the number per 

epidermal length (mm, Figure 19 B). Keratinocytes of both UVB irradiated conditions showed 

more cells expressing Ki-67 than unirradiated controls. Blocking of IL-33 signaling diminished 

Ki-67 expressing keratinocyte numbers in comparison to IgG1 injected controls, 

demonstrating that IL-33 signaling partially contributes to keratinocyte proliferation after UVB 

exposure and is the cause for reduced epidermal thickening (Figure 18 C).  

 

 

Figure 19 IL-33 receptor blocking suppresses UVB-induced proliferation of epidermal cells. 
WT mice were irradiated with UVB for six weeks, during the last three weeks of irradiation IL-33 signaling was 
blocked by i.p. injection of αST2 or IgG1 antibodies as a control. A The back skin was sectioned and stained against 
Ki-67 (red) to visualize proliferating cells and with DAPI to label cell nuclei. B Ki-67+ cells in the epidermis were 
quantified and presented as the cell number per mm epidermis (mean +SEM, n=4, *p<0.05, ***p<0.001). 
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To find out how IL-33 signaling influences immune cells in UVB irradiated skin, immune cell 

populations in the ear skin were isolated and stained for flow cytometry (Figure 20 A). The 

gating strategy applied is based on a strategy presented by Bouladoux and colleagues 

(Bouladoux et al., 2017). For this, first three single cell gatings (FSC-W vs- FSC-A, FSC-A vs. FSC-

H, SSC-A vs. SSC-H) were performed to remove all doublets and undesired cell aggregates from 

analysis. Single cells were then further gated on CD45+ and viable cells. Then, TCRγδ expressing 

cells were identified and assigned to the DETC gate (TCRγδ high) and the dermal γδ T-cell gate 

(TCRγδ intermediate). All residual TCRγδ- cells were plotted against CD11b and Ly6G to 

identify neutrophils, all non-neutrophil cells were next separated in CD11b+ and CD11b- 

populations. From the CD11b- population, mast cells were identified as c-Kit+ and FcεRIα+ cells, 

while CD11b+ cells were further selected by Ly6C and CD64 expression. From there, 

macrophages were gated as F4/80 and CD64 expressing cells, the residual cells were gated 

based on Ly6C and MHCII expression as Ly6C+ MHCII- monocytes, Ly6C+ MHCII+ moDCs and 

Ly6C- MHCII+ moDCs. The total amount of CD45+ immune cells in the skin remained unaltered 

throughout the different experimental groups (data not shown), which is why population 

frequencies are depicted here (Figure 20 B-I). The proportion of DETC and dermal γδ T-cell in 

the skin significantly decreased after UVB irradiation, likewise ST2 blocking further lowered 

the percentage of DETC while having no effect on dermal γδ T-cells (Figure 20 B, C). Mast cell 

frequencies remained largely unaltered in all experimental groups (Figure 20 D). Neutrophils 

however accumulated in UVB irradiated skin in an IL-33-mediated manner, since the 

accumulation was almost absent when ST2 was blocked (Figure 20 E). A similar trend as for 

the neutrophils was also observed for macrophages and Ly6C+ MHCII- monocytes (Figure 20 F, 

G). UVB irradiation induced the expansion of these populations, while additional ST2 blocking 

decreased their abundance. The Ly6C+ MHCII+ moDC population was significantly enlarged 

upon UVB irradiation independent of ST2 blocking, in contrast, the Ly6C- MHCII+ population 

remained unchanged (Figure 20 H, I). 

In summary, γδ T-cell populations, neutrophils, macrophages, monocytes and Ly6C+ MHCII+ 

moDCs experienced altered frequencies in the ear skin, while mast cells and Ly6C- MHCII+ 

remained stable. UVB exposure led to a decrease of γδ T-cell populations, whereas 

neutrophils, macrophages, monocytes and Ly6C+ MHCII+ moDC mainly expanded. Additional 

blocking of IL-33 signaling did not affect γδ T-cell populations after UVB exposure, but innate 

cells like neutrophils, macrophages and monocytes were reduced. In contrast to the in vitro 
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BMMC results, which showed great impact of IL-33 on mast cell activation and survival, here 

IL-33 blocking did not affect mast cell numbers in the back skin and ear skin as detected by 

histology and flow cytometry.  
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Figure 20 IL-33 signaling mainly influences DETC, neutrophils and macrophages in the skin.  
WT mice were irradiated with UVB for six weeks, during the last three weeks of irradiation IL-33 signaling was 
blocked by i.p. injection of αST2 or IgG1 antibodies as a control. A Gating strategy of immune cells in the skin and 
B-I their quantification is presented. Single cells were gated for viable, CD45+ immune cells. Among these, B DETC 
and C dermal T-cells were selected. Further on, among the residual cells E neutrophils were identified and D mast 
cells within the CD11b- portion of the non-neutrophil cells. CD11b+ cells were further selected for F macrophages, 
G monocytes, H Ly6C+ MHCII+ moDC and I Ly6C- MHCII+ moDC (mean +SEM, n=7, *p<0.05, **p<0.01, 
***p<0.001). 

 



R e s u l t s  

 

64 

 

In addition to the analysis of immune cells in the skin, Tregs in secondary lymphoid organs 

were studied. It is well known that UVB irradiation mediates immunosuppression by the 

expansion of Tregs. To study, whether IL-33 signaling supports UV-induced Treg generation, 

immune cells from the spleen and bLN were isolated, stained an analyzed by flow cytometry 

(Figure 21 A). First, single cells were gated and selected further for viable, CD45 expressing 

immune cells. Then, TCRβ+ conventional T-cells were identified and further gated for CD4+ and 

CD8+ T-cells. Within the CD4+ population, FoxP3+ Tregs were gated. The quantification 

showed, that around 12-13 % of all CD4+ T-cells were Tregs in both, the bLN and the spleen 

(Figure 21 B, C). UVB irradiation led to a significant expansion of Tregs independent of ST2 

blocking. This observation was more prominent in the bLN, but could also be observed in the 

spleen. 

 

Figure 21 UVB irradiation leads to an increase of Treg in secondary lymphoid organs independent of IL-33 
signaling. 
WT mice were irradiated with UVB for six weeks, during the last three weeks of irradiation IL-33 signaling was 
blocked by i.p. injection of αST2 or IgG1 antibodies as a control. A Gating strategy of T-cells in the bLN, after 
filtering single cells, viable CD45+ immune cells were gated. TCRβ+ were selected and further gated for CD4+ and 
CD8+ cells. Among the CD4+ cells, FoxP3 expressing Tregs were identified. Quantification for Tregs is shown in B 
for the bLN and in C for the spleen (mean +SEM, n=7, *p<0.05, **p<0.01). 

 

Taken together, IL-33 blockade in WT mice exposed to chronic UVB doses affected 

keratinocyte proliferation and thus epidermal thickening. Moreover, it dampened the 

recruitment of inflammatory cells, therefore IL-33 signaling in UVB exposed skin contributes 

to skin inflammation. Mast cell accumulation in the back skin appeared to happen IL-33-

independently, in the ear skin however no mast cell expansion was detectable. In contrast to 
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the effect on mast cell survival and activation in the in vitro experiments, IL-33 does not play 

a role in mast cell accumulation in vivo. Surprisingly, through chronic UVB exposition Treg 

differentiation was induced in secondary lymphoid organs which confirms that our model of 

chronic UVB irradiation might create an immunosuppressive environment.  
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4.4. DC-mast cell crosstalk in the skin  

4.4.1. DCs and mast cells are located close together in the skin 

Although mast cell-specific MyD88 signaling was able to induce mast cell accumulation in 

chronic UVB irradiation, it cannot be excluded that also another cell type might be involved in 

this process. Indeed. previous findings from our group showed that not only mast cell intrinsic 

MyD88 signaling but also DC specific MyD88 signaling contributes to dermal mast cell 

accumulation upon chronic UVB irradiation (Opitz, 2016). This suggests, that both, mast cell 

intrinsic and extrinsic MyD88 signaling from DCs, can influence mast cell numbers in the skin. 

It is described that mast cells and DCs closely interact and can shape each other’s functions 

(Sumpter et al., 2019). To visualize these mast cell-DC niches, back skin and ear skin samples 

of naïve R26eYFPMcpt5IND mast cell reporter mice were studied (Figure 22 A, B). Skin sections 

(for back skin) and whole mount samples (ear skin) were stained with anti-GFP antibodies to 

enhance the endogenous reporter signal and MHCII expressing cells were stained to label DCs. 

Furthermore, nuclei were marked with DAPI and blood vessels in the ear were labeled by 

staining of CD31 expressing endothelial cells. In back skin, eYFP expressing mast cells and DCs 

were found within the dermis, some of the DCs appeared to be in close proximity and to be 

interacting with to mast cells. In ear skin, mast cells were located in perivascular dermal 

regions and similar to the back skin, DCs were located near mast cells. This confirms that mast 

cell-DC niches are present in the murine skin and that their crosstalk might regulate each 

other’s functions. 
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Figure 22 DCs and mast cells communicate in back and ear skin. 
A Back skin and B ear skin specimens of R26eYFPMcpt5IND mice were withdrawn, fixed, sectioned and stained with 
fluorescently labeled antibodies and dyes. The endogenous eYFP signal in Mcpt5 expressing cells is depicted in 
green while MHCII positive cells are displayed in red. Cell nuclei were counterstained and are represented in 
blue, CD31+ endothelial cells are presented in grey (representative images are presented, n=2). 

 

Since mast cells and DCs could be found in close contact to each other, I wondered whether 

the absence of MyD88 might affect the mast cell-DC interaction. For this, whole mount 

samples of ears were prepared and stained like the samples shown in Figure 22, except that 

mast cells did not contain the endogenous fluorescent reporter, instead they were stained 

using FITC-Avidin. Z-stacks of the tissue were acquired and depicted as maximal Z-projections 

with orthogonal views in x- and y-direction (Figure 23 A-C). In all samples, mast cells can mainly 

be found in perivascular regions of the dermis. Some direct interactions between mast cells 

and DCs could be observed (marked with yellow arrows) in all genotypes, implying that the 
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absence of MyD88 did not influence the ability of DCs and mast cells to co-localize under 

homeostatic conditions.  

 

Figure 23 DCs and mast cells in the ear skin interact MyD88-independently. 
Ear skin of A MyD88 proficient, B MyD88 KO and C MyD88Mcpt5IND mice was fixed and stained as a whole ear with 
fluorescently labeled antibodies and dyes. Mast cells are depicted in green (FITC-Avidin), while MHCII expressing 
cells are represented in red. Grey signals indicate the presence of endothelial cells (CD31), cell nuclei can be 
detected in blue (DAPI). Z-projections were recorded with the LSM 780, with the yellow lines indicating the x- 
and y-position of the orthogonal views. The yellow arrows highlight the contact between FITC-Avidin and MHCII-
positive cells (representative images are presented, n=2).  

 

4.4.2. DC activation is mildly affected by mast cell internal MyD88 signaling 

Next, we studied the DC and mast cell interaction in more depth and tried to elucidate 

whether MyD88 signaling in one cell type might affect activation of the other cell type. To test 
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this, BMDC and BMMC were generated and co-cultured for 24 h with LPS + CCL21, zymosan 

or left untreated. The stimuli LPS + CCL21 were chosen based on a protocol presented in by 

Otsuka and colleagues to achieve a robust BMDC activation (Otsuka et al., 2011). Zymosan 

was included as a second stimulus since it acts only partially via TLR2/6 and can also signal via 

Dectin-1, which signals independent of MyD88. Then, the cells were subjected to antibody 

staining and measured by flow cytometry.  

For the detection of activation markers, viable singlets were gated and mast cells were 

selected based on c-Kit and FcεRIα expression (Figure 24 A). Within the mast cell population, 

the expression level of FcεRIα did not alter after stimulation and co-culturing, but a small 

proportion of BMMCs carrying MHCII molecules was detected. Similar to Dudeck and 

colleagues, mast cells were described to build immune synapses with DCs where molecules, 

such as MHCII, can be exchanged (Dudeck et al., 2017). Quantification of these MHCII 

expressing BMMC showed that MHCII was present on about 0.5-1 % of all BMMC whenever 

these were cultured in the presence of BMDC, this was however independent of the 

stimulation presence of MyD88-dependent signaling (Figure 24 B).   

