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Abstract  

 

Macrophages are a heterogeneous population of innate myeloid cells which appear in every tissue. 

Depending on their environment, they exert numerous tissue-associated functions as reflected by their 

transcriptional heterogeneity. The capacity to phagocytose foreign or damaged cells is a common 

function of macrophages across all tissues and is performed during their whole life span. The constant 

clearance of apoptotic cells by macrophages is essential for the functionality of the immune system. In 

particular, phagocytosis of apoptotic cells in the presence of IL-4 and IL-13 drives macrophages towards 

an anti-inflammatory/tissue remodelling phenotype. Although apoptotic corpses might originate from 

different cells, up to now they have been defined only by typical morphological changes such as the 

exposure of phosphatidylserine, membrane blebbing and DNA fragmentation. The data presented in 

this thesis demonstrate that apoptotic cells are, in fact, a heterogeneous population of cells, which 

differentially imprint the transcriptome and function of macrophages in dependency of their original 

identity. Within the IL-4 response, only apoptotic neutrophils were able to induce a tissue remodelling 

phenotype in macrophages – an ability that was not observed in apoptotic thymocytes or apoptotic 

hepatocytes. Phagocytosis of apoptotic hepatocytes resulted in a tolerogenic function of 

macrophages, while apoptotic thymocytes restricted the IL-4 response. Even though the mechanism 

of how apoptotic neutrophils induce a tissue remodelling response in macrophages has not been fully 

unravelled, the requirement of a cell-cell contact is suggested. To verify whether these results were 

relevant in an in vivo setting, the in vitro experimental approaches were combined with a murine model 

of Schistosoma mansoni infection. It was discovered that during the infection, apoptotic cells with 

different origins accumulated in the liver. Furthermore, it was shown that the phagocytosis of 

apoptotic CD3+ cells via AXL and MERTK receptors affects granuloma formation and parasite egg 

deposition. In addition, it was demonstrated that the identity of the apoptotic cell could shape the 

therapeutic potential of macrophages, because only the adoptive transfer of macrophages that 

phagocytosed apoptotic neutrophils could reduce the deposition of parasite eggs and thereby 

ameliorate the immune pathology.  

 

In conclusion, the obtained data provide evidence that the phagocytosis and identity of apoptotic cells 

actively contribute to the function and phenotype of macrophages. Furthermore, the reprogramming 

of macrophages driven by apoptotic cells can alter the fate of macrophages in vivo and could be used 

to change the outcome of Schistosoma mansoni infection in the future.  
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Zusammenfassung  

 

Makrophagen sind eine heterogene Population von angeborenen myeloischen Zellen, die in jedem 

Gewebe vorkommen. In Abhängigkeit von ihrer Umgebung üben sie eine Vielzahl von 

gewebeassoziierten Funktionen aus, die sich in ihrer transkriptionellen Heterogenität widerspiegeln. 

Unabhängig von dem Gewebe in dem sie vorkommen besitzen alle Makrophagen die Fähigkeit 

Pathogene oder geschädigte Zellen zu phagozytieren und dies wird während ihre gesamte 

Lebensspanne ausgeführt. Die ständige Beseitigung von apoptotischen Zellen durch Makrophagen ist 

essentiell für die Funktionalität des Immunsystems. Die Phagozytose von apoptotischen Zellen in der 

Gegenwart von IL-4 und IL-13 induziert einen entzündungshemmenden/gewebsumbauenden 

Phänotyp in Makrophagen. Obwohl apoptotische Zellen aus unterschiedlichen Zelltypen entstehen 

können, wurden sie bisher nur durch typische morphologische Veränderungen wie die Freilegung von 

Phosphatidylserin, Membran-Blebbing und DNA-Fragmentierung definiert. Die Ergebnisse der 

vorliegenden Arbeit zeigen, dass es sich bei apoptotischen Zellen um eine heterogene Zellpopulation 

handelt, die das Transkriptom und die Funktion von Makrophagen in Abhängigkeit von ihrer 

ursprünglichen Identität unterschiedlich prägen. Innerhalb der IL-4-induzierten Makrophagen-antwort 

waren nur apoptotische Neutrophile in der Lage, einen gewebsumbauenden Phänotyp in 

Makrophagen auszulösen - eine Fähigkeit, die bei apoptotischen Thymozyten oder apoptotischen 

Hepatozyten nicht beobachtet wurde. Die Phagozytose von apoptotischen Hepatozyten führte zu einer 

tolerogenen Funktion der Makrophagen, während apoptotische Thymozyten die IL-4-Antwort 

einschränken. Obwohl der vollständige Mechanismus, wie apoptotische Neutrophile eine 

gewebsumbauende Antwort der Makrophagen induzieren, nicht vollständig aufgeklärt werden 

konnte, deuten die Ergebnisse auf die Notwendigkeit eines Zell-Zell-Kontaktes hin. Die Ergebnisse 

wurden in ein murines Modell der Schistosoma mansoni Infektion übertragen. Es wurde festgestellt, 

dass sich während der Infektion apoptotische Zellen unterschiedlicher Herkunft in der Leber 

anreichern. Weiterhin konnte gezeigt werden, dass die Phagozytose von apoptotischen CD3+ Zellen 

über die AXL- und MERTK-Rezeptoren, die Granulom-Bildung und die Ablage der Parasiteneier 

beeinflusst. Darüber hinaus konnte gezeigt werden, dass die Identität der apoptotischen Zelle das 

therapeutische Potenzial von Makrophagen prägen kann, da nur der adoptive Transfer von 

Makrophagen, die zuvor apoptotische Neutrophile phagozytiert haben, die Ablagerung von 

Parasiteneiern reduzieren konnte und damit die Immunpathologie verbesserte. Zusammenfassend 

zeigen die gewonnenen Ergebnisse, dass die Phagozytose und Identität apoptotischer Zellen aktiv zur 

Funktion und zum Phänotyp von Makrophagen beitragen. Darüber hinaus kann die, durch 

apoptotische Zellen gesteuerte, Reprogrammierung die Bestimmung der Makrophagen in vivo 

verändern und könnte in Zukunft zur Verbesserung von Infektionsverläufen eingesetzt werden.  
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1 Introduction  

1.1 The immune system – a short overview  

The immune system protects the host from infections with parasites, viruses, bacteria and/or fungi1. 

It contains various cellular and soluble components that operate in a complex interplay to ensure a 

rapid elimination of pathogens without causing harm to the host. Accordingly, the immune system 

establishes self-tolerance and is able to identify self- and non-self-cells, and distinguishes between 

normal/healthy and degenerated/abnormal cells. The immune system consists of an innate and an 

adaptive arm. While the innate response is engaged early after the perturbation occurs and 

contributes to the non-specific defence of the host, the adaptive immune system, including B and 

T cells, is known for its high specificity against the invading pathogen. Antibodies are exclusively 

produced by B cells, which rapidly develop into plasma cells producing IgM as first defense2. After 

activation and presentation of antigens to T cells, B cells receiving signals via the CD40L/CD40 axis 

undergo an immunoglobulin switch, therefore producing IgA, IgG or IgE3,4. T cells mature in the thymus 

into CD8+ cells, prone to kill or supress the target cell, or into CD4+ cells, known as T helper cells 

(Th cells)3. T helper cells are able to further specialise into different subpopulations such as Th1, Th2, 

Th175. Th17 cells are defined by the production of IL-17 and IL-22 and associated with neutrophil and 

monocyte recruitment, thereby involved in destroying bacteria and fungi3. IFNγ is the defining cytokine 

of Th1 cells, which are associated in an immune reaction against intracellular pathogens and activation 

of macrophages. Th1 cells are mainly associated with a pro-inflammatory type 1 immune response in 

which pro-inflammatory cytokines are produced (e.g. tumor necrosis factor α (TNFα) and IL-2)6. Th2 

cells are defined by the production of IL-4, IL-5 and IL-137. They activate mast cells, eosinophils and 

anti-inflammatory/tissue remodelling macrophages and thereby contribute to the elimination of 

helminths. Th2 cells are highly induced in a type 2 immune response3. To establish an infection, 

invading pathogens need to overcome the first line of defence of the immune system, which comprises 

mechanical barriers, including the skin and mucous membranes, and innate immune cells like dendritic 

cells (DCs), natural killer (NK) cells, and macrophages. DCs appear in many subpopulations. However, 

besides playing a role in direct pathogen elimination, they mainly function as antigen-presenting cells 

(APCs). Through presenting antigens to naïve T cells, they initiate the adaptive immune response and 

directly shape T cell differentiation2,3,8. NK cells are known for their rapid production of toxic granzymes 

and killing of virus-infected cells9. In addition, they are able to limit or exacerbate the immune response 

of DCs, macrophages, T cells or endothelia cells9,10.  

Macrophages are a heterogeneous population of myeloid cells and play a key role in development, 

defence and homeostasis of the host by reacting to different internal and external stimuli. 

Macrophages function, in addition to DCs, as professional APCs by presenting antigens to other 

immune cells, like T cells, and thereby link the innate and the adaptive immune system2,3. Macrophages 
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are able to activate B and T cells and regulate proliferation and differentiation of lymphocytes11. In 

addition, macrophages contribute greatly to the immune response against and the clearance of 

parasites like the helminth S. mansoni, highlighting their functional relevance for disease outcome.  

 

1.1.1 Types of macrophages and their development  

Macrophages are present in every tissue of adult vertebrates and can be divided into 

circulating/infiltrating macrophages and tissue-resident macrophages. Infiltrating macrophages derive 

mainly from monocytes. Monocytes can have multiple origins. They can originate from the foetal 

liver12,13 or hematopoetic stem cells that produce, after BM colonisation, bone marrow monocytes. 

However, under inflammatory conditions monocytes can differentiate in situ14. After tissue infiltration, 

monocytes can develop into monocyte-derived macrophages (MDMs) upon response to tissue specific 

signals. If resident tissue macrophages are depleted, monocytes with a foetal liver origin are more 

prone to replenish the niche and fulfil tissue-specific functions compared to monocytes with a BM 

origin12. One of the major populations of MDMs is in the liver where they rapidly accumulate after toll-

like receptor (TLR) activation. These cells are characterised by the expression of CX3CR1+ and Ly6C+/- 15.  

Macrophages inside the tissue without a monocyte progenitor are tissue-resident macrophages. They 

are found in essentially every tissue e.g. as Kupffer cells (KCs) in the liver or even inside the epidermis, 

such as Langerhans cells16–18, which were historically defined as DCs, but through further 

transcriptional profiling considered now as tissue-resident macrophages19–21. Most of the tissue-

resident macrophages derive from the yolk sac and have a long life span. Under homeostatic 

conditions, they mainly renew themselves by local proliferation and are not replaced by cells from the 

BM. However, macrophages in the lung and kidney have chimeric origins from hematopoietic stem 

cells and the yolk sac, and BMDMs replace prenatal-derived macrophages in the gut22,23. Tissue-

resident macrophages are known for their heterogeneity, but still share some common features like 

the expression of the surface markers CD11b, F4/80 and CD6424. Additionally, all macrophages have a 

core program of transcription factors (TF) like RUNX1 (runt-related transcriptions factor 1), CEBPs 

(CCAAT/Enhancer-Binding-Protein) and high levels of the TF PU.1 (SPI1). Tissue-resident macrophages 

are dependent on signalling via the CSF1-CSF1R-axes (colony stimulating factor 1/- receptor) for their 

development and proliferation. A deficiency in one arm of CSF1-CSF1R-axes leads to a severe 

monocytopenia or depletion of tissue macrophages, as seen in mice with a Csf1r mutation that have a 

loss of microglia25-27. In addition, granulocytes-macrophages colony-stimulating factor (GM-CSF) and 

vascular endothelial growth factor (VEGF) contribute to the growth and development of 

macrophages12. Besides these common features, specific TF, metabolites, chemokines and other 

tissue-specific signals are able to modify their phenotype and function, thus contributing to the vast 

heterogeneity of tissue-resident macrophages. The tissue where they are located determines the 



Introduction  
 

3 
 

phenotype and nomenclature of resident macrophages. Hence, each resident macrophage population 

has a unique expression pattern of transcription factors regulated by tissue-specific signals. For 

instance, microglia, macrophages in the brain, are involved in brain surveillance and development28 

and regulate the synaptic pruning or neuronal proliferation. These cells are characterised by the 

microglia-specific TF, SALL1 (spalt-like transcription factor 1). IL-34, one of the ligands for CSF1R, and 

transforming growth factor β1 (TGFβ1) are important for the development and maintenance of 

microglia20. Intestinal macrophages are responsible for the pathogen elimination in the gut. To this 

end, they are able to interfere with the host-microbiota and regulate gut inflammation29. In addition, 

the differentiation of intestinal macrophages depends on TGFβ1 and the TF RUNX330,31.  TGFβ is also 

involved in the development of KCs. KCs are located inside the liver sinusoids and perisinusoidal space32 

and one of their main functions is to clear the portal blood flow from small particles, senescent red 

blood cells and cell debris33. However, the key regulator for their development is DNA binding 3 (ID3). 

It regulates TGFβ, and a deletion of Id3 results in reduced numbers of KCs that originate from foetal-

derived erythroid myeloid progenitors34. In addition, the TFs LXRα (liver x receptor α) and SPIC are 

suggested to be involved in the specialisation of KCs35, whereby after loss of KCs, monocytes that are 

recruited from the BM inside the liver, can acquire a KC-like phenotype, including the expression of 

transcription factor LXRα and ID3. This process is dependent on TNF and IL-1-induced endothelia and 

stellate activation respectively32. 

 

1.1.1.1 Macrophages in homeostasis  

Macrophages exert a variety of functions that all contribute to maintenance or re-establishment of 

tissue homeostasis. Besides antigen presentation, immune sentinel functions or phagocytosis, they are 

responsible for maintaining a constant level of metabolites like glucose, iron, amino acids or lipids15,36. 

Tissue integrity, for example in the eye, is maintained by macrophages through messenger transport 

to neighbouring cells37. However, more complex mechanisms to maintain tissue integrity like 

regulation of matrix metalloproteinase (MMP) expression or VEGF to induce angiogenesis are 

additionally mediated by macrophages38,39. The phagocytosis of cell debris by macrophages allows the 

normal function of organs. Moreover, the phagocytosed cells or tissue compartments are often 

recycled for production of new proteins in an energy-efficient manner40. Small injuries are rapidly 

healed by the tissue-resident macrophages, preventing constant inflammatory responses in the 

host22,41. Since macrophages are also found in tissues where no blood vessels exist, like the cornea or 

inside the joints, they are responsible for translating tissue information into daily tissue function. 

Besides these quotidian functions, macrophages regulate changes in the metabolism of the host. For 

example, they are able to sense hormone changes during pregnancy and induce an immune-tolerant 

environment for the embryo. Furthermore, macrophages are important for the homeostasis of the 
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internal fluid system. Macrophages inside the skin sense electrolyte compositions of the lymphatic 

system and in response can upregulate TF to induce the production of osmoprotective genes to 

overcome osmotic stress and to re-establish homeostasis42. Furthermore, macrophages are able to 

communicate with other cell types to maintain homeostasis as e.g. NK cells (via IL-10 or IL-1β), innate 

lymphoid cells or T cells (via PD-1/PD-L1, IL-10, IL- 4 or IL-13)43. However, macrophages are also able 

to regulate themselves. They are able to produce factors, like small molecules or nucleotides, to 

maintain homeostasis after receiving stress signals, like TLR stimulation. In line with this, regulatory 

mechanisms are also activated simultaneously by macrophages to restrict their own response and to 

re-establish homeostasis40.  

 

1.1.1.2 Polarisation of macrophages during tissue damage und disease  

Besides their contribution to the maintenance of tissue homeostasis, macrophages are also highly 

involved in tissue damage and diseases. After tissue damage, high amounts of infiltrating monocytes 

are recruited from the blood to the site of injury. Macrophages are highly plastic and able to polarise 

into different phenotypes, with environmental factors and the surrounding tissue as key factors for 

the polarisation44–46. Over the last years, many definitions of subpopulations and nomenclatures of 

macrophages have been proposed. From first distinguishing between interferon γ (IFNγ)/TLR and IL-4 

induced macrophages44,47, over M1 (classical activated macrophages by IFNγ) and M2 macrophages 

(alternative activated macrophages by IL-4/IL-13)48, to a more subdivided polarisation nomenclature 

as M2a, M2b etc.49,50 or classifications by the decisive generating agents such as GM-CSF1 or 

MCSF151,52. Put simply, macrophages can polarise into a more pro- or anti-inflammatory phenotype.  

 

The pro-inflammatory phenotype is induced e.g. by pathogen-associated molecular patterns (PAMPs) 

and damage-associated molecular patterns (DAMPs) and characterised by the release of IL-12, IL-1 or 

TNFα41,53 as well as by the production of reactive oxygen species (ROS) like iNOS (inducible nitric oxide 

synthase) as an anti-microbial defence mechanism3. Induction of a pro-inflammatory phenotype 

ensures tissue sterility after bacterial infection or injuries and is often associated with Th1 cell activities 

that themselves activate pro-inflammatory macrophages through IFNγ and CD40-CD40L interactions3 

(see 1.1). This pro-inflammatory response of macrophages is obligatory for the clearance of invading 

pathogens and thereby advantageous for the host. However, if not controlled, an exacerbated immune 

response leads to immune pathology. In some individuals, this results in the cytokine storm syndrome 

and lymphocytopenia, characterised by elevated production of TNFα and IL-6 by macrophages13,54.  

 

To control the pro-inflammatory response, macrophages can polarise into a more anti-

inflammatory/tissue remodelling phenotype, which actively suppresses the expression of IL-6 and 
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TNFα, terminates inflammation and initiates repair mechanisms. This polarisation happens mainly 

after Th2 cell activation and upon production of IL-4/IL-13/IL-33 from Th2 cells, innate lymphoid cells, 

B cells, mast cells, basophils, eosinophils or during the course of parasitic infections and allergies55. 

However, in a setting of allergies a more detailed characterisation of the tissue remodelling phenotype 

of macrophages is needed, since the response of macrophages cannot be described as an anti-

inflammatory one in this context. The tissue remodelling/anti-inflammatory phenotype is 

characterised by the production of cytokines like IL-4, IL-10 and TGFβ and growth factors like platelet-

derived growth factors (PDGFs), fibroblast growth factors (FGFs) or VEGFs17,49,56–58. A further 

characteristic of the anti-inflammatory phenotype is the upregulation of tissue remodelling genes like 

Cd206 (Mrc1), Resistin-like molecule alpha (Retnla), Arginase 1 (Arg1), Chitinase-like protein 3 (Chil3)  

or Eosinophil cationic protein 2 (Ear2). Together these changes result in a tissue remodelling phenotype 

of macrophages. TGFβ, for example, induces collagen synthesis, inhibits NO production and stimulates 

Arg1 expression48, whereas PDGFs activate fibroblast proliferation3. Consequently, anti-inflammatory 

macrophages are associated with defence responses against parasites and promotion of wound 

healing and tissue repair. Besides IL-33 and IL-21 that induce an anti-inflammatory phenotype of 

macrophages3, the sensing of IL-4 and IL-13 are the prototypical signals that trigger the acquisition of 

this anti-inflammatory profile in macrophages58. Although IL-4R (IL-4 receptor) and IL-13R (IL-13 

receptor) are both expressed by macrophages, their activation occurs at different stages of the 

immune response and their engagement results in the activation of distinct signalling pathways. IL-13R 

engagement is favoured in settings with persisting anti-inflammatory stimuli and the production of 

Th2 effector cell cytokines. IL-13 triggers the upregulation of the mannose receptor (CD206) and the 

depletion of the IL-13Rα1 results in allergen-induced airway hyperactivity in a model of infection with 

the helminth Nippostrongylus braziliensis47. In contrast, IL-4R activation induces Th2 cell differentiation 

at an early stage and at low concentrations of IL-4. Continuous IL-4 signalling is accompanied with 

increased Arg1, Chil3 and Retnla expression. The IL4Rα1 chain signals through a gamma chain and is 

phosphorylated by Jak2. If IL-13 binds the receptor, this is followed by activation of the STAT6 pathway 

in type II-mediated signalling. IL-4 binding to the receptor affects SHIP1/2. SHIP1/2 are further involved 

in macrophage protein phosphorylation by reducing IL-4 production from basophils59. Afterwards, 

downstream triggering of the PI3K/Akt pathway induces type I (mediated mainly by IL-4) and type II 

(mediated predominantly by IL-13) signalling60. Stimulation by the IL4Rα1 is essential for the protection 

against parasite infections like schistosomiasis61. During type 2 immune responses, IL-13/IL-4 is 

responsible for shifting iNOS synthesis towards ARG1 production in activated macrophages. This 

influences the permeability of the surrounding vessel, enhances cell division and recruitment, tissue 

integrity and wound healing.  
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Dysfunction of the activation of the tissue remodelling phenotype leads to enhanced or delayed 

healing and induces fibrosis when not tightly regulated (see 1.4.2). Additionally, IL-4/IL-13-induced 

macrophages play a role in tumour development and angiogenesis by producing e.g. VEGF, FGF or 

PDGF and in autoimmune diseases like asthma or insulin resistance.  

 

1.2 Phagocytosis  

The main function of macrophages is to engulf pathogens and altered self-targets (e.g. apoptotic cells 

and cellular debris, see 1.2.1)62. Phagocytosis plays a central role in several immunological processes 

like host defence, metabolic processes, autoimmunity, tissue remodelling and homeostasis63–67. In 

general, the term phagocytosis describes the uptake of particles over 0.5 µm68. It is an actin 

polymerisation-dependent process and a well-orchestrated interplay between the cytoskeleton, 

membrane rearrangement and signal transduction. Several receptors have been described to be 

involved in the recognition of invading pathogens. The pathogen-recognition receptors (PRRs) on the 

surface of macrophages recognise conserved structures of pathogens, the PAMPS or DAMPs. Different 

classes of PRRs are evolutionarily conserved and expressed on the surfaces of phagocytes. For 

example, the Fcγ-receptors recognise opsonised coated particles69,70, while TLRs are recognising 

PAMPS like LPS (TLR4), flagellin (TLR5), or dsRNA (TLR3). They are either expressed on the surface (TLR 

1, 2, 4, 5 and 6) or in the endosomal membrane (TLR 3, 7, 8 and 9) of macrophages71,72.  

 

1.2.1 Phosphatidylserine-induced phagocytosis of apoptotic cells  

Around one million cells are recycled in the human body every second. This amount of dying cells needs 

to be removed in order to maintain tissue function and provide space for healthy living cells. Illustrative 

processes are the elimination of spermatocytes or epithelial cells. In a homeostatic state this process 

is rapid and only small amounts of apoptotic cells are found inside the tissues73. The process can be 

divided into three main steps that result in the complete digestion of the target: i) Recognition of “find 

me” and “eat me” signals of apoptotic cells, ii) Internalisation, iii) Phagosome formation and 

maturation to a phagolysosome68,69,74,75.  

The first step includes “find me” signals. “Find me” signals are soluble factors that attract phagocytes 

via a chemokine gradient. Chemokines like fractalkine, adenosine triphosphate (ATP) or uridine 

triphosphate (UTP) are some examples76,77. Besides the “find me” signals, the “eat me” signals play a 

major role. “Eat me” signals are motifs or proteins exposed on the surface of apoptotic cells like 

ICAM-1/3, annexin I or calreticulin78,79. The best understood “eat me” signal is the exposure of 

phosphatidylserine (PtdSer) by dying cells80. Cells that go into apoptosis expose PtdSer, which is 

normally stored intracellularly on their surface in a caspase-dependent mechanism (see 1.3). PtdSer-

receptors are a broad family of receptors that recognise the “find me” and “eat me” signals exposed 
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by apoptotic cells78,79. Apoptotic cells are therefore recognised and internalised by PtdSer-receptor 

(PtdSer-R)-expressing cells, such as macrophages, which thereby can exert their function. The PtdSer-

R family includes the BAI-1 (brain-specific angiogenesis inhibitor), TIM-4 (T-cell membrane protein 4) 

and CD300f, which are able to directly bind to PtdSer. MerTK, Axl and Tyro3 (TAM receptors, firstly 

described by Lai & Lemke81) as well as CD36 are not able to directly bind to PtdSer and require bridging 

molecules. TIM-4 is able to promote the engulfment of apoptotic cells, but is described as a tether 

rather than as a phagocytic receptor itself, because of its capacity to work in complexes with integrins 

or MerTK62. Resident cells which normally express the TAM receptors often additionally express TIM-4 

in order to enhance apoptotic cell-engulfment76,82,83. MerTK and Axl are tyrosine kinase receptors, 

which contribute greatly to the clearance of apoptotic cells. Ligand binding activates these receptors 

by dimerisation. Protein S (Pros1) and growth arrest specific 6 (Gas6) are two of the bridging molecules 

which close the gap between PtdSer and MerTK or Axl. On the side of the receptor, one of the two N-

terminal immunoglobulin (Ig)-like domains binds Pros1 or Gas6. Gas6 has a higher affinity for Axl than 

MerTK, whereas Pros1 can bind to MerTK but not Axl. Both of these molecules bind to PtdSer in a Ca2+-

dependent manner and are essential for the induction of phagocytosis84–86. BMDMs that differentiate 

in the presence of GM-SCF are more prone to express Axl, while in BMDMs differentiated with MCSF 

an abundantly express MerTK but not Axl85. However, on KCs MerTK and Axl are co-expressed and act 

synergistically87. Inflammatory stimuli like LPS or TNF potently induce Axl expression in BMDMs. 

Surprisingly, IL-4 was additionally able to induce Axl expression85. In vivo studies showed that the 

activation of Axl leads to a suppression of Ifnb and Ifna4, revealing that Axl is more relevant in an 

inhibitory feedback loop in inflammatory or tissue injury settings. Furthermore, Axl is able to cleave 

itself from the surface of macrophages by activating proteases upon ligand binding. Soluble Axl (sAxl) 

can be detected alone or as a sAxl-Gas6 complex in the blood. Here, elevated sAxl levels indicate that 

Axl is used in early stages of phagocytosis and able to act in synergy with another receptor called LRP-1 

to enhance the engulfment88. The central role of MerTK lays presumably in tolerance85. A mild 

suppressive capacity of MerTK expression is observed after inflammatory stimuli. MerTK expression is 

upregulated by the addition of dexamethasone, LXR agonist or corticosteroids, while a downregulation 

of Axl mRNA occurs simultaneously in these settings89. Moreover, the lack of either Axl or MerTK on 

macrophages reduced their phagocytic capacity85,86,90.  

