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Zusammenfassung 

 

Listeria monocytogenes (Lm) ist ein Gram-positiver Lebensmittelkeim, der bei 

immunsupprimierten Menschen die Krankheit Listeriose auslösen kann. Makrophagen haben 

eine Schlüsselfunktion bei der Erkennung und Bekämpfung von Lm und sorgen im gesunden 

Menschen für eine effektive Immunantwort zur Kontrolle der Infektion. Um den 

Infektionsprozess genauer untersuchen zu können, ist die Verwendung eines geeigneten 

Modellsystems nötig. Zwischen dem Immunsystem des Menschen und der Maus bestehen 

zahlreiche Unterschiede, nicht zuletzt auf Ebene der Makrophagen. Daher ist ein geeignetes 

Modellsystem zur Untersuchung der Interaktion von Lm mit humanen Makrophagen von 

großer Bedeutung. 

  

In der vorgelegten Doktorarbeit wurden zunächst mehrere Modelle für humane 

Makrophagen untersucht und validiert. Dabei zeigte sich, dass humane Primärmakrophagen, 

die aus negativ selektionierten Monozyten generiert wurden, sich am besten für 

Infektionsstudien mit Lm eignen. Um den Phagozytoseprozess von Lm näher zu untersuchen 

wurde ein siRNA-basiertes Protokoll zur Reduktion der Expression spezifischer Gene 

entwickelt und auf eine Screeningsystem übertragen. Alle humanen Kinasen sowie 

ausgewählte Oberflächenrezeptoren von Makrophagen wurden auf ihren Beitrag zur 

Phagozytose hin analysieren. Schon bei der Etablierung zeigte sich, dass Lm im Gegensatz zur 

Maus von menschlichen Makrophagen unabhängig von TLR2 phagozytiert werden. Dieser 

Befund konnte durch eine Reihe von Kontrollexperimenten bestätigt werden. Die Analyse 

ergab zudem, dass in humanen Makrophagen vermutlich TLR7, GJA1 und ALS2CR7 an der 

Phagozytose von Lm maßgeblich beteiligt sind. 

 

Alle drei Proteine sind gute Kandidaten und lassen sich zu einem plausiblen Modell für die 

Phagozytose von Lm durch humane Makrophagen zusammenfassen. Weitere 

Untersuchungen sind nötig um den Mechanismus der Phagozytose von Lm durch humane 

Makrophagen sowie die Rolle von TLR7, GJA1 und ALS2CR7 aufzuklären. 
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Summary 

 

Listeria monocytogenes (Lm) is a Gram-positive foodborne pathogen which, in case of a 

compromised immune system, may cause listeriosis. Macrophages play a key role in the 

defence against Lm and are important for the induction of an efficient immune response to 

the pathogen by the healthy host. To elucidate the infection process in more detail, the 

usage of a suitable model system is of great importance. There are considerable 

discrepancies between the human and the murine immune system, especially with respect 

to macrophages and their effector functions. This highlights the need for an appropriate 

human macrophage model to study Lm infections. 

 

In the presented doctoral thesis, different known macrophage models were investigated and 

validated. The results suggest that primary human macrophages differentiated ex vivo from 

monocytes isolated by negative selection represent the most suitable human macrophage 

model to study Lm infection. To analyse this process further, an siRNA based knockdown 

protocol was established, which was transferred to a robotic unit to perform a high content 

screen. The results performed during the process of establishing the screen suggest that in 

human macrophages, unlike in murine macrophages, phagocytosis of Lm is TLR2 

independent. These results were further corroborated by a range of control experiments. 

During the actual screen the entire set of human kinases as well was a large number of 

surface receptors of macrophages were tested for their contribution to listerial phagocytosis. 

Interestingly, TLR7 was identified as a hit, highly suggesting the contribution to this receptor 

to trigger Lm phagocytosis. In addition, the gap junction protein GJA1 and the HSP90 

interaction partner ALS2CR7 were identified as candidates. 

 

All three targeted genes are good candidates and can be incorporated into a plausible model 

for phagocytosis of Lm by human macrophages. Further studies are required to reveal the 

exact mechanisms phagocytosis of Lm by human macrophages and the contribution of TLR7, 

GJA1 and ALS2CR7.  
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1. Introduction 

 

1.1. Listeria monocytogenes 

In 1924, E. G. D. Murray et al. isolated a bacterium that caused lethal disease in rabbits and 

named this pathogen Bacterium monocytogenes due to the increased numbers of 

monocytes circulating in the bloodstream observed during disease [1]. Independently, J. 

Pirie isolated the same bacterium three years later in South Africa, from the liver of gerbils, 

and named it Listerella hepatolytica. After realising that both bacilli were indistinguishable, J. 

Pirie proposed 1940 the name Listeria monocytogenes (Lm) [2]. Lm belongs to the genus 

Listeria which also includes the species L. ivanovii (predominantly infects ruminants and 

sheep) and the non-pathogenic species L. innocua, L. seeligeri, L. welshimeri, and L. grayi, as 

well as the more recently described species L. marthii and L. rocourtiae [3]. Lm is a Gram-

positive, rod-shaped, facultative anaerobic bacterium with an average diameter of 0.4 µm 

and a length of 1 to 1.5 µm. It is not able to form spores and its genome sequence is 

characterised by a low guanine-cytosine content [4]. Lm is motile due to the expression of 

flagella at 30 °C and below, but not at human body temperature (37 °C) [5]. 

