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Summary 

The contribution of tumor necrosis factor  (TNF  and tumor necrosis factor receptor-1 (TNF-R1) to 

the eradication process of intracellular bacteria is well-known and undisputed. Mice deficient in TNF-

R1 or components of TNF-R1 signalling (acid sphingomyelinase or ASMase) were strongly impaired in 

their capacity to kill Listeria monocytogenes (L.m.) and died upon infection with low doses of this 

pathogen (Pfeffer et al., 1993; Utermöhlen et al., 2003). Upon TNF  stimulation, TNF-R1 internalises 

and throughout the endocytic trafficking pathway fuses with trans-golgi-vesicles and forms 

multivesicular structures known as late receptosomes. These compartments were shown to contain 

activated cathepsin D (CTSD) within their lumen (Schneider-Brachert et al., 2004). Over the last 

decades, reactive oxygen species (ROS), generated by NADPH oxidase complex and generation of 

reactive nitrogen intermediates (RNI) by the inducible nitric oxide synthase (iNOS) have been 

assumed to be the major effector components in the bacterial eradication process (Aktan, 2004; 

Nauseef, 2004; Segal, 2005). In the recent years, however, it has been established that lysosomal 

proteases contribute to the effective control of infectious pathogens with similar importance (Segal, 

2005; Cerro-Vadillo et al., 2006; Utermöhlen et al., 2008; Carrasco-Marin et al. 2009).  In particular, 

the aspartyl-protease CTSD was shown to be an important effector molecule in listerial killing. Mice 

expressing a truncated form of this protease are highly susceptible to infection with the intracellular 

bacterium L.m. (Cerro-Vadillo et al., 2006). In addition, CTSD was shown to target in particular one 

specific virulence factor of the pathogen L.m., the cytolysin Listeriolysin O (LLO). This virulence factor 

is one of the major determents of listerial infection because it enables the pathogen to escape into 

the cytoplasm and therefore to evade the degradative environment of the phagolysosomal 

compartment. CTSD was suggested to cleave this protein, resulting in the inactivation of its pore-

forming activity and preventing the escape of the pathogen out of the phagosome (Carrasco-Marin et 

al., 2009).  

Based on these earlier findings, in the present study it was hypothesised that the biological function 

of TNF-R1 internalisation might be a key mechanism for routing bactericidal products such as 

protease CTSD towards the bacteria-containing phagosome. Proving that internalised TNF-R1 

receptosomes fuse with the L.m.-containing phagosome was considered to be a fundamental step, as 

it had not been contemplated in previous studies. For the first time, this finding was confirmed by 

several methods including confocal microscopy, transmission electron microscopy and Western blot 

analysis of isolated L.m.-containing phagosomes and isolated TNF-R1-receptosomes. The cytokine 

driven molecular mechanisms in bacterial killing were examined in further experiments. In bacterial 

growth assays, the microbicidal properties of the cytokines TNF  and IFN  were tested in different 

macrophage populations infected with L.m. TNF  stimulation alone was insufficient to control 
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bacterial growth in all tested macrophages. Stimulation of macrophages with IFN , however, resulted 

in restriction of bacterial propagation. TNF-R1-/- macrophages, in turn failed to control listerial growth 

even upon IFN  stimulation, suggesting a relevant contribution of TNF-R1 signalling to IFN mediated 

infection control. A general synergism of IFN  and TNF during the bacterial eradication process 

seems to be the only plausible explanation, and was confirmed with the results of this work. The 

precise underlining molecular mechanism of bacterial eradication mediated by TNF-R1 was further 

investigated. In order to analyse specific alteration of the protein composition on bacteria-containing 

phagosomes influenced by TNF-R1 signalling, a new immunomagnetic approach for the isolation of 

these compartments was applied and adapted for the use of L.m. and J774 macrophages. 

Monitoring the cytokine specific effects on isolated bacteria-containing phagosomes could show that 

TNF  stimulation alone was sufficient to activate CTSD on the phagosome in J774 macrophages, 

although bacterial growth restriction failed upon TNF  stimulation. Concomitantly, irrespective of 

TNF-R1 or IFN R knockout condition and of any given cytokine stimulation, primary cells showed 

activation of CTSD on bacteria-containing phagosomes. This was observed in cells where no bacterial 

growth restriction occurred. These results suggest that CTSD might not be the bactericidal molecule 

assumed to mediate TNF-R1 dependent bacterial killing and questions its essential role in the 

eradication process in general.  

Other proteins known to be involved in the bacterial infection control such as Rab5, LRG-47 and iNOS 

were analysed in order to find molecules that might be involved TNF-R1-mediated signals for the 

bactericidal mechanisms. The small GTPase Rab5 seems to be an interesting candidate as it failed to 

appear on phagosomes of TNF  and non stimulated TNF-R1 deficient macrophages and in addition, 

on phagosomes of  IFN R deficient macrophages. 

In conclusion, this work demonstrated for the first time that TNF-R1 becomes a part of L.m.-

containing phagosomes and that TNF-R1-receptosomes fuse with this compartment after 

internalisation. At this stage several components known to be involved in bacterial eradication 

process, were monitored in order to find a component that is associated to TNF-R1 signalling. CTSD 

does not seem to fulfil the promising molecular role it was previously assumed to have. It may 

however be involved in bacterial killing, but it seems to be insufficient for mediating eradication of 

L.m., which stays in contrast to previously published work. The GTPase Rab5 might be an interesting 

component in the context of TNF  mediated killing but it needs further investigations. In addition, a 

new method for the isolation of bacteria-containing phagosomes was applied and validated for the 

use of the pathogen L.m. and J774 macrophages. 
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Zusammenfassung in deutscher Sprache 

Die Abwehr intrazellulärer Erreger wie Listeria monocytogenes (L.m.) erfolgt unter Beteiligung des 

Zytokins TNF und seines Rezeptors TNF-R1. Dies konnte an Mäusen gezeigt werden, die entweder 

defizient für den TNF-R1 sind, oder Defekte in der TNF -vermittelten Aktivierung von Proteasen, z.B. 

der sauren Sphingomyelinase (ASMase), aufweisen und deshalb die Infektion nicht mehr 

kontrollieren können (Pfeffer et al., 1993; Utermöhlen et al., 2003). Während ursprünglich ROS 

(reactive oxygen species) und RNI (reactive nitrogen intermediates) für lange Zeit als die 

entscheidenden Komponenten der Eradikation intrazellulärer Erreger  gehalten wurden (Aktan et al., 

2004; Nauseef et al.,2004; Segal et al., 2005), gewannen in den letzten Jahren auch lysosomale 

Proteasen wie Cathepsin D (CTSD) in diesem Zusammenhang immer mehr an Bedeutung (Segal, 

2005; Cerro-Vadillo et al., 2006; Utermöhlen et al., 2008; Carrasco-Marin et al., 2009). CTSD bewirkt 

die Spaltung und Inaktivierung von Listeriolysin O (LLO), das eines der wichtigsten Virulenzfaktoren 

von L.m. ist, und verhindert die Lyse der Phagosomenmembran und damit Translokation der 

Bakterien ins Zytoplasma (Carrasco-Marin et al., 2009). Die Bakterien werden im Phagosom 

festgehalten, können sich nicht vermehren und werden schließlich im sauren Milieu des 

Phagolysosoms abgetötet. Schneider et al. konnten vor wenigen Jahren zeigen, dass die Stimulation 

von Zellen mit TNF  zur Internalisierung des TNF-R1 führt, wobei sich das sog. Rezeptosom, das sind  

frühe endosomale Kompartimente, und nach Fusionen mit trans-Golgi Vesikeln multivesikuläre 

Strukturen entwickeln, die  aktiviertes CTSD enthalten (Schneider-Brachert et al., 2004). Basierend 

auf diesen Erkenntnissen entstand die Hypothese, die Internalisierung  des TNF-R1 und die Bildung  

spezifischer endosomaler Vesikel als bakteriziden Mechanismus der Zelle zu begreifen, bei dem die 

aktive Protease CTSD zum Listerien-haltigen Phagosom gebracht werden könnte, um die Infektion 

sowohl zu kontrollieren als auch zu terminieren. Die Fusion von TNF-R1-Rezeptosomen und 

Phagosomen stellt hier das Schlüsselereignis der Hypothese dar. In der vorliegenden Arbeit konnte 

zum ersten Mal, unter Verwendung verschiedener experimenteller Ansätze, die Verschmelzung von 

TNF-R1-haltigen Vesikeln und Listerien-haltigen Phagosomen gezeigt werden. Durch die Etablierung 

einer neuen Methode zur Aufreinigung magnetisch markierter Listerien gelang es, Phagosomen aus 

infizierten Makrophagen zu isolieren und ihre Proteinzusammensetzung im Western Blot zu 

analysieren.  Dabei konnte der TNF-R1 spezifisch in diesem phagosomalen Kompartiment gemeinsam 

mit Listerien nachgewiesen werden. Im Elektronenmikroskop wurde dies mit Hilfe von Goldpartikel-

markierter TNF-Rezeptoren auch visuell bestätigt.  

Da ein synergistischer Effekt von IFN  und TNF  bei der Infektionsbekämpfung in Makrophagen 

bereits bekannt war, wurde zunächst die bakterizide Wirkung von TNF und IFN  auf verschiedene 

Makrophagenpopulationen (J774 Makrophagen und Knochenmarksmarkrophagen aus Wildtyp, TNF-
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R1-/- und IFN R-/- Mäusen) untersucht. Die Experimente zur bakteriziden Eigenschaft dieser Zytokine 

zeigten, dass allein die Stimulation mit TNF  die Vermehrung der Bakterien nicht verhindern konnte, 

eine Co-Stimulation mit IFN  jedoch zu einer Stagnation des bakteriellen Wachstums resultierte. In 

Infektionsversuchen mit den TNF-R1-defizienten Makrophagen konnte gezeigt werden, dass trotz 

IFN -Stimulation die Translokation der Listerien ins Zytoplasma nicht verhindert werden kann.  Diese 

Ergebnisse bestätigen auf Grundlage der Phagosomenanalyse, dass zur Infektionskontrolle ein 

generelles synergistisches Zusammenspiel beider Zytokine zur Bakterieneradiaktion notwendig ist. 

Um die spezifische Rolle des TNF-R1 bzw. der TNF -mediierten Signalwege besser zu verstehen  und 

die molekularen Veränderungen bedingt durch den TNF /TNF-R1-Komplex am Phagosom zu 

untersuchen, wurden Phagosomen zu verschiedenen Zeitpunkten aus Listerien-infizierten 

Makrophagen isoliert. Zur Trennung der TNF - und IFN - spezifischen Effekte wurden nicht nur WT-

Makrophagen, sondern auch TNF-R1-/-, sowie IFN R-/- Makrophagen verwendet. Die Analyse der 

Phagosomen im Western Blot ergab, dass die Stimulation mit TNF  in diesen Zellen die Aktivierung 

von CTSD im Phagosom zur Folge hatte, jedoch TNF-R1- und IFN R-defiziente Makrophagen nach der 

Infektion ebenfalls eine Aktivierung von CTSD am Phagosom zeigten. Die Freisetzung und 

Vermehrung der Bakterien wurde durch die Aktivierung der Protease aber nicht verhindert. Somit 

war feststellbar, dass die Stimulation mit TNF zwar die Aktivierung von CTSD in J774 Makrophagen 

induzieren kann, dies aber für eine erfolgreiche Infektionskontrolle nicht ausreichend ist. Nur die 

alleinige  Aktivierung von CTSD am Phagosom scheint somit für die Eradikation der Bakterien nicht 

hinreichend zu sein, was im Widerspruch zu bereits publizierten Daten steht. Daher wurde zusätzlich 

die Rekrutierung weiterer Proteine, wie Rab5, iNOS und LRG-47, die für ihre Beteiligung an der 

Infektionskontrolle bekannt sind, an das Phagosom untersucht. Interessanterweise konnte dabei 

festgestellt werden, dass die GTPase Rab5 unabhängig von einer TNF -Stimulation sowohl in TNF-R1- 

als auch in IFN R-defizienten Makrophagen am Phagosom nur schwach bis gar nicht nachweisbar 

war. 

Zusammenfassend konnte in der vorliegenden Arbeit erstmals  eine neue Methode zur Isolierung 

Listerien-haltiger Phagosomen etabliert werden. Die ursprüngliche Arbeitshypothese, dass es zu 

einer Fusion von TNF-R1-Rezeptosomen und Listerien-haltigen Phagosomen kommt, konnte mit 

mehreren unabhängigen Methoden erfolgreich verifiziert werden.  Durch die Analyse  magnetisch 

isolierter  Phagosomen konnte zwar eine teilweise Beteiligung des TNF -Stimulus zur Aktivierung der 

Protease CTSD (in J774 Makrophagen) nachgewiesen werden, die aber zur Eradikation der 

intraphagosomalen Bakterien nicht ausreichend war.  Die Beobachtung, dass in Listerien-haltigen 

Phagosomen von IFN R-defizienten Zellen die CTSD-Aktivierung am stärksten war, deutet darauf hin, 

dass auch die Rolle von CTSD für die Kontrolle der Listerieninfektion generell in Frage gestellt werden 

muss. Interessanterweise konnte für die GTPase Rab5 eine mögliche Beteiligung im TNF -mediierten 
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Infektionsabwehrprozess aufgezeigt werden, da sie in TNF-R1-defizienten Zellen nicht mehr ans 

Phagosom rekrutiert wird.  
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1. Introduction 

1.1. The pathogen Listeria monocytogenes 
 

Listeria monocytogenes (L.m.) is a Gram-positive, facultative intracellular pathogen, which belongs to 

the pathogenic species of the Listeria genus. Listeria spp. can be isolated from diverse environmental 

sources including soil and water. Its appearance in meat, dairy products and ready to eat food is 

potentially life-threatening for humans. L.m. survives in high concentrations of salt, relatively low pH 

values (up to 5.0) and can replicate at refrigeration temperatures, which makes it a serious concern 

in the food industry. It causes diseases in humans and animals, with clinical appearance ranging from 

gastroenteritis to meningitis, encephalitis, abortions and perinatal infections. This diversity of clinical 

features derives from the capability of L.m. to cross the three important barriers in humans and 

animals: the intestinal, the blood-brain and the placental barrier  (Lecuit, 2005). Driven by different 

virulence factors, the pathogen is able to enter, survive and multiply in both phagocytic and non-

phagocytic cells  (Bonazzi et al., 2009), (see 1.2). The pathogenesis of L.m. starts with ingestion of the 

pathogen, followed by passing through the acid environment of the stomach and finally reaching the 

gastrointestinal tract. There it enters intestinal epithelial cells and macrophages  (Karunasagar et al., 

1994) to begin translocation via the bloodstream to organs like the liver and spleen. L.m. enters 

hepatocytes for replication mediated by the virulence factor Internalin B (lnlB) (Gaillard et al., 1996). 

Normally, the clearance of bacteria mediated by both innate and adaptive immune response is very 

efficient, so bacteria start to disappear in mouse organs between five to seven days post infection  

(Gregory and Wing, 1998). 

 

1.2. The life cycle of Listeria monocytogenes in host cells 
 

L.m. developed specific mechanisms to enter different cell types. For the infection of intestinal 

epithelial cells the expression of Internalin A (lnlA) on the bacterial surface is required. This protein 

interacts with the epithelial surface protein cadherin (E-cadherin), a member of cell adhesion 

molecules. Thus, L.m. exploits cell-proteins that are usually involved in formation of adherens 

junctions to induce its entry (Sousa et al., 2005). InlB is another protein which L.m. utilizes to invade 

hepatocytes. This surface protein of L.m. interacts with the hepatocyte growth factor (HGF) receptor 

Met, induces phagocytosis of the entire bacterium and promotes the invasion of the pathogen into 

the cell (Shen et al., 2000). In both cases bacteria are initially trapped in a phagocytic vacuole, where 

the escape process takes its initial steps (figure 1.1). This is also found after phagocytosis in 

macrophages resulting in the bacteria-containing phagosome.  
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The intracellular life cycle of L.m. begins with the escape from the vacuole or phagosome, which is 

mainly mediated by the pore-forming cytolysin Listeriolysin O (LLO), also known as hemolysin. More 

details on this protein and its function are described in 1.2.1. In the acidic environment of the 

phagosome or vacuole, the cytolysin LLO is activated, starts destroying the vesicle membrane and 

results in releasing the pathogen into the cytoplasm. Translocated into the cytosol, L.m. uses hexose 

phosphate from the host cell as an energy source for rapid intracellular growth. The uptake is 

mediated by the hexose-6-phosphat translocase (Hpt), which is also a virulence factor required for 

intracellular life of the bacterium. L.m. strains which lack Hpt have been shown to be less virulent in 

mice (Chico-Calero et al., 2002). In the cytoplasm, L.m. starts replication and undergoes direct cell-to-

cell spread via polarised actin polymerisation, which generates a force to propel them through the 

cytoplasm of the infected cell and into uninfected neighbouring cells. The molecular mechanism that 

drives actin polymerisation is mediated by the actin-assembly-inducing protein (ActA), required for 

creation of the so-called “actin-comet tails”. Entering the newly infected cell this way, requires an 

escape strategy from a double membrane vacuole, which is supported by secretion of two proteins, 

additional to LLO. These are the phosphatidylinositol-specific phospholipase C (PI-PLC) and a broad 

range phospholipase C (PLC). Both contribute to the pathogen’s vacuolar escape and virulence (Smith 

et al., 1995). In the newly infected cell, L.m. can start replication and spreading to other cells once 

again. The whole life cycle of virulent L.m. is summarized in figure 1.1. based on Tilney and Portnoy 

(Tilney and Portnoy, 1989). Molecular mechanisms of entry and replication have been elucidated by 

a series of detailed and intricate experiments, which are reviewed in Vazquez-Boland et al. and 

others (Hamon et al., 2006; Vazquez-Boland et al., 2001) 

 

Figure 1.1: intracellular life cycle of 
Listeria monocytogenes 
L.m.  induces its uptake  into cells by the 
expression of InlA and InlB or is engulfed 
by macrophages (1).Bacteria are 
trapped within a phagocytic vacuole (2), 
which is disrupted by the activity of LLO, 
releasing L.m. into the cytosol (3). In the 
cytoplasm free bacteria can replicate 
and start to polymerise cellular actin (4). 
L.m. enters adjacent cells by actin based 
motility (5) and is surrounded by a 
double membrane structure (6). These 
membranes are lysed again by the 
activity of LLO and the support of PI-PLC 
and PLC (7). L.m. is now able to start 
another round of replication in the 
newly entered cell (based on Tilney and 
Portnoy, 1989). 
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1.2.1. The cytolysin listeriolysin O  
 

The cytolysin LLO is the major determinant of L.m. pathogenesis, as mutants lacking LLO ( hly 

mutant) lose their virulence in mice (Cossart et al., 1989). The coding gene for listeriolysin, hlyA, was 

identified in 1987 (Mengaud et al., 1987) and Gillard et al. confirmed that hly mutants were unable 

to escape from the vacuole anymore  (Gaillard et al., 1987).  LLO belongs to the cholesterol 

dependent cytolysins (CDC´s) that are also expressed by many other Gram-positive bacteria  (Gilbert, 

2010). The unique feature of LLO is its low pH stability, with an optimal activity at pH 5.5. The pH 

optimum is well-adapted to the intraphagosomal environment, but activation of LLO is not only 

mediated by a low pH value, as recent studies have shown. The -interferon inducible lysosomal thiol 

reductase (GILT) is a critical host factor for L.m. and is responsible for activation of LLO in vivo (Singh 

et al., 2008).  On the other hand, rapid denaturation of LLO occurs in neutral pH values  (Schuerch et 

al., 2005), which might avoid further damage to the cell after release of the bacteria. Other 

regulation mechanisms also contribute to degradation of the protein, like the PEST-like sequence 

(sequences rich in proline/P, glutamic acid/E, serine/S and threonine/T) in the N-terminal region of 

the toxin. In this region LLO is ubiquinated and phosphorylated targeting it for degradation by 

proteasomes in the cytosol (Schnupf et al., 2006). This demonstrates the well adapted structure of 

this protein to its host. LLO also plays a critical role in host mediated resistance to L.m. Recent studies 

revealed that LLO is a target for the aspartyl-protease cathepsin D which specifically cleaves the 

protein (Carrasco-Marin et al., 2009). LLO also seems to be important for the protective immune 

response to L.m. given that this antigen is recognised by Listeria-specific CD8+ T-cells (Sirard et al., 

1997) and also stimulates Listeria-specific CD4+ T-cells (Safley et al., 1995). 

 

1.3. Immune response to Listeria monocytogenes - components and mechanisms 
 

For over 50 years, L.m. has been used for studies to examine immune response and the molecular 

mechanisms of intracellular pathogens. In the 1960s, Mackaness showed for the first time that 

macrophages are the cells predominantly implicated in L.m replication and survival (Mackaness, 

1962). Macrophages were also shown to be invaded by a large number of other pathogens. 

Normally, invasive microbial diseases are prevented by effective defense mechanisms of the infected 

host. However, considering the fact that pathogens have coevolved with their host, these microbes 

developed different strategies to overcome the protective host barriers and take advantage of the 

host’s immune responses. The general immune response of the host consists of two distinct systems, 

the innate and the adaptive immune system which will be introduced in the following. A summary of 

the most important components of both systems are shown in figure 1.2. 

 

http://en.wikipedia.org/wiki/Proline
http://en.wikipedia.org/wiki/Glutamic_acid
http://en.wikipedia.org/wiki/Serine
http://en.wikipedia.org/wiki/Threonine
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1.3.1. Innate immune response 
 

Innate immunity is the host’s first response to bacterial invasion and is essential for controlling 

infections. This system comprises cells and mechanisms for non-specific defense against pathogens. 

The recruitment of immune cells to the infection site, release of various cytokines, activation of the 

complement cascade and identification of foreign structures are the major steps in the processes of 

innate immune response. The involved cells are Natural Killer (NK) cells, mast cells, eosinophils, 

basophils and the phagocytic cells including macrophages, neutrophils and dendritic cells. All these 

cells function within the immune system by identifying and eliminating pathogens that might cause 

infection.  The complement system is the humoral component of the innate immune system. This 

system comprises small molecules which help phagocytic cells to clear pathogens from the organism 

by tagging pathogens with these complement molecules, a process also known as opsonisation. 

Activation of the adaptive immune system through the process of antigen presentation by Antigen 

Presenting Cells (APCs) finally leads to the induction of long-lasting protective immunity. The innate 

immune system recognises characteristic pathogen structures. These structures are generally called 

pathogen associated molecular patterns (PAMPs) and their binding receptors are known as pattern 

recognition receptors, including Toll-like-receptors (TLR). This particular type of pattern recognition 

receptor plays a pivotal role in the defense against microbes. TLRs are expressed on neutrophils, 

macrophages, dendritic cells and epithelial cells. Different TLRs show affinity for specific microbial 

products. LPS expressed on Gram negative bacteria is a well-known example among the potent TLR 

stimuli. In terms of L.m., a representative Gram positive bacterium, components such as lipoteichoic 

acid, flagellin, peptidoglycan and bacterial DNA stimulate TLR-signalling. For example, TLR2 and TLR5 

have been shown to be involved in recognition of L.m. (Hayashi et al., 2001; Seki et al., 2002). The 

major downstream effect of TLR-signalling is the activation of the transcription factor nuclear factor 

B (NF- B) resulting in gene expression of inflammatory cytokines (tumor necrosis factor /TNF , 

Interleukin-1/IL-1), antiviral cytokines (IFN , IFN ) and chemokines (monocyte chemotactic protein-

1/MCP-1, CC-chemokine ligand-2/CCL2). Some of these TLRs use an adapter protein myeloid 

differentiation primary-response protein 88 (MyD88) as an alternate way for signalling. TLR-signalling 

in association with this protein is probably important for L.m. resistance because mice lacking this 

MyD88 are highly susceptible to L.m. infection (Seki et al., 2002). 

In general, the effector cells of the innate immune system are neutrophils, mononuclear phagocytes 

and NK cells. During bacterial infection macrophages and neutrophils establish the first line of 

defense, which engulf and degrade invading microorganisms. During L.m. infection macrophages 

release CCL2, recognized by monocytes which express CCR2 (CC-chemokine-receptor 2). The 

interaction of CCL2 and its receptor facilitates the recruitment and arrival of an increasing number of 

monocytes to the infection site (Pamer, 2004). Consequently, these monocytes differentiate into 

http://en.wikipedia.org/wiki/Natural_killer_cells
http://en.wikipedia.org/wiki/Mast_cells
http://en.wikipedia.org/wiki/Eosinophils
http://en.wikipedia.org/wiki/Basophils
http://en.wikipedia.org/wiki/Phagocytic_cells
http://en.wikipedia.org/wiki/Macrophages
http://en.wikipedia.org/wiki/Neutrophils
http://en.wikipedia.org/wiki/Dendritic_cells
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TipDCs (TNF and iNOS producing dendritic cells). Neutrophils are simultaneously mobilised by IL-8 

secreted by macrophages, epithelial cells or endothelial cells for initial infection control. With the aim 

of attracting more macrophages, they release the chemokine MCP-1 and the monocyte proliferation 

factor colony-stimulating factor-1 (CSF-1). In response to infection, macrophages in turn release 

TNF  and IL-12, driving NK cells to produce IFN , resulting in further activation of macrophages 

(Havell, 1987; Tripp et al., 1993). IFN is one of the most important cytokines for the process of 

bacterial killing and induces expression of proteins essential for clearance of bacteria. Mice deficient 

in IFN -Receptor showed increased susceptibility to L.m. infection (Huang et al., 1993). One defense 

mechanism of IFN -activated macrophages is RNI (reactive nitrogen intermediates) production, 

described in chapter 1.3.4. Release of nitric oxide (NO) is mediated by the enzyme iNOS (inducible 

nitric oxide synthase), catalysing the conversion of arginine to citrullin and NO, which is toxic to 

bacteria by causing damage to the microbial DNA. RNI formation and the “respiratory burst” are 

essential mechanisms in bacterial killing via macrophages. 

In the recent years, other molecules like special GTPases have shown to be involved in the immune 

response to infected macrophages. The IFN  and LPS-responsive GTPase LRG-47 belongs to a unique 

class of IFN -inducible 47-kilodalton immunity related GTPases (p47 IRGs) which are thought to drive 

their antimicrobicidal effects in particular by remodeling the pathogen-containing niche or by 

interfering in vesicular memrane trafficking. LRG-47 was suggested to promote maturation and 

acidification of mycobacterial phagosomes as a mechanism to combat mycobacterium tuberculosis 

(Mtb) infection. This was shown by macrophages deficient in this protein which fail to control Mtb 

infection properly (Collazo et al., 2001; Tiwari et al., 2009).   

Another interesting mechanism was observed during L.m. infection. Microbial products of this 

pathogen were shown to induce Type I interferon response, comprising IFN  and   (Nakane and 

Minagawa, 1984). These cytokines are usually associated with anti-viral immune response, resulting 

in the transcription of pro-apoptotic and antigen presentation genes. Induction of type I interferons 

is essential for clearance of many viral pathogens. The bacterium L.m., on the contrary, induces type I 

interferon release for its own benefit in order to dampen inflammation. IFN and  were shown to 

induce T-cell apoptosis early during L.m. infection, resulting in IL-10 secretion by regulatory 

macrophages (See 1.3.3). This seems to be in favour of L.m. and is probably induced by the pathogen 

itself as a potential survival mechanism  (Carrero et al., 2004). 

 

1.3.2. Adaptive immune response 
 

Both innate and adaptive immune responses are essential for the infection control of intracellular 

bacteria (Unanue, 1997). The adaptive immune system allows a strong immune response and 
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immunological memory. Recognition of specific antigens during the process of antigen presentation 

by infected macrophages is the initial step in control of intracellular bacteria such as L.m. Thymus (T)-

lymphocytes are the main players for cell mediated immunity. One member of this type of 

lymphocytes are T helper cells (TH Cells), also known as CD4+ T-cells, which assist in immunologic 

processes by secreting cytokines such as IFN . They stimulate the bactericidal activity of 

macrophages against phagocytosed pathogens and are activated by Major Histocompatibility 

Complex (MHC) class II presented peptide antigens expressed on the surface of APCs. CD4+ T-cells 

also bring B-lymphocytes to differentiate and proliferate for antigen specific immunity. Another 

member of T-lymphocytes are cytotoxic T cells (CTLs), also known as CD8+ T-cells, which recognise 

antigens associated with MHC class I presented on the surface of nearly all cells of the organism. 

These T-cells mediate the destruction of pathogen infected and dysfunctional cells by releasing 

cytotoxins such as perforin and granzymes. During L.m. infection antigens are presented in different 

ways, depending on which cells are infected.  L.m. secretes LLO for disruption of the phagosomal 

membrane (see 1.2) and other proteins, culminating in their degradation by proteasomes. After 

transport through the endoplasmatic reticulum, peptides derived from cytosol proteins are loaded 

on MHC class I molecules and are then presented to CD8+ T-cells. By APCs exposed L.m. antigens 

derive from bacterial secreted, non-secreted or surface-proteins. Among these, LLO is the most 

potent inductor of specific CD8+ T-cells. APCs also present proteins derived from lysosomal 

compartments to CD4+ T-cells via MHC class II. However, CD8+ T-cells seem to be more relevant for 

anti-listerial immunity. These lymphocytes destroy infected cells by releasing perforin, creating pores 

in the membrane. Apoptosis inducing granzymes penetrate through these pores, leading to 

exposition of intracellular L.m. to IFN  activated macrophages. In the context of secondary infection, 

a crucial role lies in perforin action during CD8+ T-cell mediated bacterial eradication, as CD8+ T-cells 

of perforin deficient mice were impaired in their ability to transfer antilisterial immunity to naive 

hosts (Kagi et al., 1994). However, there was evidence of a perforin-independent pathway of CD8+ T-

cells mediated protective immunity which was shown to be a TNF-dependent mechanism  (White 

and Harty, 1998). 

Following an effective bacterial eradication, long-lasting protective immunity against intracellular 

bacteria is provided by memory T-cells. They specifically destroy infected cells and secrete IFN  

leading to activation of macrophages in order to control a secondary infection more rapidly.  