Besides function as “eat me” signal, PtdSer itself plays a crucial role for the induction of the anti-

inflammatory/tissue remodelling phenotype in macrophages. This phenotype is induced by two 

signals: i) the sensing of IL-4 or IL-13 and ii) the sensing of apoptotic cells (Fig. 1). PtdSer on the surface 

of apoptotic cells is sensed by macrophages via the PtdSer-R and if this interaction is inhibited, 

macrophages do not acquire tissue remodelling gene expression91. Therefore both signals are essential 

for macrophages to polarise into an anti-inflammatory/tissue remodelling phenotype91. Dysfunction in 
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the clearance of apoptotic cells, like the inhibition of PtdSer sensing by blocking with Annexin V or 

deletion of Axl and MerTK, leads to a decreased expression of tissue remodelling/anti-inflammatory 

proteins, apoptotic cell accumulation or the release of proteases from dead cells77,91.  

 

 

Fig. 1: Sensing of apoptotic cells and IL-4 induces an anti-inflammatory, tissue remodelling phenotype in 
macrophages.  
Phosphatidylserine (PtdSer) is exposed on the surface of apoptotic cells (ACs). Macrophages are able to sense 
and engulf the ACs via their PtdSer-Receptor (PtdSer-R). If IL-4 is additionally sensed by the IL-4R, macrophages 
polarise into an anti-inflammatory phenotype. This is characterised by the upregulation of genes like Arg1, Retnla 
or Chil3. Created with BioRender.com.92   
 

 

In homeostatic condition, the clearance of apoptotic cells by macrophages takes place without any 

induction of inflammation or autoimmunity. Since the beginning of the 1990s it has been known that 

phagocytosis of apoptotic cells is not a silent process, but alters the environment. Indeed, after 

phagocytosis macrophages are able to induce an immune-suppressive environment93. The engulfment 

of apoptotic cells, but not necrotic cells, induces the release of anti-inflammatory factors by activation 

of e.g. LXR α/β or PPAR γ/δ and factors like TGFβ, Prostaglandins E2 (PGE2) and IL-10 are produced94.   

In the presence of tissue injury, apoptotic cells can accumulate and provide inflammatory signals. To 

promote the resolution of this inflammation, apoptotic cells are phagocytosed by macrophages. 

Therefore, low amounts of endotoxins such as the sensing of DAMPs and PAMPs support the 

suppression of inflammatory cytokines produced by apoptotic cells. This process is mainly dependent 

on the ectonucleotidase CD73. Together with CD39, CD73 is involved in the degradation of ATP. CD39 

converts ATP to AMP (adenosine monophosphate) and CD73 further dephosphorylates AMP to 

adenosine. During injury, apoptotic cells are able to release AMP, which is then further degraded to 

adenosine. Adenosine itself can supress pro-inflammatory cytokines such as TNFα, favouring an 
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immune-regulatory phenotype of macrophages95,96. Surprisingly, CD39 is not involved in this process. 

However, during sepsis, when TLR stimulation occurs, macrophages produce ATP and hydrolyse ATP 

themselves via CD39. In this way, macrophages regulate their own activation status towards a 

regulatory phenotype97.  

After the resolution of inflammation, new signals are needed to compensate for the damage and the 

loss of the cells. Therefore, removal of these apoptotic cells induces the secretion of regenerative 

signals. Factors like platelet-activating factor (PAF), hepatocyte growth factor (HGF) and VEGF are 

released and contribute to healing of the damaged tissue. In addition, macrophages differentiate into 

a tissue remodelling phenotype with the aim of helping to reconstruct the extracellular matrix (ECM) 

and favouring the healing process. TGFβ secretion by macrophages supresses’ production of e.g. IL-12, 

IL-8, IL-1β in an autocrine/paracrine manner. Phagocytosis receptors on the surface of macrophages 

contribute to the resolution. As an example, a direct anti-inflammatory effect by the suppression of 

NF-kB has been described for MerTK98. Additionally, regulatory T cells (Tregs) are activated by 

macrophages and take part in the induced immunosuppressive environment by phagocytosis93,99–104. 

Ineffective clearance of apoptotic cells and the resulting accumulation contributes to chronic and 

autoimmune inflammation seen in e.g. systemic lupus erythematosus (SLE), Alzheimer’s disease, 

atherosclerosis, cardiovascular disease and Parkinson’s disease105. 

 

However, cells are able to inhibit their uptake by the exposure of “don’t eat me” signals. The most 

prominent one is the SIRP1α/CD47 axis106. SIRP1α (CD172) is mainly expressed on tissue-resident 

macrophages and myeloid cells. It contains an immunoreceptor tyrosine-based inhibition motif (ITIM), 

characteristic for inhibitory receptors. Although the interaction affinity between SIRP1α and CD47 is 

low, CD47 is found on many cells of the immune system, like memory T cells. Here, the high amounts 

of CD47 on their surface favouring their survival, as the binding of CD47 to SIRPα inhibits the 

phagocytosis of the memory T cell106. Additionally, the immunological synapses formed between target 

cells and macrophages could play a role. Neutrophils require the formation of an immunological 

synapse to kill target cells. However, disruption of the immunological synapse by the CD47-SIRPα 

interaction favours survival107. In addition, the loss or dispersed expression of CD47 on the surface of 

cells induced the engulfment of the cell by macrophages108. 

 

1.3 Apoptosis  

Apoptosis, a programmed form of cell death, is one important mechanism of the body to clear old or 

abnormal cells without inducing inflammation109. The induction of apoptosis is a normal process during 

e.g. development and aging, like the deletion of the webbing between the finger of an embryo67,110. 

Apoptosis is linked to anti-inflammatory responses when apoptotic cells are recognised and cleared by 
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phagocytes (see 1.2.1). If apoptosis is impaired, cells likely die via secondary necrosis, thus triggering 

a pro-inflammatory response. Apoptosis is a tightly regulated process, since apoptosis cannot be 

stopped easily once it has begun. Characteristic morphological changes during apoptosis are shrinkage 

of the cell, chromatin condensation, DNA fragmentation, membrane blebbing followed by 

fragmentation to apoptotic bodies or the exposure of “eat me” signals for phagocytosis (such as 

PtdSer)76,111,112. Besides that, it is known that apoptosis depends on active protein synthesis since 

treatment with cyclohexamide and actinomycin D inhibits apoptotic morphological changes113.  

 

Apoptosis can be induced by an intrinsic/mitochondrial or extrinsic pathway through different factors. 

Several of these factors have a pleiotropic function in the body. Hormones or growth factors are among 

these factors. On the one hand they actively block death pathways inside cells to keep them alive, on 

the other hand hormones such as corticosteroids induce apoptosis in e.g. thymocytes114. Toxins, heat, 

radiation, hypoxia, inflammation, pathogens and drugs are known to induce apoptosis in cells via the 

intrinsic/mitochondrial pathway. Under homeostatic conditions, pro-apoptotic proteins (e.g. Bax, Bak, 

Bid) are inhibited by anti-apoptotic proteins (e.g. Bcl-2, Bcl-xL) of the Bcl family inside the 

mitochondria. Briefly, the pro-apoptotic molecules induce permeabilisation of the mitochondrial 

membrane resulting in the release of cytochrome C. Afterwards, a complex consisting of cytochrome C, 

apoptotic protease activating factor 1 (APAF1) and inactivated caspase 9 is formed - the apoptosome. 

This complex initiates the final step of apoptosis induction. Here, through activated caspase 9, the 

effector caspases 3/6/7 are further activated resulting in the death of the cell115–117. 

Fas or TNF-receptors (TNF-R) can induce survival of the cells via the NFkB pathway, but more often 

activate apoptosis in cells after ligand binding. The induction of apoptosis via these receptors is 

described as the extrinsic pathway118. The best described death-receptors-ligand interactions are 

FAS-Receptor/FAS-Ligand, TNF-R1/TNFα and TRAIL-R1/R2/TRAIL (TNF-related apoptosis induced 

ligand-receptor 1 and 2/ TNF-related apoptosis induced ligand)119. FAS-L binding leads to FAS-Receptor 

clustering and recruitment of adaptor molecules like FAS-associated death domain (FADD) or tumour 

necrosis factor receptor type 1-associated DEATH domain (TRADD). FADD or TRADD recruit caspase 8, 

which oligomerises and self-cleaves. Caspase 8 then activates caspase 3, leading to apoptosis of the 

cell. In the intrinsic pathway the direct activation of caspase 3 always leads to apoptosis. In the extrinsic 

pathway the amount of activated caspase 8 is not always sufficient to activate caspase 3 and might be 

need to amplified115,116,118–120. The morphological hallmarks of apoptosis mainly result from caspase 

activity. Inhibition of caspase activity leads to severe dysfunctions, like reduced life span or 

malformations. Blocking caspase binding sites in a flippase (ATP11C), which transports PtdSer from the 

outer membrane to the inner membrane in living cells, leads to the loss of PtdSer exposure on the 

surface of apoptotic cells and leads to apoptotic cell accumulation121. 
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Although apoptosis is a beneficial process (e.g. embryogenesis or clearance of old cells), it can have 

detrimental effects when induced by parasitic infections122. During Plasmodium spp. infection the 

induction of apoptosis in later stages of the disease helps the parasite through inhibition of a proper 

immune response, while helping the host to limit exaggerated inflammatory responses. At the same 

time, in the early phase the sporozoites are able to induce apoptosis in KCs, reducing the amount of 

produced cytokines for immune system activation123. In Chagas disease, the apoptosis of 

cardiomyocytes is one of the most severe characteristics of the pathology. While infected cells seemed 

to be protected from apoptosis, uninfected neighbouring cells received apoptosis signals from infected 

cells, which were reprogrammed by the parasite. This indicates that the increased area of dying cells 

may inducing heart failure122. During infection with the parasite Schistosoma spp. numerous cells 

undergo apoptosis. Since for the present thesis the model of Schistosomiasis was used, the immune 

response against it is described in more detail below (see 1.4.2). 

 

1.4 Schistosomiasis  

Schistosomiasis, also known as bilharzia, is a parasite infection caused by the trematode worm 

Schistosoma spp. Over 240 million people worldwide are affected and would need preventive 

treatment124. The majority of cases are located in Africa (around 90 %), but Schistosoma spp. are also 

endemic in Asia, Middle East, South America or South Europe (Fig. 2).  

 

Fig. 2: Distribution of Schistosomiasis in 2014-WHO.  
Schistosoma spp. prevalence shown over the world. Orange colour shows countries with low risk for the 
infection, while red coloured countries have a high risk for the infection. White countries have no risk or risk is 
not determined. ©WHO 2015.  
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Six human-pathogen species are known to induce different forms of schistosomiasis: Schistosoma 

haematobium causes urogenital schistosomiasis, while Schistosoma guineensis, Schistosoma 

intercalatum, Schistosoma mansoni, Schistosoma japonicum, Schistosoma mekongi cause intestinal 

schistosomiasis125,126. The focus of this work lays on the most prominent species Schistosoma mansoni 

(S. mansoni); therefore the following parts are written with regard to the infection with this species.  

The most vulnerable group are children over five years, pregnant women or persons with close contact 

to water, such as fishermen or people working in agriculture. Infected children are mostly affected by 

malnutrition or growth/mental defects. Pregnant women are at risk of premature delivery, low birth 

weight and increased mortality and morbidity rate. First symptoms of schistosomiasis occur 2-12 

weeks (peaks 7-8 weeks) post infection. The acute phase of the disease in characterised by symptoms 

such as katayama fever, headache, myalgia, rash or bloody diarrhoea127. Chronic manifestations of the 

disease can occur after months or years of infection, including symptoms like hypertension, ascites, 

liver failure or fibrosis. Over 3.3 million people suffer from a disability after infection with Schistosoma 

spp., affecting their ability to work and acceptance in the community128,129.  

The presence of antibodies in the blood or eggs in the stool, detected with e.g. the Kato-Katz method, 

verifies schistosomiasis and the only available drug to treat schistosomiasis is praziquantel, which is 

broadly used. Although the WHO planned to eliminate the morbidity caused by schistosomiasis in 

African countries using praziquantel by the end of 2020, until 2018 more than half of the people 

requiring treatment had not been reached. In addition to this, praziquantel has several disadvantages: 

i) The drug is not effective against the juvenile worm or chronic forms of the infection. ii) Re-infection 

after treatments have often been reported, leading to long-term drug administrations over years. 

iii) No appropriate paediatric formulation of praziquantel is available for pre-school children, therefore 

resulting in high infection rates in early childhood and the risk of developmental retardation. Since 

praziquantel is the only available drug for the treatment of schistosomiasis the risk of drug resistance 

is high126,128. 

 

1.4.1 Life cycle of Schistosoma mansoni  

S. mansoni is a soil-transmitting helminth and appears mostly in rural areas. With the rise of tourism, 

the number of infected tourists and the occurrence in urban areas is increasing. The transmission of 

the disease starts with an infected mammalian host (humans, dogs or mice) contaminating a 

freshwater source by releasing faeces or urine including eggs of the parasite. The eggs are hatched, 

develop into miracidias and are ingested by a freshwater snail - their intermediate host (Fig. 3). In the 

context of S. mansoni, a Biomphalaria snail represents the intermediate host. The larva asexually 

reproduce in the snail, as sporocysts. Approximately 250-600 cercariae are released into the water per 

day by the snail and need in a period of 48 h to find and actively penetrate their mammalian host. 
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Inside the host the cercariae develop over schistosomula to schistsomes while migrating through the 

blood or lymph vessel of the host to the lung130. The worm remains there for more than two weeks 

until it enters the vessels again to reach the hepatoportal circulation. In the hepatoportal circulation, 

the parasite develops into an adult worm. S. mansoni worms then reach the mesenteric vessels of the 

large or small intestine (mainly colon and caecum). In the mesenteric vessel the worms are able to live 

up to 10 years, while mating and producing around 100-300 eggs per day127,131. The eggs are released 

in the capillary walls where they are distributed through the blood flow or translocated into the 

intestinal lumen. The life cycle completes with the release of the eggs within the faeces or urine into a 

freshwater source. 

 

 

Fig. 3: Life cycle of Schistosoma mansoni. 
The life cycle of Schistosoma mansoni consists of two parts. Eggs are released in the water and hatch into 
miracediums. This stadium is able to invade fresh water snails, the animal host. Cercariae, the infectious stage of 
the worm, are released from the fresh water snail. Contact with the human host leads to active penetration of 
the skin by the ceracarie within minutes. Inside the human host, the cercariae lose their tails and mature into 
schistosomulae. The schistosumulae are able to travel through the body via the lymph and the blood stream. The 
adult worms live in the vessels of the intestine. Here they mate and release eggs. Eggs are released by the faeces 
to complete the life cycle. Occasionally, these eggs become stuck inside the vessels of the liver, inducing 
granuloma formation. Created with BioRender.com92. 

 
 
In most of the cases, the eggs are not excreted but swept into other organs. Most of the swept eggs 

are found in the liver. The eggs induce an inflammatory response due to their high antigenicity 

followed by the formation of a granuloma around the egg. This rearrangement of the tissue induces 
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fibrosis, leading to the pathology of the chronic-disease like portal lesion, hypertension and 

gastrointestinal bleeding up to liver failure131. 

 

1.4.2 Immune response during Schistosoma mansoni infection  

The first phase of the infection with Schistosoma spp. refers to the acute schistosomiasis while in the 

later stage chronic schistosomiasis manifests. In the acute phase, migrating schistosomulae induce a 

strong pro-inflammatory type 1 immune response in the host with elevated levels of IL-12, TNFα, IL-6 

and IFNγ in the first 4-6 weeks of infection. These cytokines induce the katayama fever and lead to 

strong intestinal inflammation and death of the host if not restricted. To terminate this response, a 

type 2 response is induced, triggered by the production of eggs around 6 weeks post infection and the 

release of soluble egg antigen (SEA). Th2 cell polarisation is induced and accompanied by a decrease 

of IFNγ levels. The type 2 response increases eosinophils, IL-4, IL-5, IL-10 and IL-13 levels and induces 

the switch of antibody isotypes towards IgG and IgE. This response peaks 8 weeks post infection. The 

polarisation of macrophages towards a tissue remodelling, anti-inflammatory phenotype is essential 

for this switch and for the survival of the host. Furthermore, the polarisation is triggered in a feedback 

loop. However, IL-10 produced by macrophages plays a dual role during infection. In the acute phase 

IL-10 suppresses IFNγ and type 1 cytokines vial IL-12/IL-12R, while in the later stages IL-10 is essential 

to control the type 2 response127,131.  

 

As described before (see 1.4.1), not-excreted eggs are trapped in the liver or intestine. The 

immunogenicity of the egg induces the formation of the granuloma around the egg guided by a fibrotic 

response131–133. The response to the schistosoma egg can be separated into five steps: the weakly 

reactive, exudative, exudative-productive, productive and involutional stages132. Around the eggs, 

accumulation of neutrophils and eosinophils leads to the early formation of a micro-abscess. This 

abscess matures into a granuloma. Epithelioid cells and macrophages surround the neutrophil 

eosinophils layer in the periphery. Hepatic stellate cells (HSC) are located in the Disse space of the liver 

and are responsible for maintaining the ECM. These cells are activated in response to the egg and 

trans-differentiate into a myofibroblast, producing high amounts of collagen127,129,134,135. In the 

productive stage, myofibroblasts and collagen are present in the outer layer of the granuloma. B and 

T cells are infiltrating the granuloma during this stage. The closure line of the granuloma to the healthy 

tissue is formed by hepatocytes. In the involutional stage, the degeneration of the egg leads to 

increased numbers of fibrocytes, an increase in collagen production and the formation of a new outer 

zone layer comprised of eosinophils, leukocytes and plasma cells. This formation involves a lot of 

remodelling of the surrounding tissues. In the last step, collagen necrosis induces shrinking of the 

granuloma and egg calcification. The chronic phase response decreases around three months post 
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infection, including reduced granuloma inflammation and hyporesponsiveness through increased 

levels in Tregs and B cells127,131,132. The size of newly formed granuloma decreases over weeks 8-20 post 

infection, but are unresolved and stable in size at least till 32 weeks post infection131.  

The composition of the granuloma differs in dependency of the tissue. The intestinal granuloma 

composition is more similar to the early stages of a liver granuloma. It consists of fewer eosinophils, 

T and B cells but more macrophages compared to a grown liver granuloma. It helps to translocate the 

egg into the gastrointestinal lumen and is mostly temporally restricted136. Liver granulomas, on the 

other hand, are not able to shed, becoming fibrotic and inhibiting the release of hepatotoxic secretions 

from the eggs. Eosinophils, neutrophils, T and B cells are frequently found inside131.   

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Granuloma formation in the liver. 
The granuloma encloses the egg, restricting its antigenicity. Besides the egg, the granuloma consists of different 
immune cells such as T cells, B cells or eosinophils. During the chronic phase of the disease, the collagen content 
increases over time.  

 
 
Macrophages play a crucial role during the immune response, since high levels of IL-4 and IL-13 have 

a profound impact on their phenotype and function. Already in the early stage, when the cercariae are 

actively penetrating the human skin, Langerhans cells are activated (macrophages of the skin) and 

produce IL-10137. Furthermore, macrophages phagocytose and present cercariae antigens, promoting 

IL-4 production by CD4+ T cells through binding of released cercariae material via CD206. In addition, 

signalling through the CD206 receptor induces an anti-inflammatory response in macrophages. 

Infection of mice with deletion of the CD206 receptor was accompanied by CD4+ T cell polarisation 

towards Th1, instead of Th2, and increased production of IFNγ and lower IL-4 levels138. Multiple 

exposure to S. mansoni cercariae shapes skin-macrophages towards a tissue remodelling phenotype 

through IL-4 and IL-13 enrichment in the skin, but also induce T cell hyporesponsiveness139. After 
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maturing into schistosomulae, the worm seems to be highly susceptible to cellular immune attack in 

the first days after developing, but not later on140. Here, vaccine studies using Sm-p80 showed 

enhanced macrophage antibody-dependent cell-mediated cytotoxicity (ADCC) against the 

schistosomulae141. After reaching the intestine, the worm further matures and activates tissue 

remodelling macrophages through TLR activation or histamine release. In line with this, tissue 

rearrangement occurs through MMPs or collagenase release by eosinophils or macrophages142. 

Released alarmins like IL-33 and IL-25 from the damaged tissue stimulate IL-4, IL-5 and IL-13 release, 

favouring further macrophage activation towards a tissue remodelling phenotype143,144.  

If the worm reaches the adult stage, it is less likely that macrophages are able to eliminate the parasite 

and therefore the immune response focuses on limiting collateral damage induced by the parasite. 

Although necessary for the survival of the host, this induces the chronic progression of the disease; the 

formation of granulomas to reduce immunogenicity of the trapped egg145 and induction of fibrosis in 

the late stage146. This dual role of macrophages could be observed through depletion of macrophages 

(CD11b+F4/80+) during the chronic phase of S. mansoni, which reduced granuloma-induced 

inflammation and liver fibrosis147. The induced anti-inflammatory/tissue remodelling macrophages are 

characterised by expressing e.g. Arg1 and Rentla. ARG1 metabolites proline and polyamine induce 

collagen synthesis and thereby favour fibrogenesis in the chronic phase of the disease. During the early 

acute phase of the disease, ARG1 is beneficial for the host. It inhibits cachexia, endotoxemia, mortality 

and egg accumulation in the intestine as seen in Arg1-/- mice where these symptoms are accompanied 

with low levels of IL-10 and TGFβ148. In addition, macrophages lacking Arg1 expression were in 

particular associated with increased susceptibility, liver fibrosis and granuloma inflammation149. 

RELMα (gene name Retnla) activates fibroblast and collagen organisation in the liver, and therefore 

contributes to the progression of liver fibrosis. However, mice lacking Rentla expression showed 

enhanced fibrosis, granuloma size and pulmonary inflammation during the infection150. Thus, RELMα 

and ARG1 restrict Th2-induced pathology, which is accompanied by IL-4 and IL-13 production. Here, IL-

4 determines the granuloma response, including the size, activation of Th2 proliferation, IL-5 and IL-13 

production. IL-13 is the key cytokine during schistosomiasis for the induction of liver fibrosis and 

activates fibrotic pathways in target cells, TGFβ independently151. High levels of IL-13 are correlated 

with disease severity and progression152. Both cytokines enhance the immune response respectively 

and both cytokines signal via the IL-4Rα.  

The recruitment of macrophages in the liver during schistosomiasis is mainly IL-4Rα-independent. 

Most of these macrophages have a blood-monocyte origin and it is controversially discussed whether 

IL-4Rα is directly linked to the protective response from macrophages during infection153. LysM-

restricted IL-4Rα depletion increases the mortality with less dense but larger granulomas154. Depletion 

of IL-4Rα specifically in macrophages has no direct impact on the mortality but increases liver 
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inflammation155. However, signalling via IL-4Rα enhances the production of IL-10 and TGFβ in 

macrophages with a tissue remodelling phenotype156. Stimulation of macrophages with Schistosoma 

antigen increases IL-10 production and inhibits pro-inflammatory polarisation of macrophage after 

IFNγ or LPS stimulation. However, delayed antigen presentation was observed157. Although IL-10 

production by macrophages reduced morbidity158 and high levels promote anti-fibrotic-processes159, 

IL-10 is not able to compensate loss of tissue remodelling macrophages154. Furthermore, IL-10 is 

additionally produced by CD4+Foxp3+ regulator T cells and tissue remodelling macrophages promote 

Treg differentiation during the infection. They are recruited to the liver and limit granuloma-induced 

inflammatory responses and supress pro-inflammatory cytokine production160.   

During the chronic phase of the disease monocytes infiltrate the liver and polarise into CD206+PD-L2+ 

macrophages in a T cell dependent manner, contributing to the tissue remodelling process161. 

However, monocytes are in general involved in the response to the infection. Numbers of Ly6C+ 

monocytes rise during the infection and acquire CX3CR1+ expression in the infected liver. Depletion of 

these monocytes resulted in loss of the protective Th2 response with an increase in weight loss, 

controversially accompanied by smaller granulomas145. Transfer of monocytes reduced liver fibrosis, 

pro-fibrogenic mediators (e.g. TGFβ or IL-1β) and M1 markers with simultaneous upregulation of M2 

markers162. In addition, studies using mice lacking CD18 (a/β integrin responsible for leukocyte trans-

endothelia migration) resulted in monocytopenia. Higher worm burden accompanied with increased 

granuloma formation, egg deposition and mortality was the consequence163. Furthermore, in patients 

with schistosomiasis monocytes contribute to the liver fibrosis. Here, human monocytes increased the 

expression of TGFβ and liver fibrosis146, presumably a response of monocytes to SEA as observed in 

vitro. Additionally, SEA induce monocytes to produce high levels of  suppressor of cytokine signalling 1 

(SOCS1), IL-10, TNFα and IL-12164. KC numbers decline simultaneously with the rising numbers of 

monocytes during infection. Although KCs are not responsible for the disease outcome, since depleting 

KCs resulted in no changes in the survival rates, they constantly recruit new monocytes to the liver that 

acquire tissue resident macrophage characteristics.165. 

 

During the infection, many factors induce apoptosis in the host cells. While on the one hand the 

migrating worm is harming the host, on the other hand the translocation of the egg through the 

intestinal wall and the formation of the granuloma are accompanied by cell death. Hypoxia and toxic 

substances released by the eggs are responsible for induction of apoptosis within the granuloma. In 

addition, the formation of the granuloma leads to apoptosis of the enclosed cells in the long term. The 

SEA is able to specifically induce apoptosis in T cells and hepatic stellate cells, modifying the immune 

response of the host166. Studies demonstrated that Th1 cells are more susceptible than Th2 cells to 

apoptosis during infection and apoptotic CD4+ cells are found in high numbers inside the granuloma 
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and spleen in the acute stage of the disease. An increase in SEA-induced Fas-L expression could be 

found in B cells and favours apoptosis of this cells167,168. Importantly, all dying cells are able to be 

phagocytosed by the neighbouring macrophages, within both the intestine and the liver granuloma. 

