
 
 

Aus dem Fachbereich Medizin 

der Johann Wolfgang-Goethe-Universität 

Frankfurt am Main 

 

betreut am 

Zentrum der Pharmakologie 

Institut für Klinische Pharmakologie 

Direktor: Prof. Dr. Dr. Gerd Geißlinger 

 

 

The organization of microenvironments by eosinophil 

granulocytes and macrophages during local inflammation 

 

 

Dissertation 

zur Erlangung des Doktorgrades der theoretischen Medizin 

des Fachbereichs Medizin 

der Johann Wolfgang-Goethe-Universität 

Frankfurt am Main 

 

 

vorgelegt von 

Anja Kolbinger 

 

aus Jena 

 

 

Frankfurt am Main, 2023 

  



 
 

 

  



 
 

 

 

Aus dem Fachbereich Medizin 

der Johann Wolfgang-Goethe-Universität 

Frankfurt am Main 

 

betreut am 

Zentrum der Pharmakologie 

Institut für Klinische Pharmakologie 

Direktor: Prof. Dr. Dr. Gerd Geißlinger 

 

 

The organization of microenvironments by eosinophil 

granulocytes and macrophages during local inflammation 

 

 

Dissertation 

zur Erlangung des Doktorgrades der theoretischen Medizin 

des Fachbereichs Medizin 

der Johann Wolfgang-Goethe-Universität 

Frankfurt am Main 

 

 

vorgelegt von 

Anja Kolbinger 

 

aus Jena 

 

 

Frankfurt am Main, 2023 

  



- 2 - 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Dekan:    Prof. Dr. Stefan Zeuzem 

Referent:    Prof. Dr. Klaus Scholich 

Korreferent/in:   Prof. Dr. Andreas Weigert 

ggf. 2. Korreferent/in:  Prof. Dr. Stefan Offermanns 

Tag der mündlichen Prüfung:      11.04.2024   



- 3 - 
 

Table of content 

1. Zusammenfassung ........................................................................................ - 4 - 

2. Abstract .......................................................................................................... - 6 - 

List of abbreviations ............................................................................................ - 8 - 

Table of figures .................................................................................................... - 9 - 

3. Introduction ................................................................................................. - 10 - 

3.1 Acute inflammation ...................................................................................... - 10 - 

3.1.1 Initiation of inflammation ........................................................................... - 10 - 

3.1.2 Resolution of inflammation ....................................................................... - 12 - 

3.2 Eosinophil granulocytes............................................................................... - 13 - 

3.2.1 Development and general functions ......................................................... - 13 - 

3.2.2 Role during local inflammation ................................................................. - 14 - 

3.3 Macrophages ............................................................................................... - 17 - 

3.4 Aim of the thesis .......................................................................................... - 20 - 

4. Results ......................................................................................................... - 22 - 

4.1 Establishing a bioinformatic pipeline for the analysis of the microenvironments 
of immune cells ................................................................................................. - 22 - 

4.2 During local inflammation, a basic inflammatory structure is formed based on 
the immune cell distribution ............................................................................... - 25 - 

4.3 Eosinophil Granulocytes influence the formation of the inflammatory structure 
and resolution of inflammation ........................................................................... - 27 - 

5. Discussion ................................................................................................... - 31 - 

5.1 Visualization and analysis of microenvironments ........................................ - 31 - 

5.2 Inflammatory architecture based on macrophage subtypes ........................ - 38 - 

5.3 Role of eosinophils during zymosan-induced inflammation ......................... - 40 - 

5.4 Conclusion ................................................................................................... - 44 - 

6. Publications ................................................................................................. - 46 - 

6.1 List of publications ....................................................................................... - 46 - 

6.2 Publications ................................................................................................. - 47 - 

6.3 Contribution to publications ......................................................................... - 91 - 

References ........................................................................................................ - 92 - 

Schriftliche Erklärung ...................................................................................... - 100 - 

 



- 4 - 
 

1. Zusammenfassung 
 

Eine Entzündung ist ein wichtiger Abwehrmechanismus des Immunsystems, der bei 

Verletzung oder Infektion aktiviert wird. Hauptziel ist es, die Störungsquelle zu 

eliminieren, geschädigtes Gewebe zu reparieren und die Homöostase 

wiederherzustellen. Beginnende Entzündungsprozesse sind durch erhöhten 

Blutfluss, höhere vaskuläre Permeabilität und die Rekrutierung von Leukozyten und 

Plasmaproteinen in das Gewebe gekennzeichnet. Eine durch Pathogene induzierte 

Entzündung löst verschiedene pro- und antiinflammatorische Prozesse aus. Als 

Reaktion auf den Eindringling werden Immunzellen des angeborenen 

Immunsystems wie Neutrophile, dendritische Zellen und Monozyten durch residente 

Gewebezellen und Toll-like-Rezeptoren rekrutiert. Nach dem Übergang vom Blut ins 

Gewebe reagieren sie auf lokale Signale mit der Freisetzung unterschiedlicher 

Mediatoren, zytotoxischer Verbindungen, Phagozytose oder Polarisation. 

Um lokale durch Pathogene induzierte Entzündungen zu untersuchen, wurde ein 

Zymosan-induziertes Entzündungsmodell verwendet. Durch Injektion des 

Pathogens in die Hinterpfoten von Mäusen ensteht eine Toll-like-Rezeptor-2-

vermittelte Entzündung. Multi-Epitope-Ligand-Cartography (MELC) wurde 

verwendet, um sequenzielle Immunhistochemie mit 40 verschiedenen Antikörpern 

auf dem gleichen Gewebe durchzuführen. Die anschließende bioinformatische 

Analyse und grafische Darstellung der Ergebnisse zeigten eine spezifische 

Entzündungsarchitektur, die auf der Polarisation der Makrophagen und ihren 

zellulären Nachbarschaften basiert. Die Struktur enthält eine Kernregion mit dem 

Pathogen, eine proinflammatorische Region mit M1 Makrophagen und eine Region 

mit antiinflammatorischen Zellen. Diese Entdeckung hebt die Koexistenz von pro- 

und antiinflammatorischen Prozessen während einer laufenden Entzündung hervor 

und korrigiert das Konzept eines allmählichen zeitlichen Übergangs von 

proentzündlichen- zu antientzündlichen Vorgängen. Die Durchführung von 

Durchflusszytometrie mit der gesamten Pfote unterstützte die MELC-Ergebnisse. 

Anhand von Eosinophilen wurde die Rolle einer spezifischen Immunzellpopulation 

in der Entzündungsstruktur zu untersucht. Sie waren in allen drei entzündlichen 
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Regionen zu finden und passten ihr Zytokinprofil entsprechend ihrer Lokalisation an. 

Eine Depletion von Eosinophilen mit einem Anti-Siglec F Antikörper reduzierte den 

Interleukin 4 (IL-4) -Spiegel und erhöhte die Ödembildung sowie mechanische und 

thermische Hypersensitivitäten während der Entzündungsauflösung. 

In Abwesenheit von Eosinophilen lösten sich die pro- und anti-entzündliche Region 

in der Architektur auf, die Anzahl der Neutrophilen erhöhte sich, und sowohl die 

Efferozytose als auch die M2-Makrophagenpolarisation wurden reduziert. Die 

Verabreichung von IL-4 stellte die Architektur vollständig wieder her, normalisierte 

die Anzahl der Neutrophilen, die Efferozytose und die M2-Makrophagenpolarisation 

sowie die Auflösung der durch Zymosan verursachten Hypersensitivität. Die 

Ergebnisse zeigen, dass Eosinophile, die IL-4 exprimieren, die Auflösung der 

Entzündung unterstützen, indem sie die Entwicklung eines anti-entzündlichen 

Rahmens ermöglichen, der die pro-entzündliche Region umschließt. 
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2. Abstract 

Inflammation is a crucial host defense mechanism activated in response to injury or 

infection. Its primary goal is to eliminate the source of the disturbance, repair the 

damaged tissue, and restore homeostasis. Inflammatory processes can be 

recognized through increased blood flow, higher vascular permeability, and the 

recruitment of leukocytes and plasma proteins to the tissue. A pathogen-induced 

inflammation triggers various pro- and anti-inflammatory processes. Local tissue 

cells and Toll-like receptors call upon innate immune cells like neutrophils, dendritic 

cells (DCs), and monocytes to respond to the intruder. They move across the 

endothelium and respond to local signals by releasing mediators or cytotoxic 

compounds, phagocytosing, or polarizing. 

