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1 Abstract of Dissertation 

The tumor microenvironment (TME) plays an important role in the genesis, 

progression and metastasis of malignancies. One of the key players in the TME 

are macrophages, referred to as tumor associated macrophages (TAMs). As 

macrophages are a very heterogenic group, their impact on disease 

progression and outcome varies strongly depending on the tumor entity. In most 

cases, TAMs are mainly associated with a poor prognosis in regard to tumor 

progression, therapy efficacy and disease relapse after treatment.  

Previous work from this laboratory could show that the application of genotoxic 

stress in form of a low dose treatment with a alkylating agent, Mafosfamide, 

induced an increase in the phagocytic capacity of macrophage cell lines as well 

as primary murine macrophages in vitro. This stimulatory effect was observed in 

an assay, which evaluated opsonised Fc-receptor (FcR) mediated 

phagocytosis, utilizing Phycoerythrin (PE) labelled latex beads as well as green 

fluorescent protein (GFP) labelled humanized lymphoma cells as engulfment 

targets. Opsonization was ensured through the addition of monoclonal 

therapeutic antibodies. In addition, it was observed that stressed macrophages 

undergo morphological changes, which upon treatment with Mafosfamide and 

Doxorubicin led to an increase in size as well as granularity, detected by 

confocal microscopy and flow cytometry.  

In this work, an increase in opsonised FcR-independent as well as non-

opsonised phagocytic capacity of macrophages in vitro, caused by 

chemotherapy treatment, was observed. Interestingly, this effect was induced 

by either Mafosfamide or Doxorubicin treatment, mirroring the effect both 

chemotherapeutics had on opsonised FcR-dependent phagocytosis. 

Furthermore, for Mafosfamide this seemed to be caused by direct effects of the 

chemotherapeutic on the macrophages. The mechanism of action observed 

under Doxorubicin treatment differed from Mafosfamide in that it induced 

increased phagocytosis via both direct and indirect treatment.  
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2 Zusammenfassung 

Das Tumormikromilieu spielt eine entscheidende Rolle bei der Entstehung, dem 

Fortschreiten und der Metastasierung von malignen Erkrankungen. 

Makrophagen sind eine der zentralen Zellen im Tumormikromilieu und werden 

als Tumor-assoziierte Makrophagen (TAMs) bezeichnet. Makrophagen sind ein 

hoch heterogener Zelltyp, dessen Einfluss auf Fortschritt und Ausgang einer 

Krebserkrankung stark von der jeweiligen Art der malignen Erkrankung 

abhängt. Jedoch sind TAMs meistens mit einer schlechten Prognose bezüglich 

Krankheitsentwicklung, Therapieeffektivität und Wiederauftreten der malignen 

Erkrankung assoziiert. 

Interessanterweise konnte die Arbeitsgruppe von Prof. Dr. Pallasch 

nachweisen, dass die Schädigung der DNA durch niedrig dosierte Alkylanzien, 

wie Mafosfamide, eine höhere Phagozytoserate in Makrophagen-Zelllinien, 

sowie primären murinen Makrophagen induziert. Diese Stimulation wurde in 

einem Experiment, welches opsonisierte Fc-Rezeptor (FcR) vermittelte 

Phagozytose misst, beobachtet. In diesem Experiment wurden PE markierte 

Latexkügelchen und GFP markierte humanisierte Lymphom Zellen als 

Phagozytoseziele benutzt, sowie, um die Opsonierung zu garantieren, 

monoklonale Antikörper hinzugefügt. Ebenso wurde beobachtet, dass 

behandelte Makrophagen sich morphologisch verändern. Unter der Behandlung 

mit Mafosfamide oder Doxorubicin nahm die Zellgröße und -granularität zu, was 

mittels eines Konfokalmikroskops und Durchflusszytometrie nachgewiesen 

wurde.  

In dieser Arbeit wurde gezeigt, dass opsonierte FcR-unabhängige Phagozytose 

und nicht opsonierte Phagozytose, durch Makrophagen, ebenfalls mittels 

Chemotherapie erhöht werden kann. Dieser Effekt wurde durch Mafosfamide- 

und Doxorubicinbehandlung hervorgerufen, wie es auch für opsonierte Fc-

abhängige Phagozytose beobachtet wurde. Bei Mafosfamide war dieser Effekt 

abhängig von der direkten Behandlung von Makrophagen mit dem 

Chemotherapeutikum. Der Effekt von Doxorubicin wurde jedoch bei direkter, 

sowie indirekter Behandlung, mittels konditioniertem Mediums, beobachtet. 
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3 Introduction 

3.1 Immune system 

The immune system is composed of cellular and humoral factors, which protect 

the body against pathogenic organisms, their toxins, as well as insect poisons. 

To accomplish this, the immune system carries out four major tasks: recognition 

of pathogens, performance of immune effector functions, immunoregulation and 

formation of an immunological memory1. In recent years, it has become 

apparent, that the immune system also performs anti-tumor functions and plays 

a key role in tumorigenesis (see 1.3.1). The immune system is subdivided into 

the innate immune system and the adaptive immune system, which will be 

discussed in 1.1.1 and 1.1.2. 

3.1.1 Innate immune system 

The innate immune system is first to react against pathogenic organisms, 

preventing infection and preserving homeostasis2. The recognition of pathogens 

is mediated through pattern-recognition receptors (PRRs), which bind 

pathogen-associated molecular patterns (PAMPs) displayed on the surface of 

pathogenic organisms3. Epithelial and endothelial cells, as well as humoral and 

cellular mechanisms contribute to the innate immune system1.  

Epithelial cells are connected via tight junctions, forming a barrier against 

pathogens and dehydration, called the epidermis. In addition, the epidermis is 

protected by secreted cytokines, a weakly acid pH in its outer layer, 

desquamation, the natural microbiome and anti-microbial peptides4. Linked by 

tight junctions, endothelial cells form the mucosa membrane, which covers the 

body cavities and protects them from invasion by pathogens. Low pH, internal 

mucosa layer, hydrolytic enzymes and bioactive molecules, e.g. from the 

anti‐microbial peptide (AMP) family, facilitate the barrier function of the mucosa 

membrane5. 

Humoral factors play an important role in the innate immune system. Being 

proteins, these factors are secreted by different cell types, like glandular cells, 
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macrophages, epithelial cells, neutrophils and hepatocytes. Lysozyme lyses 

bacteria when secreted by cells, e.g. macrophages in the airways. Furthermore, 

AMP, such as β-defensins or neutrophil peptides, perform antibacterial, 

antifungal and antiparasitic functions6. Other crucial humoral factors are acute 

phase proteins (APPs), which affect different mechanisms, like recognition of 

pathogens, agglutination, complement activation, opsonization and 

immunomodulation. Prominent examples of APPs are C-reactive protein (CRP), 

haptoglobin, transferrin, serum amyloid A and P 7. Moreover, cytokines play an 

important role in the communication between cells and a coordinated immune 

response. They are differentiated into classes, including interleukins (IL), 

interferons (INF), tumor necrosis factors (TNF) and transforming growth factors 

(TGF)8. The complement system, also a humoral factor of the innate immune 

system, consists of more than 30 proteins, which after initiation activate each 

other through a proteolytic cascade. Performing broad functions, like lysis of 

targets, priming the immune system and opsonizing targets, the complement 

system also resembles a link between innate and adaptive immune system, 

affecting T and B cells9. 

The cellular compartment of the innate immune system is usually the first 

subset of the immune system to react against pathogens, which have breached 

the physical barrier composed of epithelial or endothelial cells. Macrophages, 

being at the forefront of the reaction, phagocyte the invading organisms and 

initiate an immune reaction1. A prolonged activation state of macrophages, after 

contact with certain pathogens, represents one mechanism of the innate 

immune system to develop an immunologic memory, in this case termed trained 

immunity (TI)10,11. Macrophages are discussed in greater detail in 1.2.1 and 

1.2.2. Dendritic cells (DCs), like macrophages, phagocyte pathogens, process 

them intracellular and then present their antigens via major histocompatibility 

complex-II (MHC-II) molecules to naïve T-cells to initiate an adaptive immune 

response, resembling a connection between innate and adaptive immune 

system12. Another phagocytic cell type are neutrophil granulocytes or 

neutrophils, which enter the locus of inflammation within minutes after cytokine 

release by macrophages13. Neutrophils exhibit anti-microbial mechanisms 

beyond phagocytosis, they can release neutrophilic granular, which are 



 

18 
 

important for neutrophil migration and elimination of pathogens, and form 

neutrophil extracellular traps (NETs), representing an extracellular defense 

against bacteria and fungi14,15. In recent years NETs were also associated with 

autoimmune diseases and have been shown to be performed simultaneously 

with phagocytosis16,17. Two more granulocyte subsets are known, basophils, 

which react to target bound immunoglobulin (Ig) E and are associated with 

allergic reactions, and eosinophils, which also react to target bound IgE and are 

important for antiparasitic responses13. Myeloid derived suppressor cells 

(MDSCs) are also part of the innate immune system. They can dampen immune 

responses by suppressing natural killer cells (NKs), T- and B-cell reactions18,19. 

Cells of the neutrophil and the monocytic linage contribute to the MDSC 

population20. NKs are of lymphoid origin, distinguishing them from the myeloid 

cell types described above. Being able to sense a change in MHC-I molecule 

expression on cells, NKs can discriminate between normal cells and infected or 

cancer cells. After engaging infected or abnormal cells, NKs eliminate these 

cells by releasing cytolytic granular or forcing them into apoptosis via death 

receptor engagement1. NKs are subsumed under the group of innate lymphoid 

cells (ILCs), which belong to the innate immune system, although being of 

lymphoid heritage, because they are lacking somatically recombinant antigen 

receptors. Besides NKs three more groups of ILCs are known: ILC1, which are 

similar to T helper (Th) 1 cells and secret INFγ, ILC2, producing cytokines 

associated with Th 2 cells, and ILC3, being a source of IL17 and IL2221. Different 

ILC groups also exhibit the ability to differentiate into memory-like cells22,23. In 

concert with macrophages, this represents the ability of the innate immune 

system to form an immunological memory.  

3.1.2 Adaptive immune system 

If the innate immune system cannot control a pathogen, which has entered the 

organism, the more finetuned and better equipped adaptive immune system 

attends to the intruder1. The adaptive immune system consists of T cells, which 

provide the cellular immune response, and B cells, which produce the humoral 

immune response24. 
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Based on the expression of certain coreceptors, T-cells can be divided into two 

main groups, CD8+ and CD4+ T cells. T cells expressing CD8 are called CD8+ T 

cells or cytolytic T lymphocytes (CTLs). CTLs recognise infected or mutated 

cells, which express foreign or abnormal proteins on their MHC-I molecules, via 

the interaction between these molecules and their T cell receptor (TCR)1. 

Releasing intracellular granules and interacting with the Fas receptor on the 

target cells, CTLs induce apoptosis in infected or mutated cells 25. CD4 

expressing or CD4+ T cells are further subdivided into different groups, mainly 

based on their cytokine profile. Activated through the interaction between MHC-

II molecules, on antigen presenting cells, and TCR on the CD4+ T cells, they 

differentiate under the influence of certain cytokines24. The first subset are T 

helper (Th) 1 cells, which are induced by IL-12 and secret IL-2 and INFγ. They 

activate macrophages, CTLs and NKs, hence fostering a cellular immune 

response, especially against intracellular bacteria and viruses. Differentiated 

under IL-4 signalling, the second subset, Th 2 cells, produce IL-4, IL-5, IL-10 

and IL-13. They induce antibody production and have a key role in anti-parasite 

and hypersensitivity reactions. In addition, there are memory Th cells, called 

follicular Th (Tfh) cells, which can stimulate B cells. They are part of the 

immunological memory25. Another subset of CD4+ T cells are Th 17 cells, which 

differentiate under the influence of IL-6 and TGF-β and secret IL-17. Inducing 

autoimmunity, Th 17 cells are capable of stimulating an inflammatory reaction26. 

Opposing this, are regulatory T cells (Treg cells), which represent a 

heterogenous group of T cells, all of which have regulatory functions in regard 

to immune reactions, often mediated by IL-1027. One last subset of CD4+ T cells 

discussed here, are Th 9 cells. They differentiated under the influenced of IL-4 

and TGF-β. Producing IL-9, they are important for immune reactions against 

helminths28. 

B cells are in charge of producing the humoral adaptive immune response via 

the secretion of antibodies. After the B cell receptor (BCR) has bound an 

antigen, the B cell is partially activated. It internalizes the antigen to process 

and then present it, on the cell surface bound to an MHC-II molecule, for a T 

cell to recognise and then trigger further actions by the B cell1. Some antigens 

are capable of inducing a B cell driven humoral adaptive immune response 
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without the necessity of T cell interaction29. Activated B cells either become 

plasma cells, which start producing antibodies, or establish a germinal center in 

a follicle. In the germinal center two important mechanisms take place: the B 

cells can switch the Ig type, they are producing, e.g. from IgM to IgG, this 

process is called class-switching and through the acquisition of point mutations 

in the Ig variable regions, a process called somatic hypermutation (SHM), the 

affinity of the produced Igs can be increased30,31. B cells can also form memory 

cells, which react faster to a subsequent exposure to the same antigen25. 
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3.2 Macrophages 

3.2.1 Heterogeneity and Polarisation 

Being part of the myeloid lineage of the hematopoietic system, macrophages, 

DCs, monocytes and their bone-marrow precursors compose the mononuclear-

phagocytic system32. Resident tissue macrophages originate in the embryonic 

period from progenitor cells, formed in the yolk sack or the fetal liver, and 

replenish themselves, under steady state conditions, throughout the adult life33-

36. Recruitment of monocytes, out of the bloodstream, can also elevate tissue 

macrophage numbers in case of inflammation, cancer or severe depletion37-39. 

Cytokines involved in recruiting monocytes are described in 1.3.2.  

Tissue macrophages resemble a highly heterogenic group of cells with 

specialized members like Kupffer cells in the liver, osteoclasts in the bone, 

microglia in the central nervous system and Langerhans cells in the skin40-44. 

This heterogeneity can also be observed within the same organ. Homing three 

different kinds of macrophage subpopulations (red pulp, marginal-zone and 

marginal-zone metallophilic macrophages), the spleen resembles a great 

example for this diversity45. Because of their great plasticity, macrophages can 

be conditioned by their microenvironment and perform a variety of functions, 

like phagocyting debris, dead cells or pathogens, producing extracellular matrix 

(ECM), resorbing bone tissue, repairing and healing wounds, producing bilirubin 

et cetera46,47. 

Besides their heterogeneity, macrophages show a great diversity in their 

activation state, also referred to as polarisation. In line with the CD4+ Th cells 

classification of Th 1 and Th 2 cells, macrophages are classified in a spectrum 

ranging from M1 to M2, with M1 and M2 being the extremes of a continuum of 

activation states48. Through the exposure to INFγ, which is secreted by Th 1 

cells or NKs, lipopolysaccharides (LPS) or TNF macrophages are classically 

activated, referred to as M1 polarisation49,50. The signalling is transduced by 

signal transducer and activator of transcription 1 (STAT1), nuclear factor κ-light-

chain-enhancer of activated B cells (NFκB) and the Notch signalling pathway51-

53. The functional characteristics of M1 macrophages include secretion of pro-
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inflammatory cytokines, endorsement of Th 1 immune responses, tumoricidal 

and microbicidal effects by induction of reactive oxygen species (ROS) and 

nitric oxide production, thus fostering their cytotoxic abilities, as well as 

phagocytosis of tumor cells and bacteria54-57. Especially associated with 

opsonised Fc-dependent phagocytosis, through the upregulation of certain 

FcRs, M1 macrophages are described to have the higher phagocytic capacity 

compared to M2 macrophages58-61. Therefore a tight regulation of M1 

macrophages is important, because they can also contribute to excessive tissue 

damage and autoimmune diseases62. M2 polarisation of macrophages, which is 

associated with wound healing, tissue repair, anti-inflammatory effects and 

effective phagocytosis of dead cells and debris, resembles the opposite pole on 

the continuum of activation states63. The M2 macrophages subsume a 

heterogenic group of macrophages with different subgroups. Through IL-4 and 

IL-13 signalling, via transcription factors like STAT6, peroxisome proliferator 

activated receptor-γ (PPARγ) and PPARδ, alternative M2 macrophage 

activation is induced, which is also referred to as M2a macrophages48,59,64-66. 

They produce less pro-inflammatory cytokines as well as ROS and nitric oxide 

than M1 macrophages and show less efficient elimination of intracellular 

pathogens. But they play a vital part in fostering Th 2 responses, immune 

reactions against parasites and the secretion of ECM, which enables them to 

immunoregulatory functions as well as tissue repair, this is why they are also 

referred to as wound-healing macrophages59,67,68. A second subset of M2 

macrophages are activated under the simultaneous influence of immune 

complexes (ICs) and agonists of Toll-like receptors (TLRs), like LPS, which are 

termed M2b macrophages or type II activated macrophages59,69. These are part 

of the macrophage subset introduced by Flemming and Mosser, called 

regulatory macrophages, which subsumes macrophages activated by TLR 

agonists and a co-stimulus, like ICs, apoptotic cells, prostaglandin E2 (PGE2) or 

TGF-β62. An important role in the polarisation of regulatory macrophages is 

played by the mitogen-activated protein kinase(MAPK) extracellular signal-

regulated kinase (ERK), which is activated by many of the mentioned co-stimuli 

and is proven to enable access to the promoter of the IL-10 gen70. High IL-10 

secretion is one of the main characteristics of this macrophage subset, besides 

triggering a Th 2 immune response and acting as immunoregulators, although 
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still secreting pro-inflammatory cytokines like IL-1 or IL-659. The last subset of 

M2 macrophages, which is going to be introduced in this chapter, is called M2c 

macrophages or deactivated macrophages. These are induced through IL-10 

and macrophage-colony stimulating factor (M-CSF) or glucocorticoid signalling, 

with IL-10 signalling being dependent on STAT359,71,72. This subset is especially 

associated with suppressing immune reactions and remodelling tissues, e.g. by 

secreting transforming growth factor-β (TGF-β) and phagocyting apoptotic cells 

and debris 59,72,73. Another M2 subset are M2d macrophages, which are 

characterised in 3.3.2. Besides their diversity in cytokine production and 

function, different macrophage polarisation states can be identified by 

expression of surface markers, some typical surface markers are displayed in 

Figure 174. In general, one must bear in mind, that the different polarisation 

states of macrophages are not fully understood yet and the approach to fit them 

into a strict system always includes oversimplifications.  

 

Figure 1: Polarisation states of macrophages (modified from74) 

Macrophages can be polarized and thus activated through different stimuli, which is 
described by the M1 and M2 polarisation scheme (see 3.2.1). The expressions of 
different surface markers and receptors as well as cytokines for different polarisation 
states are shown in this figure.  
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3.2.2 Phagocytosis 

Phagocytosis describes the cellular process of ingesting particles which exceed 

a diameter of 0.5µm75. In a multicellular organism phagocytosis is mainly 

carried out by professional phagocytes, e.g. macrophages, neutrophils and 

dendritic cells, but can also be performed by non-professional phagocytes, e.g. 

fibroblasts, epithelial cells and endothelial cells. The internalisation of microbial 

pathogens, only carried out by professional phagocytes, is a crucial part of the 

innate and, through antigen presentation, of the adaptive immune system. In 

addition, phagocytosis is crucial for tissue homeostasis and remodelling via the 

clearance of apoptotic and dead cells as well as debris, which is performed by 

professional and non-professional phagocytes76,77.  