 

1.5 Aim of the study  

The crosstalk between macrophages and apoptotic cells has been broadly investigated, however, many 

unanswered questions still remain. In the presence of IL-4/IL-13, the phagocytosis of apoptotic cells 

commits macrophages towards an anti-inflammatory/tissue remodelling phenotype. The full 

dissection of this interplay is crucial to understand how apoptotic cells shape the response of 

macrophages. Up to now, apoptotic cells have only been described by their characteristic 

morphological changes. Although they can originate from various cell types, a contribution of the 

apoptotic cell identity to the polarisation of macrophages has not been investigated so far.  

The aim of the study was to investigate whether the phagocytosis of different apoptotic cells affects 

the functional heterogeneity of the corresponding macrophages in dependency of the original 

apoptotic cell identity. In particular, the influence of apoptotic cells on the IL-4 response of 

macrophages was analysed. Furthermore, Schistosoma mansoni infection of mice with a genetic 

ablation in macrophages allowed investigation of the effect of phagocytosis on the immune pathology. 

In addition, these findings could be used to improve the therapeutic potential of macrophages in the 

context of Schistosoma mansoni by pre-treatment with apoptotic cells.  
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2 Materials  

2.1 Laboratory equipment  

Table 1: Laboratory Equipment and companies  

Name Company  

Accuri C6TM BDBiosciences, Heidelberg, Germany  

Agarose gel electrophoresis chamber BioRAD, Munich, Germany  

Analytical scale Satorius AG, Göttingen, Germany 

Benchtop centrifuge  Eppendorf, Hamburg, Germany 

Cell sorter FACSaria III Becton Dickinson, Heidelberg, Germany 

Centrifuge  Eppendorf, Hamburg, Germany 

ChemiDoc Touch Imaging System BioRAD, Munich, Germany  

Dissection instruments (forceps & scissors) Neolab, Heidelberg, Germany 

ELISA Photometer MRX-II Dynex Technologies, Berlin, Germany 

FACSAria II BD Biosciences, Heidelberg, Germany 

Freezer -20°C /-70°C Liebherr, Biberach an der Riss, Germany 

Fridge Comfort Liebherr, Biberach an der Riss, Germany 

Incubator   Hearaues instruments, Hanau, Germany  

Laminar flow FlowSafeB-(MacPro)³-130 Brener, Elmshorn, Germany 

LSR II BD Biosciences, Heidelberg, Germany 

MACS Magnet Miltenyi Biotec, Bergisch Gladbach, Germany 

Microscope Keyence Nikon GmbH, Düsseldorf, Germany 

Multichannel pipettes  Eppendorf, Hamburg, Germany 

NanoDrop 2000C ThermoScientifc, Waltham, USA 

PCR machine (Peqstar 96x Universal Gradient) Peqlab, Erlangen, Germany 

Pipettboy Acujet pro   Brand, Wertheim Germany  

Pipettes (10 µL,20 µL, 200 µL, 1000 µL) HTL, Wertheim, Germany 

Power supply BioRAD, Munich, Germany 

Thermomixer MM B Braun, Melsungen, Germany 

Vortexer Genie 2 Bender & Hobein AG, Zürich, Switzerland 

Water bath Haake, Kahlsruhe, Germany  
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2.2 Glass and plastic consumables  

Table 2. Plastic and glass consumables 

Name Company 

Cannula, Sterican, 2 G, 14 G , 21 G B. Braun Melsungen AG, Melsungen, Germany 

Cell culture plate (6/24/96 U/R bottom)  Greiner bio-one, Frickenhausen, Germany 

Cell Strainer (100, 70, 40µm) Pluriselect, Leipzig, Germany 

Cryo tubes Nunc, Wiesbaden, Germany  

ELISA plate (microplate high binding)  Greiner bio-one, Frickenhausen 

FACS tubes  Sarstedt, Nürmbrecht, Germany 

Falcons (15, 50 mL) Sarstedt, Nürmbrecht, Germany 

Glass-pipettes (2, 5, 10, 20 mL) Brand GmbH, Wertheim, Germany 

Glass-bottle (50, 100, 200, 500, 1000 mL) Schott AG, Mainz, Germany 

LS-MACS columns Miltenyi Biotec, Bergish Gladbach, Germany 

Neubauer Chamber (0.1 x 0.0025 mm²) Hecht-Assistent, Sondheim, Germany 

Omnican 500 / 1000 µL B Braun Melsungen AG, Melsungen, Germany  

Pasteur pipettes glass Fisher Scientific GmbH, Schwerte, Germany 

Petri dish 15 cm  Sarstedt, Nürmbrecht, Germany 

Pipette tips (10,20,200,1000 µL) Sarstedt, Nürmbrecht, Germany  

Plastic pipettes (5, 10, 25 mL) Sarstedt, Nürmbrecht, Germany 

Single-use hypodermic needles (Gr 1, 2, 16, 18) B Braun Melsungen AG, Melsungen, Germany 

Syringes (5 mL, 10 mL, 20 mL)  B Braun Melsungen AG, Melsungen, Germany  

Tubes (0.5 mL, 1.5 mL, 2 mL) Sarstedt, Nümbrecht, Germany 

Venofix A 21 G butterfly  B.Braun Melsungen AG, Melsungen, Germany 

 

2.3 Chemicals and reagents  

Table 3. Chemicals and molecular biology reagents 

Name Company 

Agarose Biomol, Hamburg, Germany 

Ampuwa, water Fresenius, Graz, Austria  

Click’s Medium Merck , Darmstadt, Germany  

Collagenase IV  Stem Cell, Köln, Germany , Worthington, USA 

Collagenase VIII Worthington, NJ, USA 

Disinfection spray incidin Liquid  Ecolab, Düsseldorf, Germany 

DMEM  PAA Laboratories GmbH, Pasching, Austria 
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DNase I  Quaigen, Hilden, Germany, Roche, Germany 

DPBS 10 x  Capricon, Ebsdorfergrund, Germany 

Fetal calf serum (FCS) Capricon, Ebsdorfergrund, Germany 

Generuler 100 bp DNA Ladder ThermoFisherScientific, Waltham, USA 

Gentamycin Capricon, Ebsdorfergrund, Germany 

Heparin Rathiopharm, Ulm, Germany 

L-Glutamine Capricon, Ebsdorfergrund, Germany 

Lugol Solution  Carl Roth, Karlsruhe, Germany 

Percoll Sigma Aldrich, Darmstadt, Germany 

RPMI 1640 without L-Glut PAA Laboratories GmbH, Pasching, Austria 

Tetramethylbenzidine (TMB) Carl Roth, Karlsruhe, Germany 

Trizol Merck, Darmstadt, Germany  

Trypan blue solution 0.4%  Invitrogen, Gibco, Auckland, New Zealand 

Trypsin-EDTA (1x) PAA Laboratories GmbH, Pasching, Austria 

β-Mercaptholethanol Invitrogen, Gibco, Auckland, New Zealand 

 

All other, not listed chemicals or molecular biology reagents were purchase at Merck (now including 

Sigma-Aldrich) or Roth. 

 

2.4 Media and Buffers  

Table 4: Media and Buffers  

cRPMI 
+ 10 % FCS  
+ 2.5 % L-Glutamine  
+ 0.5 % Gentamycin 
 
Click’s Medium 
+ 10 % FCS  
+ 2.5 % L-Glutamine  
+ 0.5 % Gentamycin 
 
FACS Buffer 
PBS  
+ 2 % FCS 
 
Macrophage Media  
RPMI 
+ 20 % FCS 
+ 30% L929 sup.  
+ 2.5 % L-Glutamine  
+ 0.5 % Gentamycin 
 

Digestion Buffer Liver 
 10 mL DMEM/ sample 
+ 1mg /mL Collagenase IV 
+ 100µL MgCl2 (0.2M) 
+ 40µL CaCl2 (0.5 M) 
+ 50µL DNase I (150 U/mL) 
 
Digestion Buffer colon I 
5 mL HBSS /per sample 
+ 2 % FBS 
+ 3µL DNase I 
+ 5 mg Collagenase VII  
 
Digestion Buffer colon II 
20 mL HBSS /sample 
+ 200 µL EDTA (0.5 M) 
 
TBE Buffer (in H2O) for Agarose-gel 
+ 89 mM Tris base 
+ 89 mM boric acid  
+ 2mM EDTA 
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Apoptotic neutrophil aging Buffer 
RPMI 
+ 5 % FCS
+ 2.5 % L-Glutamine  
+ 0.5 % Gentamycin 
 
cDMEM 
+ 10 % FCS  
+ 2.5 % L-Glutamine  
+ 0.5 % Gentamycin 
 
MACS Buffer 
PBS PH 7.2 
+ 0.5 % BSA 
+ 2 mM EDTA  

Digestion Buffer Biopsies  
0.1 M Tris∙Cl pH 8.0 
+ 0.005 M EDTA  
+ 0.2 M NaCl 
+ 0.2% SDS 
 
Substrate Buffer (ELISA) 
+ 0.1 M NaH2PO4 

+ TMB 30 mg/5mL DMSO  
+ 30 % H2O2  
 
Blocking Buffer (ELISA) 
PBS 
+ 1% BSA  
 

 

2.5 Commercially available kits  

Table 5. Kits  

Name Company 

10x Permeabilisation Buffer BD Bioscience, Heidelberg, Germany 

Chromium Single Cell3’ Reagent Kits v3 10x Genomics, Fell, Germany 

Chromium Single Cell 3’ GEM librabry &Gel Bead Kit v3 10x Genomics, Fell, Germany 

DreamTaq ThermoFisherScientific, Waltham, USA 

ELISA  R&D System, Abingdon, UK 

FITC Annexin V Apoptosis Detection Kit with PI BioLegend,San Diegeo, USA  

in situ cell death detection Kit, Fluorescein (Roche) ThermoFisherScientific, Waltham, USA 

Intracellular Fixation/Permeabilisation Buffer Set Foxp3 ThermoFisherScientific, Waltham, USA  

iScriptTM cDNA synthesis Kit BioRAD, Munich, Germany 

LegendPlex mouse 8-Plex Th1/Th2 Biolegend, Fell, Germany 

Maxima SYBRTM Green qPCR Master Mix with separate 

ROXTM vials 
ThermoFisherScientific, Waltham, USA 

QiaShredder Quiagen, Hilden, Germany,  

RNeasy Mini Kit  Quiagen, Hilden, Germany 

 

2.6 Software  

Table 6. Programs and purpose  

Software  Purpose 

Adobe Reader DC Reading PDF files   

BD FACS DIVA 6.2 Acquire FlowJo data 
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BioRender Graphic processing 

Flow Jo Version 10.01  Analysis of flow cytometry data  

Graphpad Prism 8 for Windows  Statistical analysis   

Inkscape 0.92.3 Graphic processing  

LEGENDplex v8.0 Analysis of LEGENDplex data 

Mendeley Desktop 1.16.3 Citations  

Microsoft Office 2013 Word and graphic processing  

 

2.7 Antibodies  

Table 7: Mouse antibodies with clones, dilution factors and company 

Epitope Fluorochrome Clone Dilution Company 

Anti-goat IgG FITC Poly4606 1:300 BioLegend 

Anti-rabbit IgG BV421, BV510 Poly4064 1:300 BioLegend 

ARGINASE I APC A1exF5 1:500 Invitrogen 

AXL FITC MAXL8DS 1:200 ThermoFischer 

CD11b APC/Cy7 M1/70 1:400 BioLegend 

Cd11c PerCP N418 1:400 BioLegend 

CD163 PE TNKUPJ 1:400 BioLegend 

CD206 PE/Dazzle Co68C2 1:600 BioLegend 

CD3ε BUV395 145-2C11 1:200 BD Biosciences 

CD45 PE/Cy7 30-F11 1:1300 BioLegend 

CD45.1 PerCP A20 1:150 BioLegend 

CD45.2 Pe/Cy7 104 1:150 BioLegend 

CD68 BV421 FA-11 1:400 BioLegend 

F4/80 AF700 BM8 1:400 BioLegend 

LY6C PerCP-Cy5.5 HK1.4 1:300 BioLegend 

LY6G PerCP-Cy5.5 IA8 1:300 BioLegend 

MERTK PE 2B10C42 1:200 BioLegend 

MHC II BV510, BV421 M5/114.15.2 1:400 BioLegend 

RELMα Purified Polyclonal rabbit IgG 1:200 Peprotech 

SIGLEC F BV421 E502240 1:300 BD BIosciences 

YM1 Purified Polyclonal Goat IgG  1:200 R&D 
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2.8 Primer sequences for qPCR  

All oligonucleotides were synthesised and purchased by Eurofins.  

 
Table 8: Mouse Primers for qPCR 

Name Sequence 5’->3’ 

Arg1_fw CATTGGCTTGCGAGACGTAGAC 

Arg1_rev GCTGAAGGTCTCTTCCATCACC 

Axl fw TGCCAGTCAAGTGGATTGCT 

Axl rev CACACATCGCTCTTGCTGGT 

CD163 fw GGTGGACACAGAATGGTTCTTC 

CD163 rev CCAGGAGCGTTAGTGACAGC 

Chil3 fw CTGGAATTGGTGCCCCTACA 

Chil3 rev CAAGCATGGTGGTTTTACAGGA 

Ear2 fw        AACATCACCAGTCGGAGGAGAA  

Ear2 rev  GCAGATGAGCAAAGGTGCAAA 

Fn1 fw         GATGTCCGAACAGCTATTTACCA 

Fn1 rev         CCTTGCGACTTCAGCCACT 

Gapdh fw TCCCACTCTTCCACCTTCGA 

Gapdh rev AGTTGGGATAGGGCCTCTCTT 

Ifnγ fw TCAAGTGGCATAGATGTGGA 

Ifnγ rev TGAGGTAGAAAGAGATAATCTGG 

Il-13 fw TGAGGAGCTGAGCAACATCACACA 

Il-13 rev TGCGGTTACAGAGGCCATGCAATA 

Il-4 fw AGATGGATGTGCCAAACGTCCTCA 

Il-4 rev AATATGCGAAGCACCTTGGAAGCC 

Mertk fw GTAGATTACGCACCCTCGTCAAC 

Mertk rev GCCGAGGATGATGAACATAGAGT 

Mmp14 fw GCTTCTACCACAAGGACTTT 

Mmp14 rev. CAATTAGGGACTGAGAAGGG 

Retnla fw CCAATCCAGCTAACTATCCCTCC 

Retnla rev CCAGTCAACGAGTAAGCACAG 

Serpinb9b fw CAAGCCCACATCCCTTTGAA 

Serpinb9b rev TGTTGGCAGATGACTCAGTTCCTTTC 

Socs2 fw GGTTGCCGGAGGAACAGTC 

Socs2 rev GAGCCTCTTTTAATTTCTCTTTGGC 
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Tgfβ  fw GGTTCATGTCATGGATGGTGC 

Tgfβ rev TGACGTCACTGGAGTTGTACGG 

Timp1 rev GCGGTTCTGGGACTTGTGGGC 

Timpf1 fw GCATCTCTGGCATCTGGCATC 

Tnfα fw TAGCTCCCAGAAAAGCAAGC 

Tnfα rev TTTTCTGGAGGGAGATGTGG 

 

2.9 Cell line  

Table 9: Eukaryotic cell line 

Name Origin 

Hepa 1-6  Hepatoma   

 

2.10 Parasite  

S. mansoni cercariae were grown, isolated and purchased from Helmuth Haas (Research 

Center Borstel).  

 

2.11 Mice strains  

Table 10: Mice strains 

Name Origin 

C57BL/6  BNITM, Hamburg, Germany 

Csf1R-Cre+Axlf/fMertkf/f Rothlin Lab Yale, USA, breeding at BNITM, Hamburg, Germany 

Csf1R-Cre-Axlf/fMertkf/f Rothlin Lab Yale, USA, breeding at BNITM, Hamburg, Germany 
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3 Methods  

3.1 Cell culture and in vitro experiments  

All cell culture experiments and in vitro experiments were handled under sterile conditions. All cells  

were cultured in 37°C 5 % CO2, except the Hepa 1-6 cell culture. 

 

3.2 Hepa 1-6 culture  

For the Hepa 1-6 culture, serial dilutions were performed for maintenance of the cells. Detaching of 

the cells during the culture was performed with trypsin for 5 min at 37°C, followed by adding complete 

media to stop the reaction, washing and seeding into fresh media. Cells, which were harvested for the 

experiment, were washed with PBS and detached using a cell scraper. Hepa 1-6 cells were cultured in 

37°C 9 % CO2. In the following chapters, this cell line will be referred to as hepatocytes.  

 

3.3 Cell count  

The cell count of a cell suspension was determined with a Neubauer Chamber. The following formula 

was used to calculate the cell concentration:  

𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡

𝑏𝑖𝑔 𝑠𝑞𝑢𝑎𝑟𝑒𝑠
∙ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛𝑓𝑎𝑐𝑡𝑜𝑟 ∙ 104 = 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿 

 

3.4 Isolation of bone marrow-derived macrophages  

Bone marrow-derived macrophages (BMDMs) were obtained from wild type (WT) mice. For the 

isolation, the femur and tibia were removed as one whole, disinfected for 1 min in 70 % Ethanol (EtOH) 

and cut open at one end. To remove the bone marrow, the bones were transferred into a 0.5 mL tube 

with a hole and placed in a 1.5 mL tube and centrifuged at 13000 rpm for 2 min. The isolated bone 

marrow was resuspended in 200 µL RPMI, filtered through a 40 µm cell strainer and seeded into a 15 

cm dish in 10 mL RPMI containing 20 % FCS, 30 % L929-cell line supernatant, 2.5 % L-Glutamin and 0.5 

% Gentamycin (macrophage media). For the differentiation of macrophages from the bone marrow 

precursor, half of the media was changed at day 3 by removing 5 mL media, centrifugation at 300 xg 

for 5 min and resuspending cells in 5 mL fresh macrophage media. The suspension was then transferred 

back into the cell dish. At day 5, cells were split and plated into two new 15 cm dishes with 10 mL fresh 

media. At day 7, the fully differentiated BMDMs were harvested, counted and 0.33∙106 cells/well were 

seeded into a 24-well plate to perform the experiments in fresh macrophage media.  
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3.5 Isolation of neutrophils  

Neutrophils were obtained by harvesting the bone marrow of old (> 11 weeks old) WT (as described 

before; see 3.4) mice and isolated with the negative MACS-selection Kit for Neutrophils (Miltenyi) 

according to the manufacturer’s protocol. Briefly, an antibody cocktail labelled with streptavidin was 

added to the bone marrow cell suspension to bind to all cells except neutrophils and incubated for 

10 min at 4°C. After washing away the unbound antibodies, cells were incubated with biotin-

conjugated beads (15 min 4°C) and the neutrophils were isolated by obtaining the flow-through fluid 

from the magnetic column separation. The purity of neutrophils was determined by Ly6G and CD11b 

staining and was set above 90 %.  

 

3.6 Induction of apoptosis  

Apoptosis was induced by aging of neutrophils for 24 h in cRPMI media containing a reduced amount 

of FCS (5 % FCS) at 37°C 5 % CO2 in a 15 cm dish.  

The thymus were harvested from the same mice the neutrophils were obtained from. For the isolation, 

the thymus were mashed over a 40 µm cell strainer, washed and plated in a 15 cm dish with 3 mL 

cRPMI per thymus. Apoptotic thymocytes (aT) were generated by aging for 24 h at 37°C 5 % CO2.  

Hepatocytes (Hepa 1-6 cell-line) were detached and suspended in PBS with a cell scraper. Apoptotic 

hepatocytes (aH) were generated by heating the cell suspension for 1 h at 40 °C in PBS with 0.5 % FCS 

while shaking. 

 

3.7 Staining of apoptotic cells  

3.7.1 Apoptotic cell staining with Annexin V and PI  

For all three cell types, the cell numbers were determined and the apoptosis levels were verified by 

Annexin V and PI staining. To this end, 10 µL of each cell suspension was transferred into a FACS tube 

containing 100 µL of Annexin V binding buffer and 2 µL Annexin V was added to stain the PtdSer on 

the surface of the apoptotic cells. After 15 min incubation at room temperature (RT) in the dark, 200 µL 

Annexin V binding buffer was added to the cell suspension together with 1 µL PI staining solution and 

the samples were directly measured at the LSR II. 

 

3.7.2 Apoptotic cell staining with TUNEL  

In some experiment a TdT-mediated dUTP-biotin nick end labelling (TUNEL) staining to determined 

apoptotic DNA fragmentation was performed. The TUNEL dye is marking the 3’OH end of DNA breaks. 
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The in situ cell death detection Kit, Fluorescein (Roche) was used by following the manufacturer’s 

instructions. Briefly, apoptotic cells were pre-stained for surface markers (see 3.10) and fixed 

afterwards with 2 % PFA for 1 h at RT, followed by permeabilisation with a 0.1 % Triton-X100-PBS 

solution for 2 min on ice. After washing two times with 200 µL PBS, 25 µL of freshly prepared TUNEL-

reaction-mix (enzyme + labelling solution 1:10) was added and incubated for 1 h at 37°C. Afterwards 

samples were measured at the LSR  II. Living cells were used as negative control. For the positive 

control, cells were treated for 10 min with DNase I. A technical control was performed by preparing 

the TUNEL-reaction-mix without the enzyme solution.  

 

3.8 Polarisation assay  

For the polarisation apoptotic neutrophils (aN), apoptotic thymocytes (aT) and/or apoptotic 

hepatocytes (aH) were harvested, washed and co-cultured with 0.33∙ 106 pre-plated BMDMs (2 h 

earlier) in 500 µL macrophage media per well in a ratio of 5:1, 5:1 or 2:1, respectively,. After 45 min 

the apoptotic cells were washed out with PBS (5 times). 1 mL macrophage media and 10 ng/mL murine 

recombinant IL-4 (eBioscience) was added to the BMDMs. After 48 h the cells were gently detached 

with cold PBS on ice, blocked, stained and analysed by flow cytometry for e.g. tissue remodelling 

proteins. In some of the experiments, the indicated genes were detected on mRNA level by qPCR. To 

this end, the cells were directly lysated with the Qiashredder Kit and the RNA was isolated (see 3.12).  

In addition, the polarisation assay was performed with FITC-labelled liposomes in a ratio of 5:1 

(liposomes : BMDMs). The liposomes were kindly provided by Andrea Schromm, Research Center 

Borstel.  

All data obtained from the polarisation assays are displayed as fold change related to the IL-4 sample. 

 

3.9 Phagocytosis assay 

0.33∙ 106 BMDMs/well (24-well plate) were pre-plated 2 h before the experiment in duplicates in two 

separated plates. Before starting the phagocytosis assay, one plate was incubated for 30 min at 4°C on 

ice. The assay was performed at 37°C and 4°C simultaneously, whereby at 37°C, the apoptotic cells can 

be bound and phagocytosed by macrophages and at 4°C, the macrophages are only able to bind to the 

apoptotic cells but are not able to uptake them. Apoptotic cells were pre-labelled with CSFE in a final 

concentration of 10∙ 106 cells/mL. To this end, apoptotic cells were washed twice with PBS to remove 

any serum and resuspended in pre-warmed PBS at a concentration of 20∙ 106 cells/mL. A CSFE solution 

of 20 µM was prepared in a final volume of 1 mL and mixed with the apoptotic cell solution while 

vortexing. The cells were incubated for 10 min at 37°C in the dark. The labelling-process was stopped 
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by adding 10 mL of cold cRMPI and incubating for 5 min on ice. Apoptotic cells were washed 3 times 

and co-cultured with BMDMs for 1 h (see 3.8). Afterwards, apoptotic cells were washed out (5 times 

with PBS) and BMDMs were harvested, stained and analysed at the LSR II. The ratio between BMDMs 

positive for the apoptotic cells at 37°C and 4°C were calculated and displayed as phagocyting 

macrophages. 

 

3.10 Flow cytometry  

The flow cytometer allows the analysis of the granularity and size of cells by sideward scatter (SSC) and 

forward scatter (FSC). The cells are separated into a single cell solution by squeezing through a capillary 

tube before passing the laser. In addition to the morphological investigation, expression levels of extra- 

(surface) and intracellular proteins/molecules can be analysed. To this end, the cells are labelled with 

fluorescence-conjugated antibodies. To investigate different molecules at the same time, antibodies 

that are excited by different wavelengths are used. Cells derived from mice as well as from in vitro 

assays were stained using the following protocol. To block unspecific binding of antibodies to the Fc-

receptor, 2-6∙106 cells were incubated with anti-CD16/CD32 (1:10000 in PBS/2 % FCS) for 15 min at 

4°C. Washing steps for the surface staining with 200 µL PBS/2 % FCS were repeated 3 times and 

included after each antibody incubation to remove unbound antibodies. For the surface staining, 

antibodies were diluted in 50 µL or 25 µL PBS/2 % FCS per FACS-tube or well of a 96-well plate, 

respectively, and incubated for 35 min at 4°C in the dark. If intracellular epitopes were analysed, cells 

were fixed and permeabilised before staining. For the fixation, 100 µL of 1 % paraformaldehyde (PFA) 

were added to the wells or tubes and incubated for at least 20 min at 4°C in the dark. To permeabilise 

the cells, 100 µL permeabilisation buffer (BD Bioscience) was slowly added and incubated for 15 min 

at RT. The cells were stained intracellularly for 45 min afterwards. To this end, the intracellular 

antibodies were diluted in permeabilisation buffer to ensure the membrane permeability and cells 

were washed at least twice with permeabilisation buffer to remove unbound antibodies. If liver 

samples were analysed, cells were fixed and permeabilised using the Foxp3 staining Kit 

(eBioscienceTM). Antibodies used for the cell-staining are listed in Table 7. The samples were measured 

at the LSR II.  