Intracellular bacteria induce the production of very specific memory T-cells demonstrating the 

importance of adaptive immunity in infection control of L.m.  (Jiang et al., 2003). 

Humoral immunity against L.m. is theoretically less essential because intracellular bacteria are 

seldom found in the extracellular milieu.  In certain experimental conditions however, LLO produces 
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high titers of antibody and may play a role in protection against L.m. infection (Edelson and Unanue, 

2001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Innate and adaptive immune response to intracellular bacteria 
Left: Innate immune response to intracellular bacteria is mediated by macrophages, which engulf bacteria and 

release cytokines. IL-12 activates NK cells to release IFN , which in turn enhances the ability of macrophages to 

kill bacteria. Other cytokines like TNF and IL-1 are also released to mediate local inflammation. Chemokines 
attract other effector cells like neutrophils. 
Right: In adaptive immunity, cytokines stimulate proliferation and differentiation of antigen-stimulated 
lymphocytes and activate effector cells. CD4

+
T cells respond to class II MHC-assiociated peptide antigens. These 

T cells pruduce IFN which activates the infected macrophage to destroy the microbes. CD8
+
T cells respond to 

class I-associated peptides and kill the infected cell. This finally terminates the infection. (based on Abbas, 
cellular and molecular immunology, 6

th
 edition); CTL= cytotoxic T-cell 

 

1.3.3. Macrophages 
 

Almost 100 years ago, macrophages were described to be the effector cells in systems that are now 

known as the innate and adaptive immune system. In 1908, Ilya Mechnikov (also known as Elie 

Metchnikoff) and Paul Ehrlich were awarded with the Nobel Prize in physiology and medicine for 

discovering the function of macrophages. Mechnikov described phagocytes as the functional cells for 

ensuring homeostasis and protecting the host from infection through a process he called “innate 

immunity”. Paul Ehrlich held the opinion that host defense depended on soluble host 

macromolecules with high specificity to factors needed by pathogens and he believed immunity was 

rather a molecular than a cellular process. At that time both views were regarded as competing 
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alternatives. Today we know that these are complementary systems and Ehrlich’s discovered soluble 

components belong to the system called “adaptive immune system” (Nathan, 2008).  

Macrophages are bone marrow derived cells and part of the mononuclear phagocyte system. They 

are released from the bone marrow into the bloodstream and are called monocytes until they enter 

various tissues, mature and become macrophages. During monocyte development, myeloid 

progenitor cells (termed granulocyte/macrophage-colony forming units) undergo several 

differentiation steps in the bone marrow. In response to macrophage colony-stimulating factor 

(MCSF) they differentiate into monoblasts, then pro-monocytes before becoming monocytes and 

entering the bloodstream (Mosser and Edwards, 2008). Some publications suggest that two different 

populations of monocytes exist in the bloodstream of mice before reaching their parenchymal 

destination. Based on different phenotypes and biochemical signatures, they are divided into 

inflammatory and resident monocytes. Inflammatory monocytes exit the blood rapidly and 

differentiate into macrophages in the infiltrated tissue, in contrast to resident monocytes, which 

probably stay longer in the blood system and mature in non-inflamed tissues (Geissmann et al., 

2003). Macrophages, however, depending on the localisation site and different stimuli, acquire 

different morphological forms, branching them out into various subpopulations. For instance, 

macrophages are known as microglia in the central nervous system, Kupffer cells in the liver, alveolar 

macrophages in pulmonary airways and osteoclasts in the bones.  

Generally, macrophages have three major functions: phagocytosis, antigen presentation and the 

modulation of immune responses through production of various cytokines and growth factors. They 

play a critical role in defense against a wide variety of microorganisms including, bacteria, viruses, 

fungi and protozoa. They are involved in the initiation, maintenance and resolution of inflammation 

and respond to a variety of microbial products and cytokines. Such cytokines are produced by cells of 

the innate immune in the case of injury or infection, or by antigen-specific immune cells. 

Additionally, macrophages produce several factors themselves for autocrine stimulation. The 

response of macrophages to different activator and inhibitory ligands results in a complex 

modulation in phenotype and tremendous heterogeneity in their activities. Based in this 

heterogeneity a classification of macrophages into two major groups was suggested, namely the 

classical activated also known as M1 macrophages, and the alternatively activated, known as M2 

macrophages. This classification arose in analogy with their activation by cytokines released from T-

helper-1 (Th1) and T-helper 2 (Th2) lymphocytes (IFN  and IL-4 or IL-13, respectively)  (Gordon and 

Martinez, 2010; Pluddemann et al., 2011). 

According to their diversity of functions, Mosser and Edwards suggested a subdividing of 

macrophages into three groups, namely the classically activated, the wound healing (or alternatively 

activated) and the regulatory macrophages (Mosser and Edwards, 2008). Classically activated 
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macrophages arise in response to the priming stimulus of Interferon-  (IFN and a second signal, 

TNF . These two cytokines enhance macrophages’ microbicidal activity and activate them to release 

pro-inflammatory cytokines (Nathan, 1991). The second signal TNF  is in general released by 

macrophages themselves as a result of TLR-signalling due to contact with microbial products such as 

lipopolysaccharide (LPS) and induced by IL-1 also released from macrophages or is produced by a 

variety of other cells including mast cells, endothelial cells and fibroblasts. The main task of these 

types of macrophages is to migrate to the site of inflammation and engulf pathogens for degradation 

(Mosser, 2003). A second feature of classically activated macrophages is their enhanced capacity to 

kill intracellular bacteria which is in part due to their ability to produce oxidative burst products such 

as nitric oxide (NO) (Hibbs, Jr., 2002; MacMicking et al., 1997). Furthermore, they express IL-1, IL-6 

and IL-23 also important components of host defense. 

Wound healing macrophages show different functions. For instance, these macrophages fail to 

produce NO and therefore are less efficient in eradicating intracellular microbes. This is mediated by 

IL-4, which induces the activation of Arginase1 (Arg1). Arginase competes with iNOS for the substrate 

arginine resulting in less NO (Rutschman et al., 2001).  Arginase 1 is also involved in polyamine and 

proline biosynthesis, which is important for collagen formation and tissue repair. This contributes to 

the wound healing activity of these macrophages  (Hesse et al., 2001; Kreider et al., 2007). 

Regulatory macrophages have various functions but their primary role is to suppress immune 

response and limit inflammation, mainly by production of high levels of the anti-inflammatory 

cytokine IL-10.  Regulatory macrophages arise in response to stimuli such as glucocorticoids released 

during stress response, the cytokine TGF  released by macrophages after phagocytosis of apoptotic 

cells (Fadok et al., 1998) and prostaglandins (Strassmann et al., 1994). 

An additional, general task of macrophages is the removal of cellular debris that is generated during 

tissue remodelling and they rapidly clear cells that have undergone apoptosis. Phagocytosis of such 

cellular debris and clearance of the interstitial environment from cellular material are principal 

functions of macrophages besides their activity in immune response.   

 

1.3.4. Phagocytosis and phagosome maturation 
 

Phagocytosis is a type of endocytosis which generally describes the uptake of extracellular material. 

The ability of phagocytosis is limited to only a few cells such as macrophages, monocytes and 

neutrophils, usually in order to eliminate pathogens and clear the organism from apoptotic cell 

debris. The phagocytic process is complex and hard to describe with a single model. The first step in 

phagocytosis is the recognition of microbes and apoptotic cells by specific receptors, which are 

functionally linked to the mechanism of phagocytosis. These receptors are very important because 
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macrophages are constantly exposed to the body’s own structures and need to differentiate 

between them and exogenous structures. Some of these receptors are pattern recognition receptors, 

TLR´s and receptors that in particular recognise microbes coated with antibodies, complement 

proteins or lectins, a process known as opsonisation. The final purpose of phagocytosis is to kill the 

ingested microbe by means of microbicidal molecules in the phagolysosome. The particle or bacteria 

uptake which occurs throughout phagocytosis involves many different proteins and signalling 

molecules. The phagocytosed particle or pathogen is first surrounded by the cell membrane, forming 

the phagosome. The initial phagosome is not able to kill pathogens, it must previously interact with a 

series of endosomes and lysosomes, resulting in a process called phagosome maturation (Haas, 2007; 

Vieira et al., 2002).  

This maturation process requires fission and fusion events, termed ‘kiss and run’ by M. Desjardin 

(Duclos et al., 2000), resulting in a degradative environment in the vacuole. ‘Kiss and run’ means 

these organelles do not completely fuse, but rather more partially fuse (‘kiss’) to mix their cargo and 

membrane proteins with the phagosome. Subsequent fission events separate them again (‘run’), 

preventing complete intermixing of these organelles. However, final membrane fusion with 

lysosomes has been observed by Luzio et al. (Luzio et al., 2005). 

Small GTPases of the Rab-family (“Ras-related in brain”) play an essential role in this maturation 

process. These molecules have functions in vesicle transport and vesicle fusion which also includes 

fusion with phagosomes (Jordens et al., 2005). One of the first GTPases appearing on the 

phagosomal compartment is Rab5. This protein drives early endosome fusion events to the extent 

that overexpression of a constitutive active form of Rab5 stimulated endocytosis and vesicle fusion 

resulting in giant endosomal vesicles. On the contrary, overexpression of a dominant negative 

mutant with a higher affinity to GDP resulted in blockade of endocytosis and endosome fusion 

(Stenmark et al., 1994). Rab5 appears in three isoform Rab5a, Rab5b and Rab5c, which are all 

involved in vesicular trafficking. Rab5-GTP, the active form of Rab5 on the phagosomal membrane, 

recruits the early endosome associated protein 1 (EEA1), a protein for vesicular transport (Mu et al., 

1995). Regarding motility of phagosomes in the cell, current data suggests actin is involved in 

transport of large phagosomes, whereas smaller ones probably travel along microtubules. 

Nevertheless, both microtubules and microfilaments seemed to be involved in phagosomal transport  

(Moller et al., 2000; Toyohara and Inaba, 1989).  

The lumens of these early phagosomes show mildly acid pH of 6.3 which changes to about 5.5 when 

these compartments mature and enter the late phagosomal stage. This stage is characterized by a 

multivesicular structure and the appearance of other proteins like Rab7 and lysosomal associated 

membrane proteins (LAMP´s). The transition of late phagosome to phagolysosme is also suggested to 

be driven by Rab proteins (Funato et al., 1997). Rab7 and its interacting protein RILP (Rab7-
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interacting lysosomal protein) seemed to be essential for phagolysosomal formation, additionally 

linking the microtubule/dynein machinery to this process (Harrison et al., 2003). Acidification of the 

lysosomal compartment is an essential step in phagosome maturation, as a low pH value is a 

prerequisite for sufficient activation of cathepsin familiy proteases and optimal for hydrolytic enzyme 

function. Phagosome acidification is regulated by vacuolar ATPase complex (V-ATPase) which 

translocates protons from the cytoplasm into the intraphagosomal lumen resulting in pH values 

lower than 4.5 towards the end of this process (Lukacs et al., 1990). Acidic vesicles are the optimal 

environment for degradation of proteins and pathogens. An important protease in this acidic lumen 

is the aspartyl-protease CTSD. Together with LAMPs, processed CTSD is among the major 

characteristics of a lysosomal compartment. 

 In addition, activated macrophages respond to bacterial infection by producing reactive oxygen 

species (ROS) where molecular oxygen is reduced to superoxide radicals and hydrogen peroxide. 

Known as “respiratory burst”, this rapid release of ROS is mediated by phagocyte oxidase, a 

multisubunit enzyme which assembles on the phagolysosomal membrane and is activated by IFN  

and TLR´s signals. Another IFN  driven process is the production of RNI, generated by the action of 

iNOS. This enzyme catalyzes the formation of NO from L-arginine and molecular oxygen. The 

emerged NO is an unspecific toxic radical which can lead to tissue injury in the host or be 

cytoprotective by destroying pathogenic microorganisms. The free radical NO can react with 

superoxide resulting in formation of peroxynitrite, one of the most powerful oxidants known to be 

generated in organisms. It can change protein structures by nitrosylation and nitration of amino acids 

and cause DNA damage, including base modification or DNA strand breakage. Together ROS and RNI 

contribute to the eradication of microbes within the phagolysosomal compartment. Sequential steps 

of the phagosomal maturation process is shown in figure 1.3 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

- 12 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Sequential steps of phagsome maturation 
0-5 min: the early phagosome appears with markers like EEA1 and Rab5. 5-30 min: ‘ kiss and run’ events drive 
the maturation process into a late phagosome, where markers like LAMP1 and Rab7 are recruited from the 
trans-Golgi network to the endosomal-phagosomal compartment. 30-60 min: Rab7 promotes fusion with 
lysosomes and recruitment of procathepsin D. Decreasing pH promotes maturation of cathepsin D (based on 
Russell, 2001). 
 

1.3.5. Cathepsin D 
 

As described above, CTSD is found in lysosomal organelles. However, before CTSD reaches the 

phagosome in its mature active form it must undergo several maturation steps in the endosomal 

compartment.  CTSD is an aspartatic protease of the pepsin superfamily with several physiological 

functions such as protein degradation, apoptosis and autophagy. In humans, CTSD is synthesized as a 

single polypeptide on the rough endoplasmatic reticulum (RER). This Pre-pro-CTSD contains a 

secretion signal peptide, which is removed during co-translational translocation across the ER 

membrane resulting in the inactive form of pro-CTSD (52 kDa). On two N-linked glycosylation sites 

CTSD is glycosylated and transported to the Golgi stacks. In order to finally reach its destination, the 

lysosomal compartment, glycosylated CTSD is phophorylated at mannose residues of the N-linked 

oligosaccharides. These are recognised by the mannose-6-phophat receptor (MPR300) in the trans-

Golgi network, where lysosomal hydrolases are packed in budding transport vesicles before routing 

them into endosomes and lysosomes. Pro-CTSD is proteolytically processed in these compartments, 

initially through the dissociation of MPR300 and its phosphate groups, along with the removal of the 

propeptide. This propeptide, also known as the activation peptide, is reported to be essential for 
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correct folding, activation and delivery of the protein to lysosomes (Laurent-Matha et al., 2006; 

Takeshima et al., 1995). Its removal generates the resulting active intermediate molecule of CTSD 

(48 kDa)  (Zaidi et al., 2008). This 48 kDa CTSD intermediate is further processed into the mature 

form consisting of an aminoterminal light chain (14 kDa) and a carboxyl-terminal heavy chain 

(34 kDa). Both forms represent the active form of CTSD. The molecular mechanism of CTSD 

processing is controversially discussed. An activation-process mediated by cystein proteases such as 

cathepsin L and cathepsin B  have been reported (Laurent-Matha et al., 2006). On the other hand, in 

vitro studies claimed an autocatalytical generation of active CTSD as a consequence of the low pH 

values resulting in an enzyme form that retains 18 residues of the propeptide (Hasilik et al., 1982; 

James and Sielecki, 1986). However, this CTSD form was shown to be not a required intermediate for 

CTSD-processing, therefore it rather seemed to be an in vitro artefact (Laurent-Matha et al., 2006). 

Another way of CTSD activation was reported via ceramide generated by the hydrolase acid 

sphingomyelinase (ASMase), which links TNF-R1 signalling to CTSD activation (Heinrich et al., 2004). 

Earlier studies showed that CTSD is a target of the second messenger lipid ceramide and is activated 

by this molecule (Heinrich et al., 1999). TNF-R1 was shown to internalise upon TNF  stimulation and 

to undergo a vesicle maturation process. Interestingly, the mature form of CTSD was found to be 

localised within these isolated TNF-R1 containing compartments (see 1.5.1).  

 

1.4. Structural and functional features of TNFRs and  ligands 

1.4.1. TNFR superfamily 
 

TNF and TNF-R1 belong to the TNF/TNFR (TNF-receptor) superfamily, a system which consists of 

more than 40 identified ligand and receptor proteins, to date. The binding of TNF family members to 

their receptors induces a variety of different responses. These responses are either anti- or pro-

apoptotic leading to activation of the transcription factors NF- B and Activator Protein-1 (AP-1) or to 

activation of initiator and effector caspases, respectively. The selected pathway depends on the 

particular receptor which is used and the cell type on which the receptor is expressed. The TNFR 

superfamily members share equal structures in the ligand-binding region, but vary greatly in their 

intracellular cytoplasmatic domains. TNFRs are transmembrane proteins typ I and are expressed on 

almost all cell types except erythrocytes and unstimulated T-lymphocytes. At present, 19 superfamily 

ligands have been identified, binding to 32 different TNFRs. These receptors are characterized by 

several copies of cystein rich domains (CRD) connected by disulfide bonds, creating the scaffold of 

the extracellular part (Locksley et al., 2001; Smith et al., 1994). The intracellular part consists of 

several functional domains. The TNFR superfamily can further be divided into roughly three groups, 

depending on their binding domain functionality in the intracellular part. The first group possesses a 
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so-called death domain (DD), a region of about 80 amino acid residues in the cytoplasmatic domain. 

The second group is characterised by a motif in its intracellular domain binding accessory molecules, 

called TNF receptor associated factors (TRAFs). The last group apparently does not transmit any 

signal, belonging to what is known as decoy receptors (Grivennikov et al., 2006). DD receptors can 

induce apoptosis by binding various cytoplasmic adapter molecules. These death receptors are CD95, 

TNF-R1, DR3 (death receptor 3), TRAIL-R1 (TNF-related apoptosis-inducing ligand receptor 1), TRAIL-

R2, DR6, p75-NGFR (p75-nerve growth factor receptor) and EDAR (ectodermal dysplasia receptor) 

(Wajant , 2003). The extrinsic signalling pathway of apoptosis is mediated by these death receptors. 

The DD of these receptors serves as a platform for the recruitment of different adapter molecules 

which lead to the apoptotic signal. In the case of TNF-R1, FADD (Fas associated death domain), 

TRADD (TNF-receptor associated death domain) and the initiator caspase-8 are indispensible 

components for the generation of the death inducing signalling complex or DISC  (Scaffidi et al., 

1999). The TNF-R1 signalling pathway is discussed in detail in 1.5.1. 

Prior to ligand-binding, TNFRs preassemble into trimer complexes on the cell surface. This formation 

requires a region at the amino terminal end of the receptors and is termed PLAD for pre ligand 

assembly domain (Chan et al., 2000; Siegel et al., 2000). TNFRs usually form homotrimers and this is 

essential for ligand-binding and signal transmission.  

 

1.4.2. Tumor Necrosis Factor   
 

TNF is a key mediator in immunity and inflammation and has a plethora of functions. Its biological 

role ranges from protective effects in inflammation to host defense and important cytokine action in 

organogenesis.  It plays a part in cell proliferation, survival, differentiation and apoptosis, addressing 

different signal transduction pathways  (Hehlgans and Pfeffer, 2005).  Furthermore, a role of TNF  in 

the pathogenesis of many human diseases, including sepsis, cerebral malaria, diabetes, cancer, 

osteoporosis, allograft rejection, and autoimmune diseases such as multiple sclerosis, rheumatoid 

arthritis, and inflammatory bowel diseases has been implicated (Chen and Goeddel, 2002).  

The action TNF  first surfaced in the 19th century surgical ward of Paul von Bruns (Bruns, 1888), 

based on the anti-tumoural response observed in patient upon a bacterial infection. These findings 

were further examined by the American physician W.B Coley, who developed an anti-tumoural 

therapy with bacterial extracts known as the Coley’s toxin (Coley, 1893). Studies of mice infected 

with Bacillus Calmette-Guerin (BCG) and treated with endotoxin showed that the endotoxin is 

doubtfully the substance responsible for tumour regression, but rather a factor released from the 

host cell itself. This factor was named tumor necrosis factor (TNF) because of its necrotic action with 

tumours (Carswell et al., 1975). In 1985, Bruce A. Beutler and Anthony Cerami discovered that a 

http://en.wikipedia.org/wiki/Bruce_A._Beutler
http://en.wikipedia.org/wiki/Anthony_Cerami
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hormone that induces cachexia and previously-named cachectin was actually TNF (Beutler et al., 

1985). 

TNF is also termed TNF  to distinguish it from the closely related cytokine lymphotoxin/TNF , which 

binds the same receptors. There are two existing molecules of TNF , the 27 kDa type II 

transmembrane protein and the 17 kDa soluble cytokine. The membrane associated protein is 

cleaved by the metalloproteinase TACE (TNF alpha converting enzyme), giving way to the 17 kDa 

soluble TNF (Black et al., 1997; Gearing et al., 1994). These smaller resulting molecules arrange into a 

homotrimeric structure, forming the 51 kDa TNF cytokine  (Eck et al., 1989; Jones et al., 1989). Both 

membrane bound and soluble TNF are biologically active.  

TNF  is released in very high amounts by macrophages after LPS stimulation, and to a certain extent 

by antigen stimulated T-Cells, NK cells and mast cells (see 1.3.3). One of the primary biological 

functions of TNF  is to bring inflammatory cells towards the infection site and activate their 

microbicidal capacity. With this aim, TNF  induces the expression of adhesion molecules on the 

surface of vascular endothelial cells, grasping circulating leucocytes as they pass through the site of 

infection. This process is mediated by the expression of proteins such as E-selectin and intercellular 

adhesion molecule-1 (ICAM-1) (Munro et al., 1989). TNF  also induces the release of chemokines for 

the attraction of immune cells like MCP-1 during inflammation (Rollins et al., 1990). Low 

concentrations of TNF induce inflammation, but high amounts cause acute damage to the 

organism. Metabolic disturbances, rapid decrease in blood pressure and intravascular thrombosis are 

among these potentially fatal consequences. LPS induced TNF  is also the principal factor leading to 

septic shock, characterised by the aforementioned pathological conditions. 

Apart from its function in the immune response, TNF  also induces apoptosis in some cell types, 

which plays a role in the elimination of virus infected cells. This apoptotic activity is mediated by TNF-

Receptor-1 signalling described in detail in 1.5.1. 

1.4.3. Tumor Necrosis Factor Receptor-1  
 

The diverse cellular functions of TNF  are mediated by two distinct receptors of the TNFR 

superfamily, TNF-R1 (55 kDa) and TNF-R2 (75 kDa). Both receptors show similarities in their 

extracellular domains, but diverge in their intracellular part. In contrast to TNF-R1, the intracellular 

part of TNF-R2 lacks the death domain (DD).  Therefore, the main function of TNF-R2 is the activation 

of the NF- B-signalling pathway via TRAF binding. This results in cytokine production or transcription 

of anti-apoptotic factors like c-IAP1 and c-IAP2 (cellular inhibitor of apoptosis 1 and 2) (Wang et al., 

1998). Nevertheless, TNF-R2 also seems to be engaged in TNF-R1 signalling. The “ligand passing” 

model describes the rapid binding of TNF  to TNF-R2, increasing the local level of TNF  on the cell 

http://en.wikipedia.org/wiki/Cachexia
http://www.dict.cc/englisch-deutsch/disturbances.html
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surface in order to pass it over to TNF-R1, thus resulting in signalling enhancement (Tartaglia et al., 

1993).  

Another difference between those two receptors is their affinity to different TNF-molecules. TNF-R2 

is mainly activated by the transmembrane form, whereas TNF-R1 shows higher affinity to soluble 

TNF  (Grell et al., 1995; Grell et al., 1998). Due to its widespread appearance and high expression 

levels, TNF  induced signalling is mainly transmitted by TNF-R1. In order to mediate its diverse 

actions, it contains several functional domains such as intracellular DD and the Neutral 

Sphingomyelinase Domain (NSD). The DD platform is used for binding various proteins, either to start 

apoptotic signalling or to promote cell survival with the activation of NF- B signalling. This dichotomy 

of TNF-R1 signalling is regulated by receptor internalisation. TNF binding and receptor internalisation 

leads to activation of the apoptotic signalling pathway. The deletion of a functional sequence in the 

intracellular domain called TNF-receptor internalisation domain (TRID) prevents apoptotic signalling 

but allows NF- B signalling (Schneider-Brachert et al., 2004). These findings suggested that receptor 

internalisation is a prerequisite event to start apoptosis but not necessary for NF- B signalling. 

However, apoptotic signalling is not only induced after TNF-R1 internalisation. Other ways exist to 

induce apoptosis alternatively via TNF-R1 (see 1.5.2).  

Ligand binding induces critical steps for downstream signalling events: first receptor trimerisation, 

followed by receptor internalisation and resulting DISC formation (see 1.5.1). Another functional 

domain for transmission of apoptotic signals is previously mentioned NSD  (Adam et al., 1996). The 

factor FAN (factor associated with neutral sphingomyelinase) interacts with NSD and activates the 

enzyme neutral sphingomyelinase on the plasma membrane, facilitating the hydrolysis of 

sphingomyelin to ceramide and phosphocholine. This signalling molecule ceramide induces cell 

death, independent of DISC formation (Adam-Klages et al., 1996). 

 

1.5. The diversity of TNF-R1 signalling 

1.5.1. Apoptotic signalling via DISC formation 
 

The initial step for TNF-R1 induced apoptotic signalling is the DISC-formation. The DISC consists of the 

adapter-proteins TRADD, FADD and the initiator caspase-8. Schneider-Brachert et al. were able to 

demonstrate that TNF-R1 associated DISC-formation is one of several possible ways of inducing 

apoptotic signalling which comprises receptor internalisation as the primordial event (Schneider-

Brachert et al., 2004). The above mentioned intracellular TRID sequence contains a distinct motif 

(YQRW), also known for receptor endocytosis by clathrin coated vesicles (Bonifacino and Traub, 

2003). Deletion of this domain or mutations in this motif lead to complete loss of internalisation, 

DISC formation and TNF  induced apoptotic signalling. This is in contrast to the work of Micheau and 
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Tschopp who suggested two sequential signalling complexes for TNF-R1 mediated signalling. In this 

model on plasma membrane bound Complex I triggers NF- B signalling and is composed of TNF-R1, 

TRADD, RIP, TRAF2 and c-IAP.  Apoptosis signalling is induced by Complex II, which lacks TNF-R1 but 

includes FADD and procaspases-8 and -10 (Micheau and Tschopp, 2003). These controversial findings 

regarding TNF-R1 associated DISC formation can be explained by the different experimental 

approaches used. Schneider-Brachert et al. worked with a new isolation technique based on 

magnetically labelling of TNF-R1. This method allowed the purification of specific receptor containing 

vesicles. In this particular model ligand binding induces TNF-R1 internalisation and initiates the 

recruitment of TRADD to the cytoplasmatic DD (Hsu et al., 1996b). From this point on, both pro- and 

anti-apoptotic signalling pathways can begin. In case of apoptosis, TRADD binds FADD and 

procaspase-8 binds to the death effector domain (DED) of FADD. Procaspase-8 is autocatalytically 

processed and activated. Caspase-8 induces subsequent activation of caspase-3, an effector-caspase 

which initiates successive mechanisms of apoptosis. In some cell types, activation of caspase-8 is 

insufficient for caspase-3 activation and a second mitochondria-associated pathway is deemed 

necessary to amplify the apoptotic signal. In this case, the cytosolic protein and pro-apoptotic Bcl-2 

(B-cell lymphoma 2) family member Bid (borane interacting domain death agonist) is cleaved by 

caspase-8. Translocation of tBid (truncated Bid) from the cytoplasm into the mitochondria-

membrane induces cytochrom C release, initiating apoptosome assembly  and caspase-3 activation 

(Li et al., 1998; Luo et al., 1998) (see 1.5.2)  

Throughout the TNF-R1 internalisation process, receptor-containing vesicles called “TNF-R1-

receptosomes” undergo endocytic maturation. These receptosomes follow the endocytic pathway 

and fuse with trans-Golgi-vesicles. These maturational steps can be traced by the appearance of early 

endosomal markers such as GTPases (Rab4, Rab5), trans-Golgi membrane proteins (p47A, Vti1b) and 

lysosomal proteins (LAMP1, mature cathepsin D) on receptosomes. Other components such as the 

activated acid sphingomyelinase (ASMase) can also be found in TNF-R1 compartments (Schneider-

Brachert et al., 2004). Concomitantly, activation of ASMase seems to be tightly linked to 

internalisation because TNF-R1-mutants with deletion of TRID (TNF-R1 TRID) fail to activate this 

enzyme. 
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Figure 1.4: Model of TNF  induced TNF-R1 signalling pathways  

Ligand binding of TNF  to TNF-R1 leads to several signalling cascades. Activation of NF- B is mediated via 
recruitment of TRADD, TRAF2 and RIP1 at the cell surface. Blockade of internalisation by deletion of TRID gives 

way to NF- B signalling via recruitment of TRAF2 and RIP1. TNF-R1 internalizes via clathrin mediated 

endocytosis to terminate NF- B signalling via CARP-2 and A20. In order to induce apoptotic signalling, the 
recruitment of the DISC (TRADD, FADD, caspase-8) is essential. Caspase-8 activation is internalisation 
dependent and can induce caspase-3 activation. Throughout the endocytic pathway, TNF-R1 fuses with trans-
Golgi-vesicles which contain pro-ASMase and pre-pro-Cathepsin D. Activated caspase-8 induces the 
mitochondrial apoptotic pathway via ASMase activation, cathepsin D activation, cleavage of BID and caspase-9 
activation  (Schütze and Schneider-Brachert, 2008) 
 

1.5.2. Apoptotic signalling via acid and neutral sphingomyelinase activation 

 

As mentioned earlier, an alternate apoptotic signalling pathway has been identified which occurs in 

association with mitochondria. Usually this pathway, also known as intrinsic pathway of apoptosis, is 

induced by viral infections and in response to DNA damage. Processes in this pathway are strictly 

under control of Bcl-2 family proteins which can either inhibit or promote apoptosis. Proapoptotic 

members of this familiy, Bid and Bax  (Bcl-2-associated X protein) localise to the mitochondria and 

induce pore formation and permeabilisation of the outer mitochondrial membrane in order to 

release several proteins (Youle and Strasser, 2008). In particular, the cytosolic protein Bid is cleaved 

by caspases or proapoptotic proteases generating tBid which translocates into mitochondria, 
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interacts with proapoptotic Bcl-2 members (Bax and/or Bak for Bcl-2 homologous antagonist/killer) 

and initiates release of proteins from the inner mitochondrial membrane into the cytosol.  Among 

these proteins is cytochrome C, a key component of the mitochondrial electron transfer chain. 