To initiate phagocytosis the target of interest must be recognised by the 

phagocyte. This can be conveyed by non-opsonic receptors, like CD36, 

lysosomal integral membrane protein 2 (LIMP2), lectin-like oxidized LDL 

receptor 1 (LOX1), CD163, mannose receptor or Dectin-1, which can detect 

PAMPs of microbial pathogens or danger-associated molecular patterns 

(DAMPs) of e.g. apoptotic cells78-80. Non-opsonic receptors are a subgroup of 

the PRRs, which also include the Toll-like receptors (TLRs)81. TLRs are not able 

to initiate phagocytosis on their own, but they can induce an immune response 

as well as prime phagocytes and their receptors for an efficient target 

engagement in a p38-dependant manner76,82. Besides non-opsonic receptors, 

specialized phagocytes also express opsonic receptors, which recognise 

phagocytic targets after they were tagged by an opsonin, like Igs or complement 

factors83,84. The most prominent opsonic receptors are FcRs, which bind the Fc 

portion of target-bound IgG and IgA and are essential for opsonised Fc-

dependent phagocytosis. Additional opsonic receptors are complement 

receptors (CR), which bind to e.g. target-bound iC3b and play a role in 

opsonised Fc-independent phagocytosis85-87. Interestingly CR3 has also been 

proven to be involved in non-opsonised phagocytosis of mycobacteria and 

zymosan88. 

Signalling pathways, which induce phagocytosis after receptor engagement, are 

best described for FcR and CR, but are poorly understood for non-opsonic 
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receptors. FcRs cluster after target binding, which leads to phosphorylation of 

the immunoreceptor tyrosine-based activation (ITAM) motif by Src-family 

kinases89. This leads to the engagement of the spleen tyrosine kinase (Syk), 

which recruits additional signalling proteins90. The signalling pathway leads to 

membrane remodelling and changes in the actin cytoskeleton, which are both 

essential for phagocytosis91. The signalling required for CR-mediated or Fc-

independent phagocytosis shows differences to FcR-mediated or Fc-dependent 

phagocytosis, e.g. CR-mediated signalling is not dependent on Syk and CR-

mediated phagocytoses requires the actin and microtubule cytoskeleton92,93. 

After phagocytosis is initiated via signalling pathways, phagosome formation 

and maturation follow to end the process91.  
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3.3 Cancer 

Cancer subsumes a distinct group of related diseases, defined by uncontrolled 

proliferation of a subset of cells, which have lost the capability to form tissues of 

orderly form and function. The cause of this being mutations in genes, which 

are critical for normal tissue homeostasis94. These genes are further 

differentiated into oncogenes and tumor suppressor genes (TSGs). Oncogenes 

usually develop through gain-of-function mutations of proto-oncogenes, which 

promote cellular proliferation, growth and evasion of apoptosis. In addition, loss-

of-function mutations in TSGs can contribute to the development of cancer95. 

The distinction between gatekeeper genes and caretaker genes is of 

importance for TSGs. Gatekeeper genes control the cell cycle and proliferation, 

whilst caretaker genes preserve the genome integrity by being involved in 

processes like the DNA damage response (DDR)96. 

Histopathologically the distinction between benign and malignant cancers is 

based on invasion into surrounding tissues. Malignant cancers are 

characterised by invasive growth and the formation of metastasis and benign 

cancers displace the surrounding tissue without invading it. Furthermore, 

histopathological differentiation of cancers can be executed regarding their 

tissue of origin. Four main groups are used to discriminate between most 

cancers. The largest group originates from epithelial cells and is called 

carcinoma, which is further divided into squamosa cell carcinomas and 

adenocarcinomas. Cancers derived from mesenchymal cells, like fibroblasts, 

myocytes, osteoblasts or chondrocytes, are termed sarcomas. Hematopoietic 

cells can degenerate into leukaemia or lymphoma cells. Leukaemias are formed 

by degenerated cells in the bone marrow which proliferate unregulated and spill 

into the blood stream. Myeloid precursor cells cause acute myeloid leukaemia 

(AML) or chronic myeloid leukaemia (CML), while degeneration of lymphoid 

precursors results in acute lymphocytic leukaemia (ALL) or chronic lymphocytic 

leukaemia (CLL)94. Although CLL is historically assigned to leukaemias, today it 

is classified as an indolent non-Hodgkin lymphoma97. Lymphomas are derived 

from lymphoid cells and are mainly located in lymphoid organs94. Two main 

types of lymphomas are discriminated, non-Hodgkin lymphomas (NHLs), like 
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CLL or large B cell lymphoma, and Hodgkin lymphomas, which are 

characterised by Reed-Sternberg cells, which resemble multinucleated, 

peculiar, large B lymphocytes97,98. The last main group comprises 

neuroectodermal tumors which originate from cells of the peripheral and central 

nervous system. A few cancers do not fit the major groups described above, 

e.g. melanomas, small-cell lung carcinomas or teratomas94 

To further elucidate the complexity of cancers Hanahan and Weinberg 

proposed eight hallmarks of cancer. These consist of evading growth 

suppressors, sustaining proliferative signalling, evading apoptosis, enabling 

replicative immortality, reprogramming the energy metabolism, inducing 

angiogenesis, resisting immune destruction, activating invasion and metastasis. 

Genome instability, inflammation and the tumor microenvironment underlie and 

cultivate these hallmarks99. 

3.3.1 Tumor microenvironment 

In the past two decades cancer research has undergone a paradigm change by 

not only focusing on the cancer cells and their genetic aberrations, but also the 

surrounding microenvironment, the TME, and the interactions between the 

two99. Nowadays it is well recognised that cancer cells recruit and stimulate 

different cell types, which form the TME, as well as that through the 

communication in-between cancer cells and the TME the hallmarks of cancer, 

as mentioned in 1.3, are facilitated and fostered100. Leukaemic cells undergo 

apoptosis within days in vitro, when cultured in the absence of certain players of 

the TME, which illustrates their dependency on those players quite 

drastically101. The TME consists of endothelial cells, pericytes, cancer-

associated fibroblasts (CAFs), adipocytes, the ECM and immune cells, like 

TAMs, different subpopulations of T cells, NKs, B cells, mast cells, neutrophils, 

DCs and MDSCs. The exact composition and activity of the TME are dependent 

on the cancer type, which further complicates the comprehension of cancer102.  

Like in normal tissues vessels in solid tumors, which supply nutrients and 

oxygen through the blood stream, are composed of endothelial cells and 

pericytes103. Through angiogenesis cancer cell proliferation is fostered and 
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hyperplasia can be transitioned into neoplasia, a phenomenon called 

“angiogenic switch”104,105. Endothelial cells secret growth-promoting factors, e.g. 

granulocyte-colony stimulating factor (G-CSF), granulocyte-macrophage-CSF 

(GM-CSF), nitric oxide (NO) and pigmented epithelial-derived factor (PEDF), 

which further promote proliferation and progression of cancer through paracrine 

signalling106. Caused by constitutively active vascular endothelial growth factor 

(VEGF) signalling, provided by cancer and stroma cells of the TME, endothelial 

cells in this microenvironment display looser tight junctions as well as less 

coverage of and association with pericytes, which contributes to the formation of 

metastasis100.  

One of the largest cell populations in the TME are CAFs, which stimulate 

tumorigenesis and tumor progression102. Via secreting a variety of growth 

factors, like members of the epithelial growth factor (EGF) family, hepatocyte 

growth factor (HGF), stroma cell-derived growth factor-1 (SDF1/CXCL12) and 

insulin-like growth factor 1 (IGF1), cancer cell proliferation is enhanced by 

CAFs100. In addition, they are associated with the epithelial-to-mesenchymal 

transition (EMT) of cancer cells by secreting TGF-β and, along with activated 

adipocytes, recruit immune infiltrating cells to the TME107-109. Production and 

secretion of TGF-β as well as CXCL12 is initiated by the transcription factor 

heat shock factor 1 (HSF1) and its activation is one of many characteristics 

which differ between normal fibroblasts and CAFs110. Through initiating EMT of 

cancer cells and modifying the ECM of the TME by secreting distinct ECM 

proteins and remodelling enzymes, CAFs foster invasion into adjacent tissue 

and metastasis111. Supporting tumor angiogenesis, by providing proangiogenic 

factors like VEGF, fibroblast growth factor 2 (FGF2) and platelet-derived growth 

factor C (PDGF-C), resembles another protumor function of CAFs100. Even the 

energy metabolism of cancer cells and CAFs was proven to be intertwined, 

showing that one cell type can use the lactate produced by the other cell type 

as an energy source112,113.  
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Figure 2: Role of the TME in preventing tumors, tumorigenesis and tumor 
progression102 

After escaping intrinsic apoptosis mechanisms, cancer cells are recognised and 
destroyed by cells of the immune system. Especially antigen-presenting cells, like 
macrophages, identify cancer cells via cancer cell-specific antigens and present them 
to CTLs, thus activating them. Macrophages are also capable of eliminating cancer 
cells on their own. Fibroblast can also inhibit tumor cell progression. After evading 
immune surveillance, the cancer cells shape their environment into a tumor-supportive 
TME. The immune system is suppressed by recruited MDSCs and Treg cells, which 
inhibit antigen presentation by DCs, M1 polarisation of macrophages as well as NK, T 
and B cell function. TAMs and CAFs foster tumor progression, metastasis and 
angiogenesis via the secretion of proteases, cytokines and growth factors102. 

 

The immune system plays a dual role regarding tumorigenesis, either it can 

stop cancer occurrence by eliminating atypical cells, called cancer 

immunosurveillance, or via immunoediting it can generate less immunogenic 

cancer cells or tumors with a stronger inhibitory effect on anti-tumor immune 

responses114-116. Once the tumor is established, it is mostly supported by 

infiltrating immune cells (IIC). An anti-tumor function is shown by CD8+ T cells 

and a subpopulation of NKs, CD56dim NKs, via cytotoxic effects117,118. NKs show 

special relevance in eliminating intravasated cancer cells and thus preventing 

metastasis119. CD4+ Th 1 cells were usually associated with an anti-tumor 

immune function and CD4+ Th 2 cells were characterised as pro-tumorigenic, but 

there are studies showing a contradictory correlation between Th 1 associated 

cytokines and poor prognosis in B cell NHL as well as Th 2 associated cytokines 

and better prognosis in follicular lymphoma120-122. MDSCs are 

immunosuppressive, immature myeloid cells which are recruited to developing 
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tumors and support tumor angiogenesis123. Furthermore, they repress anti-

tumor immune responses by inhibiting CD4+ and CD8+ T cell activation, antigen 

presentation by DCs, M1 polarisation of macrophages and cytotoxicity of 

NKs124-127. Treg cells are also associated with suppression of an immune 

response against cancer cells, by inhibiting CD8+ T cell activity and antigen 

presentation as well as inhibiting CD4+ T cells through binding of the 

programmed cell death protein 1(PD-1) on CD4+ T cells to PD-1 ligand (PD-L1), 

which is expressed on Treg cells after T cell receptor activation128,129. But clinical 

studies showed conflicting correlations between Treg cell populations and 

prognosis for different types of cancer129-131. Another important immune cell in 

the TME are TAMs which will be discussed in 1.3.2.  

 

3.3.2 Tumor associated macrophages 

Being one of the most frequent cells in the TME, TAM infiltration in cancer is 

usually associated with a poor prognosis for patients, but was also associated 

with a better prognosis under immunochemotherapy132,133. Circulating 

monocytes, which also resemble a negative prognostic factor in diffuse large B-

cell lymphoma (DLBCL) and CLL, are most likely the main source of TAMs in 

many cancer types134-139. These monocytes are recruited to the TME, where 

they differentiate into TAMs, which is initiated by cancer cells through the 

secretion of colony stimulating factor 1 (CSF-1), resembling the most important 

factor, VEGF-A, IL-34 and CC-chemokine ligand 2 (CCL2)140-143. The 

polarisation of macrophages impacts their effect on cancer cells with M1 

macrophages being anti-tumorigenic and M2 macrophages showing pro-

tumorigenic functions, but it was shown that TAMs do not resemble classical 

M1, nor M2 polarized macrophages50,134. This led to the introduction of a new 

M2 subset, which subsumes TAMs, called M2d. This polarisation is induced by 

the above-mentioned factors as well as the costimulation of the A2 adenosine 

receptor and the TLR or IL-6 stimulation144-146. 

By secreting proinflammatory mediators like TNF-α, reactive oxygen 

intermediates (ROI), IL-6 and IL-1β, macrophages are associated with 
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promoting DNA damage, inflammation-induced carcinogenesis and proliferation 

of cancer cells147,148. The secretion of TNF-α and IL-6 is triggered by an 

activation of NF-κB149,150. Once the tumor is established, TAMs show an 

immunosuppressive phenotype by secreting anti-inflammatory cytokines, like IL-

10 and TGF-β151,152. Through the secretion of chemokines, like CCL20 or 

CCL22, TAMs attract Treg cells to the TME which suppress anti-cancer immune 

responses153,154. T cell function is also inhibited via the secretion of arginase I 

by TAMs, leading to the depletion of L-argininen in the TME, which is essential 

for T cell function155,156. Also, TAMs directly suppress T cell responses by cell-

cell interaction via the expression of PD-L1 and B7-H4157,158. PD-L1 is 

upregulated in TAMs, because of the activation of hypoxia inducible factor 1 

alpha (HIF-1α), which is caused by the hypoxic conditions in the TME132,159. 

HIF-1α also induces the expression of angiogenic factors, like VEGF, in TAMs. 

They also secret other angiogenic factors, like EGF and IL 8132. A special 

subset of TAMs was proven to be especially pro-angiogenic, Tie2+ 

macrophages160. Aligning along blood vessels, caused by the expression of 

angiopoietin 2 (ANG2) on endothelial cells, Tie2+ macrophages foster 

intravasation of cancer cells and thus metastasis161,162. The migration, invasion 

and metastasis of cancer cells is supported by a CSF-1-EGF paracrine loop in 

between cancer cells and TAMs as well as by the secretion of TGF-β which 

fosters EMT163,164. In addition TAMs remodel the ECM of the TME by secreting 

different proteases, which support tumor cell invasion and metastasis165. Being 

part of the tumor microenvironment of metastasis (TMEM), macrophages are 

also associated with homing cancer cells at ectopic sites166. TAMs can also 

have a restrictive effect on anti-cancer therapies, like chemotherapy, irradiation 

or anti-vascular therapy, by different mechanisms, but were shown to have a 

beneficial effect on certain immunochemotherapies 133,167-170.  
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3.4 DNA Damage Response 

DNA damage can be induced endogenously via spontaneous DNA alterations 

through depurination or deamination as well as via oxidation by ROS, generated 

by normal metabolism. Exogenously induced DNA damage on the other hand is 

caused by ultraviolet light (UV-light), ionizing radiation (IR), smoking or 

chemotherapeutics171. In the case of chemotherapeutics the induction of DNA 

damage is a key mechanism to promote growth arrest and apoptosis in cancer 

cells and thus disease regression172. Through endogenously induced DNA 

damage as well as exogenously induced DNA damage by UV-light the 

estimated DNA lesions per cell each day are around 105 173. This illustrates, 

why a well-functioning and tightly regulated DDR is crucial for survival and 

preservation of correct genetic information for following generations.  

Different mechanisms contribute to the DDR, depending on the specific cause 

and type of DNA lesion. Replication errors, like mismatches or small deletions, 

are repaired through mismatch repair (MMR). The base excision repair (BER) 

restores small chemical alterations of bases, caused by ROS, spontaneous 

deamination or hydrolysis and single-strand brakes (SSBs), induced by IR, ROS 

or chemotherapeutics, like anthracycline (e.g. Doxorubicin)174. SSBs are also 

repaired through nucleotide excision repair (NER), which also restores bulky 

adducts, evoked by IR and smoking, and intrastrand crosslinks induced by 

chemotherapeutics, like nitrogen mustards (e.g. Cyclophosphamide)175. Two 

modes of NER were described, the transcription-coupled NER (TC-NER) and 

the global genome NER (GG-NER). The TC-NER is activated by lesions which 

delay transcription and the GG-NER acts on lesions anywhere in the genome. 

Double-strand breaks (DSBs) are evoked like SSBs, but are repaired through 

more complex mechanisms. One of them being homologues recombination 

(HR), which is performed in S and G2 phase of the cell cycle. Nonhomologous 

end joining (NHEJ) resembles the second option, which acts in G1 phase and 

post-mitotic cells176. Interstrand crosslinks (ICL), which are induced by 

environmental factors like air pollutants and chemotherapeutics like 

Cyclophosphamide, are restored by ICL repair. A mechanism which involves 

key players of other DNA damage repair mechanisms like NER and HR as well 



 

33 
 

as other proteins like Fanconi anemia proteins, but is yet to be fully 

elucidated177,178. Although the different DNA damage repair mechanisms are 

mainly seen as separate units, one has to bear in mind that they share many 

key players and overlap significantly176. 

The regulation of the DDR is mainly performed by the poly (ADP-ribose) 

polymerase (PARP) family and the phosphatidylinositol 3-kinase-like protein 

kinase (PIKKs) family, which includes the ataxia- and Rad3-related kinase 

(ATR), the ataxia-telangiectasia mutated kinase (ATM) and the DNA-dependent 

protein kinase (DNA-PK). ATR is activated by a complex of Replication protein 

A (RPA) and single stranded DNA (ssDNA) via ATR interacting protein (ATRIP). 

After being activated ATR phosphorylates and thus initiates activity of 

Checkpoint kinase 1 (CHK1). Upon the recognition of DSBs through the 

MRE11/Rad50/NBS1 (MRN) complex activity of ATM is promoted, which 

initiates recruitment of essential proteins for the DNA damage repair as well as 

activates Checkpoint kinase 2 (CHK2) 176,179,180. DNA-PK, which is also 

activated by DSBs via the Ku70/Ku80 hetero-dimer, phosphorylates different 

proteins involved in NHEJ and through downstream targets one of the DNA 

damage response key players, p53. PIKKs regulate the DNA damage repair 

enzymes and stall the cell cycle to guarantee correct DNA repair before 

replication176,181. Different signalling cascades are activated by PIKKs to delay 

the cell cycle. CHK2, after being activated by ATM, phosphorylates and thus 

inactivates cyclin-dependent kinase 2 (CDK2), which leads to cell cycle arrest 

further downstream. Furthermore CHK1 and CHK2 deactivate cell division cycle 

25 A, B and C (Cdc25A, Cdc25B and Cdc25C), so that these members of the 

Cdc25 family cease to dephosphorylate CDK2, thus staying inactive180. One of 

the most important steps to induce cell cycle arrest and shield the organism 

from altered genomic information, caused by DNA damage, via PIKKs is the 

stabilization of p53 through the phosphorylation of mouse double minute protein 

2 (MDM2/HDM2 in humans). ATM and ATR directly inhibit MDM2 via 

phosphorylation and DNA-PK mediates its effect through the activation of 

Protein kinase B α (PKBα) and its downstream targets182-184. Activated CHK1 

and CHK2 also phosphorylate p53, thus stabilizing it and regulating its 

activity185. 
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One of the key players of the DDR is p53, which can induce cell cycle arrest, 

senescence and apoptosis. It is mainly regulated through ubiquitylation by 

MDM2, promoting proteasomal degradation of p53186. Many different kinases, 

like the ones mentioned above, the wild-type p53-induced phosphatase 1 

(Wip1) which induces MDM2 activity through phosphorylation or CREB-binding 

protein (CBP)/p300, which inhibits MDM2 via acetylation, influence the 

interaction between MDM2 and p53 and thus stabilize or destabilize p53187,188. 

