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Abstract

Mast cells are long-lived tissue-resident leukocytes, located most abundantly in the skin and
mucosal surfaces. They belong to the first line of defence of the body, protecting against
invading pathogens, toxins and allergens. Their secretory granules are densely packed with
a plethora of mediators, which can be released immediately upon activation of the cell. Next
to their role in IgE-mediated allergic diseases and in promoting inflammation, potential anti-
inflammatory functions have been assigned to mast cells, depending on the biological
setting. The aim of this thesis was to contribute to a better understanding of the role of mast
cells during the resolution of a local inflammation. Therefore, in a first of step a suitable
model of a local inflammation had to be identified. Since comparison of the two Toll-like
receptor (TLR)-agonists zymosan and lipopolysaccharide (LPS), which are most commonly
used to locally induce inflammation, revealed a systemic response after LPS-injection and a
local inflammation after zymosan-injection, the TLR2 agonist zymosan was chosen for the
subsequent experiments. Multi epitope ligand cartography (MELC) combined with statistical
neighbourhood analysis showed that mast cells are located in an anti-inflammatory
microenvironment next to M2 macrophages during resolution of inflammation, while
neutrophils and M1 macrophages are located in the zymosan-filled core of the inflammation.
Furthermore, infiltrating neutrophils during peak inflammation and an increasing population of
macrophages phagocytosing neutrophils during resolution of inflammation could be
observed. MELC as well as flow cytometry analysis of mast cell-deficient mice revealed a
decreased phagocytosing activity of macrophages in the absence of mast cells. As an
untargeted approach to identify mast cell-derived mediators induced by zymosan, mRNA
sequencing of bone marrow-derived mast cells (BMMCs) was performed. Gene ontology
term analysis of the sequencing data revealed the induction of the type | interferon (IFN)
pathway as the dominant response. Contradicting previous studies, | could validate the
production of IFN-B by mast cells in response to zymosan and LPS in vitro. Furthermore IFN-
B expression by mast cells was also detected in vivo. In accordance with previous studies
regarding other cell types the release of IFN-B by mast cells depends on endosomal
signaling. The potential of IFN-B to enhance the phagocytosing activity of macrophages has
been demonstrated recently. Besides IFN-, various other mediators with reported
enhancing effects on macrophage phagocytosis were also induced by zymosan in BMMCs,
including Interleukin (IL)-1B, IL-4, IL-13, and Prostaglandin (PG) E». Thus, either one of these

mediators alone or a combination of them could promote macrophage phagocytosis.

In conclusion, | herein present mast cells as a novel source for IFN-B induced by non-viral
TLR ligands and demonstrate their enhancing effect on macrophage phagocytosis, thereby

contributing to the resolution of inflammation.
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Introduction

1. Introduction

1.1. Inflammation

The term inflammation is used to describe the response of the immune system towards injury
or infection, to protect the body against pathogens, toxic compounds and damaged cells.
Acute inflammation can be accompanied by five typical symptoms, namely rubor (redness),
calor (heat), tumor (swelling), dolor (pain), and function leasa (loss of function). Rubor, calor,
tumor and dolor have been described already in the first century AD by Cornelius Celsus,
while the first mentioning of the fifth symptom, function leasa (loss of function), probably
originated from Rudolph Virchow in 1989. While an acute inflammatory response is in
general protective, removing harmful stimuli and repairing injured tissue, a failure in
resolution of inflammatory processes can lead to chronic inflammation and cause immense

harm.

1.1.1. Mechanisms of inflammation

The inflammatory response is initiated upon detection of harmful stimuli like pathogen-
associated molecular patterns (PAMPS) or danger-associated molecular patterns (DAMPS).
They are recognized by germline-encoded pattern recognition receptors (PRRs), which are
present on immune cells as well as non-immune cells (Akira et al., 2006; Kumar et al., 2009;
Takeuchi & Akira, 2010).

Signaling through PRRs leads to the activation of inflammatory pathways, most commonly
the nuclear factor kappa-B (NF-kB), the mitogen-activated protein kinase (MAPK), and the
Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathways.
Activation of these pathways results in the production and release of various inflammatory
mediators, including cytokines, chemokines, enzymes, reactive oxygen species (ROS) and
eicosanoids, mostly by tissue resident macrophages and mast cells. The first mediators
released include vasoactive mediators such as histamine, serotonin, and prostanoids, and
chemoattractants such as CXCL1, CXCL2, and CCL1, also referred to as monocyte
chemoattractant protein-1 (MCP-1) (Beck-Schimmer et al., 2005; De Filippo et al., 2008).
They promote vascular dilation, enhanced permeability of capillaries, and the recruitment of
leukocytes and plasma to the site of inflammation, leading to redness, swelling and heat of

the affected tissue. The symptom pain meanwhile arises due to the increased sensitivity of



sensory neurons to noxious and innocuous stimuli, which is described by the terms
hyperalgesia and allodynia, respectively (Ronchetti et al., 2017). This increased sensitivity is
induced by inflammatory mediators like histamine, bradykinin, prostaglandins and others
(Dray, 1995; Moalem & Tracey, 2006). A combination of factors may also lead to loss of
function, such as difficulty to breathe during a respiratory infection or impaired movement of

an inflamed joint due to swelling and pain (Chandrasoma & Taylor, 1997).

Monocytes, M®

Magnitude

Time

Figure 1: The acute inflammatory response. Figure adapted from Sansbury & Spite (2016). The onset of a
local acute inflammation is characterized by edema formation and infiltration of polymorphnucelar neutrophils
(PMNs), followed by the recruitment of monocytes. PMNs engulf and degrade pathogens and then undergo
apoptosis. Apoptotic cells are then cleared by monocyte-derived macrophages (M®) by efferocytosis. Further
PMN recruitment is limited by pro-resolving mediators, injured tissue is repaired and homeostasis is re-

established.

Following the rapid influx of neutrophils to the inflamed area, monocytes are recruited to the
tissue where they mature into macrophages (Figure 1) (Fujiwara & Kobayashi, 2005; Italiani
& Boraschi, 2014). Pro-inflammatory macrophages prolong the survival of neutrophils by
releasing a variety of growth factors such as granulocyte-macrophage colony-stimulating
factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF), and tumor necrosis factor
alpha (TNF-a) (Prame Kumar et al.,, 2018; Takano et al., 2009). Both macrophages and
neutrophils release mediators to kil and degrade pathogens and remove them by
phagocytosis (Silva, 2010). Once harmful stimuli are removed, neutrophils undergo
apoptosis and are removed by macrophages (Greenlee-Wacker, 2016; Ortega-GOmez et al.,

2013). Finally, healing of the tissue takes place (Bennett et al., 2018).

1.1.2. Resolution of inflammation

The physiological role of inflammation is the protection of the body from infection and injury.

A successful acute inflammation eliminates noxious stimuli and leads to healing of damaged
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tissue, resulting in the return to homeostasis. However, inflammation can develop into a

pathological process when it becomes persistent.

Numerous diseases are associated with chronic inflammation, e.g. rheumatoid arthritis
(Schett, 2019), psoriasis (Benezeder & Wolf, 2019), asthma (Finotto, 2019), multiple
sclerosis (Ruiz et al., 2019), Crohn’s disease (Schmitt et al., 2019), ulcerative colitis (Neurath
& Leppkes, 2019), atherosclerosis (Carracedo et al., 2019) and even cancer (Coussens &
Werb, 2002), obesity (H. Lee et al., 2013), diabetes (Tsalamandris et al., 2019) and mental
health disorders (Peirce & Alvifia, 2019). Those diseases are common in Western societies
and are a burden for the patients as well as the healthcare system. Chronic inflammatory
diseases can lead to irreversible and progressive tissue destruction, such as in rheumatoid
arthritis, ulcerative colitis, and asthma (Boldeanu et al., 2014; Carroll et al., 1993; McInnes &
Schett, 2017). Patients with inflammatory bowel diseases are furthermore more likely to
develop cancer, and tumors in cancer patients are affected by their inflammatory micro-
environment (Kiesslich et al., 2003; Landskron et al., 2014; Terzi¢ et al., 2010).

A Anti-inflammatory treatment B Pro-resolution treatment

Inflammation
Inflammation

1 3 Time % Time

— With treatment — Without treatment

Figure 2: Anti-inflammatory versus pro-resolution treatment of inflammation. Figure adapted from Fullerton
& Gilroy (2016). (A) Anti-inflammtory treatment dampens inflammation from the onset by inhibiting pro-
inflammatory mediators without necessarily accelerating the resolution. (B) Pro-resolution treatment accelerates
the resolution without necessarily affecting the onset of inflammation. Blue arrows indicate the beginning of the

treatment.

Many of those chronic inflammatory diseases are thought to be induced by tissue stress or
malfunction, which evoke an immune response referred to as para-inflammation, in contrast
to an acute inflammation induced by infection or tissue injury (Medzhitov, 2008). An example
for a chronic inflammatory state without previous infection or injury is adipose tissue in
obesity (Hotamisligil, 2017). Exceeding of the fat storage capacity of adipocytes leads to a
stress response, resulting in the production of cytokines (Hotamisligil, 2006). These stress-
induced para-inflammatory mechanisms share the common feature of a disturbed

homeostasis with injury- or infection-induced inflammation.



While processes that promote or hinder the resolution of inflammation may be specific for a
disease or affected tissue, understanding universal principles of resolution mechanisms may
be instrumental to help overcome the pathomechanisms of chronic inflammation and develop
strategies to initiate resolution. So far, chronic inflammatory diseases are routinely treated by
suppressing pro-inflammatory effector pathways by targeting cytokines or other mediators
involved, often by using non-steroidal anti-inflammatory drugs (NSAIDs) and biologicals such
as TNF-a blocking antibodies (Fullerton & Gilroy, 2016). By inhibiting the factors that drive
the inflammation, the inflammation is dampened, but not resolved (Figure 2); therefore,
treatments usually have to be given live-long. Furthermore, physiological immune responses

are partly suppressed, leading to an increased infection risk.

Natural resolution mechanisms are initiated shortly after the onset of inflammation.
Neutrophils are the first leukocytes to be recruited to the site of inflammation and they are
also the most abundant ones. They are essential to remove noxious stimuli from the tissue,
which is a prerequisite for initiation of resolution. An exaggerated influx of neutrophils
however can be detrimental and their recruitment has to be stopped in order to return to
tissue homeostasis. Furthermore, vascular permeability has to return to a normal level and
apoptotic neutrophils present in the tissue have to be removed. They express “find me” and
“eat me” signals, which triggers macrophages to engulf them. The uptake of apoptotic cells
by macrophages is called efferocytosis and has a profound effect on resolution of
inflammation, amongst others by preventing the release of intracellular components by dying
cells that could contribute to prolonged inflammation and lead to autoimmunity (Kourtzelis et
al., 2020; Maderna & Godson, 2003; Savill et al., 2002). Another important hallmark of the
resolution of inflammation is the reprogramming of macrophages from classically activated
pro-inflammatory macrophages, also referred to as M1 macrophages, to alternatively
activated anti-inflammatory, pro-resolving macrophages, referred to as M2 macrophages.
While M1 macrophages produce pro-inflammatory cytokines and contribute to elimination of
pathogens, M2 macrophages release pro-resolving mediators and clear apoptotic cells (Viola
et al., 2019). Finally, to return to homeostasis and prevent fibrosis or scar formation and
thereby loss of function of the tissue after inflammation, repair of the inflammation-induced

injury is required; this process is orchestrated by macrophages (Lech & Anders, 2013).

On a molecular level, resolution is based on a network of lipid and protein mediators. Anti-
inflammatory and immune-suppressive cytokines, such as transforming growth factor beta
(TGF-B) and interleukin (IL)-10, are able to inhibit the production of pro-inflammatory
mediators (Conaway et al., 2017; Yoshimura & Muto, 2010). Furthermore, IL-10 and TGF-$
have been reported to induce the M2 phenotype in macrophages, among other mediators
like IL-4, IL-13 and TLR agonists (Benoit et al., 2008; Martinez et al., 2009). Resolution of

inflammation is also accompanied by a class switch of lipid mediators (B. D. Levy et al.,

4



Introduction

2001). After the initial production of mediators activating and amplifying the cardinal signs of
inflammation, like prostaglandins (PGs) and leukotriens (LTs), an active switch to the
production of pro-resolving mediators takes place. PGs and LTs are derived from
endogenous arachidonic acid released from membrane phospholipids, mediated by
cyclooxygenase (COX) and lipoxygenase (LOX) pathways, respectively. A third class of
arachidonic acid-derivates comprises the pro-resolving lipoxins (LXs), such as LXAas.
Synthesis of LXAs is mediated by two distinct LOXs present in interacting cells, such as
neutrophils, eosinophils or macrophages, interacting with platelets or endothelial, epithelial or
parenchymal cells (Serhan et al., 1984). Other pro-resolving lipid mediators, namely
resolvins, protectins, and maresins, are derived from exogenous, dietary fatty acids, such as
w-3 polyunsaturated fatty acids (PUFAs) found in fish oil (Serhan et al., 2008). LXs,
resolvins, protectins and maresins have various anti-inflammatory and pro-resolving
functions, including limiting the recruitment of neutrophils, stimulating the recruitment of

monocytes, as well as stimulating efferocytosis (Serhan et al., 2008).

In summary, an orchestrated immune response and interplay between the cell types involved

is necessary to successfully resolve inflammation and prevent progressive tissue damage.

1.2. Mast cells

Mast cells are cells of the immune system that contain many secretory granules filled with
pre-formed bioactive compounds. They can be found in almost all vascularized tissues, close
to surfaces exposed to the environment like the skin, gastrointestinal tract and respiratory
epithelium, where they are one of the first cells to encounter harmful environmental stimuli
like pathogens, allergens, and toxins. Their location close to potential entry sites of
pathogens together with their ability to rapidly release a massive number of ready-made
mediators enables them to be part of the first line of defence of the immune system. There is
rising evidence that mast cells are not only key initiators of inflammation, but that they also
have the potential to act immunomodulatory to the extent of resolving the immune response,

depending on the biological setting (Galli et al., 2008).

1.2.1. Morphology, Origin and Location of mast cells

Rodent mast cells originate from hematopoietic precursors in the bone marrow of the
common myeloid progenitor (CMP) lineage. After commitment of the precursors to the mast

cell lineage, they enter the blood circulation as mast cell progenitors (MCp) and migrate to



their target tissue (Dahlin & Hallgren, 2015). Those MCps are small and barely have any
granules before developing into mature mast cells. Differentiation of MCps takes place under
the influence of stem-cell factor (SCF, also known as Kit ligand), IL-3 and other distinct

growth factors within the peripheral tissue (Rennick et al., 1995).

Signaling of SCF and its receptor c-Kit is crucial for the development of murine mast cells
and is also an essential growth factor for human mast cells. SCF exists in a soluble form and
in a membrane bound form and is constitutively expressed by endothelial cells, fibroblasts
and stromal cells (Galli et al., 1993; Heinrich et al., 1993). Beyond its function in the
maturation of mast cells, SCF is furthermore a critical chemotactic factor for the recruitment
of MCps to target tissues. Additionally, SCF stimulates the proliferation of mast cell
progenitors and promotes the survival of mast cells. The development, survival and migration

of mast cells is reviewed in detail by Okayama and Kawakami (2006).

The first mention of mast cells was probably in 1863, when Friedrich von Recklinghausen
described granulated cells preferentially located close to blood vessels. Paul Ehrlich later
coined the name “Mastzellen”, after discovering a population of cells filled with granules with
the capacity to metachromatically stain with aniline dyes like toluidine blue (Ehrlich, 1878). In
1966, Lennart Enerback described two subpopulations of rodent mast cells differing in
staining characteristics and tissue homing: connective tissue mast cells (CTMCs) and
mucosal mast cells (MMCs). CTMCs contain heparin and are therefore stained red by
safranin, while MMCs lack heparin. These two phenotypically distinct subpopulations
furthermore differ in morphology, mediator content and T-cell dependency. MMCs are
smaller than CTMCs, with 5 - 10 um compared to 10 - 20 um in diameter, and while CTMCs
contain histamine and serotonin, MMCs lack serotonin (Elieh Ali Komi et al., 2020). Subtypes
of human mast cells are distinguished by their protease composition as tryptase-only (MCr),
chymase-only (MCc) or tryptase- and chymase-positive (MCrc) (Irani & Schwartz, 1994). In
contrast to rodents, humans mostly have mixed populations of mast cell subtypes in tissues
(Welle, 1997).

Mast cells can be distinguished from other cells by their expression of both the receptors c-
Kit (also known as CD117) and FceRI. FceRl is a high-affinity receptor for the Fc region of
immunoglobulin (Ig) E and is involved in IgE-mediated allergic reactions. IgE molecules are
bound irreversibly to FceRlI, resulting in the mast cell being coated with IgE. Antigen binding
to IgE on the surface of a mast cell then leads to degranulation and release of histamine and
other vasoactive mediators (Galli & Tsai, 2012). Mast cells have been mostly recognized for
their role in the pathophysiology of IgE-mediated allergic responses, but they are also
involved in the regulation of pleiotropic physiological functions, including vasodilation and

angiogenesis, elimination of pathogens and parasites, as well as regulating functions of other
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immune cells. The physiological as well as the pathological actions of mast cells depend on
the biological activities of the mediators produced and released by them.

1.2.2. Mast cell-derived mediators

Mast cells represent a potential source of a variety of mediators with a wide range of possible
functions, including antimicrobial activity, recruitment and activation of other immune cells,
effects on epithelial cells and degradation of endogenous toxic mediators (Tsai et al., 2011).
The granules of mast cells are filled with preformed mediators that can be released directly
upon activation of the cell by various external stimuli (Moon et al., 2014). In addition to the
release of preformed mediators, mast cell activation also leads to de novo synthesis of lipid
mediators, cytokines and chemokines. The most well-known preformed compound stored in
granules of mast cells is probably histamine, which is present in all subtypes of mast cells in
all species. Histamine causes vasodilation and increases vascular permeability and is best

known for its role in allergic reactions (Ashina et al., 2015).

Other preformed mediators next to histamine include proteases, proteoglycans, lysosomal
enzymes and the cytokine TNF-a. About 25% of the proteins in mast cells are proteases,
three of them being specific for mast cells, namely chymase, tryptase and carboxypeptidase
A3 (Pejler et al., 2007). The proteases are stored in their active form, meaning they can carry
out their enzymatic activity directly upon release. Substrates cleaved by mast cell proteases
include a variety of inflammatory mediators, which can be either activated or inactivated by
cleavage (Dai & Korthuis, 2011). Proteoglycans like heparin are required for storage and
functionality of proteases and biogenic amines and are responsible for the characteristic
staining of mast cells by toluidine blue (Ribatti, 2018). The mostly pre-formed cytokine TNF-a
has been shown to initiate and amplify an inflammatory response by contributing to leukocyte
recruitment and is therefore regarded as a pro-inflammatory cytokine (Biedermann et al.,
2000; J. R. Gordon & Galli, 1990). The release of preformed mediators takes place within

seconds after activation (Moon et al., 2014).

In a next step, only minutes after activation of the mast cell, lipid mediators can be released,
since no transcription is needed. Eicosanoids are the most prominent lipid mediators
produced by mast cells. The eicosanoids in mast cells include PGs produced by COX-1 and
COX-2, hydroperoxy-leicosatetraenoic acids (HPETES) and LTs generated by LOXs, epoxy-
eicosatrienoic acids (EETs) and hydroxyeicosatetraenoic acids (HETEsS) produced by
cytochrome P450 enzymes. One of the main eicosanoids produced by mast cells is PGD»
(Boyce, 2007). Another mast cell derived eicosanoid is thromboxane A; (TXA:) (Fonteh et al.,

1995; Mita et al., 1999), which has been shown to be involved in edema formation and
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mechanical hypersensitivity in capsaicin-induced neurogenic inflammation (Tarighi et al.,
2019).

Since de novo synthesis of cytokines, chemokines and growth factors requires induction of
gene transcription and translation, it takes hours for the proteins to be released after
activation of the mast cell. De novo synthesized mediators include IL-1B, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-9, IL-10, IL-11, IL-12, IL-13, IL-16, IL-33, epidermal growth factor (EGF), fibroblast
growth factor (FGF), GM-CSF, interferon (IFN) -y, nerve growth factor (NGF), platelet-derived
growth factor (PDGF), SCF, TGF-B and vascular endothelial growth factor (VEGF)
(Theoharides et al.,, 2012). Mast cell-derived cytokines have various functions, such as

activation of neighbouring cells and recruitment of immune cells (Mukai et al., 2018).

The subset of mediators released by a mast cell depends on the stimuli activating the cell,
with different stimuli leading to different responses. This is possible due to various receptors
signaling through diverse pathways and to the selective release of granules and other
compartments, such as vesicles and exosomes. While all granules of a mast cell are
released at once in anaphylactic degranulation, mast cells are also able to release only
subsets of the heterogenous granules by piecemeal degranulation (Moon et al.,, 2014;
Wernersson & Pejler, 2014). Furthermore, mast cells are able to recover from degranulation,
form new granules and reside in the tissue for months, making them rather long-lived cells
(Hammel et al., 1989; Padawer, 1974; Walker, 1961).

1.2.3. Mast cell-deficient mice models

Besides their well described role as effector cells in allergic reactions, mast cells are
considered to have a wide range of functions in innate and adaptive immunity. The broad
range of mast cell products discovered in vitro potentially enables mast cells to contribute to
detrimental as well as protective processes during all stages of inflammation. To investigate

the actual role of mast cells and their mediators in vivo, suitable models are necessary.

To study the contribution of mast cells to biological processes, both fully mast cell-deficient
mice and mice deficient of specific mast cell populations in tissues of interest can be of use,
while the deletion or blocking of mast cell products can help to identify the means by which
mast cells influence their environment in particular biological settings. To ablate mast cells in
vivo, various genetic approaches have been addressed (reviewed in Reber, Marichal, and
Galli 2012; Rodewald and Feyerabend 2012). In older models, mast cell ablation was
achieved by defects of the receptor Kit, which is encoded on the mouse W locus and is

required by mast cells for growth and survival. The mutant mice Kit""W and KitVsMW-sh gre the
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two most commonly used Kit mutant models. The protein encoded by Kit" is truncuated and
is therefore not expressed on the cells surface (Hayashi et al., 1991), while the Kit"¥ encoded
protein has a reduced kinase activity due to a mutation in the Kit tyrosine kinase domain
(Nocka et al., 1990). In the KitVs allele, there is a large inversion in the transcriptional
regulatory element upstream of the Kit locus, affecting the expression of Kit (Berrozpe et al.,
2006; Nigrovic et al., 2008).

Unfortunately, Kit mutant mice have several phenotypic abnormalities besides their mast cell-
deficiency, since Kit is widely expressed in cells both within and outside of the immune
system (Reber et al.,, 2012). The high expression of Kit on hematopoietic stem and
progenitor cells is lost with differentiation in all hematopoietic cells except for mast cells (Galli
et al., 1993). The defects in the hematopoietic system of Kit mutant mice are distinct but
partly overlapping between the different mutant mouse strains and include anaemia and
either reduced or increased number of neutrophils, basophils, megakaryocytes and other
immune cells. Furthermore Kit"Y"V mice are sterile, while KitWsM"W-sh mice are fertile, which is
one of the reasons why they have been preferred over Kit"" mice. Especially the effect of
Kit mutations on cells involved in innate and adaptive immune responses apart from mast
cells obviously has the potential to interfere with the outcome of experiments meant to study
the role of mast cells. One approach to overcome the problems of Kit mutant mice was to
reconstitute them with mast cells, for example by injecting them intravenously,
intraperitonally or intradermally. This was meant to rule out the influence of cells other than

mast cells on the outcome of the experiment.

Intriguingly, there have been discrepancies in several cases between the outcome of
experiments using Kit mutants and mast cell-reconstituted Kit mutants compared to newer
Kit-independent mast cell-deficient mice and normal mice (Rodewald & Feyerabend, 2012).
Reconstitution with mast cells might result in mast cell populations different from
endogenously developed ones, regarding their distribution and behaviour, leading to
compensation not only of the mast cell deficiency but also other Kit-derived abnormalities
absent in wild type mice. While the exact mechanisms behind this still remain to be
understood, it is clearly favourable to use mast cell-deficiencies that are independent of
mutations in the pleiotropic Kit. To overcome potential difficulties in interpreting results based
on Kit mutant mice, several groups have developed Kit-independent mast cell-deficient mice.
The common feature of all these mouse strains is the expression of Cre recombinase under
the control of mast cell-specific or -associated promoters (Dudeck et al., 2011; Feyerabend
et al., 2011; Lilla et al., 2011; Otsuka et al., 2011).

The mouse strain used in this thesis is Mcpt5-Cre DTA developed by Dudeck et al. (Dudeck

et al., 2011). They generated constitutive mast cell deficiency by cross-breeding R-DTA mice



(Voehringer et al., 2008) to the mast cell-specific Cre transgenic line Mcpt5-Cre (Scholten et
al., 2008). In this mouse strain, the Cre recombinase is expressed under the control of the
mast cell protease (Mcpt) 5 promoter; therefore, the expression of Cre is restricted to mast
cells. Thereby the loxP flanked stop cassette controlling the expression of diphtheria toxin A
(DTA) is excised by Cre exclusively in mast cells, leading to their death due to production of
the toxin followed by inhibition of protein synthesis in the cells. Since Mcpt5 is only
expressed in CTMCs, only CTMCs are depleted while MMCs are unaffected. Peritoneal mast
cells are reduced by 98%, skin mast cells 89%-97%, varying between different locations in
the body.