 

 

1.2. Listeriosis 

Lm was recognised as a human pathogen for the first time when it was associated with an 

epidemic outbreak in the 1970s [6]. In the 1980s it finally became recognised as a foodborne 

pathogen [7]. Today, Lm is considered a major risk factor in food safety, particularly in raw 

food and unpasteurised milk products [8]. This is mainly due to its ability to grow under 

conditions normally used for food conservation such as refrigeration temperatures, extreme 

pH and high salt concentrations [3]. In immunocompetent individuals, Lm infection only 

leads to minor symptoms such as gastroenteritis and fever [9]. Due to these mild, flu-like 

symptoms, Lm infections are rarely diagnosed in healthy individuals [10]. However, in at-risk 

groups such as immunocompromised individuals, pregnant women, newborns, and elderly 

patients, Lm infection results in a serious disease termed listeriosis. Lm can even be 

transmitted directly from the mother to the foetus, due to the ability of Lm to cross the feto-

maternal barrier in the placenta [11]. For those patients infections with Lm mainly manifest 
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as gastroenteritis, septicaemia, meningitis and/or encephalitis and are fatal in 25-30% of the 

cases [12]. A standard therapy for Lm infections is a combination of amoxicillin and 

gentamicin due to their synergistic effect [13].  

 

 

1.3. Course of infection with Lm 

After ingestion of contaminated food, Lm enters the gastrointestinal tract and follows its 

typical route of infection (Figure 1). Due to its large arsenal of virulence factors, Lm is able to 

infect a great variety of cells including intestinal epithelial cells, M cells, dendritic cells (DCs) 

and macrophages [14]. Lm is able to actively invade intestinal epithelial cells by the 

interaction of the bacterial surface protein internalin A (InlA) with the host receptor 

E-cadherin (E-cad) [15]. This process is even supported by the interaction of the bacterial 

InlB with local c-Met in the intestine [16]. E-cad is a protein in the tight junctions of the 

epithelium closely connecting epithelia cells and is thus inaccessible to bacteria under 

normal circumstances. When dying cells are removed from the epithelium, E-cad becomes 

temporarily accessible and allows InlA to bind [15]. Until recently it was believed that 

invasion of epithelial cells demonstrates the main way of crossing the intestinal barrier for 

Lm. However, new observations highlight that Lm rather interacts with intestinal goblet cells 

to rapidly traverse the intestinal barrier without cytosolic localisation and actin 

polymerisation [17]. This quick process is also initiated by binding of bacterial InlA to host 

E-cad resulting in a membrane bound vacuole mechanism that rapidly translocates Lm from 

the apical to the basolateral side of the epithelium [17]. This mechanism is called 

transcytosis and by now believed to be the main mechanism of intestinal barrier crossing for 

Lm. 

After crossing the intestinal epithelium, Lm enters the blood and lymph stream. Circulating 

Listeria become enriched in the filtering organs liver and spleen, where 90% of the 

pathogens are already killed within 6 h [18]. Surviving bacteria then multiply within 

permissive macrophages and grow exponentially in the liver and spleen for the next 48 h. 

The population number peaks 2-3 days following infection, before Lm starts to disappear 

from the organs as a consequence of the induction of an adaptive immune response [18]. 

Both innate and adaptive immune responses are required to efficiently clear Lm infection 

[19]. The key players to initiate a successful immune response against Lm infection are 
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macrophages, which phagocytose bacteria and process and present antigen to the cells of 

the adaptive immune system [20,21].  

 

 

Figure 1: Course of infection with Lm. Following consumption of contaminated food, Lm reaches the intestinal 

tract where it is able to cross the intestinal barrier and spread via the blood and lymph stream through the 

body. In the intestine, liver and spleen organ specific macrophages are involved in resolution of infection. 

When clearance is ineffective, Lm is able to further spread throughout the body by its ability to cross the blood-

brain and the feto-placental barriers (image modified from [3] and used with the permission). 

 

 

1.4. Intracellular life cycle of Lm 

One of the mechanisms Lm has adopted to avoid the initiation of a humoral immune 

response is its paradigmatic intracellular life cycle [22] (summarised in Figure 2). Following 

entry into a host cell the bacteria are contained in membrane surrounded vesicles termed 

phagosomes that rapidly undergo maturation involving a series of fusion events leading to 

acidification and accumulation of hydrolytic enzymes [23]. To avoid elimination by these 

matured phagolysosomes, Lm disrupts the phagosomal membrane by secreting 

phosphatidylinositol specific phospholipase C (PI-PLC), the phosphatidylcholine (lecithin) 
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specific phospholipase C (PC-PLC) and the cholesterol dependent pore-forming toxin 

listerolysin O (LLO), which allow Lm to escape from the phagosome within 15 min after 

bacterial entry [24,25]. LLO (encoded by the gene hly) is activated by low pH (LLO 

pH-optimum: pH<6) [26] and, more importantly, by the gamma-interferon inducible 

lysosomal thiol reductase (GILT) [27]. Disruption of the phagosome is the consequence of 

the formation of small pores of 20 to 30 nm in the membrane, which in turn allow Ca2+ influx 

[28] and K+ efflux [29]. This leads to disruption of the pH gradient across the membrane and 

inhibition of further phagosome maturation. Finally, Lm escapes and phagosomal activation 

of LLO becomes antagonised within 10 min by the neutral pH of the host cell cytoplasm 