Cytochrome C adheres to the cytosolic factor Apaf-1 (apoptotic protease activating factor 1) leading 

to the assembly of a heptameric protein ring called apoptosome  (Shi, 2006; Wang, 2001). In order to 

facilitate apoptosome formation, Apaf-1 is equipped with an N-terminal caspase recruitment domain 

(CARD), a nucleotide-binding oligomerization domain (NOD) and cytochrome C binding region. The 

generated Apaf-1/cytochrome C-complex requires nucleotides (dATP or ATP) for procaspase-9 

recruitment and activation (Zou et al., 1999). After its association, procaspase-9 induces its 

autoactivation and active caspase-9 dissociates from the apoptosome-complex in order activate 

further downstream caspases such as caspase-3, caspase-6 and caspase-7 (Rodriguez and Lazebnik, 

1999). These caspases in turn, cleave many intracellular substrates finally leading into the 

morphological changes characteristic for apoptosis.  

In particular, TNF-R1 and the protease CTSD have been linked to this alternative pathway of 

apoptosis via acid and neutral sphingomyelinase. Upon TNF stimulation, TNF-R1 internalisation 

induces ASMase activation and ceramide generation (Heinrich et al., 2004). The newly synthesised 

ceramide binds to CTSD, inciting the protease’s autocatalytical activation. Activated CTSD 

subsequently cleaves the Bcl2-member protein Bid resulting again in tBid and starts the above 

described intrinsic pathway of apoptosis (Heinrich et al., 1999).  

Furthermore, missing TNF-R1 internalisation due to TRID motif deletion (TNF-R1 TRID) does not 

impede a residual activation of caspase-3 upon TNF  stimulation, irrespective of absent caspase-9 

activation (Neumeyer et al., 2006). These cells lack DISC formation and active caspase-9 but 

nevertheless enter apoptotic cell death. In this case, capsase-3 is activated by another enzyme, the 

neutral sphingomyelinase (N-SMase).  Although TNF-R1 TRID is retained on the cell surface, TNF-R1 

is still able to interact with the protein FAN using its NSD motif. Prolonged interaction with FAN 

results in overactivation of NSMase, which also hydrolyses sphingomyelin for ceramide generation. 

An overview of the precise process of apoptosome formation and the components for mitochondrial 

apoptotic signalling gives Figure 1.5. 
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Figure 1.5: Apoptotic signalling via mitochondria: Apoptosome formation 
TNF-R1-signalling results in activation of SMase which processes sphingomyelin resulting in ceramide. Ceramide 
activates CTSD which cleaves Bid. The resulting tBid translocates to mitochondria inducing cytochrome C 
release. In the cytosol, binding of cytochrome C to Apaf-1 and dATP/ATP leads to the formation of the 
apoptosome. After assembly of caspase-9 with the apoptosome, caspase-3 is cleaved by activated caspase-9, 
initiating apoptosis (Apaf-1: Dash Phil. “Caspases and apoptosis”, Caspase activation. 
http://www.sgul.ac.uk/depts/immunology/~dash/apoptosis/caspases.htm 23. July 2011) 
 

1.5.3. Anti-apoptotic signalling via NF- B  
 

As previously mentioned TNF-R1 can induce anti-apoptotic signalling also, resulting in NF- B 

activation. NF- B is a transcription factor known for promoting expression of a enormous variety of 

genes involved in cell survival, inflammation, immunity and cell proliferation  (Karin and Lin, 2002). 

Many bacterial products and stimulation of a variety of cell-surface receptors lead to NF- B 

activation. TLRs as specific pattern recognition receptors are the most prominent ones. Mammals 

express five Rel (NF- B) proteins, which share an N-terminal Rel homology domain (RHD) responsible 

for DNA binding and homo- and heterodimerization. These proteins can be categorised into two 

groups. The first group consists of proteins which are synthesized as mature forms: RelA/p65, c-Rel 

and RelB. The NF- B proteins p50/NF- B1 and p52/NF- B2 constitute the second group, which first 

appear as large precursor proteins (p105 and p100, respectively) and reach their mature form only 

after proteolytic processing. Dimerisation of these numerous aforementioned subunits results in the 

generation of functional transcription factors with diverse DNA-binding specificities and 

transactivation potentials (Li and Verma, 2002). These homo/heterodimer-complexes translocate 

http://www.sgul.ac.uk/depts/immunology/~dash/apoptosis/caspases.htm
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into the nucleus and induce gene transcription. NF- B in general is responsible for regulating rapid 

cellular responses. Because of its constantly presence in the cytoplasm of the cell and no need of 

new protein synthesis for its activation, signalling through this factor allows a rapid response to 

diverse stimuli.  

In the case of TNF-R1 signalling, NF- B consists of the p50/p65 heterodimer and induces 

transcription of genes which generate anti-apoptotic proteins responsible for cell survival. 

Inactive NF- B is located in the cytoplasm attached to its inhibitors I Bs (inhibitor B)  (Baeuerle and 

Baltimore, 1996; Siebenlist et al., 1994). These inhibitors need to be removed to generate the active 

NF- B protein which is mediated by the activated IKK (I B Kinase) complex. 

NF- B signalling via TNF-R1 starts with the binding of TRADD to the DD, serving as an assembly 

platform for the proteins TRAF-2 (TNF receptor-associated factor-2) and RIP1 (receptor interacting 

protein-1) (Devin et al., 2000; Hsu et al., 1996a). Binding of TRAF-2 however is controversially 

discussed as there is evidence of an additional binding phenomenon, independent of TRADD. Here, 

RIP-1 and TRAF-2 bind directly to TNF-R1 DD (Jin and El Deiry, 2006; Zheng et al., 2006). From this 

point, activation of the IKK-complex starts. The IKK-complex consists of the catalytic subunits IKK , 

IKK  and the regulatory subunit IKK  (=NEMO for NF-kB essential modulator) (DiDonato et al., 1997; 

Hu et al., 1999; Li et al., 1999). This complex is specifically activated by the DD kinase RIP (Li et al., 

1999; DiDonato et al., 1997; Hsu et al., 1996a; Hsu, 1995; Stanger, 1995). RIP is a serine/threonin 

kinase, which is heavily ubiquitinated after recruitment to the TNF-R1. The IKK subunit NEMO 

specifically recognises these polyubiquitinated chains and activates the IKK complex (Ea et al., 2006; 

Li  et al., 2006) The inhibitors I Bs are then phosphorylated upon TNF stimulation at serine residues 

32 and 36 by the activated IKK-complex. This modification prepares them for ubiquitinylation by the 

E3-ubiquitin-ligase, resulting in degradation by the proteasome. Free of its inhibitors, NF- B is now 

activated and able to translocate into the nucleus for target gene transcription and expression. 

Termination of NF- B signalling is also linked to RIP. The E3-ubiquitin-ligase CARP2 (caspase-

associated ring protein-2) and the ubiquitin-ligase A20 both target RIP for K-48 linked ubiquitination, 

resulting in proteasomal degradation of RIP. Removing RIP causes final downregulation of TNF  

induced NF- B signalling (Liao et al., 2008; Wertz et al., 2004). 
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Figure 1.6: NF- B signalling pathway 
Following Receptor ligation, recruitment of receptor proximal 
adapter proteins and the TRAF-2/ RIP-1 complex leads to IKK 

activation. IKK consits of the subunits IKK , IKK and NEMO 

which phopsphorylates the inhibitor protein I B, prepares it for 
ubiquitinylation and results in proteasomal degradation of the 

protein. Phosphorylated NF- B dimers translocate to the 

nucleus, binds to B DNA elements and induces transcription of 
target genes. (Based on Hayden and Ghosh, 2008) 

 

1.5.4. The MAP-kinase signalling 
 

In order to complete the TNF  induced signalling cascades mediated by TNF-R1, the mitogen 

activated protein-kinase (MAP-kinase) signalling pathway will be briefly represented in this chapter.  

MAPKs are thyrosine/threonine kinases with functional implications in gene transcription, post-

transcriptional regulation, apoptosis and cell cycle progression  (Chang and Karin, 2001; Platanias, 

2003). These kinases have been classified into three groups: the extracellular-signal regulated kinases 

(ERKs) ERK1 and ERK2, the p38 family (p38 , p83 , p38  and p38 and the JUN amino-terminal 

kinases (JNKs) JNK1, JNK2 and JNK3. Recently identified MAPKs such as ERK3, ERK5, ERK7 and ERK8 

have yet to be classified. The activation of these kinases is regulated by upstream kinases, known as 

MAPK kinases (MAPKKs), which phosphorylate thyrosine and threonine residues of all kinase groups.  

MAPKKs are in turn activated by their corresponding upstream kinases, known as MAPKK kinases 

(MAP3Ks) which are themselves activated by small GTPases. MAP3K function is regulated by guanine-

nucleotide exchange factors (GEFs), which act as substrates for the receptor and non-receptor 

tyrosine kinases. This complex system of MAPKs facilitates the diversity of responses to different 

stimuli (Platanias, 2005). The MAP kinase signalling pathway is also involved in immune response and 

production of inflammatory cytokines. Via TLR signalling,  activation of NF- B and MAP kinases (p38 

and JNK) lead to production of cytokines such as TNF , IL-1 and IL-12 (Dong et al., 2002; Kotlyarov et 

al., 1999). TNF  itself, in turn, activates the p38 MAP kinase pathway and seems to be involved in 

bacterial killing. Mice deficient in MK2 (mitogen-activated protein kinase-activated protein kinase-2), 
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which is directly activated by p38-MAP kinase, show increased susceptibility to L.m. infection (Lehner 

et al., 2002). 

 

1.6. The signalling pathway of interferons 
 

The most important interferon in innate and adaptive immunity is the cytokine IFN . Essential 

biological functions characterize this cytokine. It is critical for the immune response against viral and 

bacterial infections and for tumor control. Especially in the clearance of intracellular pathogens such 

as L.m., IFN  plays a predominant role (Murray, 1988; Portnoy et al., 1989). IFN production by NK 

cells, CD4+ and CD8+ T-cells is induced after infection with microbes. IL-12 is a strong inducer of 

IFN release in NK cells and is liberated by macrophages during microbe infection. In macrophages, 

IFN  activates the transcription of genes which encode enzymes that enhance bacterial killing. For 

example, IFN  induces phagocyte oxidase and iNOS which synthesise ROS and RNI, respectively (see 

1.3.3). Besides, IFN  increases the expression of class I and II MHC molecules and other costimulatory 

factors on APCs.  This action promotes recognition of infected cells by CD8+ cytotoxic T-lymphocytes 

(Fruh et al., 1999). 

IFN  is the sole component of the type II interferon group, in contrast to the type I group which 

consists of more members (IFN , IFN , IFN , IFN  and IFN . The latter show important biological 

functions in antiviral, antiproliferative and immunomodulatory areas. Type I and type II interferons 

also differ in the corresponding kind of receptors. Type I interferons bind to IFN -receptor, 

composed of two subunits: IFN R1 and IFN R2. Both are associated with janus activated kinases 

(JAK´s) and tyrosine kinases (TYK). The kinase TYK2 is constitutively associated to IFN R1, whereas 

JAK1 interacts with IFN R2. Type II interferon IFN  binds to IFN -receptor, which is also composed of 

two subunits, IFN R1 and IFN R2 (Pestka et al., 2004). The IFN R1 subunit associates with JAK1 and is 

required for both ligand binding and signalling. IFN R2, on the other hand, is constitutively associated 

with JAK2 and is necessary mainly for signalling, thus playing a minor role in ligand-binding. IFN  

signalling starts with dimerisation of the receptor subunits, leading to autophosphorylation and 

activation of associated JAKs. The kinases then initiate the JAK-STAT (signal transducer and activator 

of transcription) signalling pathways. Figure 1.6 summarises the IFN signalling pathways with the 

proteins involved. In type I IFN receptor signalling, STAT2 is activated by tyrosine phosphorylation 

and, together with STAT1 and IRF9 (IFN-regulatory factor-9), forms ISGF3 (IFN-stimulated gene factor 

3) complexe. This complex translocates into the nucleus and binds specific elements, known as IFN-

stimulated response elements (ISREs), located in the promoter regions of IFN-stimulated genes (ISG). 

Promotor association induces gene transcription of IFN target genes. In addition, there are also many 

other STAT complexes consisting of dimers and heterodimers, based on combinations of STAT1, 



1. Introduction 

- 24 - 

STAT2, STAT3, STAT4, STAT5 and STAT6. Some of these can also bind to another type of promoter 

element, the IFN -activated site (GAS) element. In some promoter regions of ISGs, both GAS and ISRE 

are present allowing combinations of different STAT-containing complexes to mediate diverse 

responses (Aaronson and Horvath, 2002; Platanias and Fish, 1999; Platanias, 2005). Both type I and II 

IFNs are capable of inducing the formation of STAT1-STAT1 homodimers, which translocate into the 

nucleus, bind to GAS promoter elements and initiate gene transcription of ISGs. Biochemical 

modifications of STATs, such as phosphorylation, are required for the interaction with other proteins 

and optimal gene transcription. For instance, the phophorylation of STAT1 at serine 727 (Ser727) 

seems to be essential for full transcriptional activation. In mice expressing this STAT1 mutant 

increased murine mortality upon infection with Listeria monocytogenes is observed (Varinou et al., 

2003). Hence, STAT1 phosphorylation is relevant in IFN  mediated innate immunity against 

intracellular bacteria. 

Besides the classical JAK-STAT signalling pathway, other signalling cascades which contribute to the 

full generation of responses to interferons have been ascertained, including the mitogen-activated 

protein kinase (MAPK) p38 cascade and the phosphatidylinositol 3-kinase cascade. 
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Figure 1.7: Type I and Type II interferon signalling and activation of the JAK-STAT pathway 

Each type of IFN binds to a specific receptor. Type I IFNs bind to IFN R, consisting of IFN R1 and IFN R2. 
Activation of associated JAK1 leads to phosphorylation of STAT2 and STAT1, which together with IRF9, generate 
the ISGF3 complexes. These complexes translocate into the nucleus and bind to the promoter element ISRE, 

initiating gene transcription. Type II interferon IFN  binds to the IFN R, composed of IFN R1 and IFN R2. 
Phosporylation and activation of STAT1 leads to STAT1-STAT1 homodimer formation, which also translocates 
into the nucleus for binding to the promoter element GAS, initiating gene transcription (based on Shtrichman 
and Samuel, 2001). 
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1.7. Objectives of this work 

 

A considerable amount of our knowledge on how the immune system functions and deals with 

bacterial infections has been learned from experimental work with Listeria monocytogenes in mice. 

Murine listeriosis involves a complex interplay between host and pathogen, and its study has lead to 

the discovery of many essential factors in the immune response to bacteria. In the particular process 

of bacterial eradication, macrophages and the inflammatory cytokines IFN  and TNF  have been 

shown to play a predominant role. However, the precise molecular mechanism of both cytokines for 

mediating their bactericidal activity is still not fully understood. Initially, TNF  and its binding 

receptor TNF-R1 came into focus as components of the bacterial eradication process because 

deletion of the receptor or its ligand resulted in complete loss of capacity to kill the pathogen L.m. in 

mice. Recent studies performed by our group revealed that TNF-R1 mediates its diverse cellular 

functions by internalisation-dependent and independent events. Receptor-internalisation allowed 

recruitment of several proteins to the receptor complex and notable among these were bactericidal 

molecules, such as the protease cathepsin D (CTSD). The precise molecular mechanism of how TNF-

R1 may contribute to bacterial killing, as well as the specific role of receptor-internalisation in the 

process, was the objective of the present study. In particular receptor-internalisation was thought to 

be a potential mechanism for routing bactericidal components towards the bacteria-containing 

phagosome. The protease CTSD seemed to be a promising candidate for mediating bactericidal 

actions on the phagosome in this context. A mutual compartment of TNF-R1 and bacteria-containing 

phagosome was hypothesised as a mechanism for creating a bactericidal environment in the 

phagosomal compartment.  

The encounter of TNF-R1 and bacteria-containing phagosome was to be analysed by several 

methods: confocal microscopy, electron transmission microscopy and Western blot. In order to 

investigate cytokine specific effects and molecular changes on L.m.-containing phagosomes, a new 

technical approach for the isolation of bacteria-containing vesicles was to be used and therefore 

needed to be adjusted to the pathogen L.m. and J774 macrophages. This new method is based on 

the magnetic labelling of bacteria, which requires pre-experimental workup in order to validate this 

labelling for the analyses planned in the present study. This method allows the analysis of specific 

changes on the bacteria-containing phagosomes upon cytokine stimulations or of effects based on 

knockout conditions. This opens new possibilities of finding other components involved in bacterial 

killing. Conclusively, this approach was to be applied with the aim of unravelling the molecular 

mechanism behind TNF-R1 signalling and its contribution to bacterial eradication. The overall 

hypothesis of this work is illustrated in figure 1.8. 
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Figure 1.8 Hypothesis of TNF-R1 mediated eradication of intracellular bacteria  
internalised TNF-R1 receptosomes contain activated CTSD and were hypothesised to fuse with L.m.-containing 

phagosomes. The Encounter of these two vesicles could build a” TNF -activated phagolysosome” which might 
represent a compartment of bactericidal environment. 
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2. Material & Methods 

2.1. Materials 

2.1.1. Devices 
 

 

Blaubrand® hemocytometer Brand GmbH + Co KG Wertheim (Germany) 

Branson Sonifier 450 Branson (Germany) 

Blockthermostat BT 100 Kleinfeld Labortechnik (Germany) 

Confocal microscpe LSM 510 META Zeiss (Germany) 

Eppendorf centrifuge 5415R  Eppendorf AG, Hamburg (Germany) 

Eppendorf centrifuge 5804R  Eppendorf AG, Hamburg (Germany) 

Eppendorf centrifuge 5810R  Eppendorf AG, Hamburg (Germany) 

FACS CANTO II flow cytometer  BD Biosciences 

Gel electrophoresis device BioRad Labortatories GmbH, München (Germany) 

Hera 240 Heraeus cell incubator Haereus instruments GmbH, Osterode (Germany) 

INTAS Chemilux Pro INTAS Science imaging instruments GmbH 

LEO 912AB  Zeiss, Oberkochen (Germany) 

LYNX-microscopy tissue processor  LEICA 

Laminar flow sterile cabinet (antair BSK) Haereus instruments GmbH, Osterode (Germany) 

Microplate reader model 680  BioRad Labortatories GmbH, München (Germany) 

Mini PROTEAN electrophoresis system BioRad Labortatories GmbH, München (Germany) 

Pump, Minipuls 3  Gilson 

Smart specTM plus Spectrophotometer  BioRad Labortatories GmbH, München (Germany) 

Ultracut-S ultramicrotome  LEICA, Bensheim (Germany) 

Washer Tecan Hydroflex 

Western Blot device  BioRad Labortatories GmbH, München (Germany) 

 

2.1.2. Consumables 
 

Biozym filter tips (10 μL, 20 μL, 100 μL, 1mL) Biozym Scientific GmbH, Oldendorf (Germany) 

Cell culture flasks (75cm2, 175 cm2)  BD Biosciences GmbH, Heidelberg (Germany) 

Cell culture flasks non treated  Nalge Nunc GmbH, Langenselbold (Germany)  

Cell scraper (25 cm)  Sarstedt AG&Co, Nümbrecht (Germany) 

Cell strainer (100 µm)  BD Biosciences GmbH, Heidelberg (Germany) 
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Coverslips, Human Fibronectin Cellware  BD Biosciences GmbH, Heidelberg (Germany), 

(2mm round coverslips) BioCoat, Cat#354088 

Eppendorf cup (1.5 / 2 ml)  Eppendorf AG Hamburg (GER) 

Falcon tubes (15 ml, 50 ml)  BD Biosciences GmbH, Heidelberg (Germany) 

FACS tubes BD Falcon  BD Biosciences GmbH, Heidelberg (Germany) 

PVDF Membran Westran CS, 0,45 μm  Hartenstein, Würzburg (Germany), Cat# PVD4 

Petri dish (10 cm) non treated BD Biosciences GmbH, Heidelberg (Germany) 

  REF 351005 

Serological pipettes (5 ml, 10 ml, 25 ml)  Sarstedt AG&Co, Nümbrecht (Germany)  

Syringe filters (0.2 µm)  Pall corporation, Ann Arbor (USA) 

Sterile filter botteltop 75 mm Sarstedt AG&Co, Nümbrecht (Germany)  

Syringe (1 ml, 2 ml, 5 ml, 10 ml, 25 ml)  Sarstedt AG&Co, Nümbrecht (Germany) 

Sterilin Square plates Sterilin Limited®, Cambridge (UK) 

Tissue culture 10 cm Petri dish BD Biosciences GmbH, Heidelberg (Germany) 

 REF 353003 

6-well cell culture plate  BD Biosciences GmbH, Heidelberg (Germany),  

 Falcon 35 3047 

12-well cell culture plate BD Biosciences GmbH (Heidelberg, Germany),  

 Falcon 353225 

96-Well flat bottom cell culture plate BD Biosciences GmbH, Heidelberg (Germany),  

 Falcon 35 3072 

96-well cell culture plate (non treated) BD Biosciences GmbH, Heidelberg (Germany) 

96-well Microplate MICROCOLON 200,  Greiner  GmbH, Frickenhausen (Germany) 

medium binding flat-bottom  Cat. No. 82050-716  

Whatman paper Millipore GmbH, Schwalbach, Germany 

  Cat# 10401196 

 

2.1.3. Chemicals and reagents 
 

Acrylamid-Solution 4K (30% Mix 37.5 : 1) Applichem Cat# A 1672.1000 

Alexa Fluor® 488 streptavidin, 10 nm colloidal, Invitrogen gmbH, Karlsruhe (Germany)  

gold conjugate  Cat# A 32361   

β-Mercaptoethanol Merck KGaA, Darmstadt (Germany),  

 REF 31350-010  

β-Mercaptoethanol for cell culture GIBCO /Invitrogen GmbH, Karlsruhe (Germany) 
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Benzonase; Nuclease Novagen, Cat# 70664-3 

Biotin-TNF  (rhTNFα/TNFSF2 Biotin R&D Systems, San Diego (California) Cat# NFTA0 

Fluorokine® Kit)  

BSA AppliChem, Darmstadt (Germany),  

 Cat# A1391.0100 

DMEM (Dulbecco's Modified Eagle Medium) GIBCO /Invitrogen GmbH, Karlsruhe (Germany) 

 Cat# 41966-029 

 

Cytochalasin D  Merck KGaA, Darmstadt (Germany),  

 Cat# 250255-1MG 

  

ECL Western Blotting substrate solution:  

SuperSignal West Pico Chemiluminescent  Pierce 34077 

Substrate  

SuperSignal West Dura Chemiluminescent   Pierce 34076 

Substrate 

Fetal calf serum (FCS)   Gipco, lonza, PAN Biotech 

Genatmycin  Sigma-Aldrich® GmbH, Taufkirchen (Germany) 

Lowry Reagent  BioRad Labortatories GmbH, München (Germany) 

DC Protein Assay, Reagent A  Cat# 500-0113 

DC Protein Assay, Reagent B Cat# 500-0114 

Mounting Medium, Vectashield with DAPI LINARIS, Cat#H-1500 

MagCellect streptavidin ferrofluid R&D Systems, Minneapolis, MN, Cat #MAG999 

Methanol  Merck KGaA, Darmstadt (Germany) 

N-(1-Naphtyl)-ethylendiamine dihydrochloride  Applichem, Cat#  A2782.0025 

PageRuler™ Plus Prestained Protein Ladder Fermentas, Cat #1811; Sizes 250, 130, 95, 72, 55,  

 36, 28, 17, 10 kDa 

Paraformaldehyde Sigma-Aldrich® GmbH, Taufkirchen (Germany) 

Penicillin/Streptomycin  Pan Biotech GmbH, Aidenbach (Germany) 

 (1000U/ml Pen., 10 mg/ml Strep. ) P10-023500 

Penicillin G  Sigma-Aldrich® GmbH, Taufkirchen (Germany) 

Propanol Merck KGaA, Darmstadt (Germany)  

Proteinase inhibitor (Complete EDTA-free) Roche Diagnostics GmbH, Penzberg (Germany) 

 Cat# 04693132001 

Recombinant mouse IFN  (rmIFN )  Invitrogen GmbH, Karlsruhe (Germany), PMC 4033 
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Recombinant human TNF  (rhTNF ) Knoll AG 

10 x RotiR-block concentrate  Roth, Cat# A151.2 

Saponin Sigma-Aldrich® GmbH, Taufkirchen (Germany) 

Skimmed milk powder Heiler Cenovis GmbH, Radolfzell (Germany) 

Sodium nitrite AppliChem, Cat# A7014.0250 

Streptavidin-Cy5 Jackson Immunoresearch, West Grove, PA 

Substrate Reagent A BD Biosciences GmbH, Heidelberg (Germany) 

 Cat# 51-2606KC 

Substrate Reagent B Cat# 51-2607KC 

Sulfanilamide pure AppliChem, Cat# A2226.0250 

Tetracycline-hydrochloride Sigma-Aldrich® GmbH, Taufkirchen (Germany) 

Triton X-100 Sigma-Aldrich® GmbH, Taufkirchen (Germany) 

Trypan blue 0.5% (w/v) Biochrom AG, Berlin (Germany) 

2.1.4. Kits 
 

BD OptEIA TM    Mouse TNF ELISA Set II  BD Biosciences GmbH, San Diego (California) 

 Cat# 55834 

rhTNFα/TNFSF2 Biotin Fluorokine® Kit R&D systems GmbH, Abingdon (UK) 

  Cat# NFTA0 

2.1.5. Buffers and solutions 
 

Buffer A   0.25 M Sucrose, 15 mM HEPES, 0.5 mM MgCl2, pH 7.4 

Blot buffer 25 mM Tris, 150 mM Glycin, 10 % (v/v) Methanol 

Blocking-buffer 5 % skimmed milk powder (w/v) in TBS-T 

ELISA Coating buffer  0.1 M sodium carbonate (8.4 g NaHCO3 ; 3.56 g Na2CO3 q.s. to 1.0 L  

  H2O) (pH 9.5) 

ELISA wash buffer  PBS with 0.05% (v/v) tween-20 

ELISA assay diluent PBS with 10% (v/v) FCS  

ELISA stop solution  2N NH2SO4    

Griess reagent A   1% sulfanilamide (w/v), 5% H3PO4 

Griess reagent B   0.1% naphtyl-ethylenediamine dihydrochloride 

Karnovsky´s fixative  2% paraformaldehyde, 2.5% glutaraldehyde, buffered in sodium  

  cacodylate 

KS-RIPA 50 mM Tris-Cl pH 7.4, 150 mM NaCl, 1 % Triton X-100, 5 mM EDTA,  

 10 % Glycerol, 10 mM K2HPO4 
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PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.47 mM KH2PO4,  

 pH 7.4  

Red blood cell lysis buffer 150 mM NH4Cl, 1mM KHCO3, 0.1 mM Na2EDTA, ad 500 ml dH2O (pH  

 7.2-7.4) sterile filtrated. 

SDS - PAGE running buffer 144g Glycin (192mM), 30g Tris (250mM), 10g SDS (1%) ad 1L bidest  

 H2O 

2xSDS - PAGE loading buffer  125 mM Tris, 2 % (w/v) SDS, 10 % (v/v) β-Mercaptoethanol, 1 mM

 EDTA, 10 % (w/v) Glycerin, 0,01 % (w/v) Bromphenolblau, pH 6.8  

5xSDS-PAGE loading buffer TBS 150 mM NaCl, 50 mM Tris/HCl, pH 7.4 

3.5 x SMHEM buffer 952 mM Saccharose, 3.5 mM MgCl2 , 7 mM HEPES ad 200 ml bidest  

 H2O, pH 7.2 

Standard for Griess reagent  10 mM NaNO2 

TBS  150 mM NaCl, 50 mM Tris/HCl, pH 7.4 

TBS/T  TBS mit 0.1 % (v/v) Tween-20 

 

2.1.6. Cell culture and bacteria media 
 

Cell culture medium: DMEM supplemented with 10% (v/v) FCS, 1% (v/v) Pen./Strep. 

BMDM-Medium:  DMEM supplemented with 10% (v/v) FCS, 10% (v/v) L929-CM,  

 1% (v/v) Pen./Strep., 50 µm -mercaptoethanol  

BHI (Brain heart infusion) broth Merck KGaA, Darmstadt (Germany), (37 g in 1L)   

BHI agar plates Merck KGaA, Darmstadt (Germany), (37 g in 1L), 15 g Agar   

Blood agar plates Columbia-Agar (42 g in 1L), 8% Sheep blood  

2.1.7. Mouse strains 
 

C57BL/6 wildtype mice (Charles River Laboratories, Germany) 

C57BL/6 TNF-R1 -/- (The Jackson Laboratory, Sacramento, California) 

C57BL/6 IFN R-/-   (The Jackson Laboratory, Sacramento, California) 

2.1.8. Cell lines  
 

L929, murine aneuploid fibrosarcoma cell line ATCC# CCL-1™ 

J774 macrophages, murine reticulum cell sarcoma cell line, ATCC #TIB-67™ 

 

http://www.jax.org/locations/california.html
http://www.jax.org/locations/california.html
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2.1.9. Bacterial strains 
 

EGDe, Listeria monocytogenes wild-type strain, a friendly gift from Dr. J. Stritzker, Würzburg 

L.m. hly strain, a friendly gift from Dr. J. Stritzker, Würzburg (Stritzker et al., 2004) 

2.1.10. Software 
 

This manuscript was prepared with Microsoft Office Word 2003. Graphs and diagrams were prepared 

using Graph Pad Prism version 5.01. The list of references was compiled using Reference manager 

version 10. Software for other applications are indicated in the following. 

For TEM: analySIS-Software EsiVision / Soft Imaging System GmbH, Münster. 