1.3. Pattern Recognition Receptors

Toxic compounds, invading pathogens or damaged cells evoke the immune response of the
body as a defence system against harmful stimuli. The initial detection of harmful stimuli is
mediated by innate pattern recognition receptors (PRRS), recognizing exogenous pathogen-
associated molecular patterns (PAMPs) and endogenous damage-associated molecular
patterns (DAMPs). PRRs in mammals include Toll-like receptors (TLRs), RIG-I-like receptors
(RLRs), Nod-like receptors (NLRs), AlM2-like receptors (ALRs), C-type lectin receptors
(CLRs), and intracellular DNA sensors (Akira et al.,, 2006; Cai et al., 2014). The best
characterized PRRs are TLRs (Mogensen, 2009).

1.3.1. Toll-like receptors

There are 13 known TLRs in mammals, named TLR1-13. TLR1-10 are found in humans and
TLR1-9 and 11-13 are found in mice. Common features shared by all TLR family members
are a leucine-rich repeat (LRR) domain in their extracytoplasmic domain mediating PAMP
recognition and an intracytoplasmic Toll-interleukin-1 receptor (TIR) domain initiating signal
transduction (Botos et al., 2011). All TLRs are transmembrane proteins; TLR1, 2, 4, 5 and 6
are found predominantly on the cell surface, while TLR3, 7, 8, 9, 11, 12 and 13 are located in
endosomal compartments. Intracellular TLRs are mostly known to recognize bacterial and
viral nucleic acids, while cell surface located TLRs recognize microbial cell wall and cell
membrane components in the extracellular space. Each TLR recognizes a subset of PAMPs
or DAMPs that is distinct from or overlapping with the subset recognized by other TLRs. Most
TLRs are known to interact with their ligands as homodimers, while TLR2 forms
heterodimers with TLR1 or TLR6 (Oliveira-Nascimento et al., 2012).
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TLR2 and TLR4 are both widely expressed and recognize an impressive variety of
pathogens and are therefore among the best studied PRRs (Mukherjee et al., 2016). The
spectrum of microbial components recognized by TLR2 includes diverse bacterial
glycoproteins and zymosan, a fungal cell wall component (Ikeda et al., 2008; Takeda et al.,
2003). TLR10 seems to recognize bacterial and fungal cell surface components in
cooperation with TLR2, but downstream signaling and function of this receptor has not been
identified yet (Guan et al., 2010). Dectin1, a receptor recognizing p-glucan from fungal cell
walls, has also been shown to collaborate with TLR2 (Gantner et al., 2003). TLR4 is mostly
known for its essential role in recognition of gram-negative bacteria derived
lipopolysaccharides (LPS) (Hoshino et al., 1999; Poltorak et al., 1998), but has also been
shown to recognize several heat shock proteins of exogenous and endogenous origin and
other self-derived DAMPs (Molteni et al., 2016).

1.3.2. Signaling pathways of TLRs

Upon binding of a ligand to the LRR domain of the TLR, the receptor dimer is stabilized and
adaptor molecules are recruited to the TIR domain of the TLR. The five known adaptor
molecules in mammals are Myeloid differentiation primary-response protein 88 (MyD88), TIR
domain-containing adaptor protein (TIRAP, by some also referred to as MyD88-adaptor-like
(MAL)), TIR domain containing adaptor protein inducing IFN-B (TRIF), TRIF related adaptor
molecule (TRAM) and Sterile a- and armadillo-motif-containing protein (SARM) (Akira &
Takeda, 2004). Two distinct signaling pathways can take place after TLR activation; the
MyD88-dependent signaling pathway and the MyD88-independent signaling pathway, also
referred to as the TRIF-dependent signaling pathway. The adaptor molecule MyD88 is used
by all TLRs, except for TLR3, while the TRIF-dependent pathway is specific for TLR3 and
TLR4 (Kawasaki & Kawai, 2014).

In the MyD88-dependent signaling pathway of TLR2 and TLR4, both MyD88 and TIRAP bind
to the activated receptor dimer by TIR-TIR interactions (Figure 3). Then, members of the
interleukin-1 receptor associated kinase (IRAK) kinase family are recruited, forming a
complex with MyD88 referred to as Myddosom, leading to the phosphorylation and
dissociation of IRAKs. IRAKs then activate TRAF6, which in turn enhances the activity of the
IxB kinase (IKK). The activated IKK then degrades the inhibitor of NF-xB (1xB), enabling NF-
kB to translocate to the nucleus, resulting in the induction of inflammatory genes. In parallel
TRAF6 activates the MAPK pathway, resulting in the activation of AP-1, another transcription

factor upregulating cytokine gene expression.
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The MyD88-independent, TRIF-dependent pathways utilized by TLR3 and TLR4 differ from
each other. TLR3 directly recruits TRIF upon ligand binding, while TLR4 recruits TRIF via
TRAM. TRIF then recruits TRAF3, leading to the phosphorylation and thereby activation of
IRF3. IRF3 then forms dimers either with another TRAF3 or with TRAF7 and translocates to
the nucleus, resulting in the transcription of IFN-B and IFN-inducible genes. In the case of
TLR4, induction of type | IFNs is mediated by TRAF3 homodimers, while TRAF7 is required
for TLR3-mediated induction of type | IFNs (Honda, Yanai, Takaoka, et al., 2005). Next to
type | IFN induction, TRIF activates NF-kB via TRAF6, upregulating the transcription of

inflammatory genes.

The type | IFN pathway can also be induced in a MyD88-dependent way by TLR7-9, which
lack the TRIF-dependent signaling pathway (Kawai et al., 2004; Takeda & Akira, 2005). It
has been demonstrated that only interferon regulatory factor (IRF) 7, but not IRF3, is
activated by MyD88 and interacts with TRAF6 upon TLR7-9 induction and that IRF7 is
required for type | IFN induction (Honda et al., 2004; Honda, Ohba, et al., 2005; Honda,
Yanai, Negishi, et al., 2005). Meanwhile, the activation of NF-xB and the subsequent
induction of pro-inflammatory cytokines is independent of IRF7. The induction of type | IFNs
by cell surface located TLRs other than by TLR4 has long been thought to be impossible due
to their lack of TRIF-dependent signaling and MyD88 only interacting with IRF7 in endosomal
compartments. By now it has been discovered that TRL2 can also induce the type | IFN
response, but only upon receptor internalization (Barbalat et al.,, 2009; Bauernfeind &
Hornung, 2009). The endosomal MyD88-dependent IFN induction has been shown to require
IRF7, just like in the MyD88-dependent IFN induction by endosomal TLR9. Furthermore, it
has been demonstrated that TLR4 induction of the type | IFN response also only takes place
in endosomal compartments (Kagan et al., 2008). Upon ligand binding to the initially cell
surface located TLR4, MyD88 is recruited and leads to the induction of inflammatory
cytokines. Then, TLR4 is internalized into Rab5-positive endosomes, recruits the adaptors
TRAM and TRIF, and induces the type | IFN response (Figure 3).

In conclusion, the induction of different pathways by TLRs takes place in a spatio-temporally
dependent way and the common denominator of TLR-induced type | IFN signaling seems to
be the dependence on the subcellular localization of the receptor (Perkins & Vogel, 2015).
Furthermore, the recruitment of different subsets of adaptor molecules might be one
explanation for the ability of TLRs to differentially induce overlapping but distinct pathways in

response to different ligands.
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Figure 3: Extracellular and intracellular TLR2 and TLR4 signaling. Figure adapted from Du et al. (2016);
O’Neill et al. (2013); and Takeda & Yamamoto (2010). Extracellular signaling of TLRs leads to transcription of
inflammatory cytokines while intracellular TLR signaling leads to transcription of type | IFNs. MyD88 and TIRAP
bind to the activated receptor dimer of TLR2 and TLR4 located at the cell surface, leading to the translocation of
NF-kB to the nucleus and the transcription of inflammatory cytokines. When TLR2 and TLR4 are internalized,
TLR2 induces the transcription of type | IFNs though MyD88 and IRF7 signaling, while TLR4 activates IRF3 upon
recruitment of TRIF via TRAM, resulting in the induction of type | IFNs.

1.4. Interferons

Interferons (IFNs) were first described as a substance that interferes with viral infections by
providing cells that have been infected with a virus before with resistance to further infections
with different viruses (Isaacs & Lindenmann, 1957). IFNs are a whole family of distinct
proteins which can be divided into three different classes: type | IFNs, type Il IFNs and type
Il IFNs. The IFNs are assigned to one of the three classes depending on which one of three
distinct IFN receptor complexes they signal through. Type | IFNs bind to the heterodimeric
receptor complex interferon-a/f receptor (IFNAR), consisting of the subunits IFNAR1 and
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IFNAR2. The receptor complex for type Il IFNs consists of two interferon gamma receptor
(IFNGR1 and IFNGR2) heterodimers forming a dimer. Type Il IFNs act through a
heterodimer consisting of IL-10R2 and interferon lambda receptor (IFNLR) 1. The IL-10R2 is
shared by type Il IFNs with the structurally similar cytokines IL-10, IL-22 and IL-26, whereas
the IFNLR1 is only used by type Il IFNSs.

The only member of the type Il IFN family is IFN-y, a cytokine with pro-inflammatory and
immunomodulatory functions distinct from the other interferon classes (Schroder et al.,
2004). Type Il interferons are the most recently discovered class of interferons and consist
of the four subtypes IFN-A1 (IL-29), IFN-A2 (IL-28A), IFN-A3 (IL-28B), and IFN-A4 (Kotenko et
al., 2003; Sheppard et al., 2003). Their antiviral, anti-proliferative, and immunomodulatory
functions are similar to those of type | interferons (Lazear et al., 2019). Type | IFNs found in
mammals include IFN-a, IFN-B, IFN-¢, IFN-x and IFN-w. The best described type | IFNs are
IFN-a and IFN-B. While only a single IFN-B exists in mice and humans, there are 13 known

subtypes of IFN-a in humans and 14 in mice.

Type Il IFN is mostly produced by T-cells and natural killer cells and plays a role in anti-viral
defence and anti-tumor immune responses. Furthermore it has been reported to act in
concert with type | IFNs and amplify their anti-viral activity (A. J. Lee & Ashkar, 2018).
Meanwhile, the signaling pathways and transcriptional programs of type | and Ill IFNs are
highly similar to each other, albeit utilizing distinct receptors (Lazear et al., 2019). They are
furthermore induced by similar pathogen sensing pathways. However, the subcellular
location of PAMP recognition has been shown to affect the type of IFN being produced, at
least for TLR4. While endolysosomal TLR4 signaling induces production of type | IFNs, TLR4
signaling from the plasma membrane leads to the production of type Ill IFNs (Kagan et al.,
2008; Odendall et al., 2017). Differences between type | and Il IFNs arise mostly due to the
distinct distribution of their respective receptors. While the IFNAR receptor for type | IFNs is
expressed by most cell types, including leukocytes, fibroblasts and endothelial cells,
expression of the IFNLR receptor of type Il IFNs is mostly limited to epithelial cells (D. E.
Levy et al., 2011; Sommereyns et al., 2008; Stanifer et al., 2019). Furthermore, the type | IFN

response is more rapid and potent than the type Il IFN response.

1.4.1. Induction and downstream signaling of type | IFNs

IFNs are not only induced in response to viral infections, but also in response to detection of
microbes by PRRs such as TLRs (Boxx & Cheng, 2016). TLR-mediated induction of type |
IFNs utilizes different signaling pathways, either MyD88-dependent or TRIF-dependent and
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has been shown to be spatio-temporally regulated (Perkins & Vogel, 2015). The members of
the interferon-regulatory factor (IRF) family play a pivotal role in the regulation of the
production of type | IFNs at the gene transcription level. Nine IRF proteins, namely IRF1-9,
exist in mammals. They all have a conserved DNA-binding domain which recognizes the
IFN-stimulated regulatory element (ISRE) found within the promoter of IFNs and IFN-
stimulated genes (ISGs). The first IRF to be discovered was IRF1, which is recruited by the
adaptor MyD88, but has been shown to be non-essential for the induction of IFNs in some
settings, while being essential in others (Colonna, 2007; Matsuyama et al., 1993; Miyamoto
et al., 1988). IRF3 and IRF7 share great structural homologies and are generally considered
the master regulators of the transcription of type | IFNS, while IRF9 regulates the
transcription of ISGs downstream of type | IFNs (Honda, Yanai, Negishi, et al., 2005; Ning et
al., 2011; Paul et al., 2018). IRF3 is expressed ubiquitously and binds to ISRE in the
promoter of IFN-a and IFN-B upon activation by phosphorylation (Sharma et al., 2003; Yanai
et al., 2018). IRF3 is activated at intracellular vesicles by adaptor proteins such as TRIF in
the case of TLR3 and TLR4. Unlike IRF3, basal levels of IRF7 are very low (Sato et al.,
2000). However, IRF7 is produced upon induction by type | IFNs, resulting in a feedforward
response further upregulation the expression of type | IFNs (Marie, 1998). Upon activation by
phosphorylation, IRF7 can induce transcription of IFN-a and IFN-B by forming either

homodimers or heterodimers with IRF3 (Honda, Yanai, Negishi, et al., 2005).

Upon production, type | IFNs bind to their receptor, thereby activating the JAK-STAT
signaling pathway, resulting in the transcription of ISGs (lvashkiv & Donlin, 2014). JAK
proteins are bound to the cytoplasmic domains of the IFN receptor complexes in an inactive
conformation. Ligand binding to the IFN receptor complex leads to the activation of the JAK
proteins, which then phosphorylate the IFN receptor chain, enabling STATs to bind via their
SRC homology 2 (SH2) domains (Heim et al., 1995). This leads to the phosphorylation of the
STAT proteins, resulting in their release from the receptor. The STAT proteins involved in
IFN signaling are STAT1 and STAT2. The activated STATs form STAT1 homodimers in case
of type Il IFN signaling or heterodimers consisting of STAT1 and STAT2 in case of type | and
Il signaling (Figure 4). The STAT1 homodimers translocate to the nucleus and bind to
gamma-activated sequences (GAS), leading to the transcription of downstream ISGs. The
STAT1/STAT2 heterodimers bind to IRF9, forming a complex called ISG factor 3 (ISGF3).
The ISGF3 complex then translocates to the nucleus and binds to ISREs, inducing the
transcription of downstream ISGs with diverse functions, which are reviewed in detail in
“Interferon-Stimulated Genes: A complex Web of Host Defenses” (Schneider et al., 2014)

and shall be described here briefly.
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Figure 4: Downstream signaling cascade of IFNs. Figure adapted from Schneider et al. (2014). The three
classes of IFNs utilize three distinct receptor complexes: type | IFNs signal through IFNAR1 and IFNAR2
heterodimers, type Il IFNS signal through IFNLR1 and IL-10R heterodimers, and type Il IFNs signal through
dimers of IFNGR1 and IFNGR2 heterodimers. Binding of type | and type Ill IFNs triggers phosphorylation of JAKs
bound to the receptor complexes, which leads to the phosphorylation of recruited STAT1 and STAT2. STAT1 and
STAT2 then form a heterodimer and bind to IRF9. The complex of STAT1, STAT2 and IRF9 is referred to as
ISGF3. ISGF3 translocates to the nucleus and induces gene expression regulated by ISRE promoter elements.
Binding of type Il IFN dimers to their receptor complex also leads to phosphorylation of associated JAKs, and then
phosphorylation of STAT1, but not STAT2. STAT1 homodimers then translocate to the nucleus and induce gene

expression regulated by GAS promoter elements.
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The best described role of IFNS is the interference with viruses, which is achieved by a wide
range of ISGs. Indeed, for every stage of the life cycle of viruses, from the entry into the host
cell, to translation and replication of the viral genome, and finally the assembly and the
egress of the virus, ISGs are known that inhibit the viral activity. Examples for these anti-viral
effectors are Myxovirus resistance (Mx) proteins, interferon-induced transmembrane (IFITM)
proteins, tripartite motif family (TRIM) proteins and oligoadenylate synthase (OAS) proteins.
The type | IFN response has also been studied in infections with intracellular and
extracellular bacteria with ambiguous outcome; in some studies, type | IFNs have been
shown detrimental, in others beneficial to host defence (McNab et al., 2015). These effects
are due to the induction of ISGs with the ability to modulate innate and adaptive immune
responses. Reported effects of type | IFNs in bacterial infections include regulation of
apoptosis and necroptosis, promotion as well as suppression of immune cell recruitment,
influence on bacterial clearance, suppression of pro-inflammatory response and promotion of
anti-inflammatory response, including promotion of IL-10 response, and furthermore
promotion of tissue integrity. These effects are reviewed in detail in “The Roles of Type |

Interferon in Bacterial Infection” (Boxx & Cheng, 2016).

While PRRs, JAKs, STATs and IRFs are present at baseline, facilitating a rapid IFN
response, they are also ISGs themselves and their expression is enhanced in response to
IFN, reinforcing IFN signaling in a positive feedback loop and sensitizing cells for enhanced
recognition of pathogens. Production of cytokines induced by type | IFNs furthermore
enables the communication with neighbouring cells. Finally, some of the ISGs desensitize
the cells to IFN signaling to enable the return to homeostasis. Next to desensitization by cell-
intrinsic mechanisms, such as receptor internalisation and turnover rate, some ISGs are able
to inhibit the JAK-STAT signaling pathway, such as ubiquitin specific peptidase (USP) 18,
which interacts with IFNAR2 and thereby prevents binding of JAK1 to the receptor complex
(Coccia et al., 2006; Malakhova et al., 2006).

Albeit their role as a central pillar in host defence, type | IFNs have been shown to be absent

in mast cells after non-viral induction (Dietrich, Rohde, et al., 2010; Keck et al., 2011).
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1.5. Aim of thesis

While pro-inflammatory functions of mast cells are well known, their role during the resolution
of inflammation is still unclear. To elucidate the role of mast cells during the resolution of a
local inflammation, the first aim of this thesis was to identify the effect of mast cells on their
neighbouring cells in the tissue (Figure 5). In a first step, a suitable model of a local
inflammation had to be chosen. Comparison of the two most commonly used TLR-agonists
for locally-induced inflammations LPS and zymosan revealed a more systemic response to
LPS, which left zymosan as the suitable candidate. To identify neighbouring cells of mast
cells and therefore cells potentially influencing and being influenced by them, multi epitope
ligand cartography (MELC) was performed next in naive paws, as well as during peak and
resolution of inflammation. Since macrophages were identified as the prominent neighbours
of mast cells during resolution of inflammation, differences regarding macrophage
populations in mast cell-deficient mice and control mice were screened by MELC analysis.
This indicated for a decreased efferocytosis of neutrophils by macrophages in the absence of
mast cells. To validate this effect, paw tissue was analysed by multiparametric flow cytometry

regarding differences in phagocytosis and efferocytosis.

Effect

Figure 5: Aims of this thesis. The aims of this thesis are 1) to study the effect of mast cells on their neighbouring
cells and 2) to identify mediators released by mast cells during the resolution of inflammation. Neighbouring cells
have the potential to influence mast cells and vice versa by releasing mediators, which may alter their phenotype

and affect the progression of the inflammation.

The second aim of this thesis was to identify mediators produced by mast cells during the
resolution of inflammation (Figure 5). Therefore, levels of cytokines in the paws of zymosan-
induced mast cell-deficient mice and control mice were analysed, and an untargeted
screening of mediators produced in response to zymosan was performed by mRNA
sequencing of bone marrow-derived mast cells. Finally, the results of the sequencing were
validated on a protein level. Combined, these results were intended to contribute to a better
understanding of the phenotype of mast cells and their effect on the resolution of

inflammation.
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Materials and Methods

2. Materials and Methods

2.1. Materials

2.1.1. Animals

C57BL/6N mice were supplied by Janvier (Le Genest, France). Mcpt5-DTA-Cre mice were
originally described by Axel Roers’ group at Technische Universitat Dresden (Dudeck et al.,
2011). Sex and age matched Mcpt5-DTA-Cre" litter mates were used as control mice for
Mcpt5-DTA-Cre* mice. The animals were cared for corresponding to International
Association for the Study of Pain guidelines (Grant FK1065, FK1093 and FK1138). For all
experiments, the ethics guidelines for investigations in conscious animals were obeyed and
the procedures were approved by the local ethics committee (Regierungsprasidium
Darmstadt). The animals had free access to food (Sniff standard diet) and water and were
maintained in climate- (23 + 0.5°C) and light-controlled rooms (light from 7.00 a.m. to 7.00

p.m.).

2.1.2. Antibodies for flow cytometry (FC) and MELC

Name Dilution Supplier, Product #

FC MELC
CD3-APC 1:50 Miltenyi, #130-122-943
CD11b-APC/Cyanine? 1:50 Biolegend, #101225
CD11b-FITC 1:400 Bio-Rad, #MCA74F
CD11c-PE 1:100 Miltenyi, #130-102-799
CD11c-PerCP 1:50 Biolegend, #117326
CD11c-FITC 1:50 eBioscience, #11-0114-85
CD11c-VioBlue 1:50 Miltenyi, #130-102-797
CD31-PE 1:400 BD Biosciences, #553373
CD45-FITC 1:200 Miltenyi, #130-091-609
CDA45-VioGreen 1:25 Miltenyi, #130-123-900
CD80 1:100 Biolegend, #104706
CD86-PE 1:200 Biolegend, #105008
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CD86-BVv421 1:50 Biolegend, #105031
CD117-PE 1:50 Miltenyi, #130-102-795
CD117-Cy5 1:50 Bioss, #bs-10005R-Cy5
CD206-APC 1:50 1:200 Biolegend, #141708
F4/80 1:400 Biolegend, #123107
F4/80-PE 1:50 Biolegend, #123110
F4/80-PE/Cyanine? 1:50 Biolegend, #123113
FceRla-FITC 1:50 Biolegend, #134305
IFN-B 1:100 Novus Biologicals, #nbpl-77288
IL-1B-FITC 1:100 Thermo Fisher, #11-7114-82
IL-4-AlexaFluor488 1:50 Biolegend, #504109
IL-10-FITC 1:100 eBioscience, #11-7101
IL-13-AlexaFluor488 1:50 Invitrogen, #53-7133-82
Ly6C-APC 1:400 eBioscience, #17-5932-80
Ly6C-eFluor450 1:50 eBioscience, #48-5932-82
Ly6C-PE 1:50 eBioscience, #12-5932-82
Ly6G/Ly6C-FITC (Grl) 1:50 1:400 eBioscience, #11-5931-82
MHCII-APCeFluor770 1:25 eBioscience, #47-5321-80
MHCII-PE 1:50 Miltenyi, #120-000-810
Propidium iodide (PI) 1:800 Sigma-Aldrich, #P4170
Siglec F-PE 1:50 1:200 BD Pharmingen, #562068
Siglec F-PEvio770 1:25 Miltenyi, #130-102-167

2.1.3. Proteins, Enzymes and Antibodies

Name

Supplier, Product #

Collagenase from Clostridium histolyticum

Sigma-Aldrich, #C9891-1G

DNP-BSA (Dinitrophenyl-BSA protein Conjugate)

Alpha diagnostic, #DNP35-N-10

DNP-specific IgE (Monoclonal Anti-Dinitrophenyl

antibody produced in mouse)

Sigma-Aldrich, # D8406

IFNAR1 monoclonal antibody (MAR1-5A3, isotype IgG1

kappa), functional grade

eBioscience, #16-5945-85

InVivoMADb anti-mouse IFNAR-1
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InVivoMAb anti-mouse IgG1 isotype control

Materials and Methods

Bio X Cell, #BE0083

Isotype control IgG1 kappa, Cytochrome C (6H2)

Santa Cruz Biotechnology
#sc-13561

M-CSF

PeproTech, #AF-315-02

Mouse IFN Beta, mammalian

PBL Assay Science, #12405-1

Murine 1L-13

PeproTech, # 213-13-100UG

Recombinant Murine IL-3

2.1.4. Solutions and chemicals

Peprotech, #213-13

Name

Supplier, Product #

1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
(16:0 LysoPC)

Avanti Polar Lipids, #855675-25

2-mercaptoethanol

AppliChem, #A1108

Bafilomycin A1 Ready Made solution in DMSO

Sigma-Aldrich, #SML1661

Bicinchoninic acid (BCA)

Sigma-Aldrich, #B9643

Brefeldin A from Penicillium brefeldianum

Sigma-Aldrich, #B6542-5MG

cOmplete™ Protease Inhibitor Cocktail

Roche, #11697498001

Cytochalasin D from Zygosporium mansonii

Sigma-Aldrich, #C2618

Fetal Bovine Serum (FBS)

Gibco, #41F9730K

GSK717 (NOD2 Signaling Inhibitor II)

Calbiochem, #533718

L-Glutamine 200 mM

Sigma-Aldrich, #G7513

Lipopolysaccharides (LPS) Escherichia coli 0127:B8

Sigma-Aldrich, #L3129

MEM non essential amino acids

Gibco, #11140-035

NaOH (Sodium hydroxide pellets)

AppliChem, #A1551

Penicillin/Streptomycin

Gibco, #15140-122

pHrodo Red zymosan A BioParticles conjugate

Invitrogen, #P35364

23



RPMI 1640 Gibco, #31870

RPMI 1640 GlutaMAX Gibco, #61870036

Saponin Roth, #4185.1

Sodium Pyruvate Gibco, #11360-039
Sphingosine-1-phosphate (S1P) Cayman Chemicals, #62570
Tissue Extraction Reagent | Invitrogen, #FNNOO71

Tissue Tek O.C.T Compound Containing Sakure, #4583

TRIS-hydrochlorid (TRIS-HCI) Roth, #9090.3

U0126 (MEK1 and MEK2 inhibitor) Cell Signaling Technology, #9903
WEB 2086 (PAF receptor antagonist) Tocris, #2339

Zymosan A from Saccharomyces cerevisae Sigma-Aldrich, #24250-1G

2.1.5. Media and buffers

H.O was used as solvent, if not explicitly stated otherwise.