[26,30]. Once having gained access to the cytoplasm, Lm is able to move intracellularly by 

polymerisation of host cell actin asymmetrically along its surface to propel itself through the 

cytoplasm [22]. This actin polymerisation is induced by the listerial actin assembly inducing 

protein (ActA) by molecular mimicry. ActA structurally resembles the host protein Wiskott 

Aldrich Syndrom protein (WASP) to activate the host actin related protein 2/3 (Arp 2/3) 

complex to catalyse actin polymerisation on the bacterium [31]. The accumulation of ActA at 

one of the bacterial poles after bacterial division [32] results in the formation of so-called 

“actin comet tails” at this pole of the bacterium [33,34]. This leads to a unidirectional 

propelling of the bacterium through the cell, which is completely independent of flagellar 

motility. This actin based motility is responsible for cell-to-cell spread by forming cellular 

protrusions which contain viable Lm [22]. These protrusions penetrate neighbouring cells 

and eventually are separated from the first cell thereby forming a Lm containing, secondary 

vacuole surrounded by a double membrane [22]. Again, Lm is able to disrupt this double 

membrane by the activity of LLO, PI-PLC, and PC-PLC completing the intracellular life cycle 

[22]. 

It has been shown that in humans GILT is constitutively expressed only in phagocytic cells 

but requires induction by interferon-gamma (IFN-γ) in other cells such as intestinal epithelial 

cells [35]. This suggests that at early stages of infection, when IFN-γ is not yet secreted, Lm 

remains trapped inside the phagosome in epithelial cells. This further supports the 

mechanism of translocation across the epithelium in vesicles as the main mechanism in 

crossing the intestinal barrier [17]. By contrast, Lm is able to efficiently escape the 

phagosome directly in professional phagocytes, and at later stages of infection even in other 

cells [16,27,36]. 
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Figure 2: The intracellular life cycle of Lm. After phagocytosis or invasion Lm is located in a membrane 

surrounded phagosome. Lm is able to disrupt the phagosomal membrane by the activity of liseriolysin O (LLO) 

and two phospholipases (PLCs). Once inside the cytosol Lm recruits host actin with the help of ActA and propels 

itself through the cell, resulting in direct cell-to-cell spread. Lm enters the neighbouring cell in a double 

membrane vacuole, which can again be disrupted by LLO and the PLCs. Cytosolic bacteria again propel through 

the cell by actin polymerisation and infection of new cells can continue. 

 

 

1.5. Macrophages 

 

1.5.1. Macrophages at host barriers 

Humans are constantly exposed to a huge diversity and abundance of pathogenic and non-

pathogenic bacteria. An estimated amount of >500 species are found in the mouth, >2000 

species in the gastrointestinal tract and >180 species on the skin [37–39]. Healthy people are 

normally colonised by up to 1012 bacteria on the skin, 1010 in the mouth, and 1014 in the 

gastrointestinal tract [40]. Macrophages are located at these barriers to additionally deal 

with this overwhelming numbers of microorganisms. 

Depending on the route of infection, invading pathogens first have to cross the epithelial 

barrier of the intestine, the lung or the skin. Foodborne pathogens like Lm, Salmonella 

typhimurium or Shigella flexneri generally enter the host by crossing the intestinal barrier 

[41]. In contrast, Mycobacterium tuberculosis mostly enters the host through the lung via 



_____________________________________ ____________________________Introduction 

14 
 

inhalation of bacteria containing aerosols [42]. The pathogen Propionibacterium acnes faces 

the dermal barrier while colonising the skin [43]. Also the filtering organs liver and spleen 

face high amounts of pathogens during infection, when microorganisms like Lm circulate in 

the blood and/or lymph stream [44]. Macrophages are found throughout the whole body 

with a particular enhanced occurrence at sites of high bacterial incidence to form the first 

line of the innate immune defence by sensing and phagocytising invading microorganisms 

[45]. The pool of tissue macrophages can be replenished by monocytes, macrophage 

precursors, which are released from the bone marrow [46]. Typical physical barriers along 

with their tissue specific macrophages and pathogens which are likely to face these barriers 

are shown in Figure 3.  
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Figure 3: Organ specific macrophages at the sites of pathogen entry. Epithelia that cover lungs, intestine and 

dermis (shown in orange) are primary, physical barriers to protect against pathogen invasion. After pathogenic 

migration throughout the body, macrophages in the liver and spleen (shown in black) also fight the infection. 

Macrophage precursors are released from the Bone (shown in green). Examples of pathogenic bacteria typical 

for certain barriers are listed in orange boxes. 

 

 

1.5.2. Macrophage development 

Macrophages are strategically located throughout the body to fulfil their central role in 

initiating and fine-tuning pro- and anti-inflammatory immune responses. This function is 

essential to maintain the balance between tolerance towards a large numbers of harmless 

commensal bacteria while at the same time efficiently and adequately respond to infection 

[45,47]. Under steady state, resident tissue macrophages can be replenished from peripheral 
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blood monocytes, which originate from the bone marrow and represent 10-30% of all 

circulating mononuclear cells [46]. Once having matured from hematopoietic stem cells, 

monocytes enter the blood stream and circulate for 1-2 days before migrating into 

peripheral tissues [48]. At these sites, monocytes differentiate into fully matured, resident 

macrophages such as Kupffer cells (liver) or intestinal, splenic, or alveolar macrophages (lung) 

[48] (Figure 3). Tissue macrophage numbers are not only maintained by recruiting peripheral 

blood monocytes, but also by IL-4 induced self-renewing due to proliferation of resident 

macrophages, mainly occurring during infection and inflammation [49,50]. 