 

3.11 Fluorescence-activated cell sorting (FACS)  

To obtain specific cell populations fluorescence-activated cell sorting (FACS) was used. Surface-stained 

cells are separated as described above (see 3.10) and enclosed by liquid droplets that are labelled with 

an electric charge. Passing an electric field, cells are sorted into different populations depending on 
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their charge. Cells of the liver were isolated for sorting and stained extracellularly for molecules of 

interest (see 3.10 and Table 7). Sorting of the cells was performed by the core facility of the BNITM 

using a BD FACSAria. Cells were diluted in PBS/2 % FCS and filtered through a 30 µm strainer before 

sorting. A 70 µm nozzle was used to sort macrophages out of the cell suspension and sorted cells were 

collected in cold PBS/2 % FCS. 

 

3.12 RNA isolation and quantitative real-time PCR analysis  

To obtain RNA from BMDMs or sorted cells the Qiagen RNeasy mini Kit was used by following the 

manufacturer’s instructions. Briefly, cells were lysated by adding 350 µL RLT buffer containing β- 

mercaptoethanol and spun down over the shredder column for 2 min at maximum speed. The 

suspension was mixed in a ratio of 1:1 with 70 % EtOH, transferred to the RNeasy mini column and 

briefly centrifuged (21 s) at 13000 rpm. RW1 buffer was added afterwards and a DNase I digestion was 

performed on the column for 15 min at RT. After a second RW1 washing step, two washing steps with 

500 µL RPE2 solution were performed by applying the solution to the column and centrifuging them 

for 2 min at 13000 rpm. RNA was eluted with 32 µL RNase-free water and RT incubation for 5 min. For 

sorted cells, RNA was eluted using 28 µL RNase-free water. The purity and the amount of RNA was 

verified with the NanoDrop. 

To obtain RNA from tissue stored in RNAlater, RNA isolation were performed using TRIzolTM. A 1 cm2 

piece of tissue was transferred into a 1.5 mL Tube with 200 µL TRIzolTM. Using a homogeniser, the 

tissue was disrupted and 800 µL TRIzolTM added to the homogenised sample. After 5 min incubation at 

RT, 200 µL chloroform were added, mixed for 15 s and incubated for 3 min at RT. The samples were 

centrifuged at 12000 xg for 15 min at 4°C and 500 µL of the supernatant carefully transferred into a 

new tube containing 500 µL isopropanol and incubated at RT for 10 min. The samples were centrifuged 

(at 12000 xg for 15 min at 4°C), the supernatant discarded and 500 µL of 80 % EtOH added. After 

mixing, the suspension was centrifuged for 5 min at 7500 xg at 4°C, the supernatant discarded and the 

RNA air-dried. The RNA was dissolved in 150 µL Ampuwa water and the concentration determined by 

Nanodrop. 

cDNA Synthesis was performed with the iScriptTM cDNA synthesis Kit from BioRad (see cDNA cycles). 

Afterwards a quantitative Real-Time polymerase chain reaction (qPCR) was performed using the 

MaximaTM SYBRTM Green qPCR Master Mix (2X), with separate ROXTM vial from Thermo Fischer. By 

using a qPCR, the quantification of a specific DNA-sequence can be performed in real time. Here, a 

fluorescence dye (SYBRTM Green) is intercalating in the amplified PCR product during the reaction (see 

qPCR cycles below) and measured by the Rotor-gene 6000 machine. All reactions were performed in 

duplicates in a final volume of 12 µL per reaction including 40 ngcDNA and analysed using the Rotor-
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gene 6000 Series Software 1.7. All runs were performed with Gapdh as reference gene. The used 

primers are listed in Table 8. 

 

Reaction-Mix cDNA- iScript™ cDNA Synthesis Kit 

1 µL iScript Reverse Transcriptase 

4µL 5x iScript Reaction Mix 

X µL Nuclease-free water 

X µl RNA template (200-400 ng) 

 

cDNA cycles 

Priming   25°C for 5 min  

Reverse transcription  46°C for 20 min 

RT inactivation   95°C for 1 min 

 

Reaction Mix for qPCR – MaximaTM SYBRTM Green qPCR Master Mix 

6 µL Master Mix  

0.15 µL per Primer (forward and reversed) 

4.7 µL Ampuwa water 

1 µL RNA template (40 ng)  

 

qPCR cycles 

UDG pre-treatment 50°C for 2 min  

Initial denaturation  95°C for 10 min  

Denaturation  95°C for 15 s   repeat 40 x 

Annealing   60°C for 30 s  

Extension   72°C for 30 s  

 

3.13 Cytokine detection  

3.13.1 Enzyme linked immunosorbent assay (ELISA)  

The sandwich ELISA-Kit from RnD was used according to the manufacturer’s protocol to perform the 

quantitative determination of the cytokines produced by stimulated mesenteric lymph nodes. Before 

performing the assay, culture supernatant was tested at different dilutions to obtain the best results. 

Briefly, the ELISA plates were coated overnight at RT with a specific antibody for the cytokine of 
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interest. The day after, before blocking free binding sides (1 % BSA in PBS for 2 h), two washing steps 

were included to minimalise background signals. The plate was incubated overnight at 4°C after 

transferring the serial diluted standard and the samples into the plate. The next day, the detection 

antibody was added for the specific cytokine for 2 h at RT and the development started by the addition 

of horseradish peroxidase (HRP) to start the catalysis of the supplied substrate. To stop the enzyme 

reaction 2M H2SO4 was supplemented. The intensity of the colour reaction was measured at 450 nm. 

A higher OD (optical density) means a higher catalytic activity and therefore a higher amount of 

cytokines that are bound to the enzyme-linked antibody, which can be used to calculated the 

quantitative cytokine levels.   

 

3.13.2 LEGENDplexTM  

To determine the cytokine levels in the serum the LEGENDplexTM –Kit (BioLegend) was used. The assay 

was performed according to the manual, whereby the volume of reagents and samples were reduced 

to 1/3 of the original volume. Overall, the method is based on the detection of the antigen by two 

different antibodies, also known as the sandwich-ELISA method. Briefly, cytokines of interest are 

bound to beads coated with the corresponding antibody. To distinguish between the different 

cytokines that are able to bind to the beads, the beads differ in size and intensity of the bound 

fluorochrome for each cytochrome. The beads are detected by the use of a second antibody, which is 

linked to biotin. By adding a streptavidin-bound fluorochrome, the fluorescence intensity can be used 

to determine the amount of cytokine inside the sera. The LEGENDplexTM was measured at the Accuri 

C6 and analysed with the LEGENDplexTM software v8.0. 

 

3.14 Mice  

All experiments were approved by the office for consumer protection of the city of Hamburg (N66/17, 

N042/2019 and T_18_006). Mice were bred and kept in a SPF facility at the BNITM. 

 

3.14.1 Genotyping Csf1R-Cre Axlf/fMertkf/f-mice  

Mice were earmarked and the ear tissue sample was used for genotyping. For the lysis, proteinase K 

(10 µL) was added to 90 µL digestion buffer per sample and stored at 37°C at 200 rpm overnight. The 

next day the genomic DNA (gDNA) was harvested by stopping the reaction with 200 µL Ampuwa water 

and incubating for 10 min at 95°C. Samples were roughly vortexed in between the steps. gDNA was 

amplified by PCR using the DreamTaqTM-PCR Kit from Thermo Fisher. The PCR was performed for each 

gene separately. To validate the specific amplification an agarose gel electrophoresis was performed 
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using 1.5 % agarose in TBE buffer. The expected band size as well as the PCR-Primer and PCR cycles are 

depicted below.  

 

Primer sequence: 

Mertk-SC1: ATG TGA CCT TCA GAG ATT CCC AGG 

Mertk-PRPL4: TGA CGA AGC ACA CAG AGC TGG 

Mertk-flox: 437 bp 

Mertk-WT: 367 bp 

 

Axl-PINK3: CTG TTG TAC CAT GTC CAC TGT GG 

Axl-SDL2: CCC TTG TCT CTA CAT TTG TCT CCA 

Axl-flox: 472 bp 

Axl-Wt: 406 bp 

 

Csf1r- Cre fw.: CTGGCTGTGAAGACCATC 

Csf1r-Cre rev.: CAGGGCCTTCTCCACACCAGC 

Csf1r-Cre: 393bp 

 

PCR cycles  

Denaturation:   94°C for 3 min  

Denaturation   94°C for 30 s   repeat 35 x 

Annealing   60°C for 30 s   

Elongation  72°C for 1 min 

Final elongation  72°C for 10 min 

 

3.14.2 Cell isolation from different organs  

The mice were sacrificed by application of CO2/O2. To ensure sufficient anaesthesia, cornea and foot 

reflexes were checked twice and death ensured by cervical dislocation. The harvested organs were 

collected and stored in PBS/2 % FCS, in RNAlater for RNA analysis or formaldehyde for histology. Blood 

was collected in tubes containing 20 µL heparin, centrifuged for 15 min at RT at 13000 rpm and the 

sera stored at -20°C.  
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3.14.2.1 Isolation of macrophages from the liver  

To isolate the lymphocytes from the liver, a liver perfusion was performed after cervical dislocation of 

the mice. A Venofix 27 G butterfly needle was inserted in the vena cava and the blood from the liver 

removed by perfusion with 20 mL PBS by hand. The liver was collected and stored in 2 mL PBS/2 % FCS 

on ice. The gallbladder was removed and the liver minced into pieces before 10 mL of digestion buffer 

(DMEM, 1mg/mL Collagenase IV, 150 U/mL DNaseI, 0.2 M MgCl2, 0.5 M CaCl2) were added and the 

suspension incubated for 45 min at 37°C while shaking. The digested suspensions were mashed over a 

70 µm cell strainer and the strainer was washed twice to obtain a single cell suspension. The 

suspensions were centrifuged at least twice at 300 xg 5 min 4°C and washed with 20 mL of cRPMI until 

the supernatant, which was discarded, was clear. To obtain non-parenchymal cells (NPC) the 

suspension was centrifuged at 50 xg for 4 min, the supernatant transferred into a new falcon, washed 

again and resuspended in 6 mL 37 % Percoll. After centrifugation for 10 min at 400 xg (dec.1 acc.9) a 

red blood cell-lysis was performed (1 mL for 3 min). After washing, the cells were used for RNA analysis, 

cell sorting at the FACSAria or phenotypical investigations at the LSR II. 

 

3.14.2.2 Isolation of lamina propria leukocytes  

The colon was harvested, the mesenteries removed, and cut longitudinally before being transferred 

into a tube to wash the colon multiple times with cold PBS to remove remaining faeces. The colon was 

cut into pieces and digested in HBSS containing 200 µL EDTA (0.5 M) for 20 min at 37°C while shaking. 

After another washing step, to remove epithelial cells, the colon was minced into a thin paste in a petri 

dish and a second digestion step (HBSS, 2 % FCS, 3µL DNase I per 5 mL HBSS and 5mg Collagenase VIII) 

was performed for 45 min at 37°C while shaking. The cell digest was filtered through a 100 µm cell 

strainer followed by a 40 µm cell strainer. After centrifugation (5 min, 300 xg, 4°C) the cells were 

counted and used for cell staining. 

 

3.14.2.3 Isolation of leukocytes from the lymph nodes  

The three mesenteric lymph nodes were harvested and cleaned before being stored in cold PBS/2 % 

FCS on ice during all the isolation processes. The lymph nodes were mashed through a 100 µm filter 

and centrifuged at 420 xg for 5 min at 4°C. The cells were resuspended in Clicks Media, counted and 

seeded in a 96 well plate with a concentration of 6∙106 cells/well in duplicates. Half of the cells were 

stimulated with 1 µg/mL of anti CD3ε (BioLegend) for 48 h. The supernatant was harvested, centrifuged 

and stored at -20°C until an ELISA was performed.  
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3.14.3 Thioglycollate-induced peritoneal inflammation  

Female mice were injected intraperitoneal (i.p.) with 600 µL 4 % Thioglycollate (Merck) on two sides, 

each 300µL, of the peritoneum. Two days later mice were treated i.p. with complexed IL-4 (cIL-4) and 

3∙106 aN, cIL-4 and 3∙106 aT or with 200 µL PBS as vehicle control. For the cIL-4 a solution of 5 µg 

recombinant mouse IL-4 (Peprotech) and 25 µg anti-IL-4-murine antibody (clone 11B11, BioxCell) was 

prepared and incubated for 5 min on ice. At day four, the peritoneal cells were isolated. To this end, 

mice were sacrificed with CO2/O2 following cervical dislocation and the fur carefully removed. 5 mL 

PBS/2 % FCS was injected into the intact peritoneum and the peritoneum was massaged for at least 30 

s to detach the macrophages. Without puncturing the organs, the fluid was reobtained with a syringe. 

Afterwards a red blood cell-lysis was performed, the cells stained and analysed by flow cytometry. 

 

3.14.4 Schistosoma mansoni infection  

For the infection with Schistosoma mansoni, WT (C57BL/6), Csf1r-Cre- Axlf/f Mertkf/f and Csf1r-Cre+Axlf/f 

Mertkf/f were separately injected subcutaneously (s.c.) with 20-35 cercariae diluted in 200 µL distilled 

H2O (dH2O). The cercariae were grown by Helmuth Haas from the Research Center Borstel. For 

counting the cercariae 10 µL cercariae-solution was diluted in 100 µL dH2O in a 48-well plate with a 

grid. By supplementing 1 mL Lugol solution the cercariae were immobilised and counted under the 

microscope. A male to female cercariae ratio of 1: 1.2 was used for infection. After sacrificing the mice 

at different time points as indicated in the figures with time post infection (p.i.), liver, mesenteric 

lymph nodes and the colon were collected and leukocytes, in particular macrophages, were isolated 

as described below (see 3.14.2.1-3.14.2.3). To investigate mRNA levels of specific genes, a piece of the 

right renal fossa loop of the liver and piece of the left loop of the lung tissue were harvested in 

RNAlater. For histology, liver samples (right loop) were fixed in formaldehyde.  

 

3.14.5 Adoptive transfer of macrophages  

Macrophages were differentiated from the BM as described earlier (see 3.4) and plated in an untreated 

6-well plate in a concentration of 1.2∙106 cells/well. aN, aT and aH were generated (see 3.4) and co-

incubated with the macrophages (see 3.8). Afterwards, macrophages were treated with recombinant 

mouse IL-4 (eBioscience) for 24 h. Cells were harvested, washed and counted. 1 Mio cells per mouse 

in 200 µL PBS were injected intravenously (i.v.) in the lateral tail vein at week 6 and 7 p.i. Control mice 

were injected with 200 µL PBS. Mice were sacrificed at week 8 p.i. and liver and colon harvested for 

further investigations. 
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All data provided from the adoptive transfer experiment are normalised, except the mRNA expression. 

The data obtained from mice that received macrophages, where normalised to the mice that was 

infected but did not receive cells (control mice). The average of the obtained data of the control mice 

was set to 1 and the fold change compared to the control is depicted for the other samples.  

 

3.14.6 Determination of alanine transaminase levels in the serum  

The quantification of the alanine transaminase (ALT) levels in the serum from the naïve and infected 

mice were determined using the ReflotronTM from Roche. The measurement of ALT levels is used to 

obtain information about the health status of the liver, where high ALT levels indicate liver damage. 

32 µL of the Sera were added to a test strip, without touching the barcode, and inserted in the 

ReflotronTM. Measurements were performed at 25°C.   

 

3.14.7 Determination of the egg count in liver and colon  

A piece of the left loop of the liver or a piece of the colon were harvested, weighed and stored in 2 % 

KOH for 8 h or 16 h, respectively, at 37°C in a 24 well plate with a grid. The tissue was further disrupted 

by resuspending with a 1 mL pipette and the eggs counted on a bright field microscope using 4 x 

magnification. The eggs per gram liver/colon were calculated.  

 

3.14.8 Histology analysis  

Histology slides and staining were performed by the Diagnostic department of the BNITM. For liver 

section, sirius Red (siRed) staining was performed to visualise deposition of collagen and to investigate 

fibrosis or granuloma formation inside the liver. Histology pictures were taken with a Keyence 

microscope. Analysis of the histology was performed with ImageJ. siRed-positive granuloma-structures 

were determined.   

 

3.15 RNA-based next-generation sequencing (RNAseq) analysis  

RNA from three independent in vitro samples were pooled and the RNA transcriptome sequenced 

using 100 base/paired-end reads performed on a BGIseq platform. For RNA-seq analysis genes which 

were at least 3-fold increased by IL-4 compared to untreated samples were selected. For these 444 

genes the counts per million (CPM) in the sample aN+IL-4, aT+IL4 and aH+IL-4 were analysed and 

visualised in a heatmap. For visualisation, the CPMs were logarithmised (log10) and scaled by 

calculating the average of the gene and subtracting it from each sample, followed by dividing through 
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the SED. Scaled values higher than zero indicate a higher expression of these genes compared to the 

other samples. For GO analysis, a threshold for the most highly expressed genes in each sample was 

set at the scaled value of >1. All genes above, while having a negative score in the two other samples 

were included in the GO analysis, which was performed with the software DAVID 6.7 (Database for 

Annotation, Visualization and Integrated Discovery) and the modified Fisher exact score (EASE) was 

plotted. A dotted line was set to an EASE score of 0.05 (logarithmised (-log10)). Higher -log10 values 

indicate a lower p-value.  

RNAseq analysis were performed together with Christian Casar, University Hospital Eppendorf 

 

3.16 Single cell sequencing (ScSeq)  

For single cell sequencing (scSeq), liver cells were isolated from S. mansoni-infected mice, stained for 

CD45, CD11b, Ly6G and CD11c and sorted at the FACSAria. Dead cells and doublets were excluded. 

Neutrophils were excluded by CD11b+Ly6G+ staining and DCs with CD11c+ staining. CD11b+ cells were 

stained and used for scSeq. Library preparation was performed using the Chromium Single Cell3' GEM, 

Library & Gel Bead Kit v3 from 10x genomics. Library preparation was performed according to the 

manufacturer's protocol in cooperation with Jenny Krause, AG Gagliani and AG Krebs. Two-lanes 

DNBseq PE100 sequencing was performed on a BGIseq platform generating about 300-350 mio reads 

per sample. Index Primer (Chromium i7 Sample Index Platte well ID) that were used are:  

 
Sample 1: SI-GA-F4,CCCAATAG,GTGTCGCT,AGAGTCGC,TATCGATA 

Sample 2: SI-GA-F5,GACTACGT,CTAGCGAG,TCTATATC,AGGCGTCA 

 

ScSeq analysis were performed by Christian Casar, University Hospital Eppendorf. 

 

3.17 Statistics  

Detailed information on the statistical analyses is supplied in the figure legends. Briefly, all data were 

analysed for normal distribution before running statistical tests. All of the provided data did not reach 

normal distribution. If, within one graph, comparisons of one treatment were only made to one other 

treatment, without interest in its relation to another sample, a Mann-Whitney U test (two groups) was 

performed. For comparison among different treatments inside one graph, a Kruskal-Wallis-test was 

used to determine statistically differences followed by pairwise comparisons analysis using Dunn’s 

test, as indicated in the legend or graph respectively. Statistical significance is indicated for p<0.05. 

Non-significant results (p>0.05) are marked as “ns”. All data are shown as mean ± SEM; each data point 

indicates one independent sample/mouse. Numbers of samples are indicated in the figure legends. 
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4 Results  

Constant clearance of apoptotic cells by macrophages is essential for the functionality of the immune 

system. How apoptotic cells influence the immune response of macrophages has become more and 

more important in the last years. This work aims to understand the impact of phagocytosis of apoptotic 

cells with different origins on the function and phenotype of macrophages. The polarisation status of 

macrophages after co-culture with apoptotic cells in vitro was analysed by flow cytometry, RNAseq 

and qPCR analysis. In vivo, the impact of phagocytosis on the heterogeneity of macrophages was 

investigated during the infection with S. mansoni, using mice with Axl and Mertk receptor deficiency 

on macrophages. Besides evaluating the clinical outcome of the infection, macrophages’ phenotype 

was analysed by flow cytometry and scSeq. In addition, the therapeutic potential of macrophages 

imprinted by different types of apoptotic cells on parasite clearance during infection was evaluated. 

To translate the murine results obtained to human samples, the phagocytic receptor expression in 

PBMCs from patients with schistosomiasis was analysed. 

 

4.1 Apoptotic cells with different origins expose similar amounts of PtdSer while 

being TUNEL negative, and are able to be phagocytosed by macrophages  

To investigate the influence of apoptotic cells with different original identities on macrophages, 

apoptosis was induced in a sterile way in neutrophils, thymocytes and hepatocytes. For this, isolated 

primary neutrophils and thymocytes were aged over night with low amounts of FCS. Hepatocytes were 

heated for the induction of apoptosis. Afterwards, apoptotic neutrophils (aN), apoptotic thymocytes 

(aT) and apoptotic hepatocytes (aH) were characterised. When cells go into apoptosis, PtdSer is 

exposed on the cell surface (see 1.3)121,169. During later steps of apoptosis, dying cells undergo DNA 

fragmentation and membrane blebbing followed by apoptotic body formation. Based on that, 

apoptotic cells were characterised by their PtdSer exposure with Annexin V staining, as well as by the 

amount of DNA breaks detectable by TUNEL staining. Early apoptotic, but not late apoptotic cells are 

important for this study, since PtdSer is one of the known factors that modulates the tissue remodelling 

response of macrophages. The magnitude of this response is dependent of the amount of early 

apoptotic cells in the culture and is not induced by late or necrotic cells91,170. To this end, cells with 

increased membrane permeability to propidium iodide (PI) were excluded from the analysis. PI is a dye 

that enters the nucleus when the membrane disintegrates and marks either necrotic cells (single 

positive) or late apoptotic cells (double positive for PI+ and Annexin V+). All three apoptotic cell types, 

aN, aT and aH, showed similar frequencies of Annexin V+ PI- cells (20 % to 25 %) (Fig. 5). After the 

exclusion of doublets, the TUNEL staining revealed low levels of DNA breaks in all three apoptotic cell 
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types with frequencies of TUNEL+ cells varying from 1.1 % to 2.1 %, only slightly above the negative 

control (1.05 %) (Fig. 5B).  

 

 

Fig. 5: Different apoptotic cell types have similar frequencies of phosphatidylserine and low frequencies of 
DNA breaks.  
(A) Frequencies of early apoptotic (Annexin V+ PI-) neutrophils (aN), thymocytes (aT) and hepatocytes (aH). Each 
data point indicates one independent sample. n= 10-19. Mean ± SEM. Kruskal-Wallis test, differences did not 
reach statistical significance. (B) Representative flow cytogram shows frequencies of cells with DNA breaks, 
detected by TUNEL staining. For the negative control living hepatocytes were used. Positive control shows 
hepatocytes treated with DNaseI. Technical control is represented by hepatocytes treated with DNAseI, 
undergoing TUNEL staining in the absence of the staining-enzyme.  

 
 
The apoptotic cells from different sources here analysed do not differ in their apoptotic characteristics 

with regard to the exposed PtdSer or the amount of large DNA breaks. 

 

To investigate the impact of apoptotic cells on the phenotype and function of macrophages, the 

capacity of macrophages to phagocytose aN, aT and aH was analysed (Fig. 6). To this end, the apoptotic 

cells were stained with a cell tracker-dye (CSFE) and the phagocyte with antibodies against the 

macrophage markers CD11b and F4/80. This allowed the discrimination of macrophages that 

phagocytosed (positive for CFSE and macrophage markers) and macrophages that did not 

phagocytosed (negative for CFSE and positive for macrophage markers). Both markers, CD11b and 

F4/80, are used consistently in this work to identify macrophages by flow cytometry. The assay is 

performed on two conditions simultaneously. At 4°C, the cytoskeleton rearrangement of macrophages 

is inhibited and they can bind the apoptotic cells, but are not able to uptake them (Fig. 6 upper row). 

At 37°C, macrophages bind and uptake the apoptotic cells (Fig. 6 lower row). A representative dot plot 

is shown. Here the incubation of macrophages with aT leads to the highest frequency of bound and 

uptaken apoptotic cells (56.2 %). By subtracting the percentages of CD11b+F4/80+CSFE+ macrophages 

that bound apoptotic cells (measured at 4°C) from the percentages of macrophages that bound and 

uptake apoptotic cells (measured at 37°C), the frequencies of phagocyting macrophages were 
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determined and are shown on the right. These results indicate that macrophages phagocytosed all 

three apoptotic cell types. aH and aT are phagocytosed to a significantly higher extent compared to 

aN. However, aN are bound, but not phagocytosed, to a greater extent compared to aT and aH by 

macrophages. This is reflected by smaller differences between CD11b+F4/80+CSFE+ macrophage 

frequencies at 4°C and 37°C (cumulative data not shown). 

  

Fig. 6: Macrophages phagocytose apoptotic cells with different identities.  
Representative flow cytogram (left) depicts BMDMs phagocyting different apoptotic cells (ACs) (aN, aT and aH), 
detected as frequency of cells positive for the CSFE-labelled AC dye. A summary of the data is shown on the right. 
Data display frequencies of phagocyting macrophages (Mφ). Phagocytosis is defined by the difference of the 
frequency of macrophages binding and uptaking ACs at 37°C and the frequency of macrophages binding ACs at 
4°C. Each data point indicates one independent sample. n=6. Mean ± SEM, Kruskal-Wallis test resulted in 
p<0.0001, followed by pairwise comparisons conducted with Dunn’s test between indicated samples, ns: p>0.05.  

 
 

The apoptotic cell types analysed do not differ in their apoptotic characteristics and macrophages are 

able to phagocytose all of them. 

 

As described in the introduction (see 1.2.1), clearance of apoptotic cells induces the release of anti-

inflammatory factors by macrophages. Whether the induction of the anti-inflammatory/tissue 

remodelling phenotype depends on the origin of the apoptotic cells was investigated by analysis of the 

polarisation status of macrophages after phagocytosis of aN, aT or aH in an IL-4-enriched environment. 

 

4.2 Macrophages acquire a tissue remodelling phenotype after sensing apoptotic 

neutrophils, but not after phagocytosis of apoptotic thymocytes or apoptotic 

hepatocytes  

IL-4 is a prototypical trigger of an anti-inflammatory/tissue remodelling phenotype in macrophages58. 