Name Composition Concentration

ACK NH4CL 135 mM

(erythrocyte lysis buffer) NaHCOs3; 10 mM
Na-EDTA 0,1 mM
pH 7,2

FACS Collagenase buffer  Collagenase 3 mg/ml
in DMEM

FACS staining buffer FBS 1% (v/v)
in PBS

FACS stop solution FBS 10% (v/v)
in DMEM

Macrophage medium FBS (heat inactivated) 10% (v/v)
Penicillin/Streptomycin 100 U/ml
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M-CSF
in RPMI1640 GlutaMAX

Materials and Methods

20 ng/ml

Mast cell medium

FBS (heat inactivated)

10% (v/v)

L-Glutamine 200 mM 4 mM
Penicillin/Streptomycin 100 U/ml
Sodium Pyuvate 1mM
MEM non essential amino acids 1% (v/v)
2-mercaptoethanol 50 uM
Recombinant murine IL-3 10 pg/liter
in RPMI1640, filter sterilize

Tyrode’s buffer HEPES 10 mM
NaCl 129 mM
KCL 3mM
CaCl2 1,4 mM
MgClI2 1mM
Glucose 5,6 mM
BSA 0,1% (w/v)

2.1.6. Sample Processing Kits

Name

Supplier, Product #

Bioanalyzer High Sensitivity DNA Assay

Agilent, #5067-4626

Bio-Plex Pro mouse cytokine group |

Bio-Rad, # #M60009RDPD

IL-4 (mouse) ELISA Kit

Enzo, #ADI-900-043

KC/CXCL1 Mouse ELISA Kit

Invitrogen, #EMCXCL1

Mouse IFN-a All Subtype ELISA Kit

PBL Assay Science, #42115-1

Mouse IFN-B Quantikine ELISA Kit

R&D Systems, #MIFNBO

Mouse IL-10 Quantikine ELISA Kit

R&D Systems, #M1000B

Mouse IL-13 ELISA Kit

BioOcean, #EK213

Mouse IL-1B Quantikine ELISA Kit

R&D Systems, #MLB0O0OC
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QuantSeq 3' mMRNA-Seq Library Prep Kit FWD for

lllumina

Lexogen, #015

Qubit™ dsDNA HS Assay Kit

Invitrogen, # Q32851

RNeasy Micro Kit

2.1.7. Laboratory equipment

Name

Qiagen, #74004

Supplier

2100 Bioanalyzer Instrument

Agilent Technologies

Bio-Plex 200

Bio-Rad

CO: Incubator BBD 6220

Heraeus, Thermo Fisher Scientific

Cryostat CM3050 S Leica
Cryotom CM3050S Leica
DynaMag-96 (#12331D) Invitrogen
Dynamic Plantar Aesthesiometer Ugo Basile

FACS Aria cell sorter

BD Biosciences

FACS Canto Il BD Biosciences
IKA MTS 4 MTP Microplate Shaker IKA
NextSeq500 lllumina

Plethysmometer

ITC Life Science, USA

Qubit Fluorometer

Thermo Fisher Scientific

Tecan Infinite F200 Pro Microplate Reader

Tecan Life Sciences

Ultrasonic Homogenizer SONOPULS HD2070 MS73
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2.1.8. Software

Name

Materials and Methods

Supplier/Developer

Cell Profiler version 3.1.9

Broad Institute

FlowJo V10

BD Biosciences

GraphPad Prism 6

GraphPad Software

HistoCAT version 1.76

BodenmillerGroup

ImageJ 1.52v

Wayne Rasband

Zeiss Zen

Carl Zeiss
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2.2. Methods

2.2.1. Mechanical nociception and paw edema measurement in mice

Mechanical nociception and paw edema were analysed as described in Hahnefeld &
Kornstadt et al. (2021) and Kornstadt et al. (2021). To induce an inflammation, 10 ul
zymosan (3 mg/ml or 12 mg/ml in PBS, #Z4250, Sigma-Aldrich) or LPS (100 ug/ml in PBS, #
L3129, Sigma-Aldrich) was injected subcutaneously into the plantar side of one hind paw.
The contralateral hind paw served as negative control. Before behavioural experiments, the
mice were habituated for two consecutive days to the test room and the test setting. For
assessment of mechanical nociception, the latency of paw withdrawal was measured using a
plantar aesthesiometer (Dynamic Plantar Aesthesiometer, Ugo Basile). A force range of O to
5 g with a ramp of 0,5 g/s was applied with a steel rod of 2 mm in diameter, until a withdrawal
reaction appeared. The volume of the edema was measured by immersion of the mouse paw
using a phlethysmometer (IITC Life Science). Behavioural tests were performed at baseline

and at the indicated time points after induction of inflammation.

2.2.2. Cytological and histological analysis

2.2.2.1. Multi Epitope Ligand Cartography (MELC)

MELC technology is an automated immunohistological imaging method and can be used to
visualize a high number of antibodies on the same sample as described before (Kern et al.,
2018; Kornstadt et al., 2021; Pierre et al., 2017; Pierre & Scholich, 2010). Briefly, tissues
were embedded in tissue freezing medium (Tissue-Tek O.C.T. Compound, #4583, Sakura
Finetek B.V.), cryosections of 10 um thickness were applied on silane-coated coverslips,
fixed in 4% paraformaldehyde in PBS for 15 min, permeabilized with 0.1% Triton X100 in
PBS for 15 min and blocked with 3% BSA in PBS for 1 hour. The sample was placed on the
stage of a Leica DM IRE2 and a picture was taken. Then, in an automated procedure, the
sample was incubated for 15 min with bleachable fluorescence-labelled antibodies and
rinsed with PBS. Afterward, the phase contrast and fluorescence signals were imaged by a
cooled charge-coupled device camera (Apogee KX4, Apogee Instruments). A bleaching step
was performed to delete fluorescence signals, and the post-bleaching image was recorded.
Then the next antibody was applied. For data analysis, fluorescence images produced by

each antibody were aligned pixel-wise and were corrected for illumination faults using flat-
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field correction. The post-bleaching images were subtracted from their following fluorescence
image. Antibodies and concentrations used for MELC analysis are listed in 2.1.2. Antibodies
for flow cytometry (FC) and MELC.

2.2.2.2. Analysis of MELC data

MELC data was analysed as described in Kornstadt et al. (2021). In a first step all greyscale
antibody channel images were processed using ImageJ 1.52v to diminish noise, background
fluorescence and remove artefacts for further analyses if necessary. Subsequently, images
for propidium iodide (cell nuclei) and CD45 were used for single cell segmentation using Cell
Profiler (version 3.1.9) (McQuin et al., 2018). The resulting segmentation mask were loaded
into histoCAT (version 1.76) (Schapiro et al., 2017) together with the corresponding antibody

channel images.

All images, excluding zymosan images and images used for single cell mask generation,
were z-score normalized and used for Barnes-Hut t-SNE (BH t-SNE) (Amir et al., 2013) and
PhenoGraph analysis (Levine et al., 2015) as implemented in histoCAT. PhenoGraph defines
cell cluster based on single cell mask and marker colocalization (k was set to 20 or 30). BH t-
SNE scatter plot was overlaid with colored PhenoGraph cluster map. To investigate the
relationship between clusters, neighbourhood analysis under standard conditions as

implemented in histoCAT was used (Schapiro et al., 2017).

MELC and analysis of MELC data was performed by Tim Schaufele and Anja Kolbinger.

2.2.2.3.  Polychromatic flow cytometry of immune cells in paw of mice

For analysis of immune cells in inflamed paws polychromatic flow cytometry was performed
as described in Hahnefeld & Kornstadt et al. (2021) and Kornstadt et al. (2021). In general,
zymosan- or LPS-induced edema were dissected after killing of the mice and transferred to
500 ul PBS on ice. The edema were cut into <1 mm3 pieces, transferred into 500 ul lysis
buffer (3 mg/ml Collagenase in DMEM) and incubated for 45 min at 37°C. Tissue lysis was
stopped by adding 5 ml lysis stop buffer (10% FBS in DMEM) and the suspension was
passed through a 70 um cell strainer to create single cell suspensions. The cells were then
centrifuged at 1000 rcf for 5 min; afterwards the supernatant was discarded and the cells
were resuspended and incubated in erythrocyte lysis (ACK) buffer for 5 min at room

temperature. Residual cells were collected by centrifugation (1000 rcf, 5 min) and
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resuspended in 120 ul PBS. Cells were then transferred into a 96 well V-bottom plate and
centrifuged at 1000 rcf for 5 min. The supernatant was discarded and the cells were
resuspended in 30 ul FACS buffer (1% FBS in PBS). Then, 20 ul of antibody mastermix were
added and the cells were incubated for 1 hour at 4°C for staining of surface molecules. After
the staining, the cells were washed with FACS buffer and resuspended in PBS and
transferred to FACS tubes for subsequent FACS analysis. Samples were kept in the dark
and on ice until analysis. They were acquired with a FACS Canto Il flow cytometer and
analysed using FlowJo software V10.4 (both BD Life Sciences). For gating, unstained
controls and fluorescence minus one (FMO) controls were used. Concentrations of the single
antibodies are listed in 2.1.2. Antibodies for flow cytometry (FC) and MELC.
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Figure 6: Gating strategy for identification of immune cells in the inflamed paw of mice 5 h after
intraplantar injection of zymosan or LPS. Adapted from Hahnefeld & Kornstadt et al. (2021). Cells were gated
based on their side scatter area (SSC-A) and forward scatter area (FSC-A). Within the CD45" immune cells,
inflammatory monocytes (Ly6C™), neutrophils (Ly6G-Grl1*), eosinophils (Siglec F*), dendritic cells (CD11c"), and
macrophages (F4/80*) were identified. Within the F4/80* gate, inflammatory macrophages were identified as
Ly6C* cells.

For comparison of immune cells involved in LPS- and zymosan-induced inflammation,
polychromatic flow cytometry analysis was performed 5 hours after intraplantar injection of
10 pl zymosan (3 mg/ml) or LPS (100 pg/ml). Polychromatic flow cytometry analysis was
performed as describes above. Cells were stained with Ly6C-eFluor450 (eBioscience, #48-
5932-82), CD45-VioGreen (Miltenyi Biotec, #130-123-900), Ly-6G/Ly-6C-FITC (eBioscience,
#11-5931-82), F4/80-PE (Biolegend, #123110), CD11c-PerCP (Biolegend, #117326), Siglec-
F-PE-Vio770 (Miltenyi Biotec, #130-102-167), CD3-APC (Miltenyi Biotec, #130-122-943),
MHC 1I-APC-eFluor780 (eBioscience, # 47-5321-82). Immune cells were identified as CD45"
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cells, inflammatory monocytes as CDA45'/Ly6C*, Neutrophils as CD45'/Ly6G-Grl*,
inflammatory macrophages as CD45*/F4/80*/Ly6C"*, eosinophils as CD45*/Siglec F*, and

dendritic cells as CD45*/CD11c*. The gating strategy and exemplary flow plots are shown in

figure 6.
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Figure 7: Gating strategy for immune cells and their subtypes in paws of Mcpt5-DTA Cre” and Cre* mice
48 h after injection of zymosan (10 pl, 12 mg/ml). Reprinted from Kornstadt et al. (2021). (A) Cells were gated
based on their side scatter area (SSC-A) and forward scatter area (FSC-A). Within, F4/80* and F4/80" populations
were identified. Within the F4/80* cells, eosinophils were identified as Siglec F* and macrophages were identified
as Siglec F. Within the F4/80 cells, neutrophils were identified as Ly6G*, while Ly6G- cells were further analysed
for CD11b* MHCII* dendritic cells. FMO controls are shown below the gating strategy. (B) M1 macrophages were
identified as CD86* cells among F4/80* macrophages and M2 macrophages were identified as CD206* cells

among F4/80* macrophages. FMO controls are shown below the gating strategy.
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For comparison of immune cell levels in Mcpt5-DTA Cre” and Cre* mice, 10 pl zymosan
(12 mg/ml in PBS, #24250, Sigma-Aldrich) was injected into the plantar side of a hind paw.
Polychromatic flow cytometry analysis was performed as describes above. Cells were
stained with CD117-PE PE (Miltenyi, #130-102-795), FceRla-FITC (#134305, Biolegend),
Ly6C-eFluor450 (eBioscience #48-5932-82) Ly6G/Ly6C-FITC (eBioscience, #11-5931-82),
F4/80-PE/Cy7 (Biolegend, #123113), F4/80-PE (Biolegend, #123110), Siglec F-PE-Vio770
(Miltenyi, #130-102-167), CD45-VioGreen (Miltenyi, #130-123-900), CD206-APC (Biolegend,
#141708), CDB86-BrilliantViolet421 (Biolegend, #105031), CD11b-APC/Cy7 (Biolegend,
#101225), MHC II-FITC (Miltenyi, 130-081-601). Macrophages were identified as
F4/80*/Siglec F-, Eosinophils as F4/80*'Siglec F*, Neutrophils as F4/80/Ly6G*, Dendritic
Cells as F4/80/Ly6G/CD11b*/MHC II*. M1 Macrophages were identified as F4/807/CD86",
M2 Macrophages as F4/80*/CD206*. The gating strategy is shown in figure 7. Mast cells
were identified as CD117" FceRla™; flow plots and gating strategy are shown alongside the

guantification in figure 16.

For analysis of phagocytosis, Mcpt5-DTA Cre” and Cre* mice were injected with 10 pl
pHrodo-zymosan (12 mg/ml in PBS, 1:1 mix of unlabeled zymosan (Sigma-Aldrich, #24250,)
and pHrodo™ Red Zymosan Bioparticles™ (Invitrogen, #P35364,)) per paw. pHrodo-
zymosan within macrophages or neutrophils was detected in the B2 channel of the FACS.
Macrophages were identified as F4/80%, Neutrophils as F4/807/Ly6G*. For analysis of
phagocytosed neutrophils, intracellular staining with Ly6G-APC (Biolegend, #127614) was
performed. Cells were prepared as described above, incubated with ACK buffer, fixed for
5 min with 1% PFA and washed with PBS. Then the cells were permeabilized with 0.1%
Saponin and incubated for 1 h at 4°C with antibodies in FACS buffer containing 0.1%
Saponin. After incubation, the cells were washed with 0.1% Saponin and resuspended in

PBS for flow cytometry. Flow plots are shown alongside the quantification in figure 19.

2.2.3. Primary cell culture and in vitro experiments

2.2.3.1. Isolation and cultivation bone marrow-derived mast cells (BMMC)

Bone marrow-derived mast cells were prepared as described previously (Kornstadt et al.,
2021; Tarighi et al., 2019; Treutlein et al., 2018). Bone marrow cells were isolated from
murine femur and tibia from the hind legs of adult mice. The bones were cut open at one end
and centrifuged into 100 pl mast cell medium at 10,000 g for 1 min. The cells of a single

animal were then suspended in 40 ml of mast cell medium consisting of RPMI 1640 medium
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supplemented with 10% fetal bovine serum, 100 U/ml penicillin/streptomycin, 4 mM L-
Glutamine, 1 mM sodium pyruvate, 1% MEM non-essential amino acids, 50 uM 2-
mercaptoethanol and 10 ug/liter IL-3. 40 ml of medium was added twice a week. During the
first two weeks, the flasks were exchanged to remove adherent cells. Cells were kept at 37
°C at 5 % CO.. Bone marrow-derived mast cell cultures were used for experiments after 4 to

6 weeks of cultivation.

After 4 to 6 weeks, the purity and maturity of the mast cells was assessed by polychromatic
flow cytometry on a FACS Canto Il flow cytometer (BD Life Sciences). Therefore, 50 ml of
the cell suspension was transferred to a 50 ml Falcon tube and centrifuged at 500 g for 10
minutes. The supernatant was discarded and the residual cells were resuspended in 200 pl
PBS and transferred to a 96-well V-bottom plate for washing. Cells were then centrifuged at
500 g for 10 min again, supernatant was discarded and the pellet was resuspended in 50 pl
antibody mastermix in FACS buffer (1% FBS in PBS) containing CD117-PE (Miltenyi, #130-
102-795) and FceRla-FITC (Biolegend, #134305) and incubated for 1 hour at 4°C in the dark.
The labelled cells were then washed once with FACS buffer, resuspended in PBS and
analysed on a BD FACS Canto Il (BD Life Sciences). FlowJo software V10.4 (both BD Life
Sciences) was used for analysis and for gating, unstained controls and fluorescence minus

one (FMO) controls were used.

2.2.3.2. Isolation and cultivation bone marrow-derived macrophages (BMDM)

For generation of bone marrow-derived macrophages, bone marrow cells were isolated from
murine femur and tibia from the hind legs of adult mice as described previously (Kern et al.,
2018; Kornstadt et al., 2021; Pierre et al., 2017). The bones were cut open at one end and
centrifuged into 100 ul macrophage medium at 10,000 g for 1 min. The cells of a single
animal were then suspended in 12 ml macrophage medium consisting of RPMI1640
GlutaMAX medium supplemented with 10% fetal bovine serum, 100 U/ml
penicillin/streptomycin, and 20 ng/ml macrophage colony stimulating factor (M-CSF) to
initiate macrophage maturation. Cells were seeded into 6 well plate and cultivated in 2 ml
medium. Cells were kept at 37°C at 5% CO.. Non-adherent cells were removed after one day
of cultivation by exchange of medium. 2 ml of fresh medium were added after 4 days and

differentiation towards mature macrophages was completed after 7 days.

33



2.2.3.3.  Invitro experiments with BMMCs and BMDMs

BMDMs and BMMCs were differentiated as described. Cell number of BMMCs was adjusted
to 8x10° cells/ml in 2 ml final volume by centrifugation (500 g, 10 min), followed by adjusting
the concentration by addition of mast cell medium. BMMCs and BMDMs were treated as
indicated in the respective figure legends with 10 pg/ml zymosan (Sigma-Aldrich, #24250),
100 ng/ml LPS (Sigma-Aldrich, #L3129), 30 ng IL-13 (PeproTech, #213-13-100UG), 5 uM
S1P (Cayman Chemicals, #62570), 100 ng/ml LysoPC, 25 uM Cytochalasin D (Sigma-
Aldrich, #C2618), 50 uM Bafilomycin A (Sigma-Aldrich, #SML1661), 10 uM MEK inhibitor
U0126 (Cell Signaling Technology, #9903), 10 uM NOD?2 inhibitor GSK 717 (Calbiochem,
#533718), or 10 uM PAFR inhibitor WEB 2086 (Tocris, #2339).

For analysis of mediator release by degranulation, BMMCs suitable for experiments were
centrifuged at 500 g for 10 min, counted and adjusted to a concentration of 8x10° cells/ml.
Cells intended for subsequent measurement of histamine release were resuspended in 1 ml
Tyrode’s buffer per condition, cells intended for measurement of cytokine release upon
degranulation were resuspended in 2 ml mast cell medium per condition. BMMCs were then
pre-incubated with 1 pg/ml DNP-specific IgE (Sigma-Aldrich, #D8406) for 1 hour and then
washed by adding twice the volume of the respective medium and centrifuging them at 500 g
for 10 min. They were then resuspended in Tyrode’s buffer or mast cell medium, depending
on the intended usage. Then BMCs were induced with 100 ng/ml DNP-BSA Conjugate
(Alpha Diagnostics, #DNP35-N-10) for 5 min for histamine measurement and for 24 hours for

cytokine measurement.

Supernatant and cell pellet were stored at -80°C until measurement. Cytokines were
measured by ELISA according to the manufacturer’s instruction, prostanoids and histamine

were measured by LC-MS/MS as described in 2.2.4. Bionalytical methods.

2.2.4. Bioanalytical methods

2.2.4.1. Multiplex Cytokine Assay

Levels of 23 cytokines and chemokines in ipsi- and contralateral paws of Mcpt5-DTA mice
were determined using the Bio-Plex Pro mouse cytokine group | (Bio-Rad) as described in
Kornstadt et al. (2021). Perfect pairs of Mcpt5-DTA Cre* and Cre™ animals were injected with
10 pl of 12 mg/ml Zymosan in one hind paw, the other paw served as the contralateral

control. Animals were killed 48 hours after the injection of zymosan into the paw and the paw
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tissue was then dissected and frozen at -80°C until the protein extraction. For the protein
extraction, the paw tissue was suspended in 400 ul lysis buffer each, consisting of Tissue
Extraction buffer (Invitrogen, #FNNO0O071) and protease inhibitor (Roche, #11697498001).
The samples were cut into small pieces and then sonicated two times at 60% power for 10
sec. Afterwards all samples were centrifuged at 10,000 rpm for 5 min to pellet tissue debris.
The concentration of total protein in the samples was assessed by bicinchoninic acid assay.
All samples were diluted 1:20 to a final protein concentration of 200-900 pg/ml, according to

the kit requirements.

For comparison of cytokines and chemokines in the plasma of mice injected with 10 ul
zymosan (3 mg/ml) or LPS (100 pg/ml) into the paw, 300 ul blood was obtained by cardial
punctuation 5 hours after intraplantar injection and further diluted with 30 pl citrate and 500 pl
DPBS (w/o Ca2+, Mg2*) and 10% acid-citrate-dextrose. The blood was centrifuged at 3000 g
for 15 min at room temperature. Plasma was collected, aliquoted and frozen at -80°C. Levels
of 25 cytokines and chemokines were determined in 25 pl plasma using the Mouse
Cytokine/Chemokine beads immunoassay kit (ProcartaPlex Multiplex Immunoassay,
Thermofisher) as described in Hahnefeld & Kornstadt et al. (2021). Comparison of cytokines
and chemokines in the plasma of zymosan- and LPS-injected mice was performed by

Sandra Pierre.

Concentrations of cytokines and chemokines were measured with a Bioplex 200 (Bio-Rad)
according to the manufacturer’s instruction and normalized to the total protein concentration

of the respective sample.

2.2.4.2. LC-MS/MS analysis of prostanoids

LC-MS/MS analysis of PGE: in BMMC culture medium was performed as described
previously (Kornstadt et al. 2021; Treutlein et al., 2018). Briefly, 100 pl PBS, 100 pl 150 mM
EDTA and 20 pl internal standard solution (10 ng/ml of [?H4]-PGE: in methanol) were added
to 100 pl cell suspension before extraction liquid-liquid extraction using with 600 pl ethyl
acetate. Organic layer was separated and the extraction was repeated using again 600 pl
ethyl acetate. The organic layers were combined, evaporated at 45°C under a gentle stream
of nitrogen and reconstituted with 50 pl of acetonitrile:water:formic acid (20:80:0.0025, v/v).
10 pl of this solution were injected into the LC-MS/MS system. For LC-MS/MS analysis an
Agilent 1290 Infinity LC system (Agilent, Waldbronn, Germany) coupled to a hybrid triple
guadrupole linear ion trap mass spectrometer QTRAP 6500+ (Sciex, Darmstadt, Germany)
equipped with a Turbo-V-source operating in negative ESI mode was used. Chromatographic

separation was done using a Synergi Hydro-RP column (2.0 x 150 mm, 4 pm particle size;
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Phenomenex, Aschaffenburg, Germany), coupled to a precolumn of the same material.
0.0025% formic acid and acetonitrile containing 0.0025% formic acid served as mobile
phases. Mass spectrometric parameters were: lonspray-voltage 4500 V, source temperature
500°C, curtain-gas 40 psi, nebulizer-gas 40 psi, Turboheater-gas 60 psi. Both quadrupoles
were running at unit resolution. For analysis, Analyst Software 1.6 and Multiquant Software
3.0 (both Sciex, Darmstadt, Germany) were used, employing the internal standard method

(isotope-dilution mass spectrometry).

LC-MS/MS analysis of prostanoids was performed by Yannick Schreiber and Dominique

Thomas.

2.2.4.3. LC-MS/MS analysis of histamine

Histamine quantification was performed using a LC-MS/MS system consisted of a triple
guadrupole tandem mass spectrometer QTRAP 5500 (Sciex, Darmstadt, Germany)
equipped with a Turbo-V source operating in positive electrospray ionization mode with an
electrospray voltage of 5000 V at 450°C, an Agilent 1200 binary HPLC pump and degasser
(Agilent, Waldbronn, Germany), and an HTC Pal autosampler (CTC analytics, Zwingen,
Switzerland). High-purity nitrogen for the mass spectrometer was produced by a NGM 22-
LC-MS nitrogen generator (cmc Instruments, Eschborn, Germany).

Cell culture supernatants or cell culture media samples were spiked with 20 pL of the internal
standard solution (histamine-D4, 12 ng/mL in ethanol) and diluted with 20 pL ethanol (as
replacement of the standard solution) and 125 pL of mobile phase B. Samples were
vortexed, centrifuged for 2 min at 20000°g and transferred to a 96-well plate. 2.5 puL were
injected into the LC system. Multiple reaction monitoring (MRM) was used for identification
and quantification. The mass transition used for histamine quantification was m/z
112.1->94.9 (declustering potential, DP, 60 V, collision energy, CE, 21 V) with a dwell time of
20 ms. For the chromatographic separation of histamine, a Acquity UPLC BEH Amide
column (50 x 2.1 mm inner diameter, 1.7 um particle size, Eschborn, Germany, Waters) and
a precolumn UHPLC C8 (2.1 mm, Phenomenex, Aschaffenburg, Germany) were used. A
linear gradient was run at a flow rate of 0.6 mL/min with a total run time of 7 min. Mobile
phase A consist of ammonium formate 10 mM and mobile phase B of ammonium formate 10
mM and formic acid 10 mM in acetonitrile containing 5 % of mobile phase A. The gradient
started with 100 % B for 0.25 min. It changed to 20 % B in 2.25 min and was maintained for 1
more min at 20 % B. It returned to 100 % B in 0.1 min and maintained for 0.9 min at these
conditions. Then, the flow was increased to 1 mL/min in 0.1 min and after 0.9 min, returned

to 0,6 mL/min until the end of the run time. Quantification was performed with Analyst
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software version 1.6.2 (Sciex) and Multiquant software version 3.0.2 (Sciex) using the
internal standard method (isotope-dilution mass spectrometry). Ratios of analyte peak area
and internal standard area (y-axis) were plotted against concentration (x-axis), and

calibration curves were calculated by least-linear regression.