 
Figure 24 Co-cultivation of BMDC with BMMC leads to the exchange of MHCII to the BMMC surface. 
BMDC and BMMC were co-cultured with LPS+CCL21, zymosan or left untreated for 24 h. Then, cells were 
subjected to antibody staining and analyzed by flow cytometry. A Within the mast cell population (viable, single 
cell, c-Kit+, FcεRIα+ cells) MHCII expression was analyzed. B The quantification of MHCII+ cells in the mast cell 
population is presented (mean +SEM, n=3-4).   

 

Next, BMDC activation markers were characterized. Therefore, again based on viable single 

cells, all non-mast cells were selected and further gated on CD11c and MHCII intermediate to 

high expression to identify BMDCs (Figure 25 A). Within this population, the activation markers 

CD86 and CD40 were analyzed, as well as MHCII and MAR-1+ cells (Figure 25 B). Increased 

expression of CD86, MHCII and CD40 are typical for activated DCs. It is proposed that FcεRIα 
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antibodies (clone MAR-1) cross-react with Fcγ receptors on inflammatory cDC2, therefore we 

evaluated whether activated BMDCs might as well be MAR-1+ upon activation (Bosteels et al., 

2020; Tang et al., 2019). Expectedly, both LPS+CCL21 and zymosan, led to an increase of CD86, 

MHCII, CD40 and even MAR-1 expression on BMDCs, rather independent of the presence of 

mast cells within the cultures compared to unstimulated cultures (Figure 25 C-F). While 

MyD88 KO BMDC exhibited decreased surface expression of CD40 and MAR-1 upon 

LPS+CCL21 stimulation (Figure 25 E, F), they interestingly showed elevated CD86 and MHCII 

expression upon zymosan treatment (Figure 25 C, D). MAR-1+ cells were strongly elevated 

upon both types of stimulation in MyD88 proficient BMDCs, but not in MyD88 KO cells (Figure 

25 F). The requirement of MyD88 signaling in BMDCs for activation was also observed for CD40 

expression, but only after LPS+CCL21 stimulation. CD86 and MHCII expression however were 

comparable between MyD88 proficient and MyD88 KO cells, or were even further enhanced 

in MyD88 KO cells upon zymosan stimulation. For all these activation markers, the presence 

of mast cells within the stimulated cultures did not induce any differences in BMDCs upon 

stimulation. Intriguingly, in the unstimulated conditions the addition of mast cells to BMDC 

cultures could slightly elevate the expression of the activation markers, especially in cultures 

with MyD88 proficient mast cells, which was discovered for CD86 and CD40 expression quite 

clearly. This suggests that MyD88 signaling in mast cells clearly augmented BMDC activation 

in unstimulated cultures, while the more robust effects of LPS+CCL21 and zymosan stimulation 

on BMDCs might conceal the small mast cell induced differences from the unstimulated 

conditions.  

In summary, these experiments show that mast cells and DCs are able to interact, thus 

influencing each other’s function. The presence MyD88 proficient mast cells enhanced DC 

activation in unstimulated cultures, while MyD88 deficient mast cells were less potent in 

inducing DC activation. These findings furthermore strengthen the hypothesis that the 

absence of MyD88 signaling in the mast cell-DC crosstalk shows effects on skin immunity in 

vivo, such as in UV irradiation where both, DC and mast cell specific MyD88 signaling affected 

mast cell accumulation. 
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Figure 25 Co-culturing of BMDC and BMMC slightly increases activation marker expression on BMDC in 
unstimulated cultures.  
BMDC and BMMC were co-cultured and stimulated with LPS+CCL21, zymosan or left untreated for 24 h. Then, 
cells were subjected to antibody staining and analyzed by flow cytometry. A DCs were identified (viable, single, 
CD11c+ MHCII int-high cells) and B activation marker expression within the DC population was studied. C The 
expression of the co-stimulatory receptor CD86 was assessed, D as well as MHCII. E Moreover, CD40 expression 
was studied and F the presence of MAR-1+ cells were examined (mean +SEM, n=3-4, *p<0.05, **p<0.01, 
***p<0.001, other significant differences between the different treatment conditions of the same groups are not 
depicted here for better clarity of the graphs). 
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4.5. Role of MyD88 in UVB-induced immunosuppression  

UVB-irradiation has been known for many years to induce immune suppression through 

different mechanisms (chapter 1.4.2). Especially, mast cells have been described to participate 

in these processes by the release of suppressive mast cell-derived factors, the cross-talk to 

DCs and by initiating adaptive responses in lymph nodes. We could observe that Treg 

frequencies rose in bLN and the spleen of chronic UVB irradiated mice, independent of IL-33 

signaling (Figure 21). Therefore, we wanted to gain deeper knowledge about whether MyD88 

signaling could contribute to immunosuppressive effects of UVB and if so, whether mast cell 

specific MyD88 signaling would be sufficient. 

4.5.1. UVB-induced immune suppression is established independent of MyD88 

To examine the role of MyD88 signaling pathways in dermal mast cells for the generation of 

UVB-induced immune suppression, MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice 

were shaved on the back and subjected to UVB irradiation on 4 consecutive days, controls 

were left unirradiated. Following irradiation, mice were sensitized with the hapten DNFB on 

the back skin and challenged with the same hapten on the ear skin 5 days after sensitization. 

As a readout of the immune response in the ear skin, the ear swelling was measured over the 

course of 3 days after the challenge. The experiment was terminated 3 days after challenge 

and the immune cell populations in the ear skin and the ear draining auricular lymph nodes 

(aLN) were analyzed.  

To measure the ear thickness, mice were anesthetized daily after the challenge and the ear 

swelling was determined as the percentage increase in swelling over the ear thickness prior 

challenge (Figure 26). While one ear was treated with DNFB, the other ear was treated with 

vehicle only, which served as an internal control. For all genotypes, the vehicle treated ears 

did not show any ear swelling, while DNFB treated ears exhibited a significant increase in ear 

swelling (Figure 26 A-C). The response was the highest on d1 and gradually decreased until d3 

in all genotypes. In mice, which were exposed to UVB irradiation prior to sensitization the ear 

thickness was 10-20 % lower than that of control mice, which was largely independent of 

MyD88. Of note, the ear swelling curve of MyD88 KO mice was clearly higher than that of 

MyD88 proficient and MyD88Mcpt5IND mice, but did not reach statistical significance. In 

previous experiments from our group, MyD88 proficient and MyD88 KO mice were 

characterized in a regular CHS reaction without prior UVB irradiation (Thomanek, 2020, 
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unpublished data). There, MyD88 KO mice displayed an increased ear thickening compared to 

MyD88 proficient mice, similarly to the findings here. In summary, MyD88 KO mice showed 

increased ear swelling after DNFB compared to the other genotypes, but all mice were able to 

achieve immune suppression since UVB irradiation was able to reduce the ear swelling 

response in the presence and in the absence of MyD88.  

 

Figure 26 UVB-treatment prior to the CHS reaction reduces the ear swelling response. 
A MyD88 proficient, B MyD88 KO and C MyD88Mcpt5IND mice were irradiated with UVB for 4 days or left untreated, 
followed by sensitization with DNFB on the back skin. 5 days later (on d0), mice were challenged with DNFB on 
one ear, while the other ear was treated with vehicle solution. The ear swelling response was monitored daily 
for 3 days (d0-d3) on the DNFB treated ears (solid lines) and vehicle treated ears (dashed lines) of UVB irradiated 
(circle symbol) and control (triangle symbol) mice, before they were sacrificed and immune cell infiltrates were 
analyzed (mean +SEM, n=4-6). 

 

Since all genotypes reacted to the UVB-induced immunosuppressive effects and MyD88 KO 

mice showed increased ear swelling, we sought to gain further insight on the immune 

response during this reaction by analyzing the immune cell infiltrated in the ear skin. For this, 

the ear skin was digested and immune cells were isolated and stained for flow cytometry 

analysis (Figure 27). Cells were first selected based on three single cell gates (as in the IL-33 

blocking experiments) and then further divided as CD45+ viable and Lin- cells. Among these 

immune cells, within the CD11b- fraction mast cells were identified. Neutrophils were gated 

as CD11b+ Ly6G+ cells, while the CD11b+ Ly6G- population was further selected for CD64+ Ly6C+ 

cells. Within these, the cell population was further analyzed for CCR2+ monocytes/moDCs, 

which were subsequently analyzed by the expression of Ly6C and MHCII. Returning to dot blot 

2, based from all non-neutrophil cells DCs were selected as CD11c+ and MHCII+ cells and 
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further gated as CD24+ CD11b+ LCs, CD24- CD11b+ cDC2, CD24+ CD11b- cDC1 and the so-called 

CD11b- CD24- double negative (DN) dermal DC population. Moreover, cDC1 were classified in 

CD103+ and CD103- cDC1 and cDC2 were more stringently gated as Ly6C- CD64- cells.   

 

Figure 27 Gating strategy of myeloid cell populations in the skin.  
MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were irradiated with UVB for 4 days or left untreated, 
followed by sensitization with DNFB on the back skin. 5 days later, mice were challenged with DNFB on one ear, 
while the other ear was treated with vehicle solution. After three days, mice were sacrificed and the ear skin was 
digested, cells were stained with antibodies for myeloid cell populations and analyzed by flow cytometry. Cells 
were first gated on their FSC/SSC profile, before three single cell gate strategies were applied. Viable, Lin- (CD3 
and B220), CD45+ immune cells (1) were gated and further separated in Ly6G+ and CD11b+ neutrophils (2), and 
CD11b- cells which were further gated as c-Kit+ and FcεRIα+ mast cells (3a). For the identification of monocytes, 
CD11b+, Ly6G- cells were selected and gated as Ly6C+ and CD64+ (3b), CCR2+ (4b) and then based on Ly6G and 
MHCII (5b) as monocytes and moDCs. Within all non-neutrophil cells DCs (3c) were separated and gated as cDC1, 
cDC2, LC and DN DC (4c). cDC1 were further analyzed for CD103 expression (5c) while cDC2 were more precisely 
gated as CD64- and Ly6C- cells. An exemplary gating strategy for a UVB-treated, DNFB applied ear of a MyD88 
proficient mouse is depicted here.  

 

DNFB treatment led to a massive expansion of immune cells in the ears, MyD88 deficient mice 

showed even higher immune cell numbers that MyD88 proficient and MyD88Mcpt5IND mice, 

corresponding to the increased ear swelling response (Figure 28 A). When analyzing the 
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myeloid cell populations in more detail, it became evident that mast cell numbers in the skin 

rather decreased by DNFB treatment compared to the vehicle treated skin, while all other 

myeloid populations largely expanded (Figure 28 B). The mast cell decrease was most 

prominent in MyD88 KO mice and MyD88 proficient mice, while MyD88Mcpt5IND mice displayed 

similar numbers, all mainly independent of UVB irradiation. Neutrophil populations however 

increased the most in DNFB treated MyD88 KO mice UVB-dependently, followed by MyD88 

proficient mice (Figure 28 C). This UVB-dependent increase in neutrophils however could not 

be observed in MyD88Mcpt5IND mice. Apart from neutrophils, another inflammatory cell 

population that infiltrates the skin are monocytes, which differentiate to moDCs at the site of 

inflammation (Tamoutounour et al., 2013). In all of these populations, UVB treatment alone 

at the vehicle treated ear elevated the number of Ly6C+ MHCII- monocytes, Ly6C+ MHCII+ 

moDCs and Ly6C- MHCII+ moDCs, which were indicating minor inflammation compared to the 

numbers in DNFB treated skin (Figure 28 D-F). The infiltration of monocytes appeared to occur 

MyD88-independetly. The DNFB treated ears displayed higher monocyte and moDC counts 

than the vehicle treated controls. Interestingly, UVB irradiation reduced the infiltration of 

monocytes to the DNFB treated ears in all genotypes, MyD88 KO mice which were not 

irradiated with UVB had the highest monocyte counts. For Ly6C+ MHCII+ moDCs, UVB 

irradiation did not show large effects on the abundance, but for Ly6C- MHCII+ moDCs UVB-

dependent trends were observed. Here, UVB irradiated MyD88 proficient and MyD88 KO mice 

displayed higher moDC numbers than unirradiated mice, mast cell specific MyD88 

reconstitution however abolished the UVB dependent effects. Next, LC populations were 

studied and while the vehicle treated ears did not display large differences between 

experimental groups, DNFB treated ears revealed that irradiated MyD88Mcpt5IND mice had 

significantly lower numbers of LC than irradiated MyD88 proficient or MyD88 KO mice (Figure 

28 G). Finally, CD103+ cDC1 were analyzed (Figure 28 H). UVB-exposition expanded this 

population in the vehicle treated ears, as well as in DNFB treated ears. This UVB-induced 

augmentation was not found in DNFB treated ears of MyD88Mcpt5IND mice. Similar observations 

as for cDC1 were made for cDC2 (data not shown). 