This dogma has been extended, as in the last years, studies have shown that not IL-4 alone, but rather 

the synergistic sensing of IL-4 and apoptotic cells polarises macrophages towards an anti-

inflammatory/tissue remodelling phenotype. Increasing the amount of apoptotic cells, which are 
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normally found in every cell culture, by adding exogenous apoptotic cells, potentiated the IL-4 

response in macrophages91. To investigate if all of the three apoptotic cell types (aN, aT and aH) are 

able to potentiate a tissue remodelling signature in macrophages, compared to the IL-4 stimulation 

alone, tissue remodelling-associated gene expression (Ear2, Retnla, Chil3) in macrophages isolated 

from the BM was analysed.  To this end, macrophages were stimulated with IL-4 after exposure to 

apoptotic cells from different cellular origins.  

Only macrophages co-cultured with aN (red bars) showed a significant enhancement of the IL-4-

induced transcripts Ear2, Retnla and Chil3 ( Fig. 7A). Macrophages co-cultured with aT did not show 

any potentiation of the IL-4-induced phenotype, while aH even reduced the expression of Ear2, Retnla 

and Chil3. Flow cytometry analysis of macrophages stained for RELMα (protein encoded by Retnla) or 

YM1 (protein encoded by Chil3) confirmed the results at protein level, here a representative dot plot 

and the cumulative data are shown ( Fig. 7B and C). The frequencies of RELMα+ and YM1+ macrophages 

(CD11b+F4/80+) were significantly higher after co-cultivation with aN (red bar) compared to 

macrophages treated with IL-4 alone ( Fig. 7C). Co-culture of macrophages with aT did not alter the 

frequencies of IL-4-induced RELMα+ or YM1+ macrophages, while co-culture with aH reduced the 

amount of RELMα+ or YM1+ macrophages compared to IL-4 stimulation alone. Due to the absence of 

commercially available antibodies against Ear2 that can be used for flow cytometry, its expression at 

protein level was not evaluated.   
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 Fig. 7: The phenotype of macrophages is shaped by the origin of apoptotic cells they phagocytose. 
(A) mRNA levels of Ear2, Retnla and Chil3 in BMDMs either untreated or treated with apoptotic neutrophils (aN), 
apoptotic thymocytes (aT) or apoptotic hepatocytes (aH) alone, or prior to stimulation with IL-4 for 48 h, as 
detected by qPCR. (B) Representative flow cytograms and (C) pooled data reporting the frequencies of 
macrophages expressing RELMα and YM1 when exposed to different apoptotic cells in combination with IL-4, as 
described in A. Each data point indicates one independent sample. n= 4-9. Mean ± SEM, Mann-Whitney U test. 
Test was exclusively performed between indicated samples, ns: p>0.05. 

 
 
These results demonstrate that not all apoptotic cells are able to shape macrophages towards a tissue 

remodelling phenotype. aN induced the tissue remodelling response in macrophages, which could not 

be observed after the uptake of aT or aH; on the contrary, macrophages decreased their expression of 

tissue remodelling genes after the sensing and uptake of aH. 
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To confirm that apoptotic cells from different origins imprint the phenotype of macrophages in vivo, 

macrophages were primed either with aN+IL-4 or aT+IL-4. Beforehand, peritonitis was induced in the 

mice by the inoculation of thioglycollate, which induces a non-microbial-induced inflammation in the 

peritoneum that resolves through the recruitment of macrophages with a tissue remodelling 

function171. Afterwards, aN+IL-4 or aT+IL-4 were injected and two days later macrophages were 

isolated from the peritoneum. To evaluate whether the apoptotic cells are able to alter the frequency 

of tissue remodelling-associated macrophages in vivo, the frequencies of RELMα+ or YM1+ 

macrophages were analysed by flow cytometry. Mice treated with aN+IL-4 showed significantly higher 

frequencies of RELMα+ or YM1+ macrophages compared to mice treated with aT+IL-4 (Fig. 8). The 

injection of aH+IL-4 was omitted because the size of the cells might lead to unpredictable health 

problems for the mice, which could result in enhanced recruitment of neutrophils and macrophages 

followed by the priming of macrophages by dying neutrophils and not by the injected aH. 

 

 

Fig. 8: In vivo, aN+IL-4 induces higher frequencies of RELMα+ and YM1+ macrophages compared to aT+IL-4 
injection after peritonitis induction.  
Representative flow cytograms (left) and independent data of the frequencies of RELMα+ and YM1+ macrophages 
(CD11b+F4/80+) (right) isolated from the peritoneal cavity of mice treated with thioglycollate and two days later 
injected with aN+IL-4 or aT+IL-4. Two independent experiments are shown. Each data point indicates one 
independent sample. n=2-5. Mean ± SEM, Mann-Whitney U test. Test was exclusively performed between 
indicated samples, ns: p>0.05.  
 
 

In summary, only aN induce the expression of tissue remodelling markers at mRNA and protein level 

in vitro and in vivo and thereby alter the phenotype of macrophages towards a tissue remodelling 

phenotype. However, the reason for the specific macrophage-modulation by aN, that was not 

observed by aT or aH, was further investigated. 
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4.3 PtdSer alone is not sufficient for the induction of a tissue remodelling 

phenotype in macrophages nor is a soluble factor released by neutrophils  

Further studies of the macrophage - apoptotic cell interaction revealed that the sensing of PtdSer 

exposed on the surface of apoptotic cells induces the tissue remodelling phenotype in macrophages, 

as indicated by experiments in which blocking the sensing of PtdSer via Annexin V reduced their tissue 

remodelling signature172. Since all three apoptotic cell types exposed similar levels of PtdSer (Fig. 5A), 

the specific impact of PtdSer on the response of macrophages was investigated via the use of 

liposomes provided with different amounts of PtdSer, which mimics the exposure of PtdSer on 

apoptotic cells. These liposomes were labelled with FITC fluorochromes to track them by flow 

cytometry. Similar to the results obtained with the phagocytosis assay performed with different 

apoptotic cell types (Fig. 6), the capacity of macrophages to phagocytose liposomes provided with 

different concentration of PtdSer was investigated. Additionally, their impact on the tissue remodelling 

gene transcripts was analysed. Phagocyting macrophages are defined, as described previously, by the 

difference between macrophages positive for the liposome dye at 37°C and 4°C. The frequency of 

liposome-phagocyting macrophages (CD11b+F4/80+FITC+) was dependent on the amount of PtdSer 

presented by the liposomes (Fig. 9A). Liposomes provided with the highest amount of PtdSer (30 %) 

were phagocytosed the most. However, a significant difference between phagocytosis of liposomes 

with 30 % PtdSer or 10 % PtdSer was not observed. Gene expression analysis of Ear2, Retnla and Chil3 

after treatment with either IL-4 alone or after co-culture with aN or PtdSer-liposomes in combination 

with IL-4 showed that BMDMs treated with IL-4+aN were able to potentiate the IL-4 response 

significantly for all the three genes analysed, as shown previously. Importantly, this was observed to a 

lesser extent for the BMDMs treated with liposomes prior to IL-4 stimulation (Fig. 9B). Liposomes 

provided with a reduced concentration of PtdSer were also not able to potentiate the IL-4 response 

(data not shown).  
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Fig. 9: PtdSer-provided liposomes are not able to potentiate the expression of tissue remodelling genes in 
macrophages compared to IL-4.  
(A) Representative flow cytogram (left) depicting BMDMs phagocyting liposomes provided with different 
amounts of PtdSer detected as cells positive for the FITC-labelled liposomes, CD11b and F4/80. Independent data 
are shown on the right. Data display frequencies of phagocyting macrophages (Mφ). Phagocytosis is defined by 
difference of the frequency of macrophages binding and uptaking liposomes at 37°C and the frequency of 
macrophages binding liposomes at 4°C. (B) mRNA levels of Ear2, Retnla and Chil3 in macrophages either 
untreated or treated with apoptotic neutrophils (aN) or with liposomes provided with 30 % PtdSer (Liposomes) 
or with aN or Liposomes prior to stimulation with IL-4, detected by qPCR. Each data point indicates one 
independent sample. n=3-4 Mean ± SEM, Kruskal-Wallis test resulted in (A) p= 0.0006 (B) p= 0.0026; p= 0.0019; 
p= 0.0087 (left to right) and followed by multiple comparisons conducted with Dunn’s test between indicated 
samples. If not revised differently no significant changes were observed, ns: p>0.05.  

 
 
The obtained data revealed that PtdSer alone is not sufficient to induce a tissue remodelling phenotype 

as a post-engulfment consequence in macrophages, independent of its amount. The involvement of 

an additional factor, besides the exposure of PtdSer, in the polarisation of macrophages towards a 

tissue remodelling phenotype was further investigated. 

 
Soluble factors released during the co-culture of apoptotic cells and macrophages could interfere with 

the polarisation of macrophages173 and were therefore analysed. However, a transfer of the 

supernatant from the co-culture of macrophages with aN (aN-med) to the co-culture of macrophages 
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with aT (Fig. 10A) did not amplify the tissue remodelling response in macrophages compared to the 

co-culture with aT without the aN-med (Fig. 10B).  

 
 

 

Fig. 10: aN do not release soluble factors during the co-culture with macrophages that are responsible for the 
induction of a tissue remodelling phenotype in macrophages.  
(A) Experimental scheme. Supernatant of the co-culture of BMDMs with aN (aN-med) were transferred to the 
co-culture of macrophages with aT. (B) Expression of Ear2, Retnla and Chil3 in BMDMs, detected by qPCR. 
Macrophages are either untreated, or treated with IL-4 or with aN or aT prior to IL-4 stimulation or treated with 
aT prior to IL-4 stimulation in the presence of conditioned media harvested from macrophages in co-culture with 
aN (aN-med.). Each data point indicates one independent sample. n=3. Mean ± SEM, Mann-Whitney U test was 
exclusively performed between indicated samples, ns: p>0.05. 

 
 
To further investigated the involvement of a soluble factor, cytokine productions during the co-culture 

of macrophages with aN, aT or aH were evaluated. No production of the analysed cytokines IL-2, IL-4, 

IL-5, IL-6, IL-10, TNFα and IFNγ during the co-culture of macrophages with different apoptotic cells 

could be observed (therefore no data shown). Another possibility is that different cytokines are 

produced during the induction of apoptosis, and that this contributes to the aN-induced macrophage 

phenotype174. However, none of the analysed cytokines (IL-4, IL-5, IL-6, IL-10, TNFα or IFNγ) were 

detected either after induction of apoptosis in neutrophils, hepatocytes and thymocytes (therefore no 

data shown). These data suggest that the capacity of aN to induce a tissue remodelling response in 

macrophages is not mediated by soluble factors that are released while undergoing apoptosis or during 

the co-culture of apoptotic cells with macrophages. To this end, specific neutrophil characteristics 

were further investigated. 

 

A unique function of neutrophils is to kill invading pathogens by the formation of neutrophil 

extracellular traps (NETs), without damaging the host itself175. One of the responsible proteins in the 

activation process of NETs is myeloperoxidase (MPO)176,177. To assess whether NET formation 

contributes to neutrophil capability to induce a tissue remodelling phenotype in macrophages, aN from 

Mpo-/- mice were co-cultured with macrophages. mRNA expression of Ear2, Retnla and Chil3 were 
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compared to macrophages treated with aN isolated from WT mice (Fig. 11C). Differences in the gene 

expression between macrophages treated with either aN from WT mice or aN from Mpo-/- mice was 

not observed.  

 

Fig. 11: The formation of NETs does not contribute to the induction of a tissue remodelling phenotype in 
macrophages.  
mRNA levels of Ear2, Retnla and Chil3 in BMDMs either untreated or treated with IL-4 or aN prior to IL-4 
stimulation. aN are obtained either from WT or Mpo-/- mice. Each data point indicates one independent sample. 
n=3. Mean ± SEM, Mann-Whitney U test was exclusively performed between indicated samples, ns:p>0.05. 
 
 

With the conducted experiments a contribution of NETs, or more specifically, a contribution of MPO 

to the specificity of aN to commit macrophages towards a tissue remodelling response, could be 

excluded as well as the involvement of a soluble factor. This favours the possibility that a cell-cell 

contact between aN and macrophages is needed for the tissue remodelling response of macrophages, 

like the interaction of the phagocytic receptors on the macrophages and their ligands on the surface 

of the apoptotic cell. 

 

To investigate whether the sensing and uptake of a selective apoptotic cell can affect the expression 

of phagocytic receptors in macrophages, mRNA levels of the PtdSer- dependent phagocytic receptors 

Axl, Mertk and Cd36 (see 1.2.1) in macrophages were compared after the co-culture with aH, aT and 

aN prior to IL-4 stimulation. In addition, the bridging molecules Pros1 and Gas6, necessary for the 

binding of AXL and MERTK to PtdSer, were analysed. Macrophages that phagocytosed aH showed 

significantly less expression of Mertk compared to the untreated sample, which was not observed in 

macrophages that engulfed aT or aN. In addition, Cd36 expression was decreased in macrophages that 

phagocytosed aH compared to all other conditions analysed except the untreated control. Axl 

expression was not changed ( Fig. 12A). The expression of both bridging molecules, Gas6 and Pros1, 

are significantly decreased in macrophages that sensed and phagocytosed aH, which was not observed 

for macrophages co-cultured with aN or aT ( Fig. 12B). 
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 Fig. 12: The identity of the apoptotic cell phagocytosed affects the expression of phagocytic receptors in 
macrophages. 
(A) mRNA levels of the PtdSer-R Mertk, Axl and Cd36 in BMDMs either untreated or treated with IL-4 or aN, aT 
or aH prior to IL-4 stimulation. (B) mRNA levels of the bridging molecules Pros1 and Gas6 either untreated or 
treated with IL-4 or aN, aT and aH prior to IL-4 stimulation. Each data point indicates one independent sample. 
n=8. Mean ± SEM, Kruskal-Wallis test resulted in (A) p= 0.0010; p= 0.0485; p= 0.0021 (B) p= 0.0027; p= 0.0004 
(left to right), followed by pairwise comparisons conducted with Dunn’s test between indicated samples. If not 
revised differently no significant changes were observed, ns: p>0.05. 

 
 

The obtained results showed that the phagocytosis of apoptotic cells with different origins modulates 

the expression of the phagocytic receptors Mertk and Cd36 and the bridging molecules Gas6 and Pros1. 

However, a specific expression profile of the genes analysed for aN was not observed.  

 

Accordingly, the mechanism behind the specificity of aN to induce a tissue remodelling response of 

macrophages could not be fully revealed. Nonetheless, whether aT or aH are able to shape the 

phenotype and function of macrophages differently, apart from a tissue remodelling signature, was 

further dissected.  

 

4.4 Apoptotic cells with different identities shape the IL-4-induced 

response of macrophages  

To verify that the identity of an apoptotic cell imprints the transcriptional heterogeneity of 

macrophages within the IL-4 response after phagocytosis, RNAseq analysis of macrophages co-

cultured either with aN, aT or aH prior to IL-4 stimulation in vitro was performed. It has been shown 

that RNA from internalised apoptotic cells dissolves after 6 h178. To affirm that the transcriptional 

heterogeneity in macrophages is not affected by RNA contaminants from apoptotic cells, RNAseq was 

performed 48 h after exposure of macrophages to apoptotic cells. Genes that showed at least a 3-fold 

induction in macrophages stimulated with IL-4 compared to the untreated samples were selected. The 

differential expression of these 444 genes in macrophages co-cultured with either aN, aT or aH prior 

to the IL-4 stimulation was investigated with a hierarchical cluster analysis. The results are displayed 
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in the heatmap (Fig. 13A). Red colour indicates upregulation of genes, while blue colour depicts 

downregulated genes in each of the three conditions analysed. The sequencing results revealed 

distinct gene profiles for macrophages that phagocytosed either aN or aT or aH prior to IL-4 

stimulation.  

To investigate the enrichment in gene functions in each of the three conditions analysed, gene 

ontology (GO) analysis on differentially expressed genes was performed (Fig. 13B). GO-term 

assessment for the macrophages co-cultured with aN+IL-4 showed the induction of GO-terms 

associated with tissue remodelling like response to wounding, wound healing or coagulation, and 

genes like Chil3, Ear2 and Arg1 (Fig. 13B-red bars). Macrophages treated with aH+IL-4 upregulated 

pathways which are more associated with a tolerogenic or homeostatic function of macrophages, like 

inflammatory and defence response, regulation of cytokine production, regulation of cell proliferation 

and genes like Programmed cell death 1 ligand 1 (Pdl-1) or Socs2 (Fig. 13B orange bars). Interestingly, 

the GO-term “response to wounding” was also associated with the aH+IL-4 sample. Evaluation of the 

genes included in this category revealed the presence of transcripts associated with the recognition 

and antigen-presentation capacities of macrophages, like TLR and C-type lectin domain family 7 

member A (Clec7a), rather than genes associated with a macrophage wound healing response. In 

contrast, in the aN+IL-4 sample the same pathway (“wound healing”) comprised genes that are known 

to be induced specifically in macrophages that acquire a tissue remodelling phenotype, like Arg1 or 

Fibronectin-1 (Fn1). Although the GO-term indicated the same pathways for both samples, analysis of 

the genes inside the categories confirmed a disparity between the samples. GO-term assessment for 

the genes specifically induced after aT+IL-4 treatment showed no significantly enriched functional 

pathway. Genes like Serpinb9b, ribonuclease A family member 2 (Rnase2), Ahnak and Aryl hydrocarbon 

receptor nuclear translocator 2 (Arnt2) are upregulated inside this group. W 

Within the 444 genes which were altered by the IL-4 treatment, only a small proportion of transcripts 

were specifically induced when macrophages were exposed to aT+IL-4 (46 genes). Sensing of aH+IL-4 

induced changes in 121 of the genes that are upregulated by IL-4 specifically, the highest number of 

genes among the three cell types. Nevertheless, most of the IL-4 induced genes were not altered 

exclusively by only one of the apoptotic cell types and were instead changed by two or all of the 

apoptotic cells (199 genes) (Fig. 13C).  

 

To verify the sequencing data, mRNA expression of one of the highly induced genes in each group was 

analysed (Fig. 13D). Arg1, a tissue remodelling gene179 is significantly upregulated in macrophages co-

cultured with aN+IL-4 and to a lesser extent in macrophages treated with aT+IL-4. In addition, Arg1 is 

decreased significantly in macrophages that were co-cultured with aH+IL-4 compared to the IL-4 

treatment. In macrophages treated with aH+IL-4 a significant increase of Socs2 expression, a 
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tolerogenic/suppressive gene180, was observed compared to the IL-4 stimulation alone. However, this 

was also seen after co-culture with aN+IL-4, although to a much lesser extent. Sensing of aT prior to 

IL-4 stimulation was not able to upregulate Socs2 expression in macrophages compared to IL-4 alone. 

Serpinb9b, a proteinase inhibitor involved in DNA binding and apoptosis181, is slightly induced in 

macrophages co-cultured with aT prior to IL-4 treatment. This trend towards increased expression of  

Serpinb9b was also observed in macrophages treated with aN prior to IL-4 stimulation.  

Fig. 13: IL-4-induced transcriptional profile of macrophages is dependent on the apoptotic cell they are 
phagocyting.  
(A) Heatmap displays differently expressed genes in macrophages treated with aN+IL-4, aT+IL-4 or aH+IL-4 
analysed by RNA-seq. Genes are at least three times upregulated in the IL-4 sample compared to the untreated 
control. Depicted is the log10 CPM (counts per million). RNA from 3 independent experiments are pooled. (B) 
Gene ontology assessment of genes which are highly upregulated in either aN+IL-4 or aT+IL-4 or aH+IL-4 (scaled 
score >1, with a negative score for the other samples). Dotted line represents p<0.05. (C) Numbers of differently 
expressed genes which are only induced in one of the conditions (aN+IL-4 red, T+IL-4, blue or aH+IL-4, orange). 
Grey area depicts the genes that are changed in their expression by more than one type of apoptotic cells (ACs) 
alone. (D) Arg1, Socs2 and Serpinb9b mRNA levels in BMDMs either untreated or treated with IL-4 or aN, aT or 
aH prior to IL-4 stimulation. Each data point indicates one independent sample. n=6-8. Mean ± SEM, Kruskal-
Wallis test resulted in (D) p= <0.0001; p= 0.5161; p= <0.0001 (left to right) followed by pairwise analysis 
conducted with Dunn’s test between indicated samples. If not revised differently no significant changes were 
observed, ns: p>0.05. 
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The bulk sequencing analysis showed that aN shape macrophages’ function towards a tissue-

remodelling/anti-inflammatory one. aH are more prone to decrease the expression of these genes and 

shape the IL-4 response towards a more tolerogenic function. However, sensing of aT prior to IL-4 does 

not change the IL-4 response dramatically, instead small changes of some specific genes are seen in 

macrophages. 

 

The analysis of the phagocytosis capacity, the function and the phenotype of macrophages revealed 

the impact of the original identity of an apoptotic cell on macrophages’ heterogeneity. However, what 

the impact of the recognition and uptake of different apoptotic cells on macrophage function during 

an infection is has never been investigated so far. The next part of this work focuses on macrophages’ 

heterogeneity and their phagocytosis capacity during an infection with S. mansoni a condition in which 

the anti-inflammatory/tissue remodelling phenotype of macrophages is necessary for host survival154.  

 

4.5 Macrophages’ heterogeneity during Schistosoma mansoni infection is a 

consequence of phagocytosis of different apoptotic cells  

Infection with S. mansoni first induces a type 1 immune response, followed by a switch to a type 2 

immune response with upregulation of cytokines like IL-4 and IL-13144. During disease progression, liver 

and colon damage occur, leading to an increase of apoptotic cells (see 1.4.2). To thoroughly study 

macrophages and the impact of phagocytosis of apoptotic cells during the infection with S. mansoni, 

single cell sequencing (scSeq) was performed. To this end, cells from the infected liver were isolated 

and CD11b+ cells were sorted, while excluding CD3+ T cells and CD11c+ DCs (Fig. 14A). Uniform manifold 

approximation and projection (UMAP) analysis to visualise the scSeq data revealed different clusters 

of cells (Fig. 14B). Briefly, cells that cluster closely together are more similar to each other than cells 

clustering apart from each other. To categorise the clusters, the expression of key markers for different 

cell types among the clusters were investigated (Fig. 14C). The expression intensity is depicted by the 

blue colour. The percentage of cells expressing the genes is defined by the circle size. In line with the 

sorting strategy, all clusters show a high expression of Itgam, the gene encoding the CD11b protein. 

Macrophage clusters 2, 3, 5 and 6 were defined by the expression of the classical macrophage markers 

Cd14, Cd68 and Adreg1 (encoding the protein F4/80). High expression of the genes Killer cell lectin-like 

receptor subfamily a1 (Klra1), Klrd1 and Ncr1 (NKp46) is characteristic for NK cells182 (cluster 1). 

Although CD11c+ and Ly6G+ cells were excluded from the sorting, the UMAP analysis revealed 

contaminations with neutrophils. Neutrophils are defined by the expression of markers as Ly6g, 

Neutrophilic granule protein (Ngp) or Lipocalin-2 (Lcn) (cluster 7 and 9) and they acquire  C-X-C motif 
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chemokine receptor 2 (Cxcr2) expression during the differentiation into mature neutrophils 

(cluster 8)183, therefore immature neutrophils express low levels of Cxcr2 (cluster 4)183. 

 

 

Fig. 14: Single cell sequencing (scSeq) of cells isolated from the liver of S. mansoni-infected mice reveals four 
distinct macrophage clusters.  
(A) Mice were infected s.c. with 30 Cercariae. At week 14 p.i., livers were collected and CD11b+ cells isolated by 
FACS. CD3+ T-cells were excluded, as well as CD11c+ -DCs. CD11b+ cells were used for scSeq. Cells from 4 mice 
were pooled. (B) UMAP clustering of the sequenced CD11b+ cells. (C) Clusters are defined by the expression of 
Itgam, Cd14, Cd68, Adgre1, Ly6c2, Ngp, Ly6g, Lcn, Cxcr2, Cd24a, Klrd1, Klra1 and Ncr1. Size of the circle shows 
the expression percentage of these inside the clusters, while the colour refers to the average expression per 
cluster.  

 
 
To investigate whether the alteration of the four different macrophage clusters (2, 3, 5 and 6) in the 

scSeq is caused by the phagocytosis of different apoptotic cells, the bulk sequencing data were 

integrated in the scSeq data. To this end, the 50 selectively highest expressed genes in each sample 

(aH+IL-4, aT+IL-4 and aN+IL-4), were compared to the transcriptomic signature of macrophages in 

clusters 2, 3, 5 and 6. Based on these genes, expression of each individual cell from the scSeq was 

scaled to their compliance in the gene list. Scaled classification for each cell is depicted in the UMAP 

(Fig. 15A). Indeed, clusters 3 and 5 are enriched for the expression pattern characteristic of the 

aN+IL-4-induced transcriptomic signature in vitro (orange dots), while cluster 6 is enriched in gene 

expression observed in the aT+IL-4 sample (green dots). Gene expression associated with the 

phagocytosis of aH+IL-4 in vitro (blue dots) can be found broadly across all clusters. Furthermore, in 

each cluster the macrophages were analysed for their functional properties. The heatmap illustrates 

that each macrophage cluster has a specific gene expression profile. Genes associated with 

angiogenesis or tissue repair, such as Kruppel-like factor 2 (Klf2), Nuclear receptor 2a1 (Nr2a1) or 

Thrombospondin 1 (Thbs1) or Fn1 and Fibrinogen-like protein 2 (Fgl2) are highly expressed in 

macrophages from clusters 5 and 3 respectively. Cluster 6 showed enrichment of phagocytosis 
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receptors like Cd36 or Cd300e, while macrophages in cluster 2 expressed genes associated with antigen 

presentation like the H2-family or Cd74, which encodes for the histocompatibility antigen II. Cd40, a 

co-stimulatory molecule that plays a role in antigen presentation by activated APCs after binding to its 

ligand on the surface of e.g. T cells and is additionally necessary for macrophage induced B cell 

activation184, is expressed in macrophages of this cluster (Fig. 15B).   