To study local pathogen-induced inflammation, a zymosan-induced inflammation 

model was used in the hind paws of mice, which caused a Toll-like receptor 2 

mediated inflammation. Multi-Epitope-Ligand-Cartography (MELC) was used for 

multiple sequential immunohistochemistry with 40 different antibodies on the same 

tissue. Bioinformatic analysis and graphical representation revealed a specific 

inflammatory architecture consisting of three major areas based on macrophage 

polarization and their cellular neighborhoods: a core region containing the pathogen, 

a pro-inflammatory region containing M1-like macrophages, and a region containing 

anti-inflammatory cells. This discovery highlights the coexistence of pro- and anti-

inflammatory processes during an ongoing inflammation and challenges the concept 

of a gradual temporal transition from pro- to anti-inflammation. Flow cytometry of the 

whole paw was performed to support and refine the MELC results. 

Eosinophils were used as a specific immune cell population to investigate their role 

in the inflammatory structure. They were found to be present in all three inflammatory 

regions, adapting their cytokine profile according to their localization. Depleting 

eosinophils reduced Interleukin 4 (IL-4)- levels, increased edema formation, and 

mechanical and thermal hypersensitivities during inflammation resolution. In the 

absence of eosinophils, pro- and anti-inflammatory region could not be determined 

in the inflammatory architecture, neutrophil numbers increased, and efferocytosis 

and M2-macrophage polarization were reduced. IL-4 administration restored these 
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regions, normalized neutrophil numbers, efferocytosis, M2-macrophage polarization, 

and resolution of zymosan-induced hypersensitivity. The results show that 

eosinophils expressing IL-4 support the resolution of inflammation by enabling the 

development of an anti-inflammatory framework that encloses pro-inflammatory 

regions. 
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3. Introduction 

3.1 Acute inflammation 

3.1.1 Initiation of inflammation 
 

Inflammation is an adaptive host defense mechanism triggered through injury or 

infection. The primary function is to destroy the source of disturbance, remove and 

repair damaged tissue and finally restore tissue homeostasis1. Tissue inflammation 

can be recognized by typical signs: redness, swelling, heat, pain, and loss of 

function2. An inflammatory process can be divided into acute and stable phases. The 

acute phase is characterized by an increased blood flow, higher vascular 

permeability, recruitment of leukocytes, and the movement of plasma proteins to the 

extravascular tissue3,4. The characterizing element of the following stable phase is 

the development of specific humoral and cellular immune responses against the 

source of inflammation5.  

The first step of an acute inflammatory response is the initiation phase, which starts 

with recognizing the disturbance’s source. In the case of an infection, pathogen-

associated molecular patterns (PAMPs) can be identified by germline-encoded 

pattern recognition receptors (PRRs) on the surface of different innate immune 

system cell types. These receptors also react to danger-associated molecular 

patterns (DAMPs), endogenous molecules that signal tissue damage or necrosis4. 

The pattern recognition receptors can be divided into four significant sub-groups: 

Toll-like receptors (TLRs), NOD-like receptors (NLRs), RIG-like receptors (RLRs), 

and C-type lectin receptors (CLRs)6. Different inflammatory pathways get activated 

after ligand binding through one of these receptors. The most common ones are the 

nuclear factor kappa-B (NF-κB), Mitogen-activated protein kinase (MAPK), and 

Janus kinase-signal transducer as well as activator of transcription (JAK-STAT) 

pathways. Their activation produces and releases mediators like cytokines, 

chemokines, histamine, prostaglandins, and reactive oxygen species (ROS). The 

release of the different molecules starts a cascade of events, including profound 

changes in the local environment of the tissue and the vasculature, like enhanced 

permeability of the capillaries and vascular dilation7. These changes lead to 
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increased migration of leukocytes and plasma flow to the side of inflammation. The 

leukocytes first to arrive are neutrophils, followed by monocytes which mature into 

macrophages, DCs and eosinophils.  After arriving, the neutrophils and 

macrophages release many mediators to kill and degrade pathogens before 

removing them by phagocytosis. After the clearance of the disruption, neutrophils 

undergo apoptosis and get cleared by macrophages. During the degranulation, the 

neutrophils release destructive substances for the pathogen and the host4,8. To limit 

the collateral damage to the host, initiating the resolution of inflammation is 

essential9 (Figure 1). 

 

 

Figure 1: Events during a self-limited acute inflammatory response. The initiation of the 
inflammation is marked by tissue edema and infiltration of Polymorphonuclear neutrophils 
(PMN). After the neutrophils, other immune cells, like eosinophils and monocytes, enter the 
inflammatory tissue. In the resolution phase, the PMN infiltration stops, and the inflammatory 
site neutrophils undergo apoptosis. The macrophages polarize from a pro-inflammatory to 
an anti-inflammatory phenotype. Macrophages clear dead neutrophils through efferocytosis. 
Modified after Sansbury and Spite 201610 
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3.1.2 Resolution of inflammation 
 
Traditionally resolution of inflammation was seen as a passive process responsible 

for the end of inflammation. This view has changed in recent years through 

numerous studies, which could show that resolution is an active process 

characterized by different events and coordinated through various mediators like the 

initiation phase of inflammation11,12.  

The elimination of the inciting stimulus is required to resolve acute inflammation 

effectively. In bacterial infection, the initiation stimulus for resolution is the removal 

of the pathogen12. While neutrophils are the most critical cell type for removing 

noxious stimuli from the tissue, an exaggerated influx to the tissue can be 

detrimental. Therefore, their recruitment has to be limited, and the vascular 

permeability must return to normal to prevent additional income. Neutrophil migration 

is orchestrated mainly by chemokines, which can be removed by proteolysis and 

chemokine sequestration. Neutrophils generally have a short life span, regulated by 

the local inflammatory environment. One possibility are death receptor ligands such 

as Fas-ligand or TNF (tumor necrosis factor) secreted by macrophages. These 

mediators can promote neutrophil survival at low concentrations and announce 

neutrophil death at higher concentrations13,14. Additionally, dying neutrophils secrete 

mediators inhibiting further neutrophil recruitment, such as annexin A1 and 

lactoferrin, thereby supporting the resolution of inflammation 15,16. 

Macrophages phagocytose apoptotic neutrophils to prevent the release of 

intracellular components by the dying cells. So-called “find me “and “eat me” signals 

commit macrophages to phagocytose them in a process called efferocytosis17,18. 

Macrophages can polarize towards different phenotypes with specific biological 

functions in response to stimuli from their microenvironment. The polarization to an 

anti-inflammatory phenotype is crucial for tissue repair and homeostasis 

maintenance. Classically activated macrophages also called M1 macrophages, 

mainly produce pro-inflammatory mediators and eliminate pathogens. During the 

resolution of inflammation, they differentiate into anti-inflammatory M2-like 

macrophages. These types of macrophages release anti-inflammatory and pro-

resolving mediators, clear apoptotic cells, and regulate tissue repair19,20. Prominent 
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mediators to induce the M2-like phenotype are IL-10, transforming growth factor beta 

(TGF-β), IL-4, IL-13, and Toll-like receptor agonists. The first two substances also 

inhibit the production of pro-inflammatory mediators21,22.  

The last step of the resolution phase is the recovery of tissue homeostasis, which 

requires tissue repair and reestablishing the functionality of the tissue. Therefore, a 

tight interplay of macrophages, stem and progenitor cells, and stromal cells is 

necessary to prevent fibrosis or scar formation. Alternatively, activated macrophages 

play a critical role by secreting the anti-inflammatory mediators IL10, TGF-β, and 

vascular endothelial growth factor (VEGF) 23. 

3.2 Eosinophil granulocytes  

3.2.1 Development and general functions 
 

Eosinophils granulocytes are members of the innate immune system. They form 

approximately 1-3 % of leukocytes in the peripheral blood of humans24. Eosinophils 

differentiate from CD34+ progenitor cells in the bone marrow25. Development and 

maturation of eosinophils under exposure to the myeloid precursors IL-3, 

granulocyte-macrophage colony-stimulating factor (GM-CSF), and IL-5 last nearly a 

week. The most relevant mediator for the last stage of differentiation is IL-5. This 

cytokine also triggers the migration of eosinophils into the circulating blood and is a 

key factor for eosinophils’ survival by preventing apoptosis and promoting cell 

activation. Significant sources of IL-5 are CD34+ progenitor cells, group 2 innate 

lymphoid cells (ILC-2), Th2 lymphocytes, invariant natural killer T cells, and mast 

cells. In an auto/paracrine manner, eosinophils can also release IL-5 by themselves 

26,27. Within 8-12 hours after the release from the bone marrow, eosinophils get 

recruited to the tissue by eotaxins. Humans express  CCL-11, CCL-24, and CCL-26, 

which bind to the chemokine receptor CCR3 on the surface of the cells28. In mice, 

only the first two can be found29. Additional eosinophil chemoattractants are CCL5 

and lipid mediators such as leukotriene B4 and prostaglandin D230. Eosinophils exert 

different homeostatic tasks in several primary and secondary lymphoid organs, for 

example, the thymus, lymph nodes, spleen, gut, lung, and uterus. They promote 

plasma cell survival, regulate the physiological balance between T-helper cells and 
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regulatory T-cells, perform antigen presentation, and contribute to tissue repair31,32. 