In summary, DNFB treatment induced a massive infiltration of inflammatory myeloid cells, 

which was further regulated by UVB irradiation. Only mast cell numbers remained comparable 

or rather decreased by DNFB treatment. MyD88 KO mice showed the highest cell numbers for 

most myeloid subsets, which also correlates with the increased ear swelling response, while 
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MyD88Mcpt5IND mice showed rather reduced counts. In contrast, for the mast cell population 

numbers were lowest in MyD88 KO mice. 

 

Figure 28 A larger number of infiltrated immune cells can be detected in DNFB treated ears of MyD88 KO mice. 
MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were irradiated with UVB for 4 days or left untreated, 
followed by sensitization with DNFB on the back skin. 5 days later, mice were challenged with DNFB on one ear, 
while the other ear was treated with vehicle solution. After three days, mice were sacrificed and the ear skin was 
digested, cells were stained with antibodies for myeloid cell populations and analyzed by flow cytometry. The 
gating strategy is depicted in Figure 27. A CD45+ immune cells, as well as B mast cell, C neutrophil, D monocyte 
and the two moDC populations (E Ly6C+ MHCII+, F Ly6C- MHCII+) are presented. For the DCs, G LC and H CD103+ 
cDC1 are shown here (mean +SEM, n=4-6, *p<0.05, **p<0.01, other significant differences between vehicle and 
DNFB treatment of the same groups are not depicted here for better clarity of the graphs). 

 

APCs in the skin initiate a T-cell response in the ear draining lymph nodes upon application of 

DNFB. T-cells then migrate towards the site of inflammation and mediate adaptive immunity. 

To study the adaptive immune response in the skin, immune cells were isolated from the ears 

and stained with antibodies to analyze them by flow cytometry (Figure 29). First, cells were 

selected by size and granularity, followed by single cell gating based on three single cell gates, 

which were then further selected for viable CD45 expressing cells. Next, CD19+ B-cells were 

identified and all non-B-cells were analyzed for TCRγδ and TCRβ expression. DETCs have a high 
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TCRγδ expression, while dermal γδ T-cells are rather intermediately expressing TCRγδ. All 

conventional T-cells could be identified as TCRβ+ cells, among these, CD4+ and CD8+ 

conventional T-cells were selected. Subsequently, CD4+ T-cells were analyzed for FoxP3 and 

CD25 expression to determine Treg populations and for CD69 to analyze activated CD4+ T-

cells. 

 

Figure 29 Gating strategy for skin T-cells.  
MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were irradiated with UVB for 4 days or left untreated, 
followed by sensitization with DNFB on the back skin. 5 days later, mice were challenged with DNFB on one ear, 
while the other ear was treated with vehicle solution. After three days, mice were sacrificed and the ear skin was 
digested, cells were stained with antibodies for T-cell populations and analyzed by flow cytometry. Cells were 
first gated on their FSC/SSC profile, before three single cell gate strategies were applied. Within the viable CD45+ 
population (1), B-cells were gated as CD19+ cells, all CD19- cells were gated for TCRβ expression and TCRγδ 
expression (3). TCRβ+ cells were then subdivided in CD4+ and CD8+ fractions (4), for the CD4+ fraction, the amount 
of FoxP3+ Tregs (5a) and CD69+ activated T-cells (5b) was analyzed. An exemplary gating strategy for a UVB-
treated, DNFB applied ear of a MyD88 proficient mouse is depicted here.  

 

DETCs are γδ T-cells of the epidermis are known to be activated upon allergen exposure by 

stress-induced signals (Jameson et al., 2004). In this experimental model, DETC numbers 

remained stable in vehicle and DNFB treated ears. Although UVB induced effects were 

observed which led to reduced DETC numbers in irradiated mice in both DNFB treatment and 

controls, MyD88-dependent effects could not be observed (Figure 30 A). Surprisingly, MyD88 

proficient mice already displayed a DETC reduction in unirradiated vehicle treated ears. In 

contrast to the DETC fraction, all other T- and B-cell populations expanded upon DNFB 

treatment.  
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DNFB treated MyD88 KO mice displayed highest numbers of dermal γδ T-cells, followed by 

MyD88 proficient and MyD88Mcpt5IND animals (Figure 30 B). For B-cells, UVB irradiation could 

slightly elevate cell numbers in vehicle treated ears while DNFB treatment induced expansion 

of the B-cell population (Figure 30 C). Especially, UVB treated MyD88 proficient and MyD88 

KO cells showed many B-cells in the skin. The exact phenotype of these B-cells was not 

characterized, but it might very likely be that these B-cells were Bregs since it was shown that 

UV exposure induces the generation of Bregs, thus improving CHS symptoms (Liu et al., 2018). 

Due to the heterogeneity of Bregs, the analysis largely relies on functional assays, in which the 

ability to secrete IL-10 is studied (Peng et al., 2018), which should be addressed in future 

experiments. The conventional T-cell population largely increased upon DNFB application and 

similar to γδ T-cells, MyD88 KO mice had a higher influx of conventional CD4+ and CD8+ T-cells 

than MyD88 proficient and MyD88Mcpt5IND mice (Figure 30 D). UVB irradiation was able to 

slightly reduce the infiltration of T-cells. Importantly, in vehicle treated ears, UVB irradiation 

induced Treg expansion MyD88 independently (Figure 30 E). In DNFB treated ears, the Treg 

expansion was eminent and also there UVB could positively affect Treg numbers. MyD88 KO 

mice however showed high Treg numbers independent of UVB irradiation. Very similar trends 

were observed for the presence of activated CD69+ CD4+ T-cells, this cell population increased 

after DNFB treatment which appeared to be affected by UVB irradiation in MyD88 KO mice, 

but not in MyD88 proficient and MyD88Mcpt5IND mice (Figure 30 F).  

In summary, UVB irradiation influenced the abundance of adaptive immune cells in the ear 

skin, especially DETCs, B-cells and Tregs were affected. MyD88 KO mice showed the highest 

number of conventional T-cells and dermal γδ T-cells, which correlated with the increased 

numbers of immune cells in general (Figure 28 A). It is of importance to mention that 

MyD88Mcpt5IND mice had generally lower numbers of immune cells in the skin, which might 

explain the decreased amount of adaptive immune cells compared to the other genotypes as 

well as reduced ear swelling in comparison to full MyD88 KO mice. 
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Figure 30 T-cell and B-cell populations in the skin reveal changes after DNFB treatment. 
MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were irradiated with UVB for 4 days or left untreated, 
followed by sensitization with DNFB on the back skin. 5 days later, mice were challenged with DNFB on one ear, 
while the other ear was treated with vehicle solution. After three days, mice were sacrificed and the ear skin was 
digested, cells were stained with antibodies for T-cell populations and analyzed by flow cytometry. The gating 
strategy is depicted in Figure 29, A DETC and B dermal γδ T-cells were analyzed, as well as C B-cell populations. 
Moreover, D conventional T-cell populations are presented, with this population E Tregs and F CD69+ CD4+ T-
cells are depicted (mean +SEM, n=4-6, significant differences between vehicle and DNFB treatment of the same 
groups are not depicted here for better clarity of the graphs). 

 

4.5.2. UVB exposition prior to CHS changes the immune cell composition in 

skin-draining lymph nodes  

In addition to the skin tissue specific immune response, the ear-draining aLN were studied to 

gain further insight on the adaptive immune response. Therefore, lymph node cells were 

isolated and stained for flow cytometry analysis (Figure 31). Similar to the gating strategy for 

the skin, cells were first selected by size and granularity, followed by single cell gating and 

further selection for viable CD45 expressing cells. Next, CD19+ B-cells were identified and all 

non-B-cells were analyzed for TCRγδ and TCRβ expression. All conventional T-cells could be 

identified as TCRβ+ cells, and among these, CD4+ and CD8+ conventional T-cells were selected. 

CD4+ cells were gated on CD25 and FoxP3 to identify Tregs, these Tregs were furthermore 

studied for CD44 and CD62L expression, selecting CD44+ effector memory (EM) Tregs, CD62L+ 

naïve Tregs and CD44+ CD62L+ central memory (CM) Tregs. Moreover, all CD4+ and CD8+ T-
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cells were separately studied for these naïve and memory cell subsets, and were also analyzed 

for activation by selecting for CD69 expression on CD4 or CD8 T-cells. 

 

Figure 31 Gating strategy of T-cells in the aLN. 
MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were irradiated with UVB for 4 days or left untreated, 
followed by sensitization with DNFB on the back skin. 5 days later, mice were challenged with DNFB on one ear, 
while the other ear was treated with vehicle solution. After three days, mice were sacrificed and the ear draining 
lymph nodes were digested, cells were stained with antibodies for T-cell populations and analyzed by flow 
cytometry. Cells were first gated on their FSC/SSC profile, before a single cell gating strategy was applied. Living, 
CD45+ immune cells were identified and B-cells were selected based on CD19 expression (1). All non-B-cells were 
next classified in TCRγδ expressing T-cells and TCRβ expressing conventional T-cells (2). CD4 and CD8 expression 
was then assessed within the conventional T-cell population (3). CD4+ T-cells were further studied in different 
gates, CD25+ and FoxP3+ Tregs were analyzed, as well as the distribution of these in CD44+ effector memory 
Tregs, CD62L+ naïve Tregs and double positive CD44+ CD62L+ central memory Tregs. The same gating for the 
analysis of memory and naïve T-cell populations was furthermore applied to all CD4+ T-cells and all CD8+ T-cells. 
Activated CD69 expressing CD4+ T-cells and CD8+ T-cells were evaluated in addition. An exemplary gating strategy 
for a UVB-treated MyD88 proficient mouse with a lymph node on the side of the DNFB applied ear depicted here. 

 

As expected, draining lymph nodes of DNFB treated ears contained more CD45+ immune cells 

than the ones from vehicle treated ears (Figure 32 A). So not only in the skin, but also in the 

aLN MyD88 deficiency induced higher cellularity. However, UVB irradiated MyD88 proficient 

mice did not show that much of an increase regarding immune cell counts, likely because of 

the lower number of biological replicates (n=2 for MyD88 proficient UVB irradiated DNFB 

treated mice). To level out this effect, the frequencies of all viable CD45+ immune cells of the 

respective subset are presented. In general, immune cell populations in the aLN did not show 

large differences. DNFB treatment induced higher frequencies of B-cells, which was affected 

by UVB irradiation, resulting in decreased frequencies when mice were irradiated (Figure 32 

B). Conventional T-cells on the other side, expanded number-wise (data not shown), but 

remained stable between genotypes when evaluating percentages (Figure 32 C). Among 
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these, UVB irradiation could decrease frequencies of activated CD4+ T-cells in MyD88 

proficient mice independent of DNFB treatment, while MyD88 KO and MyD88Mcpt5IND mice 

displayed rather similar frequencies (Figure 32 D). Consistent with these results, UVB 

irradiation was able to elevate frequencies of naïve CD4+ T-cells in draining lymph nodes of 

DNFB treated ears (Figure 32 E). EM and CM T-cell frequencies in draining lymph nodes of 

DNFB treated ears appeared to occur MyD88-independently. Interestingly, DNFB increased 

the frequencies of CM T-cells, while EM T-cell frequencies were similar between vehicle and 

DNFB treated sides (Figure 32 F, G). DNFB experienced unirradiated lymph nodes of MyD88 

proficient mice even showed elevated frequencies of CM T-cells. Frequencies of Tregs in the 

lymph node expanded in all UVB animals compared to unexposed mice, furthermore 

highlighting the ability of UVB light to induce immune suppression (Figure 32 H). Moreover, 

the frequencies of the memory, activated and naïve T-cell populations for CD8+ T-cells and 

Tregs (data not shown) behaved similarly to these of CD4+ T-cells (Figure 32 D-G). 
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Figure 32 UVB-induced immune suppression regulates B-and T-cell frequencies in the aLN.  
MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were irradiated with UVB for 4 days or left untreated, 
followed by sensitization with DNFB on the back skin. 5 days later, mice were challenged with DNFB on one ear, 
while the other ear was treated with vehicle solution. After three days, mice were sacrificed and the ear draining 
lymph nodes were digested, cells were stained with antibodies for T-cell populations and analyzed by flow 
cytometry with the gating strategy depicted in Figure 31. All immune cells, B-cells and conventional T-cells were 
evaluated, as well as certain populations of CD4+ T-cells. Among these, activated CD69+ T-cells, naïve T-cells, EM 
T-cells, CM T-cells and Tregs were studied (mean +SEM, n=2-6, significant differences between vehicle and DNFB 
treatment of the same groups are not depicted here for better clarity of the graphs). 