LC-MS/MS analysis of histamine was performed by Yannick Schreiber and Dominique

Thomas.

2.2.4.4. LC-QTOFMS analysis of lipids

Sample preparation and LC-QTOFMS analysis was performed as previously published
(Hahnefeld et al., 2019; Hahnefeld & Kornstadt et al., 2021). Briefly, lipids were extracted
from 20 pL of mouse plasma using 150 pL of internal standard solution in methanol, 500 pL
MTBE and 125 pL 50 mM ammonium formate. The upper organic phase was transferred and
the aqueous phase re-extracted with 200 pL of a mixture of MTBE: methanol: water
(10:3:2.5, viviv, upper phase). The combined organic phases were then split in to two 290 L
aliquots for measurement in positive and negative ionization mode and dried under a
nitrogen stream at 45 °C. Prior analysis, the residues were reconstituted in 120 pL of

methanol.

Paws were weighed in a 2 mL reinforced tube. After addition of five zirconium dioxide
grinding seeds (2.8 mm diameter), tissue concentration was adjusted to 0.05 mg/uL with
ethanol: water (1.3, v/v). Shredding was performed on a Precellys 24 tissue homogenizer
(Bertin Instruments, Montigny-le-Bretonneux, France) with 6500 rpm for 2x45 s and dry ice
cooling. 20 pL of the resulting homogenate were extracted as described above for plasma

samples. Quality control samples were obtained from a pool of 24 homogenates.

LC-MS analysis was conducted on Nexera X2 system (Shimadzu Corporation, Kyoto, Japan)
coupled to a TripleTOF 6600 (Sciex, Darmstadt, Germany) using electrospray ionization.
Chromatographic separation was achieved using a Zorbax RRHD Eclipse Plus C8 1.8 pm
50x2.1 mm ID column (Agilent, Waldbronn, Germany) and a 17 min linear gradient with a
flow rate of 0.3 mL/min. The mobile phases were A 10 mM ammonium formate and 0.1%
formic acid in water for positive and 1 mM ammonium formate and 0.1% formic acid in water
for negative ionization mode as well as B 0.1% formic acid in acetonitrile: isopropanol (2:3,
v/v) for both ionization modes. The TOF-MS Scan covered a mass range from 100 to 1000
m/z. Six data dependent spectra per cycle with a mass range from 50-1000 m/z and a CE of
+/- 40 V with a 20 V collision energy spread and dynamic background subtraction allowed for

better identification of the analytes.
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QTOF-MS spectra were acquired using Analyst TF v1.7.1 and peak alignment and filtering
was done using MarkerView software v1.2.1 with a mass and retention time tolerance of 10
ppm and 0.15 min, respectively. The samples were normalized using multiple internal
standards for positive and negative ionization mode. Features were excluded based on their
identification as isotope, a coefficient of variation for the quality control samples exceeding
20% or if less than 80% of the samples had a greater peak area than the extracted blank.
Combination of the positive and negative ionization mode resulted in 4150 features in plasma
and 2445 features in paw samples. Significantly changed lipids were identified using exact
mass with a 5 ppm tolerance, isotopic distribution and via data-dependent spectra, which
were  cross-checked with LIPID MAPS  (http://www.lipidmaps.org), = METLIN
(http://metlin.scripps.edu) and the Human Metabolome Database (HMDB, version 4.0). The
peak areas of the identified lipids were calculated using Multiquant 3.02 software and
normalized with one internal standard per lipid class. All data acquisition and processing

software was purchased from Sciex (Darmstadt, Germany).

LC-QTOFMS analysis of lipids was performed by Lisa Hahnefeld.

2.2.5. RNA Sequencing for differential expression analysis

RNA sequencing and differential expression analysis was performed as published in
Kornstadt et al. (2021) and is described here in detail.

2.2.5.1. Sample Preparation and RNA sequencing

Cells were isolated from the bone marrow of C57BL/6N mice and differentiated into bone
marrow-derived mast cells as described in 2.2.3. Primary cell culture and in vitro
experiments. After 4 weeks of cultivation, the cell number was adjusted to 8x10° cells/ml, the
cells were seeded into cell culture dishes and induced with 10 pg/ml zymosan for 24 hours or

48 hours or left untreated as 0 hours control.

After the incubation time with zymosan, the cells were prepared for fluorescence-activated
cell sorting (FACS). Therefore, the cells were transferred into 15 ml Falcon tubes and
centrifuged at 500 g for 10 min. The supernatant was taken, aliquoted and stored at -80°C for
subsequent analysis by ELISA and residual cells were resuspended in 120 ul PBS for
washing and transferred to a 96 well V-bottom plate. Cells were centrifuged at 500 g for 10
min again, the supernatant was discarded and residual cells were resuspended in 30 pnl

FACS buffer (1% FBS in PBS). Then, 20 ul of antibody mastermix containing CD117-PE
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(Miltenyi, #130-102-795) and anti-mouse FceRlo-FITC (Biolegend, #134305) was added and
the cells were incubated for 1 hour at 4°C for staining of surface molecules. After the
staining, the cells were washed with FACS buffer once, resuspended in PBS and transferred
through 70 um cell strainers to FACS tubes for subsequent cell sorting. Samples were kept in
the dark and on ice until sorting. About 1 million BMMCs per condition were sorted into 5 ml
PBS as CD117*/FceRla’ using a FACS Aria sorter.
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Figure 8: Gating strategy for FACS sorting of mature BMMCs for RNA sequencing. Reprinted from
Kornstadt et al. (2021). (A) Cells were gated based on their side scatter area (SSC-A) and forward scatter height
(FSC-H) in P1. (B) Single cells were then identified within P1 based on their side scatter area (SSC-A) and side
scatter width (SSC-W) in P2, followed by (C) their forward scatter width (FSC-W) and forward scatter area (FSC-
A) in P3. (D) Mast cells were identified within P3 as CD117* FceRla* cells. (E) Exemplary data of percentage of

mast cells (P4) sorted for subsequent RNA sequencing.
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RNA from BMMCs was extracted using the RNeasy Micro Kit (Qiagen), following the
manufacturer’s instructions. Briefly, BMMCs obtained from FACS sorting were collected by
centrifugation at 500 g for 10 min directly after FACS and immediately resuspended in
denaturing lysis buffer, which disrupts the plasma membrane and inactivates RNases to
prevent RNA degradation. The cells were then homogenized by vortexing for 1 min, followed
by addition of an equal volume of 70% ethanol, which is both required for efficient binding of
RNA to the RNeasy MinElute spin column (Qiagen). After disruption, homogenization and
addition of ethanol, the sample is then transferred to a spin column. DNA is removed by
DNase treatment and DNase and other remaining contaminants are subsequently washed
away, while RNA stays bound to the silica-based membrane of the spin column. Finally, RNA

is eluted in RNase-free water and stored at -80°C until further usage.

Quality and quantity of the RNA samples was evaluated on an Agilent 2100 Bioanalyzer
using an RNA 6000 Pico Chip (Agilent), additional to quantification on a NanoDrop
(ThermoFisher). Around 100 ng of RNA per sample was taken for library preparation using
the QuantSeq 3’ mRNA Library Prep Kit FWD (Lexogen) according to manufacturer’s
instructions. Briefly, first strand cDNA synthesis is performed by reverse transcription with an
oligodT Primer containing an Illlumina-compatible sequence at its 5’ end. Then, the template
RNA is degraded and second strand synthesis with random primers containing an Illumina-
compatible linker sequence at its 5’ end converts the library to dsDNA. Reaction components
are then removed by purification with magnetic beads. Finally, complete adapter sequences
for cluster generation and unique indices for multiplexing are added and the libraries are
amplified to generate sufficient material for quality control and sequencing. Optimal PCR
cycle number for Library Amplification was evaluated by gPCR. In a final step, PCR

components are removed from the libraries by purification wit magnetic beads.

The Quality of the resulting cDNA libraries was assessed with an Agilent High Sensitivity
DNA Chip (Agilent), quantity was evaluated by a Qubit ds DNA HS assay (Thermo Fisher).
The libraries are then normalized and pooled to a concentration of 1 nM. Then, libraries are
denatured and diluted to a final concentration of 2.2 pM following lllumina and Lexogen
instructions and loaded onto the reagent catridge of the High Output Kit v2 (lllumina, single-

end). Sequencing was performed on a NextSeq 500 (lllumina).

2.2.5.2. Analysis of RNA sequencing data

RNA sequencing data was analysed by Stefanie Ebersberger and Ingo Ebersberger.
The data are available in the GEO database with the accession number GSE165523.
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Preprocessing

The primary assembly of the mouse genome sequence as of June 2018 (GRCm38.p6) was
used as a reference genome. The data was downloaded from the Gencode website
(ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_mouse/release M17/GRCm38.primary_
assembly.genome.fa.gz).

The genome annotation was downloaded from Gencode (Release M17, GRC038.p6.
ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_mouse/release_M17/gencode.vM17.ann
otation.gtf.gz).

The raw sequencing reads were preprocessed with the software bcl2fastq using the following

command:

/opt/illumina/Isas/1.37.0/bcl2fastg2/bin/bcl2fastq --ignore-missing-bcls
--ignore-missing-filter --ignore-missing-positions --ignore-missing-controls
--auto-set-to-zero-barcode-mismatches --find-adapters-with-sliding-window
--adapter-stringency 0.9 --mask-short-adapter-reads 35
--minimum-trimmed-read-length 35 --loading-threads 1

-R "/data/scratch/workspace/RunFolder"

--sample-sheet "/data/scratch/workspace/RunFolder/SampleSheet.csv"

-0 "/data/scratch/workspace/RunFolder/Analysis/
Temp_01.01-GenerateFASTQ.FastqGeneration"

The four fastq files for each sample were concatenated, and summary statistics for the 12

samples were generated with FASTQC.

Read mapping

Read mapping against the mouse reference genome was done with the STAR aligner
(version 2.6.0a 2018/04/23).

= Generation of the genome index

-runMode genomeGenerate

-genomeDIR /share/project/ingo/projects/MLL-Inflammation/GRch38/Genomelndex
-genomeFastaFiles GRCm38.p6.primary_assembly.genome.fa

-sjdbGTFfile gencode.vm17.annotation.gtf

-sjdbOverhang 74

= Read mapping

-runThreadN 15
-runMode alignReads

-genomeDir /share/project/ingo/projects/MLL-Inflammation/GRCm38/Genomelndex
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-readFilesin 7001.fastq

-outStd SAM

-genomelLoad NoSharedMemory
-outSJfilterRads unique
-outSAMunmapped Within
-outReadsUnmapped none
-limitGenomeGenerateRAM 31000000000
-limitIObufferSize 150000000
-outFilterMismatchNmax 5
-outFilterMultimapNmax 10
-alignintronMin 21
-sjdbOverhang 74

The average mapping result across the 12 samples was

- Unigue mappers: 76%
- Multimappers: 16%
- Mapping to too many loci: 2%

- Not mapping because too short: 5%
= Annotation of mapped reads

The mapped reads were assigned to annotated features (genes) using the Bioconductor
package Rsubread (v1.28.1). Unassignable reads comprise reads overlapping with multiple
genes (ambigiuous), non-unique mappers or because of no overlap with known genes. On

average 75% of uniquely mapped reads could be assigned to genes.

Diffrential expression analysis

Differential expression of genes between conditions was assessed with the Bioconductor
package DESeq2 (v1.18.1).

= Data quality assessment

A principal component analysis (PCA) was done on the normalized (variance stabilizing
transformation) data to assess the overall effect of experimental covariates and batch effects.
The variance stabilizing transformation removes the dependence of the variance on the
mean and therefore reduces the high variance of the logarithm of count data when the mean

is low. The PCA is calculated on the 500 most variable genes across conditions.
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= Differentially expressed genes

Differentially expressed genes are identified by an adjusted p-value < 0.05 and visualized in
a MA plot, showing the mean of the normalized counts versus the log2 fold change of the

genes.

Gene ontology analysis

Gene ontology analysis was performed with the gene set library “GO Biological Processes
2018’ by Enrichr (Chen et al., 2013; Kuleshov et al., 2016).
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3. Results

3.1 Comparison of two locally induced inflammation models

Mast cells express members of the TLR family, enabling them to differentially recognize
various pathogens. Both TLR2 and TLR4 are able to identify many different pathogens and
they respond with partly overlapping signaling cascades. To study mast cells in the context
of a local inflammation, we first aimed to characterize and compare the immune response
evoked by two distinct pathogens commonly used to activate TLR2 and TLR4, namely
zymosan and LPS. To induce a local inflammation zymosan or LPS was injected into the

hind paw of mice.

3.1.1. Mechanical hypersensitivity induced by LPS and zymosan

Pain is one of five symptoms of an acute inflammation and is a useful indicator for the
duration and intensity of the inflammation. Mechanical hypersensitivity describes the
increased sensitivity to an innocuous stimulus caused by a sensitization of nociceptors by
inflammatory mediators released at the site of inflammation. To compare the effect of
zymosan and LPS it is useful to choose concentrations that evoke an inflammation of similar

duration and intensity.
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Figure 9: Comparison of mechanical hypersensitivity induced by LPS and zymosan. Reprinted from
Hahnefeld & Kornstadt et al. (2021). Paw withdrawal latencies (PWL) were measured at the indicated time points
after injection of 10 ul Zymosan (3 mg/ml) or LPS (100 ug/ml). Data are presented as mean of 6 mice + S.E.M..
One-Way ANOVA Bonferroni post test * p<0.01, *** ### p<0.0001 for zymosan (*) or LPS (#) vs baseline (BL).
Two-Way ANOVA Bonferroni post test showed no significant differences between zymosan and LPS groups.

45



Mice were injected with 1 ng LPS in 10 ul PBS and 30 pg zymosan in 10 pl PBS in the
plantar side of one hind paw and mechanical hypersensitivity was assessed by measuring
the paw withdrawal latency after applying force to the paw with a steel rod. The injection of
1 ug LPS in 10 pl and 30 pg zymosan in 10 ul PBS induced comparable paw withdrawal
latencies at the same time points, both with the shortest paw withdrawal latency of less than
5 seconds 4-6 hours after injection, an observable decrease in pawl withdrawal latency after
24 hours, and reaching of baseline level again after 48 hours (Figure 9). This suggests a
peak of the inflammation after 4-6 hours and a resolution phase starting one day after the

injection.

Since 30 ng zymosan and 1 pug LPS evoked a similar response regarding the mechanical
hypersensitivity, these concentrations were chosen for comparison of the two inflammation

models in the following experiments.

3.1.2. Stronger local inflammation regarding edema formation and levels of

recruited immune cells in zymosan model compared to LPS model

To further characterize the inflammatory responses evoked by zymosan and LPS, edema
formation and immune cell recruitment in the inflamed paws in both models were analysed.
Next to pain, edema formation is another symptom of an inflammation, resulting from
accumulating fluid and leukocytes due to increased vascular permeability. To compare the
immune cell recruitment to the site of inflammation induced by zymosan or LPS,
polychromatic flow cytometry analysis of naive paws and inflamed paws 5 hours after

pathogen-injection was performed.

While injection of zymosan and LPS caused a similar mechanical hypersensitivity, edema
formation could only be observed after zymosan injection (Figure 10A). In accordance with
this, about 2-3 times more immune cells (CD45" cells, CD45*/Ly6C* cells; Figure 6; Figure
10B,C) were recruited to the site of inflammation induced by zymosan compared to LPS.
Especially the percentage of neutrophils (CD45*/Ly6G-Grl1* cells; Figure 6; Figure 10D) and
monocyte-derived macrophages (CD45'/F4/80*/Ly6C™ cells; Figure 6; Figure 10E) were
highly increased after injection of zymosan. The numbers of dendritic cells (CD457/CD11c")
and eosinophils (CD45%/Siglec F*) are not significantly altered in either model as compared
to tissue from naive mice (Figure 6; Figure 10F,G). Taken together the data show two
distinguished immunological responses in the two inflammation models, with a generally

stronger reaction towards zymosan regarding the number of recruited immune cells. This
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stronger response and infiltration of leukocytes is mirrored by the edema formation, which
could only be induced by zymosan and not by LPS (Figure 10A).
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Figure 10: Edema formation and immune cell recruitment induced by LPS and zymosan. Figure reprinted
from Hahnefeld & Kornstadt et al. (2021). (A) Paw volume after injection of 10 yl zymosan (3 mg/ml) or LPS
(100 pg/ml) in hind paw of wild type mice at the indicated time point. Data are presented as mean + S.E.M. (n=4).
Two-way ANOVA/Bonferroni, ***p< 0.001. (B-G) Flow cytometry analysis of immune cells in the paws of
untreated mice or 5 h after injection of zymosan or LPS. Data are presented as mean + S.E.M. (n=4). One-way
ANOVA/Bonferroni, * p< 0.05, ** p< 0.01, *** p< 0.001, *** p< 0.0001.

3.1.3. Lipid profiles and chemokine levels indicate a systemic immune response to

LPS and a local immune response to zymosan

Lipid mediators play a major role in the onset as well as in the resolution of inflammation.

Lipid levels are strongly regulated in inflammatory processes and they have diverse functions
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in energy metabolism and as signaling molecules. To further identify differences and
similarities between zymosan- and LPS-induced inflammation models, non-targeted lipidomic

analysis was performed for the inflamed paw tissue 5 hours after pathogen injection.

Principal component analysis of the lipidomics experiment revealed distinct clusters for paws
from naive mice and paws from LPS- or zymosan-treated mice (Figure 11A). After LPS-
injection 40 lipids were significantly regulated in the ipsilateral paws compared to naive mice,
while 13 lipids were significantly regulated after zymosan injection (Figure 11B). All of the
lipids significantly regulated by zymosan were also significantly regulated by LPS and all of
the significantly regulated lipids in the ipsilateral paws were upregulated. Among the lipids
upregulated in both models are ether-phosphatidylcholines (PC O) and their corresponding
lyso species (LPC O), which might have protective functions against reactive oxygen species
typically released in inflammatory settings (Albert et al., 2001; Skaff et al., 2008). The most
prominent lipids selectively released in the LPS-induced paws were lysophosphatidylcholines
(LPC), which can be released by apoptotic cells, and steryl esters (SE), which play a role in
cholesterol transport and have been reported to be part of the innate immune system
(Lauber et al., 2003; Tall & Yvan-Charvet, 2015). Comparison of the contralateral paws from
zymosan- and LPS-injected mice with paws from naive mice furthermore revealed that no
lipids in the contralateral paws were significantly regulated by injection of zymosan.
Meanwhile, 60 lipids were significantly regulated in the contralateral paws of LPS-injected
mice. Interestingly, most of these lipids were uniquely regulated in the contralateral paw and
only 8 of them were also significantly regulated in the ipsilateral paw (Figure 11C),
suggesting mechanistically distinct responses in the ipsi- and contralateral paws. The most
prominent lipids selectively regulated on the contralateral side are hydroxylated fatty acids
(FA), phosphatidylcholines (PC), as well as phosphatidyl-ethanolamines (PE) and ether
phosphatidylethanolamines (PE O). They all have been shown to be involved in oxidative
phosphorylation and their increase might therefore correspond with an increased energy
production due to inflammatory mechanisms (Calzada et al., 2019; Guo et al., 2017; Lange
et al., 2001).

Lipid profiles of the plasma of naive mice or pathogen-injected mice surprisingly showed that
only one lipid was changed in the plasma after LPS injection, while 34 lipids were
significantly altered in the plasma after injection of zymosan. The most prominent changes
here were a decrease in fatty acids, diglycerides and triglycerides (data not shown here,
published in Hahnefeld & Kornstadt et al., 2021). This decrease of lipid levels in the plasma
after zymosan injection into the paw can be explained by the energy required by the immune
cells involved in the local inflammation. Meanwhile the absence of major changes in the lipid
levels in LPS-injected mice is intriguing, considering the changes in the lipid levels in the

contralateral paw in the LPS model.
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Figure 11: Distinct lipid profiles and chemokine levels after injection of zymosan or LPS. Figure adapted
from Hahnefeld & Kornstédt et al. (2021), analysis performed by Lisa Hahnefeld and Sandra Pierre. (A) Principal
component (PC) analysis in ipsilateral paw samples (ipsi) shows differences in lipid profiles 5 h after injection of
10 pl zymosan (3 mg/ml) or LPS (100 pg/ml) compared to untreated mice (95% confidence interval, pareto
scaling). (B) Number of significantly upregulated lipids in the injected paws after injection of LPS (green circle) or
zymosan (blue circle) (n=8, two-sided t-test with FDR correction). (C) Number of lipids significantly regulated in
the ipsi- (green circle) and contralateral (red circle) paws 5 h after injection of LPS in comparison to paws of
untreated mice (n=8). (D) Heat map depicting change of 25 cytokines, chemokines and growth factors in the
plasma of mice 5 h after LPS (100 pg/ml, 10 pl) or zymosan (3 mg/ml, 10 pl) injection compared to naive mice

(n=8). Green indicates downregulation, red upregulation.
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In search for an explanation of the changes in the contralateral side, plasma levels of 25
cytokines, chemokines and growth factors were analysed next. Out of these 25 mediators, 8
were increased significantly in the plasma after LPS injection, namely G-CSF, IL-1p3, IL-2, IL-
5, IL-6, MIP-1b, and MIP-2. Meanwhile, none were increased significantly after zymosan
injection (Figure 11D). These mediators increased in the plasma after LPS injection can lead
to the activation of immune cells throughout the body, which could explain the observed

alterations in the lipid levels of the contralateral paws in the LPS model.

Taken together, this data demonstrates that a local injection of LPS evokes a systemic
response, while the inflammation induced by zymosan is limited to the site of injection.
Furthermore, the injection of zymaosan results in a stronger local reaction regarding the level
of recruited immune cells, and injection of FITC-labelled zymosan enables the visualization
of zymosan and thereby the core of the inflammation in the tissue. Therefore, zymosan was

chosen to study the role of mast cells during the resolution phase of a local inflammation.

3.2. Role of mast cells during resolution of local inflammation

3.2.1. Mast cells reside in anti-inflammatory region during resolution phase of

zymosan-induced local inflammation

To gain information on the internal structure of an inflammation induced by zymosan,
especially in regard to the localization of mast cells and their cellular neighbourhood, MELC
analysis was performed with paws from naive mice as well as the during the peak (4 hours
after zymosan-injection) and resolution (48 hours after zymosan-injection) of the
inflammation. The automated MELC technology allows the sequential imaging with many
antibodies on the same tissue sample, thereby providing neighbouring information on
immune cells of distinct phenotypes in the tissue and their position in regard to zymosan.
Visualization of zymosan as the core of the inflammation was enabled by injection of FITC-
labelled zymosan. Time points of the peak and the resolution of the inflammation were
identified by mechanical hypersensitivity after injection of zymosan (10 ul, 12 mg/ml) into the
paw of mice. A significant increase of mechanical hypersensitivity was measured as early as
1 hour after injection of zymosan and kept increasing for at least 8 hours after the injection.
Starting at 24 hours after injection, the mechanical hypersensitivity receded, returning to

baseline after 5 days (Figure 12A).
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Figure 12: Mast cells are located in the anti-inflammatory region during the resolution phase, surrounding
the zymosan core of the inflammation. Adapted from Kornstadt et al. (2021). (A) Mechanical paw withdrawal
latencies in mice (n=10) at indicated time points after injection of zymosan (10 ul, 12 mg/ml in PBS). Data are
mean = S.E.M., one-way ANOVA, Dunnett’s test vs. baseline, ***p<0.001, ****p<0.0001. (B) Representative
images of immunohistological MELC staining of paws from naive mice or 4 h or 48 h after injection of 12 mg/ml
FITC-labelled zymosan. The dotted line indicates the outline of the zymosan-filled area in the tissue. Shown in
false colors are FITC-labelled Zymosan (green), neutrophils (Ly6G, red), marker for pro-inflammatory cells (CD86,

red), anti-inflammatory cells (CD206, green), and mast cells (CD117, red).

For the MELC analysis, neutrophils (Ly6G*), mast cells (CD117*), CD86 and CD206 as pro-
and anti-inflammatory markers respectively, were stained in the tissue with fluorescent-
labelled antibodies (Figure 12B). In naive paws, no neutrophils were detected. During the
peak of the inflammation, neutrophils were located in and around the zymosan-filled area,
fitting to their role as phagocytosing cells clearing the tissue from pathogens. Remarkably the

staining for neutrophils appears to be more fine-grained within the zymosan-filled area, which
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could indicate that these cells have already undergone apoptosis, induced by a high uptake
of zymosan by phagocytosis (Figure 12B, second row).

In naive paws, resident macrophages (F4/80* Ly6C") can be found in the tissue, while at
4 hours post zymosan-injection infiltrating monocyte-derived macrophages (F4/80" Ly6C*)
can be seen outside of the zymosan-filled area. At 4 hours, the macrophages are expressing
both CD86" and CD206" at the same time, while at 48 hours two distinct macrophage
populations can be identified, namely pro-inflammatory CD86" and anti-inflammatory
CD206". Those populations reside in distinct regions of the tissue; while the pro-inflammatory
macrophages are located in the zymosan-filled area, anti-inflammatory macrophages can be
found surrounding the zymosan-filled area, but not within (Figure 12B, third row).
Interestingly, at 48 hours post zymosan-injection mast cells can be found exclusively in the

anti-inflammatory region next to the field of zymosan in the tissue (Figure 12B, last row).