A primary or secondary increase in the circulating number of eosinophils and 

inflammation-induced surges cause the migration of eosinophils to no physiologically 

homing tissues33. When the absolute count of eosinophils exceeds 450-500 cells/μl 

blood in humans, it is referred to as eosinophilia, and counts over 1500 cells/μl as 

hypereosinophilia34 or Hypereosinophilic syndrome. The patients show various 

symptoms, including skin rashes, dizziness, memory loss, cough, fatigue, fever, and 

shortness of breath caused trough eosinophilic inflammation in different body parts 

leading to organ dysfunction35. The preferential target for this type of inflammation is 

the heart. But also several other tissues as the skin, the esophageal mucosa, parts 

of the gastrointestinal tract, central or peripheral nerves, blood vessels, and the 

upper and lower airways, can be affected by different diseases caused by eosinophil 

infiltration36,37.  

3.2.2 Role during local inflammation 
 

The characteristic of eosinophils is their secretory vesicles called specific granules. 

These produce various cytokines, chemokines, and growth factors (Figure 2). Also, 

the four major granule proteins eosinophil cationic protein (ECP), eosinophil-derived 

neurotoxin (EDN), eosinophil peroxidase (EPO), and major basic protein (MBP) are 

stored in the granules. All four have cytotoxic effects on pathogens and host tissue38. 

Degranulation and release of mediators are tightly regulated. Instead of a complete 

degranulation and parallel release of all substances, only small quanta of selected 

cytotoxins are released in the extracellular space with the help of the so-called 

sombrero vesicles. This process of limited and selective release of mediators is 

termed “piecemeal degranulation.” Eosinophils can hold the content of the granules 

during their whole lifespan and replenish missing mediators39. Besides the granules 

and sombrero vesicles, eosinophils also have lipid bodies. These cell compartments 

are the place of synthesis for numerous lipid mediators like leukotrienes, 

thromboxane, and prostaglandins. On the surface, eosinophils carry multiple 

receptors, including chemokine receptors, Fc receptors, pattern recognition 

receptors, receptors for lipid mediators, cytokine receptors, complement receptors, 
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and adhesion receptors (Figure 2)36. During inflammation, eosinophils can have very 

different functions. Similar to neutrophils, they can kill invading pathogens in different 

ways: the release of their cytotoxic substances, by degranulation, by performing a 

respiratory burst, or through extracellular DNA trapping. Eosinophils are also 

capable of phagocytosing the intruders and killing them intracellularly. However, they 

are less effective in fulfilling these tasks than neutrophils40,41. Like macrophages, 

eosinophils express surface components that are required for antigen presentation. 

Additionally, they can process antigens and stimulate T-cells, resulting in T-cell 

proliferation and cytokine release42. Eosinophils interact intensively with Type 2 

immune cells. These cells can stimulate eosinophils through the release of IL-5 or 

by promoting the production of IgE through a humeral adaptive immune response. 

Activated mast cells can also release chymase, which prevents eosinophils from 

undergoing apoptosis. Conversely, Eosinophils can maintain and exacerbate Type 

2 immune responses by providing plasma cells with survival factors43. 
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Figure 2: Cellular structure, receptors, and mediators of eosinophils.  
Characteristic features of eosinophils are the multilobed nucleus, specific eosinophil 
granules, lipid bodies, and sombrero vesicles. They produce and release mediators like 
cationic proteins, cytokines, growth factors, chemokines, enzymes, and lipid mediators. On 
the cell surface numerous receptors, including chemokine receptors, Fc receptors, pattern 
recognition receptors, receptors for lipid mediators, cytokine receptors, complement 
receptors, and adhesion receptors, are expressed. Modified after Diny et. Al 201736. 
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3.3 Macrophages 
 

Macrophages are myeloid immune cells classified together with monocytes and DCs 

as part of the mononuclear phagocyte system44–46. Macrophages can be divided into 

monocyte-derived macrophages and tissue-resident macrophages. Monocytes 

maturate from progenitor cells in the bone marrow and enter the peripheral blood, 

representing between 4-10% of nucleated cells in healthy humans47. During 

homeostasis and inflammation, they migrate into the tissue, differentiating into 

macrophages through exposure to local growth factors, cytokines, and microbial 

products48. Most tissue-resident macrophages are derived from the yolk sac during 

embryonic development and are seeded before birth. They have self-renewal 

capacities and are independent of monocytes49. Both types of macrophages coexist 

in different tissues; each organ has a unique combination. The primary function of 

tissue-resident macrophages is tissue remodeling, while monocyte-derived 

macrophages primarily assist in host defense46,50. Examples of specialized tissue-

resident macrophages with different functional phenotypes based on their 

anatomical location are the microglia in the central nervous system, osteoblasts in 

the bone, alveolar macrophages in the lung, and Kupffer cells in the liver. Such 

distinct macrophages reside in immune-privileged tissues where they engulf dead 

cells and invading pathogens, orchestrate the immune response, and recruit 

additional macrophages51,52. 

Macrophages are highly plastic cells that can change their phenotype in response to 

their surroundings and the local cytokine milieu53. Based on their cell surface 

markers, biological activities, and production of specific mediators, several classes 

of macrophages have been described in humans and mice. They can be classified 

in two idealized phenotypes, the classically activated M1 macrophages and the 

alternatively activated M2 macrophages (Figure 3). Between these two idealized 

classes, macrophages exist in numerous phenotypes labeled M1-like or M2-like 

macrophages. The according expression changes leading to the development of 

these phenotypes are called macrophage polarization54,55. M1-like macrophages 

can be induced through Th1 cytokines like Interferon (IFN)-γ and TNF-α or bacteria 
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or lipopolysaccharide (LPS) recognition. They produce and secrete high levels of the 

pro-inflammatory cytokines TNF-α, IL-1α, IL-1β, IL-6, IL-12, IL-23, and 

cyclooxygenase-2 (COX-2), and low levels of IL-10. These macrophages participate 

in removing pathogens through infection, show robust anti-microbial and anti-

tumoral activities, mediate ROS-induced tissue damage, and impair tissue 

regeneration and wound healing54–56.  M2-like macrophages instead prevent 

irrecoverable tissue damage and ongoing stable inflammation. These anti-

inflammatory macrophages can be polarized through different pathways by Th2 

cytokines. IL-4 and IL-13 can activate STAT6 through the IL-4 receptor alpha (IL-

4Rα), while IL-10 can bind to the IL-10 receptor (IL-10R) and activate STAT3. 

Additional cytokines which drive the M2-like polarization are IL-33 and IL-2157–59. M2 

macrophages produce mainly anti-inflammatory cytokines like IL-12, IL-10, and 

TGF-β. They phagocytose apoptotic cells and cell debris, promote tissue repair and 

wound healing and show pro-angiogenic and pro-fibrotic properties. Therefore, this 

type of macrophage plays a role in Th2 responses, parasite clearance, tissue 

remodeling, and angiogenesis. Also, they mitigate inflammation and participate in 

immunoregulation and tumor formation and progression58–61. However, the 

separation in M1-like and M2-like macrophages is very flexible and can change 

radically depending on the incoming signals from their microenvironment.  
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Figure 3: Schematic view of macrophage polarization. Monocytes differentiate into 
macrophages after entering the tissue. These macrophages can polarize through different 
specific microenvironments in pro-inflammatory M1 macrophages or anti-inflammatory M2 
macrophages. Both subsets express other surface markers and release various mediators 
through the activation of additional transcription factors62 
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3.4 Aim of the thesis 
 

The acute inflammatory response can be divided into initiation and resolution. The 

initiation phase is characterized by the rapid infiltration of PMNs and edema 

formation in response to injury. In the resolution phase, PMNs undergo apoptosis 

and are ingested by macrophages that emigrate rapidly from the inflamed site to the 

draining lymph nodes. After the onset of inflammation, neutrophils and eosinophils 

are among the first cell types recruited to the tissue, followed by some delay by 

monocytes and DCs. Once crossing the endothelium and entering the inflamed 

tissue, the immune cells react according to the signals they receive from their 

microenvironment. The recruited monocytes differentiate into macrophages and 

polarize towards M1-like or M2-like phenotypes depending on their 

microenvironment. Various receptors control the exact positioning of macrophages 

within the inflamed tissue and decide their polarization. While the regulation of the 

activity of immune cells is well investigated, their localization during inflammation 

and their spatial relationships to each other are less well understood. To elucidate 

the structure of a pathogen-caused inflammation, zymosan was used to induce a 

TLR-2 mediated local inflammation in the hind paws of mice. The collected tissue 

was analyzed with MELC.  