 

In summary, UVB treatment prior to CHS could lead to the reduction of the ear swelling 

response. This effect was observed in all of the mice, independent of MyD88. But, MyD88 

deficient mice interestingly showed a generally increased immune response, which was also 

reflected by the enhanced infiltration of immune cells in the skin, while MyD88Mcpt5IND mice 

mainly resembled to MyD88 proficient animals. This shows, that mast cell specific MyD88 

signaling might dampen the immune response in CHS, although the effects of MyD88 signaling 

to UV-induced immune suppression were quite small. The experimental model of UV-induced 

immune suppression was functional and was able to diminish inflammation in the ear skin 
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likely due to increased Treg and B-cell expansion. Although there was evidence for slightly 

higher numbers of neutrophils, cDC1 and Ly6C- MHCII+ mo-DCs, UV exposure was also able to 

reduce numbers of and monocytes and Ly6C- MHCII+ mo-DCs and induce Treg and B-cell 

expansion. These results show that UV irradiation can modulate skin immune cell populations 

thereby mediating immune suppression in the context of CHS. 
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4.6. Role of MyD88 in Photocarcinogenesis 

One of the main risk factors that accompanies UV irradiation is the development of skin 

tumors. The reasons for this are increased formation of DNA damage, inflammation and 

suppression of the immune system which together facilitate the development of non-

melanoma skin cancers upon UV irradiation (Prasad & Katiyar, 2017). Since MyD88 was 

previously shown to regulate expression of DNA repair enzymes and therefore influence DNA 

damage (Opitz, 2016), we wanted to further analyze how mast cell-specific MyD88 signaling 

might influence the formation of skin tumors. Moreover, the observation that MyD88 

deficient mice showed enhanced inflammation in the experimental model of UV-induced 

immune suppression, might also influence the tumor outcome.  

4.6.1. MyD88 KO mice develop more tumors after long-term UVB exposition 

MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were exposed to UVB three times a 

week for a total duration of 33 weeks. After each irradiation, tumor numbers and sizes were 

recorded. Generally C57BL/6 mice do not develop as many UV-induced tumors (Kitajima et 

al., 1995). But beginning after 16 weeks of irradiation, the first tumors were detected on the 

skin of MyD88 KO mice, while MyD88 proficient and MyD88Mcpt5IND mice began to develop 

tumors after 20 and 21 weeks (Figure 33 A). Over the experimental course MyD88 KO mice 

developed the highest number of tumors, while MyD88 proficient mice showed very low 

numbers. Until week 25 MyD88Mcpt5IND mice behaved very similar to MyD88 proficient animals, 

but from week 26 onwards the tumor numbers increased a lot more than in the MyD88 

proficient animals, so that by the end of the experiment the frequency of tumors was rather 

intermediate. The analysis of the tumor size revealed that at the end point of the experiment, 

the mean tumor sizes did not differ between genotypes, the interindividual variations 

however were considerable (Figure 33 B). A general observation about this experiment was 

that UVB exposed MyD88 KO mice had increased experimental scores due to skin 

inflammation. For this reason, 40 % of MyD88 KO mice (2 out of 5) had to be taken out of the 

experiment before the end of the experiment, while only 28.5 % of MyD88 proficient mice (2 

out of 7) had to be taken out before week 33 (data not shown). The higher scores of MyD88 

KO mice reflects the observations from the UV-induced immune suppression experiments; 

MyD88 KO mice showed increased skin inflammation there as well (Figure 26). But 

interestingly, none of the MyD88Mcpt5IND mice needed to be removed from the 

photocarcinogenesis experiment before week 33. 
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Figure 33 Global MyD88 deficiency leads to a higher number of skin tumors, but does not affect tumor size. 
MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were irradiated thrice a week with UVB over the course of 
33 weeks. A The tumor numbers and were documented after each irradiation and are represented over the 
whole duration of the experiment, significant differences refer to the MyD88 proficient group. B Tumor sizes 
were registered and are shown for the end of the experiment in week 33 (mean+ SEM, n=5-7, *p<0.05, **p<0.01).  

 

Next, long-term irradiated tumor unaffected skin regions and control skin were histologically 

analyzed by Toluidine Blue staining (Figure 34 A). UVB irradiation led to an increase of the 

epidermal thickness (Figure 34 B). The epidermis of MyD88 KO mice however only showed 

minor thickening, which was again higher in in MyD88Mcpt5IND mice. This MyD88-dependent 

thickening upon long-term irradiation coincides with the results of mice, which were exposed 

to chronic UVB doses for 6 weeks (Opitz, 2016). The dermal thickness as well as the numbers 

of dermal mast cells were not altered after UVB irradiation and the absence of MyD88 did not 

change mast cell numbers compared to proficient animals (Figure 34 B, C). But in this 

experiment, mast cell numbers were remarkably higher than in the skin of younger mice 

(Figure 18 B).  
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Figure 34 Long-term UVB treatment induces acanthosis, but does not affect mast cell numbers. 
MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were irradiated thrice a week with UVB over the course of 
33 weeks. Skin sections of control and UVB irradiated mice were prepared and stained with Toluidine Blue to 
visualize mast cells. A Depicts exemplary images of control and UVB treated skin sections. B The epidermal and 
C the dermal thickness were quantified, as well as D the number of mast cells/mm2 dermal area (mean +SEM, 
n=3-7, *p<0.05). 

 

To shed light on the cytokine expression after long-term UVB exposure, skin protein lysates 

were generated and measured by ELISA. TSLP was reported to be highly associated to allergic 

skin diseases like atopic dermatitis, but was also shown to be upregulated in UVB irradiated 

keratinocytes (Jang et al., 2013; Ziegler, 2012). Here, TSLP was slightly enhanced in MyD88 

proficient skin after UVB irradiation, while MyD88 deficient and mast cell-specific MyD88 

reconstituted skin displayed a strong induction in TSLP expression. Similarly, TNF-α expression 

was increased in UVB exposed skin of MyD88 KO mice the most, but was not further induced 

in mice of other genotypes. Lastly, IL-10 was analyzed since this cytokine was reported to 

contribute to the UV-induced immunosuppressive environment in the skin (Loser et al., 2007). 

In our model however, UVB induced only a minimal increase in IL-10 secretion, but also here 

control MyD88 KO mice and UVB irradiated MyD88 KO mice showed the largest IL-10 

expression.  
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Figure 35 MyD88 signaling influences TSLP and TNF-α protein levels in the skin. 
MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were irradiated thrice a week with UVB over the course of 
33 weeks. Skin lysates of control and UVB irradiated mice were prepared and analyzed by ELISA measurements 
for A TSLP, B TNF-α, and C IL-10 protein levels (mean +SEM, n=3-7 * p<0.05). 

 

4.6.2. Long-term UVB irradiation influences adaptive immune cells in skin and 

lymph nodes 

To analyze the exact effects of long-term UVB irradiation on adaptive immune cells in the skin, 

ears of MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were digested, immune cells 

were isolated and stained for flow cytometry analysis. The gating strategy for the different 

immune cell subsets is the same as in Figure 29. It should be stated that the bars of the UVB 

irradiated MyD88 KO group constitute of two individual mice only, therefore the results for 

this genotype need to be interpreted cautiously. CD45+ immune cells in the skin only expanded 

in MyD88Mcpt5IND mice, while in the other genotypes the numbers remained stable or were 

rather decreased (Figure 36 A). Expectedly, DETCs were massively depleted from the skin after 

long-term irradiation (Figure 36 B). Dermal γδ T-cells however marginally increased MyD88-

dependently after UVB exposition, similar to conventional T-cells (Figure 36 C, D). Within the 

conventional T-cell population, Tregs expanded upon UVB irradiation in all mice (Figure 36 E). 

Having a closer look at the Treg frequencies, irradiated MyD88 KO mice had a higher 

percentage of Tregs in the skin than MyD88 proficient and MyD88Mcpt5IND (Figure 36 F). 

Taken together, long-term irradiation drastically reduced DETC counts, while Tregs were 

increased. The slightly increased Treg frequencies in MyD88 KO mice could also suggest 

greater immunosuppressive capacities, which correlates to the increased IL-10 levels in the 
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skin and more tumor formation, though this suggestion would require additional evidence by 

testing more mice.  

 

Figure 36 T-cell populations in skin reveal MyD88-dependent differences.  
MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were irradiated thrice a week with UVB over the course of 
33 weeks. Immune cells in the skin were analyzed, the same gating strategy as in Figure 29 was applied here. A 
CD45+ immune cell populations, as well as B DETC and C dermal γδ T-cell populations were evaluated. In addition, 
D conventional T-cell and E, F Treg numbers were studied. All of the mentioned graphs depict absolute cell counts 
of the respective population, while F displays Treg frequencies of all CD45+ immune cells (mean +SEM, n=2-7, 
*p<0.05, **p<0.01, ***p<0.001).  

 

In addition to the skin-specific immune response, likewise the adaptive immune response in 

the back skin draining bLN was explored. Therefore, bLN were isolated, single cell suspensions 

were prepared from the tissue, counted and stained for flow cytometry analysis (Figure 37). 

The gating strategy for the immune cell subsets in the lymph node is the same as in Figure 31. 

CD45+ immune cells were strongly elevated after chronic UVB irradiation, which indicates that 

long-term UVB exposure induces a robust adaptive immune response (Figure 37 A). Here, 

MyD88Mcpt5IND mice showed the highest cell numbers compared to WT and MyD88 KO mice. 

The increase of immune cells in the bLN can be explained by a general rise in B-cell and 

conventional T-cell numbers in all genotypes upon UVB exposition (Figure 37 B, C). Notably, 

Tregs were slightly elevated in the complete absence of MyD88 and in MyD88Mcpt5IND mice, 
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corresponding to the Treg counts in the skin (Figure 37 D). Moreover, the percentage of 

activated, naïve and EM T-cells from all CD4+ T-cells was determined. While the percentage of 

CD69+ activated T-cells increased MyD88-independently, frequencies of naïve T-cells (CD62L+, 

CD44-) were rather decreased after UVB exposition (Figure 37 E, F). Interestingly, aged MyD88 

KO and MyD88Mcpt5IND control mice exhibited higher frequencies of naïve T-cells which 

suggests contribution of MyD88 signaling in the activation of T-cells apart from UVB 

exposition. In line, EM T-cells generally increased after UVB exposition, MyD88 proficient mice 

showed the largest proportion of this population (Figure 37 G).  