To analyse the neighbourhood relations between the individual cell phenotypes in the tissue,
guantitative analysis of the MELC images was performed using HistoCAT, a machine
learning software (Schapiro et al., 2017; Schiiffler et al., 2015). Single-cell segmentation was
performed based on CDA45 staining and propidiumiodide nuclei staining. Individual cell
phenotypes were analysed by PhenoGraph, enabling the discrimination of different immune
cells based on marker expression (Figure 13A,B). Within the cell clusters neutrophils were
identified as Ly6G*, dendritic cells als CD11c* MHCII*, eosinophils as F4/80 Siglec F*, M1
macrophages as CD86", M2 macrophages as CD206", and mast cells as CD117" (Figure
13C). Phenograph analysis of resolution phase MELC images shows expression of anti-
inflammatory cytokines (IL-4, IL-13, IL-33) as well as the pro-inflammatory cytokine IL-18 in
mast cells. Furthermore, PhenoGraph analysis of resolution phase MELC images show that
neutrophils in the zymosan-filled area show a strong expression of CD11b, which fits to their
presumed phagocytosing activity, while neutrophils without direct contact to zymosan show a
less strong expression of CD11b (Figure 13C). Additionally, PhenoGraph analysis
substantiates the observation that macrophages (F4/80%) located in the zymosan-filled area
are M1 (CD86 expression), while macrophages outside the zymosan-filled area are M2
(CD206 expression).

Neutrophils were absent in naive paws and most prominent 4 hours after injection, starting to
disappear again at 48 hours (Figure 12B, second row; Figure 14). Meanwhile macrophages
were more Ly6G-positive 48 hours after injection compared to 4 hours after injection (Figure
14), reflecting the typical clearance of apoptotic neutrophils by macrophages during

resolution of inflammation.
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Figure 13: Identification and characterization of immune cell phenotypes in MELC images of inflamed
paws. Figure adapted from Kornstadt et al. (2021), analysis performed by Tim Schéufele. (A) Representative
Barnes-Hut t-SNE (BH t-SNE) plot colored by cell clusters defined by PhenoGraph analysis. Underlying images
originate from MELC analysis of mice paw 48 h after zymosan injection. The positions of some cell types are
depicted in the plot. DC, dendritic cells; M®, macrophages. (B) Representative image of single cells and their
phenotype identified in the MELC image by cell segmentation depicted in their original location in the image of the
paw. Underlying images originate from MELC analysis of mice paw 48 h after zymosan injection. Cells sharing the
same phenotype are shown in the same color. The positions of mast cells and M2 macrophages (M®) are
depicted in the plot. (C) Representative PhenoGraph analysis of MELC images from mouse paw 48 h after
zymosan-injection shows expression of anti-inflammatory cytokines (IL-4, IL-13, IL-33) and pro-inflammatory IL-13
in mast cells. Th heat map shows a PhenoGraph analysis of MELC data (n=4) based on single-cell segmentation
with CD45 and nuclei marker propidiumiodide (PI) using CellProfiler. Yellow depicts a strong expression and dark
blue a low expression of markers, relative within each column. Marker expression of mast cells is highlighted by a

red box. M®, macrophages; UC, unidentified cluster.

53



Analysis of the cellular microenvironment of mast cells during resolution of inflammation
(48 hours post zymosan-injection) shows that they are most frequently neighbouring M2
macrophages and also frequently neighbouring eosinophils and dendritic cells (Figure 15A).
M1 macrophages and neutrophils on the other hand are not included in the neighbourhood of
mast cells (Figure 15A). The cellular neighbourhood of mast cells and M2 macrophages was
not as pronounced in naive mice or during the peak of the inflammation and increased

significantly during the resolution of inflammation (Figure 15B).
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Figure 14: Efferocytosis increases during resolution of inflammation. Figure adapted from Kornstadt et al.
(2021), analysis performed by Tim Schéufele. Representative BH t-SNE analysis of MELC images from mouse
paw naive, 4 h or 48 h after zymosan-injection showing time course of neutrophil occurrence based on Ly6G
marker expression (n=3, respectively). Neutrophil and M1 macrophage phenotype cluster are indicated by circles
in t-SNE plots. No Ly6G is detected in naive paws. Ly6G-positive macrophages at 4 h are less prominent as
compared to 48 h reflecting the increased efferocytosis during resolution of inflammation. Single-cell

segmentation is based on CD45 and nuclei marker using CellProfiler. M®, macrophages.

Summarised MELC analysis of paws nicely displays the development and architecture of a
local inflammation induced by zymosan. The infiltration of phagocytosing neutrophils to the
zymosan-filled area, as well as the infiltration and polarisation of macrophages can be
observed, and the division of the tissue in pro- and anti-inflammatory regions is revealed.
Neighbourhood analysis furthermore shows that mast cells are located in the anti-
inflammatory region of the tissue in direct neighbourhood to M2 macrophages during the
resolution of inflammation, and PhenoGraph analysis reveals the presence of anti-
inflammatory mediators in mast cells. All together pointing towards an anti-inflammatory or

pro-resolving role of mast cells in this biological setting.
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Figure 15: Mast cells are located in anti-inflammatory neighbourhood during resolution of zymosan-
induced inflammation. Figure adapted from Kornstadt et al. (2021), analysis performed by Tim Schéaufele. (A)
Heat map showing a representative result of the neighbourhood analysis for mast cells in naive paw and 4 h or
48 h after zymosan injection (n=3-4). UC, unidentified cluster. Red depicts cells, which neighbour mast cells more
frequently than they would in random permutations of cell cluster labels in each image set. Blue depicts cell
clusters neighbour less frequently than with randomly permuted cell labels and white depicts cells cluster
neighbours with random frequency. (B) Averaged score for mast cell neighbourhood regarding anti-inflammatory
macrophages (M2 M®) based on neighbourhood analysis of naive paw or 4 h or 48 h after injection of zymosan
(n=3-4). A score was assigned for red=1, white=0, blue= 1. Data are shown as mean + S.E.M., one-way ANOVA
test, *p<0.05.

3.2.2. Mast cells influence macrophage phagocytosis and efferocytosis activity

Since PhenoGraph analysis and neighbourhood analysis indicated for an anti-inflammatory,
pro-resolving phenotype of mast cells, the effect of mast cells on the resolution of
inflammation and on the immune cells involved was analysed in mast cell-deficient Mcpt5-
DTA Cre* mice and mast cell-sufficient Mcpt5-DTA Cre™ mice. In these transgenic mice Cre is
expressed under the mast cell specific promotor Mcpt5, leading to the excision of a loxP
flanked stop cassette controlling the expression of diphtheria toxin alpha chain (DTA). The
resulting mast cell specific expression of DTA leads to the ablation of mast cells in Mcpt5-
DTA Cre* mice, while maintaining an otherwise normal immune system. Accordingly, mast
cell numbers in paws of Mcpt5-DTA Cre™ mice were decreased around 80% compared to
Mcpt5-DTA Cre” mice (Figure 16A,C). The number of mast cells did not change significantly
over the course of an inflammation in Mcpt5-DTA Cre” mice (Figure 16A,B). Seeing that
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infiltrating immune cells during inflammation would distort the percentage of mast cells in the

paw, mast cell numbers were normalized to resident macrophages (F4/80°/Ly6C").
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Figure 16: Mast cells are decreased in paws of Mcpt5-DTA Cre* mice compared to Cre” mice. Reprinted
from Kornstadt et al. (2021). (A) Mast cells were identified as CD117* FceRla* cells by flow cytometry. Resident
macrophages were used for normalization and identified as F4/80* Ly6C cells. Exemplary flow plots of Mcpt5-
DTA Cre and Cre* samples as well as FMO controls for CD117, FceRla, F4/80 and Ly6C are shown. (B) Flow
cytometry analysis of mast cells in paws of Mcpt5-DTA Cre- after injection of 10 pl zymosan (12 mg/ml) at
indicated time points (n=4). Numbers of mast cells were normalized to resident macrophages. Data are shown as
mean = S.E.M., one-way ANOVA, Dunnett's multiple comparison test. (C) Flow cytometry analysis of mast cells in
paws of Mcpt5-DTA Cre and Cre* mice (n=4). Data is shown as mean + S.E.M., unpaired t-test, one-tailed,

*p<0.05.

Since the neighbourhood analysis showed that mast cells reside in the direct proximity of M2
macrophages during the resolution of inflammation, potential effects of mast cells on
macrophages were analysed next by comparing the phenotype of macrophage populations
48 hours after injection of zymosan in Mcpt5-DTA Cre* and Cre  mice. Interestingly,
PhenoGraph analysis of MELC images of inflamed paws showed a reduction of the
neutrophil marker Ly6G in M1 macrophages (Figure 17, Figure 18). This indicates for a
reduced efferocytosis of neutrophils by macrophages, an important process required for the

successful resolution of inflammation.
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Figure 17: M1 macrophage phagocytosis of neutrophils is reduced in mast cell-deficient Mcpt5-DTA Cre*
mice compared to Cre” control mice. Figure adapted from Kornstadt et al. (2021), analysis performed by Tim
Schéufele. Images show representative BH t-SNE analysis from Mcpt5-DTA Cre* or Cre” mice 48 h after injection
of zymosan. Plots on the left are colored by cell clusters defined by PhenoGraph analysis (Figure 18). Plots on
the right are heatmaps for the neutrophil marker Ly6G. The position of cell phenotype clusters containing CD86*
M1 macrophages (M1 M®) or neutrophils (Ly6G*/F4 80") is indicated.

To analyse the reduced efferocytosis in Mcpt5-DTA Cre* mice seen in MELC analyses,
polychromatic flow cytometry was performed. Therefore, Mcpt5-DTA Cre* and Cre” mice
were injected with zymosan intraplantar and the inflamed tissue was analysed 48 hours after
injection. Albeit mast cells have been shown to influence the recruitment of neutrophils
during the onset of inflammation (De Filippo et al., 2013), no change in neutrophil numbers
could be observed at this late time point (Figure 7A, Figure 19A). The numbers of
macrophages, eosinophils and dendritic cells were also unaltered in mast cell-deficient mice
(Figure 7A, Figure 19A). Since mast cells were located in the direct neighbourhood of M2
macrophages, the levels of M1 and M2 macrophages were also analysed, but the
polarisation of macrophages regarding CD86 and CD206 expression was also not altered by

the absence of mast cells 48 hours after injection of zymosan (Figure 7B, Figure 19B).
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Figure 18: Decreased Ly6G signal in M1 macrophages in paws of mast cell-deficient Mcpt5-DTA Cre*
mice. Reprinted from Kornstadt et al. (2021), analysis performed by Tim Schaufele. Heat map of representative
PhenoGraph analysis of MELC images from Mcpt5-DTA Cre* and Cre- mouse paw 48 h after zymosan-injection
(n=3, respectively) based on single-cell segmentation with CD45 and nuclei marker using CellProfiler. Yellow
depicts strong expression and dark blue low expression, all relative within one column. Marker expression in
macrophage phenotype cluster (M1, M2) is marked by a horizontal red box. Expression of neutrophil marker Ly6G
is marked by a vertical red box. M®, macrophages; UC, unidentified cluster.
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Finally, since mast cells have been shown to increase the ability of macrophages to
phagocytose neutrophils in mast cell-deficient C57BL/6 KitW-s"W-sh mice, we analysed the
phagocytic activity of macrophages and neutrophils by polychromatic flow cytometry. To
determine the phagocytic activity, we injected pH-sensitive pHrodo Red zymosan biopatrticles
(pHrodo-zymosan) into paws of Mcpt5-DTA Cre mice. When phagocytosed and inside acidic
lysosomes, the pH-sensitive pHrodo-zymosan particles turn brightly fluorescent, enabling the
detection by flow cytometry. Neither the percentage of phagocytosing neutrophils (F4/80
Ly6G* pHrodo-zymosan*), nor the mean fluorescence intensity (MFI) of pHrodo-zymosan in
neutrophils was altered in mast cell deficient Mcpt5-DTA Cre* mice compared to Cre” mice
48 hours after injection of pHrodo-zymosan (Figure 19C,D). Remarkably, both the
percentage of phagocytosing macrophages (F4/80* pHrodo-zymosan®) and the amount of
zymosan phagocytosed by them (MFI of pHrodo-zymosan in F4/80%) was significantly
reduced in mast cell-deficient Mcpt5-DTA Cre™ mice (Figure 19C,E). Not only the uptake of
zymosan by macrophages was decreased in the absence of mast cells, but also the uptake
of neutrophils, as determined by the percentage of intracellular Ly6G in macrophages (Figure
19F,G).

In summary, we could confirm the effect of mast cells on the phagocytosing and
efferocytosing activity of macrophages observed in C57BL/6 Kit"s"W-sh mice using Mcpt5-
DTA Cre mice.
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Figure 19: Mast cells influence phagocytosing activity of macrophages during resolution phase of
zymosan-induced inflammation. Reprinted from Kornstadt et al. (2021). (A) Number of neutrophils,
macrophages, eosinophils and dendritic cells in Mcpt5-DTA Cre™ and Cre* mice 48 h after injection of zymosan
(10 pl, 12 mg/ml in PBS). Data are shown in % of all cells as mean = S.E.M. (n=5-9), unpaired two-tailed t-test.
(B) Number of M1-like (CD86*) macrophages and M2-like (CD206*) macrophages 48 h after injection of zymosan
(10 pl, 12 mg/ml in PBS). Data are shown in % of all F4/80* cells as mean + S.E.M. (n=7-9), unpaired two-tailed t-
test. (C) Gating strategy for flow cytometry analysis of phagocytosis of pHrodo Red zymosan by macrophages
(F4/80*) and neutrophils (F4/807/Ly6G*). (D,E) Phagocytosis of pHrodo Red zymosan (10 ul, 12 mg/ml in PBS) by
neutrophils (panel D) or macrophages (panel E) in Mcpt5-DTA Cre™ and Cre* mice 48 h after zymosan injection.
Data are mean + S.E.M. (n=7-9), unpaired two-tailed t-test, *p<0.05, **p<0.01. (F) Gating strategy for flow
cytometry analysis of phagocytosis of neutrophils by macrophages. Intracellular staining of Ly6G™* neutrophils was
performed. (G) Decreased phagocytosis of neutrophils (intracellular Ly6G) by macrophages (F4/80*). Data are
mean + S.E.M. (n=7-9), unpaired two-tailed t-test, *p<0.05.
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3.2.3. Screening of cytokines involved in inflammatory response after zymosan-

injection in mast cell-deficient mice compared to control mice

In order to identify mediators released by mast cells that may influence phagocytic,
efferocytic activity of neighbouring cells and the course of the inflammation, the levels of 23
cytokines, chemokines and growth factors were analysed in paws of mast cell-deficient
Mcpt5-DTA Cre™ and in mast cell-sufficient Mcpt5-DTA Cre” mice. The levels of these
mediators were determined by a multiplex cytokine assay, allowing for the analysis of all 23
mediators at once in the same tissue sample. Ipsi- and contralateral paws of Mcpt5-DTA
Cre*™ and Cre” mice were analysed 48 hours after injection of zymosan into the ipsilateral

paw.

Comparing the inflamed tissue of the ipsilateral paws with the control tissue of the
contralateral paws within one genotype, the levels of 9 mediators were not significantly
altered 48 hours after the treatment at all, namely IL-3, IL-10, IL-12 (p40), IL-12 (p70), IL-13,
IL-17, Eotaxin, IFN-y, and TNFa. The pro-inflammatory IL-18, as well as the
chemoattractants G-CSF, CCL2, CCL3, CCL4, and CCL5 were increased in the zymosan-
injected paws, regardless of the genotype, while the pleiotropic cytokine IL-2 was decreased
in inflamed paws from both genotypes (Figure 20). Meanwhile, the pro-inflammatory IL-1a
was only decreased in ipsilateral paws of Mcpt5-DTA Cre* mice, although no significant
differences can be observed between Cre” and Cre* tissue. IL-5, another pleiotropic cytokine,
was only increased in ipsilateral paws of Mcpt5-DTA Cre™ mice, but not in ipsilateral paws of
Cre” mice. IL-6, IL-9, and GM-CSF on the other hand were only increased in Cre" ipsilateral
paws. However, there is no significant difference for these mediators between Cre™ and Cre*

mice.

IL-4 and CXCL1 on the other hand, which are both increased in ipsilateral paws compared to
contralateral paws of the same genotype, are significantly decreased in mast cell-deficient
mice compared to control mice within the inflamed tissue (Figure 20). IL-4, the first cytokine
described to be released by mast cells (M. A. Brown et al., 1987; McLeod et al., 2015), is
known to promote the alternative activation of macrophages towards an M2 phenotype and
suppress the production of pro-inflammatory cytokines (Goerdt et al., 1999; S. Gordon, 2003;
Hart et al., 1989). CXCL1 is known to be involved in the recruitment of neutrophils by mast

cells (De Filippo et al., 2013) and in wound healing (Castela et al., 2017).
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Figure 20: IL-4 and CXCL1 are decreased in mast cell-deficient mice during inflammation. Reprinted from
Kornstadt et al. (2021). Levels of cytokines, chemokines and growth factors in contra- and ipsilateral paws 48 h
after injection of zymosan (12 mg/ml) in Mcpt5-DTA Cre™ and Cre* mice. Data are mean = S.E.M. (n=6). Two-way
ANOVA, Tukey’s multiple comparison test, significance between ipsi- and contralateral paws is presented by
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, significance between genotypes is presented by #<0.05, ## p<0.01.
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However, 48 hours after zymosan injection neither an increase of M1 macrophages, nor a
decrease of neutrophil numbers was observed in mast cell-deficient mice (Figure 7A,B;
Figure 19A,B). If there is no effect on early neutrophil recruitment by mast cells in this model
or the effect can not be observed anymore at this late time point needs to be further
elucidated. However, the decrease in efferocytosis observed in flow cytometry analysis can’t
be explained by the known effects of IL-4 and CXCL1 on the phenotype of macrophages or
the recruitment of neutrophils, respectively, since neither of these effects is observable at this

time point.

Besides cytokines and chemokines, lipid mediators play a key role in the inflammatory
response. Prostanoids are a subclass of lipid mediators that are significantly increased in
inflamed tissue and have pro- as well as anti-inflammatory properties (Ricciotti & Fitzgerald,
2011). Bioactive prostanoids generated in vivo are the four prostaglandins PGE,, PGD,,
PGl,, and PGFzq, as well as TXA.. To further characterize the influence of mast cells on a
local inflammation we measured the levels of these mediators or their more stable derivates
in the case of PGIl, and TXA;, namely 6-keto PGFiq and TXB., respectively, in ipsi- and

contralateral paws of Mcpt5-DTA Cre  and Cre™ mice.

There is no significant difference in the level of PGE; and 6-keto PGF1q between genotypes
or ipsi- and contralateral paws observable (Figure 21). PGFyq is significantly reduced in the
inflamed paws both in Mcpt5-DTA Cre* and Cre” mice. PGD, meanwhile is only significantly
reduced in the ipsilateral paws of Mcpt5-DTA Cre* mice compared to their contralateral
paws, while TXB: is increased in ipsilateral paws of Mcpt5-DTA Cre* mice compared to their
contralateral paws. However, no significant difference between Mcpt5-DTA Cre” and Cre*

mice can be detected for any of the mediators.
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Figure 21: Levels of prostanoids during local inflammation in Mcpt5-DTA Cre mice. Levels of PGE2, PGDz,
PGFa2q, 6-keto PGF1a and TXB: in contra- and ipsilateral paws in Mcpt5-DTA Cre- and Cre* mice 48 h after
injection of zymosan (10 pl, 12 mg/ml). Data are mean + S.E.M. (n=4). Two-way ANOVA, Tukey’s multiple

comparison test, significance between ipsi- and contralateral paws is presented by *p<0.05, ***p<0.001.
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3.3. Identification of mediators produced by mast cells

Since mast cells are localized to relatively small defined areas of the paw tissue, mediators
released by them might be increased locally, but might be difficult to detect in the context of
the whole tissue. To enable a more sensitive detection of mast cell-derived mediators, the
supernatant of bone marrow-derived mast cells (BMMCs) was analysed after induction with

various stimuli.

3.3.1. Analysis of purity and maturity of bone marrow-derived mast cells

To verify the purity and maturity of BMMCs, they were analysed by flow cytometry after
differentiating the cells for 4 weeks in mast cell medium. Therefore, the cells were stained
with anti-mouse CD117/KIT-PE and anti-mouse FCeRIa-FITC.

10° < 94,2%

CD117-PE

FceRla-FITC

Figure 22: Flow cytometry analysis shows high purity of BMMCs matured according to standard protocol.
Reprinted from Kornstéadt et al. (2021). BMMCs were stained with antibodies against CD117 and FceRla after

4 weeks of cultivation and identified as double positive cells.

The cell surface marker CD117, also known as mast/stem cell growth factor (SCF) or proto-
oncogene c-Kit is widely used as a mast cell marker, but is also expressed by a variety of
hematopoietic progenitors, as well as basophils, myeloid dendritic cells, melanocytes and
others (Broudy, 1997). The high-affinity IgE receptor FceRla plays a major role in allergic
responses by mediating the degranulation of mast cells, but is also found on eosinophils,
basophils and epidermal Langerhans cells (Stone et al., 2010). The double-staining of

CD117 and FceRla is unique for mast cells and is commonly used to verify their identity. The
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flow cytometry analysis showed that the cultivation of bone marrow-derived mast cell
precursors yielded cells expressing the typical mast cell surface markers (Figure 22).

3.3.2. Newly synthesized mediators released by BMMCs after TLR induction

The pro-inflammatory IL-1B and the anti-inflammatory IL-10 are mediators known to be
released by mast cells in response to TLR signaling (Sandig & Bulfone-Paus, 2012b). The
anti-inflammatory effects of mast cell-derived IL-10 has been shown in various studies (Chan
et al., 2013; Depinay et al., 2006; Grimbaldeston et al., 2007). To determine the optimal time
point to detect mediators released by mast cells after TLR activation, the concentration of IL-
10 and IL-1B in the supernatant was measured by ELISA at different time points after
induction of BMMCs with zymosan (10 ug/ml) and LPS (100 ng/ml).
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Figure 23: Timecourse of release of IL-10 and IL-18 by mast cells after induction with zymosan or LPS.
Figure adapted from Kornstadt et al. (2021). (A) Concentration of IL-10 and IL-1p in the supernatant of BMMCs
induced with zymosan (10 pg/ml) at the indicated time points. (B) Concentration of IL-10 and IL-1B in the
supernatant of BMMCs induced with LPS (100 ng/ml) at the indicated time points. Data are shown as mean *
S.E.M. (n=4). One-way ANOVA, Dunnett’'s multiple comparison test for IL-10 and IL-18, compared to 0 h control,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Although no significant difference was detected for the level of IL-10 and IL-13 between mast
cell-deficient and -sufficient mice in vivo, both mediators were released by mast cells in
response to zymosan and to LPS (Figure 20, Figure 23A,B). Since mast cells are relatively
rare cells in the tissue, changed mediator levels might only be detected locally, but not in the
context of the whole paw tissue. A significant increase of IL-1, but not IL-10, was already
detected 6 hours after zymosan induction, while 4 hours after zymosan or LPS there was yet
no significant increase of IL-1B. The highest concentration of IL-1p in the supernatant was
detected after 24 hours and 48 hours both in zymosan and LPS stimulated cells. Both for

zymosan and LPS induced cells, the highest concentration of the anti-inflammatory IL-10
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was detected after 24 hours of incubation; therefore 24 hours was chosen for detection of
other cytokines. While the concentration of IL-1B was in a similar range after induction with

zymosan and LPS, the release of IL-10 was markedly higher after zymosan-induction than
after LPS-induction.

Both CXCL1 and IL-4, which were reduced in the inflamed tissue of mast cell-deficient mice
compared to inflamed tissue of mast cell-sufficient mice, were induced by zymosan and by
LPS (Figure 20; Figure 24A). IL-13, a cytokine with high similarities to IL-4, is also released
by mast cells in response to both zymosan and LPS, despite no differences due to treatment
or genotype could be detected for the level of IL-13 in vivo (Figure 20; Figure 24A).
Meanwhile TGF-B, another cytokine associated with TLR activation (He et al., 2016), was
neither induced by zymosan nor LPS in BMMCs (Figure 24A).
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Figure 24: Chemokines and prostanoids released by mast cells after induction with zymosan or LPS. (A)
Concentration of CXCL1 (n=4), IL-4 (n=7), IL-13 (n=4) and TGF-B (n=5) in the supernatant of BMMCs 24 h after
induction with zymosan (10 pg/ml) or LPS (100 ng/ml). (B) PGE2, PGD2, PGF2, and TXB:2 (n=5) in the
supernatant of BMMCs 24 h after induction with zymosan (10 pg/ml) or LPS (100 ng/ml). Data are presented as

mean + S.E.M. One-way ANOVA, Dunnett’s multiple comparison test compared to control, *p<0.05, **p<0.01,
***n<0.001.

The prostanoids PGE,, PGD, and PGF,,, which are known to play a role in inflammatory
processes, were also released by BMMCs 24 hours after induction with zymosan and LPS
(Figure 24B). Another known mast cell product, TXB2, was only released by BMMCs after
induction with LPS, not zymosan (Figure 24B), while concentrations of 6-keto PGF14 were all
below the lower limit of quantification (data not shown here).

In conclusion, several mast cell-derived mediators with anti-inflammatory and pro-resolving

properties could be identified after induction with the TLR ligands zymosan and LPS. Among
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these, IL-1B, IL-4, and PGE: have been demonstrated to increase phagocytosis in
macrophages (Daseke et al., 2020; Schenk et al., 2014; Wainszelbaum et al., 2006).