For confocal microscopy: Zeiss LSM510 software 

For ELISA washing steps: HydroControl-Software Version 1.0.1.0 

For ELISA quantification: software Microplate manager (version 5.2) 

For Flow cytometry: WinMDI Version 2.9 

2.2. Cell biological methods 

2.2.1. Cell culture and conditions 
 

Cells were cultured using sterile reagents, pipettes, and vessels and employing the laminar flow 

sterile cabinet (antair BSK). Consumables and reagents are listed in 2.1.2 and 2.1.3. J774 

macrophages were cultured in cell culture medium (DMEM supplemented with 10%FCS and 

1% Pen./Strep) on non treated sterile flasks (Nunc). Cells were cultured at 37°C, 5% CO2, and 95% 

humidity in HERA cell 240 Heraeus cell incubator (Heraeus instruments). J774 macrophages were 

split every 2-3 days and were split by gently scraping cells off the flask bottom with the use of a cell 

scraper. 

2.2.2. Generation of bone marrow derived macrophages 
 

For the generation of Bone marrow-derived macrophages (BMDM), mice were sacrificed by cervical 

dislocation, femura and tibiae were dissected and remaining tissue was removed. Bones were kept 

on ice in PBS. The following steps were done under the laminar airflow cabinet. Both ends of the 

intact bones were cut with scissors and bone marrow was flushed into a 50 ml Falcon tube until the 

bone cavity appeared white using PBS and a 0.45 mm syringe. Clots within the bone marrow 

suspension were disrupted by pipetting up and down several times. Cells were filtered with a 100 µm 

cellstrainer in order to remove other mouse material. The cells were centrifuged 300 x g for 8 min at 

4°C. Supernatant was removed and pellets were resuspended in 5 ml red blood cell lysis buffer in 

order to destroy containing erythrocytes. Cells were washed three times with cold PBS, resuspended 
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in BMDM-medium and seeded on sterile tissue culture Petri dish to adhere fibroblasts overnight. On 

the next day non-adherent, immature progenitor cells were removed and seeded on sterilin square 

plates in 20 ml BMDM-medium containing 10% M-CSF supernatant from L929 cells (see 2.2.4). 

Medium containing this stimulation factor drives the progenitor cells to mature to macrophages. On 

day four, fresh BMDM-medium containing M-CSF supernatant of L929 cells was added. Mature 

macrophages were harvested on day seven. Cells were centrifuged at 300 x g for 5 min at 4°C, 

counted using dilutions with trypan blue solution and seeded on the appropriate culture dish. These 

cells were then used for isolation assays of L.m.-containing phagosomes, ELISA and NO detection. For 

infection studies, cells were always grown in DMEM medium without antibiotics. For isolation of 

L.m.-containing phagosmes, cells of five mice were pooled to obtain enough cells for four time points 

(15, 30, 60, 120 min p.i.), NO detection and ELISA assays. For the isolation of phagosomes, 2x107 cells 

for every time point p.i. were seeded on non treated 10 cm Petri dish. For ELISA specific to mouse 

TNF 5x104 cells were seeded on 96-well cell culture dish in triplicates and could adhere overnight. 

For NO detection, 1x105 cells were seeded in triplicates also on 96-well culture dish. 

2.2.3. Stimulation of Cells 
 

Cells were seeded on an appropriate cell culture dishes in culture medium with or without 

antibiotics. Cells were either stimulated with the cytokines IFN , TNF or with combination of both  

Stimulation with IFN  was carried out overnight. J774 macrophages were stimulated with 500 U/ml, 

whereas all BMDM with 200U/ml. Cells could adhere at least two hours on the surface of the cell 

culture dish before stimulation was started. Cells were seeded in one half of the volume of the 

desired end-volume and cytokine was added in the other half of the volume with the desired 

concentration to reach the final concentration. For TNF  stimulation, rhTNF (100 ng ⁄ml) was 

diluted in culture medium without antibiotics and added simultaneously with bacterial infection. 

2.2.4. Generation of M-CSF containing supernatant (L929-CM) 
 

M-CSF is highly expressed in L929 cell lines. L929 cell-conditioned medium (L929-CM) was used as 

the source of M-CSF employed for BMDM generation as described in 2.2.2. The cells were cultured in 

DMEM medium supplemented with 10%FCS and 1% Pen./Strep.  Cells (7x105) were seeded in T-175 

cell culture flasks and were able to grow seven days. Supernatant was collected and centrifuged at 

1000 x g for 10 min at 4°C. In order to guarantee sterility, the supernatant was sterilized by filtrating 

through a 0.22 µm filter using a bottle top filter system and stored at -20°C.  
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2.2.5. Determination of cell numbers 
 

Cells in single cell suspensions were counted using a Neubauer hemocytometer. In brief, cells were 

mixed with at least 50% (v/v) trypan blue and 10 μl of the mixture were placed in the space between 

the hemocytometer and the cover slip. Cell concentrations in the sample were calculated as 

described below. The mean value of four independent areas containing 50 to 100 cells counted was 

calculated, in order to minimize the variance. 

One area with 16 squares:  Cell number x dilution factor = cell number x 104 /ml 

2.2.6. Bacterial growth assays 

 

The bacterial growth assays were performed according to the protocol of Singh et al. with some 

modifications (Singh et al., 2008). Infections of macrophages for in vitro growth assays were carried 

out at an MOI of 0.1. During the previous day, 5x104 cells per well were seeded on 96-well cell 

culture dish in triplicates. Stimulation with IFN  was performed overnight and addition of rhTNF  

(100 ng/ml) was performed simultaneously with infection (see 2.2.3). Aliquots of mid-log phase 

bacteria ( 5 x 108 c.f.u. /ml) were washed twice in PBS and used to infect macrophages in medium 

without antibiotics (see 2.3.1 ). For synchronisation of bacterial uptake, cells on 96-cell culture dishes 

were centrifuged 500 x g, at 15°C for 5 min.  In order to remove extracellular bacteria, after 30 min 

infection at 37 °C, gentamycin (50 mg/ml) was added and the cells were incubated for another 30 

min at 37 °C. Cells were then washed three times with 200 µl DMEM medium, and incubated for the 

indicated times in 100 µl fresh medium without antibiotics at 37 °C. Cells were lysed at 0, 2, 4, 6, 8h 

in 10 µl of 5% saponin in H2O for 5 min. Medium (90 µl) was added, serial dilutions were plated on 

blood agar plates and colonies were counted the next day to determine c.f.u. 

2.2.7. Determination of bacterial uptake 
 

In order to determine the number of phagocytosed bacteria, 1x106 cells were seeded on a 12-well 

cell culture dish in culture medium without antibiotics. For infection, wild-type strain EGDe and 

mutant strain L.m. hly were grown and labelled with LB as described in 2.3.2. Cells were infected at 

a MOI 10 and were centrifuged at 500 x g for 5 min at 15°C to synchronise bacterial uptake. Cells 

were infected for one hour as described in 2.3.1. After incubation supernatant was removed and cells 

were lysed with 50 µl of 5% saponin in H20 for 5 min. 350 µl medium was added, serial dilutions were 

plated on blood agar plates and colonies were counted the next day to determine c.f.u. 
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2.2.8. Flow cytometry 
 

In order to measure incorporation of LB into L.m.-membrane, bacteria were incubated with the 

indicated concentrations of LB overnight at 4°C. Bacteria were washed with 500 µl PBS and 

centrifuged (6000 x rpm, 10min, 4°C). LB-labelled bacteria were resuspended in 100 µl PBS and 

incubated with Cy5-conjugated streptavidin (SA) for 20 min at 4°C. Cy5-statined bacteria were 

washed with 500 µl PBS, centrifuged (6000 x rpm, 10min, 4°C) and resuspended in 500 µl PBS. 

Staining of bacteria was analysed in a FACS CANTO II flow cytometer (BD Biosciences). Data was 

processed using WinMDI Version 2.9. 

2.2.9. Confocal microscopy and  Immunofluorescence staining  
 

For immunofluorescence staining, macrophages were plated on fibronectin coated coverslips in 6-

well cell culture dishes, 12 hours before infection.  For the monitoring L.m. translocation from the 

phagosome into the cytoplasm or for the staining of phagosomal compartment markers, cells were 

infected at MOI 3 with EGDe wild-type strain or the hemolysin negative mutant of L.m. ( hly) (see 

2.1.9). To obtain synchronised uptake, infected cells were centrifuged at 500 x g for 5 min at 15°C. 

After infection and incubation of the cells at 37°C, coverslips with infected cells were washed with 

PBS and fixed in 2% paraformaldehyde (pH 7.5) for 15 min at room temperature (RT), each time point 

and stimulation condition. Cells were then washed three times with 1 ml PBS per well. In order to 

obtain intracellular staining, the cells on coverslips were permeabilised with 1 ml of 0.1% Triton X-

100 in PBS for 10 min at RT and washed twice with 1 ml PBS. To prevent unspecific antibody-binding, 

unspecific binding sites were blocked with 5% BSA in PBS for two hours at RT or overnight at 4°C. For 

actin staining phalloidin-FITC was used.  After washing, phalloidin stock solution was diluted 1:500 

into 1% BSA in PBS and the coverslips stained overnight at 4°C. Primary antibodies were added 

overnight at 4°C and secondary antibodies two hours at the next day in PBS with 1% BSA. The 

antibodies which were used for the translocation assays of L.m. out of the phagosome and for 

staining of phagosomal markers during the phagocytosis process are listed in table 2.1. Three 

washing steps for 5 min with 1 ml PBS on each well washed unbound antibodies away. Coverslips 

were mounted using mounting medium. Nuclei were stained with DRAQ5. Samples were analysed 

using confocal microscope LSM 510 META, (Zeiss). Microscope objective: Zeiss plan-apochromat 

63x/1.4 Oil, Laser lines: 488 nm Argon ion laser; 543 nm Helium-Neon laser, 30 mW; 633 nm Helium-

Neon laser, 15mW. Emission filters: BP 505-530; LP 560; META detector 745-799. Images were 

analysed using Zeiss LSM510 software. 
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Primary antibody Secondary antibody 

Name Brand 
Dilution in PBS 
with 1% BSA  

Name Brand 
Dilution in PBS 
with 1% BSA 

-L.m. 
Acris Antibodies 
GmbH, BP1047 

1:200 

Goat anti-
rabbit-Alexa 
546/chicken 
anti-rabbit-
Alexa 594 

Molecular 

Probes®, 

A21085/A21442 

1:200 or 500 

-Rab5 

Santa Cruz 
Biotechnology, 
Inc., sc-46692 

1:50 
Goat anti- 

mouse-Alexa-
FITC 

Molecular 

Probes®., F2761 
1:200 or 500 

-EEA1 

Santa Cruz 
Biotechnology, 

Inc., sc-6414 
1:50 

Rabbit anti- 
goat-Alexa-FITC 

Molecular 

Probes®., 
A10529 

1:200 or 500 

-LAMP1 

Santa Cruz 
Biotechnology, 

Inc., sc-8098 
1:50 

Rabbit anti- 
goat-Alexa-FITC 

Molecular 

Probes®., 
A10529 

1:200 or 500 

Phalloidin-FITC Sigma, P5282 1:500 - - - 

DRAQ5™ 
Axxora GmbH, 
BOS-889-001-

R200 

1:30000 dilution 
in mounting 

medium 
- - - 

Table 2.1:  Antibodies used for immunofluorescence staining 
 

2.2.10. Transmission electron microscopy of infected cells and magnetically 
isolated phagosomes 

 

BMDM were seeded on 6-well cell culture dish and infected with magnetically labelled L.m. ( hly) as 

described in 2.3.2. Infected J774 cells and isolated phagosomes (see 2.2.14) were fixed in Karnovsky´s 

fixative overnight. The next steps were performed by Heiko Ingo Siegmund and with the help of Dr. 

Josef Schröder (Institute of pathology, Universitätsklinikum Regensburg, Germany). Samples were 

intersected to a size of 1-3 mm3 and automatically processed by LYNX-microscopy tissue processor 

(LEICA). Samples were washed, post-fixed in 1% osmium tetroxide in destilled water, dehydrated in 

graded series of EtOH and embedded in Epoxy resin (EPON 812). After 48 h of heat polymerisation at 

60°C, semithin (0.8 µm) sections were cut, stained with toluidine blue/fuchsin. After light microscopic 

L.m. selection, the epon block was trimmed for ultrathin sectioning. Ultrathin (60-80 nm) sections 

were prepared with a diamond knife on an Ultracut-S ultramicrotome (Leica, Bensheim). Sections 

were collected on copper grids and double contrasted with aqueous 2% uranyl acetate and lead 

citrate solutions for 10 min each. The sections were examined using a LEO912AB electron microscope 

(Zeiss, Oberkochen). Images were acquired by using analysis software (AnalySIS-Software EsiVision / 

Soft Imaging System GmbH, Münster) and images were assembled using Adobe Photoshop CS2. 
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2.2.11. Transmission electron microscopy of TNF-R1 trafficking and colocalisation 
with phagosomes 

 

For TEM analysis 1x106 J774 macrophages were seeded per well (6-well dish) in culture medium 

without antibiotics. Prior to ligand binding, cells were precooled for 15 min on ice. Biotin-

TNF (100 ng = 50 µl) and streptavidin-10 nm colloidal gold conjugate (500 ng = 16.4 µl) per sample 

were incubated one hour at RT. The biotin-TNF -streptavidin colloidal gold-complexes were mixed 

with cold PBS and cells were incubated with 500 µl of this mixture for one hour at 4°C in order to 

mark TNF-R1 with the gold conjugate. Cells were washed twice with 1 ml PBS per well to remove 

unbound complexes. Control samples with marked TNF-R1 on the cell-surface were prepared for 

TEM after this step. Cells were detached from culture dish by rinsing with PBS, centrifuged at 

2000 x rpm for 10 min at 4°C and, after discarding the supernatant, the cell-pellet was fixed with 1.5 

ml Karnovsky´s fixative. For Colocalisation-analysis of L.m-containing phagsosomes with the receptor, 

the mutant strain L.m. hly was prepared as described in 2.3.2 and cells were infected with bacteria 

at a MOI 10. In order to synchronise phagocytosis, infected cells on a 6-well dish were centrifuged at 

500 x g for 5 min at 15°C. Bacterial uptake and TNF-R1 internalisation started with shift to 37°C. After 

one hour of incubation, cells were moved to 4°C and supernatant was removed. Cells were detached 

from the culture dish by rinsing wells with PBS. Cells were centrifuged at 2000 x rpm for 10 min at 

4°C. Supernatant was discarded and the cell-pellet was fixed with 1.5 ml Karnovsky´s fixative. 

Samples were then prepared for TEM and analysed as described in 2.2.10. 

2.2.12. Fluorescence labelling of TNF-R1 and colocalisation with Listeria 
monocytogenes. 

 

J774 macrophages (1x105) were seeded on fibronectin-coated coverslips placed in 6-well dish in 

culture-medium without antibiotics and cells could adhere overnight.  For TNF-R1 fluorescence 

labelling, components of the rhTNFa/TNFSF2 Biotin Fluorokine® kit (R&D) were used. Prior to 

Receptor-ligand binding, 1.25 µl Streptavidin-FITC and 1.25 µl biotin-TNF were incubated for one 

hour at RT in the dark. These complexes were mixed with PBS and cells on coverslips were incubated 

for one additional hour at 4°C with this mixture. Coverslips were washed three times with cold PBS in 

order to remove unbound complexes. For infection the mutant strain L.m. hly was grown and 

prepared as described in 2.3.1. Cells were infected at a MOI 3 simultaneously with initiating receptor-

internalisation by shifting cells to 37°C. Prior to internalisation, infected cells on coverslips, placed in 

the 6-well dish were centrifuged at 500 x g, for 5 min at 15°C in order to synchronise bacterial 

uptake. These samples were then prepared for immunofluorescence staining as described in 2.2.9. 
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L.m. was stained with -L.m. antibody and the secondary antibody goat-anti-rabbit Alexa-fluor546. 

Nuclei were stained with DRAQ5™ (for antibodies see table 2.1) 

 

2.2.13. Magnetic labelling of TNF-Receptor and isolation of TNF Receptosomes in 
Listeria monocytogenes-infected macrophages 

 

J774 macrophages (2x107) were seeded on a 10 cm cell culture Petri dish and could adhere overnight. 

Before magnetic labelling of the receptor, cells were infected with the hemolytic negative mutant of 

L.m. ( hly) at a MOI 10 (see 2.3.1). In order to obtain synchronised uptake cells were centrifuged for 

500 x g for 5 min at 15°C and subsequently incubated another 10 min at 37°C. Prior to receptor-

ligand binding, biotinylated TNF  (200 ng) was incubated with streptavidin-magnetic beads (20 ng) 

(MagCellect streptavidin ferrofluid) for one hour at 4°C. This ligand complex was added to the 

infected cells and could bind to the receptor for one additional hour at 4°C in a volume of 5 ml PBS. 

Unbound complexes were washed away by rinsing cells twice with 10 ml PBS. Internalisation of the 

receptor-ligand complex was initiated by shifting cells to 37°C for one hour in order to obtain fusion 

events with bacteria containing phagosomes. Cells were subsequently incubated wither Buffer A 

containing 0.02% EDTA for 20 min at 4°C, resulting in the detachment of cells from the culture dish. 

Cells were collected in tubes and centrifuged for 10 min, 310 x g at 4°C. The supernatant was 

discarded and pellet was resuspended in 500 µl buffer A supplemented with Benzonase Nuclease 

(25 U/ml Novagen) and cytochalasin D (5 µg/ml Calbiochem) to degrade free DNA and to disrupt 

actin microfilaments. Macrophages membranes were then disrupted by sonication using a Branson 

Sonifier. Disrupted cells were centrifuged at 100 x g for 2 min, the supernatant was collected and the 

residual pellet was resuspended in a stepwise manner using smaller volumes (200 µl and 100 µl) of 

buffer A (containing Benzonase Nuclease and Cytochalasin D). This step was repeated three times. 

The supernatant (PNS) gained after different sonication steps was pooled and 85 µl were used for 

Western blot analysis and determination of protein content. PNS was then loaded on to the custom-

built magnetic chamber for 30 min to collect the TNF-R1-containing vesicles, known as receptosomes 

(Tchikov, 2008). The loading tube in the magnetic chamber was rinsed with buffer A (containing 

protease inhibitor, roche complete) for collection of the non magnetic fraction (NM). After a further 

10 min washing step of the magnetic fraction was collected by removal of the tube from the magnet 

field. The isolated magnetic fraction was then concentrated by centrifugation at 15000 x g for 15 min 

at 4°C. The pellet was resuspended in 85 µl Buffer A (containing Benzonase Nuclease and 

Cytochalasin D) and prepared for further analysis. Western blot samples were mixed with 5xSDS-

PAGE loading buffer and denaturised at 95°C for 15 min. Sample-pellets for TEM were fixed with 

1.5 ml Karnovsky´s fixative overnight. 
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2.2.14. Isolation of Listeria monocytogenes-containing phagosomes 
 

In order to monitor the phagocytosis process of L.m. in macrophages, bacteria-containing 

phagosomes were isolated. Bacteria were prepared as described in 2.3.2. Magnetic labelled bacteria 

were exposed at a MOI 10 to macrophages for uptake. In order to synchronise phagocytosis, infected 

cells were centrifuged at 500 x g for 5 min. Subsequently, macrophages were infected certain periods 

of time. The endocytosis was stopped by shift to 4°C and incubated for 20 min with buffer A 

containing 0.02 % EDTA resulting in detachment of cells from the culture dish. Cells were washed 

with buffer A containing 0.02 % EDTA collected in tubes and centrifuged at 310 x g for 10 min, at 4°C. 

The supernatant was discarded and pellet was resuspended in 500 µl buffer A supplemented with 

Benzonase Nuclease (25 U/ml Novagen) and cytochalasin D (5 µg/ml Calbiochem) to degrade free 

DNA and to disrupt actin microfilaments. Cells were then disrupted by sonication using a Branson 

Sonifier 450 (Output 20, Constant Duty Cycle, and duration 30s). Disrupted cells were centrifuged 

100 x g for 2 min, the supernatant was collected and the buffer A (containing Benzonase Nuclease 

and Cytochalasin D). This step was repeated three times. The supernatant (PNS) gained after 

different sonication steps was pooled and 85 µl were used for Western blot analysis and 

determination of protein content. The PNS was then loaded on to the magnetic chamber to collect 

phagosomes containing magnetic bacteria. These vesicles could attach for 30 min on the wall of a 

tube between two magnets. The loading tube in the magnetic chamber was then rinsed with Buffer A 

(containing protease inhibitor, roche complete) for collection of the non magnetic fraction (NM). 

After a further washing step of 10 min the magnetic fraction was collected by removal of the tube 

from the magnet field. The isolated magnetic fraction was then concentrated by centrifugation 

(15 000 x g, 15 min, 4°C). The pellet was resuspended in 85 µl Buffer A (containing Benzonase 

Nuclease and Cytochalasin D) and prepared for further analysis (Western blot or TEM). 

2.2.15. Cell lysates 
 

Cell lysates were used for analysing endogenous expression of signalling proteins after infection with 

labelled L.m. Lysates were obtained from 1x106 J774 macrophages seeded on a 12-Well culture dish 

infected with L.m. hly labelled with different amounts of LB. Bacteria were prepared for infection 

and labelled with magnetic beads as described in 2.3.1 and 2.3.2. Macrophages were infected for one 

hour at 37°C. After removing the supernatant and washing with 1 ml PBS per well, cells were lysed 

using 100 µl KS-RIPA buffer. Cells were scraped off the bottom of the culture dish using a cell-scraper 

and lysate was transferred to an Eppendorf tube. Cells were homogenised in lysis-buffer (KS-RIPA 

containing complete protease-inhibitor from Roche) for 20 min on ice. Lysate was centrifuged         

(20 000 x g, 15 min, 4°C) and supernatant containing soluble proteins was transferred to a new 

Eppendorf tube. Protein concentration was determined using Lowry reagent (see 2.4.1). Samples 
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were mixed with SDS-PAGE loading buffer and denaturised for 5 min at 95°C. Samples were then 

used for Western Blot analysis. 

2.3. Working with bacteria 

2.3.1. Cultivation of bacteria and infection of macrophages 
 

L. monocytogenes (EGDe and hly (Stritzker, 2004)) strains were cultured by picking one colony and 

transferring it into 4 ml BHI broth. On the following day, overnight cultures of bacteria were diluted 

1:10 in fresh BHI broth and grown with shaking for additional three hours at 37 °C. Aliquots of mid-

log phase bacteria ( 5 x 108 c.f.u. /ml) were washed twice in PBS and used to infect macrophages in 

medium without antibiotics. Infected cells were centrifuged at 500 x g for 5 min at 15°C in order 

synchronise bacterial uptake. Infection was carried out at 37°C, 5% CO2 and 95% humidity. 

2.3.2. Magnetic and fluorescent labelling of bacteria 
 

Bacteria were grown as previously described (2.3.1). Bacteria were incubated with Lipobiotin (LB) at 

the indicated concentrations in PBS overnight at 4°C. Bacteria were washed with 500 µl PBS and 

centrifuged (6000 x rpm, 10min, 4°C). For magnetic labelling bacteria were resuspended in 100 µl PBS 

and subsequently incubated with 7-14x108 magnetic beads (MagCellect streptavidin ferrofluid) per 

2x108 bacteria, for 20 min at 4°C. After magnetic labelling, bacteria were immediately used for 

infection. 

2.3.3. Generation of GFP-expressing Listeria monocytogenes 

 
According to the protocol of Park and Stewart, an electroporation-mediated transformation with 

plasmid DNA was used for generation of GFP-expressing L.m. (Park and Stewart, 1990). Bacteria were 

prepared for electroporation as follows. Overnight cultures of L.m. wild-type strain EGDe and L.m. 

hly were diluted in fresh BHI broth and grown with shaking at 37°C until reaching OD600 = 0.5. 

Penicillin G (5µg/ml) was added at this time point and the incubation continued until OD600 = 0.8 was 

reached, normally after one additional hour of incubation. The bacteria-culture was placed on ice for 

20 min. Cells were harvested by centrifugation (6000 × rpm, 10 min, 4°C) and washed twice with 10 

ml ice-cold 3.5 x SMHEM buffer. The final pellet, scrupulously aspirated, was resuspended in 1ml ice-

cold 3.5 x SMHEM buffer and 100 µl aliquots were frozen at -80°C. Aliquots were again defrozen for 

DNA transformation. A Plasmid encoding GFP under the control of the strong listeria superoxide 

dismutase promoter (pSOD) was used. This plasmid was friendly provided by Dr. J. Strizker, University 

of Würzburg. Transformation was carried out with 4x106 transformants/µg DNA, field strength of 

12kV/cm and pulse duration of 5 ms. After electroporation, bacteria were incubated at 30°C for 1.5 
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hours in BHI broth containing 500 mM sucrose and plated on BHI-agar plates containing 5 µg/ml 

tetracycline. Green fluorescent bacterial colonies could be picked the next day, were grown in BHI 

broth containing 5 µg/ml tetracycline and used for infection.  

2.4. Working with proteins 

2.4.1. Measuring of protein concentrations  
 

Protein concentration was determined with Lowry-reagent (Bio-Rad DC Protein assay). Cell lysates‘ 

supernatant were analysed diluted in 25 µl H2O total volume and mixed with 150 µl  reagent A and 

1 ml reagent B. The mixture was incubated for 10 min at RT and absorbance was measured at 

750 nm using Smart spec™ plus Spectrophotometer. Serial dilution of BSA was used as standard 

control (0, 1, 2, 3, 5, 7, 9, 11 µg/ml). Correlations coefficient R2 was constantly > 0.98. 

2.4.2. SDS-PAGE 
 

A method to separate proteins according to their size is SDS-polyacrylamide Gel electrophoresis 

(Laemmli, 1970). In order to assess only the primary structure, the secondary and tertiary structure 

of the proteins are dissolved with the detergent sodium dodecyl sulfate (SDS) and the reducing agent 

-mercaptoethanol. Additionally, the negatively charged SDS associates with the proteins and leads 

them to the anode, when an electric field is applied. The density of the polyacrylamide network 

reduces the migration speed of every protein depending on its size. For electrophoresis the samples 

are loaded on the stacking gel where they are compressed by the glycine of the running buffer as 

soon as the electric field is launched. When the proteins pass into the resolving gel, they have all 

reached the same starting point and separate according to their size. For protein analysis the 

appropriate resolving gel was cast (10%, 12.5% and 15% acrylamid) and overlaid with propanol. After 

complete polymerisation, propanol was removed, 4% collection gel was filled into the rack, and the 

comb generating the slots for the samples was inserted. After polymerisation of the collection gel, 

the system was inserted into the apparatus and the basins containing the anode and the cathode 

were filled with SDS-PAGE running buffer. Mini Protean® Electrophoresis system (Bio-Rad 

Laboratories GmbH) was employed. The cationic basin covered the loading area of the gel. Samples 

were mixed with SDS-PAGE loading buffer and denaturised for 5 min at 95°C. The comb was removed 

and appropriate volumes of the samples, as well as 5 μl of molecular weight marker (PageRuler™), 

were transferred into the single slots of the gel. The gel electrophoresis was launched with 25 mA per 

gel, 200V and followed by Western blotting. 
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2.4.3. Western Blot analysis and immunological detection of proteins 
 

Following separation in acrylamide gels, protein mixtures were transferred to polyvinylidene fluoride 

PVDF-membranes (45 µm) to analyse them for the presence of specific proteins by applying 

antibodies, a method known as immuno- or Western blotting (Towbin et al., 1979). PVDF membranes 

were briefly equilibrated in methanol and, together with filter papers (whatman papers), sandwich 

pads and migrated acrylamide gels containing proteins were subsequently equilibrated in blot buffer 

and assembled in cassettes according to the manufacturer’s instructions. The samples were 

transferred onto PVDF membranes using a tank blotting device in blot buffer at 350 mA and 100 V for 

1h, kept at 4°C. Before labelling, the membranes were incubated in blocking buffer containing 5 % 

skimmed milk to block unspecific binding sites. Membranes were briefly washed again with TBS-T 

and afterwards dilutions of primary antibodies were prepared in 1x Roti®-block and applied 

overnight at 4 °C (see table 2.2). Membranes were washed with TBS-T three times for 10 min., 

followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies diluted 

in 1x Roti®-block for one hour at RT. After another three washes in TBS-T for 10 min, the PVDF 

membranes were exposed to ECL Western Blotting substrate solution (SuperSignal West Pico 

Chemiluminescent Substrate or SuperSignal West Dura Chemiluminescent Substrate) for 2 min at RT. 

Subsequently, chemiluminescent signals were visualised and detected by Charge-coupled Device 

(CCD) -Camera (INTAS Chemilux Pro). Images were acquired using ImageJ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://de.wikipedia.org/wiki/Charge-coupled_Device
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Primary antibody Secondary antibody 

Name Brand 
Dilution in 
1x Roti®-

block 
Name Brand 

Dilution in 
1x Roti®-

block 

-L.m. 
Acris Antibodies 
GmbH, BP1047 

1:1000 

Goat anti-rabbit-
HRP-conjugate 

BioRad  
#172-1019 

1:20000 

-mTNF-R1 
Abcam 

ab19139 

1:500 

-Rab7 
Cell signalling 

#2094 

-iNOS 
Cell signalling 

#2977 

-GSK3  
Cell signalling 

#9315 

-Nup62 

BD Transduction 
laboratories 

#610498 

-EEA1 

Santa Cruz 
Biotechnology, Inc., 

sc-6415 
 

Rabbit anti-goat-
HRP-conjugate 

BioRad  
#172-1034 

1:3000 
-Actin 

Santa Cruz 
Biotechnology, Inc., 

sc-1615 

-LRG-47 

Santa Cruz 
Biotechnology, Inc., 

sc-11075 

-Rab5 

Santa Cruz 
Biotechnology, Inc., 

sc-46692 

Rabbit anti-
mouse-HRP-

conjugate 

BioRad 
#1706516 

1.3000 

-LAMP1 

Developmental 
Studies, Hybridoma 

bank, Iowa 
1D4B 

Goat anti-rat-IgG 
light chain-HRP-

conjugate 

Jackson 
Immunoresearch 

#112-035-175 
1:2000 

-CTSD 
R&D systems 

MAB1029 

Table 2.2: Antibodies used for detection in Western Blot 
 

2.4.4. ELISA for detection of TNF
 

The principle of the enzyme-linked immunosorbent assay (ELISA) method is the antibody-based 

antigen detection. For detection of mouse TNF  in cell supernatant, the Mouse TNF ELISA set II (BD 

OptEIA™) was used. A capture antibody for mouse TNF  was directly coated to the surface of a flat 

bottom medium binding 96-well Microplate according manufacturer’s instructions. Coating with 

capture antibody required buffers free of other proteins using coating buffer and was performed 

overnight at 4°C. Wells were aspirated and washed three times with 300 µl per well with wash 

buffer. Thereafter, plates were incubated with 200 µl assay diluent, one hour at RT. This blocking 

step is required to saturate all protein binding sites of the well and to avoid unspecific antibody 

binding in the following procedures. The supernatants were discarded and the antigen containing 
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sample was generated as follows. Cells (5x104) were seeded on a 96-well flat-bottom cell culture dish 

when analysing J774 macrophages and on a non treated flat bottom 96-well culture dish analysing 

BMDM. Stimulation of cells and infection with the mutant strain of L.m. hly was carried out at a 

MOI 3 as described in 2.2.3 and 2.3.1., respectively. Cell culture supernatant was harvested, diluted 

and transferred to the microplate, where target proteins were retained by the capture antibody. 