The stabilization of p53 is considered the first step of p53 activation189. Another 

important regulator of p53 is mouse double minute protein 4/X (MDM4/MDMX), 

on one hand it promotes function of MDM2 and on the other hand together with 

MDM2 it can form a protein complex with p53, which is located at promoters of 

p53 target genes to inhibit transcription189,190.This repression of transcription 

can be overcome by acetylation of p53 which is carried out e.g. by the histone 

acetyltransferases (HAT), CBP/p300, Tip60 or human males absent on the first 

(hMof). This is the second step of p53 activation and it is called 

antirepression189. The last step of p53 activation is the promoter specific 

activation, which is achieved through posttranslational modification (PTM). 

PTMs include phosphorylation, acetylation, ubiquitylation, sumoylation, 

neddylation and methylation, which are carried out by different proteins, like the 

above-mentioned ATM, CHK2, CBP/p300, CHK1 and others. The promoter 

specific activation leads to recruitment of cofactors, regulation of p53 activity, 

association with transcription factors, different subcellular localizations of p53 

and regulation of the influence by other signalling pathways. Through this 

mechanism the different responses to p53 activation can be controlled, which 

include apoptosis, senescence, cell-cycle arrest and DNA repair189,191. After 

being activated p53 acts as a transcription factor, which either induces or 

represses transcription of the target genes. These include MDM2, which acts as 

a negative feedback loop for p53 activation, p21, growth-arrest and DNA-

damage-inducible protein 45 (GADD45), which causes cell cycle arrest, bcl-2-

like protein 4 (BAX), p53 upregulated modulator of apoptosis(PUMA) and 

Phorbol-12-myristate-13-acetate-induced protein 1(NOXA), which induce 

apoptosis192,193. In addition p53 regulates the transcription of genes, which 

regulate metabolism, autophagy, the immune system and stem cell 

differentiation191. 
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Exercising the central role in the DDR, p53 is the target of many signalling 

pathways involved in DDR. Nevertheless, some pathways, although targeting 

p53, can act without the involvement of the DDR key player, like the mitogen-

activated protein kinase (MAPK) pathway. This pathway is initiated by ATM, 

which activates the thousand and one amino acid (Tao) kinases194,195. Leading 

to the activation of p38, this pathway can cause cell cycle arrest in a p53 

dependent manner as well as a p53 independent, via the activation of MAPK-

activated protein kinase 2 (MK2), which inhibits the members of the cdc25 family 
195-197. 

 

Figure 3 Extract of the DNA damage response pathway (designed according to 
176,179-185,189,191-193,195-197) 

Through the induction of DNA damage, the PIKKs ATR, ATM and DNA-PK are 
activated. They stabilize p53 by phosphorylating and deactivating MDM2, which 
functions as an inhibitor of p53. ATR and ATM phosphorylate CHK1 and CHK2, which, 
through phosphorylation, stabilize p53 and regulate its activity. CHK2 phosphorylates 
and thus inactivates CDK2, which in turn will not be dephosphorylated by cdc25, 
because it is also inactivated via phosphorylation by CHK1 and CHK2, resulting in cell 
cycle arrest. Depending on its posttranslational modifications, p53 acts as a 
transcription factor for different proteins with diverse effects on the cell. Via the 
transcription of MDM2 a negative feedback loop is activated which leads to cell 
survival. Through the activation of p21 and GADD45 cell cycle arrest as well as DNA 
repair are initiated. Transcription of PUMA, NOXA and BAX lead to apoptosis. As 
another example of a p53 independent pathway leading to cell cycle arrest, the MAPK 
pathway via Tao, p38 and MK2 is depicted176,179-185,189,191-193,195-197. 
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The importance of the DDR is well illustrated by the fact that a disruption of the 

DDR is associated with different kinds of diseases, like heart failure, Xeroderma 

pigmentosum(XP), Cockayne syndrome(CS), Ataxia Telangiectasia(AT), Seckle 

Syndrome and Fanconi anemia198-203. Furthermore, malfunction in the DDR is 

associated with aging and is the cause for a hallmark of aging, genome 

instability204. Genome instability also causes different hallmarks of cancer and a 

dysfunctional DDR can result in reduced apoptosis and exaggerated 

proliferation, two hallmarks of cancer99. The deficient DDR in cancer cells can 

be used as a therapy target once the tumor is established. Throughout the use 

of chemotherapeutics DNA damage is induced, which causes the cancer cells 

to become apoptotic. Because of their dysregulated DDR, they are more 

susceptible to DNA damage172. DDR inhibitors are also being developed and 

approved in recent years like Olaparib, a PARP inhibitor205. These drugs try to 

exploit the fact that most cancers strongly rely on certain DDR pathways, 

because of dysfunctions in the other DDR pathways206. In an approach to 

sensitize tumor cells against radiotherapy DDR inhibitors are used as well207. 

Transferring this concept to chemotherapy is not very successful yet, because 

of similar side effect profiles205.  
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3.5 Immunological effects of chemotherapy 

For a long time, efficacy of chemotherapeutics as anti-cancer therapy was 

solely associated with their cytotoxic effect on tissues with a high proliferation 

rate and they were used as immunosuppressive drugs in the therapy of 

autoimmune diseases, but in the last two decades many studies showed 

immunostimulatory effects of common chemotherapeutics, which seem to 

contribute to their anti-cancer potency208-210. A normal immune response in 

patients is possible while they are being treated with common anti-cancer doses 

of chemotherapeutics211. Moreover, different chemotherapeutics show diverse 

immunostimulatory effects, which can trigger an anti-cancer immune response. 

Anthracyclines, like Doxorubicin and Daunorubicin, change the composition of 

infiltrating immune cells in the TME and their therapeutic efficacy is undermined 

by the absence of certain T cell subsets, the inhibition of DCs tumor infiltration 

or of immunostimulatory cytokines, which highlights the importance of the 

immune system in regards to the therapeutic effect of these drugs212-216. The 

immune response is based on immunogenic cell death(ICD) of cancer cells 

caused by anthracyclines217. In addition, anthracyclines were shown to diminish 

MDSC counts which partially neutralizes the immunosuppressive milieu of the 

TME218. Via the induction of ICD, oxaliplatin, a platin-based chemotherapeutic, 

fosters a tumor focused CD8+ T cell reaction219. Furthermore, it induces the 

expression of class I human leukocyte antigen (HLA I) in malignant cells as well 

as represses the programmed death ligand 2(PDL2) expression on cancer 

cells220,221. Another chemotherapeutic which can induce ICD is 

cyclophosphamide222. Through a mechanism based on the relocation of 

bacteria from the intestine to secondary lymphoid organs, cyclophosphamide as 

well as oxaliplatin can provoke an anti-cancer immune response223,224. 

Furthermore, Cyclophosphamide depletes Treg cells as well as MDSCs and 

inhibits the production of immunosuppressive cytokines, thus interfering with the 

immunosuppressive measures of cancer cells225-227. It was shown in a mouse 

model of a double-hit lymphoma that the application of cyclophosphamide and 

alemtuzumab, a monoclonal anti-CD52 antibody, was capable of inducing tumor 

cell clearance in refractory sites, like the bone marrow, by macrophages228. The 

main factor for the induced tumor cell clearance was the initiation of an acute 
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secretory activating phenotype (ASAP) in leukaemic cells through 

cyclophosphamide treatment, leading to the secretion of VEGF-A, TNF-α, IL8 

and CCL4, which enhanced the tumoricidal activity of macrophages228. Like 

oxaliplatin, cyclophosphamide as well as gemcitabine stimulate the expression 

of HLA I on malignant cells221. Besides fostering cross-priming of CD8+ T cells, 

gemcitabine also promotes reprogramming of TAMs towards an anti-tumor 

phenotype229,230. Taxanes and vinca alkaloids were also described to have 

immunomodulatory effects, which will not be discussed further here231-233.   
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3.6 Aim of Research 

This study was performed to accept or deny the following hypotheses. In order 

to accomplish this, two new methods to evaluate the phagocytic capacity of 

macrophages were established. 

Biological hypotheses: 

 Chemotherapy treatment induces phenotypical changes in macrophages 

which suggests a more phagocytically active phenotype. 

 Direct chemotherapy treatment increases opsonised and non-opsonised 

Fc-independent phagocytic capacity of macrophages. 

 The effects of direct chemotherapy treatment can be conveyed by 

soluble factors which suggests the induction of a secretory phenotype in 

macrophages. 

Method development: 

 Non-opsonised phagocytosis assay based on Mycobacterium bovis 

strain Bacille Calmette-Guérin (BCG) 

 Opsonised Fc-independent phagocytosis assay based on pH-sensitive 

beads 
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4 Materials and Methods 

4.1 Materials 

4.1.1 Devices 

-20°C and -80° Freezer    AEG, Stockholm, Sweden 

4°C Fridge      AEG, Stockholm, Sweden 

Eppendorf Xplorer 12-Channel Orange  Eppendorf, Hamburg, Germany  
 
Analytic Balance      Satorius, Göttingen, Germany 

Autoclave Systec VX-150    Systec, Bergheim, Germany 

Centrifuge 5415 R     Eppendorf, Hamburg, Germany 

Centrifuge 5810 R     Eppendorf, Hamburg, Germany 

CO2 Incubator for Cell Culture   Labotect, Göttingen,Germany 

Easypet 3 Pipettboy    Eppendorf, Hamburg, Germany 

FluoSTAR Optima  BGLabtech, Ortenberg, Germany 

Flow Cytometer MACSQuant VYB  Milentyi Biotech, Bergisch 

Gladbach, Germany 

Freezing Container “Mr. Frosty”   Nalgene, Neerijse, Belgium 

Heater/Magnetic Shaker MR3001  Heidolph, Schwabach, Germany 

Laminar Flow Hood     Labogene, Lygne, Denmark 

Microscope Confocal Meta710   Zeiss, Oberkochen, Germany 

Microscope Inverted Phase Telaval 31  Zeiss, Oberkochen, Germany 

UV236B irradiation devic   Waldmann, Villingen-
Schwenningen, Germany 
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Mini-Protean Tetra Vertical Electrophoresis           

Cell       BioRad, Hercules, CA, USA 

Electrophoresis Power Supply EPS 3500 Pharmacia Biotech, Uppsala, 

       Sweden 

Neubauer Hemacytometer    Laboroptic, Lancing, UK 

Odyssey CLX Imaging System   LI-COR Biotech., Bad Homburg, 

       Germany 

PowerPac HC Power Supply   BioRad, Hercules, CA, USA 

pH-Meter      Mettler-Toledo, Schwerzenbach, 

       Germany     

Pipettes Eppendorf Research Plus         

(10µl-1000µl)     Eppendorf, Hamburg, Germany 

Roller Mixer SRT9     Stuart, Bibby Scientific,  

       Staffordshire, UK 

Rotilabo-Mini-Centrifuge    Carl Roth, Karlsruhe, Germany 

Shaker IKA-VIBRAX-VXR    IKA, Staufen, Germany 

Thermomixer Compact    Eppendorf, Hamburg, Germany 

Vortex “Lab Dancer”    IKA, Staufen, Germany 

Water Purification System Milli-Q   Millipore, Eschwege, Germany 

Waterbath      Heidolph, Schwabach, Germany 

Sonificator      Bandelin Electronics, Berlin, 

       Germany 

Eppisonne      Cole-Parmer, Wertheim,   

       Germany 

Photometer      GE Healthcare, Berlin, Germany 

BCG Incubator     Infors, Eisenbach, Germany 
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Erlenmeyer Flask (100ml)    Merck, Darmstadt, Germany 

4.1.2 Disposable Materials 

Cell culture chamber for microscopy  Ibidi, Martinsried, Germany 

Cell Scraper 16cm     Sarstedt, Nümbrecht, Germany 

Cell Scarper 25cm      Sarstedt, Nümbrecht, Germany 

Cover glass      VWR, Darmstadt, Germany 

Microscope Slides     VWR, Darmstadt, Germany 

CryoPure Tube 1.8ml    Sarstedt, Nümbrecht, Germany  

Experimental Gloves    Paul Hartmann, Heidenheim, 

       Germany 

Experimental Tubes 15, 50ml    Sarsted, Nümbrecht, Germany 

Filtropour BT500 0.45, 500ml Bottle Top Filter Sarsted, Nümbrecht, Germany 

Flow Cytometry Tubes 5ml    Sarstedt, Nümbrecht, Germany 

Mini Trans-Blot Filter Paper   BioRad, Hercules, CA, USA 

Multiwell Plate 6-Well Falcon/VWR, Darmstadt, 

Germany 

Multiwell Plate 12-Well Falcon/VWR, Darmstadt, 

Germany 

Multiwell Plate 96-Well Falcon/VWR, Darmstadt, 

Germany 

Nitocellulose Membran Hybond-C Extra  Amersham Biosciences, 

Amersham, UK 

Parafilm  Echiney Plastic Packaging, 

Chicago, IL, USA 
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Pipet Tips 10, 100 and 1000l   Sarstedt, Nümbrecht, Germany 

Receiver Bottle 500ml     Sarsted, Nümbrecht, Germany 

Reagent Reservoirs 60ml    Starlab, Hamburg, Germany 

Safe-Lock Tubes “Eppi” 1.5 and 2ml  Eppendorf, Hamburg, Germany 

Tissue Culture Dishes 10cm,  Falcon/VWR, Darmstadt, 

Germany 

 

4.1.3 Chemicals and substances 

4.1.3.1 General 

Dimethylsulphoxide (DMSO)   Sigma, St. Louis, MO, USA 

Dulbecco's Balanced Salt Solution (DPBS) Gibco/Thermo Fisher Scientific, 
MA, USA 

 
Ethanol       Carl Roth, Karlsruhe, Germany 

FACS Clean      BD, Franklin Lakes, NJ, USA 

FACS Flow      BD, Franklin Lakes, NJ, USA 

FcR blocking reagent anti-mouse/human Miltenyi Biotech, Berg. Gladbach, 

Germany 

Formaldehyde     Carl Roth, Karlsruhe, Germany 

Glycerol      Carl Roth, Karlsruhe, Germany 

Kanamycin      AppliChem, Darmstadt, Germany 

MACSQuant Running Buffer  Miltenyi Biotech, Berg. 

Gladbach, Germany 

Nuclease Free Water    Ambion, Austin, TX, USA 

Sodium Chloride (NaCl)    Carl Roth, Karlsruhe, Germany 
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CypHer5E mono N-hydroxysuccinimide  GE Healthcare, Little Chalfont, 
(NHS) ester    UK 

Polybead Amino Microspheres 3µm  Polysciences Inc., PA, USA 

Gentamycin      Merck, Darmstadt, Germany 

4.1.3.2 Western Blot 

Acrylamid Rotiphorese Gel30   Carl Roth, Karlsruhe, Germany 

Ammonium Persulfate (APS)   AppliChem, Darmstadt, Germany 

Bromophenol Blue     Carl Roth, Karlsruhe, Germany 

Bovine Serum Albumin (BSA)   PAA, Pasching, Austria 

Complete Mini Protease Inhib. Tablets  Roche, Basel, Switzerland 

1.4-Dithiothreit (DTT)    Carl Roth, Karlsruhe, Germany 

DNase/RNase Free Water    Gibco/Thermo Fisher Scientific, 

   MA, USA 

Ethylendiamine Tetra Acetic Acid (EDTA) Carl Roth, Karlsruhe, Germany 

Glycine      Carl Roth, Karlsruhe, Germany 

Hydrochlorid Acid 37%    Carl Roth, Karlsruhe, Germany 

Isopropanol      Carl Roth, Karlsruhe, Germany 

Methanol Absolute     Th. Geyer, Renningen, Germany 

Milk Powder      Carl Roth, Karlsruhe, Germany 

Nonidet P-40 (NP-40)    Roche, Basel, Switzerland 

Odyssey Blocking Buffer  LI-COR Biotech., Bad Homburg, 

Germany 

PageRuler Plus Prestained Protein Ladder Thermo Fisher Scientific, 

Waltham, USA 
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PhosSTOP      Roche, Basel, Switzerland 

Ponceau S      Carl Roth, Karlsruhe, Germany 

RIPA Buffer (10x)     CST, Boston, MA, USA 

Sodium Dodecyl Sulfate (SDS)   AppliChem, Darmstadt, Germany 

TEMED 99%      Carl Roth, Karlsruhe, Germany 

Tris HCL      Carl Roth, Karlsruhe, Germany 

Tris       Promega, Madison, WI, USA 

Tween-20      AppliChem, Darmstadt, Germany 

4.1.3.3 Confocal Microscopy 

Vectashield mounting medium  Vector Laboratories, Burlingame, 

CA, USA 

Phalloidin FITC Reagent (ab235137) Abcam, Cambridge, UK 

DAPI (D9542) Sigma-Aldrich Chemie GmbH, 

Taufkirchen, Germany 

4.1.3.4 Cell culture 

Dulbecco's Modified Eagle Medium (DMEM) Gibco/Thermo Fisher Scientific, 

MA, USA 

Fetal Bovine Serum (FBS)  Gibco/Thermo Fisher Scientific,  
MA, USA 

Penicillin/Streptomycin (PS) (5000 U/ml) Gibco/Thermo Fisher Scientific, 

MA, USA 

Middlebrook OADC     BD, Franklin Lakes, NJ, USA 

Difco Middlebrook 7H9 Broth   BD, Franklin Lakes, NJ, USA 

20% Tyloxapol Santa Cruz, Santa Cruz, CA, 

USA 
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4.1.4 Buffer, Media and Solution composition 

Bacteria 7H9 Medium   2.35g Difco Middlebrook 7H9 

Broth, 450ml dH2O, 50ml BBLTM 

Middlebrook OADC Enrichment, 

5ml 50% Glycerin, 1.25ml 20% 

 Tyloxapol 

Blocking Buffer  5% BSA or Milk in TBS-T 

Macrophage Culture Medium  1% Penicillin/Streptomycin, 10% 

FBS in DMEM 

Freezing Medium   90% FBS, 10% DMSO 

MACS Buffer  2mM EDTA, 0.5% BSA fill up to 

250ml with 1xPBS 

10x TBS  0.2M Tris, 1.83M NaCl, HCl (pH 

7.6), Add H2O to 1L 

TBS-T Wash Buffer  100ml 10x TBS, 0.1% Tween-20, 

Add H2O to 1L 

10x Towbin Buffer  0.25M Tris, 1.92 Glycine, Add 

H2O to 1L 

Transfer Buffer  200ml Methanol, 100ml 10x 

Towbin Buffer, Add H2O to 1L 

Ripa Buffer+Pi+PS  1ml RIPA Buffer (10x), 1 Tablet 

PhosSTOP, 1 Tablet Protease 

Inhibitor, Add H2O to 1L 

Running Buffer  100ml 10x Towbin Buffer, 0.1% 

SDS, Add H2O to 1L  



 