Aim 1 was to develop a bioinformatical analysis pipeline for the data generated with 

the MELC method and a graphical representation to display the results (Figure 4 part 

1). The main steps of the developed pipeline are image generation and processing, 

image correction, and single-cell extraction, followed by single-cell analysis and, 

finally, analysis of the neighborhood and network.  

In Aim 2, we used the here established analysis methods to investigate the 

positioning of the immune cells in the inflamed paw and to define an inflammatory 

structure based on the specific microenvironment they form (Figure 4 part 2).  

Aim 3 was to study the role of eosinophils during local inflammation and their 

interactions with different immune cells (Figure 4 part 3) to characterize the influence 

of a single immune cell type on the course of inflammation. Therefore, eosinophils 

were depleted with an anti-Siglec F antibody before injecting the pathogen. 
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Afterward, paw tissue, blood, and bone marrow were investigated with Flow 

Cytometry or MELC and the developed analysis pipeline. 

 

 

 

Figure 4: Aims of the thesis. Aim 1 is the development of a bioinformatical analysis pipeline 
for images generated with the MELC. Aim 2 investigates the positioning of different immune 
cell types in local zymosan-induced inflammation. Aim 3 is the analysis of the function of 
eosinophils and their interactions with various immune cells in this inflammation model.  
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4. Results  

4.1 Establishing a bioinformatic pipeline for the analysis of the 
microenvironments of immune cells 
 

MELC is an automated imaging method that allows visualizing an unlimited number 

of fluorescence-labeled antibodies on the same tissue slide. During an automated 

procedure, the tissue sample is incubated with the antibody, which is washed away 

afterward with PBS. After the incubation time, phase contrast and fluorescence 

images are taken. A bleaching step with high-intensity light is performed to delete 

the antibody’s fluorescence signal later. After recording the post-bleaching image, 

the next antibody is applied, and the process is repeated. The first step of this thesis 

was to establish antibody panels to detect immune and non-immune cells in 

zymosan-induced paw inflammation. Therefore, different antibodies in different 

concentrations were tested on the paw tissue of the mice. Afterward, the order of the 

antibodies during the MELC run was tested and determined, which considers the 

antibodies' individual stability. After the MELC run ended, all fluorescent images 

representing the antibodies used during the run were aligned pixel-wise, and 

illumination faults were corrected by flat-field correction. The postbleaching images 

were subtracted from the subsequent fluorescence image to exclude 

autofluorescence and the remaining fluorescence of the previous antibody. In the 

next step, ImageJ v1.52 (NIH, Bethesda, MD, USA) was used to remove noise, 

background fluorescence, and artifacts from all subtracted grayscale images.  

All further analyses of the data were based on single-cell phenotyping. Therefore, a 

mask was generated to define which object should be treated as cells. To achieve 

accurate results, the propidium iodide signals, which mark nuclei, were combined 

with signals for CD45, which is expressed in the cell membrane of all immune cells 

in the mouse paw. For mask generation and additional illumination correction of all 

greyscale images, Cell Profiler v4.2.1 was used. In the next step, all antibody images 

and the corresponding segmentation mask were imported into the Histology 

Topography Cytometry Analysis Toolbox (HistoCAT) v1.76 for analyzing the 

phenotype of the immune cells. All images, excluding those used for single-cell mask 

generation, were z-score normalized. The cells are then sorted based on their 
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similarity using the Barnes-Hut-t-SNE (BH-t-SNE)63, which reduces high-

dimensional data into two dimensions. A higher proximity in the t-SNE plot indicates 

a more similar marker expression (Kolbinger, Kestner et al. 2022, Figure 3C).  

PhenoGraph sorts single cells based on the single-cell mask and marker 

colocalization (k set between 10 and 30) and put similar cells in clusters visible in a 

colored heatmap. The resulting groups were determined based on marker 

expression and classified as different immune cell types.  

The number of objects in every cluster was normalized to the total number of objects 

in the cell mask to calculate the relative number of cells per immune cell type 

(Kolbinger, Kestner et al. 2022, Figure 4C, 5B). The neighborhood analysis 

implemented in HistoCAT was used under standard conditions to investigate the 

spatial relationships between the clusters. During this analysis, pairwise interactions 

between cell phenotypes were calculated for each cell and its neighbors, defined as 

objects at a maximum distance of four pixels. They were compared to a randomized 

version of the cell distribution. This permutation test indicated a significant 

interaction, no likelihood of exchange, or avoidance between cell phenotypes. The 

results were displayed in a heatmap with three different colors (Kolbinger et al. 2023, 

Figure S4). To display the relative distance between specific immune cell types, 

Cytoscape v3.8.2 or Excel were used to generate dual-centered neighborhood 

networks or relative distance maps. Therefore, the results of the neighborhood 

analysis were assigned a score of 0–100 before importing them into the program 

(Kolbinger, Kestner et al. 2022, Figure 6A). To further separate the immune cell 

types identified with HistoCAT, we used spanning-tree progression analysis of 

density-normalized events (SPADE) in MATLAB. This algorithm views single-cell 

data as a high-dimensional point cloud and places the density-normalized events on 

spanning trees (Kolbinger, Kestner et al. 2022, Figure 3D). 

The here developed analysis pipeline (Figure 5) allows the analysis of the MELC 

data in a relatively short time. All datasets were analyzed with the same algorithms 

and parameters, evaluating the results objective and reproducible. 
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Figure 5: Workflow of the bioinformatic analysis of the MELC images. After generating 
the images using the MELC technology, all images were processed to remove false 
fluorescent signals and perform shift correction. Afterward, image correction and generation 
of a cell mask for a single cell extraction were performed using CellProfiler. The PhenoGraph 
algorithm in HistoCAT and SPADE was used for single-cell analysis. The neighborhood and 
the network of the clusters from the PhenoGraph analysis were investigated using 
HistoCAT, Excel, and Cytoscape.  
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4.2 During local inflammation, a basic inflammatory structure is 
formed based on the immune cell distribution  
 

To induce a TLR-2-mediated innate immune response, the TLR-2 agonist zymosan 

was injected into the hind paw of male C57BL/6J mice. Due to its particulate 

structure, zymosan is immobilized at the injection site, and after labeling with FITC, 

its exact localization in the tissue can be determined. The MELC technology and the 

developed bioinformatic pipeline were used to identify and localize the cells in the 

inflamed tissue at different time points after the zymosan injection. The most 

abundant immune cells 24 hours after the zymosan injection were macrophages, 

neutrophils, eosinophils, DCs, and mast cells. ILCs, NK-cells, and cells of the 

adaptive immune system, like T-cells and B-cells, could not be distinguished 

(Kolbinger et al. 2023, Figure 2A). Macrophages could be divided into three subtypes 

based on their phenotype: undifferentiated M0 macrophages 

(F480+/CD86+/CD206+), M1-like macrophages (F480+/CD86+/CD206-), and M2-like 

macrophages (F480+/CD86-/CD206+). Polarization of undifferentiated M0 

macrophages started eight hours after injection of the pathogen to the M1-like 

macrophages and after 24 h to M2-like macrophages. This time course was visible 

in the analysis of the MELC data (Kolbinger et al. 2023, Figure 1A-D) and FACS 

analysis of the whole inflamed paw (Kolbinger et al. 2023, Figure 1E-H).  
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Figure 6: Schematic representation of the inflammatory structure. Based on the 
zymosan and the distribution of the macrophages, an inflammatory structure with three 
different regions was defined. 1. Core region defined through zymosan contains neutrophils, 
eosinophils, and some M1-like macrophages. 2. Pro-inflammatory region (PI-region), 
dominated by M1-like macrophages, contains DCs, eosinophils, and M0 macrophages. 3. 
Anti-inflammatory region (AI-region) dominated by M2-like macrophages contains DCs, 
eosinophils, M0 macrophages, and mast cells.  