Samples were diluted 1 to 2 in DMEM medium and measured in triplicates. Following several 

washing steps, the detection antibody labelled with biotin was diluted in assay diluent containing 

blocking protein and added to the microplate where it bound to the captured antigen. Each well was 

washed 5 times with 300 µl of wash buffer. Subsequently, wells were incubated with enzyme reagent 

(streptavidin-HRP). The detection was based on enzymatic activity due to the incubation with a 

substrate solution (1:1 mixture of substrate reagent A and B, 100 µl per well) for 30 min at RT. 

Reaction was stopped with 50 µl of stop solution per well. Educts of those reactions were measured 

at 450 nm. Absolute quantification was performed employing a standard serial dilution of known 

antigen concentrations. The detection limit was 15.6 pg/ml. Correlations coefficient was constantly > 

0.98. Washing steps were carried out with the Washer Tecan Hydroflex using HydroControl-Software 

Version 1.0.1.0. Absorbance was measured at 450 nm employing Microplate reader model 680 

(BioRad) and quantification was carried out with use of the software Microplate manager (version 

5.2).  

2.4.5. Detection of NO - Griess reagent 
 

Griess reagents A and B were used to detect NO concentrations in the supernatant of cells. 

Supernatant was obtained from 1x105 cells seeded on a 96-well culture dish in triplicates in 250 µl 

medium without antibiotics. Cells were stimulated overnight as described in 2.2.3. and infected at a 

MOI 3 with the mutant strain L.m hly (see 2.3.1). Cells were incubated at 37°C for 24 and 48 hours. 

For detection of released NO, 100 μL of supernatant were transferred to a 96-well plate. Standard for 

the Griess reagent was diluted 1 to 100 in medium to generate the highest standard concentration of 

100 μg/ml followed by 7 log2 dilutions in medium. Medium was used as blank control. Standard and 

samples were measured in triplicates. Griess reagents A and B were equally mixed and 100 μl were 

transferred in each case to the 100 μl sample or standard. OD was measured at wavelength 490 nm, 

employing Microplate reader model 680 (Bio Rad). The detection limit of this method was 1.56 μM. 

Correlations coefficient was constantly > 0.98. Quantification was carried out using the software 

Microplate manager (version 5.2). 
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3. Results 

3.1. Bacterial propagation in J774 macrophages - the role of IFN  and TNF for 
infection control 

 

The cytokine dependent molecular mechanisms which drive bacterial restriction of growth in 

macrophages remain to be elucidated. Given the fact that both TNF-R1 and IFN  deficient mice are 

highly susceptible to infection with the intracellular bacteria listeria monocytogenes (L.m.) (Huang  et 

al., 1993; Pfeffer et al., 1993), a role for both cytokines in a synergistic manner was considered in 

L.m. eradication. Based on our and others´ observations, TNF  is more likely to play a critical role in 

the process of eliminating bacteria, in an IFN  mediated context.  Already in 1989, Portnoy and his 

group defined a synergistic interplay of these two cytokines based on infection studies with mouse 

peritoneal macrophages (Portnoy et al., 1989) . L.m. was found to be restricted in the phagosome 

during infection in IFN  stimulated macrophages and a decrease of bacteria number over a time 

period of eight hours was observed. TNF  alone had no bactericidal properties and promoted an 

enhanced bacterial killing only in combination with IFN . These early studies could also be confirmed 

by others, which substantiated the role of TNF  in bacterial killing. For instance, neutralising 

antibodies against TNF  in IFN  stimulated macrophages led to inhibition of toxoplasmastatic activity 

(Langermans, 1992). In order to establish a system for bacterial killing without the need of elaborate 

primary cell culture, the murine macrophages cell line J774 was used for initial infection studies in 

this work. This cell line was originally isolated in 1986 and deposited by P. Ralph (Ralph et al., 1976). 

In order to monitor cytokine specific effects on bacterial killing, a convenient protocol was found in 

the publication of Singh et al. (Singh et al., 2008). TNF  binds and activates two distinct cell surface 

receptors, TNF-R1 and TNF-R2. Since this work was focused on the role of TNF-R1 in bacterial 

eradication, an intent to exclude TNF-R2 signalling was carried out by using recombinant human 

TNF (rhTNF ). According to Tartaglia et al., human TNF  only binds and activates murine TNF-R1, 

but not TNF-R2 (Tartaglia et al., 1991). 

Using this protocol, our findings regarding TNF  did not completely coincide with experiments 

performed with peritoneal macrophages (Portnoy et al., 1989). Macrophages were infected with a 

low bacterial number of wild-type strain of L.m. (EGDe) and monitored over a time period of eight 

hours. Bacterial load was determined under different cytokine stimulation conditions. The replication 

of L.m remained uncontrolled in unstimulated (Medium) and TNF  treated macrophages. On the 

other hand, incubation with IFN resulted in restriction of growth, confirming Portnoy´s data (figure 

3.1). However, the combination of both cytokines (IFN and TNF ) could not lead to the 

phenomenon of enhanced decrease of bacterial load. Since IFN  stimulated macrophages respond to 

http://www.copewithcytokines.de/cope.cgi?key=Cytokine%20Inter%2dspecies%20Reactivities
http://www.copewithcytokines.de/cope.cgi?key=macrophages
http://www.copewithcytokines.de/cope.cgi?key=Cell%20lines%20in%20Cytokine%20Research
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bacterial components with TNF  production (Nathan, 1987; Nedwin et al., 1985), addition of 

recombinant TNF  may not enhance the IFN  mediated effect in this particular system. Therefore, 

supernatant of infected macrophages were taken and analysed with an enzyme-linked 

immunosorbant assay (ELISA) against mouse TNF  to obtain the actual amount of the cytokine in this 

system. As early as 60 min post infection (p.i.), high amounts of up to 500pg/ml TNF  were measured 

independent of whether the wild-type strain (EGDe) or the avirulent mutant strain hly had been 

used for infection (figure 3.2). Not only IFN stimulated, but also unstimulated macrophages secrete 

TNF  upon infection, likely to be a consequence of Toll-like-receptor (TLR) signalling. These data 

demonstrate that TNF  release cannot be separated from infection in any case. IFN  mediated 

effects are consequently always synergistic effects of both cytokines and only working with 

macrophages deficient in TNF or its receptor could give indication of pure IFN  effects. 

In IFN stimulated macrophages, murine TNF  which can bind and activate TNF-R2 is released. These 

signalling events are probably negligible, as TNF-R2 is mainly activated by the transmembrane form 

of TNF  (Grell et al., 1995), however an eventual influence of TNF-R2 was kept in mind. 

 
 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 3.1: Growth of Listeria monocytogenes in J774 macrophages under different cytokine stimulation 

Growth of L.m. in J774 macrophages was monitored. Cells were incubated with rmIFN (500 U/ml) overnight 
before infection and exposed to wild-type strain EGDe at a MOI of 0.1 for indicated time periods. At the time of 

infection, rhTNF (100 ng/ml) was added and was  present at all times. A short incubation with gentamycin 
(30 min, 50 µg/ml) removed extracellular bacteria. Cells were washed three times, supplemented with new 
medium and shifted to 37°C for the indicated time periods. The cells (5x10

4
 per well) were lysed at each time 

point shown and serial dilutions were plated to obtain the c.f.u. (colony forming units). Data points represent 
means from three individual experiments ± SE; MOI = multiplicity of infection 
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Figure 3.2: TNF  -secretion of J774 macrophages during infection with Listeria monocytogenes  

TNF  production during infection was analysed. J774 macrophages were stimulated with or without rmIFN  
(500U/ml) overnight (ON) and supplemented with new medium for infection. Cells were exposed at a MOI 3 to 

the wild-type strain EGDe and the hemolysin-negative mutant hly for the indicated periods of time. To analyze 

the amount of TNF , supernatants were harvested at the indicated time points after infection. TNF  amounts 

were determined with an ELISA specific to mouse-TNF Data represent means and SD of three individual 
experiments.  

 

The method of confocal microscopy was used to confirm the cytokine specific effects on bacterial 

growth restriction at a cellular level. As described in 1.2, L.m. escapes from the phagosome and 

polymerizes host actin for intercellular movement and spreading, providing phalloidin staining as a 

convenient tool to see whether bacterial growth is impaired or not. After translocation into the 

cytoplasm bacteria start to propagate and originally red stained bacteria appear green due to 

positive actin-staining by phalloidin-FITC. This staining allows differentiating between those bacteria 

escaped into the cytoplasm (green) and those which still reside in the phagosome (red). In the early 

phase of infection, escape from the phagosome occurs approximately within the first 30 min 

following phagocytosis (Myers et al., 2003). Therefore images at 30 min indicate the number of 

bacteria at the beginning of infection, ensuring that all cells were infected with comparable bacterial 

loads. After two hours p.i., virtually all bacteria in unstimulated (Medium) macrophages had escaped 

from the phagosome and almost all bacteria formed the characteristic actin “comet tail“, allowing 

the pathogen to enter the neighbouring cells. In the case of TNF  stimulated macrophages, similar 

effects were observed. Bacterial factors prevailed and L.m. could enter the cytoplasm resulting in 

uncontrolled bacterial growth, indicated by red stained bacteria carrying a green actin “comet tail”. 

However, macrophages stimulated with IFN  seem to limit phagosomal escape, detected by delay in 

actin polimerisation of the few bacteria which had actually translocated. Concomitantly, some 

bacteria remained in the phagosome, indicated by red staining and rendering the observations 
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Portnoy had described in his work in consequence of IFN  stimulation. Addition of TNF  to IFN  

treated macrophages showed no changes in phagosomal ecscape in comparison to IFN  stimulated 

cells and this corresponds with the data presented in figure 3.1. Taken together, these findings are 

consistent with the early work of Portnoy regarding IFN The exact role of TNF  in bacterial growth 

restriction remains yet to be determined. Infection studies with TNF-R1 - / - macrophages will 

elucidate the contribution of TNF to bacterial elimination in more detail (see 3.6.3). 

 

 
Figure 3.3: Confocal microscopy of Listeria monocytogenes in J774 macrophages 

Actin polymerisation of L.m. in J774 macrophages was monitored. Cells were seeded on coverslips and 

stimulated with or without rmIFN  (500 U/ml) overnight. At the time of infection, rhTNF (100 ng/ml) was 
added. Cells were infected at a MOI 3 with the wild-type strain EGDe for indicated time periods. Cells were fixed 
with 2 % paraformaldehyde for 15 min, preparing them for immunofluorescence staining. To obtain intracellular 
staining, cells were permeabilised with 0.1 % Triton X-100. Actin: phalloidin-FITC (green); L.m.: Alexa546 (red).  
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3.2. Tumor necrosis factor receptor 1 - localisation in infected J774 macrophages 

 

Previous work of our group revealed that internalisation of TNF-R1 is required for signal transduction 

events of the apoptotic pathway and that a number of proteins can only be found in association with 

the internalised “receptosomes” (see 1.5.1). Interestingly, these receptor vesicle compartments were 

demonstrated to fuse with vesicles of the trans-Golgi-network containing CTSD and acid 

sphingomyelinase (ASMase). These enzymes appear on the matured receptor compartment in their 

activated form approximately 30-60 min after internalisation (Schneider-Brachert et al., 2004). Given 

the fact that TNF-R1 is essential for the eradication of intracellular bacteria and based on the 

importance of internalisation for recruitment of effector proteins to the receptor, we hypothesized a 

mutual compartment containing bacterial phagosomes and TNF-R1-receptosomes. The fusion of 

both of these subcellular compartments could display a mechanism to direct bactericidal 

components of TNF-R1 multiprotein-complex to the phagosome and might enlighten the biological 

function of TNF-R1 internalisation. To demonstrate that this hypothetical compartment of receptor 

and phagosome indeed exists, the first method employed was confocal microscopy. 

A ligand-based staining with a combination of biotin-hTNF  and streptavidin-FITC (green) allowed 

staining of TNF-R1 and its internalisation. The application of recombinant human biotin-TNF  

(rhTNF ) ensured that only TNF-R1, not TNF-R2 was bound and stimulated (see 3.1). To obtain fusion 

events of bacterial phagosomes and TNF-R1 complexes, macrophages were infected with the 

hemolysin negative mutant strain of L.m. ( hly). In contrast to the wild-type strain EGDe, this mutant 

stays in the phagosome and does not escape from the phagosome for replication in the cytoplasm 

(see 1.2), which makes it convenient for this type of assay. Previous receptor-internalisation studies 

showed that most internalised complexes concentrate after 60 min in the inner cell. The activated 

form of CTSD was found to accumulate between 30-60 min on the TNF-R1 complex (Schneider-

Brachert et al., 2004). Therefore, a 60 min period of TNF-R1 internalisation with simultaneous 

infection was chosen as a valid time point for monitoring fusion events. Indeed, TNF-R1 complexes 

(green) were found to be localised very close to single bacteria (red). This was observable over a 

series of sections with 0.5 µm diametre screening through one single cell (figure 3.4A, TNF-R1 

indicated by white arrows). Figure 3.4B displays another infected cell, with closer detail to a single 

bacterium. Green TNF-R1 complexes colocalise with the pathogen, shown in higher magnification at 

the lower panel of figure 3.4B. From this data we concluded that an encounter of TNF-R1 

compartment and the phagosome seems to be likely. Since immunofluorescence staining has limited 

resolution for sections thinner than 0.5 µm, a further step was taken in order to contrast and 

therefore confirm these findings with electron microscopy. 
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A)                                                                                                               B) 

 

 
Figure 3.4: Analysis of TNF-R1 localisation in Listeria monocytogenes infected J774 cells 
In order to obtain fusion events of TNF-R1 and L.m., J774 macrophages were seeded on coverslips. Biotin-

rhTNF (1.25 ng) and Streptavidin-FITC (12.5 ng) were pre-incubated for 60 min and TNF-R1 was labelled with 
these complexes for additional 60 min at 4°C in the dark. After three washing steps with PBS cells were shifted 

to 37°C and infected at a MOI 3 with L.m. ( hly) for 60 min. Internalisation was stopped with a shift to 4°C.  
A) and B) Cells were  fixed with 2 % paraformaldehyde for 15 min, preparing them for immunoluorescence 
staining. For intracellular staining, cells were permeabilised with 0.1 % Triton X-100. Nuclei :Draq5 (blue);L.m.: 

Alexa 594 (red); TNF-R1: Biotin-TNF /SA-FITC (green).  

 

Since labelling with biotin-TNF  and streptavidin-FITC worked successfully for immunofluorescence 

staining, a similar method was selected for electron microscopy and TNF-R1 was ligand based stained 

with a complex of human biotin-TNF /Streptavidin-gold. Prior monitoring of J774 macrophages at 

4°C was necessary to ensure that TNF-R1 is initially located on the cell surface. Internalisation 

process was induced by a temperature shift to 37°C and is required to localise gold-labelled TNF-R1 

to the phagosomal compartment. In figure 3.5A, a representative macrophage shows gold labelled 

TNF-R1 on its cell surface. The square-shaped area outlined in black was depicted for higher 

magnification. White arrows indicate the gold-labelled TNF-R1 (figure 3.5B). Subsequently, 

macrophages were infected with the listeriolysin negative mutant strain of L.m. hly. The darker, 

oval and circular, well-defined structures in figure 3.5 C-F represent phagocytosed bacteria. Shift to 

37°C obtained internalisation of gold-labelled TNF-R1, indicated by white arrows. After 60 min of 

incubation, nearly all analysed bacterial phagosomes had started to fuse (Figure 3.5C) or in some 

cases already contained several of these TNF-R1 complexes inside the phagosomal compartment 

(Figure 3.5 C-F). Based on confocal and electron microscopic data, these results illustrate for the first 

time that TNF-R1 fuses with L.m.-containing phagosomes and that the proposed hypothetical 

compartment of phagosome and TNF-R1-receptosome is indeed an existing one. 
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Figure 3.5 (on previous page): TEM pictures of TNF-R1 and Listeria monocytogenes in J774 macrophages 
To obtain fusion events of L.m-phagosomes and TNF-R1-receptosomes, cells were seeded on 6-well-plates and 

could adhere overnnight. Biotin-hTNF (100 ng) and streptavidin-gold (SA-gold) (500 ng) were pre-incubated 
for 60 min and TNF-R1 was labelled with these complexes for an additional 60 min at 4 °C.  
A)-B) After three washing steps with PBS cells were softly removed by rinsing the wells with 1 ml cold PBS. Cells 
were centrifuged 10 min at 2000 x rpm and the pellet was fixed with Karnovsky´s fixative and prepared for 

electron microscopy. C)-F) After three washing steps with PBS, cells with the biotin-TNF /SA-gold complex were 

infected at an MOI 3 with L.m. hly and plates were centrifuged for 5 min, 15 °C, 500 x g to synchronize the 
uptake. The cells were then incubated for 60 min at 37°C and after incubation softly removed by rinsing the 
wells with cold PBS and fixated as described previously. 

 

3.3. Analysis of Listeria monocytogenes-containing phagosomes – a new method of 
phagosome isolation 

 

Considering TNF-R1 to be part of the phagosomal compartment, it was consequently of special 

interest to study in detail which signalling components of TNF-R1 contribute to the mechanism of 

bacterial killing. This question implied to go further into the examination of subcellular 

compartments, especially the bacteria-containing phagosomes. There are many different protocols 

available for the isolation of phagosomes. In this work, a new promising method established by C. 

Steinhäuser in the group of Dr. Norbert Reiling in Borstel was applied. 

Based on immunomagnetic labelling, this protocol allowed the isolation of intact bacteria-containing 

compartments. To date, this method has only been employed for mycobacteria- and clamydia-

containing phagosomes in primary bone marrow macrophages, which implied the need of pre-

experimental workup in order to transfer the protocol to L.m. and J774 macrophages. The system 

was then validated for these macrophages and basic conditions for host and pathogen were 

controlled. In comparison to other methods which usually rely on density gradient centrifugation 

(Desjardins, 1994), this is a very fast and efficient protocol (detailed in figure 3.7).  

Prior to phagosomal isolation, bacteria were incubated with a specific biotinylated lipopeptide 

termed Lipobiotin (LB) (see figure 3.6). LB incorporates into the bacterial membrane, generating 

biotinylated bacteria. These modified bacteria were coupled with streptavidin magnetic beads and 

exposed to J774 macrophages for bacterial uptake. Infected cells attached to a 10 cm dish were 

centrifuged in order to achieve synchronized phagocytosis. Vesicular trafficking was initiated by 

shifting infected macrophages to 37°C and was halted by moving them back to 4°C. Cells were 

detached with the use of EDTA-containing buffer A and collected in tubes. Macrophages were 

centrifuged and resuspended in buffer A, which contained cytochalasin D and Benzonase Nuclease. 

The mycotoxin cytochalasin D inhibits actin polimerisation and disrupts actin microfilaments, 

decreasing interaction of vesicles with cytoskeletal proteins. Benzonase Nuclease degrades free DNA. 

Subsequently, cells were softly disrupted by sonication at 4°C to keep vesicles in shape, generating 

the fraction of the post nuclear supernatant (PNS). Stepwise centrifugation gradually removed 
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residual intact cells. The PNS fraction was loaded onto the custom-built magnetic chamber which is 

based on a high magnetic field (2 Tesla) from strong permanent magnets (Neodymium-Iron-Baron 

magnets). Application of magnetic L.m.-containing vesicles to the magnetic field results in specific 

enrichment of these phagosomes. After 30 min attachment, the loading tube was rinsed with buffer 

A for 10 min resulting in the collection of the non magnetic fraction (NM). Further washing steps 

increased the purity of the magnetic fraction (M). This fraction was obtained after release of the tube 

from the magnetic field. These particular fractions were used for analysis by western blot or 

transmission electron microscopy (TEM). For detailed steps of this method see figure 3.7. 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 3.6: Biochemical structure of Lipobiotin 
triacetylated,biotinylated lipopeptides termed Lipobiotin (LB, PHC-KKKKK(Aca-Aca-Biotin) x 3TFA, N-Palmitoyl-S-

(1,2-bishexadecyloxy-carbonyl)ethyl-[R]-cysteinyl-[S]-lysyl-[S]-lysyl-[S]-lysyl-[S]-lysyl-[S]-lysine( -aminocaproyl- -
aminocaproyl-biotinyl) x 3 CF3COOH, Molecular mass 2018 • 342.1) (Hoff, 2002) 
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Figure 3.7: Isolation of Listeria monocytogenes-containing phagosomes 
In order to monitor the phagocytosis process of L.m. in macrophages different infection periods were chosen. 
For each measuring point 2x10

7 
cells were seeded on a 10 cm cell culture dish. A) Bacteria were incubated with 

LB (10 µg/ml) overnight. On the following day, bacteria were labelled with streptavidin magnetic and                 
B) exposed at a MOI 10 to macrophages for uptake. C) Endocytosis was stopped by shifting cells to 4°C and 
incubation with buffer A containing 0.02 % EDTA resulted in detachment of cells from the culture dish. Cells 
were washed with buffer A containing 0.02 % EDTA, collected in tubes and centrifuged. The supernatant was 
discarded and pellet was resuspended in 500 µl buffer A supplemented with Benzonase Nuclease (25 U/ml) and 
cytochalasin D (5 µg/ml) to degrade free DNA and to disrupt actin microfilaments. D) Cells were then disrupted 
by sonication using a Branson Sonifier. Disrupted cells were centrifuged, the supernatant was collected and the 
residual pellet was resuspended in a step wise manner using smaller volumes (200 µl and 100 µl) of buffer A 
containing Benzonase Nuclease and Cytochalasin D. This step was repeated three times. The supernatant (PNS) 
gained after different sonication steps was pooled and were used for Western blot analysis and determination 
of protein content. D) PNS was then loaded on to the magnetic chamber to collect phagosomes containing 
magnetic bacteria. These vesicles could attach for 30 min on the wall of a tube between two magnets. E) The 
loading tube in the magnetic chamber was then rinsed with Buffer A (containing protease inhibitor, roche 
complete) for collection of the non magnetic fraction (NM). After a further washing step of 10 min the magnetic 
fraction was collected by removal of the tube from the magnet field. The isolated magnetic fraction was 
collected and prepared for further analysis (Western Blot or TEM). 
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3.3.1. Incorporation of Lipobiotin into Listeria monocytogenes membrane 

 
According to the protocol of C. Steinhäuser, L.m. was incubated with LB and small magnetic particles 

(magnetic beads).  To validate the specific incorporation of LB into L.m. membrane, these bacteria 

were incubated with decreasing amounts of LB, subsequently coupled with Cy5-conjugated 

streptavidin (SA-Cy5) and prepared for flow cytometric analysis. Both strains, L.m. wild-type EGDe 

and listeriolysin mutant ( hly), showed positive staining with Cy-5 (figure 3.8), suggesting LB can be 

used for labelling bacteria with magnetic beads. It is worth noting, that also lower concentrations of 

LB were sufficient for magnetic labelling of bacteria. In this work a concentration of 10 µg/ml was 

used to ensure high degree labelling. In order to achieve magnetic labelled bacteria for the isolation 

protocol, the first step, specific incorporation of LB into L.m. bacterial wall was demonstrated.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: flow cytometric analysis of LB incorporation in L.m. membrane 
In order to demonstrate specific incorporation of LB into the bacterial wall, L.m. strains were incubated with 
decreasing amounts of LB as indicated at 4°C overnight. After washing with PBS, bacteria were stained with SA-
Cy5 (1:160) for 20 min at 4°C. Flow cytometric analysis was performed on the FACS Canto II cytometer and 
shows positive stained bacteria dependent on decreasing LB concentrations. MFI = mean fluorescence intensity.   
 

3.3.2. Influence of Lipobiotin on Listeria monocytogenes life cycle 

 

Modifying the bacterial membrane with LB may affect the general life cycle of L.m. in macrophages.  

In order to exclude an impairment of growth and virulence potential of L.m. evoked by LB, several 

control experiments were performed. One of the primary steps of infection, bacterial uptake, was 

monitored in J774 macrophages. Both L.m. strains EGDe and hly were incubated with decreasing 

concentrations of LB and exposed to J774 macrophages for engulfment (Figure 3.9). At 60 min p.i., 

cells were lysed and the ratio of LB modified to unmodified bacteria was determined. In general, the 

bacterial uptake seemed to be slightly reduced with high concentrations (5-10 µg/ml) of LB for both 
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L.m. strains. This difference in comparison to untreated bacteria was minimal and bacteria were able 

to enter the host cells. The second important step in listerial life cycle is the translocation out of the 

phagosome into the cytoplasm, where replication starts (see 1.2). In order to see whether LB alters 

the invasive potential of L.m., LB modified EGDe strain was monitored for replication ability and actin 

polimerisation after infection. J774 macrophages were exposed to wild-type strain EGDe incubated 

with decreasing concentrations of LB. Cells were lysed and number of viable bacteria 120 min p.i. was 

determined. All bacteria replicated similarly and bacterial load increased independently of any LB 

concentration (figure 3.10A). These results were supported by using confocal microscopy. Actin 

staining by phalloidin-FITC allowed differentiation between translocated and phagosome retained 

bacteria. In J774 macrophages, virtually all LB incubated bacteria (red) were able to enter the 

cytoplasm and showed actin polymerisation, demonstrated by a green actin tail (Figure 3.10A). These 

findings appear more in detail when a single cell is observed at higher magnification (figure 3.10B). 

Nearly all bacteria maintained their replication potential and formed the characteristic actin “comet 

tail” (figure 3.10B). In conclusion, LB did not affect the virulence and life cycle of L.m. Magnetic 

labelling of bacteria with the help of LB is possible without a loss of infective potential. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.9: Influence of Lipobiotin on bacterial uptake in J774 macrophages 

In order to monitor bacterial uptake, 1x10
6
 cells were infected at a MOI 10 with EGDe and hly strain incubated 

with different concentrations of LB as indicated. At 60 min p.i., cells were lysed and serial dilutions were plated 
to obtain c.f.u. inoc. = inoculum. Data represent means and SD of three independent experiments.  
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  A)                                                                                B) 

 

 

 

 
 
 
 

 

 

 
 
 
 
 
 

 
 
Figure 3.10:  Impact of Lipobiotin on Listeria monocytogenes life cycle 
A) In order to monitor listeria life cycle, 5x10

4 
macrophages were infected at a MOI 3 with wild-type strain of 

L.m. (EGDe). Bacteria were incubated with different concentrations of LB as indicated. After 120 minutes p.i., 
cells were lysed and serial dilutions were plated to obtain the c.f.u. Data represent means of two independent 
experiments. Means and SD are shown as the ratio of c.f.u at 2h to c.f.u at 0h. 
B) Actin polymerisation of L.m. in J774 macrophages was monitored 120 min p.i. using confocal microscopy. 
Bacteria were labelled with 10 µg/ml LB.  Cells were fixed with 2 % paraformaldehyde and were permeabilised 
with 0.1 % Triton X-100 for intracellular staining. Nucleus: Draq5 (blue); Actin: phalloidin-FITC (green); L.m.: 
Alexa546 (red). 
 

3.3.3. Influence of labelled bacteria on macrophages 

 
To establish LB as a valid method for magnetic labelling, influences of this modification on the 

pathogen itself and its host cell needed to be determined. Lipopeptides and lipoproteins are known 

to activate the innate immune system by triggering TLRs on macrophages and other immune cells 

(Jin, 2008). Activation of macrophages by TLRs usually results in NF- B signalling which induces 

TNF -release. This provides the determination of TNF  production as a convenient readout for 

enhanced activation of those macrophages. The cytokine IFN  enhances the signalling effects 

mediated by these receptors and TNF  release increases depending on duration of bacterial 

exposure. The amount of released TNF  was measured with an ELISA specific to murine TNF during 

infection with both strains of L.m. (EGDe and hly), at different time points p.i. Compared to 

unlabelled bacteria, magnetically labelled L.m. induced a slight increase of TNF  production which 

was independent of IFN p.i. time point and the particular strain figure 3.11A and B). These 

differences were inconsiderable for both strains. 

To determine differences in the activation status of J774 macrophages upon infection with magnetic 

labelled bacteria, the p38 MAP kinase signalling pathway was monitored. This signalling pathway is 
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activated by several stimuli, including IFN  and TNF  (see 1.5.4). P38 MAP kinase phosphorylation 

served as indication for activation and was analysed by Western blot (Figure 3.11C). Incubation of 

wild-type (EGDe) or mutant strain ( hly) of L.m. with decreasing concentrations of LB caused no 

enhanced p38 phosphorylation in comparison to lysates of J774 macrophages infected with 

unlabelled bacteria. P38-expression served as loading control and a lysate of cells stimulated with 

10 ng/ml LPS was used as positive control. According to these data, J774 macrophages were not 

activated by this specific pathogen modification, allowing magnetic labelling to monitor cytokine 

specific effects on the bacterial phagosomes also. 
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Figure 3.11:  Activation status of J774 macrophages after infection with labelled bacteria 
A) and B) In order to analyse the activation status of infected macrophages, J774 macrophages were stimulated 

with rmIFN (500 U/ml) overnight and supplemented with new medium for infection. Cells were infected at a 

MOI 3 with the wild-type strain EGDe and the hemolysin-negative mutant hly labelled with or without 

magnetic beads. To analyse the amount of TNF , the supernatant was harvested for the indicated time points 

p.i. TNF  amounts were determined with an ELISA specific to mouse-TNF . Data show means and SD of 
triplicate cultures from one representative experiment. 
C) In order to monitor p38 phosphorylation in Western blot analysis, cells were infected for 60 min at a MOI 10 
with magnetically labelled bacteria. Different concentrations of LB were used as indicated. To obtain samples 
for Western blot, cells were lysed with RIPA buffer. Positive control = cells treated with 10 µg/ml LPS; negative 
control (unst.) = completely unstimulated cells. An antibody specific for phosphorylated p38 obtained the 
activation status of the cells; the second blot against p38 was used as loading control. 
 