47 
 

Separating Gel Buffer   1.5M Tris with HCL (pH 8.8), 

04% SDS, Add H2O to 1L 

Stacking Gel Buffer  0.5M Tris with HCL (pH 6.8), 

0.4% SDS, Add H2O to 1L 

 

4.1.5 Kits 

Pierce BCA Protein Assay Kit  Thermo Fisher Scientific, 

Waltham, USA 

CellTiter-Glo® Luminescent Cell Viability        

Assay       Promega, Fitchburg, WI, USA 

 

4.1.6 Agents 

4.1.6.1 Chemotherapeutics 

Doxorubincin Hydrochloride   Tocris Bioscience, Bristol, UK 

Mafosfamide Sodium Salt  Santa Cruz, Santa Cruz, CA, 

USA 

4.1.6.2 MDM2 Inhibitor 

Nutlin-3A      Tocris Bioscience, Bristol, UK  
 

4.1.7 Antibodies 

4.1.7.1 Primary Antibodies 

Specificity  Host species Order # Company 

ßActin  Mouse Monoclonal MAB1501 Millipore, Eschwege, Germany 

p53    Mouse monoclonal  2524    CST, Boston, MA, USA 

pp53  Rabbit-monoclonal 12571S CST, Boston, MA, USA 
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4.1.7.2 Secondary Antibodies 

IRDye 800CW Goat anti-Mouse  LI-COR Biotech., Bad Homburg, 

Germany 

IRDye 680RD Goat anti-Mouse  LI-COR Biotech., Bad Homburg, 

Germany 

4.1.7.3 Fluochrome Conjugated Antibodies 

Specificity  Conjugation  Order # Company 

CD11b          Vio Green               130-097-299 Miltenyi Biotec, Bergisch  

 Gladbach, Germany 

 

4.1.8 Cell Lines and Bacterial Strains 

4.1.8.1 Cell Lines 

J774A.1  Murine ascites derived 

macrophages cell line, ATCC, 

Manassas, VA, USA 

4.1.8.2 Bacterial Strains 

Mycobacterium bovis, Bacille Calmette-Guérin      

(BCG)                                                                non-pathogenic vaccine,                                                                                                                            

……………………………………………………. transfected with DsRed, 

……………………………………………………. Gift from Dr. Mario Fabri,   

       University Hospital Cologne 

 

4.1.9 Software 

Endnote  Thomson Reuters, Philadelphia, 

PA, USA 

FlowJo      Treestar, Ashland, OR, USA 
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GraphPad PRISM  GraphPad Software Inc., La 

Jolla, CA, USA 

ImageJ  W. Rasband, NIH, Bethesda, 

MD, USA 

Image Studio Lite  LI-COR, Biotech., Bad Homburg, 

Germany 

MACSQuantify Software  Miltenyi, Berg. Gladbach, 

Germany 

Microsof Office     Microsoft, Redmond, WA, USA 

Fijii       J. Schindelin, Madison,   

       Wisconsin, USA 
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4.2 Methods 

4.2.1 Cell culture 

The murine macrophage cell line J774A.1 was cultured in macrophage culture 

medium (see 4.1.4) at 37°C and 5% CO2 in a humidified incubator in 10 cm 

tissue culture dishes. Cells were split every second day at a confluence of 70-

90%. They were scraped off the cell culture plate, 2ml of the cell suspension 

were transferred onto a new dish and 8ml of macrophage culture medium were 

added to the plate. Live cell number was determined using Trypan blue and a 

Neubauer chamber.  

Mycobacterium bovis strain Bacille Calmette-Guérin (BCG), which was provided 

by Prof. Dr. Mario Fabri (University Hospital Cologne), was used as a 

phagocytic target. The BCG bacteria were cultured in 7H9 medium (see 4.1.4) 

with 20µg/ml Kanamycin at 37°C and a slow rotation of 80rpm in a 100ml 

Erlenmeyer flask. To initiate the bacterial culture 200µl of a roughly 3x10^8 

bacteria/ml solution were added to 10ml 7H9 medium with 20µg/ml Kanamycin 

and cultivated for 5 days, before being used as a phagocytic target in the BCG-

phagocytosis assay (4.2.5.1). 100-200µl of the previous bacterial culture, 

depending on the amount of bacteria, was added to a fresh Erlenmeyer flask 

with 10ml 7H9 medium and 20µg/ml Kanamycin.  

 

4.2.2 CellTiter-Glo viability assay 

To assess cell viability, the CellTiter-Glo kit from Promega was used. Cells were 

plated out on a 96-well plate with 100µl per well in a concentration of 1*10^5 

cells per ml. After cells attached to the plate, the medium was replaced with 

fresh medium and the chemotherapeutics of interest were added. Also, 3 wells 

without cells were filled with 100µl of medium to obtain a value for background 

luminescence. Triplets were used for every condition. After 24 h of incubation, 

the cells were washed twice with 100µl of phosphate buffered saline (PBS) and 

then resuspended in 100µl of medium. The plate was incubated for 16h at 37°C 

and then equilibrated to room temperature for 30min. 100µl CellTiter-Glo 
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reagent, which was prepared according to the manufacture´s protocol, was 

added to each well and the plate was shaken for 2min on an orbital shaker234. 

Then the plate was incubated at room temperature for 10min. Afterwards, the 

luminescence was measured with the FluoSTAR Optima plate reader at a 

wavelength of 560nm. The obtained luminescence was blank-corrected, before 

the average of the triplet conditions was calculated and then normalised to the 

average of the untreated control, resulting in one data point per replication of 

the assay. The CellTiter-Glo reagent contains an Ultra-Glo recombinant 

luciferase, which produces a luminescent signal upon engagement with ATP. 

The luminescent signal represents the number of live and metabolically active 

cells.  

 

4.2.3 Measurement of protein levels  

4.2.3.1 Generation of cell lysates 

A fully confluent 10cm dish of cells was used to generate cell lysates. The 

medium was replaced by 5ml of ice cold PBS and the cells were scraped off the 

plate. This suspension was centrifuged for 5min at 300g and 4°C. After 

resuspending the cell pellet in 20-100µl, depending on the pellet size, of 1x 

RIPA buffer plus 1x phosphatase inhibitor and 1x protease inhibitor, cell lysis 

was achieved through 30min incubation on ice. The cell lysates were 

centrifuged at 16.000rpm for 5min at 4°C. The supernatant was collected and 

either used right away or stored at -80°C. 

4.2.3.2 Measuring protein amount by Pierce BCA protein assay kit 

Protein amount was measured by the Pierce BCA protein assay kit following the 

manufacture´s protocol. A 1:50 dilution of the cell lysates (see 4.2.3.1) with 

RIPA buffer was prepared and 12.5µl of this dilution was added, in duplicates, 

to a 96-well plate. 12.5µl of BCA standards, which were prepared according to 

the manufactures protocol, were added to the 96-well plate in duplicates. Then 

the BCA reagent was prepared following the protocol and 100µl were mixed 

with the cell lysates or BCA standards in each well235. After 30min of incubation 

at 37°C, the absorbance at 540nm was measured with the FluoSTAR Optima 
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plate reader. By using a standard curve, which was created with the BCA 

standards, and subtracting the absorbance of the blank, the protein 

concentration in µg/ml for each sample could be determined.  

4.2.3.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

To evaluate the effects of different concentrations of chemotherapeutics on the 

level of DNA-damage response proteins, SDS-PAGE was used to separate 

proteins according to their molecular weight. The amount of cell lysate, which 

contained 60µg of protein, was mixed with 4µl of 5x sample buffer and filled up 

with distilled water to a total amount of 20µl. This mixture was boiled for 10min 

at 95°C while shaking to denature the proteins. Self-casted 5% stacking gels 

and 12.5% separating gels were used (Table 1). The samples as well as 5µl of 

page ruler plus, a prestained protein marker, were loaded onto the gel. A 

vertical Mini Protean Tetra Cell apparatus (BioRad), containing 1x running 

buffer, was used for the electrophoretic separation, first at 120V for 30min and 

then at 180V for 45min. 

Table 1: Recipe for separating and stacking gel 

Ingredients 12.5% separating Gel 5% stacking gel 

ddH2O 1.4ml 1.75ml 

Stacking gel buffer - 0.31ml 

Separating gel buffer 2.4ml - 

30% PAA 2.7ml 0.42ml 

10% APS 52.8µl 12.5µl 

TEMED 5.28µl 2.5µl 

 

 

4.2.3.4 Western blotting (WB) 

To allow protein detection, a BioRad semi-dry blot system was used to blot the 

SDS-PAGE gel onto a nitrocellulose membrane. Throughout the blotting 

process, 360mA were used for 1h at 4°C, and the blotting chamber was filled 
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with 1x blotting buffer. The nitrocellulose membrane was blocked with 5% milk 

in tris-buffered saline (TBS) for 1h while rotating at room temperature. After 

being washed twice with TBS Tween-20 (TBS-T), the membrane was incubated 

with the primary antibodies against the protein of interest, diluted 1:1000 in 5% 

milk in TBS-T, at 4°C overnight. Before adding the secondary fluorescent dye 

labelled antibody, diluted 1:3000 in Odyssey blocking buffer, and incubating the 

membrane for 1h at room temperature while rotating and protected from light, 

the membrane was washed 3 times with TBS-T. To detect phosphorylated p53 

(pp53), the membrane was scanned with the LI-COR Odyssey infrared imaging 

system and then incubated with the primary p53 antibody as described above. 

Following 3 washing steps with TBS-T, the membrane was incubated for 1h at 

room temperature while rotating with the primary antibody against the 

housekeeping protein, ß-actin. The primary antibody was labelled as described 

above. After 3 washing steps with TBS-T, the LI-COR Odyssey infrared imaging 

system was used to detect protein bands. The images were analysed with 

Image Lite software (LI-COR) and intensities of the protein of interest were 

normalised to ß-actin. 

 

4.2.4 Confocal Microscopy 

4.2.4.1 Preparation of conditions 

In order to visualize morphological changes of macrophages through genotoxic 

stress, as well as a change in their phagocytic capacity, confocal microscopy 

was performed.  

8 wells of a 12-well plate were equipped with coverslips. Afterwards, the 12-well 

plate was put into a UV-chamber for 20min to sterilize the plate and coverslips. 

Macrophages were plated out as described in 4.2.5.1. After letting them attach 

for 6h, the medium was replaced with fresh macrophage culture medium and 

chemotherapeutics were added in the concentration of interest to the different 

conditions. Macrophages were incubated at 37°C and 5% CO2 in a humidified 

incubator for 24h. Then washed twice with 1ml PBS and resuspended in 1ml 

macrophage culture medium. Then pH-sensitive beads were added, which were 
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labelled with the pH-sensitive fluorescent CypHer5E according to the protocol of 

A. Beletskii and colleagues236. To one well of untreated macrophages, no beads 

were added; to another well of untreated macrophages, 5*10^5 unlabelled 

beads were added and to the remaining wells, 5*10^5 labelled beads were 

added per well. Before being cultured for 16h at 37°C and 5% CO2 in a 

humidified incubator, the 12-well plate was centrifuged for 1min at 300g. The 

cells were washed two times with 1ml PBS. Then fixation was performed with 

500µl 4% paraformaldehyde in PBS per well for 15min at 37°C. The 

macrophages were washed twice with 500µl PBS while gently shaking for 5min 

and once with 500µl PBS without shaking. The permeabilization was achieved 

through incubation with 500µl 0.1% Tween 20 in PBS per well while shaking for 

5min, followed by a washing step with 500µl PBS while shaking for 5min. To 

prevent background staining, the cells were incubated for 1h, while shaking, 

with 500µl 2% bovine serum albumin (BSA) in PBS per well. After that, the actin 

cytoskeleton was stained, in every well where labelled beads had been added. 

Phalloidin conjugated with Fluorescein-5-isothiocyanat (FITC) was used for this 

purpose. It was diluted 1:1000 in 2% BSA in PBS. The cells were incubated for 

30min in 500µl of this solution while shaking and then washed 3 times with 

500µl PBS per well. In addition, a 4’,6’-Diamidin-2-phenylindol (DAPI) staining 

was performed with DAPI diluted 1:500 in PBS and an incubation time of 10min. 

Again, the cells were washed 3 times with PBS. The whole staining process 

was performed protected from light, to keep the staining from bleaching out. A 

drop of mounting medium (Vectashield) was used to mount the coverslips onto 

object slides. These were dried for 15min at room temperature and then for a 

few hours at 4°C. The confocal microscopy was performed with a Zeiss Meta 

710 microscope in the CECAD imaging core facility. Two pictures were taken of 

each object slide, resulting in two technical replicates per biological replicate.  

 

4.2.4.2 Analysis 

After pictures were taken with the Zeiss Meta 710 microscope, they were 

merged and a scalebar was added with the open source softwares ImageJ and 

Fijii. CellProfiler was used to assess the nucleus and cell size, as well as 

perimeter. Phagocytically active macrophages as well as the number of beads 
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they phagocytosed were counted by manual identification of beads, which were 

located within a macrophage. The number of active phagocytic cells in one 

picture was divided by the number of cells on the same picture to obtain the 

phagocytosis rate, which then was normalised to the phagocytosis rate of the 

untreated control, resulting in the normalised phagocytosis  (see 4.2.5.1, 4.2.6). 

The total number of phagocytosed beads in one picture was divided by the 

number of active phagocytic macrophages in the same picture, providing beads 

per cell.  

 

4.2.5 Phagocytosis assays 

4.2.5.1 Non-opsonised phagocytosis assay based on Mycobacterium 

bovis strain Bacille Calmette-Guérin (BCG) 

To evaluate the effect of genotoxic stress on non-opsonised phagocytosis, 

BCGs were used as phagocytic targets. From a, 5 days in advance 

commenced, bacteria culture, 4ml of the bacteria suspension were withdrawn 

and centrifuged for 10min at 3000rpm, before being resuspended in 3ml 7H9 

medium. This suspension was sonicated for 20 seconds and then the OD600 

was measured via a photometer. The concentration of bacteria was calculated 

through the OD600 with the assumption that an OD600 of 1 equals a 

concentration of 3*10^8 bacteria/ml. The necessary number of bacteria was 

added, in 100µl 7H9 medium, to each well of macrophages. 

The macrophages were plated out on 12-well plates in 1ml DMEM plus FBS, 

which constitutes 10% of the medium, at a concentration of 1*10^5 

macrophages/ml. According to previously performed viability assays, the 

number of macrophages, in wells which undergo treatment, was increased to 

compensate for cell death caused by the chemotherapeutic treatment. After 

letting the cells attach to the plate for 6h at 37°C and 5% CO2 in a humidified 

incubator, the medium was replaced by fresh DMEM plus FBS. In addition, the 

chemotherapeutics of interest were added to the designated wells. Each 

condition was assigned two wells resulting in two biological replicates per 

experimental run. The cells were incubated for 24h, at 37°C and 5% CO2 in a 
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humidified incubator, and then washed twice with 1ml PBS. Then, 900µl of 

DMEM plus FBS and 5*10^5 bacteria, in 100µl 7H9 medium, were added. To 

the negative control, 100µl of 7H9 medium were added without any bacteria. 

The bacteria medium should not exceed 10% of the medium overall. After 16h 

of co-culture, at 37°C and 5% CO2 in a humidified incubator, the macrophages 

were washed two times with 1ml PBS and then resuspended in DMEM plus 

FBS with 10µg Gentamycin/ml to eliminate any bacteria that was not engulfed. 

The macrophages were incubated for another hour, at 37°C and 5% CO2 in a 

humidified incubator, before being scraped off the plate, washed with 1ml PBS 

and centrifuged at 300g for 5min. The cell pellet was resuspended in 100µl PBS 

and a fluorochrome conjugated antibody against CD11b was added. After an 

incubation of 20min at 4°C, the cells were washed with 1ml PBS and 

resuspended in 200µl PBS. Then, the macrophages were analysed by MACS 

Quant VYB. Macrophages which phagocytosed bacteria were identified by first 

gating on living cells in a plot of forward-scatter(FSC) against sight 

scatter(SSC), then gating on single cells in a plot of FSC hight (FSC-H) against 

FSC width (FSC-W) and finally gating on cells that were double positive for the 

fluorochrome of the conjugated antibody against CD11b and dsRed, which is 

expressed by the BCG strain. Analysis was performed with the FlowJo 

software. The percentage of double positive cells was divided by the mean 

percentage of double positive cells of the respective control conditons, resulting 

in mean fold changes of the double positive cells or rather phagocytically active 

cells, which will be referred to as normalised phagocytosis throughout this work. 

The total macrophage count was put into relation with the number of BCGs 

used for each condition, resulting in the bacteria to macrophage ratio. 

 

4.2.5.2 Opsonised Fc-independent phagocytosis assay based on pH-

sensitive beads 

To elucidate the impact of chemotherapy on opsonised Fc-independent 

phagocytosis the pH-sensitive beads, mentioned in 4.2.4.1, were utilized as 

phagocytic targets. 
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Macrophages were prepared according to the protocol of 4.2.5.1, except for the 

fact that full macrophage culture medium was used. After macrophages were 

treated and resuspended in 1ml macrophage culture medium, containing 10% 

FBS to assure opsonization, 5*10^5 labelled beads were added to each well, 

except for the negative control, which was incubated with 5*10^5 unlabelled 

beads. To improve interaction between macrophages and beads, the 12-well 

plates were centrifuged at 300g for 1min after beads were added. Then the 

plates were incubated at 37°C and 5% CO2 in a humidified incubator for 16h. 

The macrophages were scraped off the plate and washed twice with 1ml of PBS 

to eliminate any beads which were not phagocytosed. 100µl of PBS were used 

to resuspend the macrophages before they were stained with a fluorochrome 

labelled anti-CD11b antibody for 20min at 4°C. Then they were washed twice 

with 1ml PBS, resuspended in 200µl PBS and analysed via flowcytometry. To 

identify macrophages which phagocytosed labelled beads, the same gating 

strategy as described in 4.2.5.1 was used identifying the cells positive for 

CypHer5E and the fluorochrome of the anti-CD11b-Antibody. Analysis was 

performed as depicted in 4.2.5.1. 

4.2.5.3 Evaluation of the bacteria to macrophage and bead to 

macrophage impact on the phagocytosis rate 

1ml of a J774A.1 cell suspension, with a concentration of 1*10^5 cells per 

milliliter, was plated out into each well of a 12-well plate. After 6h, the cells were 

reattached and increasing concentrations of BCG or pH-sensitive beads were 

added to the wells with at least two wells receiving the same amount of BCG or 

pH-sensitive beads, creating two biological replicates per condition. 5*10^5 

unlabelled beads were added to the negative control of the pH-sensitive bead 

assay. The plates were incubated for 16h at 37°C and 5% CO2 in a humidified 

incubator. Cells were prepared for measurement by MACS Quant VYB 

according to 4.2.5.1 and 4.2.5.2, respectively. Gating and analysis were carried 

out as described in 4.2.5.1; the bacteria to macrophage or bead to macrophage 

ratio was not calculated. The different concentrations were normalised to the 

condition with the lowest number of BCG or pH-sensitive beads in the same 

experiment. 
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4.2.5.4 Modification to the BCG and pH-sensitive bead phagocytosis 

assay 

To cancel out the possible effect of the bacteria to macrophage and bead to 

macrophage ratio on the phagocytosis rate, the BCG and pH-sensitive bead 

phagocytosis assays were modified. For the BCG-phagocytosis assay, two 

modifications were tried; the discontinued modification is described in 8.1.4.  