3.3.3. Induction of BMMCs with non-TLR signals

Since mast cells are surrounded by a variety of other cells in the tissue during inflammation,
mediators derived from neighbouring cells might also induce a response in mast cells. The
immunoregulatory cytokine IL-13 is known to promote mast cell-mediated anaphylaxis and is
predominantly produced by CD4 T cells, but also by basophils, eosinophils, mast cells and
others (McLeod et al., 2015). IL-13 is structurally and functionally related to IL-4 and binds to
a receptor complex consisting of the IL-13 binding proteins IL-13Ral and IL-13Ra2 and the
receptor subunit IL-4Ro (McCormick & Heller, 2015). Sphingosine-1-phosphate (S1P) is a
lipid mediator released by dying cells to trigger phagocytotic uptake and has been shown to
influence mast cells in allergic diseases (Kugelberg, 2016; Olivera & Rivera, 2011; Saluja et
al., 2017). S1P signals through a family of G protein coupled S1P receptors, two of them
being expressed by mast cells. Lysophosphatidylcholines (LysoPCs) are a group of lipids
that are increased during inflammation and oxidative stress and have various functions (Aiyar
et al., 2007; Law et al., 2019; Qin et al., 2014). To analyse if the release of the cytokines IL-
10 and IL-1pB is induced by these signals, mast cells were treated with these substances for
24 hours and then the supernatant was analysed by ELISA. As can be seen in Figure 25,

neither of these signals induced the release of IL-1p or IL-10 in BMMCs.

A typical trait of mast cells is the rapid and massive release of mediators by degranulation
after IgE receptor-mediated activation. To analyse if mast cells release the anti-inflammatory
cytokine IL-10 in response to the activation of the IgE receptor, the cells were sensitized with
DNP-specific mouse monoclonal IgE antibodies and then stimulated with DNP-BSA. The
binding of DNP to the IgE antibodies leads to a clustering of FceRla, which causes the
activation and degranulation of the mast cell. As a control for the induction of degranulation,
the release of histamine was analysed. Histamine is one of the pre-formed mediators stored
in mast cell granules and released within seconds after activation (Moon et al., 2014).
Histamine was released by mast cells in response to IgE-mediated activation as expected
(Figure 26A), showing that the BMMCs used herein are able to undergo this classic
morphologic release. Release of IL-10 was analysed 24 hours after induction again, where
the highest concetration was detected before. However, IgE-mediated activation did not

induce the release of IL-10 in mast cells (Figure 26A).
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Figure 25: No release of IL-10 and IL-1B in response to IL-13, S1P or LysoPC. (A) Concentration of IL-10 in
supernatant of BMMCs after induction with zymosan (Zym), 30 ng IL-13, 5 uM S1P, or 100 ng7ml LysoPC. (B)
Concentration of IL-1f in supernatant of BMMCs after induction with zymosan (Zym), 30 ng IL-13, 5 uM S1P, and
100 ng/ml LysoPC. Data are presented as mean + S.E.M. (n=3-4). One-way ANOVA compared to unstimulated

control (-), Dunnett’'s multiple comparison test, **p<0.01.

To further investigate the pathway involved in the release of the anti-inflammatory cytokine
IL-10 by mast cells, the enzyme COX was inhibited by Diclofenac. The lipid mediator PGE;,
which is generated by COX, has been demonstrated to enhance the production of IL-10 in
previous studies (Alvarez et al., 2009; Harizi & Gualde, 2006). Incubation of BMMCs before
zymosan-induction completely inhibited the production of PGE;, demonstrating the
effectiveness of the COX-inhibitor Diclofenac (Figure 26B). The decrease of IL-10 after
treatment with Diclofenac (Figure 26B) is in accordance with previous studies demonstrating
the role of prostanoid synthesis in the regulation of IL-10 production after induction with

zymosan.

In conclusion, we investigated the effect of several mediators typically present during a local
inflammation on mast cells and identified the TLR agonists LPS and zymosan as potent
inducers of cytokine production. Other mediators potentially present in the neighbourhood of
mast cells during resolution of inflammation, such as IL-13, S1P, and LysoPC on the other
hand did not induce cytokine release in mast cells. Furthermore, we could rule out IgE-
mediated degranulation as a source for IL-10 release and we could show that COX-mediated
prostanoid synthesis is involved in the production of IL-10 after TLR-mediated activation of

mast cells.
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Figure 26: Release of IL-10 does not depend on IgE-mediated degranulation but on COX signaling. (A)
Concentration of histamine (5 min after induction) or IL-10 (24 h after induction) in supernatant of unstimulated
BMMCs (-) or after incubation with 1 ug/ml DNP-specific IgE only (IgE), induction with 100 ng/ml DNP-BSA
conjugate after IgE incubation (IgE+DNP), or induction with 10 pg/ml zymosan (Zym). Data are presented as
mean + S.E.M. (n=4-5). Unpaired t-test, two tailed for histamine and one-way ANOVA compared to unstimulated
control (-), Dunnett’s multiple comparison test for IL-10, ***p<0.001, ****p<0.0001. (B) Concentration of IL-10 or
PGE: in supernatant of unstimulatd BMMCs (-), BMMCs 24 h after induction with 10 pg/ml zymosan (Zym), or
BMMCs induced for 24 h with 10 pg/ml zymosan after pre-treatment with 30 pg/ml Diclofenac (Diclo+Zym) for 2 h.
Data are presented as mean + S.E.M. (n=4-5). One-way ANOVA compared to unstimulated control, Dunnett’s
multiple comparison test, *p<0.05, ***p<0.001.

Besides typical anti-inflammatory cytokines like IL-10, further mediators with the potential to
enhance phagocytosis in macrophages like IL-13, IL-4, IL-13, and PGE; (Berry et al., 2007,
Daseke et al.,, 2020; Korns et al., 2011; Schenk et al., 2014; Szanto et al.,, 2010;
Wainszelbaum et al., 2006; Welch et al., 2003) were identified after induction of BMMCs with
TLR agonists zymosan and LPS. Since the targeted approach utilized here narrows the
possibility to detect mast cell-derived mediators, mMRNA sequencing was performed in a next
step as an untargeted approach to further elucidate the response evoked in zymosan-
induced BMMCs.

3.3.4. RNA-sequencing as untargeted approach to identify mediators produced by

zymosan-stimulated mast cells reveals type | IFN response

For an untargeted screening of the response evoked in mast cells by stimulation with
zymosan, RNA sequencing was performed. The mRNA of unstimulated cells (0 hours), and
cells stimulated for 24 hours and 48 hours with 10 ug/ml zymosan was analysed and
compared to identify transcriptional changes induced by TLR2 activation. Unstimulated cells
served as the control condition, while 24 hours and 48 hours of treatment were chosen since
the highest concentration and an already decreasing concentration of IL-10 were detected at
these time points after zymosan-induction (Figure 23A), indicating for a strong reaction and

the beginning resolution phase of the inflammatory response.
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3.3.4.1. Quality assessment of samples, libraries and sequencing data

To ensure that only the RNA of mature mast cells was used for sequencing and that cells of
other phenotypes possibly present in the BMMC culture were excluded, the cells were sorted
by FACS before RNA isolation. Fully differentiated mast cells were identified by staining
positive for both CD117 and FceRla, after exlusion of debris and doublettes (Figure 8A-E).
Around 1 million cells per sample were obtained by sorting. The supernatant of the cells used
for sequencing was assayed by ELISA for the release of IL-10. All cultures used for
sequencing released IL-10 after zymosan induction, demonstrating that a response to the

stimulus was successfully evoked (Figure 27).
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Figure 27: IL-10 release by BMMCs used for RNA sequencing. IL-10 in supernatant of BMMCs induced with
10 pg/ml zymosan was analysed at the indicated time points to verify successful stimulation of the cells.

RNA extraction from FACS sorted cells using the RNeasy Micro Kit (Qiagen) resulted in
approximately 100 to 300 ng RNA in 14 ul RNase-free water per sample. The RNA integrity
number (RIN) of these samples ranges between 6,0 and 8,3, (Table 1) as determined on an
Agilent 2100 Bioanalyzer using an RNA 6000 Pico Chip (Agilent). The RIN classifies the
integrity of RNA in values from 1 to 10, with 1 for the most degraded RNA and 10 for
perfectly intact RNA. The obtained quality and quantity of RNA meets the input criteria for
QuantSeq 3’'mRNA FWD (Lexogen) library preparation, which requires at least 500 pg, better
10 to 500 ng RNA in 5 ul and would accept RNA with a lower RIN.

Illumina-compatible libraries were generated with QuantSeq 3'mRNA-Seq Kit Library Prep Kit
(Lexogen). Concentration and size of the libraries assessed by Qubit ds DNA HS assay
(Thermo Fisher) and a High Sensitivity DNA Chip (Agilent) was used to calculate the
required input of each library to generate an equimolar mix for sequencing. Furthermore, the
High Sensitivity DNA Chip (Agilent) was used to assess the quality and purity of the samples,
since contaminants like adapter dimers or primer dimers can affect clustering efficacy and

estimation of library concentrations by Qubit (Thermo Fisher). Precise estimation of the

70



Results

concentration of the libraries is crucial to avoid over- or underclustering of the flow cell, which
can lead to low data quality and output. The analysis showed that the libraries were in the
expected size range, free of contaminants and with no sign of overcycling. All libraries were

pooled and used for sequencing on a NextSeq500 (lllumina).

Tabel 1: Quantity and quality of samples used for mRNA sequencing.

Average
Sample RNA concentration RIN DNA library Qubit library size
1-0h 12.905 pg/ul 8,2 1,270 ng/pl 317 bp
2-0h 13.563 pg/ul 6,9 0,990 ng/pl 296 bp
3-0h 9.211 pg/ul 7.3 2,100 ng/ul 318 bp
4-0h 23.133 pg/ul 6,8 2,900 ng/ul 359 bp
1-24h 7.311 pg/ul 6,8 1,130 ng/pl 334 bp
2-24h 16.747 pg/yl 7.5 0,792 ng/ul 276 bp
3-24h 10.499 pg/ul 7,6 1,290 ng/pl 315 bp
4-24h 15.331 pg/pl 7,0 2,000 ng/ul 317 bp
1-48h 13.236 pg/ul 8,3 0,906 ng/ul 327 bp
2—-48h 13.511 pg/pl 7.6 0,940 ng/ul 295 bp
3-48h 14.614 pg/ul 6,0 7,40 ng/ul 328 bp
4—-48h 8.499 pg/ul 7,0 2,68 ng/ul 339 bp

Data quality metrics in the BaseSpace Sequence Hub (lllumina) showed that the sequencing
run was successful; each of the 12 samples was distributed across 4 lanes of the flow cell,
with each sample represented more or less equally with 6,3% to 10,8% reads identified per
sample. In total, 42,24 Gbp of high-quality data was yielded, with 83,56% bases reaching
Q = 30, meaning that base call accuracy is 99,9%. Cluster density was optimal, with 268-
271 K/mm? and more than 500 reads passing filter. In summary, the sequencing yielded

maximal output while maintaining very high data quality.
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3.3.4.2. Differential expression analysis of RNA sequencing data shows

differences between untreated and zymosan-treated samples

Subsequent to sequencing, data analysis was performed to gain information on the
differentially expressed genes between untreated BMMCs (0 hours) and BMMCs treated for
24 hours and 48 hours with zymosan. After preprocessing the data to remove adapter
sequences and low-quality data, the reads were mapped against the mouse reference
genome. On average 76% of reads could be uniquely mapped to genes. 16% of reads were
overlapping with more than one gene (ambigious), 2% were mapped to too many loci and
5% were not mapped because they were too short. The percentage of mapped reads shows

that the overall sequencing accuracy is good and there is no contaminating DNA.

Following read mapping, the gene expression is quantified to enable the comparison of gene
expression levels between the samples. Since only one fragment per transcript is generated
by using the QuantSeq 3'mRNA-Seq Kit Library Prep Kit (Lexogen) correction for gene
length is not necessary and raw read counts are sufficient to obtain accurate gene

expression values.

Next, a principal component analysis (PCA) was performed to reveal the similarities and
differences between the samples. When comparing sequencing data, the number of genes
can be regarded as dimensions of a sample. To be able to identify correlations (or lack there
of) between the 12 samples regarding a large number of differentially expressed genes, it is
necessary to reveal patterns underlying this high-dimensional set of data. PCA is a method
to reduce the number of dimensions of a complex dataset, while the essence of the data is
captured in a few principal components which convey the most variation in the dataset. Each
dot in the PCA plot represents the transcription profile of one of the samples. Samples that
are highly correlated cluster together, while samples with strong differences in the
transcription profile are distant from each other on the principal component axis. The first
principal component axis (PC1) reveals the most variation, while the second principal
component axis (PC2) reveals the second most variation. Therefore, differences among

clusters along the PC1 axis are larger than the similar-looking distances along the PC2 axis.

There are two main clusters of samples identifiably in the PCA plot, 0 hours and 24 hours/48
hours (Figure 28A). This shows that the main difference lies between time point 0 hours and
24 hours/48 hours, which indicates that the main differences between the samples are due to
the treatment. The samples of the 24 hours time point are more distant from the 0 hours
samples than the 48 hours samples are, showing that the variation between 24 hours and 0

hours is slightly bigger than between 48 hours and 0 hours.
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Figure 28: Differential expression analysis shows that most genes are commonly regulated after
treatment for 24 h or 48 h compared to untreated samples. Figure adapted from Kornstadt et al. (2021),
analysis performed by Stefanie Ebersberger and Ingo Ebersberger. (A) PCA shows that the main difference lies
between untreated samples (0 h) and treated samples (24 h and 48 h), with a slightly stronger differentiation after
24 h. (B) Log2 fold change of genes significantly regulated in 24 h vs 0 h and 48 h vs 0 h are very similar with a
general stronger response after 24 h. (C) MA plot showing significantly differentially expressed genes in 0 h vs 24
h and 0 h vs 48 h (adjusted p-value < 0.05). The MA-plots show the log2 fold changes over the mean of
normalized counts. Points colored in red represent significantly differentially expressed genes. Points falling out of
the displayed plot range (log2 fold change greater than 4 or smaller than -4) are plotted as open triangles pointing
either up or down. (D) Number of up- and downregulated genes indicated by arrows and total differentially
expressed genes (underlined) between 24 h (blue ellipse) and 48 h (green ellipse) after induction with zymosan

compared to 0 h untreated samples.

Overall, the PCA indicates that the biggest variation in the data is caused by the treatment of
the samples, not by undesired experimental covariates or batch effects, and that the
strongest transcriptional changes are observable when comparing the untreated O hours
samples with the samples treated with zymosan for 24 hours. Next, differential expression

between the three groups (0, 24 and 48 hours) was analysed to discover genes that are up-
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or downregulated after treatment of the cells with zymosan. Differential expression analysis
revealed that no genes are significantly differentially expressed between 24 and 48 hours.
Meanwhile, when comparing the log2 fold changes between 24 vs O hours and 48 vs
0 hours, the response after 24 hours is in general stronger than after 48 hours (Figure 28B).
This is in accordance with the PCA, showing the biggest differences between 24 hours and 0
hours (Figure 28A).

As can be seen in the MA-plots, showing the log2 fold changes (M) over the mean of
normalized counts of the genes (A), most significantly differentially expressed genes in 24
hours and 48 hours vs 0 hours are upregulated after treatment with zymosan (Figure 28C). In
24 hours vs 0 hours, 187 genes are significantly differentially expressed, in 48 hours vs
0 hours 170 genes are significantly differentially expressed (Figure 28D). 130 genes are
collectively regulated in both comparisons, 116 of them being upregulated, 14 of them being
downregulated. 57 of the genes that are significantly differentially expressed between 24
hours and 0 hours are not significantly differentially expressed between 48 hours and 0
hours. Out of those 57 genes, 43 are upregulated and 14 are downregulated in 24 hours
compared to 0 hours. Vice versa, there are 40 genes that are significantly differentially
expressed between 48 hours and 0 hours but not between 24 hours and 0 hours. Out of

those, 23 are upregulated and 17 are downregulated in 48 hours compared to O hours.

In conclusion, the differential expression analysis reveals that there are no significant
differences between 24 hours and 48 hours of treatment and that the strongest response can
be seen after 24 hours of zymosan treatment compared to untreated samples. Furthermore,
differential expression analysis shows that most differentially expressed genes are

upregulated after the zymosan treatment.

3.3.4.3. Gene ontology term analysis reveals zymosan-induced type | IFN

response in mast cells

To gain information about the biological processes underlying the significantly differential
expressed genes of the mMRNA sequencing data, gene set enrichment analysis (GSEA) was
performed. GSEA is a method to deduce information about an input gene set by comparing it
to background libraries. To run the enrichment analysis, the web-based open source tool
Enrichr (Chen et al., 2013; Kuleshov et al., 2016) was used. Enrichr contains mammalian
gene set libraries, associated with information on transcription, pathways, ontologies,
diseases/drugs, cell types and miscellaneous. Libraries are constructed by assembling gene

sets from many sources, like published studies and biological databases. The output of
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Enrichr lists terms linked to annotated gene sets. The resulting lists are ranked according to
the level of significant overlap to the input list of genes.
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Figure 29: Gene ontology term analysis reveals type | IFN response after induction of BMMCs with
zymosan. Figure adapted from Kornstéadt et al. 2021. (A) Top ten gene ontology terms of genes upregulated in

24 h compared to 0 h. (B) Top ten gene ontology terms of genes upregulated in 48 h compared to O h.

Surprisingly, gene ontology term analysis reveals the type | interferon (IFN) pathway as the
most prominent response after treatment with zymosan, with 8 and 9 out of the top ten gene
ontologies referring to this pathway in genes upregulated in 24 hours vs 0 hours and 48
hours vs 0 hours, respectively (Figure 29A,B). Type | IFNs were first discovered as antiviral
peptides and are up to today mostly known for their antiviral functions. In fact, they are
pleiotropic cytokines, having anti-tumor and immunoregulatory functions, pro- and anti-
inflammatory properties, depending on the context (Benveniste & Qin, 2007; Crow &
Ronnblom, 2019; Gonzéalez-Navajas et al., 2012; McNab et al., 2015; Medrano et al., 2017).
The enrichment of type | IFN-related genes after zymosan treatment was highly unexpected,
since mast cells are considered unable to produce type | IFNs in response to non-viral TLR
activation (Dietrich, Rohde, et al., 2010; Keck et al., 2011).

The type | IFN response generally being regarded as an anti-viral response can explain why
some of the genes are assigned to “response to virus” gene ontology terms (Figure 29A,B).
The other terms in the list of top ten GO Biological processes are referring to the type Il IFN

pathway (Figure 29A,B). The only member of the type Il IFN family, IFN-y, also has effects in
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host resistance to viral and bacterial infections and shares several pathway components and
target genes with type | IFNs (Schroder et al., 2004). Furthermore, IFN-y has also been
reported to be induced through TLRs (Salerno et al., 2016). The conjoint upregulation of type
I and Il IFNs is therefore not surprising.
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Figure 30: Highly upregulated genes are mostly interferon-inducible. Figure adapted from Kornstadt et al.
(2021). List of genes with the strongest upregulation after 24 h zymosan vs 0 h. Differential expression analysis of

untreated (0 h) BMMCs and BMMCs incubated with 10 pg/ml zymosan for 24 h before mRNA sequencing.

Looking at the single genes that are differentially expressed after treatment with zymosan
shows that most of the strongly upregulated genes are well known IFN-inducible genes
(Figure 30), which have been reviewed in Schneider et al. (2014). Rtp4, Zbpl, and Acodl
are also annotated to be induced by interferons (Boys et al., 2020; R. Wu et al., 2020; D.
Yang et al., 2020), while Cmpk2 is annotated to be induced by LPS (C. G. L. Lee & O’Brien,
1995; Lund et al., 2006). Furthermore, the transcription factors Irf7 (6,12 log2 fold increase),
Irf9 (2.18 log?2 fold increase), Irf1 (1.45 log2 fold increase), STAT1 and STAT2 (2,36 and 1,62
log2 fold increase, respectively) are also among the upregulated genes 24 hours after
zymosan treatment. They are known to be present at baseline and to be reinforced by IFN

signaling (Borden et al., 2007; Schneider et al., 2014). Irf7, which is one of the strongest
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upregulated genes herein, has been demonstrated to be involved in the induction of type |
IFNs by TLR ligands in macrophages (Dietrich, Lienenklaus, et al., 2010). Downregulated
genes were associated with general gene ontologies like signal transduction, cell migration,

and degranulation.

In conclusion, the RNA sequencing data strongly indicates a type | IFN response evoked in
mast cells in response to the TLR ligand zymosan. While mRNA of the cytokines IL-1f3, IL-4,
IL-10, IL-13, and CXCL1, which were identified to be released upon zymosan-induction by
ELISA, was also detected, no significant change in their mRNA level was detected in
response to the treatment. This might be due to the relatively low number of repeats (n=4)
allowing only genes with low variability to reach significance, and due to many cytokines,
including IL-4, being pre-stored (Elieh Ali Komi et al., 2020) or regulated post-transcriptionally
(Fan et al., 2005). Thus, the type | IFN response appears to be the main response induced

24 hours and 48 hours after incubation with zymosan.

3.3.5. Validation of type | IFN response in mast cells

3.3.5.1. Mast cells produce IFN-B in vitro and in vivo

Since the mRNA sequencing data strongly indicates a type | IFN response in mast cells, the
next aim was to verify this response on the protein level. IFN-a and IFN-3 are both members
of the type | IFN family, which are known to be produced after activation of the transcription
factors Irf9, Irf7, and Irfl; therefore, the concentration of IFN-o and IFN-f was measured by

ELISA after induction with zymosan and LPS.

There are at least 13 different IFN-o subtypes in mouse and human, while there is only one
IFN-B. While in the supernatant of BMMCs induced with zymosan no IFN-a could be
detected by an all-subtypes IFN-a ELISA (data not shown), IFN-B was detected after
induction with both zymosan and LPS (Figure 31A,B). Interestingly, the time course showed
a maximum concentration of IFN-f already after 6 hours and thus a distinctly earlier release
than in the case of IL-10 and IL-1B (Figure 23A,B; Figure 31A,B). IFN- was not detectable in
untreated (0 hours) mast cells (Figure 31A,B), although it has been described that IFN-( is
usually present at basal levels in cells (Gough et al., 2012; Hakim et al., 2018; Wang et al.,
2017). While basal levels of IFN-B might be present, yet too low to be detected, this still
suggests that IFN-B is not pre-stored in mast cells in high concentration, but newly

synthesized upon induction before IL-10 and IL-13 are synthesized. On a further note, the
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amount of IFN-B produced by BMMCs is in a similar range as the amount of IFN-f

synthesized by the same number of bone marrow-derived macrophages (Figure 31C).
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Figure 31: IFN-B is produced by mast cells in vitro and in vivo. Figure adapted from Kornstadt et al. (2021).
(A) IFN-B from BMMCs after induction with zymosan (10 pg/ml) at the indicated time points in cell pellet and
supernatant. Data are shown as mean + S.E.M. (n=3). One-way ANOVA, Dunnett’'s multiple comparison test
compared to control, *p<0.05, **p<0.01, ***p<0.001. (B) Release of IFN- from BMMCs after induction with LPS
(100 ng/ml) at the indicated time points. Data are shown as mean + S.E.M. (n=3). One-way ANOVA, Dunnett’s
multiple comparison test compared to control, *p<0.05. (C) Release of IFN- from BMMCs and BMDMs 24 h after
induction with zymosan (10 pg/ml). Data are shown as mean + S.E.M. (n=4). Two-way ANOVA, Sidak’s multiple
comparison test compared to unstimulated control, ***p<0.001, ****p<0.0001. (D) Representative stainings for

CD117 and IFN-B of paws from naive mice or 4 h or 48 h after zymosan-injection (n=3-4).

To verify that mast cells can also produce IFN-f in vivo, we next performed MELC analysis of
paws injected with FITC-zymosan. MELC analysis revealed that mast cells are expressing
IFN-B, not only 4 hours and 48 hours after injection with zymosan, but also in naive paws
(Figure 31D). This seems to be contrary to the results regarding basal storage of IFN-B
obtained in BMMCs and might indicate for differences between BMMCs and in vivo mast
cells. On a further note, mast cells appear to be a major source for IFN-B in the tissue at all

three time points (Figure 31D).

78



Results

The MELC analysis together with the detection of IFN-B by ELISA and the RNA sequencing
results clearly demonstrate that mast cells are able to produce and release IFN-f after
induction with zymosan and LPS, contrary to data published by Dietrich, Rohde et al. (2010)
and Keck et al. (2011), demonstrating the inability of mast cells to produce type | IFNs in
response to TLR4 agonist LPS (Dietrich, Rohde, et al., 2010; Keck et al., 2011).

3.3.5.2.  IFN-B not required for release of IL-10 in mast cells

One of the known effects of IFN-B on immune cells is the involvement in TLR-induced IL-10
production in macrophages (Chang et al., 2007). To elucidate if IFN-B is also involved in the
release of IL-10 in mast cells in an autocrine feedback loop, BMMCs were treated with IFN-f3

and the concentration of IL-10 in the supernatant was measured 24 hours after induction.
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Figure 32: IFN-B signaling is not required for release of IL-10 in mast cells. (A,B) BMDMs (panel A) and
BMMCs (panel B) were induced with 500 U recombinant IFN-B, and 100 ng/ml LPS or 10 pg/ml zymosan (2),
respectively. Concentration of IL-10 was measured 24 h after stimulation in the supernatant by ELISA. Mean +
S.E.M. (n=4 for BMDMs, n=3 for BMMCs). One-way ANOVA, Dunnett's multiple comparison test, *p<0.05,
**p<0.01, ****p<0.0001. (C) BMMCs were pre-treated with 5 pug/ml anti-mouse IFNAR1 antibody, or 5 pg/mi
isotope control antibody (Cytochrome C, mouse monoclonal IgG1 kappa), or left untreated, and then stimulated
with 10 pg/ml zymosan for 24 h. Concentration of IL-10 in the supernatant was measured by ELISA. Mean *
S.E.M. (n=3-4). Two-way ANOVA, Tukey’s multiple comparison test, *p<0.05, **p<0.01.