In summary, B-cells, Tregs and activated CD4+ T-cells expanded by UVB irradiation. These 

results indicate, that long-term UVB irradiation indeed induces Treg expansion in the lymph 

nodes, which might contribute to UV-induced immune suppression, favoring tumor 

progression. These results however need to be interpreted cautiously since the number of 

individual mice in the UVB irradiated MyD88 KO group was quite low. But, the importance of 

MyD88 signaling in lymph node cells and in the skin was still apparent; MyD88 deficient mice 

showed less acanthosis, had more Tregs and higher IL-10 levels in the skin, which together 

might promote the increased development of UV-induced skin tumors. 
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Figure 37 Long-term UVB irradiation changes B- and T-cell proportions in the bLN. 
MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice were irradiated thrice a week with UVB over the course of 
33 weeks. Immune cells in the bLN were analyzed, the same gating strategy as in Figure 31 was applied here. A 
CD45+immune cells, B B-cells, C conventional T-cells and D Treg cell counts in the bLN were quantified. Moreover, 
frequencies of CD4+ E activated CD69+ T-cells, F naïve T-cells and G EM T-cells was determined (mean +SEM, n=3-
7, *p<0.05, **p<0.01, ***p<0.001). 
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5. Discussion 

Mast cells are granulated innate immune cells that reside in connective (e.g., skin) and 

mucosal tissues (e.g., gut mucosa) of the body. Their granules contain different types of cell 

mediators such as histamine, prostaglandins, leukotrienes and cytokines, which can be 

released after mast cell activation (Valent et al., 2020). A central molecule in innate immune 

signaling is MyD88, which transduces signaling upon TLR and IL-1R engagement by PAMPs and 

DAMPs. In the skin, MyD88 has been shown to regulate DNA damage as well as acanthosis 

after chronic UVB irradiation (Opitz, 2016). Besides, mast cell accumulation was observed in a 

MyD88-dependent manner, mast cell specific and DC specific MyD88 expression was able to 

restore the defects in mast cell accumulation, but also DNA damage and acanthosis were back 

at WT levels (Opitz, 2016). Thus, mast cell specific MyD88 signaling was shown to take an 

important function in UVB irradiation.  

In this thesis, the functional role of MyD88 in mast cells was analyzed and in addition, their 

interaction with DCs was examined. In these functional studies, IL-33 was found to be an 

important regulator of different mast cell functions, therefore IL-33 signaling was studied in 

an in vivo model of chronic UVB irradiation. Furthermore, mast cells are relevant for the 

induction of UV-induced immune suppression and since mast cell specific MyD88 signaling 

was found to impact mast cell numbers, it was addressed how MyD88 might affect the 

generation of immune suppression. Thus, UV-induced immune suppression in a model of CHS 

was studied and moreover, it was tested how long-term UVB irradiation affects tumor 

formation. 

5.1. MyD88 signaling influences mast cell survival, activation and 

degranulation 

Since previous data revealed a role for mast cell-specific MyD88 signaling (Opitz, 2016), first, 

the function of MyD88 in in vitro generated mast cells was studied. For this, bone marrow cells 

were differentiated to mast cells and different properties were analyzed. However, to identify 

if MyD88 deficient mast cells already show any defects in their precursor numbers that might 

affect their differentiation, MCps were analyzed. MCp numbers in the bone marrow were 

slightly lower in MyD88 KO and MyD88McptI5ND mice (Figure 10). An explanation for similar MCp 

numbers in MyD88 KO and MyD88Mcpt5IND mice might be that Mcpt5 drives re-expression of 

MyD88 rather in mature mast cells (Scholten et al., 2008). Yet, the difference between MyD88 
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proficient and MyD88 KO MCps did not further influence mast cell differentiation in vitro as 

cells of both genotypes developed equally well (Figure 11). Even if in vitro, this did not 

influence mast cell differentiation, the slightly decreased MCp counts can potentially affect 

the mast cells in vivo. Unlike in UVB-exposed skin, unirradiated MyD88 proficient, MyD88 KO 

and MyD88Mcpt5IND mice had comparable numbers of mast cells in the back skin, indicating that 

MyD88 does not play an essential role in the primary seeding and maintenance of mast cell 

populations under physiologic conditions (Opitz, 2016). Chronic UVB irradiated skin however 

displayed a MyD88-dependent reduction of mast cells, that is again restored in MyD88Mcpt5IND 

mice (Opitz, 2016). Indeed during health, mast cells have been shown to maintain their 

population in the skin independent from MCp contribution (Gentek et al., 2018; Li et al., 2018). 

In skin inflammation however, a recent study identified that mast cells accumulate in the skin 

after DNFB application in two different ways (Weitzmann et al., 2020). On the one hand, skin 

resident mast cell precursors proliferate locally, and on the other hand, additional precursors 

are recruited from the bone marrow to the site of inflammation, where these cells complete 

maturation. So, in their experiments, it was clearly shown that the pool of skin mast cells is of 

heterogenous origin and that in inflammation, bone marrow derived precursors contribute to 

the skin population (Weitzmann et al., 2020). In line with the study by Weitzmann et al., 

decreased MCp numbers or defects in MCp recruitment could explain lower mast cell numbers 

in UVB exposed skin of MyD88 KO mice. Additional investigations are required to test whether 

this dual origin of skin mast cells can also be observed upon UVB exposure. In vitro assays on 

mast cell migration however appeared to happen independent of MyD88 (Figure 12), but it is 

not clear yet whether MyD88 plays a role in the migration of MCps to the skin in inflammation. 

Besides the recruitment of mast cells in inflammation, an increased survival and proliferation 

of local mast cells might explain elevated numbers. In in vitro generated mast cells, survival 

and activation after stimulation were diminished in MyD88 KO cells (Figure 13 ,Figure 14). TLR 

engagement induced IL-6 and IL-13 release in a MyD88-dependent manner, while FcεRIα 

engagement induced cytokine release independent of MyD88. Especially, IL-33 stimulated 

cells showed a significantly higher cytokine release, and IL-33 was also able to induce mast cell 

survival MyD88-dependently, which can in the context of UVB irradiation explain the 

importance of MyD88 for mast cell survival in the skin. These findings resemble results from 

a study, which shows that IL-33 stimulation or FcεRIα engagement alone lead to the 

production of IL-6 and IL-13 in mast cells, and IL-33 at a higher dose is able to enhance mast 
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cell survival independent of additional FcεRIα engagement (Ho et al., 2007). Moreover, in 

other studies IL-33 was also shown to be expressed by keratinocytes and dermal fibroblasts 

upon UVB exposure (Byrne et al., 2011; Suhng et al., 2018) and improve survival of mast cells 

(Iikura et al., 2007; Wang et al., 2014). The here detected pro-survival activity of IL-33/ST2 can 

thus possibly contribute to mast cell accumulation in inflamed tissues. Furthermore, IL-33 

signaling can modulate mast cell degranulation (Joulia et al., 2017; Jung et al., 2013; Nian et 

al., 2020). Although containing granules, bone marrow derived mast cells failed to degranulate 

(data not shown), therefore, degranulation was studied using peritoneal cell derived mast 

cells. Here, MyD88 deficient cells showed slightly decreased degranulation capacities after 

FcεRIα engagement, indicating that MyD88 might regulate degranulation (Figure 15). But, 

additional IL-33 stimulation with FcεRIα engagement together did not further modulate 

degranulation in these experiments. In contrast to the above-mentioned studies concerning 

the role of IL-33 in degranulation, the results from Ho et al. again resemble the results here, 

indicating that IL-33 is not able to further modulate mast cell degranulation in vitro (Ho et al., 

2007). Moreover, ionomycin treatment should induce degranulation MyD88-independently, 

but this was not the case here. This suggests that MyD88 could be involved in granule 

formation itself and thus MyD88 mice could have generally lower degranulation capacities 

because of lower amounts of granules or less mature granules. Kaieda et al. reported that IL-

33 treatment of mast cells contributes to their maturation (Kaieda et al., 2010), leading to the 

hypothesis that here, MyD88 deficient cells could contain more immature mast cell granules. 

The observed effect of decreased degranulation in MyD88 deficient PCMCs however was quite 

unstable, which is why these results have to be interpreted cautiously. However, in line with 

the in vitro findings on mast cell degranulation, the passive cutaneous anaphylaxis assay 

showed a MyD88-dependent reduction of the anaphylactic reaction (Figure 16), which can be 

explained by less efficient degranulation of mast cells and basophils. Anaphylaxis was again 

partially restored in mice with mast cell specific MyD88 induction. This suggests that MyD88 

expression in mast cells, is important for the development of local anaphylaxis, validating the 

observed trends in PCMCs, but also that MyD88 signaling in other cell types like basophils is 

necessary since the anaphylactic reaction was not fully restored in MyD88Mcpt5IND mice. 

Engagement of TLR2 or TLR4 together with FcεRI on BMMCs was reported to enhance cytokine 

production of BMMCs, without a potentiating effect on mast cell degranulation, whereas 

others showed that TLR2 ligation can induce mast cell degranulation (Qiao et al., 2006; Sandig 
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& Bulfone-Paus, 2012; Selander et al., 2009). Furthermore, IL-33 was found to play an essential 

role during passive cutaneous anaphylaxis as it is released by mast cells after degranulation 

and acts in an autocrine manner (Hsu et al., 2010). Especially in a later phase of anaphylaxis 

(>20 h) IL-33 dependent effects were evident since mice blocked with anti-ST2 and anti-IL-33 

antibodies failed to develop skin inflammation (Hsu et al., 2010). All these studies show how 

several different MyD88-dependent pathways can aid the development of anaphylactic 

reactions, specifically IL-33 could be partially responsible in degranulation in vivo. Further 

examinations of the anaphylactic ear tissue would be useful to determine cytokines and 

visualize mast cells by microscopy to analyze in more detail how MyD88 deficiency affects the 

anaphylactic reaction.  

Overall, BMMC developed normally in the absence of MyD88, although MCp numbers in the 

bone marrow were slightly reduced, indicating that mast cell development in vivo might be 

reduced in MyD88 KO mice. But, in functional assays MyD88 KO mast cells showed decreased 

activation, degranulation and survival, but only cytokine secretion and survival were IL-33-

dependent, while degranulation occurred independent of IL-33 in vitro. One hallmark of mast 

cells is their ability to release preformed granules, which was impaired in MyD88 deficiency in 

the experimental model of passive cutaneous anaphylaxis. Re-expression of MyD88 

expression in mast cells partially rescued this effect, which suggests that IL-33 or other 

alarmins could still influence degranulation in vivo. 

5.2. IL-33 signaling affects keratinocyte proliferation and immune cell 

recruitment to UVB exposed skin  

In the present work, IL-33 was shown to have a large impact on mast cell survival and 

activation in a MyD88-dependent manner, therefore non-responsiveness of MyD88 KO mice 

to IL-33 might be a cause for decreased mast cell accumulation in the skin after UVB exposure. 

IL-33 levels were elevated upon UVB exposure (Figure 17), similar to findings by Byrne et al. 

(Byrne et al., 2011), showing that elevated IL-33 levels could explain altered mast cell 

frequencies. To test if mast cells accumulate IL-33-dependently, IL-33 signaling was inhibited 

in UVB irradiated WT mice. Unexpectedly, these mice showed very comparable mast cell 

numbers in the back skin to irradiated IgG1 injected UVB exposed mice (Figure 18 B). Studies 

highlight, that IL-33 directly acts on mast cells resulting in increased proliferation in vitro and 

in vivo whereas other studies demonstrate that IL-33 rather sustains mast cell survival without 
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changing their proliferation rates (Saluja et al., 2014; Wang et al., 2014). Here as well, IL-33 

driven mast cell survival was detected in vitro, an IL-33-dependent effect on mast cell 

accumulation however was not observed in vivo. Although, the mast cell numbers were very 

similar with and without IL-33 blockade, it is still possible that mast cells of irradiated and ST2 

blocked mice are impaired in their maturation or functionality, similar to studies by Hsu et al. 

and Kaieda et al. (Hsu et al., 2010; Kaieda et al., 2010). Another likely explanation for the 

unchanged mast cell counts in UVB irradiated skin with and without ST2 blocking is that the 

accumulation could have already occurred at an earlier timepoint (between week 1 to week 3 

of irradiation) before the injection of ST2 blocking antibodies was performed. Mast cells were 

indeed shown to accumulate in the dermis as early as 6 h after UV exposure (Byrne et al., 

2008, 2015). Since mast cells are long-lived cells with a low turnover rate in steady-state 

(Gentek et al., 2018; Hatanaka et al., 1979; Kitamura et al., 1977, 1979), an early beginning of 

mast cell accumulation after UV irradiation could sustain in a long-term accumulation of mast 

cells in the skin. The exact dynamics of the dermal mast cell population after UVB exposure 

have not been assessed yet and should be the objective of future studies, to find out when 

accumulation occurs and how long it remains.  