3ml J774A.1 were plated out onto 6 well plates in a concentration of 1*10^5 

cells per milliliter. After cells reattached for 6h, the medium was changed either 

to DMEM plus FBS in case of the BCG-phagocytosis assay or macrophage 

culture medium for the pH-sensitive bead assay, with the chemotherapeutic 

concentrations of interest or without chemotherapeutics for the untreated 

control. Cells were incubated for 24h, then washed twice with 2ml PBS, 

resuspended in DMEM plus FBS or macrophage culture medium, scrapped off 

the plate and counted with Trypan blue and the Neubauer chamber. By 

centrifuging at 300g for 5min and resuspending the cells in either DMEM plus 

FBS or macrophage culture medium, the cell suspension was concentrated to 

1*10^5 cells per milliliter. This cell suspension was plated out onto 12-well 

plates with 1ml per well. Each condition was designated at least two wells, 

resulting in at least two biological replicates. After the cells reattached for 6h, 

5*10^5 BCG or pH-sensitive beads were added to each well, except to the 

negative control, where either 100µl of 7H9 medium or 5*10^5 unlabelled beads 

were added. Cells were incubated for 16h. Preparation for measurement, gating 

and analysis were performed as described in 4.2.5.1 and 4.2.5.2. 

4.2.5.5 Generation of conditioned medium 

J774A.1 macrophages were plated out on a 12-well plate, at a concentration of 

1*10^5 cells per milliliter and 1 ml per well, 6h before the medium was replaced 

with fresh DMEM plus 10% FBS and the agents of interest were added. After an 

incubation of 24h at 37°C and 5% CO2 in a humidified incubator, the cells were 

washed twice with 1 ml PBS. Then 1.5 ml of fresh DMEM plus 10% FBS were 

added to each well and the cells were incubated for another 24h at 37°C and 

5% CO2 in a humidified incubator. 1ml of the generated conditioned medium 

was transferred onto untreated J774A.1, which were plated out in a 

concentration of 1*10^5 cells per milliliter and 1 ml per well 6h before on a 12-
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well plate. Each condition was assigned two wells, resulting in two biological 

replicates.  After incubating them for 24h at 37°C and 5% CO2 in a humidified 

incubator, these macrophages were used for a phagocytosis assay with BCGs 

as engulfment targets (see 4.2.5.1). 

 

4.2.6 Statistical analysis and data illustration 

GraphPad Prism software was used to generate diagrams and perform the 

statistical analysis. Results are shown as mean or mean fold changes of 

biological replicates, each represented by at least one data point, and error bars 

as standard deviation (SD). Mean fold changes were utilized to display the 

changes in the phagocytic capacity, because there were high deviations in the 

phagocytosis rates in between different experiments for the control as well as 

the treated conditions, but the increase in the phagocytosis rate for the treated 

conditions, compared to the untreated control, was consistent in every 

experiment. They were calculated by dividing the percentage of macrophages, 

which phagocytosed targets, after treatment by the mean percentage of 

phagocytically active macrophages of the respective control conditions. This will 

be referred to as normalised phagocytosis in this work. For the phagocytosis 

assays, the number of biological replicates was used as sample size (N), to 

show the data as unchanged as possible and avoid further averaging; for further 

details, please see description of each figure. Statistical significance was 

calculated by an unpaired t-test, if the treated conditions were only compared to 

the untreated control, or an one-way ANOVA with Bonferroni post-test, if treated 

conditions were compared to the untreated control as well as other treated 

conditions. Significance was displayed as *=p<0.05, **=p<0.01, ***=p<0.001 

and ****=p<0.0001. 
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5 Results 

5.1 Murine macrophage viability decreases dose-

dependently when treated with Mafosfamide or 

Doxorubicin 

Chemotherapeutics induce apoptosis in highly proliferating cells, like cancer 

cells, but also healthy immune cells or epithelia172. Bearing this in mind, the 

effect of the alkylating agent Mafosfamide, the active form of 

Cyclophosphamide in vitro, and the intercalating topoisomerase II inhibitor 

Doxorubicin on the viability of the murine macrophage cell line J774A.1 was 

evaluated174,237. The viability was assessed with the ATP-dependent CellTiter-

Glo kit and the chemotherapeutics were used in serial dilutions ranging in 

concentration from 1µM to 10µM. Each concentration was used in three wells, 

resulting in three biological replicates per experiment, which were averaged for 

each experiment to follow the manufacture´s protocol234. The J774A.1 

macrophages exhibited a dose-dependent reduction of viability between the 

chemotherapeutic concentrations of 1µM to 10µM (Figure 4). Mafosfamide 

showed a greater mean reduction in viability for 1µM, 5µM and 10µM agent 

concentration compared to Doxorubicin, with means of 72%(1µM), 47%(5µM) 

and 29%(10µM) viability for Mafosfamide and means of 85%(1µM), 55%(5µM) 

and 40%(10µM) viability for Doxorubicin. Although the statistical significance 

was greater for the changes induced by Doxorubicin, because of the lower 

standard deviation within the different conditions. 2.5µM Mafosfamide and 

Doxorubicin had nearly the same effect on the mean viability of J774A.1 

macrophages, with 60% viability for 2.5µM Mafosfamide and 59% viability for 

2.5µM Doxorubicin. Beside the control, also the 1µM concentration for both 

chemotherapeutics showed significant differences, which were not shown in 

Figure 4, to other concentrations. In the case of 1µM Mafosfamide, a significant 

difference could be seen when compared to 10µM Mafosfamide(p<0.05). 1µM 

Doxorubicin was significantly different from 2.5µM(p<0.05), 5µM(p<0.01) and 

10µM Doxorubicin(p<0.0001). For following experiments, 5µM of the respective 
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chemotherapeutic should not be exceeded, because of the great reduction in 

viability by concentrations beyond 5µM.  

 

Figure 4 Viability Assay of J774A.1 treated with different concentrations of 
Mafosfamide and Doxorubicin. 

J774A.1 macrophages were treated with increasing concentrations of Mafosfamide(A) 
and Doxorubicin(B) for 24h and then incubated for another 16h in macrophage culture 
medium. Through the measurement of the ATP amount with the CellTiter-Glo kit in 
each sample and the normalization to an untreated control, the viability of the 
macrophages was assessed. Data are expressed as mean +/- SD. The experiment 
was performed on four separate days with three biological replicates per condition, 
which were averaged for each experiment to follow the manufacture´s protocol, 
resulting in a sample size of N=4. (*=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001) 

 

5.2 Mafosfamide and Doxorubicin induced p53 expression 

and phosphorylation  

In order to evaluate the impact of different Mafosfamide and Doxorubicin 

concentrations on the DDR pathway of macrophages, J774A.1 cells were 

incubated for 24h with different concentrations of Mafosfamide or Doxorubicin, 

ranging from 10nM up to 5µM, before being lysed for protein analysis. The 

protein lysates were separated according to molecular weight by SDS-PAGE 

and then blotted onto a nitrocellulose membrane via WB. The nitrocellulose 

membranes were stained with antibodies against p53, phosphorylated 

p53(pp53) and β-actin, used as housekeeping protein (Figure 5 A, C; Figure 6 

A, C and see 4.1.7.1 for antibodies). Mafosfamide showed an induction of p53 

in murine macrophages with a very clear increase in protein levels at 2.5µM, 

with 153% of the normalised protein amount measured in the untreated control, 
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and even higher normalised protein levels at 5µM, with 183% compared to the 

control protein amount (Figure 5 B). Furthermore, Mafosfamide fostered p53 

phosphorylation, which suggests its activation. The fluorescence levels of pp53, 

which were obtained by utilizing fluorescent-tagged secondary antibodies, were 

normalised to the p53 fluorescent levels of the same condition, showing a 

general increase in pp53 levels up to 100% of the p53 fluorescence for 5µM 

Mafosfamide (see 4.2.3.4 for protocol). In addition, 2.5µM and 1µM 

Mafosfamide showed a clear rise in pp53 levels up to 57% and 35%, 

respectively, compared to the untreated control, with pp53 levels of 12% (Figure 

5 D). Similar results were acquired for Doxorubicin. An increase in p53 levels 

was generated through the incubation with 2.5µM and 5µM Doxorubicin, with 

percentages of 136% and 129%, respectively (Figure 6 B). The induction of 

pp53 was even more impressive, demonstrated by pp53 levels of 63% for 1µM 

Doxorubicin compared to 34% of the untreated control. Furthermore, 2.5µM and 

5µM Doxorubicin displayed very high levels of pp53 of 106% and 136%, 

respectively; these suggest phosphorylation of every p53 protein in the 

respective condition, like shown for the case of 5µM Mafosfamide (Figure 6 D). 

Further experiments were first performed with a concentration of 5µM 

Mafosfamide or Doxorubicin, because of the clear effect on p53 as well as pp53 

levels seen for these conditions, suggesting an effect on protein levels within 

the macrophages as well as the induction of a distinct DDR. The results shown 

for the induction of p53 were validated by replication of the same experiment 

(see 8.1.1).  
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Figure 5: Induction of p53 and pp53 by Mafosfamide 

J774A.1 cells were treated with different concentrations of Mafosfamide, lysed, 
separated according to molecular weight by SDS-PAGE and blotted onto a 
nitrocellulose membrane via WB. The blot with p53 and β-actin staining(A) as well as 
with pp53 staining(C) is shown. p53 fluorescence was normalised to β-actin and 
compared to the normalised p53 levels of the untreated control(B). The fluorescent 
signal of pp53 was normalised to the respective p53 fluorescence(D). The results of 
one WB are shown here.  
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Figure 6: Induction of p53 and pp53 by Doxorubicin 

J774A.1 cells were treated with different concentrations of Doxorubicin, lysed, 
separated according to molecular weight by SDS-PAGE and blotted onto a 
nitrocellulose membrane via WB. The blot with p53 and β-actin staining(A) as well as 
with pp53 staining(C) is shown. p53 fluorescence was normalised to β-actin and 
compared to the normalised p53 levels of the untreated control(B). The fluorescent 
signal of pp53 was normalised to the respective p53 fluorescence(D). The results of 
one WB are shown here. 

 

5.3 Mafosfamide and Doxorubicin induce phenotypical and 

phagocytic changes in murine macrophages 

To evaluate if chemotherapy induces phenotypical and phagocytic changes in 

macrophages, J774A.1 macrophages were either treated with 5µM 

Mafosfamide, 5µM Doxorubicin or incubated in macrophage culture medium, 

after being plated out onto coverslips in a 12-well plate. Two wells per condition 

were used, resulting in two biological replicates per condition. According to 5.1, 

more macrophages were plated out in wells of treated conditions to compensate 

for cell death. After cells were incubated for 24h and washed twice, pH-sensitive 
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beads were added to each condition and cells were incubated for 16h. Then 

staining was conducted, after washing away potential non-phagocytosed beads. 

Two pictures of each biological replicate were acquired with the Zeiss Meta 710 

microscope, resulting in four technical replicates per condition. A selection of 

pictures with scale bars can be seen in Figure 7. In Mafosfamide- and 

Doxorubicin-treated conditions the rate of active phagocytic cells and the 

number of beads they phagocytosed increased (Figure 8 E,F). Furthermore, the 

nuclei of the untreated control appeared to have a denser structure than the 

nuclei of the treated conditions and the actin staining appeared to be more 

intense for the treated conditions (see Figure 7). Besides an increase in cell and 

nucleus size, a general morphology change was apparent with only round cell 

morphology for the control condition and a more spread out, spindle-like cell 

morphology for the treated conditions (Figure 8 A-D, see Figure 7). 
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Figure 7: Microscopy pictures of untreated and treated J774A.1 macrophages 
with pH-sensitive beads 

Untreated and treated, with 5µM Mafosfamide or Doxorubicin, J774A.1 macrophages 
were incubated with beads, conjugated with the pH-sensitive fluorochrome CypHer5E, 
for 16h. Then they were washed, fixed and stained with Phalloidin, conjugated with 
FITC, and DAPI. Two pictures of the untreated control (A, B), 5µM Mafosfamide (C, D) 
and 5µM Doxorubicin (E, F), are displayed. 
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To quantify changes induced by treatment, the microscopy pictures were 

analysed with the open-source software CellProfiler, which identified the nuclei 

and respective cells and then measured the size and perimeter of both. 

Furthermore, cells that phagocyted beads and the number of beads they 

phagocyted were counted by hand (see 4.2.4.2). Based on these data, and for 

phagocytosis and beads per cell further calculations, the plots seen in Figure 8 

were obtained (see 4.2.4.2). To test for significance, the unpaired t-test was 

utilized, comparing treated conditions to the untreated control to get a 

preliminary idea of the changes which were induced. The treated conditions 

were not compared to each other. Nucleus size was significantly increased by 

Doxorubicin treatment in comparison to the control, resulting in a mean size of 

3972.7 pixels compared to 2567.4 pixels for the untreated control. Although the 

mean increase in nucleus size was greater by Mafosfamide treatment than by 

Doxorubicin treatment, to a level of 4880.6 pixels, it was not significant 

compared to the untreated control, because of the higher standard deviation 

observed for the Mafosfamide conditions (Figure 8 A). Both treatments induced 

a significant increase in nucleus perimeter with a mean value of 265.2 pixels for 

Mafosfamide and 235.6 pixels for Doxorubicin compared to 190.5 pixles for the 

untreated control (Figure 8 B). Furthermore, size and perimeter of the cells were 

enhanced significantly by the chemotherapeutics compared to the control. 

Mafosfamide-treated conditions showed a mean cell size of 12545.9 pixels and 

a mean perimeter of 687.3 pixels. Doxorubicin increased the cell size to a mean 

of 9952.9 and the mean cell perimeter to 597.6 pixels. The untreated control 

displayed a mean cell size of 5151.5 pixels and a cell perimeter of 399.3 pixels 

(Figure 8 C, D). The calculated normalised phagocytosis and beads per cell 

were also significantly elevated by Mafosfamide and Doxorubicin, with 

normalised phagocytosis of 1.9 for Mafosfamide-treated conditions and 1.7 for 

Doxorubicin-treated conditions as well as 2.8 beads per cell for Mafosfamide 

treatment and 3 beads per cell for Doxorubicin treatment. The control showed a 

mean of 1.6 beads per phagocytically active cell (Figure 8 E, F). This data 

showed that macrophages undergo phenotypical changes when treated with 

chemotherapeutics, like Mafosfamide and Doxorubicin. Furthermore, it 

suggested that the phagocytic capacity of the macrophage population as well as 
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each individual macrophage was increased through the treatment with the 

respective chemotherapeutics.  

 

 

Figure 8: Analysis of microscopy pictures 

Analysis was carried out by CellProfiler for nucleus and cell size as well as perimeter 
(A, B, C, D) and by hand for phagocytosis and beads per cell (E, F). The phagocytosis 
rates were normalised to the phagocytosis rate of the untreated control, resulting in the 
normalised phagocytosis. Data are expressed as mean +/- SD. The experiment was 
performed once with two biological replicates, resulting in a sample size of N=2. Each 
biological replicate is represented by two technical replicates. (*=p<0.05; **=p<0.01; 
***=p<0.001; ****=p<0.0001) 
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5.4 High concentrations of Mafosfamide and Doxorubicin 

increase the non-opsonised phagocytic capacity of 

murine macrophages 

To further evaluate the effect of genotoxic stress by Mafosfamide and 

Doxorubicin on the non-opsonised phagocytosis of macrophages a 

phagocytosis assay with dsRED-marked BCG bacteria as phagocytic targets 

was established. First, this assay was performed with 5µM of each 

chemotherapeutic and an untreated control. Both agents had a clear impact on 

non-opsonised phagocytosis, increasing it significantly (Figure 9 A). The 

differences in phagocytic capacity were displayed as mean fold changes, which 

were calculated by dividing the phagocytosis rate of the particular condition by 

the mean phagocytosis rate of the respective control conditions, which will be 

referred to as normalised phagocytosis (see 4.2.5.1, 4.2.6). Each displayed 

data point represents a biological replicate, with two of them being acquired in 

the same experiment. This was applied for every phagocytosis assay shown in 

this work. For 5µM Mafosfamide treatment the mean increase of the normalised 

phagocytosis was 2 and for Doxorubicin treatment, it was 1.7 (Figure 9 A). 

Although, according to the viability assay from 5.1, more cells were plated out 

for the treated conditions, to compensate for cell death, the total cell count and 

along with this, the bacteria to macrophage ratios differed between the 

untreated and treated conditions. The untreated control displayed only a ratio of 

6.6 bacteria per macrophage, but the treated conditions had a ratio of 36.7 for 

Mafosfamide, and 44.4 for Doxorubicin, bacteria per macrophage. Especially 

two biological replicates of the same experimental run, for each treated 

condition, increase the bacteria to macrophage ratio, as they displayed a much 

higher ratio than the mean (Figure 9 B).  This data suggested an increase in 

non-opsonised phagocytosis of macrophages by chemotherapy with the 

respective chemotherapeutics. 
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Figure 9: Mafosfamide and Doxorubicin increased the non-opsonised 
phagocytosis of J774A.1 macrophages 

J774A.1 were used for a BCG-phagocytosis assay, after being treated with 5µM 
Mafosfamide or Doxorubicin for 24h or not being treated at all (cntrl.). The rate of 
double positive cells, for dsRED and the VioGreen anti-CD11b antibody, was identified 
and then normalised to the double positive cell rate of the respective control(A). The 
total macrophage cell count and the number of bacteria per condition were put into 
relation, resulting in the bacteria to macrophage ratio(B). Data are expressed as mean 
+/- SD. The experiment was performed three times with two biological replicates per 
run, resulting in a sample size of N=6. (*=p<0.05; **=p<0.01; ***=p<0.001; 
****=p<0.0001) 

 

5.5 The phagocytosis rate was dependent on the bacteria 

to macrophage ratio 

The cause for the increase in phagocytosis in 5.4 was not certain, either being 

the effect of the chemotherapeutic treatment or just the result of the reduced 

macrophage number along with the altered bacteria to macrophage ratio. To 

clarify the impact of the bacteria to macrophage ratio on the phagocytosis rate 

macrophages were plated out and incubated for 24h, before being co-cultured 

with increasing amounts of bacteria for 16h. A gain in phagocytic capacity was 

seen up to a ratio of 1 macrophage per 50 bacteria with a mean increase of 1.9 

compared to a ratio of 1 macrophage per 5 bacteria (Figure 10). Significant 

increases were also shown for ratios of 1:10, 1:20 and 1:40, with mean 

increases of 1.3, 1.6 and 1.7 (Figure 10 A). A significant decrease in 

phagocytosis was apparent from a ratio of 1:500 upwards, with a normalised 

phagocytosis rate of 0.3 (Figure 10 B). This led to the conclusion that in order to 

acquire reliable results in regard to the impact of chemotherapy on non-
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opsonised phagocytosis of macrophages, further experiments had to be 

performed to equate the differences in the bacteria to macrophage ratios seen 

in 5.4. 