 

 

Fig. 15 Macrophage heterogeneity in mice infected with S. mansoni is driven by phagocytosis of different 
apoptotic cells.  
(A) UMAP analysis of the combined bulk and scSeq data. Scored expression of the gene profiles from the bulk 
sequencing are shown integrated in the scSeq clusters. Orange dots refers to cells from the scSeq that expressed 
higher amounts of genes in compliance with BMDMs treated with aN+IL-4 in vitro rather than BMDMs treated 
with aT+IL-4 or aH+IL-4. Blue dots and green dots represents cells that either express more genes associated to 
BMDMs treated with aH+IL-4 or aT+IL-4, respectively. (B) Heatmap of a functional gene analysis of the four 
macrophage-clusters. Gene expression is shown as scaled expression. 

 
 
These data displayed that during the infection with S. mansoni, sensing of apoptotic cells with various 

origins imprints macrophages’ function and phenotype differentially. Taking into consideration that 

the characteristics of the macrophage clusters are associated with the phagocytosis of different 

apoptotic cells, the involvement of phagocytosis receptor expression was analysed by using a knock-

out mouse for Axl and Mertk, thereby the impact of phagocytosis on the heterogeneity of macrophages 

during infection and analysing its effect on the disease outcome was further investigated. 

 

4.6 Blocking phagocytosis during schistosomiasis reveals its impact on the function 

of macrophages  

AXL and MERTK are tyrosine kinase receptors, important for the phagocytosis of apoptotic cells via 

recognition of PtdSer on the surface of apoptotic cells86,185 (see 1.2.1). To test if their genetic ablation 

in macrophages alters their function and the disease course, as described in Nippostrongylus 

brasiliensis infection91, mice with the genetic deletion of Axl and Mertk (Csf1r-Cre+AMf/f) were infected 

with S. mansoni. Littermates without a Cre-promotor (Csf1r-Cre-AMf/f) were used as controls.  
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Macrophages during the chronic phase of the disease (week 14 p.i) were analysed, where granuloma 

and fibrosis induction already took place. Liver and intestine represent focal points of damage during 

infection; to this end, liver macrophages as well as liver and colon tissue were collected for analysis of 

their phenotype and egg deposition. The blood was analysed to reveal liver damage and changes in 

cytokine production. 

 

To verify that liver macrophages express Axl and Mertk, gene expression was investigated via qPCR. 

Mice with a knockout for Axl and Mertk were used as a negative control (Fig. 16). To this end, liver cells 

were isolated and macrophages obtained by cell-sorting. CD45- cells and neutrophils (Ly6G+) were 

excluded. Ly6C-CD11b+F4/80+ expression defined non-infiltrating macrophages (left panel). No 

expression of Axl and Mertk was detectable in the Csf1r Cre+AMf/f mice (right panel-red bar). Liver 

macrophages from Csf1r-Cre-AMf/f mice (black bar) showed high expression of Axl and Mertk under 

homeostatic conditions. 

 

  

Fig. 16: Liver macrophages express high levels of Axl and Mertk in steady stage.  
Flow cytograms reporting the sorting strategy of liver macrophages. Dead and single cells were excluded. Starting 
from CD45+ cells, neutrophils were excluded via Ly6G staining and Ly6C- Cd11b+F4/80+ macrophages were sorted. 
mRNA levels of Axl and Mertk were analysed for Csf1r-Cre-AMf/f (black bars) and Csf1r-Cre+AMf/f (red bars) by 
qPCR. Dotted line indicates the basal expression of the knockout mice. Three mice were pooled to sort 
macrophages and to perform RNA isolation. 

 
 
To analyse the impact of the absence of Axl and Mertk on apoptotic cell accumulation, the amount of 

apoptotic cells in the liver was evaluated by flow cytometry 14 weeks p.i. with S. mansoni. Apoptotic 

cells are defined by the expression of PtdSer, via staining with Annexin V. The apoptotic cells (Annexin 

V+) are further characterised based on their original identity. CD45+ cells are separated into T cells 

(CD3+), eosinophils (SiglecF+), neutrophils (Ly6G+CD11b+) and macrophages (either CD11b+F4/80+ or 

CD11b+F4/80-). CD45- cells include all non-parenchymal cells of the liver, mainly hepatocytes. Red bars 

indicate apoptotic cells isolated from infected Csf1r-Cre+AMf/f mice, while black bars indicate apoptotic 

cells from infected Csf1r-Cre-AMf/f mice. In general, the overall number of apoptotic cells rose 

significantly during the infection in Csf1r-Cre+AMf/f mice compared to Csf1r-Cre-AMf/f mice (Fig. 17A). 
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In addition, the dotted line in panel A displays the amount of apoptotic cells in naïve mice. During the 

infection, a significant increase of apoptotic T cells and macrophages was detectable in the 

Csf1r-Cre+AMf/f mice, while no significant change in the apoptotic cell numbers of neutrophils, 

eosinophils or CD45- cells were observed comparing infected Csf1r-Cre+AMf/f and Csf1r-Cre-AMf/f mice 

(Fig. 17 B). However, CD45- cells were slightly increased in infected Csf1r-Cre+AMf/f mice. 

 

 

Fig. 17: Depletion of Axl and Mertk during the infection with S.mansoni results in accumulation of apoptotic 
cells in the liver.  
Mice were infected with S. mansoni. Liver samples were collected 14 weeks p.i. Black bars indicate Csf1r-Cre-

Axlf/fMertkf/f mice; red bars indicate Csf1r-Cre+Axlf/fMertkf/f mice. (A) Dotted line indicates amount of apoptotic 
cells in naïve mice. Absolute number of annexin V+ cells are depicted. (B) Cells are further divided into specific 
cell types. Annexin V+ hepatocytes (CD45-), T cells (CD3+), eosinophils (SiglecF+), neutrophils (Ly6G+) and 
macrophages (CD11b+F4/80+ and CD11b+F4/80-) are displayed. Each data point indicates one independent 
sample, n=3-9. Mean ± SEM, Mann-Whitney U test was exclusively performed between infected Csf1r-Cre-AMf/f 
mice and infected Csf1r-Cre+AMf/f mice, ns: p>0.05. 

 
 
An accumulation of apoptotic cells was observed at 14 weeks p.i. in the liver. In addition, the data 

showed that in particular apoptotic macrophages and T cells accumulated in high numbers in the 

absence of Axl and Mertk. 

 
Next, the impact of Axl and Mertk-dependent phagocytosis on the disease outcome was analysed (Fig. 

18). With this objective, alanine aminotransferase (ALT) levels in the serum of infected mice were 

determined. ALT is an enzyme that is present in healthy livers. However, when liver damage occurs, 

ALTs are released into the bloodstream and can be detected in the serum186. Infected mice showed an 

increase in ALT levels compared to the naïve controls, and most importantly, infected Csf1r-Cre+AMf/f 

mice showed significantly elevated ALT levels in the serum compared to Csf1r-Cre-AMf/f mice. The 

dotted line indicates ALT levels of age-matched naïve mice (Fig. 18A). In addition, the amount of 

parasite eggs inside the liver to assess disease severity was determined. Parasite eggs were counted 

after digestion of the liver tissue and calculated per gram liver tissue. Numbers of parasite eggs were 

elevated in Csf1r-Cre+AMf/f mice compared to Csf1r-Cre-AMf/f mice (Fig. 18B). A similar phenotype was 

observed in the amount of parasite eggs counted in the colons of Csf1r-Cre+AMf/f and Csf1r-Cre-AMf/f 
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mice (data not shown). Elevated ALT levels in combination with increased parasite egg numbers in the 

liver could favour granuloma formation and rearrangement of the ECM in the liver187. To address this, 

liver histology sections were stained with siRed, a dye that stains collagen deposition in red. 

Representative histology pictures are displayed (Fig. 18C left). The quantification of positively stained 

granuloma structures and/or parasite eggs that were enclosed by a granuloma revealed that Csf1r-

Cre+AMf/f mice have a greater amount of siRed+ particles compared to Csf1r-Cre-AMf/f mice (Fig. 18C 

right). Additionally, total liver RNA was analysed for the expression of enzymes that contribute to the 

rearrangement or the removal of excess ECM, like metalloprotease 14 (Mmp14) or inhibitors such as 

inhibitor of metalloproteases-1 (Timp1), as MMPs an TIMPs might be suppressed in fibrotic settings188. 

In Csf1r-Cre+AMf/f mice a significant decrease in the expression of both Mmp14 and Timp1, compared 

to Csf1r-Cre-AMf/f mice was observed (Fig. 18D). 

 

 
Fig. 18: Blockage of phagocytosis during the infection with S. mansoni leads to a more severe disease 
phenotype. 
Mice were infected with S. mansoni. Tissue samples were collected 14 weeks p.i. Black bars indicate Csf1r-Cre-

AMf/f mice; red bars indicate Csf1r-Cre+AMf/f mice. (A) ReflotronTM measurements of serum ALT levels. Dotted 
line indicates ALT levels in naïve mice. (B) Number of S. mansoni egg per gram of liver. (C) Representative images 
of liver section stained with siRed left. Scale bars indicates 200 µm. Histology analysis of siRed positive particles 
per slide. One positive particle was defined by positive siRed stain, visible granuloma structure and/or egg 
detection. (D) mRNA levels of total liver RNA is shown for Mmp14 and Timp1, as detected by qPCR. Each data 
point indicates one independent sample. n=8-23. Mean ± SEM, Mann-Whitney U test, ns: p>0.05.  
 
 

In summary, Csf1r-Cre+AMf/f mice showed an a more severe disease pathology inside the liver 

compared to Csf1r-Cre-AMf/f mice. 
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 PBMCs isolated from patients with severe fibrosis showed enhanced cytokine production of IL-10, 

IL-13 and IL-5 189. This led to the question whether the impairment in Axl and Mertk-dependent 

phagocytosis alters the cytokine milieu. Based on this, the amount of IL-5, IL-13 and IL-10 in the serum 

of the mice were analysed. In addition, IL-4 production was investigated. Mice with a knockout for Axl 

and Mertk showed significantly elevated levels of IL-5, IL-13 and IL-10 compared to Csf1r-Cre+AMf/f. A 

strong increase of IL-4 was additionally observed in the Csf1r-Cre+AMf/f mice (Fig. 19), however not to 

a significant extent.  

Fig. 19: Fibrosis-associated cytokines are enhanced in the serum of Csf1r-Cre+AMf/f mice. 
Mice were infected with S. mansoni. Serum samples were collected 14 weeks p.i. Black bars indicate Csf1r-Cre- 
AMf/f mice; red bars indicate Csf1r-Cre+AMf/f mice. IL-5, IL-13, IL-10 and IL-4 levels in the serum of infected or 
naïve mice. Each data point indicates one independent sample. n=10. Mean ± SEM, Mann-Whitney U test 
performed only in the infected group, ns: p>0.05.  
 
 

 To this end, the genetic ablation of Mertk and Axl in macrophages alters the cytokine expression 

during schistosomiasis. Impairment of phagocytosis might also affect the Th2 response of T cells. Since 

the intestine is the place of residence from the helminth, cells from the mesenteric lymph nodes were 

isolated from infected mice and stimulated in vitro with αCD3. Secretion of IL-4 and IL-13, which are 

prototypical marker of a type 2 immune response during S. mansoni infection, were evaluated by ELISA 

in the supernatant of lymph node cells. Comparable levels of IL-4 and IL-13 were detected in the 

supernatant after stimulation of cells from Csf1r-Cre-AMf/f and Csf1r-Cre+AMf/f mice (Fig. 20). 

Fig. 20: Cytokine production from mesenteric lymph nodes is not altered in Csf1r-Cre+AMf/f infected mice.  
Mice were infected with S. mansoni. Black bars indicate Csf1r-Cre- AMf/f mice; red bars indicate Csf1r-Cre+AMf/f 
mice. Lymph nodes were collected 14 weeks p.i. IL-4 and IL-13 levels in unstimulated and stimulated cells from 
mesenteric lymph nodes are shown. Each data point indicates one independent sample. n=3-6. Mean ± SEM, 
Mann-Whitney U test. Test was exclusively performed between the infected samples, ns: p>0.05.  
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To asses if the impairment in apoptotic cell phagocytosis affects the phenotype of macrophages, they 

were analysed for their possible contribution to fibrosis. In this setting, cells from the pooled livers of 

five mice were isolated and then CD45+Ly6G-Ly6C-CD11b+F4/80+ macrophages obtain by FACS. As 

described previously, neutrophils were excluded by Ly6G+CD11b+ staining (Fig. 21A). mRNA level 

expression of Arg1, Chil3, Il-1β, Il-10 and Timp1 was measured. Arg1, Chil3, Il-1β and Il-10 were 

analysed, as high expression levels are associated with fibrogenic processes in the chronic phase of the 

disease. Timp1, as described earlier, is a negative regulator for MMPs and alters ECM rearrangement. 

Csf1r-Cre+AMf/f mice showed higher levels of Arg1, Chil3, Il-1β and Timp1 compared to the Csf1r-Cre-

AMf/f mice. In contrast to the cytokine production in the serum (Fig. 19), higher levels of Il-10 in Csf1r-

Cre-AMf/f macrophages compared to Csf1r-Cre+AMf/f macrophages were detected. All markers 

analysed were increased during infection compared to naive mice (Fig. 21B). 

 

 

Fig. 21: Liver macrophages from S. mansoni-infected Csf1r-Cre+AMf/f mice have an increase in fibrosis markers. 
Mice were infected with S. mansoni. Liver samples were collected 14 weeks post infection. (A) Representative 
flow cytograms show the sorting strategy. (B) mRNA levels of Arg1, Chil3 and IL1β, Il-10 and Timp1 in 
macrophages cell sorted from livers of naïve and infected mice. Black bars indicate Csf1r-Cre-AMf/f mice; red bars 
indicate Csf1r-Cre+AMf/f mice. mRNA levels are detected by qPCR. Each column represents RNA from five pooled 
mice.  

 
 
Analysis using the Csf1r-Cre+AMf/f mice revealed that phagocytosis of apoptotic cells has a high impact 

on the function of macrophages during schistosomiasis and thereby contributes to the pathology of 

the disease. However, in general little is known about the therapeutic use of macrophages. Hence, in 

the next section, the focus laid on the therapeutic potential of macrophages, and how the uptake of 
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apoptotic cells with different original identities is shaping the response of macrophages and can pave 

the way for novel therapeutic approaches in the context of schistosomiasis.  

 

4.7 The transfer of macrophages treated with apoptotic neutrophils in vitro is 

beneficial for the Schistosoma mansoni-infected host  

Transfer of macrophages is reported to be beneficial for the host during S. mansoni infection162. 

However, it is not known whether the treatment with apoptotic cells can enhance the therapeutic 

potential of macrophages. Of special interest are macrophages treated in vitro with aN, because the 

previously obtained data suggest that these are the only cell population able to potentiate the tissue 

remodelling response of macrophages, which is described to be beneficial in the early phase of 

schistosomiasis144. Besides aN, the impact of the transfer of macrophages treated with aT and aH was 

evaluated. With this objective, macrophages were pre-treated in vitro with either aN (Mφ+aN), aT 

(Mφ+aT) or aH (Mφ+aH) and stimulated with IL-4. Transfer of macrophages was performed at week 6 

and 7 p.i., at the onset of egg deposition and at the time point in which the Th1-Th2 switch occurs127 

(Fig. 22A). Control mice were infected but did not receive any macrophages. This provided the 

possibility to normalise the infection to a not-macrophage-altered infection, as the established 

infections might differ in their strength due to the fitness of the administered cercariae over 

independent experiments. In addition, transfer of macrophages without pre-priming of exogenous 

apoptotic cells still includes the effects of the uptake of apoptotic macrophages on living macrophages 

inside the culture. However, the effect of apoptotic macrophages on macrophages themselves is not 

point of focus in this study. To assess whether the transfer of macrophages treated with apoptotic cells 

has an influence on the liver damage, ALT levels in the serum of infected mice were measured. No 

differences between the mice receiving macrophages pre-cultured with aN, aT or aH were observed 

compared to infected control mice treated with PBS (Fig. 22B). Besides the measurement of ALT levels, 

the amount of parasite eggs provides information about the severity of the disease; to this end parasite 

eggs were counted inside the liver and colon. Parasite egg counts were normalised to control mice 

treated with PBS. In line with the observed minor changes in the ALT levels, there were only minor 

reductions in the amount of eggs detectable inside the liver after transfer of macrophages (Fig. 22C). 

However, a slight reduction in the number of eggs present in the livers of mice which received 

macrophages pre-treated with aN was observed compared to the PBS control. Macrophages pre-

treated with aT or aH did not affect the number of eggs accumulated in the colon of recipient mice, in 

contrast injection of aN-pre-primed macrophages reduced the egg counts in the intestine significantly 

(Fig. 22C). 

 



Results 

60 
 

 

Fig. 22: Transfer of macrophages pre-treated in vitro with aN decreases the egg count in the colon of 
S. mansoni-infected mice. 
(A) Schematic experimental model. Mice were infected with S. mansoni. At week 6 and 7 p.i. 1 Mio. macrophages 
pre-treated in vitro with either aN (red bars), aT or aH were transferred into the mice. Results were obtained 
8 weeks p.i. (B) ReflotronTM measurements of serum ALT levels at week 8 p.i. (C) Number of S. mansoni eggs per 
gram of liver or gram of colon normalised to the PBS control. Each data point indicates one independent sample. 
n= 5-8. Mean ± SEM. Mann-Whitney U test, all samples were compared only to the PBS control. If not indicated 
no significance was reached for that graph, ns: p>0.05. 

 
 
Egg-induced pathology can be altered by TGFβ release during the disease190, therefore Tgfβ expression 

was measured in the colon. Reduced egg counts were accompanied by higher expression levels of Tgfβ 

in the colon from mice treated with aN-pre-primed macrophages compared to the controls. No 

changes were observed for mice treated with macrophages pre-cultured with aT or aH (Fig. 23). 

Parasite egg release might be favoured by ECM rearrangement. Taking that into consideration, Mmp14 

and Timp1 expression were measured in the total colon tissue. The reduced egg count in the mice that 

received aN-pre-primed macrophages was accompanied by a slight increase of Mmp14 expression. In 

contrast, transfer of macrophages did not alter the expression of Timp1 in the colon compared to the 

PBS control.  

 
Fig. 23: Transfer of macrophages co-cultured in vitro with aN increases Tgfβ and Mmp14 expression in the 
colon of S. mansoni-infected mice.  
Mice were infected s.c. with S. mansoni. At week 6 and 7 p.i. 1 Mio macrophages pre-treated with either aN (red 
bars), aT or aH were transferred. Results were obtained 8 weeks p.i. mRNA levels of total colon RNA are shown 
for Tgfβ, Mmp14 and Timp1, as detected by qPCR. Each data point indicates one independent sample. n=5-8. 
Mean ± SEM, Mann-Whitney U test, test refers exclusively to the PBS control. If not indicated no significance was 
reached for that graph, ns: p>0.05.  
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Even though the parasite egg counts in the liver were not altered, the phenotype of liver macrophages 

were analysed. Additionally, infiltration of CD3+ T cells and Ly6G+CD11b+ neutrophils in the liver were 

investigated by flow cytometry. Frequencies were normalised to the PBS-controls of each individual 

experiment. Transfer of macrophages pre-treated with aH significantly increased the frequency of 

CD3+ T cells in the liver, while no changes in the frequency of CD3+ T cells were observed in the mice 

receiving aN or aT compared to the control (Fig. 24A). The frequency of neutrophils (Ly6G+CD11b+) was 

not altered.  

It has been described that anti-inflammatory macrophages expressing YM1 regulate granuloma 

formation, while ARG1 expression is, besides other functions, negatively associated with liver fibrosis 

modulation during schistosomiasis165. Therefore, frequencies of YM1+ and ARG1+ macrophages in the 

liver were evaluated. Transfer of macrophages significantly increased the amount of YM1+ 

macrophages in all three groups compared to the control. ARG1+ macrophages were reduced in 

frequency in mice injected with macrophages pre-treated with aN. For the transfer of aT-pre-primed 

macrophages or aH-pre-primed macrophages no changes in the frequency of ARG1+ macrophages 

were observed in comparison to the control (Fig. 24B). These findings delineate how macrophage 

transfer affects the immune environment in the host. More precisely, donor macrophages were able 

to modulate host macrophage polarisation without affecting the infiltration of neutrophils and T cell 

infiltration in two of the conditions analysed. 

 

 

Fig. 24: Recipient mice showed lower amounts of ARG1+ macrophages after transfer of macrophages pre-
treated with aN in vitro. 
(A) Frequencies of CD3+ or Ly6G+ CD11b+ cells in the livers of the recipient mice. Data are normalised to the 
control. (B) Data depicting frequencies of YM1+ and ARG1+ macrophages isolated from the liver of the infected 
recipient mice. Each data point indicates one independent sample. n=5-8. Mean ± SEM. Mann-Whitney U test. 
Test refers exclusively to the PBS control. If not indicated differently, no significance was reached for that graph, 
ns: p>0.05.  
 
 

In summary, the transfer of macrophages pre-treated with aN reduces the number of parasite egg in 

the intestine and the frequencies of ARG1+  macrophages in the liver, while this is not observed for aH-
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pre-primed or aT-pre-primed macrophages. To provide comparability to human studies, investigations 

with patient samples were performed further. 

 

4.8 Characterisation of phagocytosis receptor expression on human CD14+ 

monocytes during schistosomiasis  

The impact of phagocytosis of apoptotic cells in humans with schistosomiasis is not yet known. To 

assess this, blood samples were collected from schistosomiasis-patients in Madagascar. Due to limited 

access to human samples, the following experiments were performed only with a small sample size 

and should therefore be considered as a prospective for further research. CD14+ cells, including 

monocytes and macrophages were isolated from PBMCs, due to low cell numbers, monocytes and 

macrophages could not be further analysed separately. RNA from CD14+ cells was extracted and mRNA 

levels of the phagocytic receptors Axl and Mertk were investigated. Additionally, the mRNA expression 

of the PtdSer-R Cd36 was investigated (Fig. 25). As a control, samples from healthy controls (HC) were 

analysed. Due to limited sample availability, endemic samples (filled circles) are pooled with HC 

collected in Hamburg (open circles). An increase in the mRNA expression of all three phagocytosis 

receptors was observed; however, not to a significant extent. Notably, Mertk expression was only 

found in two of the patient samples. It might be taken into account that the expression of Axl seemed 

to be highly different in endemic and not endemic healthy controls. 

 

 
Fig. 25: CD14+ cells from patients with S. mansoni infection have an increased phagocytosis receptor 
expression.  
mRNA expression for Axl, Mertk and Cd36 from S. mansoni-infected patients (red bars) and healthy controls 
(black bars). Healthy controls were either endemic (filled dots) or not endemic (open circles). Each data point 
indicates one independent sample. n=3-4. Mean ± SEM. Mann-Whitney U test, ns: p>0.05. 

 

The infection with S. mansoni altered the expression of phagocytic receptors in patients and indicates 

that, similar to the mice counterpart, apoptotic cells might be also relevant in the human context.
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5 Discussion  

Macrophages are important players of the innate immune response. Their phenotype and function are 

highly dependent on stimuli from the environment. Phagocytosis of apoptotic cells induces an 

immunosuppressive response in macrophages. In damage settings in the presence of IL-4 and IL-13, 

phagocytosis of apoptotic cells commits macrophages towards the acquisition of an anti-

inflammatory/tissue remodelling phenotype. This study aimed to reveal the impact of phagocytosis of 

apoptotic cells with different identities on macrophages’ function and phenotype. To this end, the 

response of macrophages after sensing different apoptotic cells was analysed. This approach was 

combined with murine S. mansoni infection as a model for a type 2 immune response, which was used 

to investigate whether in vivo phagocytosis of different apoptotic cell types also shapes macrophage 

heterogeneity and function.  

 

The presented results demonstrated that the nature of the apoptotic cell phagocytosed imprints the 

transcriptome and thereby the functional heterogeneity of macrophages in an IL-4-enriched 

environment. It was discovered that during a chronic infection with S. mansoni, the capability of 

macrophages to control granuloma formation and parasite egg deposition depends on macrophages’ 

phagocytosis via AXL and MERTK. Finally, it was shown that the reprogramming of macrophages, 

induced by the apoptotic cells phagocytosed, alters the infection outcome and the efficacy of their 

therapeutic potential.  

 

5.1 Induction of the tissue remodelling phenotype is exclusive to apoptotic 

neutrophils  

One of the main functions of macrophages is to phagocytose foreign, dead or damaged cells, including 

apoptotic cells1,174,191. Many studies have been conducted to investigate the cross-talk between dying 

cells and macrophages77,191–193. However, in most of these studies the focus was laid on the impact of 

different types of cell death (e.g. necrosis vs apoptosis), rather than the identity of the apoptotic cell194. 

Furthermore, they often only used one type of apoptotic cell at the time, whereby mainly aN or aT are 

used for these studies70,91,113,195. Along that line, apoptotic cells are described as a homogenous group 

of cells, defined by their apoptotic characteristics, such as PtdSer exposure, morphology changes, 

caspase activation or DNA fragmentation112, rather than by their origin. However, when damage 

occurs, more than one cell type goes into apoptosis. In addition, different types of apoptotic cells 

accumulate depending on which and where the damage occurs. T cell apoptosis occurs in high numbers 

in autoimmune diseases196, whereas in virus infections such as hepatitis or fatty liver disease, 

hepatocytes are the main cells that die197. It is described in the literature that the amount of apoptotic 
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cells present affects the macrophage response198; however, whether the accumulation of apoptotic 

cells with different identities distinctly alters the response of the corresponding phagocytic 

macrophages has not been investigated until now. The data presented in this thesis showed for the 

first time that the original identity of an apoptotic cell affects the macrophages’ tissue remodelling 

response. The tissue remodelling phenotype of macrophages is characterised by the upregulation of 

genes that are associated with wound healing or tissue repair like Fn1, Rentla, Ear2, Arg1 or Chil347 

after the sensing of IL-4. In line with previous studies91, which showed that apoptotic cells could amplify 

the IL-4 response of macrophages, phagocytosis of aN potentiated the IL-4-induced gene expression 

in macrophages in the present study. Conversely and most strikingly, the uptake of aT or aH did not 

trigger the potentiation of the analysed tissue remodelling genes or proteins ( Fig. 7). In addition, 

confirming that apoptotic cells with various origins differentially modulate macrophage phenotype in 

vivo revealed that only the administration of aN+IL-4, but not aT+IL-4 increased the frequency of tissue 

remodelling proteins on isolated peritoneal macrophages (Fig. 8). The presented results broadly 

support that apoptotic cells are actively shaping macrophages’ response.  