 

The macrophage subtypes in the fluorescent images showed a specific arrangement 

in the inflamed tissue within and adjacent to the zymosan-containing area (Figure 

6). Starting 24 h after zymosan injection, the M1-like macrophages were located in 

the zymosan-covered area or nearby. The M2-like macrophages, in contrast, were 

at a greater distance from the zymosan (Kolbinger et al. 2023, Figure 1A). The 

neighborhood analysis was used to determine the likelihood for the macrophage 

subtypes to be a direct neighbor of zymosan compared to a randomized version of 

the same tissue. The result of this analysis was a defined pattern with M1-like 

macrophages as significant neighbors of zymosan and M2-like macrophages, which 

were significantly not neighbored, while M0 macrophages were randomly distributed. 

This structure appeared 24 h after the pathogen injection and was still stable 48 h 

later (Kolbinger et al. 2023, Figure 1I). The pathogen zymosan and the M2-like 

macrophages formed the external borders of the inflammation. Analyzing the 

positioning of the other immune cell types in the inflamed tissue, a neighborhood 

analysis with zymosan or M2-like macrophages as reference points were performed. 

The results show that besides the M1-like macrophages also, neutrophils, 

eosinophils, and DCs were direct neighbors of zymosan. Apart from neutrophils, 
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these cell types were also in the immediate neighborhood of M2-like macrophages, 

together with CD117-positive mast cells. The neighborhood scores were used to 

make a combined dual-centered network showing the positioning of the different 

immune cell types to zymosan and M2-like macrophages (Kolbinger et al. 2023, 

Figure 2B-D). Based on this network and the cell clusters of the major immune cell 

types, three inflammatory regions were defined (Figure 6). The first is the core region 

based on the distribution of the zymosan particles. The neutrophils and some M1-

like macrophages dominate this region. The second region is the pro-inflammatory 

region (PI-region) formed by the M1-like macrophages outside the core region. The 

anti-inflammatory region (AI-region) is defined by M2-like macrophages and borders 

at the PI-region. Mast cells were only found in this region, while eosinophils and DCs 

were spread over all three areas (Kolbinger et al. 2023, Figure 2E).   

 

4.3 Eosinophil Granulocytes influence the formation of the 
inflammatory structure and resolution of inflammation 
 

Examining the inflammatory structure showed that eosinophils were spread over all 

three inflammatory regions in pro- and anti-inflammatory microenvironments. To 

investigate the role of the eosinophils during the establishment of the inflammatory 

structure and the interactions with pro- and anti-inflammatory immune cells, MELC-

analysis was performed at different time points after zymosan injection. The MELC 

data were further analyzed with SPADE to test whether distinct eosinophils 

phenotype can be detected. The resulting SPADE trees showed three eosinophil 

subtypes. In the onset of inflammation four hours after zymosan-injection, only one 

significant population of eosinophils was visible. This population was defined through 

the expression of the eosinophil marker Siglec F and the interleukins IL-4, IL-6, IL-

10, and IL-13. At 24 h, when the inflammatory structure had been established, two 

distinct groups of eosinophils could be detected. They expressed either IL-4 and IL-

13 or IL-6 and IL10. Four hours after injecting the pathogen, the IL-4-positive 

eosinophil subtype was visible inside and outside the core region. However, 24 h 

after zymosan injection, the IL4-expressing eosinophils vanished entirely from the 

core region and were only visible in the PI and AI region. In the latter, 60% of the 
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eosinophils expressed IL-4, while only 25 % of the IL-4-positive eosinophils were 

detectable in the PI region (Kolbinger et al. 2023, Figure 3).  

In the next step, eosinophils were depleted with an anti-Siglec F antibody injected 

24 h before the pathogen to examine the function of the eosinophils during 

inflammation. The depletion was confirmed by FACS analysis in the blood and paw 

of the treated mice. In the control group injected with an IgG2A antibody instead of 

the anti-Siglec F antibody, eosinophils recruited to the tissue were initially high. They 

started decreasing eight hours after the zymosan injection. After treatment with 

depletion antibody, the eosinophil number was significantly reduced by around 90 % 

in blood and whole paw tissue up to 48 h after zymosan injection (Kolbinger et al. 

2023, Figure 4A-C). Importantly, in the MELC images, no eosinophils were 

detectable in the core-, PI-, and AI-region. To see the influence of the depletion on 

the course of inflammation, edema measurement, and behavioral tests were 

performed (Kolbinger et al. 2023, Figure 4D-F). While the eosinophil depletion did 

not alter the onset of edema formation and its maximal size, the resolution of the 

edema was significantly delayed by the injection of the depletion antibody. 

Eosinophil depletion also caused a delayed resolution of zymosan-induced 

mechanical and thermal hypersensitivities without affecting the onset or the maximal 

responses. Since 24 h after zymosan injection, edema formation and 

hypersensitivities showed significant differences between the isotype control and the 

anti-Siglec F antibody-treated mice, this time point was chosen for further analysis. 

The inflammatory structure in the paws of eosinophil-depleted mice showed a 

breakdown of the borders between the PI and AI region. In these mice, M1-like and 

M2-like macrophages were evenly distributed around the core region with the 

zymosan (Kolbinger et al. 2023, Figure 5A).  

The difference in the positioning of the M2-like macrophages compared to the control 

was also visible in the neighborhood analysis for zymosan. Here, the relative 

distance score was decreased, leading to the M2-like macrophages being rated as 

random neighbors of zymosan. The dual-centered networks of zymosan and M2-like 

macrophages showed a shorter distance between the two centers, zymosan, and 
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M2-like macrophages, and reduced relative distances for all observed immune cells 

toward a direct neighborhood (Kolbinger et al. 2023, Figure 5B).  

Quantifying the different immune cell types visible in the MELC analysis showed a 

reduced number of M2-like macrophages and a reduced efferocytosis capacity of all 

macrophages in the mice with eosinophil depletion. At the same time, the number of 

free neutrophils increased (Kolbinger et al. 2023, Figure 5 C-I). Measurement of 

different chemokines, cytokines, and Interleukins in the inflamed paws showed that 

Eosinophil depletion caused the upregulation of TNFα and the neutrophil-attractant 

chemokines CXCL1, CCL-2, CCL-3, CCL-4, CCL-5, and CCL-11 (Kolbinger et al. 

2023, Figure 7A). The only mediator, which was reduced in the absence of 

eosinophils, was IL-4 (Kolbinger et al. 2023, Figure 6A). Therefore, mice were 

injected with the depletion antibody anti-Siglec F and a stabilized form of IL-4 (IL-4c) 

before the zymosan-injection. The other group was injected with IL-4c alone. The 

behavioral test with all four groups (+/- anti-Siglec F antibody and +/- IL-4c) showed 

that the delayed resolution of thermal hypersensitivity caused by Eosinophil 

depletion could be avoided by treatment with IL-4c (Kolbinger et al. 2023, Figure 

8C). Mice treated with the depletion antibody and IL4-c showed no significant 

differences from those with the IL-4c single treatment. 

Furthermore, MELC analysis showed that IL-4c treatment restored the inflammatory 

structure of the core, PI region, and AI region (Kolbinger et al. 2023, Figure 8A-B). 

To quantify the number of different immune cell types in the whole inflamed tissue, 

FACS analysis of the mouse paws was performed. As seen in the MELC analysis, 

mice treated with the anti-Siglec F antibody showed an increased number of 

neutrophils, fewer M2-like macrophages, and a reduced efferocytosis capacity of all 

macrophages compared to the control mice. However, the survival rate of 

neutrophils and the amount of all macrophages in the tissue were not altered. 

Notably, the effect of the depletion antibody on neutrophil numbers, efferocytosis, 

and M2-like macrophage numbers was reversed by IL-4c treatment. Compared with 

the IgG2A-treated control mice, all mice treated with IL4-c showed a slight shift 

towards M2-like macrophage polarization and a higher amount of M0 macrophages 



- 30 - 
 

while the number of M1-like macrophages was reduced (Kolbinger et al. 2023, 

Figure 6B-F, Figure 7B-E) 

 

 
Figure 7: Role of eosinophils during a zymosan-induced local inflammation. 
Eosinophils can be found in all three inflammatory regions, adapted to their surrounding by 
downregulating IL-4 in the core region, indicating environment-specific eosinophil subtypes. 
The secretion of IL4 in the PI-region and AI-region influences the recruitment of the 
neutrophils, the efferocytosis, and the polarization of the macrophages. Depletion of 
eosinophils caused a breakdown of the inflammatory structure and led to increased 
recruitment of the neutrophils and decreased polarization and efferocytosis of the 
macrophages.  
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5. Discussion 
 

A local inflammation induced by a pathogen involves various pro- and anti-

inflammatory processes that detect and remove the disturbance's source, eventually 

causing the resolution of inflammation and tissue repair. A complex innate immune 

response is started after recognizing the intruder by local tissue cells and Toll-like 

receptors. Local and blood-derived innate immune cells like neutrophils, eosinophils, 

DCs, and monocytes are recruited to the tissue. After crossing the endothelium, 

immune cells react to signals from their direct surroundings, the microenvironment, 

with cell-specific responses such as releasing mediators, cytotoxic compounds, 

phagocytosis, or polarization. Similar microenvironments form together higher-

ranking regions, which build the architecture of an inflammation. It is essential to 

understand the role of the different immune cells during the inflammation and to 

uncover the reasons for a failure of the inflammatory response leading to chronic 

inflammation. Therefore, more information about the mechanisms driving 

inflammatory regions’ formation, maintenance, and interaction is necessary. This 

thesis aimed to identify the development of microenvironments and their care 

through the course of a TLR- 2 mediated inflammation. Eosinophils were used to 

determine the effect of different microenvironments on a specific immune cell type. 