 

 

1.5.3. Macrophage polarisation  

In normal non-inflamed and un-infected tissue, the vast majority of resident tissue 

macrophages have an anti-inflammatory phenotype represented by the secretion of high 

levels of IL-10 and a high phagocytic activity [51–53]. This avoids unnecessary 

overstimulation of the immune system when macrophages are constantly exposed to the 

high numbers of commensal microbes present at host barriers [54–58]. By contrast, during 

infection or inflammation most macrophages display a pro-inflammatory phenotype by 

secretion of interleukin 1 β (IL-1β), IL-6, IL-12, IL-23, and tumour necrosis factor alpha (TNF-α) 

[59,60]. However, both macrophage populations display a high degree of plasticity what 

enables a rapid conversion from one to another phenotype in response to changing cytokine 

microenvironments [61,62]. This rapid and fully reversible change in activation state 

indicates that a single macrophage may participate in both; the induction and the resolution 

of inflammation [47]. Changes in macrophage polarisation have been demonstrated to play 

an important role in tumourigenesis, wound healing, and resolution of inflammation, leading 

to the observation that its deregulation is involved in tumour progression and chronic 

inflammatory diseases [63,64].   

The polarisation of macrophages towards a pro- or anti-inflammatory phenotype is mainly 

influenced by two distinct cytokines: granulocyte macrophage colony stimulating factor 

(GM-CSF) and macrophage colony stimulating factor (M-CSF). Both GM- and M-CSF 

contribute to cell survival and proliferation but exert different effects on macrophage 

differentiation. M-CSF is ubiquitously expressed by many tissues, controls macrophage 

numbers [65,66] and induces differentiation of monocytes into anti-inflammatory 
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macrophages with a high phagocytic activity that produce high levels of interleukin-10 (IL-10) 

in response to bacterial stimulation [51,52,67,68]. The relatively high levels of M-CSF in the 

plasma of healthy donors (estimated range from 187-7604 pg/ml [69]) have led to the 

assumption that under normal conditions blood monocytes are likely predisposed towards 

an anti-inflammatory phenotype [70]. By contrast, basal levels of GM-CSF in the blood are 

normally low, but can rapidly increase during immune/inflammatory responses [59]. GM-CSF 

induces polarisation of monocytes into pro-inflammatory macrophages with a high antigen 

presenting capacity that produce high levels of the pro-inflammatory cytokines IL-1β, IL-12, 

IL-23, and TNF-α in response to lipopolysaccharides (LPS) [60]. 

Thus, pro-inflammatory macrophages serve as “soldiers” in the body by aiding the defence 

towards infections, inhibit tumour growths and produce high amounts of inflammatory 

cytokines that activate the immune response [71,72]. By contrast, anti-inflammatory 

macrophages act as “workers” by scavenging of debris and stimulating angiogenesis and 

tissue remodelling and wound repair [73]. Additionally, anti-inflammatory macrophages 

control the inflammatory response by counter-regulating the effects of GM-CSF and other 

pro-inflammatory cytokines [60,72,74]. 

Both macrophage phenotypes can be generated in vitro from monocytes by a number of 

methods including differentiation in the presence of either GM- or M-CSF (Figure 4) allowing 

direct studies of pathogen-macrophage interactions in the human system [51,52,67,68]. 

These in vitro studies show that the haemoglobin scavenger receptor CD163, known to bind 

modified low-density lipoproteins [75], represents a specific marker for M-CSF-derived, anti-

inflammatory macrophages (M-MФ) [47,76]. The mannose receptor CD206, which is a C-type 

lectin that recognises terminal mannose residues typically decorating bacterial surfaces, is 

highly expressed on GM-CSF-derived, pro-inflammatory macrophages (GM-MФ) [47,76]. 
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Figure 4: Characterisation of ex vivo generated monocyte derived pro- and anti-inflammatory macrophages. 

Monocytes isolated from human blood can be stimulated with either GM-CSF or M-CSF for 7 days in vitro to 

generate either typical pro-inflammatory or anti-inflammatory macrophages.  

 

 

1.5.4. Recognition of pathogens by macrophages  

To fulfil their phagocytic function, macrophages express a multitude of receptors on their 

surface to detect signals not found in healthy tissues [61]. Conserved components of 

microbial cells, so-called pathogen associated molecular patterns (PAMPs), are recognised by 

pattern recognition receptors (PRRs). PRRs are represented by the families of Toll-like 

receptors (TLRs), C-type lectin receptors (CLRs), scavenger receptors, retinoic acid inducible 

gene 1 (RIG-1)-like helicase receptors (RLPs) and NOD-like receptors (NLRs) [77]. The most 

prominent family of PRR are the TLRs which are expressed by a wide range of cell types 

including monocytes/macrophages, dendritic cells, B and T cells, epithelial cells, and mast 

cells [78–81]. 