3.3.4. Magnetic labelling of Listeria monocytogenes 

 

LB was shown to be a convenient tool to specifically modify L.m. and subsequently label them with 

magnetic beads. The magnetic label can then be employed to isolate L.m.-containing phagosomes. 

Transmission electron microscopy (TEM) was used to reveal the constitution of magnetically labelled 

bacteria and the phagosomes in the cells. The mutant strain L.m. hly was labelled with LB and 

streptavidin magnetic beads, and exposed to J774 macrophages for 15, 60 and 120 min. The TEM 

picture in figure 3.12A represents a single cell infected with magnetically labelled L.m. and the 

square-shaped area outlined in black was depicted for higher magnification of the pathogen within 

the cell (3.12B).The bacterium carrying magnetic beads on the surface (white arrow) is surrounded 

by the phagosomal membrane and at this stage no morphological impairment is visible. Interestingly, 

LB seems not to cover the whole bacterium. Only a few spots carry the magnetic beads and it is also 

notable that the microbeads seem to bind with a minimal space between beads and the bacterial 

surface. At this stage, the origin of this minimal space between magnetic beads and bacterial 

membrane is not yet clear, but this can also be observed with mycobacteria (work from Dr. Norbert 

Reiling´s laboratory). Monitoring further phagosomal maturation stages (15, 30 and 120 min p.i.), the 

magnetic beads lose their contact to the bacteria completely and detach from the bacterial 

membrane, probably due to phagosomal acidification. Nevertheless, the magnetic beads (white 

arrows) remain in the bacteria-containing phagosome and do not leave the compartment at any time 

during intracellular trafficking and phagosomal maturation (Figure 3.12 C-E). Following the protocol 
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of phagosome isolation (see 2.2.14), these cells were subsequently disrupted by sonication, allowing 

disruption of the host cell membrane without any harm to the intracellular membranes. These 

samples were loaded onto the magnetic chamber for phagosome separation and were further 

analysed by TEM. Monitoring the magnetic fraction with its whole content (figure 3.12F) 

demonstrated the high enrichment of bacteria containing phagosomes after the isolation process 

and confirmed the impressive efficiency of this new protocol. In order to study the constitution of 

the isolated vesicles, pictures in higher magnification were examined. Isolated phagosomes after 15 

min p.i. showed electron translucent compartments, which are characteristic for early phagosomes 

(Figure 3.12G) in contrast to the microscopic dense structures of late phagosomes at 60 min p.i. 

(figure 3.12H). Both pictures show that there is no observable impairment of the phagosomal 

membrane and that the magnetic beads are still contained in the phagosomal lumen (white arrows). 

Therefore, this method allows the isolation of intact bacteria-containing vesicles in all maturation 

stages. Additionally, the constitution of magnetic labelled bacteria in macrophages and isolated 

phagosomes was anlaysed dependent on different stimulation patterns. A set of TEM pictures of 

infected cells and phagosomes isolated after stimulation is shown in 7 and 7.2. Virtually no difference 

regarding membrane constitution was observed, whether the cells were stimulated with TNF , IFN  

or with a combination of both. 
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Figure 3.12: TEM of magnetically labelled Listeria monocytogenes and isolated phagosomes 

In order to determine constitution of magnetically labelled L.m. and isolated phagosomes, L.m. hly was labelled 
with 10 µg/ml LB and streptavidin magnetic beads. J774 macrophages were infected for indicated periods of 
time. A)-E) Cells were centrifuged for 10 min 2000 x rpm and the pellet was prepared for electron microscopy 
with Karnovsky´s fixative. Magnetic label is on the surface of the bacteria. F)-H) Infected cells were softly 
disrupted by sonication and phagosomes isolated in the magnetic chamber as described in 3.3. The magnetic 
fraction was centrifuged for 15 min with 15000 x g and the pellet was fixated for electron microscopy as 
described above. 
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3.3.5. Protein distribution after phagosome separation 

 

The established protocol for isolation of L.m.-containing phagosomes was finally used to examine 

particular phagosomal proteins. During the phagosomal separation process, four different fractions 

are gained: the lysate, the postnuclear supernatant (PNS), the non magnetic fraction (NM) and the 

magnetic fraction (M) (see 3.3). The lysate consists of whole cells infected with the pathogen, the 

PNS is obtained after sonication, the NM emerges from the washing step in the magnetic chamber 

and the M is the final fraction released from the magnet. All of these fractions reflect different stages 

of the purification process and show various proteins in different intensities in Western blot, which 

can be used to determine the purity of fractions and the success of phagosomal isolation. Western 

blot analysis revealed the protein composition of bacteria containing phagosomes obtained from 

IFN treated J774 macrophages, 120 min p.i. (figure 3.13). In order to compare these fractions, every 

lane was loaded with the same amount of protein (8 µg). In accordance with the TEM data (figure 

3.12F), the high enrichment of bacteria containing phagosomes in the magnetic fraction could be 

confirmed at a molecular level. This is indicated by the high intensity of L.m. specific protein in 

comparison to the faint intensity in the three other fractions (lysate, PNS and NM). Since TNF-R1 was 

thought to be a component of L.m.-containing phagosomes, the receptor was also detectable with a 

specific antibody in the magnetic fraction, supporting previous data displayed in this work (see 3.2). 

Notably, the antibody against mTNF-R1 detected two lanes of similar molecular weight, the upper 

lane representing the specific band. This finding was confirmed by immunoprecipitation and Western 

blot of cell lysates from TNF-R1 knockout macrophages. As phagosomes undergo maturation process, 

several different marker proteins appear, indicating the maturation stage of the phagosome. For 

details see 1.3.4. Early markers such as the protein EEA1 (Early Endosome Antigen 1) were not 

detectable in a late phase of infection (two hours p.i.). However, small GTPases like Rab5 and Rab7 

were enriched in the magnetic fraction. Late endosomal maker LAMP1 and activated aspartyl 

protease CTSD were also detectable in higher amounts, suggesting fusion events with vesicles of the 

trans-Golgi network (TGN). The IFN inducible GTPase LRG-47 which has been described as an 

important protein in mediating resistance to L.m. (Collazo et al., 2001), also appeared in enhanced 

intensity. Another IFN -inducible protein, the inducible nitric oxide synthase (iNOS) was hardly 

detectable in any fraction. The protein nucleoporin p62 (Nu p62) was used as quality indicator, not 

expecting to find any nuclear protein in phagosomal compartments. For the same purpose, glycogen 

synthase kinase-3  (GSK3 ) was used as a representative cytoplasmatic soluble protein and also 

should not be involved in the phagosomal maturation process. Both proteins were considerably 

diminished in the magnetic fraction. These data demonstrate the specificity of the new method to 

characterise the protein composition of phagosomes. Confocal microscopy was used to confirm and 
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visualize the Western blot data by monitoring two proteins of the early (figure 3.14A) and late (figure 

3.14B) phase of phagosomal maturation, respectively.  EEA1 (green) is detected 15 min p.i. 

surrounding the bacterium (red) and Rab5 (green) also colocalises with L.m. (red) during the early 

phase of infection. In this work, GFP-expressing L.m. were generated to study the recruitment of 

lysosomal marker proteins to the phagosomes. LAMP1 was shown to appear on L.m.-containing 

phagosomes during the late phase of infection (60 min p.i.), representing the phagolysosomal 

compartment. 

 

 

 
Figure 3.13:  Western blot analysis of isolated phagosomes 
In order to determine protein composition of isolated phagosomes, J774 macrophages were stimulated with 

500 U/ml rmIFN  and infected at a MOI 10 with magnetically labelled L.m ( hly) for 120 min. Cells were softly 
disrupted by sonication and prepared for magnetic separation as described in 3.3. All fractions were collected 
and prepared for Western blot analysis. Every lane was loaded with 8 µg of total protein to compare protein 
composition. PNS = post nuclear supernatant, NM = non magnetic fraction; M = magnetic fraction; 

CTSD = cathepsin D; Nu p62 = Nucleoporin p62; GSK3  = Glycogen synthase kinase-3 MW = molecular weight; 
kDa = Kilodalton 
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Figure 3.14: Confocal microscopic analysis of phagosomal proteins 
In order to monitor protein recruitment to L.m.-containing phagosomes, J774 macrophages were seeded on 
coverslips and infected at a MOI 3 with EGDe wild-type strain. Cells were fixed with 2 % paraformaldehyde and 
permeabilised with 0,1 % Triton X-100 for intracellular staining. A) Cells were monitored 15 min p.i. Nuclei: 
Draq5 (blue); L.m.: Alexa 594 (red) and EEA1/Rab5: FITC (green). 
 B) Cells were infected with GFP expressing L.m. (EGDe) at a MOI 3 and incubated for 60 min. Cells were 
prepared for immunofluorescence staining as described above. L.m.: GFP (green); LAMP1: Alexa546 (red). 
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3.4. Phagocytosis of Listeria monocytogenes  by J774 macrophages - the influence 
of cytokines to protein composition of phagosomes  

 

During infection, the phagosomal maturation process is driven by recruitment of different proteins 

and fusion events. This can either be influenced by cytokines released from the host or by the 

phagocytosed pathogen itself in order to evade the phagolysosomal compartment. The new isolation 

protocol was used to examine alteration in protein composition on the phagosomal compartment 

during its maturation process. Different time points after infection and influences of different stimuli 

on components of endocytic trafficking were monitored. To study the time specific changes, L.m.-

containing phagosomes at four different time points (15, 30, 60 and 120 min) p.i, were isolated and 

analysed by Western blot. In order to control the experimental settings, samples before magnetic 

isolation PNS were compared to samples of the magnetic fraction. Samples of unstimulated (A), 

TNF  stimulated (B), IFN (C) and double IFN -TNF stimulated (D) J774 macrophages infected with 

L.m. hly were analysed (figure 3.15). All lanes were loaded with the same amount of protein (8 µg) 

to obtain comparable conditions. 

The high enrichment of L.m.-specific protein in the magnetic fraction demonstrated the successful 

isolation of bacteria-containing phagosomes and this remained rather unchanged for all performed 

assays, regardless of any stimulation condition. Remarkably, unstimulated cells (figure 3.15A) 

showed a time-dependent enrichment of mTNF-R1 in magnetic fraction, which probably reflects the 

previous shown fusion events of TNF-R1-receptosomes with the phagosome. However, TNF -release 

first needs to be induced (see 3.1), which in consequence may lead to the delayed internalisation and 

recruitment of TNF-R1 to the phagosome. TNF stimulated cells, by contrast, differ from untreated 

cells in terms of composition of TNF-R1 on the phagosomal compartment (figure 3.15B). The 

magnetic fraction at 15 min p.i. showed identical quantities of mTNF-R1 protein as the magnetic 

fraction at 120 min p.i. This is likely due to the presence of high amounts of TNF  from the beginning 

of infection and simultaneous onset of TNF-R1 internalisation. Comparable to TNF stimulated 

macrophages, IFN treated macrophages indicated similar amounts of TNF-R1 on the magnetic 

fraction, with no time-dependent delay of recruitment. IFN  is known to enhance TNF release upon 

infection and this was also demonstrated in this work (see 3.1). Probably sufficient amounts of TNF  

were produced to start internalisation of TNF-R1 very early during infection. In general, double 

stimulation with IFN  -TNF  exhibited no differences to IFN  stimulated macrophages. Nevertheless, 

specific recruitment of TNF-R1 to the phagosome seemed to be a consistent event during infection, 

suggesting that TNF-R1-signalling contributes to bacterial fate in the phagosomal compartment. 

The small GTPases Rab5 and Rab7 which regulate endocytic trafficking were also found in high 

amounts in the magnetic fraction. Rab5 is known to be a representative of early phagosomes and 
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Rab7 of late ones. Surprisingly, no time specific alteration of intensity was recognisable, irrespective 

of any treatment. Markers of the phagolysosomal compartment such as LAMP1 were also found as 

early as 15 min p.i. with no changes in later time points. It is not yet clear why these markers 

accumulate at these time points. Previous of work of Sturgill-Koszycki found similar early recruitment 

of LAMP1 in IgG-bead containing phagosomes (Sturgill-Koszycki et al., 1996). The aspartyl-protease 

CTSD appears in three forms, comprising pro-CTSD (53 kDa), the intermediate form (43 kDa) and the 

34 kDa mature form which represents the activated protease (described in 1.3.5). Cytokine specific 

effects on the activation-status of CTSD were striking. Cytokine treated macrophages seemed to 

induce processing of CTSD, indicated by arising of the mature 34 kDa form. Most surprisingly, 

TNF stimulation alone was also sufficient to induce CTSD activation (Figure 3.16A). Furthermore, 

time-dependent increase of both intermediate and activated forms in the phagosome containing 

sample (magnetic fraction) may indicate cytokine involvement, in particular TNF , to CTSD 

activation. This correlation between cytokine dependent presence of TNF-R1 on the phagosome and 

specific CTSD activation raises the assumption that signalling events via TNF-R1 may contribute to 

this. LRG-47 is a recently discovered GTPase suggested to be involved in bactericidal processes. It is 

an IFN responsive protein and was found only on IFN  treated macrophages, demonstrating the 

applicability of this novel approach to monitor cytokine specific effects on phagosomes. The purity of 

all fractions was controlled by the detection of the nuclear protein nucleoporin p62 and the 

cytoplasmatic protein GSK3 . In all isolated magnetic samples these proteins disappeared or were at 

least considerably diminished compared to the PNS samples, indicating the purity of the magnetic 

fractions. 
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Figure 3.15 (on previous page): Western blot analysis of isolated phagosomes under different cytokine 
stimulations 
In order to monitor protein composition of phagosomes, J774 macrophages were seeded on 10 cm cell culture 

dishes. A) Cells were not treated. B) Cells were stimulated with 100 ng/ml rhTNF  during infection. C) Cells were 

pre-incubated with 500 U/ml rmIFN  overnight and D) Cells were pre-incubated with 500 U/ml rmIFN  

overnight and stimulated with 100 ng/ml rhTNF  during infection. All cells were infected at a MOI 10 with 

magnetically labelled L.m ( hly) for indicated time periods (15, 30, 60 and 120 minutes). Cells were then softly 
disrupted by sonication and prepared for magnetic separation as described in 3.3. All fractions were collected 
and prepared for Western blot analysis. Every lane was loaded with 8 µg of total protein to compare protein 
composition. One representative out of three individual preparations for each stimulation and time point is 

shown. PNS = post nuclear supernatant; CTSD = cathepsin D; Nu p62 = Nucleoporin p62; GSK3  = Glycogen 

synthase kinase-3 MW = molecular weight; kDa = Kilodalton 
 

3.5. Tumor necrosis factor Receptor 1 - a  new component of the Listeria 
monocytogenes-containing  phagosome 

 

Based on the results presented in the preceding chapters, it seemed likely that TNF-R1-containing 

vesicles fuse with L.m.-containing phagosomes upon TNF stimulation. In order to confirm this new 

result and demonstrate the importance of TNF-R1 internalisation, another experiment was 

performed to prove the existence of this combined compartment. TNF-R1 complexes were 

magnetically isolated out of L.m. infected macrophages and these samples were analysed for the 

presence of L.m. To ensure that fusion events arise in consequence of TNF-R1 internalisation, 

bacterial uptake and ligand binding to the receptor were performed in sequential order. J774 

macrophages were exposed to L.m. hly for 10 min and phagocytosis was stopped by shift to 4°C, 

preparing cells for magnetic labelling of TNF-R1. Subsequently, ligand based labelling with Biotin-

TNF  and Streptavidin (SA)-magnetic beads was applied to render magnetic receptor-isolation via 

the custom-built magnetic chamber. After bacterial uptake (10 min p.i.), TNF-R1 internalisation was 

initiated by shifting the cells to 37°C. The internalisation process of 60 min duration was halted by 

moving cells to 4°C.  

In order to exclude unspecific engulfment of magnetic particles by macrophages and to ensure that 

only compartments with magnetic TNF-R1 were isolated, a control experiment was performed, as 

follows. L.m infected macrophages were incubated 60 minutes at 4°C with magnetic beads alone. 

Cells were washed twice with PBS to remove unbound particles and cells were subsequently shifted 

to 37°C for 60 min in order to see whether unspecific uptake of magnetic particles occurred. These 

cells were further prepared for vesicle isolation. The protein composition of these magnetically 

isolated TNF-R1 containing compartments and fractions of the control experiment were analysed by 

Western blot (figure 3.16 right and left, respectively). In the control experiment, a magnetic fraction 

(M) could not be isolated, so unspecific engulfment of magnetic particles was excluded. The 

successful isolation of TNF-R1 complexes was confirmed by detection of enriched mTNF-R1 specific 

protein in the magnetic fraction compared to amounts in lysate, PNS and NM. The appearance of 
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L.m. specific protein in magnetic fraction validated the specific compartment of L.m.-containing 

phagosome and TNF-R1, underlining the results of several other techniques used in this work. 

Furthermore, this experiment suggested that internalisation is an indispensable event for 

recruitment of TNF-R1 to the bacteria-containing phagosome. Concomitantly, enrichment of 

phagosomal marker protein Rab7 in the magnetic fraction identified these isolated TNF-R1-contaning 

complexes as vesicles. Most notably, only in this fraction the mature active form of CTSD (34 kDa 

form) was detectable. These data correspond perfectly to the observation of TNF  mediated CTSD 

activation, already presented in 3.3.6. A correlation between CTSD activation and specific 

recruitment of TNF-R1 to the bacteria-containing phagosome seems to be likely. 

 

 

 

Figure 3.16: Isolation of mTNF-R1 containing compartments 
Magnetically isolated TNF-R1-receptosomes of J774 macrophages were analysed. Cells were seeded on 10 cm 

cell culture dish and could adhere overnight. Macrophages were then infected at a MOI 10 with L.m. hly for 

10 min. Phagocytosis was stopped by shifting to 4°C. Biotin-rhTNF (200 ng) and SA-magnetic beads (20 ng) 
were pre-incubated for 60 min. These complexes could bind to TNF-R1 for another 60 min at 4°C. Cells were 
washed twice with 10 ml PBS to remove unbound complexes. Internalisation was started by shifting to 37°C and 
terminated after 60 minutes by reverting to 4°C. Control cells were incubated with 20 ng magnetic beads for 60 
min at 4°C and washed twice with 10 ml PBS. Cells were moved to 37°C for 60 min and phagocytosis was 
terminated by shift to 4°C. Both samples were prepared for magnetic isolation as described previously. Every 
lane was loaded with 8 µg of total protein to compare protein composition. Actin was used as loading control. 
Lysate = whole cell lysate; PNS = post nuclear supernatant; NM = non magnetic fraction; M = magnetic fraction; 
CTSD = cathepsin D; MW = molecular weight; kDa = kilodalton. 
 

3.6. Contribution of TNF-R1 signalling to primary macrophages 

 
11 
The findings described above regarding TNF-R1 implied to perform experiments with TNF-R1 

knockout macrophages (BMDM TNF-R1-/-). Control experiments were initially performed with 

primary bone marrow derived macrophages (BMDM) from wild-type mice (WT). Additionally, bone 
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marrow derived macrophages from IFN R deficient mice (BMDM IFN R-/-) were monitored in order to 

separate specific effects caused by IFN from those of TNF  

 

3.6.1. Bacterial propagation in wild-type macrophages - the role of TNF  and 

IFN for infection control 

 
To validate the cytokine specific effects raised in J774 macrophages, BMDM from wild-type mice 

were generated and infected with L.m. strain EGDe. The bacterial propagation was monitored over a 

time period of eight hours. Similar to J774 macrophages, bacterial growth was not altered by 

TNF stimulation. By contrast, IFN stimulation of macrophages restricted the pathogen in growth 

and double stimulation (IFN -TNF  could not enhance any listericidal properties of these primary 

macrophages either (figure 3.17A). However, the effect of IFN  was more distinct compared to J774 

macrophages and showed statistical significance (p<0.001). When monitoring bacterial increase eight 

hours p.i., TNF stimulation allowed up to 3-4-fold higher increase of bacterial number than IFN  

stimulated cells. Double stimulation of cells resulted in a slow growth of bacteria, comparable to in 

IFN  stimulated cells (figure 3.17B). To analyse autocrine TNF  release, the amount of present 

TNF during different time periods of infection was measured by ELISA specific to mouse TNF  

(figure 3.18). Both strains of L.m. (EGDe and hly) induced production of almost equal amounts of 

TNF  which differs from infected J774 macrophages. Compared to the mutant strain, EGDe induced 

an elevated release in J774 macrophages (see figure 3.2). However, the permanent presence of 

TNF upon IFN  stimulation and during infection complicates the examination of TNF  specific 

impact to the bacterial eradication process. Experiments in TNF-R1 deficient macrophages will 

enlighten the specific effects of these two cytokines in more detail (see 3.6.3). 

Confocal microscopy was used to control bacterial translocation into the cytoplasm as an indication 

of growth impairment in these primary cells. Monitoring an early time point p.i. (30 min) 

demonstrated that all cells were infected under equal conditions, as all cells contained the same 

bacterial load at the beginning (figure 3.19). Monitoring the time point 120 min p.i. revealed the 

cytokine based effects on the life cycle of L.m. The green phalloidin-staining indicates that bacteria 

could escape from the phagosome and are still capable to replicate. Bacteria stained in red are 

inhibited to evade the phagosome and probably stay there for degradation.  Unstimulated (Medium) 

and TNF treated cells allowed phagosomal escape of L.m. (red bacteria with green actin tail), 

whereas IFN  and combination of IFN  and TNF effectively prevented bacterial escape into the 

cytoplasm. In these cells there was no evidence of bacterial actin polymerisation, only red bacteria 

were observable. These findings correlate with those observed in J774 macrophages. 
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Figure 3.17 : Growth of Listeria monocytogenes in BMDM WT under different cytokine stimulations 

Growth of L.m. in BMDM WT was monitored. Cells were infected with wild-type strain EGDe at a MOI 0.1 and 

incubated with rmIFN 500 U/ml) overnight. At the time of infection, rhTNF (100ng/ml) was added and was 
present at all times. A short incubation with gentamycin (30 min, 50 µg/ml) removed extracellular bacteria. 
Cells were washed three times and shifted to 37°C for the indicated time periods. The cells (5x10

4
 per well) were 

lysed at each time point shown and serial dilutions were plated to obtain the c.f.u.; BMDM = bone marrow 
derived macrophages; WT = wild-type 
 A) Bacterial load at all indicated time points of infection is shown. Data points represent means from three 
individual experiments ± SD. 
B) Bacterial growth restriction was monitored under different cytokine conditions. Data represent means and 
SD of three individual experiments. Means are shown as the ratio of  c.f.u at 8h to c.f.u at 0h ± SD; ***P<0.001 
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Figure 3.18: TNF -secretion of BMDM WT during infection with Listeria monocytogenes  

TNF  production during infection was monitored. BMDM WT were stimulated with or without rmIFN  
(200 U/ml) overnight (ON) and supplemented with new medium for infection. Cells were infected at a MOI 3 

with the wild-type strain EGDe and the hemolysin-negative mutant hly. To analyze the amount of TNF , 

supernatants were harvested at the indicated time points p.i. TNF  amounts were determined with an ELISA 

specific to mouse-TNF . Data represent means and SD of three individual experiments. BMDM = bone marrow 
derived macrophages; WT = wild-type 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3.19: Confocal microscopy of Listeria monocytogenes in BMDM WT 

Actin polymerisation of L.m. in BMDM WT was monitored. Cells were seeded on coverslips and stimulated with 

or without rmIFN  (200 U/ml) overnight. At the time of infection rhTNF (100 ng/ml) was added. Cells were 
infected at a MOI 3 with the wild-type strain EGDe for indicated time periods. Cells were fixed 2 % with 
paraformaldehyde for 15 min, preparing them for immunofluorescence staining. To obtain intracellular 
staining, cells were permeabilised with 0.1 % Triton X-100. Nuclei: Draq5 (blue); Actin: phalloidin-FITC (green); 
L.m.: Alexa546 (red). BMDM = bone marrow derived macrophages; WT = wild-type 
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3.6.2.  The influence of cytokines to the protein composition of phagosomes from 
wild-type macrophages 

  

The phagosomal protein composition of primary macrophages was analysed using the new 

phagosome isolation protocol. Specific alterations of proteins of the phagosomal maturation process 

were examined by Western blot. In order to illustrate the dynamics of intracellular trafficking during 

infection, components of early and late stages of phagosome maturation were examined, similar to 

experiments with J774 macrophages (see 3.4). Unstimulated (A) TNF  stimulated (B) and IFN  

stimulated (C) wild-type macrophages were exposed to the mutant strain L.m. hly for indicated 

periods of time and prepared for phagosomal isolation. Western blot analysis of PNS and magnetic 

fraction showed enrichment of L.m. specific protein, indicating successful solation of L.m.-containing 

phagosomes. The comparison of PNS to the magnetic fraction gave evidence for this (figure 3.20). 

Regarding TNF-R1 however, slight differences to J774 macrophages could be observed. TNF-R1 

seems to appear irrespective of any cytokine treatment very early and with no alteration in amount 

on the phagosomal compartment. Nevertheless, in bone marrow derived macrophages TNF-R1 was 

shown to be a component of the phagosomal compartment, confirming our previous data (see 3.4 

and 3.5). Markers which have been reported to indicate endocytic maturation stages were not 

altered as a consequence of phagocytosis duration. The early endosomal marker Rab5 and the 

markers Rab7 and LAMP1, both constituents of the late phagosome, showed no changes in amounts 

at different time points p.i. This correlates with data from J774 macrophages (see 3.4). Regarding 

CTSD, however, differences to J774 macrophages appeared. Unstimulated macrophages showed 

CTSD activation, indicated by the evidence of the 34 kDa active form in the magnetic fraction. This 

was similar to TNF  and IFN  treated cells and a consistent increase of processed CTSD from early to 

late time points p.i. can be observed, disregardless to any stimulation condition. Whether this was 

due to fusion events with lysosomes containing mature CTSD or to a direct processing on the 

phagosome cannot be discerned.  

The IFN  inducible GTPase LRG-47 was only evident in the IFN  treated macrophages and purity 

control markers nucleoporin p62 and GSK3 appeared in the magnetic fraction compared to PNS in 

less intensity. Taken together, these data differ from the findings in J774 macrophages. In primary 

macrophages CTSD activation did not seem to be cytokine dependent induced. At this point it is 

worth noting that these primary cells control bacterial propagation better than J774 macrophages. 

This fact may explain the differences that arose in the experiments with primary cells as compared to 

the J774 cell line. Double stimulation (TNF  and IFN ) evinced no further insights in cytokine derived 

effects in J774 macrophages and was therefore not determined for primary cells.  
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Figure 3.20:  Western blot analysis of isolated phagosomes under different cytokine stimulations 
Protein composition of isolated phagosomes in BMDM WT was monitored. A) Cells were not treated. B) Cells 

were stimulated with 100ng/ml rhTNF  during infection C) Cells were pre-incubated with 200 U/ml rmIFN  

overnight. All cells were infected at a MOI 10 with magnetically labelled L.m. hly for indicated time periods (15, 
30, 60 and 120 min). Cells were then softly disrupted by sonication and prepared for magnetic separation as 
described in 3.3. All fractions were collected and prepared for Western blot analysis. Each lane was loaded with 
8 µg of total protein to compare protein composition. One representative out of two individual preparations is 
shown. PNS = post nuclear supernatant. BMDM = bone marrow derived macrophages; WT = wild-type; CTSD = 

cathepsin D; Nu p62 = Nucleoporin p62; GSK3  = Glycogen synthase kinase-3 MW = molecular weight; kDa = 
Kilodalton. 
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3.6.3. Bacterial infection control in TNF-R1-/- macrophages 

 

Previous studies have demonstrated that TNF-R1 is an important factor for eradication of L.m. 

(Pfeffer, 1993).  In order to elucidate the role of TNF  and its receptor TNF-R1 for bacterial load 

restriction in detail, macrophages derived from TNF-R1 deficient mice were generated. Influences of 

TNF  and IFN in limiting bacterial replication were analysed under TNF-R1 knockout conditions. 

These primary macrophages were exposed to the L.m. EGDe over eight hours in order to determinate 

bacterial load. In comparison to macrophages monitored thus far, a different picture arises with 

TNF-R1 knockout macrophages (figure 3.21A). Untreated and TNF  treated cells could not restrict 

pathogen growth, but IFN  stimulation did not lead to an inhibition of bacterial replication either. 

Only a slight reduction of bacterial number was observed, though in less extent than in IFN  

stimulated BMDM from WT mice (see figure 3.17). This phenomenon becomes more apparent when 

comparing bacterial number in macrophages eight hours p.i. Only minimal, but not statistically 

significant differences (p>0.05), arose upon IFN treatment compared to the medium control (figure 

3.21B). IFN  mediated restriction of bacterial growth did not seem to work in absence of TNF-R1. This 

suggests that TNF-R1 is needed to maintain the bactericidal effect of IFN . Furthermore, this finding 

was not due to lower TNF  production in these cells. ELISA specific to mouse TNF  could show that    

TNF-R1-/- macrophages produce amounts of TNF  comparable to wild-type macrophages and that 

IFN  enhanced the cytokine release upon infection (figure 3.22). 

By using confocal microscopy, this loss of IFN  mediated bacterial growth restriction was more 

evident. Phalloidin-staining was used as a marker for bacterial escape and L.m. replication capability. 