The relevance of single immune cell types for the formation of microenvironments 

and the resolution of inflammation was investigated through the depletion of 

eosinophils.  

 

5.1 Visualization and analysis of microenvironments 
 

Knowledge about the formation of microenvironments and their role in inflammation 

is very rudimentary because of the lack of methods for investigation. Most 

techniques for quantifying immune cells, like FACS analysis, require tissue 

destruction, which leads to the loss of information about the microenvironments. 

Classical immunohistochemistry can be used to visualize the amount and the 

localization of an immune cell type in the tissue. However, due to the limitation of 

using only 3-5 markers on the same tissue slide, information about the composition 
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of the specific environment around each cell and the interaction of two or more 

microenvironments with each other is very limited. In addition, serial staining of 

consecutive tissue slices does not solve this problem satisfactorily since not every 

slide will contain the same cells and therefore lacks the necessary single-cell data 

in combination with information about the direct neighbors of specific immune cells. 

Consequently, only a vague idea of the composition of particular microenvironments 

was available. Because of this, different multiplex tissue imaging methods have been 

developed in the last years, such as Cyclic Immunofluorescence (CyCIF)64, Multiplex 

Immunohistochemistry (mIHC)65, Imaging Mass Cytometry (IMC)66, Multi-Epitope-

Ligand-Carthography (MELC)67, Multiplexed Immuno-fluorescence (mxIF)68, Co-

detection by indexing (CODEX)69, and MIBI Multiplexed Ion Beam Imaging (MIBI)70. 

The basis of these methods is antibody staining combined with either fluorescence 

microscopy or imaging mass spectrometry. Cyclic imaging or multiple rounds of 

staining are used to achieve many different stains on the same tissue slide. The 

MELC was used in our case, which uses fluorescence microscopy in different 

staining rounds. In between, the fluorescence tags are removed through bleaching 

with bright light. The new multiplex imaging approaches generate big datasets which 

require further analysis methods and analytical tools, as well as new best practice 

guidelines and standards for data generation, storage, and reproducibility71,72. A first 

approach is suggested in “The minimum information guidelines for highly multiplexed 

tissue images” (MITI) 73 and “Multiple Choice MICROscopy” (MCMICRO), which is 

a bioinformatical end-to-end pipeline that transforms pictures in single-cell data and 

provides different algorithms for data analysis. A toolbox for quantitative analysis of 

multiplexed imaging data but not a complete analysis pipeline is HistoCAT, used 

during this thesis74. As it is necessary to choose specific antibodies for the different 

multiplex technologies and to validate the used antibody panels separately for every 

kind of tissue, it is difficult to give general advice, which sets the barrier high for new 

users. The same problem exists for bioinformatic analysis of the generated data, 

which must be adjusted precisely to the used tissue type. Therefore, the project’s 

first step was establishing a suitable antibody panel and developing a bioinformatical 

pipeline (Figure 8). All the programs we used in our pipeline are freely available, 
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making our data analysis method readily available. The pipeline was successfully 

used on paw tissue (Kolbinger et al. 2023) and post-stroke brain tissue (Kolbinger, 

Kestner et al. 2022).  

 

 

 

Figure 8: Overview of the main steps and the used programs of the bioinformatic 
analysis pipeline. High-dimensional image data was generated using the MELC 
technology. At first, the images were processed by the MELC software to remove 
background signals and autofluorescence and to align the images. In the next step, Cell 
Profiler was used for illumination correction and generating a cell mask to define single cells. 
The corrected images and the cell mask were used for single-cell analysis in HistoCAT and 
SPADE, including cell phenotyping, clustering, and cell type quantification. Based on the 
single-cell analysis results, neighborhood analysis and cluster visualization were performed 
in HistoCAT. The neighborhood analysis data generated relative distance maps in Microsoft 
Excel and cellular networks in Cytoscape. 
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The first step of the pipeline is illumination correction, which is essential to generate 

accurate and reliable data. Images with uneven illumination, acquisition artifacts, or 

vignetting can bias the downstream analysis75. CellProfiler offers two different 

methods for illumination correction: regular and background. The first function 

calculates the illumination function based on the intensity at each image pixel, which 

is an ideal solution for images with objects evenly dispersed over most of the image. 

As this was not the case for our paw tissue, we chose the background method for 

defining the minimum pixel intensities within defined blocks across image 76. Using 

the MELC images without the illumination correction step caused missing objects in 

the cell mask and incorrect clustering of the immune cells in HistoCAT.  

Single-cell mask generation was performed with Otsu’s thresholding method using 

the “IdentifyPrimaryObjects” and “IdentifySecondaryObjects” modules in CellProfiler. 

In this case, an object is a generic term for an identified feature in an image, usually 

a cellular sub-compartment. Ideal primary objects are stained nuclei of the cells as 

they have a uniform morphology and can distinguish without the assistance of 

another cellular feature as a reference 77. In our case, we used the marker propidium 

iodide to define the number of objects covered by the cell mask. The pan cell surface 

marker CD45 was used as a secondary object determining the cell borders to define 

the size of the objects in our cell mask. To get an accurate cell mask, it is essential 

to use makers as primary and secondary objects expressed in every sample cell. 

That can be a problem with the marker used for the cell membrane and the 

secondary object module in some tissues. Therefore, cell mask generation was also 

tested using only primary objects based on the nuclei marker and defining the size 

of the detected objects manually using the ExpandOrShrinkObjects module in 

CellProfiler. This strategy was successfully employed on the post-stroke brain tissue. 

As this method needs a careful adjustment of the correct object size, it is unsuitable 

for a high number of different datasets or samples with a great variety of object sizes. 

Additional cytoskeleton staining with phalloidin or actin should be tested for such 

tissues. The segmentation of the images with the CellProfiler modules is based on 

different intensities of background and foreground. If the differences in the intensity 

between these two are too low for an adequate segmentation, a program called 
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Ilastik78, a supervised machine learning approach,  could be used in combination 

with CellProfiler to perform a pixel-based classification. To further enhance the object 

detection quality for the cell mask, deep learning algorithms like DeepCell79 or  U-

net80 can be used. As the training of these algorithms needs a great variety of high-

quality training data and careful manual annotation, we did not use them during this 

project. Their establishment is only worthwhile for big datasets. 

  

After image correction and cell mask generation, the single cells were analyzed with 

HistoCAT and SPADE. 

The first mentioned is an analysis toolbox, which enables interactive, quantitative, 

and comprehensive exploration of individual cell phenotypes, cell-cell interactions, 

microenvironments, and morphological structures within intact tissues74. Using the 

implemented PhenoGraph algorithm, cells were sorted into phenotype clusters 

based on their marker expression. The number of clusters was predicted 

automatically based on the input of the variable k value. This factor determines the 

number of clustered neighbors based on proximity. A small k value results in more 

clusters than bigger values based on grouping fewer cells with higher proximity into 

the same cluster. Finding the correct k value for every sample type is crucial for the 

correct interpretation of the data. It requires experience with this algorithm and 

knowledge about the histology of the used tissue to prevent over-clustering or under-

clustering. The first can lead to the merging of similar clusters and cause rare 

populations' complete disappearance. Over-clustering duplicates clusters with 

similar expression patterns letting single immune cell populations appear to be 

overrepresented.  

The interpretation of final clusters displayed as colored heatmap must be handled 

with great care and documented detailed as it might lead to different ways of 

interpretation in some cases. It is essential to notice that the strength of the marker 

expression in a single cluster is relative compared to the other clusters visible in the 

same heatmap and can not be equated with data from a different PhenoGraph 

analysis. To minimize false results, the clusters should constantly be reviewed in 

context with their positioning in the tissue available in HistoCAT and the underlying 
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image data. Sometimes it can be challenging to interpret similar colors correctly in 

the heatmap. Displaying the marker intensities additional as values would be an 

advantage in this case. The PhenoGraph algorithm can resolve populations as rare 

as 1/2000 cells81  and creates only a small number of clusters which is an excellent 

opportunity to discover immune cell populations in large data sets and sort the cells 

into main groups. 