The blocking of IL-33 signaling did not affect UVB-induced mast cell accumulation, but 

regulated other cell types in the skin. Interestingly, ST2 blockade dampened keratinocyte 

proliferation and thus, the formation of acanthosis (Figure 18 C, Figure 19). An autocrine 

mechanism for IL-33 signaling in keratinocytes is already described in the model of imiquimod-

induced psoriasis, in which IL-33 deficient mice display a reduced epidermal thickness 

compared to WT mice (Zeng et al., 2021), which correlates quite well with the results in the 

present work. Conversely, mice with inducible keratinocyte specific IL-33 overexpression have 

an increased epidermal and dermal thickness and also show enhanced mast cell accumulation 

in naïve skin compared to WT mice (Kurow et al., 2017). This furthermore supports the 

hypothesis that the time point at which mast cells react to IL-33 is important for their 

accumulation, since already two weeks after the induction of IL-33 overexpression the mast 

cell accumulation can be observed (Kurow et al., 2017). 

Analysis of other immune cell types in the skin showed that blocking of IL-33 signaling during 

chronic UVB irradiation rather acts on inflammatory innate immune cells in the skin, but to a 

lesser extent on adaptive immune responses in the spleen and lymph nodes (Figure 20,Figure 
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21). Especially for neutrophils, macrophages and monocytes, IL-33 blocking reduced the UVB-

induced increase of these populations and interestingly, neutrophils have also been shown to 

be in direct contact with IL-33 expressing fibroblasts of UVB irradiated skin (Byrne et al., 2011), 

hence blocking of IL-33 signaling could very well explain decreased neutrophil recruitment. 

Actually, IL-33 was shown to directly act on neutrophils to regulate CXCR2 expression on these 

cells, which will result in decreased migratory capacities (Artru et al., 2020). In addition to this 

direct effect of IL-33 on neutrophils, in the corneal epithelium, neutrophil recruitment was 

shown to be indirectly affected by mast cell-derived CXCL2, which is induced by IL-33 

stimulation (Elbasiony et al., 2020). These two different modes of action of IL-33 on 

neutrophils could therefore explain the decreased recruitment in UVB irradiated skin during 

ST2 blockade. The IL-33/ST2 axis is known to polarize immune responses towards type 2 

immunity. Apart from ILC2, eosinophils and Th2 cells, IL-33 has been shown to facilitate 

polarization of alternatively activated macrophages, which also are essential in type 2 

immunity (Dagher et al., 2020; He et al., 2017; Kurowska-Stolarska et al., 2009). Here, 

macrophage frequencies were decreased in the skin of ST2 blocked mice, revealing that 

blockade of IL-33 signaling might affect macrophage survival or infiltration. In UV exposed 

skin, infiltrating macrophages have been identified as the main producers of IL-10, thus 

essentially promoting the generation of UV-induced tolerance (Kang et al., 1994; Toichi et al., 

2008). Indeed, a recent report suggested that IL-33 indirectly supports the polarization of 

alternatively activated macrophages and thereby promotes immunosuppression (Finlay et al., 

2020). This indirect effect is induced by mast cell-derived IL-6 and IL-13, which induces 

macrophage polarization (Finlay et al., 2020). In in vitro stimulated mast cells here, we also 

detected a strong induction of IL-6 and IL-13 upon IL-33 stimulation, indicating that in the IL-

33 blocking experiments not only macrophage numbers are decreased, but also macrophage 

polarization might be disturbed and their regulatory role in inflammation might be reduced. 

Expectedly, γδ-T-cells in the skin were diminished after UVB-irradiation (Aberer et al., 1986), 

but only DETCs were further affected by the absence of IL-33 signaling, which reveals IL-33 as 

a cytokine that might maintain DETCs in the skin. IL-33 has been shown by others to stimulate 

and amplify numbers of γδ T-cells from human peripheral blood (Duault et al., 2016), this 

might as well be a possible mechanism in these experiments here for DETCs in the epidermis. 

Since keratinocytes in the skin are directly damaged by UVB exposure and DETCs are 

important for the recognition of damaged and stressed keratinocytes (Jameson et al., 2004), 
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it would be very interesting to investigate how IL-33 exactly affects keratinocyte activation. 

Despite the influence on their proliferation, absence of IL-33 in UVB irradiation might affect 

keratinocyte damage, which could have an impact on the interaction between keratinocytes 

and DETCs, similar to Jameson et al. (Jameson et al., 2004).  

Studies showed that in different disease models IL-33 can suppress immune responses 

through the expansion of Tregs, either directly or indirectly, and thereby shape the course of 

disease (Schiering et al., 2014; Vasanthakumar et al., 2015). In this thesis however, blockade 

of IL-33 signaling in chronic UVB irradiation did not decrease Treg frequencies in secondary 

lymphoid organs. This implies that the UVB-induced mechanism of Treg expansion does not 

require IL-33 signaling in this experimental model, perhaps again earlier injection of anti-ST2 

antibodies before week 4 might affect Treg expansion. Tregs execute immune suppression 

through different ways, one of them is the release of anti-inflammatory cytokines such as IL-

10 (Sakaguchi et al., 2009). Apart from the Treg frequencies that were detected here, blockade 

of IL-33 might still affect Treg functionality and alter their immunosuppressive capacity. In the 

present thesis, Tregs were only measured based on FoxP3 expression. Inclusion of additional 

markers for the Treg population and staining for intracellular IL-10 would give more 

information about their immunosuppressive functions. Nevertheless, in line with the existing 

literature (Schwarz, 2005), the results shown here clearly demonstrate that chronic UVB 

irradiation induces Treg expansion, probably resulting in immune suppression.  

In summary, although the in vitro results showed a remarkable impact of IL-33 on mast cells, 

ST2 blocking in chronic UVB irradiation did not alter dermal mast cell numbers, but affected 

the local immune response in the skin. IL-33 blocking diminished keratinocyte proliferation, 

which resulted in reduced epidermal hyperplasia and blocked innate immune cell infiltration 

to the skin, such as for neutrophils, monocytes and macrophages. 

5.3. MyD88 signaling in mast cell-DC interactions 

In this thesis, it was elucidated that IL-33 might not be the direct reason for mast cell 

accumulation in UVB exposed skin. UV exposure shapes many different cells and processes in 

the skin. In addition to the direct effects on mast cells, UV irradiation might also influence 

other cell types in the skin, which in turn might indirectly alter mast cell accumulation and 

function. Previous results showed that MyD88CCL17IND mice, which express MyD88 in activated 

and mature DCs (Alferink et al., 2003), behaved like MyD88Mcpt5IND mice and showed again a 
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higher mast cell accumulation upon UVB exposure compared to MyD88 KO mice (Opitz, 2016). 

Therefore, we reasoned that a possible crosstalk of DCs and mast cells might be crucial for the 

expansion of dermal mast cells, and that this crosstalk might as well occur MyD88-

dependently. As a matter of fact, mast cell-DC interactions have been observed in skin in 

allergy and infection experiments, and as a consequence these crosstalks can modulate 

adaptive immune responses (Carroll-Portillo et al., 2015; Dudeck et al., 2019; Katsoulis-

Dimitriou et al., 2020; Shelburne et al., 2009; Sumpter et al., 2019). Therefore, it was 

hypothesized that this kind of immune synapse formation might also emerge in UV exposed 

skin, but has not been described so far. 

The analysis of mast cell-DC localization in the back skin and ear skin showed, that these cells 

interact with each other in MyD88 proficient, MyD88 KO and MyD88Mcpt5IND mice (Figure 23). 

DCs were identified as MHCII expressing cells, although MHCII is not an exclusive DC marker. 

The use of a different DC marker or reporter mouse line would be more specific and should 

be utilized in future experiments if possible. But still, MHCII expression gives an impression 

about probable DC location in the skin. Mast cells have been shown to position in perivascular 

regions (Tong et al., 2015), which was confirmed in the present experiments here. Due to their 

perivascular localization, mast cells are able to extend their processes into the vessel lumen, 

probe vascular content and take up IgE antibodies, which is a central step for binding of IgE 

antibodies to mast cells (Cheng et al., 2013). Furthermore, dermal cDC2 have been shown to 

locate to perivascular regions as well and contribute to anaphylactic reactions by transferring 

captured allergens from the blood in microvesicles to mast cells in the surrounding tissue (Choi 

et al., 2018). However, the communication between these two cell types can also happen the 

other way from the mast cells to DCs. Mast cell-derived TNF-α was shown to boost DC 

maturation and migration, thus enhancing T-cell responses (Dudeck et al., 2015; Suto et al., 

2006). Furthermore, similar effects on DCs were observed upon the uptake of secreted mast 

cell granules by DCs (Dudeck et al., 2019). Especially CD103+ DCs in the skin were found to be 

efficient in the engulfment of mast cell granules.  

To study the crosstalk in more detail, co-cultures of mast cells and DCs were used to evaluate 

if the cell communication is altered in a MyD88-dependent fashion. Although mast cells 

usually do not express MHCII on the cell surface, the presence of DCs in these cultures induced 

a low proportion mast cells to be positive for MHCII, however independent of the stimulation 

and genotype (Figure 24). This finding suggests that DCs might transfer MHCII molecules to 
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mast cells, which would correspond to findings by Dudeck et al., who were able to show that 

DCs transfer antigen loaded MHCII molecules to mast cells in vivo (Dudeck et al., 2017). In our 

culture system lower MHCII levels were observed compared to published data (Dudeck et al., 

2017). An explanation for this might be the 2D cell culture setting, a 3D setting would perhaps 

be more suitable for future studies to create an environment closer to the in vivo situation, 

where transfer of molecules between cells can be better studied (Sapudom et al., 2020).  

Already in unstimulated co-cultures of mast cells and DCs the presence of mast cells affected 

DC activation (Figure 25). Cultures, in which MyD88 was expressed in mast cells even showed 

slightly enhanced activation marker expression on DCs. Additional stimulation of these co-

cultures with LPS+CCL21 (Otsuka et al., 2011) or zymosan could furthermore increase DC 

activation, but the presence of mast cells did then not further affect DC activation. Expectedly, 

stimulation with LPS+CCL21 or zymosan upregulated the expression of activation markers. 

CD40 and MAR1 expression were higher in MyD88 proficient DCs, but surprisingly CD86 and 

MHCII showed rather no differences or were even upregulated in MyD88 deficient DCs. Since 

LPS signals via TLR4, which can use both, MyD88 and TRIF as adaptor proteins (Kawai et al., 

2001; Yamamoto et al., 2002), it is very likely that in the absence of MyD88, TRIF dependent 

signaling takes over and partially compensates for MyD88 deficiency. Also, a different time 

kinetic for CD86 expression in MyD88 deficient DCs is described (Shen et al., 2008), which 

could explain this observation. Shen et al. demonstrate that CD86 expression peaks 6 h after 

LPS stimulation in WT BMDC, while MyD88 KO BMDC still show sustained CD86 expression 

until 24 h after stimulation (Shen et al., 2008), which would be an explanation for increased 

CD86 expression in these co-cultures that were stimulated for 24 h as well. After zymosan 

stimulation, the increased expression of CD86 and MHCII in MyD88 KO BMDCs became even 

more evident. Zymosan is a TLR2 and Dectin-1 ligand, therefore zymosan-induced signaling 

can only be partially awarded to MyD88-dependent signaling pathways (Gantner et al., 2003). 

MyD88 deficient adipose tissue macrophages for example have been shown to upregulate 

Dectin-1 levels on their cell surface (Castoldi et al., 2017). If this Dectin-1 upregulation in 

MyD88 deficient mice would also exist in DCs, possibly more Dectin-1-dependent signaling 

might occur and explain why MyD88 KO cells express higher CD86 and MHCII levels after 

zymosan stimulation. Further investigations are required to determine if a direct contact 

between mast cells and DCs is necessary to influence each other’s activation, or if soluble mast 

cell-derived mediators are sufficient to cause DC activation.  
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Taken together, these experiments highlighted that DCs and mast cells can interact in vitro 

and thus modify cell activation, which might have also functional consequences in vivo. The 

impact of MyD88 here however was minor in mast cell-DC co-cultures without stimulation, 

but positively correlated with DC activation when MyD88 was expressed in mast cells. 

5.4. MyD88 signaling in immune suppression and photocarcinogenesis 

UV exposure is a major risk factor for the development of skin cancer. The DNA damaging and 

immunosuppressive effects of UV light both promote a skin environment in which tumor 

development is facilitated (Hart & Norval, 2018). Therefore, it is of high interest to understand 

how innate immune signaling and mast cells contribute to immune suppression and later on 

also to tumor formation in the skin. 