To date, 13 TLRs have been identified in mice, but only 10 in humans [82]. TLR 1-9 are highly 

conserved between both species [83]. The various TLRs show different ligand preferences 

and subcellular localisation (Figure 5). The TLRs 1, 2, 4, 5, 6 and 10 are found on the cell 

surface whereas the TLRs 3, 7, 8, and 9 are located within endosomes [84]. TLR2 and TLR4 
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are the main receptors that recognise bacterial cell wall components. TLR4 primarily 

recognises LPS of the outer membrane of Gram-negative bacteria [85]. TLR2 on the other 

hand binds to different PAMPs including peptidoglycans, lipoteichoic acids [86], and a variety 

of other macromolecules found in the cell wall of Gram-positive bacteria [87]. Although TLR2 

has been identified as the major receptor for Gram-positive PAMPs, several studies indicate 

that TLR2 might be dispensable or of minor importance in the recognition of whole bacterial 

cells of e.g. Streptococcus pneumoniae, Staphylococcus aureus and Lm [87–96]. To broaden 

its ligand spectrum, TLR2 is able to form heterodimers with either TLR1 or TLR6, which both 

compete for the binding with TLR2 [97,98]. Bacterial triacylated lipopetides are recognised 

by the TLR2-TLR6 heterodimer, whereas diacylated lipopeptides represent the ligand for the 

TLR2-TLR1 heterodimer [84]. Flagellin, a protein component of bacterial flagella, is the ligand 

for the membrane receptor TLR5 [99]. The main ligand for the endosomal receptor TLR3 is 

represented by double stranded RNA [100]. TLR7 and TLR8, which can also form a 

heterodimer, recognise viral single stranded RNA [101]. Unmethylated CpG-containing DNA 

motifs, typical for bacteria and viruses, activate mammalian cells by interacting with the 

endosomal TLR9 [102,103]. 

Upon binding of the specific ligand, TLRs recruit adapter proteins like the myeloid 

differentiation primary response protein 88 (MyD88), toll-interleukin 1 receptor (TIR) domain 

containing adaptor protein (TIRAP), TIR-domain containing adapter inducing interferon-β 

(TRIF) and TRIF related adaptor molecule (TRAM), which then activate different signalling 

pathways. This leads to the activation of transcription factors such as nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB), which enhances transcription of various 

genes encoding for pro-inflammatory cytokines and chemokines [84,104]. 
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Figure 5: Localisation of the human TLRs and their typical ligands. On the cell surface the TLRs 1, 2, 4, 5, 6, and 

10 are expressed, whereas in the endosome the TLRs 3, 7, 8, and 9 are located for sensing PAMPs. For signalling 

TLR2 can form a heterodimer with TLR1 or TLR6. To recognise single stranded RNA in the endosome, TLR7 can 

form a heterodimer with TLR8. The other TLRs only form homodimers to mediate signalling. 

 

 

1.5.5. TLR2 mediated response in murine macrophages by Lm infection 

So far, the contribution of TLR2, 3, 4 and 9 to the immune response towards Lm have been 

investigated in more detail in mice. Mice deficient for TLR3, TLR4, and TLR9 show the same 

susceptibility to infection with Lm as wildtype mice demonstrating that these TLRs are not 

involved in Listeria induced immune activation in the murine system [105]. However, TLR2 

signalling was shown to contribute to the clearance of Lm infection, as TLR2 knockout 

(TLR2-/-) mice show a higher susceptibility to infection [92]. Moreover, murine bone marrow 

derived macrophages (BMDM) of TLR2-/- mice show a reduced phagocytosis of Lm [106] and 

CD14 has been shown to cooperate with TLR2 in the recognition of Lm [105]. Since the 

TLR2/6 heterodimer requires CD14 for signalling, whereas the TLR2/1 heterodimer signals 

independent of CD14, the observed contribution of CD14 for efficient clearance of Lm 

infection in mice suggests the TLR2/6-heterodimer as the receptor of Lm [105]. 
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Phagocytosis of Lm by murine BMDM is triggered via phosphatidylinositol 3 kinase (PI3K) 

and Ras related C3 botulinum toxin substrate 1 (Rac1) signalling [106]. This Lm induced TLR 

signalling then leads to a caspase-1 dependent secretion of both IL-1β and IL-18 [107,108]. In 

general the recognition of Lm by TLR2 leads to an induction of pro-inflammatory cytokines, 

given by the fact that macrophages of TLR2 deficient mice produce less TNF-α, IFN-γ, and 

IL-12 during Lm infection [107,109].  

 

 

1.6. Differences between human and murine macrophages 

Despite the fact that mice are the most widely used animal model to study infectious 

diseases and immune responses, many aspects of innate and adapted immunity are different 

between mice and humans [110]. Of note, human macrophages are fundamentally distinct 

from rodent macrophages [111,112]. One difference already mentioned is the presence of 

13 different TLRs in mice, but only 10 in humans [82,83]. Another major discrepancy is the 

production of nitric oxide (NO), which is a major component of the arsenal of murine 

macrophages to kill phagocytosed bacteria [113,114]. The NO precursor L-arginine can not 

only be converted by the inducible nitric oxide synthase (iNOS), an oxidoreductase that 

catalyses the conversion of arginine and oxygen to NO and citrulline, but also by the enzyme 

arginase, a hydrolase that converts L-argine into L-ornithine and urea [115]. The iNOS 

activity as well as the expression of the L-arginine transporters are induced under pro-

inflammatory conditions [116–119]. The availability of L-arginine forms a bottle neck for NO 

production [116,120] and in combination with the activity of iNOS and arginase determines, 

if the given amount of L-arginine can be used for pathogen killing.  