A different algorithm has to be used to uncover rarer populations or analyze tissues 

that contain only a small number of objects in the cell mask.   

 

We implemented SPADE in our pipeline to detect the different phenotypes of the 

eosinophils in the inflamed paw and the neoangiogenesis in the stroke area. In 

contrast to HistoCAT, which integrates spatial information from tissue sections with 

high-dimensional single-cell data, allowing spatially-resolved analysis, SPADE 

creates a spanning-tree representation of the cell populations, providing a 

hierarchical view of cellular relationships. The program performs four computational 

modules. First, a density-dependent down-sampling is performed to equalize the 

density in different cloud parts and achieve equal representation of rare and 

abundant cell types. Second, SPADE performs agglomerative clustering to partition 

the down-sampled cloud into clusters of cells with similar phenotypes which show 

similar marker intensities. Because of the down-sampling step, rare populations are 

separated into their own clusters and are not outnumbered, as happens during the 

clustering in HistoCAT with PhenoGraph. During the third and fourth steps, the 

program constructs a spanning tree to link the cell clusters and does an up-sampling 

to map all the cells onto the resulting tree structure82. 

In contrast to the PhenoGraph algorithm, the user must manually define the number 

of desired clusters and determine the clustering process's stopping criterion and the 

number of nodes in the SPADE tree. As the k value in HistoCAT, the cluster number 

must be chosen carefully for every experiment and depend on the complexity of the 

sample and the expected number of subpopulations in the data.  

Also, the choice of markers used for the SPADE tree generation and the 

interpretation of the biological relevance of the results make prior knowledge of the 
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tissue necessary. Because of the different underlying methodology, SPADE 

produces a much higher number of clusters than the PhenoGraph in HistoCAT, 

making it more complex and time-consuming to interpret the results. Therefore, it is 

advisable to use SPADE focusing on single previously defined populations.  

 

For the investigation of the neighborhoods of the clusters, we used HistoCAT again. 

The provided neighborhood analysis uses an iterative permutation approach, 

yielding a Boolean score to determine the position of a PhenoGraph cluster 

concerning the other clusters. This method allows a relative perspective on the 

positioning of the clusters, making samples with different similarities and 

appearances more comparable to a physical distance measurement. The scores 

could display the cellular networks in the analyzed tissue with Cytoscape. 

Nevertheless, it is necessary to include an additional method for distance 

measurement in the pipeline to get additional information about cell frequencies 

within a defined distance to analyze specific microenvironments further.  

 

The main disadvantage of our developed pipeline is the necessary data transfer 

between the different programs, which is time-consuming and must be done carefully 

regarding the required file format for the next pipeline step. A solution for this 

problem would be recreating the algorithms used in a programming environment like 

R or Python. Recent developments like the Steinbock framework83 or cytomapper84 

cover only parts of the pipeline and require programming skills but might be an option 

later as they are still under development. 
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5.2 Inflammatory architecture based on macrophage subtypes 
 

To investigate a TLR-2 induced inflammation, the pathogen zymosan was injected 

into the hind paw of mice. The inflamed tissue was analyzed at different time points 

after the zymosan injection, with MELC and the established bioinformatical pipeline, 

to investigate the microenvironments and the inflammatory architecture. With this 

method, an inflammatory structure based on three major regions could be identified. 

The structure is based on the different macrophage subtypes and their cellular 

neighborhoods. The region containing the pathogen zymosan is called the core 

region and is dominated by neutrophils and some M1-like macrophages. This region 

is surrounded by a pro-inflammatory PI- region based on the distribution of the M1-

like macrophages. M2-like macrophages characterize an outer anti-inflammatory 

region called the AI- region. The formation of the pro-inflammatory region starts 8 

hours after the pathogen injection with the polarization of the M1-like macrophages 

and is completely established after the polarization of the M2-like macrophages 24 

hours after zymosan-injection.  

 

 

 

Figure 9: Spatial organization of immune cells during an innate inflammation. A TLR-
2 mediated inflammation was induced in the hind paw of mice with zymosan injection. The 
immune cells formed a specific inflammatory structure with three separable regions 
containing either a pro-or an anti-inflammatory microenvironment.  
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The general understanding is that an acute inflammatory response consists of pro-

inflammatory initiation and anti-inflammatory resolution phases. Both parts are time-

dependent and take place one after another10,85. Our results show that pro-and anti-

inflammatory processes coincide in different parts of the inflamed tissue. A temporal 

transition is only reflected in a change in the ratio and the size of the two regions. 

The size of the two regions in MELC data followed the amount of M1- and M2-like 

macrophages in the FACS analysis of the whole paw. The balance between these 

regions is defined by the amount of pro- and anti-inflammatory mediators generated 

by immune cells in these regions, which leads to a flexible expansion or shrinking of 

one region.  

One important starting point for the formation of the anti-inflammatory region in our 

model might be the apoptosis of the neutrophils. This process can be induced by the 

expression of death ligands as TRAIL or FasL produced by macrophages86,87 and is 

after the cessation of neutrophil influx, the second known key factor for the start of 

the resolution phase85. Efferocytosis of the neutrophils induces a metabolic switch 

in macrophages, leading to a repolarization from M1-like macrophages towards the 

M2-like phenotype and the release of anti-inflammatory mediators88. These changes 

in the macrophage phenotype are considered the third critical factor for the induction 

of the resolution. If these three key factors do not occur or are reduced due to 

dysfunctional pro-inflammatory mechanisms, the resolution phase is disrupted or 

delayed, as we could observe after the eosinophil depletion. Consequently, the 

transition from inflammation to tissue repair is impaired, and chronic inflammation 

may ensue. Therefore, maintaining intact pro-inflammatory processes is vital for 

ensuring a smooth and effective resolution of inflammation and preventing the 

establishment of chronic inflammatory conditions17,85,89. 

 

After the inflammatory structure is established, newly recruited immune cells adapt 

their phenotype to the region they arrive in and reinforce this region’s character90.  

The microenvironment initiates cell type-specific responses such as the release of 

cytotoxic compounds, phagocytosis, or a further release of proinflammatory 
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mediators or influences the phenotype of the immune cells, for example, 

macrophages or eosinophils. 

 

Zymosan was chosen as a pathogen for the project because of its particular 

structure. This structure leads to remaining zymosan at the injection site until it is 

phagocytosed, which was necessary for the observation with the MELC. The 

inflammatory structure could form around zymosan and maintain the same part of 

the tissue for the whole course of inflammation. Models for innate inflammation 

caused by mobile pathogens are expected to have the same structure. Still, they will 

have a more diffuse appearance since the pathogens will form separated core 

regions with overlapping PI and AI regions. Also, inflammation models, including the 

adaptive immune system, might show another inflammatory structure. Studying and 

comparing the inflammatory structure in different inflammation models may provide 

the possibility to predict the role of an immune cell and its interaction with other cells 

based on their positioning in the architecture, which could give new insights into 

therapeutic approaches and consequences for immunosuppressants. 

 

5.3 Role of eosinophils during zymosan-induced inflammation 
 

In the zymosan-induced inflammation model, eosinophils belong together with 

neutrophils to the first immune cells, which could be observed in the inflamed tissue 

after pathogen injection, which is in line with previous reports about the initiation of 

an innate immune response91,92. In our proposed inflammatory architecture, 

eosinophils are located in all three regions, which makes them an exciting cell type 

regarding their role in developing the structure and the influence of the structure on 

their phenotype. 

   

I found that eosinophils adapted their phenotype to the different microenvironments 

leading to a different cytokine expression. This microenvironment influence on the 

phenotype of the immune cells is best understood in the case of macrophages. 

These exhibit reversible phenotypic states between pro-inflammatory M1-like and 
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anti-inflammatory M2-like macrophages. Changes in the microenvironment of these 

cells induce corresponding transcriptional reprogramming.93,94 The observed 

environment-induced changes in the phenotype of eosinophils are in line with 

previous reports. 

It has been shown that eosinophils can polarize towards so-called Type 1 or Type 2 

phenotypes in response to different conditions, which could be found during Type 1 

or Type 2 inflammatory responses. The two eosinophil types differed in their 

transcriptional profiles, surface markers, and release mediators.95 Contrary 

environment-specific subtypes of eosinophils have been described in synovium and 

lung cases. A pro-inflammatory eosinophil subset could be identified in the latter, 

while the synovium showed a pro-resolving phenotype of the eosinophils96. Besides 

macrophages and eosinophils, other immune cell types might also express different 

phenotypes depending on their surrounding microenvironment. In the case of this 

project, I expect this for DCs, as they were located in all regions of our inflammatory 

structure, like the eosinophils. Because of missing markers, we could not detect and 

characterize these different phenotypes yet.   