The incubation with IFN- induced the release of IL-10 in macrophages as expected, but not
in mast cells (Figure 32A,B). Therefore, induction with IFN- does not seem to directly induce
the release of measurable concentrations of IL-10 by mast cells. Type | IFNs like IFN-B
produce their effects by binding to the IFN-a/-B receptor subunit 1 (IFNAR1). To rule out that
endogenous IFN-B or additional signaling through TLR is required for IL-10 production,
BMMCs were incubated with anti-IFNAR1 antibody or isotype control antibody and then
stimulated with zymosan. No significant difference in the concentration of IL-10 in the
supernatant of BMMCs could be detected in anti-IFNAR1 treated cells compared to isotype

control treated cells or untreated cells (Figure 32C).
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In conclusion, the release of IL-10 by mast cells after induction with zymosan does not
require type | IFN signaling. In contrast, macrophages have been demonstrated to require
signaling of the type | IFN pathway for IL-10 induction, demonstrating an anti-inflammatory
role of both TLR signaling and type | IFN signaling (Chang et al., 2007). Therefore, the
release of IFN-B by mast cells might influence neighbouring macrophages and lead to a
polarization towards an anti-inflammatory, pro-resolving phenotype, either alone or in

combination with other mediators released by mast cells, such as IL-4 and IL-10.

3.3.5.3. Release of IFN-B by mast cells in response to zymosan and LPS

requires internalization and phagosome maturation

The type | IFN response upon TLR activation is known to require receptor internalization and
endosomal acidification (Perkins & Vogel, 2015). Accordingly, receptor internalization and
endosomal acidification has been shown to be a prerequisite of the type | IFN response to
bacteria or LPS in macrophages (Dietrich, Lienenklaus, et al., 2010). Mast cells on the other
hand are thought to lack this response to non-viral TLR ligands due to being unable to
internalize and translocate their respective TLRs into acidic endolysosomal compartments
(Dietrich, Rohde, et al., 2010).

Since zymosan is not only recognized by TLR2, but also by Dectin-1 and nucleotide-binding
oligomerization domain 2 (NOD2), these could be alternative pathways to induce the
production of IFN-B, besides the endolysosomal TLR signaling. Furthermore, the Platelet-
activating Factor receptor (PAFR) has been shown to be involved in the sighaling cascade
after zymosan-induction (Guerrero et al., 2013). PAFR is a G-protein coupled receptor
localized at intracellular sites like the plasma and the nuclear membrane. The majority of
immune cells, including mast cells, are known to express PAFR. Among other pathways,
PAFR activates NF-kB and induces the production of pro-inflammatory mediators (Hills et al.,
2019). Dectin-1 is a receptor for fungal B-glucans and is expressed by mast cells as well as
other immune cells (Saijo & Iwakura, 2011; Taylor et al., 2002; Z. Yang & Marshall, 2009).
Signaling of Dectin-1 induces the release of several inflammatory cytokines via ERK and NF-
kB, either directly or in interaction with other PRRs (G. D. Brown, 2006; Jia et al., 2014; Reid
et al., 2009). NOD2 acts as an intracellular sensor for PAMPs and also induces the
transcription of inflammatory mediators. While zymosan does not induce NOD2 directly,
cross-talk between TLR2 and NOD2 has been demonstrated upon treatment with zymosan
(J. Wu et al., 2015).
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Figure 33: Release of IFN-B does not require ERK, NOD2 or PAFR. Figure adapted from Kornstadt et al.
(2021). (A) Release of IFN-B after pre-treatment with 10 uM MEK (ERKI) inhibitor U0126, 10 uM NOD?2 inhibitor
GSK 717, or 10 uM PAFR inhibitor WEB 2086 for 1 h and subsequent treatment with 10 pg/ml zymosan for 24 h.
(B) Release of IL-1B after pre-treatment with 10 uM U0126, GSK 717 or WEB 2086 for 1 h and subsequent
treatment with 10 pg/ml zymosan for 24 h. Data is shown as mean + S.E.M. (n = 4). Multiple t-test comparing

unstimulated and zymosan stimulated cells, Holm Sidak’s multiple comparison test, * = significant.

To analyse if any of these receptors are inducing the type | IFN response, mast cells were
pre-treated with the ERK inhibitor U0126, the NOD?2 inhibitor GSK 717, or the PAFR inhibitor
WEB 2086 before treating the cells with zymosan. The concentrations of the inhibitors were
chosen according to literature or manufacturer’s instructions (Ajiro et al., 2011). Mast cells
treated with these inhibitors are still producing IFN-B, as well as the pro-inflammatory
cytokine IL-1B3 after zymosan induction (Figure 33A,B). Intriguingly, inhibition of the ERK
pathway with U0126 induced a stronger release of both IFN-B and IL-1B. This may be
explained by the dual nature of ERK-signaling, which has been reported to be able to switch
form inhibiting to stimulating the transcription of cytokines (Hedl & Abraham, 2012). In
conclusion, neither inhibition of ERK-, nor NOD2- or PAFR-signaling were able to abrogate
the production of IFN-B. Since TLR signaling is known to induce transcription of cytokines in
response to zymosan, the release of IL-1B was not reduced by the inhibitors used herein as
expected. While a role of the ERK, NOD2 and PAFR in the induction of IFN- can not be
completely ruled out due to a lack of more specific positive controls for the inhibitors, all three
inhibitors having no limiting effect is at least a strong hint that they don’t play an important

role in the induction of IFN-B.

Mast cells have so far been considered unable to produce IFN-B in response to non-viral
TLR ligands, due to their proposed inability to internalize the receptor and due to the
absence of TRIF signaling, as shown by Dietrich, Rohde, et al., (2010) and Keck et al.,
(2011). In this study, the ability of mast cells to elicit a type | IFN response upon induction
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with zymosan and LPS was clearly demonstrated. Meanwhile the involvement of an
alternative pathway including ERK, NOD2, and PAFR could not be observed. Actin-mediated
receptor internalization and endosome acidification is known to be a pre-requisite for TLR-
mediated induction of the type | IFN response. To investigate if receptor internalization and
endosome acidification are a pre-requisite for TLR-mediated induction of the type | IFN
response in mast cells as well they were pre-treated with Cytochalasin D, an inhibitor of actin
polymerization, and Bafilomycin A, a proton pump inhibitor, before addition of zymosan or
LPS. Since IL-1B is known to be induced by TLR signaling from the cell membrane and not
from endosomal compartments, the release of IL-18 served as the positive control. The
release of IFN-B by mast cells was impaired by either of the inhibitors, while the pro-
inflammatory response (IL-1B release) was not reduced (Figure 34A,B). Thus, mast cells
require the same mechanisms of internalization and endosomal acidification for the induction
of the IFN-B response that have been shown to be necessary for macrophages previously
(Dietrich, Lienenklaus, et al., 2010), while the pro-inflammatory response is induced

independently of these mechanisms, just like in macrophages.
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Figure 34: Release of IFN-B by mast cells requires receptor internalization and endosome maturation.
Figure adapted from Kornstadt et al. (2021). BMMCs either untreated or pre-treated for 1 h with 25 uM
Cytochalasin D or 50 uM Bafilomycin A were stimulated for 24 h with 10 pg/ml zymosan or 100 ng/ml LPS. The
concentrations of IFN-f3 (panel A) or IL-1B (panel B) were determined in the medium. Data is shown as mean +
S.E.M. (n = 4). Multiple t-test comparing unstimulated and zymosan or LPS stimulated cells, Holm Sidak’s multiple

comparison test, * = significant.

In summary, besides identification of the type | IFN pathway as a novel response in mast
cells to bacterial and fungal stimuli and besides showing that mast cells are located in an
anti-inflammatory region of the tissue during resolution inflammation, we demonstrated the
enhancing effect of mast cells on the phagocytic and efferocytic activity of macrophages,

thereby contributing to the resolution of inflammation.
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4. Discussion

Being located closely to surfaces, which are exposed to the environment, mast cells are one
of the first immune cells that come into contact with invading pathogens and other harmful
stimuli. Their various immunomodulatory functions root in their ability to respond to a wide
range of stimuli by releasing specific subsets of diverse mediators (J. R. Gordon et al., 1990).
While their roles in initiating and promoting immune responses are well described, potential
anti-inflammatory and immunosuppressive functions are still under discussion and have been
mostly assigned to the cytokine IL-10 (Chan et al., 2013; Depinay et al., 2006; Galli et al.,
2008; Grimbaldeston et al., 2007; Reber et al., 2017).

In this thesis, the phenotype of mast cells and their effect on their surroundings was analysed
to obtain a broader understanding of their role during the resolution of inflammation.
Therefore, first of all their location in the inflamed tissue in regard to the source of
inflammation and to neighbouring cells was analysed. Furthermore, the effect of mast cells
on their neighbouring cells was analysed by MELC and polychromatic flow cytometry of
immune cells in inflamed paws in mast cell-deficient mice and control mice. Finally, an
untargeted approach to identify mediators produced and pathways activated during the

resolution phase was performed.

4.1. Comparison of two locally induced inflammation models

Before analysing the role of mast cells in resolution, a suitable model of a local inflammation
needed to be identified. Therefore, the inflammatory responses raised by the two TLR
agonists LPS (TLR4) and zymosan (TLR2) were compared, since both are commonly used
for the induction of inflammation. The data indicated that, while the chosen concentration
induced an inflammation with comparable duration and intensity, LPS additionally induced an

early systemic inflammation (Hahnefeld & Kornstadt et al., 2021).

Analysis of lipid profiles in ipsilateral and contralateral paws revealed that both LPS- and
zymosan-injection caused elevated levels of lipids in the inflamed tissue, while only LPS-
injection but not zymosan-injection induced significant changes in contralateral paws. Among
the upregulated lipids in LPS- and zymosan-injected ipsilateral paws are ether-
phosphatidylcholines (PC O) and their lyso species (LPC O), which are discussed to act as
antioxidants protecting the plasma membrane against ROS released during the inflammatory
processes (Skaff et al., 2008). In the contralateral paws of LPS-injected mice, especially

phosphatidylcholines (PC) and phosphatidylethanolamines (PE) and their ether species were
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selectively upregulated. These have been shown to be associated with mitochondrial
complexes and might therefore reflect an increased mitochondrial energy production in
response to increased energy consumption through inflammatory processes on the
contralateral side (Acoba et al., 2020; Calzada et al., 2019; Guo et al., 2017; Lange et al.,
2001). Furthermore, levels of several cytokines and chemokines and one growth factor were
increased in the plasma of mice injected with LPS, but not in mice injected with zymosan.
Increased cytokine and chemokine levels in the plasma are associated with the acute phase
response in systemic inflammation (Bernotiene et al., 2004; Cheng et al., 2018). This
indicates that LPS induces a widespread systemic effect, while zymosan induces a local
inflammation. Meanwhile, the injection of zymosan induced the formation of an edema in
contrast to LPS-injection. Accordingly, higher levels of infiltrating immune cells were detected
in the ipsilateral paws of zymosan-injected mice compared to LPS-injected mice. Taken
together, these data demonstrate a higher accumulation of leukocytes and plasma to the site

of inflammation in the zymosan model compared to the LPS model.

The stronger local reaction towards zymosan and the systemic response to LPS might be
explained by the different solubility of the two reagents. While a soluble solution can be
prepared with LPS, zymosan patrticles are insoluble. Therefore, zymosan particles need to be
cleared from the tissue by phagocytosis, while LPS can probably be easily absorbed and
may also be distributed in the body, causing the observed systemic inflammatory response.
Besides causing a strong local inflammation zymosan also has the advantage that it can be
visualised in the tissue by labelling it with FITC before intraplantar injection. Thereby,
analysis of the location of immune cells in regard to zymosan can be analysed by MELC,
showing the architecture of the inflammation. As a result, zymosan was chosen as the most
suitable model to study the role of mast cells during the resolution of inflammation in this

thesis.

4.2. Anti-inflammatory microenvironment of mast cells

Mast cells are tissue resident cells and part of the first line of defence of the body against
invading pathogens and other harmful stimuli (Erb et al., 1996). In response to the detection
of harmful stimuli, more immune cells are recruited to the site of inflammation. The different
types of immune cells are specialized for distinct and partly overlapping functions. They
communicate and influence each other via the release of mediators, affecting their
phenotype and functionality, and the progression of the inflammation. Thus, being embedded

in this network of cells, mast cells are influencing as well as being influenced by their direct
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surrounding. In order to gain information on their phenotype as well as on their effect on the

resolution of inflammation, it is crucial to know the environment of mast cells.

The receding mechanical hypersensitivity after injection of 12 mg/ml zymosan into the paw
served as indication for the resolution phase of the inflammation and was thus chosen as the
time point to study the role of mast cells during resolution of inflammation. MELC analysis of
naive paws and paws during the peak of the inflammation mirrored the typical course of an
inflammation, characterised by infiltration of neutrophils (Ly6G~*), followed by infiltration and
polarisation of macrophages (F4/80") (Serhan et al., 2007). Analysing cellular
neighbourhoods using MELC images from FITC-zymosan-injected paws during resolution of
inflammation revealed that mast cells are located in an anti-inflammatory environment next to
M2 macrophages, surrounding the zymosan-filled area dominated by pro-inflammatory M1

macrophages (CD86%) and neutrophils 48 hours after zymosan-injection.

Although recruitment of mast cell progenitors to sites of inflammation (Bot et al., 2015;
Collington et al., 2011), as well as the potential of mature mast cells to proliferate in vivo (S.
Sonoda et al., 1986; T. Sonoda et al., 1984) have been demonstrated, we could not observe
a significant increase of mast cell numbers in inflamed tissue by flow cytometry analysis of
whole paw lysates. However, we found a tendency towards increased mast cell numbers
during the peak of inflammation compared to naive paws and we can not exclude a local

increase of mast cell numbers at the site of inflammation.

Polarisation of resident macrophages and infiltrating monocytes towards an M1 phenotype is
induced by noxious stimuli and leads to the production and release of pro-inflammatory
mediators, and reactive oxygen and nitrogen intermediates, resulting in killing of pathogens
and promotion of inflammation (Mantovani et al., 2004). Therefore, the location of M1
macrophages in the center of the inflammation is in accordance with their functions. Like M1
macrophages, neutrophils are also located in the zymosan-filled area, which fits to their role
as the prototypical phagocytic cells (Silva & Correia-Neves, 2012). Remarkably, neutrophils
in the zymosan-filled area show a stronger expression of CD11b than neutrophils that do not
co-localize with zymosan. The receptor CD11b, also known as CR3 or amB2, is a known
mediator of phagocytosis, underlining the phagycytosing activity of the neutrophils in the core
region of the inflammation (Cougoule et al., 2004). Meanwhile M2 macrophages are known
to be involved in the repair of inflammation-induced injury (Lech & Anders, 2013), fitting to

their location right at the border to the core of the inflammation.

The division of the tissue into pro- and anti-inflammatory regions shows how precisely
orchestrated the immune response is. While the destruction of potential invaders and the
phagocytosis of zymosan particles are probably the main tasks in the pro-inflammatory core

region of the inflammation, one can imagine various functions of the anti-inflammatory region
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surrounding the core of the inflammation. First of all, it needs to be ensured that the
inflammatory processes are limited to the affected tissue in order to protect the surrounding
tissue. This can either be achieved by mediators gradually losing their potency with growing
distance to their source, or by an anti-inflammatory barrier, shielding the surrounding tissue
from pro-inflammatory influences, or a combination of both. Furthermore, regeneration of the
damaged and previously inflamed tissue, efferocytosis of dead cells, and return to
homeostasis are probably the main functions of the anti-inflammatory region observed here.
Therefore, the architecture of the inflammation shows that the onset and the resolution of a
local inflammation can not only be considered as a timely resolved, but also has to be
considered as a spatial resolved mechanism. These aspects have also been considered in

mathematical models of the resolution of inflammation before (Bayani et al., 2020).

In conclusion, the accumulation of mast cells in the area surrounding the core of the
inflammation and their cellular environment suggests a potential anti-inflammatory, pro-
resolving role of mast cells during the resolution of inflammation. Furthermore, analysis of the
environment of mast cells in the inflamed tissue enabled the identification of neighbouring
cells, which are possibly influencing mast cells or being influenced by them. Since
neighbourhood analysis showed M2 macrophages in close proximity of mast cells during
resolution of inflammation, the effect of mast cells on the phenotype of macrophages was

analysed next.

4.3. Pro-resolving effect of resolution phase mast cells

PhenoGraph analysis as well as polychromatic flow cytometry showed a decreased uptake
of neutrophils and zymosan by macrophages in mast cell-deficient mice. Meanwhile the
number of neutrophils, monocyte-derived macrophages, eosinophils, and dendritic cells
present in the inflames tissue was not affected by mast cell-deficiency, demonstrating that,
albeit mast cells are known to be involved in the recruitment of neutrophils in the onset of the
inflammation (De Filippo et al., 2013), they do not play a dominant role in the numbers of
immune cells present during resolution, and furthermore the decreased uptake of neutrophils
by macrophages is not due to a decreased number of neutrophils at the site of inflammation.
Also, the effect on phagocytosis and efferocytosis was not due to a shift in macrophage
polarization between M1 and M2 phenotypes, since no changes in M1 and M2 macrophage
numbers could be observed. This is in accordance with previous data, demonstrating the
ability of mast cells to enhance neutrophil clearance by macrophages without affecting their
level of the M2 marker CD206 (Jachetti et al., 2019), which is known to function in
phagocytosis and efferocytosis (Allavena et al., 2004; S. J. Lee et al., 2002).
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Figure 35: Mast cells are located in anti-inflammatory neighbourhood and influence phagocytosis and
efferocytosis activity of macrophages during resolution of inflammation. DCs = dendritic cells.

Jachetti et al. (2019) demonstrated that mast cells enhance the efferocytic activity of
macrophages both in vitro and in vivo using mast cell deficient C57BL/6 Kit"s" mice. This
mouse strain is characterized among other abnormalities by a pronounced neutrophilia
(Nigrovic et al., 2008), which could be selectively rescued by reconstitution with in vitro-
differentiated mast cells. An effect on neutrophil maturation, survival, and functionality, as
well as a direct role of mast cells in clearance of neutrophils was ruled out. Furthermore, they
showed that accumulation of neutrophils in C57BL/6 KitV=s" mice is not due to diminished
numbers of macrophages, and they observed an increase in the expression of Tim4 in
macrophages, which is an essential receptor of macrophages for phagocytosis (Nishi et al.,
2014). By analysing the intracellular expression of the neutrophil marker Ly6G in
macrophages, they assessed the capacity of macrophages to engulf neutrophils, which was
significantly decreased in mast cell-dificient C57BL/6 Kit"" mice and restored in mast cell-
reconstituted C57BL/6 Kit"s" mice. Flow cytometry analysis of APC-labelled neutrophils in
macrophages co-cultured with BMMCs confirmed the ability of mast cells to enhance

neutrophil clearence by macrophages in vitro.

To confirm the effect of mast cells and to exclude the contribution of other Kit-dependent
phenotypic differences a common approach has been to reconstitute Kit-dependent mast
cell-deficient mice with in vitro-differentiated mast cells. However, there are several caveats
to this experimental approach. First of all, since Kit is expressed by a variety of
hematopoietic stem cells during their early development, some effects on myeloid cells in
C57BL/6 Kit"s" are probably irreversible and might influence the outcome of an experiment.
Furthermore, transfer of in vitro-differentiated mast cells does not result in physiological
levels and physiological tissue distribution of mast cells (Nakano et al., 1985). Therefore,
results obtained by reconstituted C57BL/6 Kit"" have to be interpreted carefully. Indeed,

many results regarding mast cell effects obtained in Kit-dependent mouse models could not
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be reproduced in Kit-independent mouse models (Feyerabend et al., 2016; Rodewald &
Feyerabend, 2012).

Jachetti et al. (2019) state themselves that the role of mast cells in regulating neutrophil
clearance by macrophages requires further studies to demonstrate the significance of this
result beyond their observations in C57BL/6 Kit"s" mice. While Kit-dependent mast cell-
deficiency as in C57BL/6 Kit"Vs" mice is characterized by phenotypic abnormalities beyond
mast cell-deficiency, including expanded frequencies of neutrophils (Nigrovic et al., 2008),
Mcpt5-DTA Cre mice have no known hematological abnormalities (Dudeck et al., 2011).
Taken together, the data presented by Jachetti et al. (2019) and the data presented herein

demonstrate the ability of mast cells to influence the phagocytic activity of macrophages.

Efferocytosis of apoptotic cells is a known prerequisite for the successful resolution of an
inflammation (Kourtzelis et al., 2020; Maderna & Godson, 2003; Savill et al., 2002). Fittingly,
neutrophils were more present during peak inflammation 4 hours after zymosan-injection
than during resolution phase 48 hours after zymosan-injection as observed by MELC
analysis, while macrophages positive for the neutrophil marker Ly6G were more present
during the resolution phase, reflecting the increased efferocytosis during this phase.
Therefore, mast cells have the potential to contribute to the resolution of inflammation by

enhancing efferocytosis by macrophages (Figure 35).

4.4, Phenotype of mast cells during resolution of inflammation

Mast cells are equipped with secretory granules densely packed with pre-formed mediators
that can be released rapidly by degranulation. In addition to the release of pre-formed
mediators, activation of mast cells can also induce de novo synthesis and release of lipid
mediators and chemokines. The large repertoire of receptors of mast cells enables them to
discriminate between various stimuli and precisely respond with a selective release of
mediators. Furthermore, mast cells are considered to adjust their response during different
phases of the progressing inflammation, contributing either to the promotion or the resolution
of the inflammation (Galli et al., 2008).

While the list of known mast cell products has been ever growing, their anti-inflammatory
functions have been mostly assigned to the cytokine IL-10 (Chan et al., 2013; Depinay et al.,
2006; Grimbaldeston et al., 2007; Reber et al., 2017). To identify mast cell-derived mediators
which might directly or indirectly affect the resolution of inflammation and enhance

macrophage-mediated phagocytosis, the levels of a range of cytokines, chemokines and
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growth factors associated with inflammatory processes were analysed in mast cell-deficient
Mcpt5-DTA Cre mice.

Besides the reduced clearance of neutrophils by macrophages, Jachetti et al. (2019) present
a second potential mechanism that could lead to increased neutrophil numbers in C57BL/6
Kit"s" mice. They observed an increase of G-CSF and IL-17 in the sera of mast cell-deficient
C57BL/6 Kit"s"mice, which act in a complex network with other cytokines as major drivers of
neutrophil proliferation (Bugl et al., 2012). In accordance with unaltered neutrophil numbers
in the inflamed paw assessed by flow cytometry in this thesis, we could not detect a
significant change of G-CSF and IL-17 in the inflamed paw of mast cell-deficient Mcpt5-DTA
Cre™ mice. Therefore, while G-CSF and IL-17 might play an additional role in the regulation of
neutrophil numbers during homeostasis, as investigated by Jachetti et al. (2019), they do not
seem to be involved in the regulation of neutrophils numbers during resolution of
inflammation investigated herein. Furthermore, differences in the levels of G-CSF and IL-17
within C57BL/6 Kit"s" might be due to Kit-deficiency, not due to mast cell-deficiency.

Among the other mediators analysed, only IL-4 and CXCL1 were significantly decreased in
the inflamed paw in the absence of mast cells. The ability of mast cells to release IL-4 and
CXCL1 was confirmed in vitro by stimulating BMMCs with LPS or zymosan. CXCL1 is known
to recruit neutrophils towards the site of infection during the onset of an inflammation (De
Filippo et al., 2013). Since neutrophil numbers are not reduced in the absence of mast cells,
other functions of CXCL1 might play a role during this late stage of the inflammation, i.e. its
role in driving epithelialization and angiogenesis in wound healing (Castela et al., 2017),
which fits better to the context of resolution of inflammation. IL-4 is a prototypical anti-
inflammatory cytokine, driving polarization of macrophages towards an M2 phenotype, but no
shift in macrophage phenotypes could be observed by flow cytometry. Meanwhile, another
function of IL-4 that has been reported is its ability to increase phagocytic activity of
macrophages (Daseke et al., 2020; Wainszelbaum et al., 2006). IL-13, another cytokine
produced by mast cells in response to zymosan and LPS in vitro, is also known for its role in
enhancing efferocytosis and phagocytosis (Korns et al.,, 2011). Together with IL-4, IL-13
leads to the increased expression and activity of the nuclear receptor PPARy via STAT6 in
macrophages (Berry et al., 2007; Szanto et al., 2010; Welch et al., 2003), which in turn leads
to an increase in efferocytic surface receptors, enhanced efferocytic capability, and

suppression of inflammation.