Killing of intracellular pathogens including Lm, M. tuberculosis, Leishmania spp., Toxoplasma 

gondii and Trypansoma cruzi by murine macrophages was shown to be dependent on NO 

production [114] and its antimicrobial toxicity [121]. In contrast, neiher the iNOS nor the 

arginase expression could so far be provoked in human macrophages in vitro. This is why the 

arginine metabolising enzyme expression in human macrophages is at the centre of an 

intense debate with a main focus on differences between human and mouse macrophages 

[45]. On one hand, the inability to provoke human macrophages to produce iNOS or NO in 

vitro (in a similar way to murine macrophages), reinforces the concept of species differences 

[112,122]. On the other hand, iNOS can be observed by immunohistochemistry in human 
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tuberculosis biopsy samples, as well as in many other tissue samples [123,124]. However, 

because the stimulus used to provoke their expression in murine macrophages in vitro does 

not show any effect in human macrophages, it highly suggests that the signalling leading to 

NO production strongly differs between the two species. 

Another illustration of the fundamental differences between human and murine 

macrophages comes from deep sequencing data showing that the inflammatory program 

induced in response to LPS strongly differs between human and mouse macrophages [125]. 

Furthermore, the gene encoding the antimicrobial peptide cathelicidin (LL-37) is TLR 

inducible via a vitamin D dependent pathway in human but not in mouse macrophages [126]. 

Additionally, comparative gene expression analysis of human and murine macrophages 

differentiated in the presence of either M- or GM-CSF reveal that macrophages from the two 

species only have a very limited number of genes showing common expression patterns [59]. 

For Streptococcus pyrogenes even differences in the responses of human and murine 

macrophages to infection have been observed. S. pyrogenes induces a pro-inflammatory 

profile characterised by enhanced mRNA expression of CCL2, CCL5, CXCL8, and CXCL10 in 

human macrophages [127], whereas in mouse macrophages S. pyrogenes stimulates an 

unusual activation program with production of both pro- and anti-inflammatory cytokines 

[128].  

Furthermore, the TLR4 dependent response to LPS in human macrophages varies 

substantially from that in mouse macrophages, even so these receptors show great 

homology [125]. This explains why LPS stimulation already at low concentrations lead to 

endotoxemia and death in humans whereas mice are relatively resistant to LPS mediated 

toxicity [129]. Having a species dependent immunological response, it is not astonishing that 

many therapeutic agents that reduce inflammation and mortality in mouse septic shock 

models show no beneficial clinical effect in humans [130] or even increase mortality (e.g. 

nitric oxide antagonists) [131]. A number of commentaries have highlighted limitations of 

mice for immunological studies and emphasised the urgent need to identify critical points of 

divergence between the species [132,133]. 
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1.7. Aim of the work 

The aim of the presented doctoral thesis was to establish a suitable model to study 

phagocytosis and later stages of Lm infection in human macrophages. To this end different 

well characterised macrophage models were evaluated. Following the identification of the 

most suitable model system, it was used to set up and perform a large-scale, siRNA based 

knockdown screen to identify genes playing a role in the phagocytosis of Lm by human 

macrophages.  
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2. Materials and Methods 

 

2.1. Cultivation of bacteria 

For infection studies Listeria monocytogenes EDGe (Lm) was grown at 37 °C in brain heart 

infusion (BHI) medium (Cat# CM1135, Oxoid, UK) as described previously [134]. Briefly, an 

overnight (o/N) culture of Lm was diluted 1:10 in fresh BHI medium and cultured at 37 °C 

shaking until mid-exponential phase at OD600 0.85-0.95. Bacteria were washed once with 1x 

phosphate buffered saline (PBS; PAA Laboratories, Germany) prior to infection performed in 

appropriate antibiotic free cell medium.  

 

2.2. Generation of human GM-MФ and M-MФ 

Human monocytes were isolated from fresh buffy coats as described previously [135]. Buffy 

coats were purchased from the Institute of Clinical Transfusion Medicine (University of Ulm, 

Germany) and were obtained from healthy blood donors. The Institutional Review Board of 

the University of Ulm approved experiments and all donors gave written consent approving 

and authorising the use of their material for research purposes. Lymphocytes were prepared 

by density gradient centrifugation using lymphocyte separation medium (LSM 1077; PAA 

Laboratories, Germany). Monocytes were isolated from lymphocytes by either positive 

selection using magnetic CD14 MicroBeads (human; Cat# 130-050-201, Miltenyi Biotech, 

Germany) or by negative selection using the Monocyte Isolation Kit II (human; Cat# 130-091-

153, Miltenyi Biotech, Germany) according to the manufacturer’s instructions. Where 

indicated, negatively selected monocytes were additionally incubated with CD14 MicroBeads 

or CD14 antibody (Cat# 130-091-242, Miltenyi Biotech, Germany) for 15 min at 4 °C after the 

selection process. Following isolation, monocytes were cultured in Lumox dishes (Cat# 

946077331, Sarstedt, Germany) for 7 days with RPMI 1640 medium containing 10% (v/v) 

FCS, 10 mM L-glutamine, 1% (v/v) penicillin/streptomycin (P/S; PAA Laboratories, Germany), 

and 1% (v/v) NEAA. For differentiation 50 ng/ml recombinant M-CSF (Cat# 216-MC, R&D 

Systems, Germany) or GM-CSF (Leukine®, Genzyme Corporation, UK) were added to the 

monocytes. After 3 days medium was changed and cytokines were freshly added. On day 7 

cells were detached by rinsing with PBS and seeded at a density of 2x105 cells per cm2 into 

24 or 96 well plates (BD Biosciences, Germany) unless stated otherwise. Prior to 
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experiments, cells were grown o/N in antibiotic-free medium containing cytokines. To 

minimise donor dependent variations, in all experiments both GM-MФ and M-MФ were 

generated from the same donor. All experiments were performed in triplicates with cells 

from the same donor and at least three different donors were tested. 