 

Eosinophils produce and release toxic granule proteins like eosinophil peroxidase 

(EPO), eosinophil cationic protein (ECP), eosinophil-derived neurotoxin (EDN), and 

major basic protein (MBP) and synthesize nitric oxide97. Due to the release of these 

substances and the production of leukotrienes, which have direct or indirect 

vasodilatory effects, eosinophils  contribute to edema formation in skin diseases98,99. 

Our model instead found a predominantly anti-inflammatory role of the eosinophils 

in the course of inflammation. After the depletion of the eosinophils with an anti-

Siglec F antibody, the onset or maximal size of the edema was not altered. In 

contrast, the size of the edema during the resolution was increased. Additionally, 

mechanical and thermal zymosan-induced hypersensitivity resolution was delayed 

after depleting the eosinophils without affecting the onset or the maximal behavioral 

response. Taking in account that the amount of cytotoxic substances released by 

eosinophils is much less compared with neutrophils and the high amount of 

neutrophils in our inflamed tissue, the importance of the eosinophils during the 
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edema formation might be to vague to see an effect after  the depletion in our model. 

Instead neutropils seem to be the key player for the edema formation  as 

demonstrated in other publications100,101.  

 

The only inflammatory mediator that was downregulated after Eosinophil depletion 

was IL-4. This finding follows a previous report showing decreased levels of IL-4 

after Eosinophil depletion with anti-Siglec F antibody in mice102. Different cell types 

can produce this interleukin, for example, CD4 positive T-cells, basophils, 

eosinophils, mast cells, NK T-cells, and ILC2 cells103. During allergic inflammation 

and murine asthma in mice, eosinophils and T-helper cells were discovered to be 

the primary source of pulmonary IL-4 production and promote a Type 2 immune 

response104,105. Eosinophils were also the leading producer of IL-4 in inflammatory 

dilated cardiomyopathy106 and during the innate phase of Leishmania major 

infection107.  

 

On the cellular level, Eosinophil depletion reduced the amount of anti-inflammatory 

M2-like macrophages, reduced the efferocytosis capacity of macrophages, and 

increased the number of free neutrophils. Consequently, a breakdown of the border 

between PI and AI region occurred. Administration of IL-4 restored the inflammatory 

architecture and normalized the number of M2-like macrophages neutrophils and the 

efferocytosis capacity of the macrophages during our project. These results are in 

line with the following previous publications. 

The polarization of M2-like macrophages occurs in response to downstream signals 

of cytokines like IL-4, IL-13, IL-10, IL-33, and TGF- β, while only the first two directly 

induce M2-like polarization19,108. On myeloid cells, IL-4 acts through two receptors 

(IL-4Rs)109 activating the signaling pathways STAT-6110 and PI3K111 and induces 

phosphorylation of p38 MAPK112. 

Other studies could also demonstrate that selective phagocytosis of neutrophils by 

macrophages could be increased through the treatment with IL-4113. This effect is 

caused by the increased expression and activity of the nuclear receptor PPARγ via 

STAT6114 and the induced production of potential PPARγ-activating ligands, 13-
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HODE, and 15-HETE through 15-lipoxygenase activity on the one hand115. On the 

other hand, IL-4 can increase the expression of the efferocytosis receptors stabilin-

1 and stabilin-2116,117. 

In the case of the neutrophils, it was demonstrated that IL-4 and IL-13 stop their 

migration and tissue infiltration, influence their chemotaxis, inhibit the formation of 

extracellular traps, and antagonize the effects of granulocyte colony-stimulating 

factors118,119. In the bone marrow, increased IL-4 concentration during infection 

resulted in decreased G-CSF (granulocyte colony-stimulating factor)-mediated 

egress and increased retention of neutrophils120 through the activation of STAT6 and 

p38 MAPK, which led to an upregulation of CXCR4 as well as a downregulation of 

CXCR2. The G-CSF induces the egress from the bone marrow by weakening 

CXCR4-mediated retention signals and augmenting the neutrophils’ sensitivity 

toward CXCR2-binding chemokines121. Mice lacking IL-4 and IL-13 showed 

increased neutrophil recruitment to the liver after infection with Schistosoma 

japonicum119. Animals sensitized with house dust mite extract showed increased 

lung neutrophil counts after treatment with a neutralizing anti-IL-4 antibody122. 
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5.4 Conclusion 
 

Inflammation is a complex physiological process involving various immune cells and 

molecular mediators. The failure of the inflammatory response can lead to persistent 

inflammation and the development of autoimmune diseases. To uncover the reasons 

for a failure understanding the mechanisms driving the formation, maintenance, and 

interaction of inflammatory microenvironment is essential. The observed 

inflammatory architecture based on three regions presented in this thesis 

demonstrates that pro-inflammatory and anti-inflammatory processes coexist in 

distinct areas of inflamed tissues. The balance between these regions is modulated 

by immune cell-generated pro- and anti-inflammatory mediators, allowing each 

region’s flexible expansion or contraction. Immune cells respond to signals from the 

microenvironment by releasing mediators, exhibiting cytotoxic effects, performing 

phagocytosis, or undergoing polarization. Previous studies have proposed a 

temporal transition during inflammation, where pro-inflammatory processes 

dominate initially, followed by a shift towards anti-inflammatory resolution 

mechanisms. The current findings challenge the concept of a gradual temporal 

transition from pro- to anti-inflammation, suggesting that the temporal transition is 

characterized by changes in the ratio of the sizes of pro- and anti-inflammatory 

regions rather than a linear progression from one state to another. The balance 

between these regions is not simply a sequential shift but a flexible and complex 

interplay influenced by immune cell interactions and the local microenvironment. The 

observed coexistence of these regions implies that pro-inflammatory and anti-

inflammatory mechanisms are concurrently active, likely contributing to the overall 

inflammatory response and its regulation. Refining our understanding of the 

spatiotemporal dynamics of pro- and anti-inflammatory processes will contribute to 

developing more precise therapeutic strategies. Targeting and modulating specific 

immune cell populations or their interactions within the inflammatory 

microenvironment may restore a balanced and controlled immune response, 

ultimately leading to improved treatment outcomes for inflammatory diseases and 

autoimmune conditions. While the observed architecture may provide predictive 
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value in determining the role of immune cells based on their localization within the 

inflammatory setting, it is crucial to consider the existence of diverse immune cell 

subtypes/phenotypes with distinct and, at times, opposing functions. Eosinophils, for 

instance, were found to be present in all three inflammatory regions but displayed 

altered cytokine expression depending on their surroundings. The breakdown of the 

inflammatory structure after Eosinophil-depletion proves the important role of single 

immune cell types in maintaining the microenvironment and the complex interaction 

between cells of the same or a different immune cell type. The focus of this study 

was the investigation of the innate immune response. Different animal models, like 

the ovalbumin model, offer the possibility of studying the function of the adaptive 

immune system. Following sensitization with ovalbumin, the mice undergo repeated 

challenges with this protein, which leads to the activation of antigen-presenting cells, 

primarily DCs, and specific T cells’ activation and proliferation. Investigating the 

inflammatory architecture and the different microenvironments in different 

inflammation models will enhance the possible treatments for chronic and allergic 

diseases and asthma.   
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6.3 Contribution to publications 
 

As the first author, I was involved in all data collection for the Publication Kolbinger 

et al. 2023. I performed the FACS analyses, ELISA, and multiplex cytokine 

measurements, did the behavior experiments with the animals, and executed the 

MELC analyses after collecting and preparing the necessary tissues. Together with 

Tim Schäufele and Joschua Friedel, I established the used antibody panels for the 

MELC and the FACS analysis and developed the bioinformatic pipeline. Using this 

pipeline, I analyzed all data generated with the MELC method. Together with Klaus 

Scholich, I planned the experiments and chose the used material and methods. 

 

Roxane Kestner, Lara Jenico, and Rajkumar Vutukurind Rajkumar Vutukuri 

performed the in-vivo experiments for the Publication Kolbinger, Kestner et al. 2022 

and prepared the tissue samples for the MELC. I executed the MELC experiments 

with Klaus Scholich and analyzed the generated data sets with the developed 

bioinformatical pipeline.    

 

For both publications, I interpreted and graphically presented the results and was 

involved in writing the original draft of the submitted manuscripts, including figures 

and supplements, and approved the final versions. Additionally, I was responsible 

for the modifications and the data collection during the revision process. 
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