Pictures of 30 min time point p.i. indicate that bacterial load was equivalent at the beginning of 

infection. Unrestricted cytosolic invasion of L.m. was observed 120 min p.i., in unstimulated and 

TNF  stimulated TNF-R1-/- macrophages. Nearly all bacteria (red) carried the characteristic actin 

“comet tail” (green). IFN  treated TNF-R1-/- macrophages indicated similar observations and 

inhibition of phagosomal escape was not observable. Some of the monitored bacteria were positive 

for actin staining, indicating their translocation into the cytoplasm (figure 3.23). IFN and the 

combination of TNF  and IFN  was not sufficient to retain L.m. within the phagosome, which is likely 

caused by the missing TNF-R1 signalling. 
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Figure 3.21: Growth of Listeria monocytogenes in BMDM TNF-R1
-/-

 under different cytokine stimulations 
Growth of L.m. in BMDM TNF-R1

-/-
was monitored. Macrophages were infected with wild-type strain EGDe at a 

MOI 0.1 and incubated with rmIFN 500 U/ml) overnight. At time of infection rhTNF (100 ng/ml) was added 
and was present at all times. A short incubation with gentamycin (30 min, 50 µg/ml) removed extracellular 
bacteria. Cells were washed three times and shifted to 37°C for the indicated time periods. The cells (5x10

4
 per 

well) were lysed at each time point shown and serial dilutions were plated to obtain the c.f.u.; BMDM = bone 
marrow derived macrophages 
A) Bacterial load at all indicated time points of infection is shown. Data points represent means from three 
individual experiments ± SD. 
B) Bacterial growth restriction was monitored under different cytokine conditions. Data represent means and 
SD of three individual experiments. Means are shown as the ratio of c.f.u at 8h to c.f.u at 0h ± SD; ns = not 
significant p>0.05. 
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Figure 3.22: TNF  -secretion of BMDM TNF-R1
-/-

 during infection with Listeria monocytogenes  

TNF  production during infection was monitored. BMDM TNF-R1
-/-

were stimulated with or without rmIFN  
(200U/ml) overnight (ON) and supplemented with new medium for infection. Cells were infected at a MOI 3 

with the wild-type strain EGDe and the hemolysin-negative mutant hly. To analyze the amount of TNF , 

supernatants were harvested at the indicated time points post infection. TNF  amounts were determined with 

an ELISA specific to mouse-TNF . Data represent means and SD of three independent experiments. BMDM = 
bone marrow derived macrophages. 
 

 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 

Figure 3.23: Confocal microscopy of Listeria monocytogenes in BMDM TNF-R1
-/- 

Actin polymerisation of L.m. in BMDM TNF-R1
-/-

 was monitored. Cells were seeded on coverslips and stimulated 

with or without rmIFN  (200 U/ml) overnight. At the time of infection rhTNF (100 ng/ml) was added. Cells 
were infected at a MOI 3 with the wild-type strain EGDe for indicated time periods. Cells were fixed with 2 % 
paraformaldehyde for 15 min, preparing them for immunofluorescence staining. To obtain intracellular 
staining, cells were permeabilised with 0.1 % Triton X-100. Nuclei: Draq5 (blue); Actin: phalloidin-FITC (green); 
L.m.: Alexa546 (red). BMDM = bone marrow derived macrophages; WT = wild-type. 
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3.6.4. The influence of cytokines to protein composition of phagosomes from    
TNF-R1-/- macrophages 

 

From the data above it was clear that TNF-R1 in some way influences the phagosomal environment 

in IFN  stimulated macrophages. In order to characterise phagosomes of TNF-R1 deficient 

macrophages biochemically, again phagosome isolation was performed using the new established 

protocol. Western blot analysis of PNS and the magnetic fraction after isolation revealed the specific 

protein composition of the isolated phagosomes at 15, 30, 60 and 120 min p.i. under different 

cytokine stimulations. Isolated phagosomes of unstimulated (A), TNF  stimulated (B) and IFN  

treated (C) macrophages from TNF-R1 deficient mice were examined by Western blot (figure 3.24). 

L.m. specific antigens were highly enriched in the magnetic fraction demonstrating efficient isolation 

of bacteria-containing vesicles. TNF-R1 specific protein was not detectable in any fraction, confirming 

the knockout status in these cells, as well as the specificity of this applied antibody for murine TNF-

R1. Remarkably, the endocytic vesicle marker Rab5 seemed to be absent on phagosomes of TNF-R1 

deficient macrophages and appeared only in IFN  stimulated cells. This is very surprising because 

Rab5 is an important key player in phagosome-endosome fusion (Alvarez-Dominguez et al., 1996), 

and Rab5a had been implicated in listericidal activity (Alvarez-Dominguez and Stahl, 1999; Prada-

Delgado et al., 2005). Additionally, Rab5a was described as an IFN  inducible GTPase  (Alvarez-

Dominguez et al., 1996; Prada-Delgado et al., 2001), which may be the reason why Rab5 was only 

detectable in the IFN  stimulated magnetic fraction. The specific antibody to Rab5 used in this work 

detects all isoforms (Rab5a, Rab5b and Rab5c), therefore it is possible that Rab5a might be displayed 

here. Until now, this seemed to be a unique effect of TNF-R1-/- cells in response to L.m. infection; 

therefore this might be of further interest. Late endosomal marker Rab7 and lysosomal marker 

LAMP1 arose with no changes in intensity, which corresponds to data with macrophages from wild-

type mice. Regarding CTSD activation, similar effects to wild-type macrophages could be observed. 

CTSD appeared in its mature processed form (34 kDa) in all preparations, irrespective of any cytokine 

treatment. However, a slight increase from 15 to 120 min p.i. presumes that fusion events with 

vesicles containing processed CTSD may occur. Nevertheless, a TNF-R1 dependent CTSD activation in 

primary macrophages seems unlikely considering the data of this chapter. The IFN responsive 

GTPase LRG-47 only appeared in the magnetic fraction of IFN  treated cells, which does not seem to 

be affected by the absence of TNF-R1. Nucleoporin p62 and GSK3 indicated the quality of the 

preparations and displayed a diminished intensity in the magnetic fraction compared to PNS. 
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Figure 3.24 : Western blot analysis of isolated phagosomes under different cytokine stimulations 
Protein composition of isolated phagosomes in BMDM TNF-R1

-/-
 was monitored. A) Cells were not treated B) 

Cells were stimulated with 100 ng/ml rhTNF  during infection C) Cells were pre-incubated with 200 U/ml 

rmIFN  overnight. All cells were infected at a MOI 10 with magnetically labelled L.m ( hly) for indicated time 
periods (15, 30, 60 and 120 minutes). Cells were then softly disrupted by sonication and prepared for magnetic 
separation as described in 3.3. All fractions were collected and prepared for Western blot analysis. Each lane 
was loaded with 8 µg of total protein to compare protein composition. One representative out of two 
independent preparations is shown. BMDM = bone marrow derived macrophages; PNS = post nuclear 

supernatant; M = magnetic fraction. CTSD = cathepsin D; Nu p62 = Nucleoporin p62, GSK3 = Glycogen 

synthase kinase-3 MW = molecular weight; kDa = Kilodalton 
 

3.6.5. Bacterial infection control in IFN R -/- macrophages 

 

Mice lacking the IFN -receptor are significantly compromised in their ability to generate an effective 

immune response against intracellular microbes, including the pathogen L.m. (Huang, 1993). 

Interestingly, this work could show for the first time that TNF-R1 is an essential component of this 

IFN  mediated restriction of listerial infection. In order to confirm IFN  specific effects seen in the 

previous experiments performed with wild-type and TNF-R1-/- primary macrophages, macrophages 

from IFN Receptor (IFN R) deficient mice were generated and tested for their listericidal activity. 

Subsequently, these macrophages were exposed to wild-type strain EGDe and their ability to control 

bacterial infection under cytokine treatment was monitored for over eight hours (figure 3.25). No 

difference arose whether cells were treated with IFN , TNF  or in a combination of both. The 

pathogen could replicate unrestricted in any case, although these cells do express TNF-R1 and can 

respond to TNF stimulation. TNF  production upon infection was not impaired and the amount of 
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produced cytokine resembled those of TNF-R1-/- and wild-type macrophages. However, IFN  

treatment could not enhance the production any longer (figure 3.26). Replication ability of the 

pathogen was monitored in macrophages via confocal microscopy (figure 3.27).  Phalloidin-based 

actin staining allowed the differentiation between bacteria retained within the phagosome with 

those that had escaped into the cytoplasm. Similar to previous data, TNF  could not retain the L.m. 

within the phagosome, resembling the medium control. In these macrophages 120 min p.i., virtually 

all bacteria (red) developed green actin “comet tails”. Unlike wild-type macrophages, they do not 

respond to IFN  treatment. This results in completely uncontrolled pathogen replication, indicated by 

detection of actin-positive bacteria (red bacteria with green tail). In sum, infection studies with  

IFN R-/- macrophages confirmed that TNF  alone is insufficient for infection control and that IFN  is 

essential to obtain suppression of phagosomal escape during listerial infection. 

 
 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 3.25: Growth of Listeria monocytogenes in BMDM IFN R
-/-

 under different cytokine stimulations 
Growth of L.m. in BMDM TNF-R1

-/-
was monitored. Macrophages were infected with wild-type strain EGDe at a 

MOI 0.1 and incubated with rmIFN 500 U/ml) overnight. At time of infection rhTNF (100 ng/ml) was added 
and was present at all times. A short incubation with gentamycin (30 min, 50 µg/ml) removed extracellular 
bacteria. Cells were washed three times and shifted to 37°C for the indicated time periods. The cells (5x10

4
 per 

well) were lysed at each time point shown and serial dilutions were plated to obtain the c.f.u.; BMDM = bone 
marrow derived macrophages. 
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Figure 3.26: TNF  -secretion of BMDM IFN R
-/-

 during infection with Listeria monocytogenes  

TNF  production during infection was monitored. BMDM IFN R
-/-

 were stimulated with or without rmIFN  
(200 U/ml) overnight (ON) and supplemented with new medium for infection. Cells were infected at a MOI 3 

with the wild-type strain EGDe and the hemolysin-negative mutant hly. To analyse the amount of TNF , 

supernatants were harvested at the indicated time points p.i. TNF  amounts were determined with an ELISA 

specific to mouse-TNF . Data represent means and SD of two independent experiments. BMDM = bone marrow 
derived macrophages. 
   

 

 

Figure 3. 27: Confocal microscopy of Listeria monocytogenes in BMDM IFN R 
-/- 

Actin polymerisation of L.m. in BMDM IFN R
-/-

 was monitored. Cells were seeded on coverslips and stimulated 

with or without rmIFN  (200 U/ml) overnight. At the time of infection rhTNF (100 ng/ml) was added. Cells 
were infected at a MOI 3 with the wild-type strain EGDe for indicated time periods. Cells were fixed with 2 % 
paraformaldehyde for 15 min, preparing them for immunofluorescence staining. To obtain intracellular 
staining, cells were permeabilised with 0.1 % Triton X-100. Nuclei: Draq5 (blue); Actin: phalloidin-FITC (green); 
L.m.: Alexa546 (red). BMDM = bone marrow derived macrophages. 
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3.6.6. Protein composition of phagosomes from IFN R-/- macrophages 

 

In order to validate the results that arose in the previous chapters, IFN R-/- macrophages were 

monitored for specific alteration in the protein composition of phagosomes. The novel method of 

phagosome isolation was used to obtain bacteria-containing vesicles and the emerged PNS and 

magnetic fraction were analysed by Western blot, respectively (figure 3.28). The high intensity of 

L.m. specific antigen in the magnetic fraction indicates the effective phagosome isolation. TNF-R1 

expression and internalisation did not seem to be impaired in IFN R-/- macrophages. Detectable 

amounts were apparent in the magnetic fraction, regardless of any stimulation and infection 

duration. The GTPase Rab5 was hardly detectable on the phagosome containing fraction (magnetic 

fraction) and in contrast Rab7 and LAMP1 did appear. Both the intermediate (43 kDa) and mature 

(34 kDa) forms of CTSD arose in remarkably high intensities, irrespective of any stimulation. The fact 

that these IFN R-/- macrophages exhibited such a prominent CTSD activation was intriguing. With 

regard to literature, CTSD is a decisive protein in the eradication process of L.m.  (Carrasco-Marin et 

al., 2009; Cerro-Vadillo et al., 2006). These findings could not be confirmed in this study, as Western 

blot data indicated otherwise. Uncontrolled bacterial replication was observed despite high amounts 

of activated CTSD within the phagosome. Additionally, earlier reports indicated an IFN  driven 

recruitment of lysosomal proteins like CTSD and LAMP1 to the phagsosome (Prada-Delgado et al., 

2001). This could not be confirmed either, as similar or even higher amounts of phagosomal CTSD 

and LAMP1 appeared in IFN R-/- knockout macrophages compared to wild-type macrophages. In sum, 

the reported CTSD importance for bacterial restriction seems to be questionable considering the data 

of these experiments. 

The IFN  inducible GTPase LRG-47 was not expressed, regardless of any stimulation condition as it 

was to be expected. The purity of the preparation was controlled by detection of nucleoporin p62 

and GSK3 both of which arose in less intensity in the magnetic fraction. 
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Figure 3.28: Western blot analysis of isolated phagosomes in dependence of different cytokine stimulation 
Protein composition of isolated phagosomes in BMDM IFN R

-/- 
was monitored. A) Cells were not treated B) Cells 

were stimulated with 100 ng/ml rhTNF  during infection C) Cells were pre-incubated  with 200 U/ml rmIFN  

overnight. All cells were infected at a MOI 10 with magnetically labelled L.m ( hly) for indicated time periods 
(15, 30, 60 and 120 minutes). Cells were then softly disrupted by sonification and prepared for magnetic 
separation as described in figure 3.6. All fractions were collected and prepared for western blot analysis. Every 
lane was loaded with 8 µg of total protein to compare protein composition. BMDM = bone marrow derived 

macrophages; PNS = post nuclear supernatant; CTSD = cathepsin D; Nu p62 = Nucleoporin p62, GSK3  = 

Glycogen synthase kinase-3 MW = molecular weight; kDa = Kilodalton. 
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3.6.7. Inducible nitric oxide synthase (iNOS) as effector molecule for eradication 

 

An additional mechanism, through which IFN  exerts its antimicrobial effects against pathogens, is 

the generation of reactive oxygen- and nitrogen-derived intermediates (ROI and RNI, respectively). 

ROI such as superoxide anions, hydroxyl radicals and hydrogen peroxide are generated as a result of 

the incomplete reduction of oxygen during respiratory metabolism (Turrens, 1980). Activated 

macrophages produce NO by iNOS and ROI by the NADPH oxidase complex. Both enzymes are critical 

in the host defense against L.m. (Shiloh et al., 1999). Additionally, NO production was suggested to 

be necessary for L.m. killing, revealed by experiments with TNF /LT- -/- bone marrow derived 

macrophages (Muller et al., 1999). Therefore it was examined whether iNOS recruitment is altered 

by cytokine stimulation or if it is dependent on TNF-R1 signalling. Using the samples of isolated 

phagosomes generated in 3.6.2 and 3.6.4, specific iNOS recruitment was monitored by Western blot 

considering different stimulation conditions (figure 3.29:  unstimulated (A), TNF  stimulated (B) and 

IFN  stimulated (C) BMDM WT and BMDM TNF-R1-/-, respectively). The enzyme iNOS did not seem to 

be a component of the L.m.-containing phagosomes at any of the time points monitored during 

infection, both in TNF-R1-/- macrophages and WT macrophages. The positive control (contr.) which 

accompanied each Western blot determined that this was not due to a non-functional antibody. In 

order to exclude general impairment of RNI generation in these cells, nitric oxide (NO) production 

was measured during infection at 24 and 48 hours p.i. using Griess reagent (figure 3.30). All cells 

were infected with the hemolysin negative mutant of L.m. ( hly) to avoid death of macrophages due 

to uncontrolled replication of bacteria. An impairment of NO production in TNF-R1-/- macrophages 

when compared to WT was not observable. IFN  stimulation induced NO release in both cell types 

(TNF-R1-/- and WT macrophages) upon infection, whereas IFN R-/- macrophages exhibited no 

induction upon IFN  stimulation. These data exclude iNOS recruitment via TNF-R1 to L.m.-containing 

phagsosomes at early time-poinst p.i. 
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Figure 3.29 : Western Blot analysis of isolated phagosomes - detection of iNOS recruitment 
Specific iNOS recruitment to L.m. - containing phagosomes was analysed by Western blot. Preparation of 
isolated phagosomes from figure 3.19 and 3.23 were used. (For preparation details see 3.3). A) unstimulated B) 

TNF  stimulated and C) IFN   stimulated cells show no iNOS recruitment at any time point. Contr. = positive 
control. 
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Figure 3.30:  NO-Production of primary macrophages 
In order analyse NO-production upon infection, macrophages were seeded on 96-Well plates in triplicates for 

each time point and stimulation pattern. Cells were stimulated with rmIFN (200 U/ml) overnight and 
supplemented with new medium 250 µl per well for infection. Cells were infected at a MOI 3 with the 

hemolyisn-mutant ( hly). Cells were stimulated with 100 ng/ml rhTNF  during infection and TNF  was present 
at all times. After 24 and 48 hours of incubation supernatant were harvested for Nitrite (NO2-) detection, 
respectively. NO-production was measured using Griess reagent: A) shows NO-production of BMDM WT, B) of 

BMDM TNF-R1
-/-

 and C) of BMDM IFN R
-/-

. A) One representative out of two independent experiments is shown. 
Data are given as mean±SD of triplicate assays. B) Data show means of three independent experiments ±SD. C) 
One representative out of two individual experiments is shown. Data are given as mean±SD of triplicate assays. 
BMDM = bone marrow derived macrophages. 
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4. Discussion 

The cytokine TNF  released by macrophages upon infection plays a pivotal role in innate immunity 

and eradication of intracellular bacteria such as listeria monocytogenes (L.m.), mycobacteria and 

legionella. The work of Pfeffer et al. and Rothe et al. demonstrated that TNF  binding receptor TNF-

R1 on hematopoietic cell surface is essential and sufficient for resistance against the intracellular 

bacterium L.m. (Endres et al., 1997; Rothe et al., 1993; Pfeffer et al., 1993), whereas the second 

TNF  binding receptor TNF-R2 seems to play only a minor role (Erickson et al., 1994). Mice treated 

with blocking antibody against TNF  or deficient in TNF-R1 lose their ability to kill bacteria and die 

upon infection (Nakane et al., 1988). Therefore many pathogens and viruses have developed 

counterstrategies and produce modulatory proteins, which specifically target TNF -related response 

elements in order to ensure their survival in the organism (Rahman and McFadden, 2006).   

However, at this stage it is unclear how TNF-R1 contributes to these phenomenons. Schneider-

Brachert et al. were able to show that the internalisation of TNF-R1 is an essential step in the 

recruitment of surface marker proteins for inducing TNF -mediated apoptosis. Throughout this 

internalisation process, fusion events with trans-Golgi vesicles localise the proteins CTSD in its 

mature form and activated acid sphingomyelinase (ASMase) on the internalised TNF-receptosomes. 

Shortly afterwards, Cerro-Vadillo et al. linked CTSD to the eradication process of intracellular 

bacteria. They showed that mice deficient in CTSD are highly susceptible to infection with L.m. . Most 

recently, it was demonstrated that listeriolysin, the major virulence factor of L.m., is a  target of CTSD 

and was specifically cleaved by it (Carrasco-Marin et al., 2009). However, hints regarding this already 

arose in the work of Cerro-Vadillo et al. (Cerro-vadillo et al., 2006). In sum, these findings led to the 

main hypothesis that the generation of a “TNF -activated phagolysosome” is a mechanism to 

eradicate intracellular bacteria. The biological relevance of TNF-R1-internalisation in principle is still 

not known and therefore was of special interest in this study. After ligand binding to TNF-R1, 

internalisation and fusion events with trans-Golgi vesicles, TNF-R1 composes a vesicle compartment 

that theoretically could direct mature CTSD towards the phagosome as a mechanism for fast 

eradication of L.m. This could occur before the pathogen leaves the phagosome, evading the 

degradative compartment of the phagolysosome. 
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4.1. Eradication of intracellular bacteria with the infection model of Listeria 
monocytogenes in macrophages 

 

Some decades ago, Portnoy found that simulation with TNF  alone was insufficient to mediate 

bacterial killing. Mouse peritoneal macrophages stimulated with rTNF showed no difference to 

unstimulated cells regarding bacterial load (Portnoy et al., 1989). 

However, the priming of macrophages with IFN engendered a reduction of bacterial number and 

this was potentiated by additional stimulation with rTNF  These findings provided an indication that 

a synergistic interplay of both cytokines might have taken place. Infection studies in this present 

work could partially confirm this data. 

 

4.1.1. The synergy of IFN  and TNF  is required for infection control of Listeria     
monocytogenes in macrophages 

 

The bactericidal effects of TNF  and IFN  were first tested with the macrophage cell-line J774. 

Replication of bacteria in response to TNF  and IFN  was monitored over an eight-hour-long interval. 

However, the effects were not completely in accordance with Portnoy´s work. First, a reduction of 

bacterial number could not be achieved in any infection model and only an impairment of growth 

was observable upon IFN  treatment. Also, additional stimulation with TNF to IFN was unable to 

enhance bacterial killing. This may be due to the fact that the work of Portnoy and Langemans was 

performed with primary mouse peritoneal macrophages, which probably are more effective in 

bacterial killing then the above mentioned cell-line.  

Another reason may be that bacterial infection always leads to involvement of the TLR-system in 

macrophages. Lipoteichoic acid and other bacteria components are ligands of TLRs, inducing gene 

transcription via NF- B and finally leading into TNF -production (see 1.3.1). Thus, this system was 

never free of TNF  during infection. Furthermore, stimulation with IFN  enhances TNF  release 

during infection. Remarkably, many genes are synergistically inducible by TNF  and IFN Some of 

these genes contain both an ISRE  and a NF- B site in their promoter region, demonstrating the 

strong relationship between those two cytokines  (Boehm et al., 1997).  

 A direct crosstalk between TNF-R1-signalling and IFN -signalling pathway was suggested in studies 

with the RAW264.7 macrophage cell line. TNF  and IFN  synergise in the activation of macrophages 

and enhance NF- B activation. The IFN -signalling component STAT-1 was found to interact with 

TNF-R1, resulting in an attenuation of TNF mediated NF- B activation. This complex appeared in 

lower extent when macrophages were stimulated with IFN because in consequence STAT-

1 dimerises and translocates into the nucleus, decreasing the presence of available STAT-1 for the 

generation of the TNF-R1-STAT-1  complex (Wesemann and Benveniste, 2003). An enhanced NF- B 
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activation by IFN  was presumably detected in the present study because of the increasing release of 

TNF observed during infection in IFN stimulated macrophages. This may be attributed to the 

above mentioned process (see 3.1 figure 3.2; 3.6.2 figure 3.17). 

Murine macrophages were stimulated with recombinant human TNF (rhTNF ) in order to ensure 

that only TNF-R1 is addressed for signalling, as human TNF specifically binds to mouse TNF-R1 and 

not to TNF-R2. However, the mouse-TNF -ELISA data (figure 3.2) revealed that even infection with 

bacteria alone induced considerable amounts of mouse TNF . This could be enhanced up to two-fold 

amounts through stimulation with IFN . Therefore, stimulation and involvement of TNF-R2 signalling 

can not be excluded from this infection system. On the other hand, TNF-R2 is mainly stimulated by 

membrane bound TNF, so an effect via TNF-R2 signalling is presumably negligible (Grell et al., 1995). 

Nevertheless, the control was always under some sort of stimulation in this particular case. TNF  

and therefore signalling via TNF-R1, was invariably present due to autocrine stimulation. With the aid 

of confocal microscopy and phalloidin staining, Portnoy’s observations regarding IFN  could be 

confirmed. This cytokine sealed the phagosome in an unidentified way and kept L.m. trapped in the 

phagosome. To date, these effects had only be seen in primary peritoneal macrophages, but the 

present work could also evidence this observation in the macrophage cell-line J774 (figure 3.3). 

Although it is known that TNF  and IFN are absolutely necessary for activation of macrophages and 

also for survival of mice during L.m. infection, the molecular mechanisms of listericidal activity of 

both cytokines is not fully understood (Buchmeier and Schreiber, 1985; Dalton et al., 1993; Pfeffer et 

al., 1993)). In particular, the uncertain contribution of TNF-R1 signalling in this process should be 

investigated in the present study. The model of a synergistical interplay between both cytokines and 

the participation of TNF-R1 in bacterial eradication seem to be likely and substantiate the hypothesis 

of this work. The momentousness of TNF-R1 signalling in IFN -primed macrophages for bacterial 

replication control was demonstrated with experiments which monitored the bactericidal properties 

of primary bone marrow derived macrophages upon cytokine stimulation. Macrophages deficient in 

TNF-R1 were not able to impede bacterial replication properly, even when primed with IFN . In 

comparison to medium control, no significant reduction of bacteria load was observable (figure 3.20). 

IFN still seemed to slow down the pathogen-escape out of the phagosome as no complete loss of 

bacterial replication occurred, but it could not restore full control either. Similar results were 

obtained from studies with TNF-R1 knockout macrophages and the intracellular bacterium 

salmonella typhimurium, implying a general impact of TNF-R1 on intracellular bacterial killing 

(Vazquez-Torres et al., 2001). The missing TNF-R1 signalling events may render the maintenance of a 

controlled status, inconceivable in a longer-lasting infection (8 hours p.i.). Confocal microscopy 

evidenced this effect more precisely (see figure 3.22). Generally, L.m. can only be degraded by 

previously activated macrophages within the phagolysosomal compartment, but not after the escape 



4. Discussion 

- 91 - 

of the bacterium into the cytosol. IFN  was shown to restrict the pathogen in the phagosomal 

compartment in all macrophages analysed in this work. Only in TNF-R1 deficient macrophages 

IFN stimulation failed to do so. Bacteria were able to break free from the phagosome and went 

forth into the cytoplasm at two hours p.i. This was not the case in WT macrophages upon IFN  

stimulation (see figure 3.18). Considering the effect of the IFN  control experiments with 

macrophages of IFN -receptor deficient mice, substantial differences to WT macrophages also arose. 

The restriction of bacteria replication had completely vanished, irrespective of any added cytokine. 

Infection studies with TNF-R1-/- macrophages in this work demonstrate the contribution of TNF-R1 to 

infection control in IFN  activated macrophages very clearly. The control of pathogen replication was 

only possible in the presence of TNF-R1, suggesting that IFN  mediated effects in bacterial 

eradication have probably always been cooperative effects with TNF and TNF-R1-signalling. 

4.2. Biological function of TNF-R1 internalisation in macrophages 

 

With the work of Schneider-Brachert et al., TNF-R1 internalisation was shown to be an indispensible 

event for apoptotic signalling (Schneider-Brachert et al., 2004). The subsequent recruitment of 

several adaptor proteins finally leads to DISC-formation and apoptosis. When working with 

macrophages, TNF  mediated apoptotic signalling undeniably plays only a minor role, as these cells 

are the primary producers of TNF and do not proceed to apoptotic cell death upon stimulation. 

Monocyte derived macrophages express constitutively activated NF- B and therefore are resistant to 

apoptotic stimuli (Kikuchi et al., 1996). Little is known about the precise contribution of TNF-R1 to 

bacterial killing, but considering the results of this work it undoubtedly becomes a component of the 

L.m.-containing phagosome after ligand binding and internalisation (see 3.2 and 3.5). 

The results of the present work showed that Internalisation of TNF-R1 takes also place in 

macrophages upon TNF  stimulation. This finding opened new insights into TNF-R1 signalling 

because internalisation seems to be involved in host defense, representing for the first time its 

participation in processes other then apoptosis. This is in accordance with earlier data, where 

complete truncation or selective inactivation of the TNF-R1 death domain (DD) led to loss of 

protection against L.m. infection in mice (Plitz et al., 1999).Thus, signals emanated from TNF-R1 DD 

seems to be requisite for protection again L.m. infection in vivo.  

Another component of TNF-R1-signalling pathway is the acid sphingomyelinase (ASMase) which is 

specifically activated upon TNF  stimulation and receptor internalisation (see 1.5.2). This TNF  and 

also IFN  responsive enzyme is linked to the eradication process of intracellular bacteria. ASMase 

generates the signalling molecule ceramide, resulting in activation of CTSD within the phagolysosmal 

compartment. Mice deficient in ASMase were strongly impaired in their capacity to kill  L.m. and died 
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upon infection even with low bacterial load of this pathogen (Utermöhlen et al., 2003). Recent 

studies with ASMase deficient macrophages revealed the molecular and precise antibacterial effector 

mechanisms mediated by this enzyme. Defective phagosomal maturation and inefficient transfer of 

lysosomal hydrolases into the L.m.-containing phagosomes were observed. The lysosomal protease 

CTSD was found to be localised in equal amounts in phagosomes of ASMase deficient and wild-type 

macrophages, however the 43 kDa and 34 kDa mature form were increased only in wild-type cells 

(Schramm et al., 2008; Utermöhlen et al., 2008). These findings substantiate the earlier studies by 

Schneider-Brachert et al. and suggest an involvement of TNF-R1 in CTSD activation on the 

phagolysosomal compartment (Schneider-Brachert el al., 2004). Therefore, it was asserted that TNF-

R1 must interact with the bacteria-containing phagosome in a way that these findings can coherently 

occur. The conjunction of TNF-R1-receptosomes and phagosomes seemed to be likely and was to be 

proved with a variety of different experiments in the present study, as follows.  

 

4.2.1. TNF-R1 is a component of Listeria monocytogenes-containing phagosomes 

 

The first approach towards visualisation of the proximity of TNF-R1 after internalisation to 

phagocytosed bacteria was carried out with confocal microscopy. This method was used to illustrate 

whether TNF-R1 and L.m. colocalise in the same compartment. The ligand based staining of TNF-R1 

allowed the specific labelling and internalisation of this receptor. Human biotin-TNF  interacts with 

streptavidin-FITC, resulting in the ligand complex which finally marked TNF-R1. Using this complex, 

confocal microscopy could demonstrate the presumptive colocalisation of bacteria and receptor 

(figure 3.4). These first hints were then supported by electron microscopy, which was used to 

contrast the localisation in higher detail. The acquisition of TNF-R1 to the L.m.-containing phagosome 

was corroborated with this method and therefore partially verified the hypothesis of this work. Gold-

labelled TNF-R1 was demonstrated to be inside the bacteria-containing compartment surrounded by 

the phagosomal membrane and fortuitously even fusion events could be observed (figure 3.5D-F and 

3.5C). The biochemical analysis of L.m.-containing phagosomes, isolated via the lipobiotin-based 

magnetic labelling of L.m. discussed in 4.4, was able to substantiate these findings on a protein level. 