 

 

Figure 10: Dependency of the phagocytic capacity on the bacteria to 
macrophage ratio 

J774A.1, plated out in the same concentration, were incubated with different amounts 
of bacteria, resulting in macrophage to bacteria ratios as labelled. The double positive 
cell rate, for dsRED and the VioGreen anti-CD11b antibody, was measured and then 
normalised to the double positive cell rate of the 1:5 ratio. Ratios varied from 1:5 to 
1:5000 (A, B). Data are expressed as mean +/- SD. The experiment was performed 
once with at least 2 biological replicates per condition, leading to a sample size of N≥2 
or N=2. Only important significances are shown in this figure for clarity reasons. For all 
significances see 8.1.2. (*=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001) 

 

5.6 Lower concentrations of Mafosfamide and Doxorubicin 

seem to have a positive effect on non-opsonised 

phagocytosis of murine macrophages 

The first approach to clarify the results from 5.4 was to reduce the dosage of 

chemotherapeutic treatment used before macrophages were co-cultured with 

bacteria. With regards to the results shown in 5.1 and 5.2, concentrations of 

2.5µM and 1µM were utilized as they had less impact on viability, but clearly 

triggered a DDR. Both chemotherapeutics in either concentration increased 

non-opsonised phagocytosis of the J774A.1 cell line compared to an untreated 

control. Furthermore, a significant difference in the normalised phagocytosis 



 

72 
 

could be seen for 1µM Doxorubicin compared to 1µM Mafosfamide treatment. 

Concentrations of 2.5 µM raised the phagocytosis to means of 1.5 for 

Mafosfamide and 1.7 for Doxorubicin (Figure 11 A). In the case of 1µM 

concentrations the normalised phagocytosis was increased to levels of 1.2, 

Mafosfamide, and 1.3, Doxorubicin (Figure 11 C). Different concentrations of 

the same chemotherapeutic were not compared here, because they were 

measured in separate experimental runs. The differences in the bacteria to 

macrophage ratios were reduced, but still could not be cancelled out of 

influencing the phagocytosis rate with absolute certainty (Figure 11 B, D). The 

mean bacteria to macrophage ratio for 2.5µM Mafosfamide was 24.5 bacteria 

per macrophage and for Doxorubicin 28.5 in comparison to 7.1 for the untreated 

control, although for both treated conditions there were two outliers, which were 

located well above the remaining values (Figure 11 B). Conditions treated with 

1µM Mafosfamide displayed a mean ratio of 13.9 bacteria per macrophage, 

1µM Doxorubicin treatment showed a mean ratio of 21.6 bacteria per 

macrophage and respective control conditions demonstrated a mean ratio of 7.6 

(Figure 11 D). This data further indicated a positive effect of chemotherapy on 

the non-opsonised phagocytosis of macrophages.  
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Figure 11: Lower Mafosfamide and Doxorubicin concentrations increased the 
non-opsonised phagocytosis of murine macrophages 

J774A.1 were treated with 2.5µM or 1µM of Mafosfamide or Doxorubicin and then used 
for a BCG-phagocytosis assay. The rate of double positive cells, for dsRED and the 
VioGreen anti-CD11b antibody, was measured and then normalised to the double 
positive cell rate of the respective control (A, C). Total macrophage cell count and 
number of bacteria per condition were put into relation, resulting in the bacteria to 
macrophage ratio (B, D). Data are expressed as mean +/- SD. The experiments were 
performed three times with two biological replicates per run, resulting in a sample size 
of N=6. (*=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001) 

 

5.7 Modification of the BCG-phagocytosis assay resolves 

bacteria to macrophage differences 

Two modifications of the BCG-phagocytosis assay were tested to eliminate the 

different bacteria to macrophage ratios, which possibly affected the 

phagocytosis rate of each condition. After first results, one modification method, 

in which the bacteria amount, added to each condition, was adapted to cell 

counts from respective conditions in previous experiments, was discarded, 

because of impracticability caused by diverging cell counts in between different 
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repeats (see Appendices). The second modification, in which J774A.1 

macrophages were pretreated with the agents of interest and then plated out in 

the desired concentration, before being incubated with equal amounts of 

bacteria, was established (see 4.2.5.4). This experiment was performed with a 

concentration of 5µM Mafosfamide and 5µM Doxorubicin, both conditions still 

showed significantly higher non-opsonised phagocytosis than the control, as 

well as 10µM Nutlin-3A, which is a p53 stabilizer and was shown to not have a 

significant impact on opsonised FcR-dependent phagocytosis (pers comms. Dr. 

Daniela Vorholt). Normalised phagocytosis was increased to a mean of 1.3 for 

Mafosfamide conditions, 1.4 for Doxorubicin-treated conditions and 1.2 by 

Nutlin-3A treatment, compared to untreated control (Figure 12 A). Mean 

bacteria to macrophage ratios were nearly the same for Mafosfamide, 22 

bacteria per macrophage, Nutlin-3A conditions, 20.8 bacteria per macrophage, 

and the control, 21.9 bacteria per macrophage. Doxorubicin displayed a mean 

bacteria to macrophage ratio of 39.8. Outliers were present for Doxorubicin, 

Nutlin-3A as well as for control condition in the bacteria to macrophage ratio 

(Figure 12 B). This data validated the positive effects of chemotherapy on the 

non-opsonised phagocytic capacity of macrophages displayed in 5.4 and 5.6. 

 

Figure 12: Mafosfamide and Doxorubicin increased the phagocytic capacity of 
murine macrophages independent from the bacteria to macrophage ratio.  

J774A.1 were preincubated with Mafosfamide, Doxorubicin and Nutlin-3A, then 
counted and plated out in the desired concentration, before being co-cultured with 
bacteria. Double positive cell rate, for dsRED and the VioGreen anti-CD11b antibody, 
was identified and then normalised to the double positive cell rate of the respective 
control (A). Macrophage cell count and number of used bacteria per condition were put 
into relation, resulting in the bacteria to macrophage ratio (B). Data are expressed as 
mean +/- SD. The experiment was performed three times with 2 biological replicates in 
each run, resulting in a sample size of N=6. (*=p<0.05; **=p<0.01; ***=p<0.001; 
****=p<0.0001) 
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5.8 Positive effect on non-opsonised phagocytic capacity of 

Doxorubicin was conveyed by soluble factors 

After the direct effect of Mafosfamide and Doxorubicin on non-opsonised 

phagocytosis was confirmed, the question arose if this effect could be 

transferred by the supernatant of treated cells, suggesting the induction of 

cytokine secretion, like it was observed for leukaemic cells, which transitioned 

into an ASAP through cyclophosphamide treatment (see 3.5). Pretreated 

J774A.1, with 5µM Mafosfamide or 5µM Doxorubicin, and untreated J774A.1 

were used to generate conditioned medium (see 4.2.5.5). Untreated J774A.1 

were incubated with the conditioned medium for 24h, before being used in a 

phagocytosis assay with BCGs as phagocytic targets (see 4.2.5.1). The 

conditioned media, generated by Doxorubicin-pretreated J774A.1, did increase 

the phagocytic capacity of murine macrophages significantly in comparison to 

the conditioned media of an untreated control as well as conditioned medium 

generated by Mafosfamide pretreated macrophages, with a mean increase in 

normalised phagocytosis of 1.3. No difference in the phagocytic capacity was 

apparent between conditioned medium of untreated cells compared to 

Mafosfamide pretreated conditions (Figure 13 A). The bacteria to macrophage 

ratios were equal for the conditioned media of the untreated control and the 

Mafosfamide-pretreated media, with 3.3 and 3.2 bacteria per macrophage, 

respectively. The bacteria to macrophage ratio for Doxorubicin-pretreated 

media was slightly higher, especially caused by two outliers, which were two 

biological replicates of one experimental run, leading to a mean of 3.9 bacteria 

per macrophage. These two outliers in ratio also displayed the highest increase 

in normalised phagocytosis of 1.6 and 1.5 compared to the respective control 

(Figure 13 A and B). The results of this experiment showed that the effect of 

Doxorubicin treatment could be conveyed to untreated macrophages through 

conditioned medium.  

 



 

76 
 

 

Figure 13: Effect of conditioned media on the phagocytic capacity of J774A.1. 

J774A.1 were incubated in conditioned media, generated by pretreated J774A.1, and 
then used for a BCG-phagocytosis assay. Identification of double positive cell rate, for 
dsRED and VioGreen, was carried out and then normalised to the double positive cell 
rate of the control (A). Total macrophage cell count and number of bacteria per 
condition were put into relation, resulting in the bacteria to macrophage ratio (B). Data 
are expressed as mean +/- SD. The experiment was performed four times with two 
biological replicates per run, resulting in a sample size of N=8. (*=p<0.05; **=p<0.01; 
***=p<0.001; ****=p<0.0001)  

 

5.9 Phagocytosis rate was dependent on pH-sensitive bead 

to macrophage ratio 

A second phagocytosis assay was established to explore the effects of 

Mafosfamide and Doxorubicin on opsonised FcR-independent phagocytosis. 

The phagocytic targets were pH-sensitive beads, which were also used for the 

microscopy images in 5.3. The dependency on the bead to macrophage ratio 

was evaluated first. The same amount of J774A.1 were co-cultured with 

different numbers of beads and then the double positive cell rate was identified. 

It became apparent that the phagocytosis rate was influenced by the bead to 

macrophage ratio. It increased up to a ratio of one macrophage per 20 beads, 

with a mean increase in normalised phagocytosis of 1.5 compared to a ratio of 

1:5. Then it hit a plateau till a ratio of 1:80, in which no difference in 

phagocytosis was seen. And decreased significantly, compared to the plateau, 

at a ratio of 1:160 with a phagocytosis rate of 1.3, normalised to a ratio of 1:5 

(Figure 14 A, B). This dependency of the phagocytosis rate on the bead to 
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macrophage ratio demonstrated the need to monitor the bead to macrophage 

ratio in the following experiments.  

 

 

Figure 14: Impact of the bead to macrophage ratio on the phagocytosis of 
J774A.1 

J774A.1 were plated out in the same concentrations, before being incubated with 
different amounts of pH-sensitive beads. The double positive cells, for CypHer5E and 
the VioGreen anti-CD11b antibody, were measured and then normalised to the bead to 
macrophage ratio of 1:1 (A) or 1:5 (B). Data are expressed as mean +/- SD. The 
experiment was performed once with two biological replicates, resulting in a sample 
size of N=2. Only important significances are shown in this figure for clarity reasons. 
For every calculated significance see 8.1.3. (*=p<0.05; **=p<0.01; ***=p<0.001; 
****=p<0.0001)  

 

5.10 Phagocytosis of pH-sensitive beads was enhanced by 

Mafosfamide and Doxorubicin  

Following the protocol of the BCG-phagocytosis assay, a phagocytosis assay 

based on pH-sensitive beads was established. First J774A.1 were pretreated 

with 5µM Mafosfamide or Doxorubicin, before being incubated with pH-sensitive 

beads. A significant increase in phagocytosis became apparent, 5µM 

Mafosfamide and 5µM Doxorubicin showed a mean increase of 2.7 in 

normalised phagocytosis in comparison to an untreated condition (Figure 15 A). 

But the bead to macrophage ratios differed a lot between untreated, 6.4 beads 

per macrophage, and treated conditions, 44.6 beads per macrophage for 
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Mafosfamide and 44.4 beads per macrophage in the case of Doxorubicin 

treatment (Figure 15 B).  

 

 

Figure 15: 5µM Mafosfamide and Doxorubicin increased pH-sensitive bead 
phagocytosis by murine macrophages 

J774A.1 were treated with 5µM Mafosfamide or Doxorubicin and then incubated with 
pH-sensitive beads. Double positive cells, for CypHer5E and the VioGreen anti-CD11b 
antibody, were identified by flowcytometry and the double positive cell rate was 
normalised to the double positive cell rate of the control (A). The bead to macrophage 
ratio was calculated by dividing the used bead number by the total macrophage count 
obtained by flowcytometry (B). Data are expressed as mean +/- SD. The experiment 
was performed once with two biological replicates, resulting in a sample size of N=2. 
(*=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001) 

 

This experiment was only performed once with 5µM concentrations of the 

respective chemotherapeutics, because of the high difference in bead to 

macrophage ratios. Again, the first approach to eliminate these differences was 

a reduction in chemotherapeutic concentration to levels of 2.5µM and 1µM. 

Significantly elevating the phagocytic capacity, 2.5µM Mafosfamide displayed a 

mean increase in normalised phagocytosis of 1.7 and 1µM Mafosfamide of 1.3 

compared to the untreated control. Furthermore, a significant difference 

between the phagocytosis capacity of 2.5µM and 1µM Mafosfamide can be 

seen (Figure 16 A). Doxorubicin significantly increased the normalised 

phagocytosis at concentrations of 2.5µM, with means of 1.6, and 1µM, means 

of 1.3, compared to the untreated control as well as displaying a significant 

increase between the two concentrations of the chemotherapeutic (Figure 16 

C). Still the bead to macrophage ratios differed between treated conditions and 
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respective control (Figure 16 B, D). The differences were not as great as seen 

for the concentration of 5µM, but 2.5µM Mafosfamide demonstrated a mean 

ratio of 11.8 beads per macrophage and 1µM Mafosfamide of 7.2 with the 

control showing a mean ratio of 3.3 (Figure 16 B). Doxorubicin-treated 

conditions showed a mean bacteria to macrophages ratio of 18.4 for 2.5µM and 

9.2 for 1µM and the respective control had a mean ratio of 3.3 (Figure 16 D). 

Outliers for the treated conditions must be considered regarding the bead to 

macrophage ratio and the comparison to respective control conditions. This 

data suggested a positive impact of chemotherapy, in different doses, on 

opsonised Fc-independent phagocytosis by macrophages. 

 

 

Figure 16: Lower concentrations of Mafosfamide and Doxorubicin increase 
phagocytosis of pH-sensitive beads by murine macrophages 

J774A.1 were pretreated with 2.5µM or 1µM Mafosfamide or Doxorubicin, before being 
incubated with pH-sensitive beads. Double positive cells, for CypHer5E and the 
VioGreen anti-CD11b antibody, were identified by flowcytometry and the double 
positive cell rate was normalised to the double positive cell rate of the respective 
control (A, C). The bead to macrophage ratio was calculated by dividing the used bead 
number by the total macrophage count obtained by flowcytometry (B, D). Data are 
expressed as mean +/- SD. Three separate experimental runs were performed with 2 
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biological replicates for each condition, resulting in a sample size of N=6. (*=p<0.05; 
**=p<0.01; ***=p<0.001; ****=p<0.0001) 

 

5.11 In a modified pH-sensitive bead phagocytosis assay, 

Mafosfamide and Doxorubicin have a positive effect on 

phagocytic capacity 

Because of the differences in the bead to macrophage ratios seen in 5.10, the 

pH-sensitive bead phagocytosis assay was modified based on the adjustments 

made to the BCG-phagocytosis assay (4.2.5.4). Pretreated J774A.1 were plated 

out in equal concentrations and then incubated with the same number of pH-

sensitive beads. Each condition was assigned at least two wells, resulting in at 

least two biological replicates per experiment. Both chemotherapeutics, 

Mafosfamide and Doxorubicin, induced a significant increase in normalised 

phagocytosis in murine macrophages, regardless of their concentration, 

compared to respective control conditions (Figure 17 A, C). For 5µM 

Mafosfamide the mean increase in normalised phagocytosis was 1.7 and 2.5µM 

Mafosfamide displayed a mean increase of 1.4. The different concentrations of 

Mafosfamide displayed a significant difference in normalised phagocytosis with 

5µM displaying a significantly higher phagocytic capacity (Figure 17 A). 

Doxorubicin demonstrated an increase of 1.5, for 5µM, and 1.4, for 2.5µM, on 

average, also showing a general increase for higher doses (Figure 17 C). The 

differences in the bead to macrophage ratio were reduced, but not fully 

eliminated through the modifications (Figure 17 B, D). The Mafosfamide-treated 

conditions displayed a ratio of 37.7 beads per macrophage for 5µM and 25.4 for 

2.5µM, demonstrating a significant difference between the different conditions 

as well as to the untreated control with 11.9 beads per macrophage (Figure 17 

B). For Doxorubicin the bead to macrophage ratio was raised to a mean of 31.3 

for 5µM and 38 for 2.5µM, but with one extreme outlier at 101 beads per 

macrophage, also showing a significant increase compared to the respective 

control, displaying a ratio of 11.9 beads per macrophage (Figure 17 D). The 

data obtained by this experiment demonstrated the positive impact of 
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Mafosfamide and Doxorubicin on the opsonised Fc-independent phagocytosis 

capacity of macrophages. 

 

 

Figure 17: Mafosfamide and Doxorubicin increased the phagocytic capacity of 
murine macrophages in a modified pH-sensitive bead phagocytosis assay 

Pretreated J774A.1 were counted and plated out in equal concentrations, before being 
incubated with the same number of pH-sensitive beads. Double positive cells, for 
CypHer5E and the VioGreen anti-CD11b antibody, were measured by flowcytometry 
and the double positive cell rate was normalised to the double positive cell rate of the 
respective control (A, C). The bead to macrophage ratio was calculated by dividing the 
used number of beads by the total macrophage count obtained by flowcytometry (B, 
D). Data are expressed as mean +/- SD. The experiment was performed three times 
with at least two biological replicates per experimental run, resulting in a sample size of 
N≥11 for Mafosfamide-treated conditions and N≥10 for Doxorubicin-treated conditions. 
(*=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001) 
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6 Discussion 

In the beginning of cancer therapy, chemotherapeutics were identified as anti-

cancer agents, because of their cytotoxic effect on highly proliferating tissues, 

which also causes many side effects seen for chemotherapy208. Within the last 

decades more evidence has arisen, proving the immunological effect of 

chemotherapeutics, e.g. Cyclophosphamide and Doxorubicin, and showing its 

positive impact on anti-cancer therapy, like the depletion of certain 

immunosuppressive cells, e.g. Treg cells and MDSCs, as well as ICD (see 3.5). 

Furthermore, the introduction of monoclonal antibodies, like the CD20 antibody 

rituximab, and their addition to established chemotherapeutic regimens, e.g. 

CHOP scheme (Cyclophosphamide, Doxorubicin, Vincristine and Prednisolone) 

for the treatment of DLBCL or FC scheme (Fludarabine and 

Cyclophosphamide) for CLL treatment, showed an improved overall survival 

compared to standard therapy, which in the case of Rituximab plus CHOP 

scheme (R-CHOP) was associated with high TAM levels133,238,239. This further 

highlighted the impact of interactions between chemotherapeutics and the 

immune system, especially TAMs, on the efficacy of cancer therapy. Cancer 

infiltrating macrophages were believed to be a negative prognostic factor for 

therapy response and overall survival, because of their ability to directly 

suppress immune responses after chemotherapy, protect cancer cells from 

chemotherapeutic induced cell death and even protect cancer stem cells 

(CSCs) from the cytotoxic effect of chemotherapeutics240-242. But also, it was 

shown that Doxorubicin and Cyclophosphamide are dependent on the support 

of the immune system, notably macrophages, to reach their full anti-tumor 

efficiency243-245. Moreover, the working group of Prof. Dr. Pallasch could show 

the importance of macrophages in cancer cell clearance in a humanized 

MYC/Bcl2 (hMB) mouse model, treated with Cyclophosphamide and the CD52 

antibody Alemtuzumab228,240,246. Leukaemic cells were shown to transition into 

an acute secretory activating phenotype (ASAP), under the influence of 

Cyclophosphamide, secreting VEGF-A, TNF-α, IL8 and CCL4, which led to an 

increased phagocytic capacity of macrophages and in combination with 

Alemtuzumab to more effective tumor cell clearance228. In addition, a direct 

positive effect by Mafosfamide and Doxorubicin on macrophages, in terms of 
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opsonised FcR-dependent phagocytosis, was shown247(Preprint). This study was 

performed to further elucidate the direct effects of chemotherapeutics on 

phenotype and phagocytic capacity of macrophages.  