However, it might be, that the stage of apoptosis influences the response of macrophages, as the 

clearance of early apoptotic cells is favoured over late apoptotic cells199. Here the stage of apoptosis 

could differ in the analysed aN, aT or aH and might explain why only aN are able to commit 

macrophages towards a tissue remodelling phenotype. Analysis of apoptotic characteristics for early 

and late stages of apoptosis of aH, aN or aT showed no differences in the amount of exposed PtdSer 

or the amount of DNA fragmentation as detected by Annexin V or TUNEL staining respectively (Fig. 5). 

During the early phase of apoptosis, DNA condensation occurs before DNA fragmentation. This is 

associated with the appearance of large DNA fragments of 50 - 300 kbp200 and displayed by few TUNEL+ 

cells. This is in contrast to the later stage of apoptosis where DNA fragmentation results in a 

characteristic DNA ladder pattern of 180 bp oligonucleosomes as seen by electrophoresis201 and 

displayed by high frequencies of TUNEL+ cells. 

Furthermore, the exposure of PtdSer on the surface of cells which still have an intact membrane 

defines early apoptotic cells112. The recognition of PtdSer on the surface of apoptotic cells is the 

prototypical signal that induces their uptake by macrophages76,170,202,203. In addition, PtdSer is a critical 

signal for the induction of a tissue remodelling response in macrophages91,128,204. Indeed it has been 

shown that blocking the interaction between PtdSer exposed on the surface of apoptotic cells and the 

PtdSer-R on the surface of macrophages inhibited the upregulation of tissue remodelling gene 

expression in macrophages91. Therefore, changes in the frequencies of PtdSer between different 

apoptotic cell types could favour the uptake of one apoptotic cell type over another and thereby 

differentially alter the tissue remodelling phenotype of macrophages. Although the three apoptotic 

cell types do not differ in their amount of early apoptotic cells defined by their PtdSer exposure, 
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surprisingly only aN induced the tissue remodelling response in macrophages. In line with this, 

liposomes provided with PtdSer are not sufficient for the induction of the tissue remodelling gene 

expression in macrophages (Fig. 9). However, liposomes provided with higher amounts of PtdSer were 

phagocytosed the most, suggesting that the exposure of greater amounts of PtdSer by apoptotic cells 

leads to increased recognition and uptake of the apoptotic cells by macrophages. These findings 

demonstrate that, although PtdSer is an essential signal for shaping the phenotype of macrophages, 

an additional factor is necessary for the induction of the tissue remodelling response in macrophages.  

 

Besides the stage of apoptosis, it can be hypothesised that the size and shape of the target affects 

macrophages’ polarisation, as it influences their phagocytic capacity. The capability of macrophages to 

phagocytose particles is limited to a size over 0.5 µm74 and it has been described that the engulfment 

time increases with the size of the target74,205.  

More important than the size of the target for the phagocytic capacity of macrophages is the shape of 

the target cell74,206. One of the main reasons why the shape of the target cell controls phagocytosis is 

the requirement of actin cytoskeleton reorganisation in macrophages in the initial phase of 

phagocytosis206. If the actin structure that is needed to move the phagocyte membrane over the 

particle cannot be created, phagocytosis will not be initiated, as observed for complex shapes206. 

Furthermore, the binding of the apoptotic cells to the macrophage might affect the response of the 

macrophages. This hypothesis is supported by findings showing that the binding of aN to macrophages 

differs from the binding of aT or aged erythrocytes. Besides the recognition of PtdSer, other factors 

modulate specifically the uptake of aN by macrophages, such as hydrogen ions and charged molecules 

on the surface of aN, a mechanism that has not been described for the uptake of aT70. Although the 

shape of the apoptotic cells was not investigated in the present study, the living counterparts of the 

apoptotic cells give a hint that the shape and size of aH differs from the shape of aT and aN207,208.  

In addition, the analysis of the phagocytic capacity of macrophages revealed that macrophages 

phagocytose all investigated apoptotic cell types (aN, aT and aH). However, aH and aT are 

phagocytosed to a higher degree than aN (Fig. 6). A high frequency of aN were bound to macrophages, 

but not taken up. It might be that the cytoskeleton rearrangement needed for the phagocytosis of aN 

is more complex compared to the phagocytosis of other apoptotic cell types and therefore more aN 

than aH or aT are bound but not phagocytosed. However, this is doubtful, because neutrophils are one 

of the first cells that infiltrate after tissue damage and are constantly removed by macrophages209. 

Therefore, it is tempting to speculate that the binding of aN is sufficient to initiate a response in the 

macrophages and thereby full aN phagocytosis might not be needed to specify macrophage function.  
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The selective induction of the tissue remodelling phenotype of macrophages by aN raised the 

hypothesis that aN-secreted factors are responsible for this observation. For example, apoptotic cells 

are able to produce TGFβ210 and IL-10211 and it has been reported that released soluble mediators 

contribute to the response of macrophages after phagocytosis of the target173;  as IL-10 produced by 

apoptotic cells, can stimulate the IL-10 production of macrophages212. Small amounts of RNA which 

stay intact after apoptosis induction173 can enable protein translation in the apoptotic cells. These 

translated proteins include histones, “find-me” signals or cytokines. For instance, released histone H1 

after lung tissue damage induced IL-1β production in macrophages213 and emitted lactoferrin or IL-38 

are able to negatively shape macrophages’ cytokine response by downregulation of IL-6 and IL-1β 

production214,215. Furthermore, extracellular vesicles are released from apoptotic cells and can 

promote TGFβ production by macrophages216.  

The hypothesis that aN-secreted factors contributed to the tissue remodelling phenotype of 

macrophages was investigated through transcript analysis of macrophages after the transfer of cell 

supernatant from the aN-macrophages co-culture to the co-culture with aT. To this end, transferring 

the supernatant provided the same microenvironment in both co-cultures, excluding the type of 

apoptotic cells. Gene expression of Ear2, Retnla or Chil3 did not change in macrophages that sensed 

aT in the presence of the aN-primed-supernatant compared to macrophages co-culture with aT in the 

absence of the aN-primed-supernatant (Fig. 10). This suggests that either no aN-secreted factor is 

accountable for the response induced in macrophages or a molecule secreted by the aT during the co-

culture interfered with the effects of aN-primed supernatant on macrophages. Of note, factors which 

are bound to the aN were not transferred and therefore their effect on macrophage function cannot 

be dissected with the performed experiment. The supernatant was centrifuged before supplemented 

to the aT-macrophage co-culture to exclude cell contaminations. Equally, the aN-membrane-

associated proteins were also removed from the supernatant. Additionally, disrupted membranes 

were not transferred either, as they are highly hydrophobic and likely to form aggregates that pellet 

together with the cells217. Therefore, membrane-associated proteins such as iron channels, signal 

transducers or transmembrane domains like GPI anchors should still be considered as potential 

contributors to the aN-induced response of macrophages218,219.  

Further, as soluble mediators, the contribution of cytokines to the observed phenotype in 

macrophages in the present thesis was excluded as none of the analysed cytokines (IL-10, IL-6, IL-4, 

IL-5, IL-13, IL-1β, TNFα and IFNγ) were detected in the three apoptotic cell cultures or in the 

macrophage culture after incubation with the apoptotic corpses. The analysed cytokines might be too 

diluted to be detected rather than not being produced at all, however the cell concentration in the 

culture (e.g. around 30 mio cells per mL aT culture) should be sufficient to produce quantifiable 

amounts of cytokines. Additionally, the supplemented IL-4 inside the culture was detected and 
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functioned as an internal control. After 48h of cell culture the produced cytokines might be already 

consumed by neighbouring cells inside the culture after binding to their receptors, and are therefore 

not detectable. Nonetheless, the absence of cytokine expression does not fully exclude their 

contribution, but rather proposes that they play a minor role in this setting.  

 

The specificity of aN to induce a tissue remodelling phenotype in macrophages could not be explained 

by the secretion of selective soluble mediators. It was further hypothesised that specific neutrophil 

characteristics might contribute to the selective macrophage response. Neutrophils are the only cell 

type that produce NET structures220. During pathogen defence, neutrophils are recruited to the site of 

injury in high numbers to eliminate invading pathogens through the formation of NETs. Neutrophils do 

not only undergo NET formation if a pathogen is invading, but also under stress conditions, like reduced 

availability of nutrients, which can lead to the lethal form of NET production, defined as NETosis221. 

Based on this, NET formation might occur in the aN culture, where fewer nutrients are available. The 

NET structure is composed of a network of DNA, enzymes like MPO and neutrophil elastase (NE). MPO 

is required for the formation of NETs as shown via its pharmacological inhibition177,222. However, the 

experiments in which aN isolated from mice lacking Mpo were co-cultured with macrophages 

suggested no involvement of MPO or NET formation in the observed macrophage phenotype (Fig. 11). 

Even though it has been described that MPO plays a key role in NET-mediated microbial killing, MPO 

is not necessary in NET formation induced by bacteria222. Citrullinated Histone H3, cell-free DNA or 

neutrophil elastase are additional NETosis markers. In appendicitis studies with mice and humans, 

elevated levels of all markers, including MPO, were found and correlated with disease severity223. 

Further studies from our group showed no alterations on the macrophage phenotype when free cell 

DNA was removed by treatment with DNase. Additionally, staining of citrullinated Histone H3 further 

supported the absence of NETs in the co-culture (unpublished master thesis data224). However, in order 

to fully exclude the involvement of NETs in the here described phenotype of macrophages, fluorescent 

microscopy should be used as an alternative method. 

 

The obtained results suggest that neither soluble factors, nor the formation of NETs are responsible 

for the specific signature of macrophages after the co-culture with aN. Consequently, a cell-cell-contact 

is highly suggested to be necessary for shaping the response of macrophages. This might be 

represented by the interaction between the phagocytic receptors on macrophages and their ligands 

on the apoptotic cell surface, comparative to the well-described immunological synapse. The 

immunological synapse between the T cell receptor on T cells and the major histocompatibility 

complexes (MHCs) on the surface of the APC is a fundamental process225 in shaping the responses of 

both cells. Comparably, the engagement of phagocytosis ligands on the surface of apoptotic cells by 
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the phagocytosis receptors on the macrophages forms a phagocytic synapse226. Here, not only the 

identity of the apoptotic cell that supplies the ligands for the phagocytic synapse, but also the 

phagocytic receptor that is used by the macrophage to bind to the ligands and the strength of these 

interaction provide signals that could shape the response of the macrophage. In line with this, CD36, a 

PtdSer-R, is reported to be essential for the phagocytosis of Plasmodium falciparum-infected 

erythrocytes227 and thereby confirms that phagocytic receptors can favour the recognition and uptake 

of one apoptotic cell type over another. In addition, the interaction between the ligands and the 

chosen phagocytic receptors might trigger different signalling pathways inside the macrophage, 

dependent on the used phagocytic receptor type or bound apoptotic cells and this could specifically 

affect the polarisation of macrophages. Supporting this hypothesis, analysis of phagocytic receptor 

expressions in macrophages after phagocytosis of aN, aT or aH showed that macrophages express less 

Cd36 and Mertk after co-culture with aH, while Axl expression was not altered ( Fig. 12A), which 

suggest that the sensing of a selective apoptotic cells is affecting the expression of phagocytic 

receptors. However, a conclusion if a specific apoptotic cell favours one receptor over the other cannot 

be drawn from the conducted experiment and needs to be further investigated.  

In addition to the type of phagocytic receptor engaged, the strength of the interaction between the 

ligand and the receptor at the phagocytic synapse might also modulate the response of the 

macrophages. Besides differences in the phagocytic receptor/ligand affinity, the amount of available 

bridging molecules could play a role. AXL and MERTK, for example, need the bridging molecules GAS6 

and PROS1 to bind PtdSer exposed on the apoptotic cell surface228. Analysis of their expression in 

macrophages after phagocytosis of aN, aT and aH showed that the engulfment of aH decreased their 

expression of Pros1 and Gas6 ( Fig. 12B). Furthermore, GAS6 and PROS1 can alter the immune response 

and are described to be upregulated in monocytes isolated from patients with multiple sclerosis (MS). 

Their expression was even further enhanced in MS patients with additional helminth infections229. This 

suggests that changes in the expression of GAS6 and PROS1 can affect the response of macrophages 

towards an apoptotic cell. In addition, an increase in bridging molecules might favour the binding 

capability of macrophages to PtdSer, which could additionally account for the modulation of the 

macrophage response. Consequently, it is tempting to hypothesise that the strength of the interaction 

at the phagocytic synapse or the type of phagocytic receptor engaged contributes to the tissue 

remodelling response of macrophages after sensing aN and IL-4.  

 

5.2 The nature of an apoptotic cell modulates the function of macrophages  

aH and aT did not have the capability to potentiate the tissue remodelling phenotype of macrophages, 

however the RNAseq analysis revealed that they affect the transcriptome of macrophages. While aN 
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induced a tissue remodelling gene profile in macrophages, aT phagocytosis limited the IL-4 response 

and engulfment of aH committed macrophages towards a tolerogenic function (Fig. 13). In line with 

this, genes like Socs2, Socs3, Tlr8, and regulatory genes for SOCS were upregulated in macrophages 

after aH phagocytosis. Genes of the Socs family are described to restrict pathology after hepatocyte 

injury, maintain homeostasis and are involved in macrophages’ polarisation180,230. SOCS2 functions as 

an inhibitor of hepatocyte proliferation in early stages of damage and promotes proliferation in the 

regenerative process230. Activation of the phagocytic receptors AXL, MERTK and TYRO3 by 

inflammatory stimulation through the interferon receptor induced the upregulation of SOCS1 and 

SOCS3 in macrophages, which actively suppress TLR signalling. Thereby macrophages regulate and 

restrict TLR-driven inflammatory responses231,232. Additionally, SOCS1, but not SOCS3231, is highly 

induced in allergy and anti-inflammatory macrophages. Furthermore, macrophages that phagocytosed 

aH are in all probability located in the liver. The tolerogenic function of these macrophages might be 

associated to the immune-prevalent status of the liver. It is the only organ which is able to regenerate 

itself and induces antigen-specific tolerance233,234. Accordingly, the engulfment of aH might commit 

macrophages towards a tolerogenic function to maintain this immune privilege.  

aT altered the lowest amount of IL-4-induced genes specifically (46 genes). Consistent with the 

previous described in vitro data ( Fig. 7); aT did not decrease or potentiate the IL-4 response drastically. 

However, the sensing of aT appeared to restrict the IL-4 response, as genes that are involved in the 

regulation of the tissue remodelling response in macrophages are enriched. For instance Ahnak, a 

known tumour suppressor that potentiates TGFβ signalling and thereby negatively regulates cell 

growth235, is one of the upregulated genes. The loss of Ahnak expression is associated with fewer anti-

inflammatory macrophages in the adipose tissue236, but increased tissue remodelling alveolar 

macrophages in lung tumors237. Besides Ahnak, the expression of Arnt2, a gene involved in cell 

proliferation, amplified after aT phagocytosis in macrophages. Arnt2 is one of the target genes of IL-10, 

which depends on PI3K signalling, and Arnt2 is upregulated after signalling over the IL-10-PI3K axes. 

Both IL-10 and PI3K negatively regulate inflammatory responses in macrophages238. Accordingly, 

upregulation of Arnt2 indicates that a restriction of inflammatory processes took place in these 

macrophages. Furthermore, Rnase2a expression was elevated after sensing of aT. Rnase2a functions 

as a chemoattractant for tissue macrophages239 and is expressed after IL-4, IL-13 and IL-33 stimulation 

of macrophages; cytokines which induce an anti-inflammatory signature in macrophages240. It 

possesses anti-viral properties, highlighting its role in viral defence241. The transcriptomic signature 

acquired by macrophages upon phagocytosis of aT suggests that either aT clearance restricts the IL-4 

response in macrophages or the phagocytosis of aT commits macrophages towards the acquisition of 

functions that are not regulated by IL-4 induced genes, such as an anti-viral or pathogen-eliminating 

response.  
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As expected from the in vitro results, aN phagocytosis induced genes in macrophages that are 

associated with tissue remodelling, wound healing and coagulation like Arg1 or Fn1149, which is in line 

with published data53,242. Supporting these findings, Pdcd1lg2 (PD-L2), which is specifically associated 

with anti-inflammatory macrophages with a monocyte origin144, is only upregulated after aN 

phagocytosis. Moreover, recruitment of neutrophils in high numbers mainly takes place after the 

occurrence of damage, which might explain why macrophages that phagocytosed aN acquire a tissue 

remodelling phenotype and thereby are able to contribute to the healing of the damaged tissue. 

 

In agreement with a recent discovery that showed transcriptome diversity of macrophages after 

phagocytosis of apoptotic cells178, the provided data demonstrated that apoptotic cells should not be 

described as a homogenous population defined by morphological changes, but should rather be 

characterised by their original identity and their possibility to actively shape the response of 

macrophages. In line with this conclusion, it was recently discovered that apoptotic cells release 

metabolites like AMP, GTP or spermidine that affect the phenotype of macrophages173. AMP for 

example can be degraded to adenosine, which inhibits TNFα production in macrophages (see 1.2.1). 

Therefore, the apoptotic cell content or produced factors should be contemplated to be involved in 

the response of macrophages and might distinguish one apoptotic cell from the other. Supporting the 

involvement of metabolites to drive macrophage responses, the RNAseq analysis revealed high 

induction of ATPases, ATP binding structures, AMP- or GTP-associated proteins and kinases for AMP 

and GTP in macrophages. However, this was observed independently of the type of apoptotic cell 

phagocytosed.  

 

5.3 The phagocytosis of specific apoptotic cells drives macrophages’ heterogeneity 

during infection with Schistosoma mansoni  

To verify that the nature of an apoptotic cell shapes macrophages’ heterogeneity and function upon 

phagocytosis, an infection model where different dying cells accumulate in a type 2-enriched 

environment was used. During the infection with S. mansoni, the immune response consists of two 

main phases (see 1.4.2): an initial Th1 response that is replaced by a Th2 response in later stages of 

the disease, when IL-4 levels and appearance of parasite antigens increase. The response of 

macrophages to IL-4 during the infection is critical to attenuate liver damage and intestinal 

inflammation. Loss of the IL4Rα signalling increased hepatotoxicity243. Although initially pro-

inflammatory macrophages appear during the infection, the shift in the immune response later leads 

to the accumulation of IL-4-responding macrophages. ScSeq analysis verified heterogeneity within the 
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macrophage populations present in the liver during the chronic phase of the infection. Four clusters of 

CD11b+ macrophages were indeed identified by the expression levels of e.g. Cd68 and Cd14 (Fig. 14). 

In addition, the ScSeq analysis revealed clusters of CD11b+ NK cells and neutrophils. NK cells are highly 

activated by S. mansoni244 and their CD11b expression ranges from low expression on NK cells in the 

bone marrow and lymph nodes to a high CD11b expression on NK cells from the blood, spleen, lung 

and liver and with increased cytotoxicity245. Antibody-dependent adherence and killing is mediated by 

NK cells during the infection with S. mansoni, but additionally by neutrophils as they can adhere to 

schistosomula246. Neutrophils are constantly recruited during the infection, which explains their 

appearance in different developmental stages in the liver as displayed in the UMAP analysis.  

 

During invasion, S. mansoni is able to induce cell death247, a process also known for other parasites, 

e.g. Trypanosoma brucei, which induces apoptosis to reduce the fitness of the host and therefore 

enhance its own survival122. In the acute phase of S. mansoni infection, parasite migration and pro-

inflammatory responses against the worm are accompanied by apoptosis. Increased FAS and FAS-L 

expression for example is mediated by schistosomulae traveling through the skin of the host247. During 

the chronic phase, the formation of granulomas around the eggs inside the liver or intestine drives the 

enclosed cells into apoptosis, thereby providing a source of apoptotic cells with different identities 

that are phagocytosed by macrophages73-75. In consistency with the literature168,249, analysis of the 

accumulated apoptotic cells in the liver revealed an enrichment of apoptotic CD3+ cells. However, the 

analysis of the apoptotic cell origin also showed a diverse identity of these cells besides CD3+. Apoptotic 

CD11b+, CD45- and Ly6G+ cells where additionally found in the liver (Fig. 17).  

To verify the impact of apoptotic cells on macrophages during schistosomiasis, the transcriptional 

heterogeneity of macrophages was aligned to the phagocytosis transcript of aH, aN or aT obtained 

from the RNAseq (Fig. 15). As already described, in particular numerous of apoptotic CD3+ T cells were 

observed in the experimental setting and are described during the infection with S. mansoni247,250; 

consequently, macrophages with a transcript similar to the ones up-taking aT in vitro are present. 

These macrophages showed less capability to potentiate or decrease the IL-4-induced genes in vitro 

and are hypothesised to be more associated with counteracting and restricting the IL-4 response. 

Accordingly, macrophages with an aT-phagocytosis-associated gene profile during the infection can be 

partially linked to a pro-homeostatic function by their expression of Cx3cr1+Ccr2-Nr4a1+251.  

In line with the aN-induced tissue remodelling response in vitro, macrophages that showed a gene 

profile related to the engulfment of aN upregulated genes like Fn1 or Klf4. These genes are associated 

with tissue remodelling/anti-inflammtory53,252,253 macrophages and wound closure254,255 as seen by 

non-healing wound outcomes in mice with a lack of Fn1256. 
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Macrophages with a transcript that refers to the uptake of aH+IL-4 were found abundantly across all 

clusters. An explanation for this observation might be that the cells were isolated from infected livers 

and in the liver during schistosomiasis aH might outnumber other apoptotic cell types. To be able to 

clear this high amount of dying cells, aH might be phagocytosed by all macrophages present. 

 

In general, scSeq is noisier than bulk RNAseq257 and because the obtained scSeq data only comprises a 

small amount of cells, results need to be interpreted carefully. Low cell numbers resulted from an 

exclusion of dying or stressed cells, which are characterised by high amounts of genes associated to 

chaperones and heat shock proteins.  

 

5.4 AXL and MERTK engagement is necessary for the uptake of apoptotic CD3+ cells 

and controls egg deposition and granuloma formation during Schistosoma 

mansoni  

To further support the hypothesis that the type of phagocytic receptors engaged by macrophages 

during phagocytosis might drive the uptake of selective apoptotic cell types, the expression of different 

phagocytic receptors in the various macrophage clusters was investigated. In particular, receptors that 

are described to modulate a tissue remodelling response in macrophages, such as AXL and MERTK, 

were of utmost interest85,86,185,258. The importance of AXL and MERTK receptors on macrophages is 

reflected by their abundant expression in the liver under homeostatic conditions87, which was also 

observed in the present thesis (Fig. 16). Analysis of their expression levels revealed that only 

macrophages in cluster 2 expressed Axl and Mertk at the same time (Fig. 15). A possible contribution 

of AXL and MERTK to the transcriptional and functional heterogeneity of macrophages in the tissue 

dependent on the recognition of selective apoptotic cell types has not been described so far. In 

addition, no connection between the type of phagocytosis receptor and the accumulation of a specific 

apoptotic cell type has been reported in the literature. Of note, apoptotic CD3+ T cells and CD11b+ cells 

accumulate in high numbers in the liver of S. mansoni-infected mice that carry the genetic ablation of 

AXL and MERTK in macrophages (Fig. 17) and might suggest for the first time a dependency of 

apoptotic CD3+ and CD11b+ cell clearance on the AXL and MERTK receptor. Furthermore, considering 

i) the accumulation of apoptotic CD3+ T cells in mice lacking the AXL and MERTK receptor, ii) the specific 

expression of Axl and Mertk in macrophage cluster 2 in the scSeq analysis and iii) the enrichment of 

genes associated with aT phagocytosis in cluster 2, this study further suggests that Axl and Mertk-

expressing macrophages acquire a specific transcriptomic signature dependent on their phagocytosis 

of apoptotic CD3+ T cells. 

 



Discussion 

73 
 

T cell apoptosis is a known immune modulator in parasitic infections with e.g. S. mansoni or T. cruzi. 

Although the elimination of apoptotic CD8+ cells in T. cruzi infection dampens inflammation and 

prevents exacerbated pathology, it increases macrophages polarisation towards an anti-inflammatory 

phenotype and contributes to the persistence of the parasite259. Apoptosis of T cells during the 

infection with S. mansoni is linked to the switch from a Th1 to a Th2 immune response and thereby 

critical for the survival of the host250. An increase in T cell apoptosis during schistosomiasis was 

correlated with reduced T cell-induced immunopathology, as reflected by the smaller granuloma sizes 

observed in mice that had significantly high amounts of apoptotic CD4+ T cells249. Therefore, the 

numerous apoptotic CD3+ cells observed in the liver of Csf1r-Cre+AMf/f mice could be beneficial for the 

host and reduce immunopathology. Briefly, the immunopathology of schistosomiasis appears in both 

the acute and the chronic phase of the disease. In the acute phase, high induction of pro-inflammatory 

cytokines (TNFα, IL-1 and IL-6) can be found in the host260. During the later stage of the disease, the 

production of eggs (around 100-300 eggs per day) results in an increased amount of SEA. In vitro 

administration of SEA to cultured T cells induces their apoptosis166, while in vivo SEA is associated with 

the switch toward a type 2 immune response. This switch is mainly characterised by induction of Th2 

cell polarisation and production of type 2 cytokines like IL-5, IL-4 or IL-13129. In addition to this, the 

parasite eggs are partially released with the faeces or trapped in the vessels of the liver or intestine. 