5.4.1. UVB exposure induces immune suppression MyD88-independently 

Immunosuppression describes a state in which the immune reaction towards dangerous 

substances or pathogens is dampened. In autoimmune diseases or organ transplantation, this 

is a very desirable reaction, in other diseases however a suppressed immune system is 

detrimental, impedes the immune system and thus promotes disease or cancer. In the present 

work, UV-induced immunosuppression was studied in CHS, which is a model for an allergic 

skin reaction and commonly used to study immunosuppression (Kim et al., 1998; Schwarz et 

al., 2005). In this model, UVB exposure induced the expansion of Tregs, which mediate 

immunosuppression in the subsequent CHS reaction. UVB irradiation prior to the CHS reaction 

was able to suppress the ear swelling response in all genotypes independent of MyD88 

signaling (Figure 26). On cellular level however, the differences in the immune cell numbers 

between non-irradiated and UVB irradiated mice were rather small, which makes it difficult 

to trace the reduction of the ear swelling response back to one single cell type. In general, it 

was observed that UVB exposure slightly increased the neutrophil cell population, while at the 

same time inducing expansion of Tregs, B-cells, as well as reducing T-cell activation, DETCs, 

and monocytes in DNFB treated ears (Figure 28,Figure 30). Intriguingly, MyD88 deficient mice 

showed enhanced skin inflammation compared to MyD88 proficient and MyD88Mcpt5IND mice. 

This observation coincides very well with previous results from our group, revealing that 

MyD88 KO mice show a slightly increased ear swelling response compared to WT mice in CHS 

reactions without prior UVB exposure (Thomanek, 2020, unpublished data). Different studies 

that examined the role of MyD88, TLRs and IL-1 receptors during CHS showed that these 
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proteins are important for the development of the CHS response, since mice deficient in these 

molecules showed reduced ear swelling (Klekotka et al., 2010; Martin et al., 2008). On the 

contrary, MyD88 deficient non-obese diabetic (NOD) mice have been shown to develop an 

exaggerated CHS response compared to WT NOD mice, because of enhanced DC migration 

and activation behaviour in the absence of MyD88 (Szczepanik et al., 2018). Moreover, 

comparing mice in SPF and germ-free animal housing conditions revealed that the ear swelling 

response during CHS is very similar (Patra et al., 2018). But, with prior UV exposure the loss of 

microbiome-derived signals in germ-free mice, which can engage TLR signaling, induces more 

immunosuppression (Patra et al., 2018). Another study however described that MyD88 

deficient mice are resistant against UV-induced immune suppression, but unirradiated MyD88 

KO mice have a very similar ear swelling response compared to WT mice (Harberts et al., 

2015). All these studies show quite contradictory results for the role of MyD88 signaling in 

CHS, which can possibly be explained by different mouse strains that were utilized, changes in 

microbiome and slight differences in the experimental protocol. Similar to Harberts et al. and 

Patra et al., here we could show that the inflammatory response is not impaired, even slightly 

enhanced, in non-irradiated MyD88 mice. But in contrast to these studies, UV exposure was 

able to generate immunosuppression independent of MyD88 signaling. 

Mast cells have been shown to mediate immunosuppression, e.g. through CXCR4/CXCL12 

dependent mast cell migration to the lymph nodes upon UVB irradiation (Byrne et al., 2008; 

Chacón-Salinas et al., 2011; Guhl et al., 2005; Hart et al., 2000). In these experiments here, 

immune suppression appeared to be independent of MyD88 signaling in mast cells, and 

although mast cell numbers were remarkably reduced in MyD88 deficient mice, they still 

displayed immunosuppression. These findings indicate that an impaired mast cell expansion 

upon UVB irradiation is not the main mechanism for the induction of immunosuppression, but 

it still can be associated to an increased CHS response in MyD88 KO mice, similar to findings 

from Reber and colleagues (Reber et al., 2017). In CHS however, the role of mast cells has not 

only been described as protective, but also as pro-inflammatory (Dudeck et al., 2011; 

Gimenez-Rivera et al., 2016; Norman et al., 2008; Reber et al., 2017). The increased skin 

inflammation in MyD88 KO mice can also be explained by an expansion of neutrophils and 

Ly6C- MHCII+ moDCs, albeit the mast cell population was reduced. Furthermore, a study 

conducted by Schweintzger and colleagues highlighted the importance of mast cells in UV-

induced itch, in that study mast cell deficient mice exhibited increased scratching behaviour, 
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furthermore underlining the protective role of mast cells in the skin (Schweintzger et al., 

2015). Possibly, the decreased mast cell numbers in MyD88 KO mice might be accounted for 

increased inflammation due to enhanced scratching behaviour in these mice, which is 

consistent with the increased experimental scores of MyD88 KO mice during long-term UVB 

irradiation (see 4.6.1). As a consequence, more neutrophils and monocytes/moDCs might 

infiltrate the skin and exaggerate CHS symptoms. Enhanced neutrophil infiltration to the skin 

was moreover associated with better moDC recruitment and more efficient initiation of 

adaptive immunity (Megiovanni et al., 2006), possibly explaining the increased inflammation 

in MyD88 KO mice. In future experiments, the hypothesis of increased scratching behaviour 

of MyD88 KO mice should be examined more closely.  

In CHS, DETCs become activated by keratinocytes and both, DETCs and dermal γδ T-cells 

contribute to skin inflammation (Jiang et al., 2017; Nielsen et al., 2014). Interestingly, UVB 

treatment induced DETC depletion from the ears, and DNFB treatment furthermore induced 

their reduction in the ear skin, similar to Nielsen et al. (Nielsen et al., 2014). IL-1β has been 

shown to activate DETCs in CHS (Nielsen et al., 2014) and is known to signal via MyD88, 

therefore it would be of high interest to study if also DETC activation is impaired in MyD88 KO 

mice. MyD88 proficient mice lacked a UVB-induced decrease of DETCs in vehicle treated ears, 

naïve mice however showed very comparable DETC numbers compared to the other 

genotypes (data not shown), indicating that this result might derive from experimental 

variations. In contrast, dermal γδ T-cells expanded drastically upon DNFB, the largest 

population was observed in MyD88 KO mice. Consistent with the increased neutrophil 

numbers, dermal γδ T-cells were shown to contribute to the CHS response by secretion of IL-

17, which leads to increased neutrophil infiltration to the skin (Jiang et al., 2017), which was 

also observed here. A similar effect was detected for the conventional T-cell population, in 

which as expected, CD4+ and CD8+ T-cells both expanded upon DNFB treatment. Although CHS 

is known as a mainly CD8+ driven T-cell disease, CD4+ T-cells also contribute to the pathology 

(Wang et al., 2000) and were even present in higher in number in the present experiments 

(data not shown). Interestingly, UVB exposure elevated numbers of Tregs and B-cells, 

potentially Bregs, in the skin. Circulatory Tregs have been reported to traffic between the skin 

and skin-draining lymph nodes in steady-state and during CHS to supress inflammation in the 

ear skin (Tomura et al., 2010), UV-induced Tregs however were shown not to home to ear skin 

in the elicitation phase of CHS reactions as they lack skin-homing receptors, but they rather 
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mediate immunosuppression by modifying APCs in the sensitization phase (Schwarz et al., 

2004, 2007). Hence, increased Treg numbers in the ear skin here might be explained by the 

fact that these ears were not covered and have been exposed to the UVB irradiation. In a 

different approach to study these UV-induced Tregs in the ear and to analyze whether 

trafficking between the skin-draining lymph nodes and the ear skin actually occurs would 

therefore be to only expose the skin area to the UVB-light, which is going to be sensitized, 

rather than both the sensitization and the to be challenged skin. Furthermore, the 

sensitization phase of the CHS reaction should be studied in more detail in order to measure 

if there are alterations in sensitization efficiency in MyD88 deficient mice. Although, MyD88 

KO mice displayed the highest Treg numbers, UVB irradiation was not able to further increase 

this population, indicating that absence of MyD88-dependent pathways promotes generation 

of Tregs even without any contribution of UVB irradiation. According to a study, MyD88 

signalling was actually shown to promote Treg generation and tolerance (Hoff et al., 2018), in 

contrast to the findings in the present thesis. Aside from Tregs, Bregs are induced by UVB 

exposure and contribute to immunosuppression through secretion of IL-10. Moreover, TLR4 

was linked to Breg induction, suggesting that MyD88 could be involved in this process (Wang 

et al., 2017), but here the absence of MyD88 signaling did not affect B-cell numbers in the 

skin. But it might still have functional consequences in Breg activity. Therefore, future studies 

on this cell population should include additional markers to clearly identify these regulatory 

cells.   

UVB irradiated and DNFB treated MyD88 proficient mice showed strongly decreased immune 

cells in the aLN compared to other DNFB treated mice (Figure 32), which might be attributed 

to a less effective sensitization of these mice and therefore less proliferation, or to a smaller 

group size since these mice actually did not show less skin inflammation than MyD88Mcpt5IND 

mice for instance. But other than that, UVB irradiation did not suppress lymphocyte numbers 

in DNFB treated skin of MyD88 KO an MyD88Mcpt5IND mice. In the skin-draining aLN, UVB 

exposure interestingly reduced T-cell activation, as detected by the decreased frequency of 

antigen-experienced CD4+ EM, CM T-cells and CD69+ T-cells and increased frequency of naïve 

T-cells, indicating furthermore that immunosuppression did not depend on MyD88 signaling. 

Similar observations were made for CD8+ memory T-cell populations and in general, CD4+ and 

CD8+ T-cells were massively decreased in number in UVB-treated mice (data not shown). This 

is very consistent with findings from Rana and colleagues, who revealed that UVB exposure 
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reduces effector CD4+ and CD8+ T-cells in the skin draining lymph nodes after sensitization and 

reduces CD8+ memory cells in the skin (Rana et al., 2008). 

In general, immune cell populations of MyD88Mcpt5IND mice behaved slightly different than in 

MyD88 proficient and MyD88 KO mice. Less immune cells were detected in the skin of DNFB 

treated mice in almost all populations, except for mast cells and DETCs, compared to the other 

genotypes. The immune response in the lymph nodes however was very comparable to 

MyD88 KO mice. This suggests that mast cell-specific MyD88 signalling partially dampens the 

enhanced skin inflammation of full MyD88 deficiency but has rather no effect on the adaptive 

immune response in the aLN.   

Overall, in these experiments UVB irradiation was able to induce immunosuppression 

independent of MyD88 signalling. I suppose that the balance between regulatory and 

inflammatory cells is of importance to determine immunosuppression in a way that the 

suppressive regulatory cells inhibit adaptive immune responses in the skin and lymph node 

and inhibit the UVB-induced low-grade inflammation. Future studies should also focus on the 

different phases in CHS to identify whether the observed changes derive from defects in 

sensitization or from the elicitation response upon secondary exposure to DNFB. 

  

5.4.2. MyD88 signalling protects from photocarcinogenesis 

UV-induced inflammation, DNA damage, and the suppression of immune responses together 

promote photocarcinogenesis. In this thesis, the development of skin tumors after long-term 

UVB exposure of 33 weeks was tracked, which was increased by number and began to develop 

earlier in MyD88 deficient and MyD88Mcpt5IND mice compared to MyD88 proficient animals 

(Figure 33). In addition, a decreased epidermal thickness was observed in MyD88 KO mice, 

which was restored to MyD88 proficient levels in MyD88Mcpt5IND animals (Figure 34 B), again 

supporting that the UV-induced cytokines like IL-33, might affect keratinocyte proliferation 

(Zeng et al., 2021), similar to the observations here in the IL-33 blocking experiments. Previous 

experiments from our group showed that after chronic UVB irradiation MyD88 KO mice had 

decreased expression levels of DNA repair enzymes and elevated levels of DNA damage (Opitz, 

2016). So together with the here observed decreased acanthosis, increased DNA damage 

might be accounted for the higher incidence of tumors in MyD88 KO mice. Interestingly, mast 

cell specific MyD88 expression was able to reduce the tumor burden, indicating that mast cell 
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derived cytokines and mediators might regulate immune responses in the skin to protect from 

carcinogenesis as already described by Siebenhaar et al. (Siebenhaar et al., 2014). Some 

studies show that MyD88/IL-1R/TLR signaling rather induces skin carcinogenesis, while 

prevention of inflammation in the absence of these proteins protects from tumors (Cataisson 

et al., 2012; Mittal et al., 2010). In these two studies, skin carcinogenesis was chemically 

induced by 7,12-dimethylbenz[a]anthracene (DMBA) and 12-O-tetradecanoylphorbol-13-

acetate (TPA), other than in the present experiments. In these models, DMBA induces 

mutations in genes such as in tumor suppressor genes, while repeated TPA application leads 

to tissue inflammation, thereby promoting carcinogenesis (Abel et al., 2009). Thus, it might be 

the case that this model relies to a larger extent on tissue inflammation, which could be 

mediated by MyD88, than the model of photocarcinogenesis that was used here. In human 

squamous cell carcinoma samples, however a tumor suppressing role of TLR4 was confirmed 

(Mikami et al., 2019), which would correspond to the results in photocarcinogenesis. In 

ongoing investigations, the tumor tissue is analyzed in more detail, to check whether MyD88 

deficiency alters the prevalence of a certain type of tumor, especially of squamous cell 

carcinoma. 