 

6.1 Chemotherapy treatment induced phenotypical 

changes in macrophages which suggested a more 

phagocytically active phenotype. 

In this study, it was demonstrated that throughout the incubation of J774A.1 

murine macrophages with Mafosfamide or Doxorubicin phenotypical changes 

could be induced in macrophages. In general, treated macrophages exhibited a 

more spread-out morphology with more cells having a spindle-like form (Figure 

7 C-F). This shift in morphology to an elongated, more spindle-like cell form was 

demonstrated for M1 polarisation of human macrophages, suggesting a 

repolarisation of the treated macrophages towards the M1 pole of the 

macrophage polarisation spectrum248. A significant increase in nucleus size and 

perimeter was apparent for macrophages which were treated with Doxorubicin. 

Mafosfamide treatment displayed a significant increase in nucleus perimeter 

and the greatest mean nucleus size, which did not display significance 

compared to the control condition, because of the standard deviation in the 

small sample size, used in this study (5.3). Furthermore, a looser chromatin 

structure was observed for Mafosfamide- and Doxorubicin-treated macrophages 

(Figure 7). A larger nucleus with looser chromatin has been usually associated 

with euchromatin, which is transcriptionally active13. Going hand in hand with 

the elevated protein amounts seen in the WBs, this indicated more gene activity 

within the treated cells, which represented the induction of a DDR, but also had 

further impacts on macrophages (5.2). The significant increase in cell size and 

perimeter indicated an effect on the actin cytoskeleton by the induced gene 

activity (5.3). This was also underlined by a more intense actin staining, which 

can be seen in the microscopy pictures (see Figure 7). The actin cytoskeleton 

plays a crucial role in the process of phagocytosis by contributing to the 

formation of pseudopodia and the engulfment of phagocytic targets (see 3.2.2). 
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Furthermore, a greater macrophage cell size and perimeter, as seen for the 

treated macrophages, was associated with an increased phagocytic 

capacity249,250. This could be due to a larger cell surface with more potential for 

interaction with surrounding particles.  

The data presented throughout this thesis, especially in 5.3, allowed for the 

acceptance of the biological hypothesis that chemotherapy induces 

phenotypical changes in macrophages, which suggest a more phagocytically 

active phenotype. 

To further elucidate the impact of chemotherapy on macrophage polarisation 

and phenotype, a characterization of treated cells in comparison to untreated 

cells by surface and intracellular markers could be of great use. Different 

macrophage polarisations were associated with certain intracellular and 

extracellular markers. CD80, CD86, CD68 and inducible Nitric oxide synthase 

(iNOS) could be employed as M1 surface markers63. To identify M2a-

polarisation CD200 receptor (CD200R), Arginase 1 (Arg1) and found in 

inflammatory zone protein (Fizz1) could be utilized251. M2b macrophages 

express high levels of CD86252. M2c-polarisation could be distinguished by 

CD206 and CD164 expression253. By the simultaneous expression of iNOS and 

TGF-β M2d macrophages could be identified252. Characterization by surface 

and intracellular markers of Mafosfamide and Doxorubicin-treated J774A.1 was 

performed by the working group of Prof. Dr. Pallasch. Treated macrophages, 

with either chemotherapeutic, displayed high levels of M1-markers CD68, CD80 

and CD86 as well as M2c-polarisation marker CD206. Furthermore, J774A.1 

expressed high levels of the immune checkpoint ligand PD-L1 after 

chemotherapy treatment247(Preprint). The high expression of CD206 and PD-L1 

suggested an immunoregulatory function for chemotherapy treated 

macrophages, with CD206 being a marker for M2c-polarisation and PD-L1 

being the ligand of PD-1, which upon binding inhibit the proliferation and 

activation of T cells253,254. The increased levels of PD-L1 could provide a 

mechanistic explanation for the efficacy of combining PD-1 or PD-L1 inhibitors 

with standard chemotherapy255,256. The clear expression of M1-polarisation 

markers questioned the classification into the known M2-polarisation subtypes, 

leading to the conclusion that a new macrophage polarisation was observed 
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here. To further characterize this activation status, it would be helpful to identify 

the cytokine profile of treated macrophages via enzyme-linked immunosorbent 

assay (ELISA) or real-time quantitative PCR. Cytokines of interest would be IL-

1, -6, -10, -12, TNF and TGF-β as they would allow for classification into the 

defined macrophage polarisations252,257. Further defining the observed 

macrophage activation status after chemotherapy treatment, could provide 

further insight into their role and function in the TME as well as their tumoricidal 

capabilities. 

 

6.2 Direct chemotherapy treatment increased opsonised 

and non-opsonised Fc-independent phagocytic capacity 

of macrophages. 

Phagocytosis has been identified as a key function of macrophages to eliminate 

pathogens, apoptotic cells, debris and mutated cells258. Prof. Dr. Pallaschs 

working group could already show an increase in opsonised FcR-dependent 

phagocytosis by Mafosfamide- and Doxorubicn-treated macrophages, therefore 

this study focused on the opsonised FcR-independent phagocytosis as well as 

the non-opsonic phagocytic capacity of macrophages247(Preprint).  

Besides displaying a significant increase in nucleus and cell perimeter as well 

as cell size for both chemotherapeutics and a significant increase in nucleus 

size after Doxorubicin treatment, the analysis of the microscopy pictures also 

revealed a significant increase in phagocytosis rate as well as phagocytosed 

beads per cell (5.3). The higher rate of engulfment could be linked to the 

increased cell size and perimeter, as depicted in 6.1. In addition, it indicated a 

different activation state or polarisation of treated macrophages, which was 

induced by Mafosfamide and Doxorubicin. To further elucidate the effect of 

these chemotherapeutics on phagocytosis, a pH-sensitive bead and a BCG 

based phagocytosis assay were established.  

The impact on opsonised FcR-independent phagocytosis was evaluated 

utilizing latex beads, labelled with a pH-sensitive fluorochrome, as phagocytic 
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targets, which do not depend on recognition by Igs, but require FBS for 

opsonization and phagocytosis236. The effect of the bead to macrophage ratio 

on the phagocytosis rate became apparent, showing an increase up to a ratio of 

20 beads per macrophage, reaching a plateau till a ratio of 80 beads per 

macrophage before declining again for higher ratios (5.9). A significant increase 

in phagocytosis was seen for Mafosfamide and Doxorubicin at a concentration 

of 5µM, but also different bead to macrophage ratios for the control and the 

treated conditions, which could have caused the observed increase in 

phagocytosis. This issue could be resolved partly by reducing the 

concentrations of the chemotherapeutics to 2.5µM or 1µM. A significant 

elevation in the phagocytosis rate was still seen with these concentrations and 

the differences in the bead to macrophage ratio were reduced, but not 

completely abolished. Still an influence of the bead to macrophage ratio on the 

phagocytosis rate could not be ruled out, but the degree of difference was 

mainly caused by two outliers for every treated condition. Interestingly these 

outliers, in ratio, were obtained in the same experimental run. In addition, these 

outliers did not correlate with a divergently higher phagocytosis rate, compared 

to the other biological replicates. Either the phagocytosis rate did not show a 

great deviation or, in the case of 2.5µM Mafosfamide, the outliers in ratio 

displayed the lowest phagocytosis rate of all the replicates (5.10). Questioning 

the real impact of the measured bead to macrophage ratio on the phagocytosis 

rate within the assay, this further underlined the positive effect of Mafosfamide 

and Doxorubicin treatment on the phagocytic capacity of macrophages. 

Furthermore, a significant difference in phagocytic capacity was seen for the 

different concentrations of the same chemotherapeutic. Diverging bead to 

macrophage ratios were observed for 1µM and 2.5µM Mafosfamide. But for two 

experimental runs the differences in the phagocytic capacity were higher than 

expected, when taking the diverging bead to macrophage ratios into account. 

For 1µM and 2.5µM Doxorubicin only in one experimental run different bead to 

macrophage ratios were observed, which could also not explain the increase in 

phagocytic capacity between the concentrations. Two experimental runs did not 

show any difference in the bead to macrophage ratio between 1µM and 2.5µM 

Doxorubicin, but still the higher concentration displayed a greater phagocytic 

capacity (5.10). This further highlighted the positive impact of Mafosfamide and 
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Doxorubicin on the opsonised FcR-independent phagocytic capacity of 

macrophages and even hinted towards a dose dependent effect. Nevertheless, 

the protocol of the pH-sensitive bead phagocytosis assay was modified to 

abolish the differences in the bead to macrophage ratio. In the modified pH-

sensitive bead phagocytosis assay Mafosfamide- and Doxorubicin-treated 

macrophages displayed a significant increase in phagocytosis at concentrations 

of 5µM as well as 2.5µM. The bead to macrophage ratios were not equalized 

completely by the modification, but again it became obvious that outliers in the 

bead to macrophage ratio did not show a higher phagocytosis rate than their 

respective replicates. The outliers were biological replicates of different 

experimental runs (5.11). But in between the different concentrations of one 

chemotherapeutic the bead to macrophage ratios could not have impacted the 

phagocytosis rate, because they were located in the described plateau between 

a ratio of 1:20 and 1:80, but still the phagocytosis rate was significantly higher 

for 5µM Mafosfamide than 2.5µM Mafosfamide and higher for 5µM Doxorubicin 

than 2.5µM Doxorubicin. Also, this hinted at a dose dependent effect of the 

chemotherapy on opsonised FcR-independent phagocytosis. Furthermore, the 

displayed increase in phagocytosis was greater as anticipated based of the 

differences in the bead to macrophage ratio. An increase of 1.1 to 1.2 could 

have been caused by the different ratios, but the mean increases in phagocytic 

capacity, for treated conditions, were up to levels of 1.7 for 5µM Mafosfamide, 

1.5 for 5µM Doxorubicin and 1.4 for 2.5µM Mafosfamide as well as 2.5µM 

Doxorubicin compared to the untreated control (5.9 and 5.11). This led to the 

conclusion, that Mafosfamide- and Doxorubicin-treated J774A.1 macrophages 

displayed a significantly higher opsonised Fc-independent phagocytic capacity 

than untreated J774A.1 macrophages. 

To evaluate the effect of Mafosfamide and Doxorubicin treatment on non-

opsonised phagocytic capacity of macrophages a BCG based phagocytosis 

assay was established. BCG-phagocytosis assays, performed with different 

amounts of bacteria for the diverse conditions, showed that the phagocytosis 

rate was depending on the bacteria to macrophage ratio. An increase in 

phagocytosis was seen up to a ratio of 50 bacteria per macrophage and a 

decrease could be seen from 500 bacteria per macrophage onwards (5.5). The 
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bacteria to macrophage ratio was monitored in the performed BCG-

phagocytosis assays. A significant increase in phagocytosis was achieved 

through the incubation of J774A.1 macrophages with 5µM Mafosfamide or 5µM 

Doxorubicin, but also a great difference in bacteria to macrophage ratios was 

observed between the treated conditions and untreated control. Again, the 

change in mean bacteria to macrophage ratio was especially caused by 

outliers, which were two biological replicates of the same experimental run and 

did not display a higher phagocytosis rate than their respective replicates (5.4). 

Nevertheless, the assay was performed with lower concentrations of the same 

chemotherapeutics. At concentrations of 2.5µM and 1µM both 

chemotherapeutics showed a significant increase in phagocytosis, 

accompanied by a change in bacteria to macrophage ratios. An influence of the 

different bacteria to macrophage ratios on the resulting phagocytosis rates 

could not be ruled out completely, although especially for the 2.5µM 

concentrations two outliers were responsible for the degree of divergence, 

which were two biological replicates obtained in the same experimental run and 

did not correlate with a higher phagocytosis rate, except for 2.5µM Mafosfamide 

(5.6). Modifications to the BCG-phagocytosis assay were implemented to 

reduce the divergence of the bacteria to macrophage ratios. The modified BCG-

phagocytosis assay was performed with 5µM Mafosfamide, 5µM Doxorubicin 

and 10µM Nutlin-3A. Mafosfamide as well as Doxorubicin still induced a 

significant increase in the phagocytosis rate compared to the untreated control. 

The bacteria to macrophage ratios of the untreated control and Mafosfamide-

treated conditions did not show a great divergence, canceling out a possible 

impact on the phagocytosis rate. A difference was still apparent between the 

bacteria to macrophage ratios of the untreated control and Doxorubicin, but two 

outliers for Doxorubicin, which were two biological replicates of one 

experimental run, showed the same bacteria to macrophage ratio as the 

respective control conditions and still displayed an increase in phagocytosis. 

Furthermore, one outlier of the control had a similar bacteria to macrophage 

ratio than the Doxorubicin-treated conditions without displaying an increased 

phagocytosis rate (5.7). Taking the impact of different bacteria to macrophage 

ratios, which was described in 5.5, in account, it became apparent that the great 

increase in phagocytic capacity, caused by Doxorubicin, could not be explained 
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by the diverging bacteria to macrophage ratios. A shift of the mean bacteria to 

macrophage ratio as seen in the modified BCG-phagocytosis assay, between 

control and Doxorubicin-treated conditions, should have led to an increase in 

normalised phagocytosis of 1.1 to 1.2, but a substantially higher increase of 1.4 

was seen for the Doxorubicin-treated conditions (5.5 and 5.7). Nutlin-3A treated 

macrophages displayed a slight increase in phagocytosis, which was not 

significant (5.7). These results lead to the conclusion that Mafosfamide as well 

as Doxorubicin have a positive effect on the non-opsonised phagocytic capacity 

of macrophages. Surprisingly, p53, as the main player of the DDR, was 

seemingly not playing a vital role in the signalling pathway leading to the 

positive effect on macrophages´ phagocytic capacity, demonstrated by the not 

significantly increased phagocytosis rate of Nutlin-3A treated macrophages. 

The data presented in this thesis lead to the approval of the biological 

hypothesis that direct chemotherapy induced an increase in opsonised and non-

opsonised Fc-independent phagocytic capacity of macrophages, which was not 

depending on the target to macrophage ratio. 

M1 macrophages were linked to greater phagocytic capacity, specially 

opsonised Fc-dependent phagocytosis, although also M2 macrophages 

displayed effective phagocytic capacity in regard to debris and apoptotic cells 

(see 3.2.1). Some studies even showed higher phagocytic capabilities for M2-

like macrophages regarding bacterial particles259. Here it was demonstrated that 

through treatment with Mafosfamide and Doxorubicin the non-opsonised and 

opsonised Fc-independent phagocytic capacity of macrophages was increased 

(5.7 and 5.11). Furthermore, in previous work of Prof. Dr. Pallaschs working 

group it was shown that opsonised Fc-dependent phagocytic capacity was 

heightened by chemotherapy247(Preprint). No macrophage polarisation was 

associated to a higher phagocytic capacity in every different type of 

phagocytosis, which was mentioned here. Suggesting that a new macrophage 

activation state was observed. Just considering the increase in phagocytic 

capacity, especially in opsonised Fc-dependent phagocytosis, it could be 

assumed that the observed polarisation is located closer to the M1 pole of the 

macrophage polarisation spectrum, because M1 macrophages were generally 

associated with higher phagocytic capacity, particularly opsonised Fc-
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dependent phagocytosis (see 3.2.1). But keeping the polarisation described in 

6.1 in mind with high CD206 and PD-L1 levels, an activation state close to M1 

macrophages is unlikely as the observed polarisation also seems to perform 

immunoregulatory functions. Interestingly the high expression of CD206 gives 

notion to a mechanistic explanation on why the non-opsonised phagocytic 

capacity of treated macrophages was increased, because CD206 is a PRR 

which is involved in the binding of bacteria260. The macrophage polarisation 

which was induced by chemotherapy has immunoregulatory functions, but also 

seems to hold great tumoricidal potential with a generally increased phagocytic 

capacity. This gave insight into the efficacy of already utilized combination 

therapies, as mentioned in 6.1, but also elucidated the complex relationship of 

chemotherapy and the immune system, especially macrophages.  

It is described in the literature that Doxorubicin as well as Cyclophosphamide 

and its activated in vivo form, Mafosfamide, depend on a working immune 

system to reach their full anti-tumor potential243-245. For Doxorubicin it was 

shown that macrophages are able to release Doxorubicin, after being exposed 

to it beforehand, which enhanced the anti-tumor efficacy261. Cyclophosphamide 

was associated with an increased level of anti-tumor antibodies and the 

induction of cytotoxicity in leukocytes245. Furthermore, both chemotherapeutics 

are able to evoke ICD in tumor cells, which promotes an anti-tumor response by 

the immune system (see 3.5). Nevertheless, the relation between Doxorubicin 

or Cyclophosphamide and the immune system was never elucidated 

completely. Giving new insight into the direct effect of Doxorubicin and 

Cyclophosphamide on macrophages, this study shed more light on this intricate 

relationship. Proving an increase in non-opsonised, opsonised Fc-independent 

and Fc-dependent phagocytosis by the chemotherapeutics hinted towards an 

impact on a general effector of phagocytosis, because different kinds of 

phagocytosis were proven to be regulated separately262. A general effect 

chemotherapy was described to have on cells, is the induction of genotoxic 

stress, which causes a DDR. Although being a key player of the DDR and the 

induction of the ASAP in leukaemic cells, p53 stabilization did not display a 

positive effect on the phagocytic capacity of murine macrophages and p53-

deficient macrophages still displayed increased phagocytosis rates after 
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chemotherapeutic treatment (5.7 and 247(Preprint)). But another player of the DDR 

signalling pathway was shown to influence the increase in phagocytic capacity 

of macrophages, p38263,264. Furthermore, a p38 dependent signalling was 

shown to not only increase the rate of phagocytes engulfing targets, but also the 

phagocytosed targets per macrophage, which was also demonstrated in 5.382. 

In addition, the working group of Prof. Dr. Pallasch showed that p38 deficient 

murine macrophages displayed a significantly diminished increase in opsonised 

Fc-dependent phagocytosis after chemotherapeutic treatment247(Preprint). 

Activation of p38, in response to genotoxic stress, can be carried out by Ras-

related C3 botulinum toxin substrate 1 (Rac1) or via the MAPK pathway (see 

3.4), which separate the regulation of p38 from p53 activity265. The activation of 

p38 and its downstream targets promotes actin polymerization266. The 

promotion of actin polymerization could explain the displayed increases in the 

diverse forms of phagocytosis and the greater cell size as well as actin staining 

in treated macrophages (5.3, 5.7, 5.11 and 247(Preprint)). 