The isolated bacteria-containing phagosomes showed an enhanced signal for mTNF-R1 on Western 

blot, indicating an enrichment of this protein in this compartment. Furthermore, time-dependent 

accumulation in J774 macrophages was additionally observed, reflecting the initiation of 

internalisation and fusion events with the phagosome. Accumulation of mTNF-R1 was also validated 

for phagosomes from wild-type and IFN R deficient macrophages, demonstrating the general fusion 

of these two compartments in different macrophage populations. In previous works from our group, 

TNF-R1-containing compartments were separated with the analogue technique of vesicle isolation by 
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magnetic labelling of the receptor. Contrariwise, isolation of TNF-R1-receptosomes from L.m.-

infected macrophages could demonstrate that L.m. specific protein was detectable in these vesicles, 

confirming the previous results. In sum, this work led to an initial conclusion that TNF-R1 fuses with 

L.m.-containing phagosomes after TNF  stimulation and receptor-internalisation. The initial 

hypothesis was now verified by providing evidence from two independent Macrophage populations: 

The macrophage cell-line J774 and bone marrow derived macrophages, suggesting that TNF-R1 

recruitment to bacterial phagosomes might be a general event during infection with intracellular 

bacteria. As a result, the specific contribution of TNF-R1 signalling to phagosomal bactericidal 

mechanisms was to be investigated with the use of the new phagosome-isolation protocol. Results 

obtained from J774 macrophages are displayed in the following chapter, and are discussed 

separately to those obtained from primary bone marrow derived macrophages to facilitate 

discussion of the distinct findings regarding CTSD. 

 

4.2.2. Activation of CTSD in the phagosome - receptosome compartment in J774 
macrophages is induced by TNF-R1 

 

In recent years, lysosomal proteases were suggested to contribute considerably to microbicidal 

activity besides the general effector mechanism, such as RNI and ROS generation (Reeves et al., 2002 

Cerro-Vadillo et al., 2006; Utermöhlen et al., 2008). The experiments in the present study were 

predominantly focused on the protease CTSD as an effector molecule for bacterial eradication. It was 

shown to be part of internalised receptosomes in late stage and linked TNF-R1 signalling to 

bactericidal components (see 1.5.1). The found conjunction of TNF-R1-receptosome and bacteria-

containing phagosome (see 3.2) was thought to be a mechanism which could route activated CTSD as 

a bactericidal molecule towards the phagosome. The new phagosome-isolation protocol allowed the 

specific purification of L.m.-containing phagosomes in order to study molecular changes occurring on 

the phagosomal compartment upon cytokine treatment. Under different stimulation conditions, 

selective activation of CTSD was observed. The most striking result was that besides IFN , TNF  

stimulation alone induced CTSD activation in the phagosome, indicated by the early appearance of 

the active 34 kD form. By contrast, unstimulated macrophages failed to recruit activated lysosomal 

protease CTSD to the phagosome and merely the intermediate form (43 KDa) appeared. This 

indicated that activated CTSD was not delivered by TNF-R1 or fusion of phagosome and trans-Golgi-

vesicles containing CTSD must have occurred, but protease activation was not ultimately induced. 

This finding can be the consequence of various reasons, which could act in a combined manner. One 

explanation could be missing ceramide which is generated by activated SMase and is known to 

activate CTSD (Heinrich et al., 2000). As mentioned previously, TNF-R1 induces ASMase activation 

upon TNF  stimulation and receptor internalisation (see 1.5.2). Since ASMase deficient macrophages 
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showed impaired fusion of late phagosomes with lysosomes and reduced acidification, this might 

result from missing TNF-R1 signalling also. Another reason could be the lack of cathepsin L and/or 

cathepsin B, which have been reported to be involved in CTSD activation . Perhaps these and other 

proteases might not have been recruited to the phagosome and therefore activation of CTSD was not 

induced.  

The observation of CTSD activation upon TNF  treatment was challenging and one important 

question arose from this finding: While activated CTSD is present in the bacteria-containing 

phagosome, why does TNF  alone seems to be insufficient to control bacteria infection? This leads 

consequently to the assumption that CTSD is probably not the essential molecule in bacterial 

eradication mechanisms, as generally supposed to date.  

However, one important fact must be noted at this point: experiments regarding phagosome 

isolation were all performed with the hemolytic negative mutant of L.m. ( hly), which stays in the 

phagosomes and does not translocate into the cytoplasm for replication. The selection of this mutant 

L.m. facilitated a localised and specific study of peri-phagosomal phenomena, but at the same time 

we were conscious of a possible in vitro bias due to a not limited, non physiological cytokine impact 

on the phagosome. If the major mechanism of IFN  is to mediate the retention of L.m. in the 

phagosome, we might have created an environment similar to IFN stimulation with the use of this 

mutant of L.m. This might allow recruitment of proteins and effector molecules to the phagosomal 

compartment at later time points. Infection with the wild-type strain of L.m., this recruitment might 

not have normally taken place due to fast escape of the pathogen out of the phagosome. However, 

early time points should reflect physiological TNF  mediated effects, as L.m.-escape into the 

cytoplasm is reported to start at about 30 min after infection (Myers et al., 2003). Thus, the 

activation of CTSD is likely to be induced upon TNF  stimulation and due to fusion of TNF-R1-

receptosomes with bacteria-containing phagosomes. The later time points p.i. show stages where 

recruitment might not occur in the normal physiological response to virulent L.m. infection. 

However, in early time points (15 min and 30 min p.i.) it should reliably indicate cytokine driven 

effects on the phagosomal compartment. The same effects might be seen in the IFN  treated 

macrophages. INF  mediated activities are always occurring in cooperation with TNF (compare 

4.1.1)  The CTSD activation observed on IFN  stimulated phagosomes might be one of these TNF  

mediated effects, as TNF  alone was sufficient to induce CTSD activation also. 

Taken together, this work could prove for the first time that TNF  stimulation results in activation of 

the protease CTSD on the phagosomal compartment. This is accompanied by specific recruitment of 

TNF-R1 to the phagosome, evoking a new molecular contribution of TNF-R1 internalisation and 

signalling to the fate of phagocytosed bacteria. Furthermore, the isolation of magnetic labelled     

TNF-R1-containing compartments substantiated these findings. Activated CTSD appeared in these 
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isolated receptosomes together with L.m.-specific protein, demonstrating the association of all 

components of the “TNF -activated phagolysosome” (see figure 3.16). However, whether these 

effects of missing CTSD activation are due to impaired acidification of the phagsosome or caused by 

the absence of other essential components can not be discerned at this stage of the work and implies 

further investigations.  

 Paradoxically, the marker of the lysosomal compartment LAMP1 seemed to appear rather early and 

time-dependent recruitment was not observed. The unstimulated cells behaved similar to the 

stimulated macrophages, which was unexpected considering the differences observed in CTSD 

activation. Similar results were obtained from work with IgG-beads-containing phagosomes, where 

the protein LAMP1 appeared within the first three minutes after phagocytosis (Sturgill-Koszycki et al., 

1996). Moreover, recent studies revealed that proteolytic activity of lysosomal proteases can be 

detected within phagosomes early in the phagosomal maturation process, demonstrating that 

characteristical components of a phagolysosome may appear sooner than excpected  (Yates et al., 

2005).  

Not only the host reacts to phagocytosed bacteria, but also the pathogen itself releases factors that 

interfere and counter host bacterial killing mechanisms. The protein LLO is one of the major 

determinants of L.m. virulence. This protein is responsible for phagosomal membrane lysis and 

allows the pathogen to translocate into the cytoplasm for replication (see 1.2.1). LLO was suggested 

to prevent the fusion of phagosomes with lysosomes in order to save the pathogen from the 

degradative environment of the phagoso-lysosome (Shaughnessy et al., 2006). Recently this protein 

was demonstrated to be specifically cleaved by CTSD, substantiating the role of this above discussed 

hydrolase in innate immunity against L.m. (Carrasco-Marin et al., 2009). The pathogen in turn uses 

the host factor -Interferon inducible lysosomal reductase (GILT) for its own benefit, as it activates 

the lytic enzyme LLO. GILT was shown to be critical for activation of LLO and mice deficient in this 

host derived protein are well-protected against L.m. infection.  

 

4.2.3. Activation of CTSD in the phagosome - receptosome compartment in primary 
macrophages is independent of TNF-R1 

 

The precise mechanism of bacterial killing mediated by the protease CTSD in the L.m.-containing 

phagosome still seems to be uncertain considering the results of this work. TNF  stimulated J774 

macrophages revealed activated CTSD in the phagosome rather early but showed no bacterial 

replication control during infection with L.m. (see figure 3.15B and 3.1 respectively). These findings 

correspond to the data elicited from isolated phagosomes of primary macrophages. 

Wild-type macrophages showed processed and mature CTSD on isolated phagosomes, very early and 

irrespective of any cytokine stimulation. Similar observations were made from TNF-R1 and IFN R 
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deficient macrophages. This outcome was puzzling at a first glance. Wild-type macrophages were 

able to control bacterial replication only upon IFN  treatment (see 3.6.1) and TNF-R1 deficient 

macrophages were not able to restrict bacterial propagation under any cytokine conditions (see 

3.6.3) likewise, IFN R deficient macrophages. These cells could also not control bacterial propagation 

when treated with IFN  or TNF . Paradoxically, the activated form of CTSD was detectable in similar 

amounts in isolated phagosome of all of these primary macrophages, irrespective of TNF-R1 or IFN R 

knockout condition or of any cytokine treatment. These data seem to persist in contrast to current 

publications. CTSD-/- mice showed increased susceptibility to L.m. infection and in vitro infection of 

bone marrow macrophages from these mice were able to confirm the loss of bacterial growth 

control (Cerro-Vadillo et al., 2006). Noteworthy, these mice expressed only a non functional CTSD 

which was called for simplicity CTSD-/-. Saftig and co-workers generated this mouse model of CTSD 

deficiency, in which the open reading frame (ORF) of the CTSD gene is interrupted at exon 4 and the 

truncated ORF only encodes the N-terminal quarter of mature CTSD (Saftig et al., 1995). The affected 

mice appear to develop normally for the first two weeks of life, suffering from anorexia and seizures 

and leading to death at postnatal day 26±1. These mice are impaired in viability in general and only 

heterozygous mice can carry and breed homozygous embryos. However, this study suggested that in 

vivo functions of CTSD may concern rather activation−or inactivation−of signalling proteins by limited 

proteolysis in the endosomal and/or lysosomal compartment.  Severe deficiencies in proteolytic 

degradation of intermediates can be compensated by the activities of the remaining endopeptidases 

according to the authors’ view. In their opinion, CTSD did not seem to be essential for bulk 

degradation of proteins in the lysosomal compartment. CTSD may have a particular function as an 

effector molecule which targets bacteria and/or bacterial virulence factors, in order to mediate 

bacterial killing in the phagosomes. So it is reasonable to question whether deficiency in bacterial 

replication control in these genetically modified mice is due to this particular activity of CTSD or, on 

the other hand, if it results from a general systemic defect in activation or inactivation of signalling 

proteins. This offers yet another possible reason for the observed L.m. susceptibility in macrophages. 

The cytolysin LLO was suggested to be the direct target of CTSD, resulting in its degradation and in 

eventual control of L.m. infection (Cerro-Vadillo et al., 2006; Carrasco-Marin et al., 2009). 

Reasonably, there might also be other host cell proteins affected by CTSD which would result in less 

efficient bacterial killing in its absence. 

Considering the new findings presented in this current study, it seems more likely that CTSD 

contributes to bacterial killing in a collateral way, rather than acting directly on L.m. factors within 

the phagosome. Obviously, fusion events with trans-golgi-vesicles containing CTSD take place, 

demonstrated by the appearance of intermediate CTSD (43kDa) in all monitored phagosomes. 

Activation and processing of CTSD seems to occur in macrophages, independent of impairmed 
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bacterial propagation control. For instance, the most prominent CTSD activation on the phagosome 

was detected in IFN R-/- macrophages, but these were unable to control bacterial replication and this 

was demonstrated by the bacterial growth assays (figures 3.28 and 3.25, respectively). The same 

observation can be made in TNF-R1 deficient macrophages, as mentioned above. These results imply 

that CTSD might affect signalling components of the TNF-R1 pathway which are missing in the 

knockout system and absent on the phagosome in unstimulated macrophages. Therefore, 

internalisation and fusion of TNF-R1-receptosomes with the phagosome might bring the important 

components to the phagosomal compartment, mediating their bactericidal effects. Direct routing of 

CTSD to the phagosome by TNF-R1 seems unlikely, considering the observed CTSD activation in 

isolated pagosomes of TNF-R1 defeicient macrophages. However, an indirect role of CTSD related to 

TNF-R1 signalling in bacterial killing is still conceivable. 

 

4.2.4. The role of the IFN induced proteins Rab5a and LRG-47 on the phagosome  

 

A significant number of proteins, synthesised in response to a phagocytic signal, play a general role in 

phagosome maturation and functions. The most obvious class of proteins which can influence these 

processes are those that are inserted into the membrane or delivered within the lumen of the 

phagosome, such as Rab GTPases or CTSD, respectively. In particular, intracellular bacteria are able 

to interfere with vesicle trafficking regulators to their advantage while still residing in the vacuole. 

They achieve this with modifying and adapting the given vacuolar environmental conditions into 

those of their particular needs. One protein which interferes with virulence factors of the 

intracellular pathogen L.m. is Rab5, which was suggested to influence the pathogen’s life cycle. 

Infected macrophages showed up-regulation of Rab5 on L.m.-containing phagosomes in order to 

prevent phagosome maturation by blocking the GTPase´s activity (Alvarez-Dominguez et al., 1996). 

Later investigations demonstrated that in particular the isoform Rab5a is essential for L.m. 

destruction and IFN signalling regulates the GTPase`s expression. The activation of Rab5a was 

suggested to be one of the IFN  driven mechanisms which lead to eradication of the pathogen L.m. in 

the phagolysosome. Stimulation with IFN  specifically enhances Rab5a synthesis and processing, 

including translocation of newly synthesised Rab5a to intracellular membranes. Similar to most low 

molecular weight GTPases, Rab5a is active in the GTP bound form (Rybin et al., 1996 Alvarez 

Dominguez et al., 1996). The guanine nucleotide exchange from GDP to GTP as well as GTP hydrolysis 

was shown to be induced by IFN  also on the GTPase Rab5a (Alvarez-Dominguez and Stahl, 1998). 

Further studies proposed that activated Rab5a controls the recruitment of active Rac2 (Ras-related 

C3 botulinum toxin substrate 2) and the assembly of phagocyte NADPH oxidase to the phagosome, 

which leads to production of toxic radicals for elimination of the intracellular pathogen. These Rab5a 
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mediated actions compromised L.m. viability and survival in the phagolysosome. Interestingly, recent 

studies have shown that the pathogen itself produces a virulence factor, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH or p40 protein), which specifically interferes with Rab5a by inhibition of its 

GDP/GTP exchange activity and additionally halts its recruitment to the phagosome (Alvarez-

Dominguez et al., 2008). The pathogen’s specific response to this GTPase emphasises and confirms 

the importance of this protein in the bacterial eradication process, because of its particular status as 

a target for a specific bacterial virulence factor.  

In this study, isolated L.m.-containing phagosomes of J774 macrophages and BMDM WT showed 

similar amounts of Rab5, irrespective of any given stimulation conditions. However, TNF-R1-/- 

macrophages failed to recruit Rab5 to phagosomes in both unstimulated and TNF  stimulated cells 

(figure 3.24). Additionally, in BMDM of IFN R deficient mice hardly any Rab5 was detectable on the 

phagosomal compartment (see figure 3.28). These listed cells were all impaired in their capability to 

restrict bacterial replication. In the current study, it is not clear which particular isoform of Rab5 is 

recruited to the phagosome as the antibody used in these assays detected all isoforms: Rab5a, Rab5b 

and Rab5c, therefore an exact differentiation is not possible. Only through IFN  stimulation Rab5 

appeared on isolated phagosomes in TNF-R1-/- macrophages. Therefore, it might be the isoform 

Rab5a which was detected here, as expression and activation was described to be induced by IFN  

stimulation (Alvarez-Dominguez et al., 1998), but was not yet determined in this work. Nevertheless, 

these results strongly suggest that bacterial replication control is closely related to the routing of 

Rab5 or Rab5a to the phagosomal membrane. This could be a conceivable reason for the impaired 

infection control in TNF-R1 deficient and also in IFN R-/- macrophages. However, the stimulation with 

IFN  induced phagosomal Rab5 recruitment, yet IFN  stimulation was incapable of restoring 

replication control in TNF-R1 knockout macrophages (see figure 3.21). This suggests that 

IFN induced Rab5 or in particular Rab5a expression is sufficient to recruit this GTPase to the 

phagosome, independent of TNF-R1, but it is insufficient for bacterial growth restriction. TNF-R1 

might be important for activation of Rab5, demonstrating another conceivable mechanism driven by 

a synergistic interplay of both cytokines, TNF  and IFN  

Another recently found and characterised GTPase is LRG-47, which was also proposed to play a 

crucial role in intracellular bacteria killing. Collazo and his co-workers investigated the importance of 

this GTPase which belongs to the 48kDa GTP binding proteins family. These are encoded by IFN  

induced genes and expressed after infections with many different pathogens (Collazo et al., 2001). 

LRG-47 was shown to serve as a critical vacuolar trafficking component, used to dispose of 

intracellular pathogens such as mycobacterium tuberculosis. Phagosomes in LRG-47 deficient 

macrophages were selectively impaired in their fusion with lysosmes, leading to ineffective 

eradication of the pathogen (MacMicking et al., 2003). Loss of LRG-47 in macrophages yielded 
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specific defects in phagosome trafficking throughout the endolysosomal pathway and does not affect 

IFN  induced macrophages effector mechanisms such as RNI and ROS generation.  On this issue, it 

was ascertained whether LRG-47 recruitment on phagosomes might be altered or induced by TNF-

R1. It was found here that this GTPase is only detectable on IFN  stimulated phagosomes, 

independent of TNF-R1 knockout condition. This generally excludes LRG-47 as a valid candidate, 

implicated in TNF-R1 mediated bacterial killing. In sum, Rab5 seems to be involved in TNF-R1 related 

mechanisms against L.m., whereas the other monitored GTPase, LRG-47, was ascertained to be 

dispensable in this particular context.  

4.3. Oxidative burst formation and RNI generation in context with TNF-R1 
signalling 

 

TNF-R1 deficient mice are highly susceptible to L.m. infection despite of functional nitric oxide 

synthesis, oxidative burst formation and production of inflammatory cytokines (including 

IFN These findings are in correspondence to data of mice deficient in an essential subunit of 

phagocyte NADPH oxidase (p47phox). These animals were not able to generate ROS, but still showed 

resistance to listeriosis (Endres et al., 1997). This implicates that there must exist other molecular 

components than ROS for bacterial eradication. Remarkably in this context, TNF-R1 was recently 

shown to activate NADPH oxidase 1 (Nox1), another member of NADPH oxidases, resulting in ROS 

production and necrotic cell death (Kim et al., 2007). Further investigations to the precise molecular 

mechanism of TNF-R1 mediated ROS production revealed that riboflavin kinase (RFK) is the protein 

which connects TNF-R1 and Nox1. RFK binds to the DD of TNF-R1 and p22phox, a common subunit of 

NADPH oxidases, bridging both components for TNF  induced ROS production  (Yazdanpanah et al., 

2009). Infection studies with the intracellular pathogen Salmonella suggested a TNF-R1 dependent 

recruitment of NADPH phagocyte oxidase to the bacteria-containing phagosomes. Macrophages 

derived from TNF-R1-knockout mice failed to localise the p22phox-harbouring vesicles close to 

Salmonella-containing phagosomes, in contrast to infected wild-type macrophages. Even IFN  

stimulation could not change these findings (Vazquez-Torres et al., 2001). This strongly suggests a 

prerequisite presence of TNF-R1 on the phagosome for generating bactericidal ROS in the bacterial 

killing process. Similar amounts of ROS and RNI were also generated in ASMase deficient 

macrophages, implicating the existence of other non-oxidative listericidal mechanisms (McCollister et 

al., 2007; Uthermölen et al., 2003). However, phagosomes of these cells showed subsequent 

increasing amounts of p22phox, indicating fusion events with vesicles carrying this subunit of 

phagocyte NADPH oxidase. These cells lack an important TNF-R1 signalling downstream element, but 

the receptor itself internalises and can recruit other essential molecules which induce ROS and RNI 

generation on the phagosome. Müller and co-workers showed that wild-type and TNF  deficient 
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macrophages produce similar amounts of NO, but inhibition of its production led to a remarkable 

loss of antilisterial activity in these macrophages. This suggests that the presence of NO is necessary 

but not sufficient for L.m.  elimination (Muller et al., 1999).  

RNI in general are known to be potent antimicrobial agents in murine macrophages (MacMicking et 

al., 1997). RNI might represent molecules which contribute to the bacterial eradication process in a 

TNF-R1 dependent manner. Since iNOS is the key enzyme in RNI production (see 1.3.4), it was 

investigated whether TNF-R1 is linked to phagosomal iNOS recruitment with the aim of routing 

bactericidal molecules to this compartment.  This work demonstrated that iNOS was not localised on 

the phagosome in the early phase of infection (two hours p.i.). This was also independent of TNF  or 

IFN stimulation, although iNOS expression is  known to be induced by these cytokines  (Stuehr and 

Marletta, 1987a; Stuehr and Marletta, 1987b; Xie et al., 1992). Furthermore, this enzyme was 

reported to colocalise with bacteria-containing phagosomes. However, microorganisms such as 

mycobacterium tuberculosis specifically prevent the recruitment of iNOS in order to evade its 

microbicidal action (Miller et al., 2004). The absence of iNOS observed in L.m.-containing 

phagosomes might also constitute a pathogen driven mechanism, but this was not investigated in 

detail in this work (figure 3.29). In order to exclude a general impairment in RNI production in these 

cells, NO production was monitored systematically 24 and 48 hours after infection using Griess 

reagent (figure 3.30). Production of NO seemed to occur in all macrophages independent of TNF-R1 

presence. Therefore, an iNOS delivering mechanism carried out by TNF-R1 to the phagosome did not 

seem very likely either. Monitoring recruitment of components of ROS production system, such as 

p22phox, might be interesting in context with TNF-R1 signalling. Experiments regarding this aspect 

could be an element of further investigations. 

 

4.4. Magnetic isolation of Listeria monocytogenes-containing phagosomes 

 

An essential objective of this work was to adjust the new phagosomal isolation protocol to L.m.-

infected J774 macrophages. This new method was developed by C. Steinhäuser from the laboratory 

of Dr. N. Reiling in Borstel, Germany. It has been originally used for the isolation of mycobacteria-

containing phagosomes from BMDM. This novel protocol allows the detailed analysis of the physical 

and biochemical nature of pathogen-containing vacuoles in host cells. For the magnetic labelling of 

bacteria, a strategy based on exploiting the intercalation of lipids into biological membrane systems 

was used. In particular, lipopeptides have been previously reported to rapidly integrate into 

membrane model systems  (Schromm et al., 2007). Synthetic biotinylated lipopeptides were used to 

label microbial surface in this work. The interaction of biotin with streptavidin was used to couple 

magnetic beads to the bacterial surface. The specific intercalation of Lipobiotin (LB) into bacterial 
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membrane of L.m. was validated by flow cytometric analysis and subsequently prepared the 

pathogen for magnetic labelling (figure 3.8). Eventual influence on bacterial fate due to pathogen 

surface modification was considered to be negligible, as only a slight activation of macrophages was 

observed upon infection with labelled bacteria (see 3.3.2). Bacterial uptake and replication ability 

was also shown to be unimpaired for L.m. upon magnetic labelling (see 3.3.3). One of the essential 

steps in this protocol is the controlled disruption of the macrophages’ plasma membrane without 

causing harm to the phagosomal membranes. Sonication of these cells with short-intervalled, low-

intensity pulses permitted fulfilment of these requirements. Transmission electron microscopy (TEM) 

revealed the intact shape of the phagosomal membrane after this procedure, demonstrating the 

applicability of disruption by ultrasonics (figure 3.12, G and H and 7.2). Magnetism has been a 

common tool for magnetic cell separation in cell biology for many years. In recent studies 

phagosomes have also been isolated with the use of this separation principle (Lonnbro et al., 2008; 

Pethe et al., 2004). The magnetic isolation of labelled bacterial phagosomes in this work was carried 

out in a custom built chamber with a novel matrix free flow column. The system generates a high 

gradient magnetic field focussing on the inner wall of the column, allowing attachment of the 

phagosomal compartments which contain magnetic labelled bacteria. Therein, these samples are 

completely protected from any contact to ferromagnetic materials and can easily be rinsed by 

vertical flow-through. In contrast to elaborate phagosome-isolation protocols which are based on 

density centrifugation, this new protocol works effectively and is carried out relatively fast, lasting 

less than two hours. This was demonstrated with the specific enrichment of L.m.-containing 

phagosomes shown by TEM (figure 3.12F) and by Western blot (figure 3.13; 3.20; 3.24 and 3.28). In 

sum, this novel labelling technique combined with the unique isolation procedure provided an 

efficient protocol for isolation of L.m.-containing phagosomes. Based on the small amounts of cells 

which are needed (2x107) and the easy handling of this protocol, it permits molecular snapshots with 

short kinetics. This work was able to validate this isolation protocol as a convenient method for the 

investigation of specific changes induced by the cytokines TNF  and IFN  on the L.m.-containing 

phagosomes and will consequently be employed for further studies. 
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4.5. Conclusion and Perspective 

 

TNF-R1 and the related signalling component CTSD have been shown to be instrumental in the 

eradication process of intracellular pathogens such as L.m. (Pfeffer et al., 1993; Cerro-Vadillo et al., 

2006; Carrasco-Marin et al., 2009). The hypothesis of this work was that the generation of a “TNF -

activated phagolysosome” after internalisation of TNF-R1 and fusion with the bacteria-containing 

phagosome could be a mechanism which creates an antimicrobial environment against intracellular 

bacteria. This hypothetical compartment was shown to exist through various methods. The evidence 

of fusion events comprising TNF-R1-receptosomes and L.m.-containing phagosomes was the most 

striking result of this work. Further investigations revealed the existence of other molecules that are 

involved in listerial eradication, in context with TNF-R1 signalling. 

The findings of this study showed that CTSD is activated by TNF  on the L.m.-containing phagosomes 

in J774 macrophages. In addition, infection of primary cells could not demonstrate any alterations in 

CTSD activation on the phagosomes, challenging the indispensability of CTSD for the bacterial 

eradication process in general.  

Furthermore, the newly protocol of phagosome isolation allows a detailed analysis of a variety of 

proteins recruited to phagosomes, which may contribute to the effective killing of intracellular 

bacteria. The specific role of cytokines, such as IFN  and TNF  in this eradication process are still not 

fully understood and will certainly be a matter of interest in future work. The data presented in this 

study demonstrated that the underlying molecular mechanisms of bacterial killing are very complex 

and can not be addressed to one key molecule. The experiments of this study shed light on some 

molecules which might be involved in TNF-R1 mediated listericidal mechanisms. Not only Rab5 

seemed to be an interesting candidate in this particular context (see 4.2.4), but also well-known 

molecular bactericidal components such as ROS seemed to be strongly related to TNF-R1 dependent 

mechanisms (see 4.3). Therefore, it is of further interest to have a closer look at components of ROS 

generation, such as p22phox, and their influence on bacterial fate in phagosomes. Furthermore, for 

effective bacterial killing, cytokine driven mechanisms must be rapid enough to reach the virulent 

pathogen L.m. before it escapes from the phagosomal compartment. The characterisation of 

phagosomes containing the L.m. virulent strain (EGDe), as well as the analysis of shorter kinetics     

(3-10 min), will presumably provide more detailed insights into the macrophage-pathogen 

interaction and the influence of cytokines on this biological relationship.  

To analyse the precise listericidal mechanisms dependent on TNF-R1-internalisation, infection studies 

with macrophages carrying an internalisation deficient TNF-R1 (TNF-R1  TRID) should render further 

knowledge about this intricate process. TNF-R1 seems to be a key player in bactericidal mechanisms 
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and its now confirmed presence in bacteria-containing phagosomes has opened new prospects in the 

involvement of molecules that are related to this specific receptor. 
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7.1. TEM of magnetic labelled Listeria monocytogenes in J774 macrophages 
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Figure 7.1: TEM of  Listeria monocytogenes infected cells 
In order to determine constitution of magnetically labelled L.m. and isolated phagosomes, L.m hly was labelled 
with 10 µg/ml LB and streptavidin magnetic beads. J774 macrophages were infected for indicated periods of 
time. A)-X) Cells were centrifuged for 10 min 2000 x rpm and the pellet was prepared for electron microscopy 
with Karnovsky´s fixative. Squares mark the region of magnification. 
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7.2. TEM of isolated phagosomes  
   

 Isolated phagosomes of unstimulated J774 macrophages 
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 Isolated phagosomes of IFN  stimulated J774 macrophages 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

 Isolated phagosomes of TNF + IFN  stimulated J774 macrophages 
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Figure 7.2:  (on previous page) TEM of isolated phagosomes 
In order to determine constitution of magnetically labelled L.m. and isolated phagosomes, L.m. hly was labelled 
with 10 µg/ml LB and streptavidin magnetic beads. J774 macrophages were infected for indicated periods of 
time. Infected cells were softly disrupted by sonication and phagosomes isolated in the magnetic chamber as 
described in 3.3. The magnetic fraction was centrifuged for 15 min with 15000 x g and the pellet was fixated for 
electron microscopy with Karnovsky´s fixative. 
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