In contrast to chronic irradiation, mast cell numbers were generally increased, but no changes 

were observed between the genotypes and between control and UVB-irradiated skin in the 

photocarcinogenesis experiment (Figure 34 D). At the time of analysis, mice were around 40-

43 weeks old and are therefore considered as aged in comparison to the mice that were 

analyzed in chronic 6-week UVB irradiation experiments. Indeed, it is known that aged 

photoprotected skin as well as chronic sun exposed skin similarly show an increase of mast 

cells and that this accumulation can contribute to altered immune reactions and tissue 

homeostasis (Grimbaldeston et al., 2003; Pilkington et al., 2019). But, surprisingly, in this 

thesis I could not observe a cumulative effect of UVB exposure and age on the mast cell 

numbers and moreover, the previously observed MyD88-dependent effect in mast cell 

accumulation was lost. This was also the case in the IL-33 blocking experiment, where 

additional IL-33 blocking was not able to further modulate mast cell accumulation. A potential 

explanation for this might be a strong effect of skin aging on the mast cells, which cannot be 

further enhanced by innate immune signaling events. TSLP is upregulated by keratinocytes 

upon UVB exposure and is associated with protective functions in skin carcinogenesis (Di 

Piazza et al., 2012), which is contrasting the results in the present work as MyD88 KO mice 
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show the highest TSLP levels, but are also more susceptible to tumor development. Similarly, 

Didovic et al. were able to measure elevated TSLP levels in MyD88 deficient mice, and 

revealing keratinocytes as the main source of TSLP in the skin (Didovic et al., 2016). Studies 

show that keratinocyte-derived TNF-α  acts on keratinocytes in an autocrine way and increases 

DNA damage after UVB exposure and thereby potentially promotes carcinogenesis 

(Faurschou, 2010; Moore et al., 1999). Furthermore, the anti-inflammatory cytokine IL-10 is 

associated with immunosuppression and tumor development in the skin (Loser et al., 2007), 

but interestingly was not further upregulated in UVB exposed skin. Both, TNF-α and IL-10, 

were expressed highest in MyD88 KO skin, which could contribute to increased tumor 

numbers in MyD88 deficient mice (Figure 35). 

MyD88 KO mice also showed a distinct immune cell composition in UVB exposed skin (Figure 

36). While DETCs were almost entirely depleted in UVB exposed skin in all genotypes, dermal 

γδ T-cells and conventional T-cells rather expanded in MyD88 proficient and MyD88Mcpt5IND 

mice, but not in MyD88KO mice. Interestingly, DETCs limit DNA damage in UVB exposed skin 

and thus have protective functions in carcinogenesis (Cavanagh et al., 1997; MacLeod et al., 

2014). A UVB-induced reduction of DETCs that was detected here might therefore contribute 

to higher tumor development. Moreover, DETCs are known to be activated by UV irradiation 

and in consequence release cytokines (MacLeod et al., 2014). Since DETC activation might 

already occur before their depletion, MyD88-dependent effects in DETC activation cannot be 

entirely ruled out and require further analysis at earlier time points.   

UVB induced the expansion of Tregs in the skin and MyD88 KO animals had the highest 

frequency, potentially implying that MyD88 deficiency might enhance immune suppressive 

Treg development and thus further support tumor progression. In addition, this observation 

also correlates with increased Treg numbers of MyD88 KO mice in the immunosuppression 

experiments. Although the reduction of the ear swelling response was similar in all genotypes, 

it could be possible that long-term UVB exposure of 33 weeks induces more 

immunosuppression in MyD88 KO mice, than 4 days of exposure such as in the 

immunosuppression experiments. In line, frequencies of naïve CD4+ T-cells in the bLN were 

slightly higher while EM CD4+T-cells were minimally lower in MyD88 KO mice, furthermore 

suggesting a role for MyD88 in T-cell activation and immune suppression. However, 

differences between the genotypes regarding immune cells in the bLN were rather low.  
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As another aspect, the experiments in this thesis point out the importance of MyD88 signaling 

in the emergence of skin tumors, likely due to increased inflammation. A study by Harberts et 

al. shed light on the question how MyD88 deficiency can lead to increased inflammation 

(Harberts et al., 2014). They described decreased apoptotic cell death of MyD88 deficient 

macrophages after UV irradiation in vitro, necroptosis (programmed necrosis) however was 

shown to be more prominent in the absence of MyD88. Necroptotic cell death is associated 

with aging/inflammaging and results in the release of DAMPs and therefore contributes to 

inflammation, as a measure of this process TNF-α release was detected by Harberts et al., and 

interestingly the release was increased in MyD88 KO cells (Harberts et al., 2014; Royce et al., 

2019). The observations in the present study showed a similar increase of TNF-α in MyD88 KO 

mice, which could mean that necroptosis might be higher in these mice as well. But this 

hypothesis would require more detailed analysis to determine the exact cause. The elevated 

TNF-α expression moreover correlates to increased photocarcinogenesis, enhanced ear 

inflammation in CHS and also higher experimental scores of MyD88 KO mice in the experiment 

of photocarcinogenesis. Taken together, other effects that were observed in previous and the 

present work, like enhanced DNA damage (Opitz, 2016), less acanthosis and potentially 

slightly more immunosuppression can together with the more pronounced skin inflammation 

be considered as some of the main reason for increased tumor formation in MyD88 KO mice.  
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6. Summary 

Excessive UV irradiation is a major risk factor for health. While chronic long-term UV exposure 

induces skin aging and suppression of the immune system, acute UV exposure leads to skin 

inflammation, also known as sunburn. In the long-term however, both forms of exposure can 

be detrimental and contribute to the development of skin cancer. UV-induced danger-

associated molecular patterns (DAMPs) are thereby generated and mediate inflammation by 

signaling through toll-like receptors (TLRs) and IL-1 receptor family proteins, among which 

most receptors use MyD88 as an adaptor protein to transduce intracellular signaling. In 

chronic UVB irradiation, an important role for mast cell-specific MyD88 signaling was 

described which affected UV-induced mast cell accumulation. 

In this thesis, it was shown that MyD88 is important for the activation and survival of in vitro 

generated mast cells and that especially IL-33 treatment of mast cells enhances these 

functions. In vivo blocking of the IL-33 receptor ST2 in chronic UVB irradiation of mice however 

did not change mast cell accumulation, but affected local skin immune cells, as well as 

keratinocytes and their proliferative potential, thus regulating acanthosis. Since IL-33 was not 

the cause for mast cell accumulation, next, the interaction between mast cells and DCs was 

studied because UV-induced indirect effects might also influence mast cell accumulation. It 

could be shown that in the skin, these two cell types are located in close proximity to each 

other and that DCs transfer MHCII molecules to mast cells. Moreover, MyD88 expression in 

mast cells elevated DC activation in mast cell-DC co-cultures, revealing that MyD88 in mast 

cells can regulate DC functions and potentially modulate T-cell responses. UVB exposure 

induced the expansion of Tregs, which are crucial in mediating immunosuppression. In the 

model of UV-induced immune suppression, UVB irradiation was able to reduce skin 

inflammation independent of MyD88. Interestingly, MyD88 deficiency led to increased 

inflammation due to a higher density of neutrophils, monocytes and moDCs in the skin. After 

long-term UVB irradiation, MyD88 KO mice showed accelerated tumor development 

compared to MyD88 proficient mice, which was partially rescued by mast cell specific MyD88 

expression.  

Overall, in this thesis, the importance of MyD88 for appropriate mast cell functions was 

highlighted and was shown to alter the immune responses in UV-induced diseases.  
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Zusammenfassung 

Intensive UV-Strahlung stellt einen wesentlichen Risikofaktor für die Gesundheit dar. 

Chronische UV-Exposition führt zu vorzeitiger Hautalterung und trägt zur Immunsuppression 

bei, während akute UV-Exposition eine Entzündung der Haut auslöst, welche auch als 

Sonnenbrand bekannt ist. Beide Formen der UV-Exposition können langfristig zur 

Hautkrebsentstehung führen. Bei Bestrahlung der Haut mit UVB entstehen sterile 

Gefahrensignale (DAMPs), welche über toll-like Rezeptoren (TLRs) und über die IL-1 

Rezeptorfamilie Entzündung vermitteln. Das Adaptorprotein MyD88 wird von den meisten 

dieser Rezeptoren für die intrazelluläre Signaltransduktion verwendet und spielt so eine 

zentrale Rolle im angeborenen Immunsystem. In früheren Arbeiten wurde der 

mastzellspezifischen MyD88 Signaltransduktion eine wichtige Rolle zugeschrieben, da sie die 

Mastzellakkumulation bei chronischer UVB Bestrahlung beeinflusste. 

In der hier vorliegenden Arbeit konnte gezeigt werden, dass MyD88 wichtig für die Aktivierung 

und das Überleben in vitro generierter Mastzellen ist, wobei vor allem IL-33 Stimulation diese 

Funktionen besonders verstärkte. Die Blockierung des IL-33 Signalwegs bei chronischer UVB 

Bestrahlung zeigte in vivo jedoch keine Auswirkungen auf die Anzahl der Mastzellen in der 

Haut, verminderte jedoch die Proliferation von Keratinozyten und reduzierte die Eiwanderung 

inflammatorischer Immunzellen in die Haut. Zudem wurde die Interaktion zwischen 

Mastzellen und dendritischen Zellen (DC) untersucht, da neben direkten Auswirkungen, auch 

indirekt weitere Zellen nach UVB-Exposition die Mastzellakkumulation verursachen können. 

Mastzellen und DC konnten in der Haut in der Nähe zueinander lokalisiert werden, und in Co-

Kulturen in vitro waren Mastzellen in der Lage die DC Aktivierung MyD88-abhängig leicht zu 

verstärken. Dies lässt vermuten, dass MyD88 auch bei diesen Interaktionen eine Rolle spielt 

und DC Aktivierung regulieren könnte und sich somit auf eine T-Zell Aktivierung auswirken 

könnte. UVB-Exposition erhöhte außerdem die Entstehung regulatorischer T-Zellen (Treg), 

welche eine Immunsuppression vermitteln. Im Modell der UV-induzierten Immunsuppression 

zeigte sich, dass MyD88 keine Rolle in der Entstehung einer solchen Immunsuppression zu 

spielen scheint. Interessanterweise zeigten MyD88 defiziente Mäuse aber eine generell 

verstärkte Entzündungsreaktion, welche sich auf eine erhöhte Infiltration von Neutrophilen 

und Monozyten zurückführen lässt. Im Modell der Photokarzinogenese zeigten MyD88 

defiziente Mäuse außerdem eine früher einsetzende Entstehung und eine höhere Anzahl an 

Tumoren im Vergleich zu MyD88 profizienten Mäusen. Mäuse mit mastzellspezifischer MyD88 
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Expression waren hierbei jedoch wieder teilweise geschützt, was auf eine wichtige Rolle 

MyD88-abhängiger Signalwege bei der Tumorentstehung hindeutet. Zusammenfassend 

wurde die Relevanz MyD88-abhängiger Signalwege in Mastzellen beleuchtet und untersucht, 

wie diese bei UV-Exposition der Haut zur Immunsuppression und Tumorentstehung beitragen.  
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