 

 

2.3. Generation of murine BMDM 

B6.129-Tlr2tm1Kir/J (Cat# 004650, Jackson Laboratory, USA) were kindly provided by Prof. 

Julia-Stefanie Frick (University of Tübingen, Germany) and C57BL/6J mice were purchased 

from the Deutsches Rotes Kreuz Ulm (Germany). Bone marrow derived macrophages 

(BMDM) were generated as described elsewhere [136]. Briefly, 10-15 week old mice were 

sacrificed by Isoflurane overdosing. Lower legs and femurs were excised and opened at the 

ends by cutting off the epiphyses. Bone marrow was flushed out of the bones using PBS and 

a syringe and emptied bones were washed once with PBS. Washed cells were incubated in 

T75 cell culture flasks (Cat# 353136, BD Biosciences, Germany) in macrophage medium 

(RPMI 1640, 10% (v/v) FCS, 1% (v/v) P/S, 1% (v/v) NEAA, 1 mM L-glutamine) supplemented 

with 50 ng/ml species cross reactive human M-CSF (Cat# 216-MC, R&D Systems, Germany) 

for 7 days with medium change on day 3 for differentiation into BMDM. For infection with 

Lm, cells were detached using trypsin and seeded o/N at a density of at 2x105 cells per cm2 

into 24 well plates (BD Biosciences, Germany) with antibiotic-free medium including 50 

ng/ml M-CSF (Cat# 216-MC, R&D Systems, Germany). 

 

 

2.4. Cultivation of eukaryotic cells 

THP-1 cells were purchased from ATCC (ATCC® Number: TIB-202) and routinely cultured as 

describes previously [137] with minor modifications. Briefly, cells were grown at 37 °C in a 

5% CO2 atmosphere in RPMI 1640 medium (Gibco Life Technologies, Germany) containing 

10% (v/v) fetal calf serum (FCS; Sigma-Aldrich, Germany), 10 mM L-glutamine (PAA 

Laboratories, Germany), and 1% (v/v) non-essential amino acid solution (NEAA; PAA 

Laboratories, Germany). Medium was changed three times a week. THP-1 cells were 

passaged as recommended by the supplier and not grown beyond passage number 29. To 

generate macrophage-like cells, THP-1 cells were seeded at a density of 2x105 cells per cm2 
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in 24 well tissue culture plates (Becton Dickinson, Germany) and stimulated with 200 nM 

phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, Germany) for 72 h prior to 

experiments. When indicated, THP-1 cells were stimulated with either 50 ng/ml recombinant 

M-CSF (Cat# 216-MC, R&D Systems, Germany) or GM-CSF (Leukine®, Genzyme Corporation, 

UK) for 7 days and were additionally incubated with 200 nM PMA for the last 3 days.  

 

 

2.5. Flow cytometry 

Flow cytometric analysis was performed as described previously [138] with minor 

modifications. Briefly, cells were washed once with washing buffer (3% (v/v) FCS and 0.1% 

(w/v) NaN3 in PBS) and blocked for 15 min at 4 °C with blocking buffer (3% (v/v) FCS, 5% (v/v) 

normal human AB serum (Cat# C11020; PAA Laboratories, Germany), and 0.1% (w/v) NaN3 

(w/v) in PBS). 2x105 cells were incubated with the following antibodies at appropriate 

dilutions (listed in the Appendix) for 30 min at room temperature (RT) in the dark: mouse 

anti-human CD206-PE (Cat# 555954, BD Biosciences, Germany), CD163-PE (Cat# 556018, BD 

Biosciences, Germany), CD14-FITC (Cat# 555397, BD Biosciences, Germany), TLR2-PE (Cat# 

129024, eBioscience, Germany). The IgG2a-FITC/IgG1-PE antibody mix (Cat# 340394; BD 

Biosciences, Germany) was used as isotype control. Subsequently, cells were washed, fixed 

in paraformaldehyde (PFA; 4% (w/v) in PBS; Sigma-Aldrich, Germany) and stored at 4 °C in 

washing buffer until used for analysis. Flow cytometry was performed in a FACSCalibur flow 

cytometer (BD Biosciences, Germany). At least 10,000 events were recorded and data was 

analysed using BD CellQuestTM Pro software. 