In an untargeted approach to identify a more complete set of mediators induced in mast cells
upon zymosan-induced TLR signaling, mRNA sequencing was performed and surprisingly
revealed a strong type | IFN response in mast cells. Previously, mast cells have been

demonstrated to be unable to produce type | IFNs in response to non-viral TLR stimuli by
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Keck et al. (2011) and Dietrich, Rohde et al. (2010). Contradicting these previous studies,
mast cells released IFN-B in response to both zymosan and LPS in this study. While Keck et
al. (2011) used L929 cells transfected with an IFN-sensitive luciferase construct to measure
IFN-a/-B, Dietrich et al. (2010) determined the production of IFN-B 6 hours after induction of
the cells by RT-PCR. As for the absence of IFN-B in the study of Keck et al. (2011), IFN-
was also not detected after viral induction of mast cells by the L929 cells transfected with an
IFN-sensitive luciferase construct used by them, although mast cells are known to produce
type | IFNs upon viral induction (Marshall et al., 2019). This leads to the conclusion that
direct measurement by ELISA as used in this thesis might be more suitable to detect IFN-f3
than indirect measurement as by IFN-inducible Luciferase-producing cells used by Keck et
al. (2011). Meanwhile Dietrich et al. (2010) proposed that the lack of IFN- produced by mast
cells in response to non-viral TLR induction is due to their inability to internalize TLR-receptor
ligand complexes. This is in contrast to other studies, demonstrating the ability of mast cells
to internalize TLR receptors, for example after LPS induction (Pérez-Rodriguez et al., 2020),
but also in other contexts (Meng et al., 2013; Okumura et al., 2003).
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Figure 36: Mast cells release a plethora of mediators in response to TLR activation, of which some have

been shown to influence the phagocytosis and efferocytosis activity of macrophages.

In line with previous studies demonstrating that TLR signaling from endolysosomal
compartments is required for the induction of type | IFNs (Perkins & Vogel, 2015), the type |
IFN response was abrogated after inhibition of receptor internalisation and endosomal
maturation, while the pro-inflammatory response initiated from cell-surface located TLRs is
still active. Furthermore it was shown that TRAF3, which is necessary for the induction of
type | IFNs (Oganesyan et al., 2006), is only recruited to endosomal membranes, not to the
plasma membrane (Bauernfeind & Hornung, 2009; Kagan et al., 2008; Perkins & Vogel,
2015). Keck at al. (2011) explained the inability of mast cells to induce type | IFNs by the
absence of TRIF signaling. Induction of type | IFNs by TLR4 has been shown to be mediated
by TRIF (Kagan et al., 2008), TLR2 induction of IFN-B from endolysosomal compartments on
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the other hand has been shown to depend on MyD88 and TRAM, but not TRIF, and to be
mediated by IRF7 just like endosomal IRF7 activation mediated by MyD88 upon TLR9
signaling (Barbalat et al., 2009; Bauernfeind & Hornung, 2009; Stack et al., 2014). Since
TLR4 is also associated with MyD88, type | IFNs could also be induced by MyD88-mediated
TLR4 signaling in mast cells. On this note, it has already been shown in other cell types that
intracellular location does not necessarily lead to TRIF-TRAM-dependent signaling, but is

also required for the MyD88-dependent pathway (Shibata et al., 2011).

Time course analysis showed that IFN-( is released by BMMCs much earlier than IL-10 and
IL-18, with maximal concentrations of IFN-B detected in the supernatant of BMMCs already
after 6 hours and for IL-10 and IL-1B after 24 hours. IFN-B was not detected in unstimulated
cells themselves, demonstrating that IFN-B synthesis is induced by stimulation of the cells
with LPS and zymosan rather than being pre-stored. The observed time frame indicates for a
direct induction of IFN-B through TLR activation, rather than the involvement of intermediate
mediators. This is in accordance with previous studies, demonstrating the direct induction of
IFN-B by TLR2 (Dietrich, Lienenklaus, et al., 2010).

Importantly, IFN-B was detected in naive paws in vivo by immunohistochemistry, indicating
the storage of IFN-B under basal conditions rather than complete de novo synthesis in
contrast to the in vitro situation analysed in BMMCs. Meanwhile, IFN- was not detectable by
ELISA in vivo. Since mast cells are relatively rare cells in the tissue, IFN-B levels might be
too low to be detected in whole paw lysates even if they are increased locally. In this regard,
also the release of IL-10, IL-13 and PGE: by mast cells was detected in vitro, while no
alterations regarding their levels were detected in paw lysates of Mcpt5-DTA Cre mice. This
could also be due to the presence of further immune cells in the tissue with the capacity to
contribute to the concentration of these mediators, masking mast cell-derived changes.
Importantly, other cells contributing to the overall concentration of these mediators in the
whole paw does not oppose potential effects of these mast cell-derived mediators on

neighbouring cells.

One possible explanation for the different in vitro and in vivo situation regarding the storage
of basal IFN-B could be phenotypical differences between BMMCs in cell culture and mast
cells residing in the microenvironment of the tissue. In general, it is agreed upon that IFN-f is
expressed by cells constitutively (Gough et al.,, 2012). Meanwhile, basal IFN-B levels are
known to be close to detection thresholds even of sensitive assays (Hamilton et al., 1996;
Vogel & Fertsch, 1984). Therefore, IFN-3 might still be present under basal conditions in
BMMCs in levels below the detection level of the ELISA, while the specific microenvironment

of mast cells in the paw tissue might allow for storage of higher levels of basal IFN-f3.
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Type | IFNs have been originally described as anti-viral and are even used as a target for
treatment of some viral infections and autoimmune diseases (Crow & Ronnblom, 2019; Li et
al., 2018). Beyond their function in limiting virus replication and initiating an antiviral immune
response, they also have immunosuppressive functions, thereby minimizing
immunopathology (A. J. Lee & Ashkar, 2018). This dual nature of type | IFNs also applies to
its role in non-viral infections. First evidence on the role of type | IFNs in microbial infections
was discovered more than 50 years ago, but has been appreciated only relatively recently
(Bogdan et al., 2004; Sueltenfuss & Pollard, 1963). The antiviral activity of type | IFNs is
mostly derived from effector proteins that promote mRNA degradation, inhibit mRNA
translation or inhibit viral polymerases. Some examples for immunomodulatory functions of
type | IFNs are positive as well as negative effects on maturation and function of DCs, type 1
Th cell responses, and macrophage activity (Bartholomé et al., 1999; Bouchonnet et al.,
2002; Gabriele et al., 2004; Hermann et al., 1998; Hibbert et al., 2003; L6pez-Collazo et al.,
1998; Luft et al.,, 1998). Furthermore, type | IFNs have been shown to dampen the
recruitment of neutrophils by suppressing the production of CXCL1 and CXCL2 in epithelial
cells during virus infections (Seo et al., 2011; Stock et al., 2014; Uyangaa et al., 2015).
However, this is not mirrored in the setting studied herein, where a lack of mast cells (and
therefore a source of IFN-B) was accompanied by a decrease in CXCL1 in the inflamed
tissue and no change in neutrophil number could be observed during the resolution of the
inflammation. Another function of IFN-B that has been described is the induction of IL-10
production in macrophages (Chang et al., 2007). While there was no autocrine effect on the
release of IL-10 from mast cells observable in vitro in this thesis, IFN-f might influence the

release of IL-10 in neighbouring M2 macrophages in the tissue.

An effect of IFN-a/f on phagocytosis by macrophages has already been demonstrated
36 years ago (Rollag et al., 1984). Rollag et al. (1984) found that both attachment and
ingestion of bacteria or erythrocytes by macrophages were enhanced by treatment with I[FN-
a/B, indicating for alterations of the surface receptors. This again fits to the study of Jachetti
et al. (2019) who demonstrated an enhancing effect of mast cells on the efferocytic activity of
macrophages accompanied by an increased expression of their phagocytic receptor Tim4.
Finally, the enhancing effect of macrophage-derived IFN- on efferocytosis by macrophages
and therefore its role in the promotion of the resolution of inflammation has been
demonstrated in vivo recently (Kumaran Satyanarayanan et al., 2019). Here, we observed a
decrease in phagocytic and efferocytic activity of macrophages in the absence of mast cells
and present mast cells as a novel source for non-viral TLR-induced IFN-B. Other mast cell-
derived mediators besides IFN-B, namely IL-1B, IL-4, IL-13, and PGE;, have been
demonstrated to increase the phagocytic activity of macrophages as well (Berry et al., 2007,
Daseke et al., 2020; Korns et al., 2011; Schenk et al., 2014; Szanto et al.,, 2010;

92



Discussion

Wainszelbaum et al., 2006; Welch et al., 2003). Therefore, one of these mediators or a
combination of them could be responsible for the enhancing effect of mast cells on
macrophage phagocytosis and efferocytosis (Figure 36). To verify the effect of mast cells
and their mediators in vivo, models with mast cells selectively deficient for these mediators

would be useful in future studies.

In this study we add evidence to the role of mast cells in regulating the ability of
macrophages to phagocytose pathogens and efferocytose apoptotic cells, thereby
contributing to the resolution of inflammation. Furthermore, we present mast cells as a novel
source for IFN-B induced by non-viral TLR signaling from endolysosomal compartments.
Taken together, this underlines the plasticity of mast cells, ranging from inducers and
promoters of inflammation to supporters of the resolution of inflammation. The better
understanding of the variability of mast cells in dependence of their biological settings,
regarding their environment as wells as the phase of the inflammation, can help to regulate
mast cells in pathological conditions. Furthermore, the understanding of the complex
interactions of immune cells during inflammation can help to find new ways treating diseases

associated with chronic inflammation.
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Zusammenfassung

Mastzellen sind langlebige Leukozyten, die in beinahe allen vaskularisierten Geweben
vorkommen, besonders gehéauft jedoch an Grenzflaichen zur &dueren Umgebung wie
Schleimhauten und der Haut. Durch diese Position gehdren sie zu den ersten Immunzellen,
die in Kontakt mit schadlichen Substanzen aus der Umwelt, wie Mikroben, Viren, oder
toxischen Substanzen, kommen. Das charakteristischste Merkmal von Mastzellen sind ihre
Granula, welche mit einer groBen Menge verschiedener Mediatoren gefillt sind, die sofort

nach Aktivierung der Zelle freigesetzt werden kdnnen.

Mastzellen sind hauptsachlich als pro-inflammatorische Zellen bekannt, vor allem in ihrer
Rolle bei IgE-vermittelten allergischen Reaktionen. Vermehrt weisen Studien jedoch auch auf
potentielle anti-inflammatorische Funktionen von Mastzellen hin (Galli et al., 2008; Kraneveld
et al., 2012), die meist dem Zytokin IL-10 zugeordnet werden konnten (Chan et al., 2013;
Depinay et al., 2006; Grimbaldeston et al., 2007). Wahrend friher hauptsachlich
verschiedene Kit-abhangige Mastzell-defiziente Mausmodelle verwendet wurden, die neben
der Mastzell-Defizienz auch weitere Veranderungen des Immunsystems aufweisen, werden
inzwischen meist  Kit-unabhéngige  Mastzell-defiziente  Mausmodelle  verwendet.
Untersuchungen zeigten, dass Studien mit Kit-abhangigen und Kit-unabhéngigen Mauslinien
haufig zu unterschiedlichen Ergebnissen fiihren (Rodewald & Feyerabend, 2012). Um die
Hinweise auf anti-inflammatorische, entziindungsauflésende Eigenschaften der Mastzellen
zu bestétigen, sind deshalb weitere Studien mit Kit-unabhéngigen Mastzell-defizienten
Mausmodellen notwendig. Ziel dieser Arbeit war es daher, die Rolle von Mastzellen wahrend
der Entziindungsauflosung unter Verwendung einer Kit-unabhangigen Mastzell-defizienten

Mauslinie zu untersuchen.

Um zunachst ein geeignetes Modell einer lokalen Entziindung in der Maus zu identifizieren,
wurden dafir die beiden am haufigsten verwendeten Modelle lokal-induzierter Entziindungen
miteinander verglichen, némlich Lipopolysaccharid (LPS)- und Zymosan-induzierte
Entziindungen. Sowohl bei LPS als auch bei Zymosan handelt es sich um Liganden von Toll-
like-Rezeptoren (TLR), die eine grofRe Rolle bei der Erkennung von Pathogenen im Rahmen
der angeborenen Immunitat spielen (Mogensen, 2009). Wéahrend bei der LPS-induzierten
Entzindung systemische Auswirkungen auf die Konzentration von Zytokinen im Blut sowie
auf das Lipidom in unbehandeltem Gewebe festgestellt wurden, war dies bei der Zymosan-
induzierten Entztindung nicht der Fall (Hahnefeld & Kornstadt et al., 2021). Zudem war die
lokale Reaktion in Hinsicht auf die Rekrutierung von Immunzellen und die GréRe des Odems

der behandelten Pfote im Zymosan-Modell deutlich ausgepragter als im LPS-Modell. Somit
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wurde das Zymosan-Modell fir die Untersuchung der Rolle von Mastzellen in der Auflésung

von lokalen Entztiindungen gewahlt.

Um einen Uberblick tiber die Umgebung von Mastzellen wahrend einer lokalen Entziindung
Zu gewinnen, wurde im nachsten Schritt Gewebe mittels Multi-Epitop-Liganden-Kartographie
(MELK) untersucht. Bei MELK handelt es sich um eine automatisierte Immunfluoreszenz-
Technologie, die die gleichzeitige Analyse einer grof3en Anzahl Proteine in einem
Gewebeschnitt ermdglicht. Durch maschinelles Lernen unter Verwendung der Software
CellProfiler und histoCAT kénnen im Anschluss verschiedene Zelltypen im Gewebe

identifiziert und ihre Nachbarschaftsbeziehungen zueinander analysiert werden.

Zunachst wurden verschiedene Phasen des Entziindungsverlaufs durch die Intensitat der
Zymosan-induzierten mechanischen Hypersensitivitat identifiziert. Die zellularen Vorgange
zu diesen Zeitpunkten wurden anschlieBend mittels MELK Analyse untersucht. Wahrend im
unbehandelten Gewebe keinerlei Neutrophile identifiziert werden konnte, war eine groR3e
Anzahl Neutrophile im Bereich des Zymosan-gefiillten Kerns der Entziindung und darum
herum wahrend der akuten Entziindung, 4 Stunden nach Zymosan-Injektion bei
ansteigender mechanischen Hypersensitivitat, zu finden. Wahrend der Entzindungs-
auflésung, 48 Stunden nach Zymosan-Injektion bei abnehmender mechanischer
Hypersensitivitat, konnte eine starker auf das Zymosan-Feld begrenzte Neutrophilen-
Population und eine zunehmende Anzahl an Makrophagen beobachtet werden. Auch eine
vermehrte Efferozytose von Neutrophilen durch Makrophagen konnte wéahrend der
Entziindungsauflésung festgestellt werden. Die Einwanderung von Neutrophilen als primér
phagozytierende Zellen, gefolgt von der Einwanderung von Makrophagen, zu deren Aufgabe
die Beseitigung von apoptotischen Zellen gehoért, entspricht dem klassischen Verlauf einer
akuten Entziindung. Zudem konnte eine vermehrte Polarisation der Makrophagen in eine
pro- und eine anti-inflammatorische Population beobachtet werden. Pro-inflammatorische
Makrophagen befanden sich im Zymosan-gefilllten Kern der Entziindung, anti-
inflammatorische Makrophagen im daran angrenzenden Bereich. Die Nachbarschaftsanalyse
von Mastzellen ergab, dass diese anti-inflammatorischen Makrophagen zum Zeitpunkt der
Entzindungsauflosung haufiger als andere Zelltypen in direkter Nachbarschaft zu Mastzellen

liegen.

Um den Einfluss von Mastzellen auf den Verlauf der Entztindung zu untersuchen, wurde in
einem néchsten Schritt Gewebe von Mastzell-defizienten Mcpt5-DTA Cre™ Mausen mit
Mcpt5-DTA Cre” Mausen ohne Mastzell-Defizienz mittels MELK verglichen. In Mcpt5-DTA
Cre* Mausen fuhrt die Expression der Cre Rekombinase, die sich unter der Kontrolle des
Mastzellprotease 5 Promotors befindet, zur Aktivierung der Expression von katalytisch

aktivem Diphtheria Toxin A, was wiederum zum Zelltod von Mastzellen fihrt (Dudeck et al.,
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2011). Interessanterweise konnte in den Mastzell-defizienten Mausen ein Hinweis auf
verringerte Efferozytose von Neutrophilen durch Makrophagen entdeckt werden. Dieser
Effekt, sowie eine Verdnderung der Phagozytose Aktivitat von Makrophagen, konnte bereits
in einer vorherigen Studie gezeigt werden, jedoch unter Verwendung von C57BL/6 KitVsh
Mausen, die neben der Mastzell-Defizienz auch weitere Veranderungen des Immunsystems
aufweisen (Jachetti et al., 2019).

Um den Einfluss von Mastzellen auf die Phagozytose und Efferozytose Aktivitat von
Makrophagen weiter zu untersuchen, wurde in einem nachsten Schritt pH-sensitives pHrodo-
Zymosan in Pfoten von Mcpt5-DTA Cre Mause injiziert, welches im sauren Milieu von
Lysosomen durch Fluoreszenz detektiert werden kann. Mittels multiparametrischer
Durchflusszytometrie konnte ebenfalls eine Verringerung der Efferozytose von Neutrophilen
durch Makrophagen, sowie eine Verringerung der Phagozytose von Zymosan durch
Makrophagen detektiert werden. Unterschiede in der Phagozytose Aktivitat von Neutrophilen
oder Veranderungen der Anzahl verschiedener Immunzellen oder Makrophagen Phanotypen
konnten wahrenddessen nicht festgestellt werden. Somit konnte der Einfluss von Mastzellen

auf die Phagozytose und Efferozytose Aktivitdt von Makrophagen bestatigt werden.

Um ungerichtet Mediatoren zu identifizieren, die von Mastzellen nach Zymosan-Induktion
freigesetzt werden und moglicherweise die Phagozytose Aktivitat von Makrophagen
beeinflussen, wurde eine mMRNA Sequenzierung mit Mastzellen durchgefihrt. Bei den hierfur
verwendeten Zellen handelt es sich um Mastzellen die aus dem Knochenmark unter Einfluss
von Wachstumsfaktoren ausdifferenziert wurden und anschlieRend per Durchflusszytometrie
aufgereinigt wurden. Die Analyse der Sequenzierungdaten ergab, dass die Typ | Interferon
Antwort nach Zymosan-Behandlung gegentuber unbehandelten Zellen stark hochreguliert ist.
Typ | Interferone sind hauptséchlich im Zusammenhang mit viralen Infektionen bekannt.
Zuerst beschrieben wurden sie bereits 1957 (Isaacs & Lindenmann, 1957), aktuell ist vor
allem ihre zentrale Rolle bei der Immunantwort auf SARS-CoV-2 von grofem Interesse
(Bastard et al.,, 2020; Zhang et al., 2020). Neben Funktionen bei viralen Infektionen sind
inzwischen auch Funktionen von Typ | Interferonen in bakteriellen Infektionen, sowie bei

Pilzinfektionen und Parasitenbefall beschrieben (McNab et al., 2015).

Zur Validierung der Sequenzierungsergebnisse wurde die Freisetzung der Typ | Interferone
IFN-a und IFN-B durch Mastzellen auf Proteinebene untersucht. IFN-a konnte nicht detektiert
werden, die Freisetzung von IFN-B konnte jedoch mittels ELISA sowohl nach Induktion der
Mastzellen durch Zymosan, als auch durch LPS bestétigt werden. Wahrend die Produktion
von Typ | Interferonen von Mastzellen als Antwort auf intrazellulare TLR Induktion, wie

beispielsweise durch Viren, bekannt ist (Sandig & Bulfone-Paus, 2012a), galt die Produktion
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von IFN-B nach Induktion von extrazellularen TLR in Mastzellen bisher als ausgeschlossen
(Dietrich, Rohde, et al., 2010; Keck et al., 2011).

Es ist bekannt, dass die Typ | Interferon Antwort erst nach Internalisierung der
extrazellularen TLR stattfinden kann, da dadurch die Rekrutierung von und Interaktion mit
TRAF3 ermdglicht wird, was wiederum Voraussetzung fir die Aktivierung der Transkription
von Typ | Interferonen ist (Bauernfeind & Hornung, 2009; Kagan et al., 2008; Perkins &
Vogel, 2015; Tanimura et al., 2008). Eine der Studien begriindete die fehlende Induktion der
Typ | Interferon Antwort in Mastzellen auf den TLR4 Agonisten LPS damit, dass Mastzellen
den Rezeptor-Pathogen Komplex nicht aktiv internalisieren kdénnen. Dies ist jedoch im
Widerspruch mit mehreren Studien, die die Internalisierung des TLR4 Rezeptors in
Mastzellen zeigen konnten (Meng et al., 2013; Okumura et al., 2003; Pérez-Rodriguez et al.,
2020). In Ubereinstimmung damit konnte die Freisetzung von IFN-B sowohl nach Zymosan-
als auch nach LPS- Induktion durch pharmakologische Inhibierung der Rezeptor-
Internalisierung sowie der Endosom-Reifung in Mastzellen blockiert werden, wahrend das
pro-inflammatorisch Zytokin IL-1B, das von nicht-internalisierten TLR induziert wird, weiter
freigesetzt wurde. Im Rahmen dieser Arbeit konnte somit gezeigt werden, dass Mastzellen
entgegen bisheriger Erkenntnisse dazu in der Lage sind, IFN-B nach Induktion von priméar
membranstandigen TLR freizusetzen, und dass die Typ | Interferon Antwort dartiber hinaus
sogar die dominante Reaktion von Mastzellen auf Zymosan-Induktion darstellt (Kornstadt et
al., 2021).

Interessanterweise wurde der Effekt von IFN-B auf die Efferozytose Aktivitat von
Makrophagen und daraus folgend der entzindungsauflosende Effekt dieses Zytokins erst
kurzlich gezeigt (Kumaran Satyanarayanan et al., 2019). Durch die Analyse von Zytokin-
Leveln im Gewebe von Mastzell-defizienten Mcpt5-DTA Cre*™ und Kontroll Mcpt5-DTA Cre-
Mausen konnte aulerdem eine Verringerung der Konzentration von IL-4 und CXCL1 in
Abwesenheit von Mastzellen festgestellt werden. CXCL1 ist hauptsachlich fir die
Rekrutierung von Neutrophilen bekannt. Obwohl eine friihere Studie zeigen konnte, dass
Mastzellen in die Rekrutierung von Neutrophilen mittels CXCL1 wahrend der frilhen Phase
einer Entziindung involviert sind, konnte keine verdnderte Anzahl von Neutrophilen wahrend
der Entziindungsauflésung festgestellt werden. Die Rolle von CXCL1 wahrend dieser spaten
Entziindungsphase scheint also nicht die Rekrutierung von Neutrophilen zu beinhalten.
Andere bekannte Funktionen von CXCL1, die zur Auflésung der Entziindung passend
erscheinen, sind die Forderung von Angiogenese und Epithelisierung im Rahmen der
Wundheilung (Castela et al., 2017).

IL-4 ist hauptsachlich fur den Einfluss auf die Polarisierung von Makrophagen in Richtung

eines anti-inflammatorischen Phanotyps und verstarkter CD206 Expression bekannt, doch
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Zusammenfassung

ein solcher Effekt konnte durch multiparametrische Durchflusszytometrie nicht beobachtet
werden. Darlber hinaus wurde auch schon demonstriert, dass IL-4 die Fahigkeit von
Makrophagen zur Phagozytose und Efferozytose von Neutrophilen erhéhen kann (Daseke et
al., 2020; Wainszelbaum et al., 2006). Ein verstarkender Einfluss auf die Phagozytose durch
Makrophagen wurde aufR3erdem bereits fur IL-13, IL-13 und PGE: gezeigt, (Korns et al., 2011;
Schenk et al., 2014; Wainszelbaum et al., 2006) welche auch nach Zymosan und LPS von
Mastzellen freigesetzt wurden. Der Effekt von Mastzellen auf die Phagozytose und
Efferozytose Aktivitat von Makrophagen der in dieser Arbeit beobachtet wurde, kann
dementsprechend durch einen dieser Mediatoren, oder einer Kombination der Mediatoren
erzeugt werden. Genauere Untersuchungen hierzu in zukinftigen Studien erfordern
beispielsweise Mausmodelle, in denen diese Mediatoren selektiv in Mastzellen depletiert
sind. Durch ihren verstarkenden Einfluss auf die Phagozytose und Efferozytose haben

Mastzellen somit das Potential, die Auflésung von Entziindungen zu beschleunigen.

Die Position von Mastzellen im entziindeten Gewebe innerhalb des anti-inflammatorischen
Bereichs, die in dieser Arbeit mittels MELK untersucht wurde, deutete zudem auch auf ein
anti-inflammatorisches, entziindungsaufldsendes Potential von Mastzellen wahrend der
spaten Phase einer lokalen Entziindung hin. Neben IL-4, IL-13, CXCL1 und PGE; konnte
auch die Freisetzung von IL-10 von Mastzellen nach LPS- und Zymosan-Behandlung
festgestellt werden, welches ebenfalls fir anti-inflammatorische Eigenschaften bekannt ist (Ip
et al., 2017; Sabat et al., 2010)

Insgesamt konnte im Rahmen dieser Arbeit die Position der Mastzellen im einem anti-
inflammatorischen Bereich des Gewebes, die Produktion diverser Mediatoren mit anti-
inflammatorischen, entziindungsauflésenden Eigenschaften (IFN-B, IL-4, IL-10, IL-13,
CXCL1, PGEy), sowie ihr verstarkender Einfluss auf die Phagozytose und Efferozytose
Aktivitat von Makrophagen gezeigt werden. Zusammengenommen lasst dies auf einen
entziindungauflosenden Phanotyp wéahrend der spaten Phase von lokalen Entziindungen
schliel3en. Dies spricht fur einen wechselnder Phanotyp von Mastzellen je nach Umgebung
oder auch Phase der Entziindung, wie bereits in vorhergehenden Studien beschrieben (Galli
et al., 2008, 2011).
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