For future experiments it would be of interest to repeat the BCG and pH-

sensitive bead phagocytosis assay with p38 deficient macrophages to see if the 

effect of the chemotherapeutics on non-opsonised and opsonised Fc-

independent phagocytosis is also conveyed via p38. This could elucidate if the 

positive effect on the different kinds of phagocytosis is conveyed via the same 

mechanism or if diverse pathways are involved. Moreover the effect of direct 

p38 activation, via e.g. Neferine, on phagocytosis as well as polarisation-marker 

expression could be tested, as the working group of Prof. Dr. Pallasch could 

show that a knock down of p38 did not affect PD-L1 expression in treated 

macrophages (Preprint)247,267. A direct p38 activation could yield the possibility of 

increasing the phagocytic capacity of macrophages without initiating 

immunoregulatory effects. In addition the upstream signalling pathway leading 

to p38 activation after DNA damage via chemotherapy could be investigated. 

Here ATM is a very promising target, as it was already shown to play a central 

role in p38 activation after UV-light induced DNA damage, which is very likely to 

activate the same signalling pathway as chemotherapy induced DNA 

damage247(Preprint). The generation of knock down cell lines, via the viral 

transduction of small hairpin RNA (shRNA), or even knock out cell lines, by 
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performing the Clustered Regularly Interspaced Short Palindromic 

Repeats/CRIPSR-associated method (CRISPR/Cas method), would be helpful 

to further elucidate the signalling pathway. If these methods are not feasible, 

ATM inhibitors, like KU 55933, could also be utilized to examine if the effects of 

chemotherapy on macrophages can be diminished or even abolished. It could 

also be useful to perform a phosphoproteom analysis of chemotherapy treated 

macrophages. To further dissect the underlying intracellular signalling, resulting 

in the effects of Mafosfamide and Doxorubicin on macrophages, could give 

fruther mechanistic insight into the efficacy of already utilized combination 

therapies, as mentioned in 6.1, and also yield new targets to activate the 

tumoricidal potential of TAMs within the TME, e.g. increased phagocytic 

capacity.  

 

6.3 Soluble factors conveyed the positive effect of 

Doxorubicin, suggesting the induction of a secretory 

phenotype in macrophages 

Prof. Dr. Pallaschs working group could already show, that through the 

application of cyclophosphamide in a humanized mouse leukaemia model, an 

ASAP was induced in leukaemic cells. This phenotype of leukaemic cells led to 

an increased phagocytosis and tumor cell clearance by macrophages in an 

opsonised Fc-dependent manner, which was mediated by soluble factors like 

TNF-α, VEGF-A, IL8 and CCL4228. 

To evaluate if chemotherapeutics can also directly promote a secretory 

phenotype in macrophages, which then stimulates further macrophages via 

soluble factors, the BCG-phagocytosis assay was performed with conditioned 

medium, generated by untreated, Mafosfamide- and Doxorubicin-treated 

J774A.1 macrophages. Conditioned medium of Mafosfamide-pretreated 

macrophages did not increase the phagocytosis rate of J774A.1 macrophages 

compared to conditioned medium of an untreated control, suggesting that 

Mafosfamide did not induce a secretory phenotype in macrophages upon 

treatment (5.8). This differed from the findings made with conditioned medium 
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of pretreated leukaemic cells (see above). Leading to the conclusion that, in the 

case of Mafosfamide, a direct treatment was necessary to have a positive effect 

on macrophages´ phagocytic capacity. Doxorubicin-pretreated macrophages 

generated a medium, which promoted an increase in phagocytic capacity of 

previously untreated macrophages compared to conditioned medium of 

untreated as well as Mafosfamide-pretreated macrophages (5.8). A minimal 

deviation was seen in the bacteria to macrophage ratios, but only for two 

biological replicates of the same experimental run. This deviation could not 

account for the drastic increase in phagocytic capacity seen for these two 

replicates, especially if compared to the data shown in Figure 10 A. An increase 

of the bacteria to macrophage ratio as seen for the two biological replicates 

compared to their respective control conditions could increase normalised 

phagocytosis to levels of 1.2 to 1.3, but not up to 1.5 or 1.6 as observed for 

these replicates (5.5 and 5.8). Furthermore, replicates with the same bacteria to 

macrophage ratio as their respective control also demonstrated a positive effect 

on the phagocytic capacity of macrophages (5.8). The positive effect of 

Doxorubicin on non-opsonized phagocytosis was, to some extent, conveyed by 

soluble factors, suggesting the induction of a secretory phenotype in 

macrophages.  

It was also described in the literature that Doxorubicin can induce secretion of 

cytokines, like IL-1 and PGE2, in macrophages268. PGE2, as a co-stimulus, 

together with a TLR agonist has been known to induce a M2b polarisation in 

macrophages, which are known to be immunoregulatory, but also secret 

proinflammatory cytokines, like IL-1 (see 3.2.1). But as depicted above, the 

general increase in phagocytosis as well as the marker expression did not 

indicate a M2b-polarisation of the treated macrophages. This again suggested 

that a potentially novel polarisation was observed in this study, which also could 

differ for Doxorubicin- and Mafosfamide-treated macrophages, given the lack of 

an effect by conditioned medium generated by Mafosfamide in contrast to the 

significant increase in phagocytosis induced by conditioned medium generated 

by Doxorubicin-pretreated macrophages, indicating cytokine secretion by these 

macrophages. Certain macrophage polarisations were associated with different 

cytokine profiles, hinting to potentially different polarisations of Mafosfamide- 
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and Doxorubicin-treated macrophages (see 3.2.1). Keeping the marker 

characterization of Mafosfamide- and Doxorubicin-treated macrophages in 

mind, which did not show great differences, cytokine release induced by an off-

target effect of Doxorubicin is also a likely explanation (see 6.1). 

The potential induction of pro-phagocytic cytokine secretion by Doxorubicin 

treatment could have great implications for the effect on macrophages in an in 

vivo setting. It could lead to the potentiation of the effect Doxorubicin has on 

macrophages, because macrophages, which received Doxorubicin treatment, 

could repolarize further macrophages, which did not interact with the 

chemotherapeutic, through cytokine secretion. This implies that not every 

macrophage would have to undergo treatment to demonstrate an increased 

phagocytic capacity. Furthermore, the necessary dose of Doxorubicin, to effect 

a significant number of TAMs, could be reduced by this effect, which would lead 

to a better effect-side effect profile.  

To further enlighten the impact pretreated macrophages have on untreated 

macrophages, more experiments have to be performed. It would be interesting 

to pretreat wild type macrophages with Mafosfamide and Doxorubicin, co-

culture them one to one with untreated macrophages, expressing a fluorescent 

protein (like GFP or mCherry) and use this co-culture in the BCG or pH-

sensitive bead based as well as the antibody dependent phagocytosis assay. 

Double positive macrophages, for the fluorescent protein and the fluorochrome 

used to label the phagocytic targets, could be identified. The rate of double 

positive cells could be compared to the double positive rate of an one to one co-

culture of untreated macrophages and untreated fluorescent macrophages. 

Furthermore, the phagocytic capacity of directly treated macrophages and 

untreated macrophages, which are co-cultured with pretreated macrophages, 

could be compared by also identifying the rate of cells, which are positive for the 

fluorochrome. This would allow an insight into the activation efficacy of 

pretreated macrophages towards untreated macrophages compared to the 

effect of a direct chemotherapy. Also, the experiment would better represent an 

in vivo setting with the influence of secreted cytokines as well as direct cell to 

cell interactions. In addition, the pH-sensitive bead phagocytosis and the 

Antibody-dependent cellular phagocytosis (ADCP) assay could be performed 
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with macrophages which were incubated in conditioned medium from 

Mafosfamide- and Doxorubicin-treated macrophages, to examine if the positive 

effect on opsonised Fc-independent and opsonised Fc-dependent phagocytosis 

can also be conveyed by soluble factors. Performing a characterization of 

surface and intracellular markers for macrophages incubated in conditioned 

medium would be beneficial to explore the induced activation status, which 

could be compared to the one of directly treated macrophages. An analysis of 

the cytokine profile, secreted by Doxorubicin-pretreated macrophages, could 

also yield interesting insight into the effect of the chemotherapeutic on 

macrophages. It could allow a better characterization of the polarisation of 

Doxorubicin-treated macrophages, because certain macrophage polarisations 

are associated with different cytokine profiles, or could hint towards a potential 

off target effect (see Figure 1 and 251). Furthermore, pro-phagocytic cytokines or 

cytokine profiles could be identified, like already shown for the ASAP of 

chemotherapy treated leukaemic cells228. This could yield new therapeutic 

approaches to activate macrophages phagocytosis in order to harness their 

tumoricidal potential.  
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6.4 Outlook 

Throughout this study it was shown that Mafosfamide as well as Doxorubicin 

alter the phagocytic capacity of J774A.1 murine macrophages, leading to a 

higher phagocytosis rate. In addition, basic changes to macrophage 

morphology and phenotype, regarding cell perimeter and size as well as 

nucleus perimeter, were shown. These findings lead to the assumption that a 

new macrophage polarisation was observed here. Furthermore, it was 

demonstrated that Doxorubicin could trigger the production of soluble factors, 

which stimulate untreated macrophages by an unknown pathway.  

To further elucidate the macrophage polarisation induced by Mafosfamide and 

Doxorubicin an analysis of cytokine profiles could be performed, comparing 

secretion by untreated and treated cells as well as correlating them with already 

defined cytokine profiles of macrophage polarisations. Especially the cytokine 

profile of Doxorubicin-treated macrophages could hold potential pro-phagocytic 

cytokines. Furthermore, transcriptomic, proteomic and phosphor-proteomic 

analysis could be performed to further define the induced polarisation and 

identify underlying signalling pathways. 

Future studies should be performed with other macrophage cell lines, like THP-

1, isolated murine macrophages, human macrophages as well as in an in-vivo 

setting to replicate the observed effects of Mafosfamide and Doxorubicin on 

J774A.1 murine macrophages and underline the validity of the presented 

results. The generation of knock-out or knock-down cell lines for signalling 

pathway key players upstream of p38, like ATM, could elucidate how the effect 

of Mafosfamide and Doxorubicin is conveyed on an intracellular level. 

Furthermore, through the dissection of the intracellular signalling new treatment 

targets could be uncovered, which would allow for an activation of the anti-

tumor potential of macrophages, e.g. higher phagocytic capacity, while 

circumventing the immunoregulatory effects induced by chemotherapy. 

Co-culturing of pretreated and untreated macrophages for phagocytosis assays, 

could enlighten the effect of direct cell-to-cell interactions, which would allow for 

a better idea of the effects in an in-vivo setting. 
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The elucidation of the mechanisms behind the observed effects of Mafosfamide 

and Doxorubicin yield new insights into the interactions between chemotherapy, 

the immune system, specifically macrophages, and cancer cells. These insights 

can result in a better mechanistic understanding of current therapy regimens, 

new therapy adjustments, strategies and targets. 
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8 Appendices 

8.1 Supplemental Data 

8.1.1 Supplemental WB 

The results for p53 induction in macrophages through Mafosfamide and 

Doxorubicin treatment, shown in 5.2, were validated by additional WBs. These 

were performed on a different day with a different culture of J774A.1 following 

the same protocol (see 4.2.3). The concentration of 5µM was not used in these 

experiments. The same tendency in the induction of p53 for higher doses of the 

chemotherapeutics was seen. 

 

Figure 18: Induction of p53 by Mafosfamide and Doxorubicin 

J774A.1 were treated with different concentrations of Mafosfamide and Doxorubicin, 
lysed, separated according to molecular weight by SDS-PAGE and blotted onto a 
nitrocellulose membrane via WB. The blot with p53 and β-actin staining is shown for 
Mafosfamide (A) and Doxorubicin (C). For Doxorubicin two scans had to be utilized, 
because the β-actin staining was too intense to display the p53 staining on the same 
scan. p53 fluorescence was normalised to β-actin and compared to normalised p53 
levels of the untreated control (B and D). The results of one WB are shown here. 



 

126 
 

 

8.1.2 Supplemental figure of bacteria to macrophage ratio 

dependency 

In Figure 10 not all significances were shown, due to clarity reasons. The 

following figure shows every significance, which was calculated with the 

obtained data.  

 

Figure 19: Dependency of the phagocytic capacity on the bacteria to 
macrophage ratio with all calculated significances 

J774A.1, plated out in the same concentration, were incubated with different amounts 
of bacteria, resulting in macrophage to bacteria ratios as labelled. The double positive 
cell rate, for dsRED and the VioGreen anti-CD11b antibody, was measured and then 
normalised to the double positive cell rate of the 1:5 ratio. Ratios varied from 1:5 to 
1:5000 (A, B). Data are expressed as mean +/- SD. The experiment was performed 
once with at least 2 biological replicates per condition, leading to a sample size of N≥2 
or N=2. (*=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001) 

 

8.1.3 Supplemental figure of bead to macrophage ratio dependency 

In Figure 14 not all significances were shown, due to clarity reasons. The 

following figure shows every significance, which was calculated with the 

obtained data. 
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Figure 20: Impact of the bead to macrophage ratio on the phagocytosis of 
J774A.1 with all calculated significances 

J774A.1 were plated out in the same concentrations, before being incubated with 
different amounts of pH-sensitive beads. The double positive cells, for CypHer5E and 
the VioGreen anti-CD11b antibody, were measured and then normalised to the bead to 
macrophage ratio of 1:1 (A) or 1:5 (B). Data are expressed as mean +/- SD. The 
experiment was performed once with two biological replicates, resulting in a sample 
size of N=2. (*=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001)  

 

8.1.4 Modification to the BCG-phagocytosis assay 

8.1.4.1 Method 

To even out the differences in the bacteria to macrophage ratio in between the 

different conditions, a modification of the BCG-phagocytosis assay was 

developed. Macrophages and bacteria were prepared as described in 4.2.5.1. 

According to macrophage counts in previous experiments, different bacteria 

amounts were added, in 100µl 7H9 medium, to each condition with the intent of 

accomplishing a ratio of 5 bacteria per macrophage in every condition. After 

adding the bacteria, the experiment was continued as described in 4.2.5.1. The 

bacteria to macrophage ratio for each condition was calculated by dividing the 

bacteria amount, which was added to the condition, by the macrophage count of 

the respective condition, which was obtained via FACS.  

8.1.4.2 Results 

In this modification the added bacteria amount for each condition was adapted 

to previous macrophage counts in earlier experiments to balance the bacteria to 

macrophage ratios in between the different conditions and reach a bacteria to 
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macrophage ratio of 5 to 1 (see 8.1.4.1). The respective chemotherapeutics 

were used in a concentration of 5µM. In Figure 21 two separate experiments, in 

which the modification was utilized, are shown to illustrate the problems, which 

arose with this modification. In the first experiment Mafosfamide and 

Doxorubicin treatment did not show a significant effect on the normalised 

phagocytosis with means of 0.9 for Mafosfamide and 1.1 for Doxorubicin, 

compared to the untreated control (Figure 21 A). The differences in the bacteria 

to macrophage ratio were reversed compared to unmodified BCG-phagocytosis 

assays and displayed a significant difference between the untreated control and 

the treated conditions (Figure 21 B; see Figure 9 B, Figure 11 B, D). The mean 

bacteria to macrophage ratio for the untreated control was 6.8 bacteria per 

macrophage, for 5µM Mafosfamide it was 1.5 and 5µM Doxorubicin showed a 

ratio of 1.6 (Figure 21 B). A significant increase in the normalised phagocytosis 

was seen in the second experiment with means of 1.9 for 5µM Mafosfamide and 

2 for 5µM Doxorubicin (Figure 21 C). The bacteria to macrophage ratio did not 

display significant differences, but was also reversed as described for the first 

experiment. The untreated control showed a mean bacteria to macrophage ratio 

of 3.7 bacteria per macrophage, 5µM Mafosfamide and 5µM Doxorubicin 

displayed a ratio of 1.9 and 1.7 respectively (Figure 21 D). The reversed 

bacteria to macrophage ratio led to the question of how consistent the 

macrophage counts were in between different experiments.  
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Figure 21: Modification of the BCG-phagocytosis assay led to adverse effect on 
bacteria to macrophage ratio 

J774A.1 were treated with 5µM Mafosfamide or Doxorubicin before being used for a 
BCG-phagocytosis assay. The bacteria amount added to each condition was altered in 
respect to macrophage counts in previous experiments. The rate of double positive 
cells, for dsRED and the VioGreen anti-CD11b antibody, was identified and then 
normalised to the double positive cell rate of the respective control (A, C). Macrophage 
cell count and number of used bacteria per condition were put into relation, resulting in 
the bacteria to macrophage ratio (B, D). Data are expressed as mean +/- SD. The 
experiments were performed once with two biological replicates, leading to a sample 
size of N=2. (*=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001) 

 

To elucidate the fluctuations of macrophage cell counts in between different 

BCG-phagocytosis assays, the mean cell counts for the untreated control, 5µM 

Mafosfamide and 5µM Doxorubicin of different experiments are displayed in 

separate graphs. A high standard deviation of the cell counts was observed for 

every condition with extremes ranging from 521340 cells per well to 47476 cells 

for the untreated control, 79708 to 8616 cells for 5µM Mafosfamide and 46316 

to 8176 cells for 5µM Doxorubicin (Figure 22 A, B, C). This offered some 

explanation for the problems, which arose with the described modification. 
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Figure 22: Macrophage cell counts of different BCG-phagocytosis assays 

Macrophage cell counts from different experiments are displayed. The cell counts were 
obtained by flowcytometry at the end of the respective BCG-phagocytosis assay and 
are displayed as mean of two biological replicates from the same experiment for the 
untreated control, 5µM Mafosfamide and 5µM Doxorubicin (A, B, C). Data are 
expressed as mean +/- SD and N=5.  

 

8.1.4.3 Discussion 

To eliminate the influence of the varying bacteria to macrophage ratios, in 

between the different conditions, on the phagocytic capacity, a modification of 

the BCG-phagocytosis assay was tested. For this modification the added 

bacteria amounts were adapted for each condition according to macrophage 

counts of the respective condition in previous experiments. Through this 

modification the bacteria to macrophage ratios were reversed, leading to higher 

ratios for the untreated control than the treated conditions. For one experiment 

a significant increase in the phagocytic capacity after treatment was still seen, 

which endorsed the impact of chemotherapy on macrophages seen in the other 

experiments (see 5.7, 5.11, 8.1.4.2). Because the bacteria to macrophage ratios 

were still differing and were lower than the intended ratio of 5 bacteria per 

macrophage for the treated conditions, it could not be cancelled out that the 

phagocytic capacity of the treated macrophages exceeded the number of 

bacteria added to the respective conditions, potentially leading to inaccurately 

low phagocytosis rates. An explanation for the inaccurate equalization of the 

bacteria to macrophage ratios was found, after looking at the macrophage 

counts of the respective conditions in different experiments. It was apparent that 

the macrophage counts of one condition vary in between different experiments, 
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which could be caused by fluctuating levels of adhesive capability of the 

macrophages in between the experiments, varying generation cycles or 

unknown external reasons. Leading to the recognition that the macrophage 

counts cannot be predicted reliably from one experiment to the other, this 

modification of the BCG-phagocytosis assay was discontinued, because of 

impracticability and the existence of a more feasible modification (see 4.2.5.4). 
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