There, they cause the development of granulomas in both organs and thereby induce fibrosis248. An 

increase in the amount of eggs or detected granulomas is thus associated with a severe pathology.  

Analysis of the immunopathology in the present mouse-model showed a severe disease phenotype in 

Csf1r-Cre+AMf/f mice, characterised by increased numbers of S. mansoni eggs in the liver and intestine, 

which were accompanied with higher ALT levels in the serum of these mice (Fig. 18). This is in contrast 

to the hypothesised beneficial effect of the accumulated CD3+ T cells. ALT levels are commonly used 

during the infection with S. mansoni to follow disease severity261 and the increased ALT levels in the 

Csf1r-Cre+AMf/f mice suggest an elevated liver damaged compared to the control.  

Greater liver damage and higher parasite egg counts indicate formation of liver fibrosis129. In line with 

this assumption, collagen deposition was enhanced in Csf1r-Cre+AMf/f mice (Fig. 18). The reduced 

phagocytosis of apoptotic CD3+ cells, which is presumably due to the genetic ablation of Axl and Mertk 

and not due to enhanced T cell apoptosis, might neutralise the suggested beneficial effect of the 

increased apoptotic CD3+ cell numbers. However, it needs to be highlighted that the decrease in the 

immunopathology, reported in the literature, was specifically observed after CD4+ T cell apoptosis249. 

Here the accumulation of the CD4+ apoptotic cells was linked to reduce CD4+-mediated pathology, 

which was not investigated in detail in the present thesis. Nonetheless, IL-4 and IL-13 production of 

αCD3 stimulated cells from the mesenteric lymph node of mice with ablated AXL and MERTK was 

comparable to that of the WT (Fig. 20), which suggests that T cell function is not altered by the 
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impairment in phagocytosis. For a complete dissection of the T cell response in the liver, in which the 

severe immune pathology has been observed in the present thesis, further analysis of the liver draining 

lymph nodes should be performed. However, regarding the analysis on the mesenteric lymph nodes it 

is important to highlight that the intestine is the tissue in which the worm persists in the host for years, 

where parasite eggs constantly pass through the vessels of the intestine and where damage with a 

constant ongoing immune response to the parasite is induced248. Consequently, the immune response 

of the intestine should be additionally investigated in more detail. 

 

The pathology during S. mansoni is not only defined by the amounts of eggs inside the liver or intestine. 

Several studies reported that increased cytokine production262,263 and an enhanced tissue remodelling 

phenotype in macrophages144,264 is associated with a severe pathology during the infection with 

S. mansoni. In line with the increased egg counts, Csf1r-Cre+AMf/f mice consistently produced 

significantly more IL-5, IL-13 and IL-10 as detected in the serum as well as IL-4 to some extent (Fig. 19). 

Furthermore, macrophages from these mice showed an elevated tissue remodelling function, as 

defined by the augmented expression of Chil3 and Arg1. Conversely, the same macrophages expressed 

lower levels of Il-10 compared to Csf1r-Cre-AMf/f mice (Fig. 21).  

The contribution of cytokines to the disease phenotype of schistosomiasis has been broadly 

investigated. Mice that lack Il-4, Il-10 and Il-13 do not survive the acute phase of the infection152,265–267. 

IL-13 activates fibrotic pathways in target cells60, like collagen production268, and is therefore the key 

cytokine for the induction of liver fibrosis during schistosomiasis151. Loss of IL-13-producing T cells 

resulted in enhanced disease severity with fatal outcome in mice269. Concordantly, IL-13 levels 

correlated with the severity of the disease152 and in line with this, human patients with a severe degree 

of fibrosis during the infection with S. mansoni produced high amounts of IL-13, IL-10 and IL-5189. 

Furthermore, mice lacking IL-5 developed smaller granulomas, reduced hepatic fibrosis and produced 

less IL-13 during the infection with S. mansoni270. Whereas, IL-10 is reported to increase the expression 

of IL-4Rα on the surface of macrophages and thereby enhance the IL-4 sensibility of macrophages271. 

However, it has been reported that not only macrophages, but also T cells and in particular Tregs 

produce IL-10 during schistosmiasis272,273 and their production of IL-10 contributed to reduced 

morbidity and prolonged survival of infected mice158. 

Although the Csf1r-Cre+AMf/f mice showed a more severe phenotype, it can be hypothesised that the 

increased IL-10 levels detected in the serum of Csf1r-Cre+AMf/f mice compared to Csf1r-Cre-AMf/f mice, 

is partially produced by Tregs. Moreover, IL-10 is additionally reported to induce anti-fibrotic 

processes159, which might explain the elevated IL-10 expression in macrophages from the Csf1r-Cre-

AMf/f mice with a none severe disease phenotype. In addition, this could explain the reduced levels of 

IL-10 expression in macrophages from Csf1r-Cre+AMf/f mice that showed a severe disease phenotype.  
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In conjunction with the elevated expression of IL-13, IL-5 and IL-10 in the serum, the augmented 

expression of Chil3 and Arg1 in macrophages isolated from the liver of Csf1r-Cre+AMf/f mice further 

supports the hypothesis that the lack of Axl and Mertk results in a severe disease phenotype. In line 

with the presented results, IL-10 is suggested to induce the expression of Chil3 in macrophages during 

the infection and contribute to the control of hepatic granulomatous inflammation in the absence of 

IL-4 signalling243. Furthermore, reduced levels of IL-13 in Il-5-/- mice were accompanied with decreased 

expression of the tissue remodelling genes Chil3 and Arg1 in macrophages270. Although ARG1 is 

beneficial for the host in the acute phase of schistosomiasis148 and iNOS instead of ARG1 production in 

macrophages is associated with early death of the mice248, ARG1 is considered as one of the main 

drivers of hepatic damage and fibrosis in the chronic phase156. Here, ARG1 contribute to fibrosis 

induction by converting L-arginine to L-orthinine that functions as a substrate for collagen synthesis. 

Chil3 is reported to exacerbate liver fibrosis in tetrachloride-induced liver fibrosis274 or in patients with 

hepatitis B275 or hepatitis C276 and contributes to a severe pathology during the infection with 

S. mansoni. Chil3 expression has been described to increase with the onset of egg release by the 

parasite and is modulated by the simultaneous sensing of IL-4 and uptake of S. mansoni hemozoin by 

macrophages277. S. mansoni uses the host’s haemoglobin as a source for nutrients278. Toxic free heme 

is crystallised into hemozoin, comparable to the mechanism used by Plasmodium parasites 279,280. In 

contrast to the plasmodium, S. mansoni hemozoin interacts with the immune cells of the host in a type 

2-enriched environment and directly interacts with the host immune cells by stimulating high 

expression of tissue remodelling markers in macrophages, as Chil3 or Arg1277.  

The obtained findings provide the conclusion that the engagement of AXL and MERTK regulate liver 

fibrosis formation and egg deposition, thereby modulating the pathology during infection with 

S. mansoni. 

 

5.5 MMP14 and TIMP1 contribute to the egg transition through the liver  

A severe fibrosis phenotype has also been described to be caused by the expression/secretion of pro-

inflammatory/pro-fibrogenic mediators, besides the excessive expression of genes that normally 

resolve tissue damage. IL-1β is one of these mediators and is involved in the progression of liver injury 

to fibrosis281. Consistently, Csf1r-Cre+AMf/f macrophages express higher Il-1β levels as Csf1r-Cre-AMf/f 

macrophages (Fig. 21). Moreover, fibrosis is described as a process in which collagen-rich ECM 

deposition is enhanced in the liver188. Macrophages are capable of remodelling matrix structures, 

either by producing MMPs and TIMPs or through activation of T cells and fibroblasts. Furthermore, IL-1 

is suggested to stimulate MMP production248,282,283. However, it is controversially discussed whether 

MMPs are under- or overexpressed in fibrotic settings. This might be explained by the fact that 



Discussion 

76 
 

individual MMPs are reported to perform unique functions in different in vivo settings, and these 

functions are not observable in vitro284. In the present settings, expression of Mmp14 and Timp1 was 

decreased in Csf1r-Cre+AMf/f mice (Fig. 18). Therefore, a link between high IL-1β levels and an increase 

of MMPs as suggested in the literature248,282,283 was not observed for MMP14 in the present setting. 

The role of both molecules during schistosomiasis is not completely understood yet. However, the 

obtained data suggests that MMPs or TIMPs might play a role in the transition of parasite eggs through 

the tissue by facilitating ECM degradation and reconstruction, therefore favouring parasite egg release. 

In line with this, the reduced Mmp14 and Timp1 expression could explain the increase in parasite egg 

numbers observed in Csf1r-Cre+AMf/f mice compared to the Csf1r-Cre-AMf/f mice.  

Studies showed that cancer cells upregulate MMP14 production to enhance their extravasation of the 

tissue285, therefore strengthening the potential involvement of MMP14 in egg movement through the 

tissue. In addition, Mmp14 seems to be beneficial for the host, considering that mice with an inducible 

Mmp14 knock-out showed a fibrotic phenotype in the skin286. Although several studies described 

upregulation of Mmp14 in models of lung fibrosis181,287, an anti-fibrotic role of Mmp14 is suggested in 

epithelial cells by regulating their proliferation288. The enhanced egg accumulation in combination with 

the severe immune pathology observed in Csf1r-Cre+AMf/f mice with reduced Mmp14 expression, 

suggests an anti-fibrotic role of MMP14 that could affect egg transition and removal in the analysed 

experimental setting. This function might be further synergised by TIMP1, as the expression of both 

molecules, Timp1 and Mmp14, decreased simultaneously in mice with reduced amount of parasite egg 

in the tissue.  

TIMP1 is an inhibitor of MMPs, and is upregulated in wound healing and ECM reconstruction289. It has 

anti-apoptotic properties as reported in patients with hepatocellular carcinoma290. As observed in the 

present study and described in the literature291, Timp1 is expressed by macrophages (Fig. 21) and other 

cells of the liver (Fig. 18), like HSC292. Elevated levels of TIMP1 are associated with poor prognosis in 

cancer patients290,293, while increased expression levels of Timp1 are found in mice with liver fibrosis 

induced by carbon tetrachloride or bile duct ligation. However, in these models it has been described 

that Timp1 is not essential for fibrosis formation290. In the context of S. mansoni infection, although 

Timp1 expression peaks at the chronic, fibrotic stage of the disease187, changes in fibrosis formation 

were not found in Timp1-/- mice294, suggesting that TIMP1 is not directly linked to fibrosis induction in 

this model of damage either. In line with the observations about Timp1’s contribution to angiogenesis 

and vascular permeability284,291, the results rather proposes an involvement of Timp1 in Mmp14-

induced parasite egg clearance and transition.  
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5.6 Apoptotic cells are able to shape the therapeutic potential of macrophages   

Modulation of the activation/function of macrophages is of high interest in biomedicine. An imbalance 

of anti- and pro-inflammatory macrophages can result in chronic diseases as observed in multiple 

sclerosis295 or rheumatoid arthritis296. Altering macrophage function might contribute to the re-

establishment of homeostasis in pathological settings. However, a safe and efficient method to 

reprogram macrophages in vivo, although broadly investigated, has not been described so far297. 

Attempts using modified mRNA298,299 or macrophage-specific peptides fused to pro-apoptotic stimuli300 

showed promising results, but their applicability needs to be further addressed. Adoptive transfer of 

in vitro-reprogrammed macrophages can bypass this problem and autologous macrophage transfer 

alleviated pathology in liver cirrhosis patients301. It is tempting to hypothesise that aN-reprogrammed 

macrophages have a beneficial effect on the host during schistosomiasis. Consistently, in models of 

liver damage the accumulation of aN is beneficial for the host by strengthening the tissue remodelling 

phenotype of macrophages and thereby limiting the disease severity302. In addition, it is described that 

mice lacking the adaptor molecule STING showed elevated percentages of neutrophils, which 

correlated with reduced S. mansoni burden303. Although it has been reported that during 

schistosomiasis neutrophils are recruited in high numbers after 2-7 days, when the schistosomulae 

arrive at the pulmonary vasculature304, only low levels of aN were detected in the livers of the S. 

mansoni-infected mice at the analysed time point (14 weeks p.i.) (Fig. 17). This was observed 

independently of the lack of the phagocytic receptors AXL and MERTK. However, in line with i) the 

beneficial effects of tissue remodelling macrophages during the infection with S. mansoni144, ii) the 

reduced worm burden triggered by elevated neutrophil frequencies303 and iii) the specific tissue 

remodelling response of macrophages after aN phagocytosis (see 4.2), transfer of macrophages 

reprogrammed in vitro with aN significantly reduced the parasite egg count in the intestine of infected 

mice. In contrast, this result was not achieved through the transfer of macrophages pre-primed with 

aH or aT in vitro (Fig. 22), which support the specific role of aN in macrophage priming. 

Transfer of BMDMs has been described to be advantageous during schistosomiasis and reduced liver 

fibrosis during the chronic phase162. Contradictory to what has previously been published162, no overall 

beneficial effect of the macrophage transfer was found in the present thesis compared to mice that 

were infected but did not receive macrophages. However, the reduction in liver fibrosis was described 

in mice treated with praziquantel before BMDM transfer162. Here, the impact of the treatment cannot 

be neglected as the administration of praziquantel results in the death of the worm and therefore no 

new eggs are produced during the cell therapy and could interfere, as the worm itselfs, with the 

immune response.  
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The adoptive transfer of macrophages also modulated the phenotype of recipient macrophages in the 

liver. Frequencies of YM1+ recipient macrophages increased in all conditions analysed independently 

of the apoptotic cell priming in vitro (Fig. 24), confirming that the transfer of macrophages affects the 

YM1 expression and thereby might influence the polarisation of the macrophages of the recipient 

mice. In line with the described and already mentioned detrimental effect of ARG1156 during the 

disease, only the transfer of aN-pre-primed macrophages reduced the frequency of ARG1+ recipient 

macrophages. Furthermore, the reduced egg counts in the intestine observed in these mice could 

directly result from the diminished frequencies in ARG1+ resident macrophages248. However, the 

decrease of ARG1+ macrophages was detected in the liver, where aN-pre-primed macrophages only 

slightly reduced the parasite egg count (Fig. 22). An influence of the hepatic macrophage polarisation 

by the gut microbiota along the liver-gut-axes is described in non-alcoholic fatty liver disease. 

Accordingly, it can be hypothesised that in the present experimental setting an influence along the 

gut-liver axes might also take place and could thereby connect the reduced ARG1+ macrophages in the 

liver with the reduced parasite egg numbers in the intestine.  

 

In consistent with the previously discussed results (see 5.5) and the reduced amounts of parasitic eggs, 

mice receiving aN-pre-primed macrophages showed a slight increase in Mmp14 expression in the colon 

(Fig. 23). These results could support the role of Mmp14 in the parasite egg release. However, the here 

discussed phenotype was observed during the acute phase and not, as previously, in the chronic phase 

of the disease. If and how the transfer of macrophages has a therapeutic potential on the Mmp14 

expression and the amount of parasite eggs in the chronic-fibrotic phase of the infection should be 

further investigated, as the effect might be more prominent at later time points of the infection. In line 

with this, curative chemotherapy in mice revealed that the granuloma structure during an S. mansoni 

infection differs over the course of the infection. Granuloma structures were resolved after 2-4 months 

in infections that were established for no longer than 12 weeks. When a prolonged infection was 

induced in mice, the time needed for degradation of granulomas increased up to 4 months305. In human 

patients with schistosomal-hepatosplenic-diseases, granuloma degradation was obtained after 2-3 

years305,306. This suggests that the timing and structure of the granuloma might co-determine the 

expression level and the efficacy of MMP function.  

In accordance with this hypothesis, Timp1 expression was not altered by the transfer of macrophages 

during the acute phase of the disease, which suggests that the impact of Timp1 expression on the 

parasite egg release might be restricted to the chronic phase of the infection.  

 

Furthermore, mice that received aN pre-primed macrophages upregulated the expression of Tgfβ in 

the colon (Fig. 23). It is described, that stimulation with SEA in vitro increased the expression of Tgfβ 
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in αCD3-stimulated mesenteric lymph nodes190 and macrophages264. This was associated with an anti-

inflammatory phenotype of the phagocytes, characterised by IL-10 and CD206 (MMR-1) expression. 

Although known as a pro-fibrogenic factor144, TGFβ production by tissue remodelling macrophages 

reduced collateral tissue damage during the formation of the granuloma156. Besides macrophages, 

Tregs respond to TGFβ during S. mansoni infection. Their development is favoured by TGFβ released 

from the intestine, and accordingly increased Treg proliferation in the gut was observed after SEA 

injection190. Elevated numbers of Tregs are described to suppress enteric granulomas190, which might 

suggest that the decreased number of parasite eggs in the intestine in mice receiving aN-pre-primed 

macrophages might results from the increased Tgfβ expression in these mice. 

Moreover, in mice that received aH-pre-primed macrophages, an elevated frequency of CD3+ cells was 

observed in the liver (Fig. 24) and might be a consequence of the transferred macrophages. As stated 

earlier (see. 5.2), aH shape macrophages towards a tolerogenic function; this might induce recruitment 

of Tregs to counteract the immune responses. On the contrary, mice that received aH-pre-primed 

macrophages did not show alteration in Tgfβ expression, which further suggest that the elevated 

frequency of CD3+ cells in the liver did not result from proliferated Tregs. 

 

5.7 The role of phagocytic receptor expression in human macrophages during 

schistosomiasis     

Although the characteristics of murine and human macrophages are only partially comparable, the 

response of macrophages towards S. mansoni is similar in humans and mice132,156. Human blood 

monocytes isolated from patients with schistosomiasis showed a higher affinity towards 

schistosomula, as mirrored by their increased adherence to the parasite, compared to monocytes 

isolated from uninfected individuals307. These results underline the importance of 

macrophages/monocytes in parasite clearance also in the human context.  

So far, no study was conducted on how phagocytosis by human macrophages contributes to the 

pathology of S. mansoni. However, the limited human sample size analysed in this work does not allow 

a comprehensive conclusion. Nonetheless, CD14+ cells isolated from S. mansoni-infected patients 

showed an increased Axl, Mertk and Cd36 expression compared to healthy controls (Fig. 25). Although 

not statistically significant, slight differences in the phagocytosis receptor expression between the two 

groups support the hypothesis that the uptake of apoptotic cells can contribute to S. mansoni 

pathology in the human setting; similar to what is described for the mouse counterpart in the present 

thesis. The identity of the apoptotic cells might differ among human individuals and thereby might 

favour tolerance against the parasite in some patients or resistance to the parasite in other patients. 

Tolerance against a parasite is characterised by the ability to limit the damage induced by the parasite, 
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while resistance towards a parasite reduce the parasite burden308. As shown in the mouse counterpart 

of the present thesis, macrophages that phagocytosed aN acquire a tissue remodelling function. This 

phenotype of macrophages limits the granulomatous response, enhances host survival156 and is also 

described to limit disease severity in different damage models 91,309. Therefore, the phagocytosis of aN 

by human macrophages during schistosomiasis is suggested for the induction of tolerance against the 

parasite. Mice that were able to phagocytose apoptotic CD3+ or CD11b+ cells during the infection with 

S. mansoni showed fewer parasite eggs, which might suggest a capacity to limit parasite burden – 

translating this findings in the human context, the phagocytosis of apoptotic CD3+ or CD11b+ cells might 

induce host-resistance to the parasite. However, further investigations are needed to verify this 

hypothesis.
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6 Future perspective  

6.1 Dissection of the crosstalk between macrophages and apoptotic cells  

The present thesis showed that the origin of the phagocytosed apoptotic cell actively shapes the 

transcriptomic and functional heterogeneity in macrophages, whereby only aN committed 

macrophages towards a tissue remodelling phenotype. However, the mechanism how apoptotic cells 

shape the macrophages response and in particular, the induction of a tissue remodelling function in 

macrophages modulated specifically by aN needs to be investigated further. Hence, additional 

experiments to dissect the crosstalk between apoptotic cells, in particular aN, and macrophages are 

needed. 

With the obtained data, it can be concluded that soluble factors are not involved in the aN-driven 

response of macrophages, suggesting the requirement for a cell-cell contact. To further dissect this 

interaction, isolation of plasma membrane-associated proteins, like CECAM, and transmembrane 

domains like GPI anchors from aN should be performed. Analysis of the tissue remodelling genes and 

protein expression in macrophages after individual supplementation of the membrane components 

could clarify their involvement in the cellular and molecular interaction of the aN - macrophage 

crosstalk. 

Furthermore, changes in the metabolome occurring in macrophages after apoptotic cell clearance are 

known178. Therefore, the metabolic signatures of macrophages after apoptotic cell phagocytosis 

should be investigated. The alterations specifically induced by aN phagocytosis would be of special 

interest in this context. In particular, in tissue remodelling macrophages oxidative phosphorylation is 

favoured over glycolysis192. An analysis of changes within the oxidative phosphorylation process could 

reveal genes that commit the macrophage response after phagocytosis of different apoptotic cell 

types. For this purpose, the web-based application Ingenuity pathway analysis (Qiagen) might help to 

discover differentially expressed master regulators. In addition, using high performance liquid 

chromatography, the production of metabolites like ATP and ADP, which are known to modulate 

macrophage responses310, could be measured. Their quantification might provide an explanation for 

the various modulation of the macrophages’ response by apoptotic cells with different identities. In 

addition, the lipid and amino acid metabolism is highly affected by the polarisation of macrophages192. 

To this end, liquid chromatography–mass spectrometry analysis could be performed to compare the 

metabolome of macrophages that phagocytosed specific apoptotic cell types to non-phagocytic 

macrophages.  

Live cell imaging enables the analysis of the dynamic process of phagocytosis, allowing further 

characterisation of the crosstalk between apoptotic cells and macrophages. This would help to identify 

phagocytic receptors that selectively recognise and uptake one specific apoptotic cell type, and could 
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be combined with analysis of the apoptotic cell-macrophage interaction using macrophages that lack 

specific phagocytosis receptors.  

In addition, the engagement of various phagocytic receptors might activate different signalling 

pathways. With the help of a kinase assay, disparities in downstream signalling events after 

phagocytosis of selective apoptotic cells in macrophages can be analysed. Furthermore, the strength 

of the binding between the various apoptotic corpses and the phagocyte can be investigated by either 

a time-resolved competition assay or real-time cell binding assay311,312. It would be of high interest to 

investigate whether it is the binding or the uptake of apoptotic cells that induce the specific response 

in macrophages. For instance, RNAseq of macrophages that are exposed to apoptotic cells in the 

presence of actin inhibitors, which inhibit the cytoskeleton rearrangement and phagocytosis of the 

apoptotic cell, but allow the binding to the apoptotic cell, should be performed.  

 

With the aim to further investigate the impact of the nature of apoptotic cells on macrophages’ 

function in vivo, two methods are proposed. Spatial transcriptomic technology allows the visualisation 

and simultaneous analysis of cell-cell interactions on tissue sections. Using liver granuloma sections, 

macrophages that are in close proximity to different apoptotic cells could be visualised and their 

transcriptome characterised and compared amongst each other.  

Additionally, the use of reporter mice, in which specific cell types are labelled, enables the 

identification of macrophages that specifically uptake a selective type of apoptotic cells. Here, the 

Catchup transgenic mice or albumin (Alb)-CreERT/Rosa26-LsL-LacZ transgenic mice could be used to 

track neutrophils or hepatocytes, respectively. Similarly, mice in which specific cell types are not able 

to go into apoptosis could be used For example, in the Ly6G-Cre x Caspase9f/f mice, neutrophils are not 

able to go into apoptosis, which would allow an analysis of the macrophage response excluding the 

impact of aN phagocytosis.  

 

6.2 The therapeutic potential of macrophages  

The present study underlined the therapeutic potential of macrophages reprogrammed by the 

phagocytosis of apoptotic cells with different origins. The transfer of macrophages primed in vitro with 

aN affects the disease outcome in a model of S. mansoni infection. However, it remains unclear for 

how long the beneficial effects of the transferred aN-pre-primed macrophages are maintained in the 

recipient mice. To this end, kinetic experiments should be performed.  

Analysis of changes in the granuloma composition and egg transition upon macrophage transfer is of 

high interest. Therefore, morphological analysis of the granuloma via histology and quantification of 

Mmp14 and Timp1 expression levels are highly suggested and should be performed side by side with 
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the kinetic experiments. In addition, this would allow further investigation of the impact of Mmp14 

and Timp1 in parasite egg release and the therapeutic potential of macrophages on both molecules. 

Because adoptive transfer experiments were performed only during the acute phase of S. mansoni 

infection, injection of macrophages during the chronic phase should be performed and is of special 

interest, as the constant inflammation induced by the parasite leads to fibrosis formation at later 

stages of the disease. To this end, factors that are involved in fibrosis formation and liver damage, 

besides Mmp14 and Timp1, should additionally be investigated. It is indeed of particular interest to 

understand whether altering the macrophage composition in the damaged tissue might re-establish 

liver homeostasis. Recently, new methods like the chimeric antigen receptors for phagocytosis 

(CAR-P)313 were developed for cell therapy. This method could be used to instruct macrophages to 

uptake specific apoptotic cell targets at different time points during the infection. 

 

6.3 The impact of phagocytosis on human macrophages  

The expression pattern of phagocytic receptors and bridging molecules expressed on monocytes in the 

blood of S. mansoni-infected patients is of high interest. Because of this, complementary protein 

analysis should be performed with a higher sample size. In addition, analysis of ALT levels or cytokine 

production in the serum of infected patients might reveal a correlation between phagocytic receptor 

expression, the amount of liver damage and the stage of the immune response. Comparable to the 

RNAseq analysis of murine macrophages, transcriptome analysis of human macrophages upon 

phagocytosis of different apoptotic cells might reveal functional differences of human macrophages 

depending on the apoptotic cell phagocytosed. With this aim, phagocytosis assays with different 

apoptotic cells, as conducted for the murine macrophages, should be performed. Analysis of various 

polarisation markers and phagocytosis receptors on human macrophages on protein and gene level 

would be highly valuable. These experiments would further provide a deeper understanding of the 

similarity or discrepancy between the macrophage response in mice and humans. 
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