 

 

2.6. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) were performed as described previously [139]. M-MФ 

were infected with Lm (MOI 10), incubated for 5 min at 37 °C and 5% CO2 and fixed directly 

in the well without any washing steps using 0.1 M PBS (pH 7.3) supplemented with 2.5% 

(w/v) glutaraldehyde and 1% (w/v) sucrose. Subsequently, samples were gradually 

dehydrated with increasing propanol concentrations (30%, 50%, 70%, and 90%). Then 

samples were dried by critical point drying using carbon dioxide as translation medium 

(Critical Point Dryer CPD 030, Bal-Tec AG, Balzers, Liechtenstein). Finally samples were 
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coated in a BAF 300 freeze etching device (Bal-Tec, Switzerland) by electron beam 

evaporation with about 6 nm of carbon perpendicularly (90°). Imaging was performed at a 

Hitachi S-5200 scanning electron microscope (Zeiss, Germany) at an accelerating voltage of 

10 kV.  

 

 

2.7. Viability assay 

Viability of the macrophages during experiments was monitored by classical 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, Germany) assay 

[140]. Cells were incubated with 1 mg/ml (THP-1 cells) or 5 mg/ml (primary macrophages) 

MTT solution in PBS for 4 h at 37 °C and then lysed in dimethyl sulfoxide (DMSO; Sigma-

Aldrich, Germany). The hydrophilic yellow MTT permeabilised the cell membrane and 

becomes metabolised into a hydrophobic violet formazan once inside the cells. By adding 

DMSO, cells are lysed and the formazan dissolves and can be quantified by measuring the 

absorbance at 570 nm with a reference filter at 620 nm using an Infinite® M200 (Tecan, 

Austria) multilable microtiter plate reader. Values of all samples were normalised with 

viability of uninfected control cells set to 100%. 

 

 

2.8. Gentamicin protection assay 

Phagocytosis of bacteria by macrophages was measured by gentamicin protection assay as 

described previously [141] with minor modifications. Briefly, an o/N culture of Lm in BHI 

medium was diluted 1:10 in fresh BHI and cultured to an OD600  of 0.85-0.95 to achieve a 

mid-exponential growth phase. Bacteria were washed once with PBS and adjusted to 

appropriate concentrations of colony forming units (CFU) per ml in antibiotic free 

macrophage medium (OD600 of 1 equals 1x109 CFU/ml). Macrophages were infected with 

bacteria at the indicated multiplicity of infection (MOI). To ensure comparable 

sedimentation and contact with macrophages, bacteria were centrifuged onto the cells at 

300 g for 1 min and phagocytosis was allowed during a 1 h incubation period at 37 °C and 5% 

CO2. Then, supernatants were removed, fresh medium containing 10 µg/ml gentamicin (Cat# 

15750060, Gibco Life Technologies, Germany) was added and cells were incubated for 1 h at 

37 °C and 5% CO2 to kill non-phagocytosed extracellular bacteria. Finally, cells were washed 
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three times with PBS (primary macrophages) or culture medium (THP-1 cells) to remove 

dead, non-phagocytosed bacteria. For enumeration by spot plating, macrophage were lysed 

by adding 1 ml 0.1% (v/v) Triton-X100 (Sigma-Aldrich, Germany) diluted in H2O to each well. 

After an incubation of 5 min, lysates were ten-fold serial diluted and 10 µl spots were plated 

in triplicates on BHI-Agar plates. CFUs were counted after incubation for 16 h at 37 °C.  

 

 

2.9. Non-specific phagocytosis of latex beads 

Phagocytosis of latex beads was performed essentially as described elsewhere [137]. In brief, 

carboxylate-modified red fluorescence latex beads with a mean diameter of 2 µm (Cat# 

L3030; Sigma-Aldrich, Germany) were opsonised in RPMI 1640 containing 10% (v/v) human 

serum for 30 min at 37 °C. Macrophages were incubated with opsonised latex beads at 

bead:cell ratio of 10:1 for 2 h at 37 °C and 5% CO2. After the phagocytic process 

macrophages were washed once with PBS and detached using Alfazyme (Cat# L11-012, PAA 

Laboratories, Germany). Detached cells were washed twice with PBS containing 3% (v/v) FCS 

and 0.1% (w/v) NaN3 and the phagocytosis rate was analysed then by flow cytometry.  

 

 

2.10. Covalent coupling of fluorescence latex beads with TLR ligands 

To analyse receptor mediated phagocytosis green fluorescence latex beads (Cat# L1030, 

Sigma, Germany) containing primary amine groups were covalently coupled to the 

TLR1/TLR2 ligand Pam3CSK4 (Cat# tlrl-pms, InvivoGen, Germany) as described previously 

[142] with minor modifications. In brief, after washing the latex beads once with PBS 

covalent coupling to Pam3CSK4 was carried out in the presence of 2.5% (w/v) 

glutaraldehyde. After washing with 1% (v/v) glycine and four times with PBS, ligand coated 

latex beads were resuspended in macrophage medium and phagocytosis was performed at 

MOI 50 for 2 h at 37 °C and 5% CO2. After the phagocytic process macrophages were washed 

once with PBS and detached using Alfazyme (Cat# L11-012, PAA Laboratories, Germany). 

Detached cells were washed twice with PBS containing 3% (v/v) FCS and 0.1% (w/v) NaN3 

and the phagocytosis rate was then analysed by flow cytometry. 
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2.11. Fluorescence microscopy 

Infected macrophages were analysed for intracellular bacteria by fluorescence microscopy 

adapted from previously described protocols [143]. Gentamicin protection assays were 

carried out as described above using cells grown in µ-slides (Cat#  80826, ibidi, Germany) 

o/N at 37 °C and 5% CO2 at a density of at 2x105 cells per cm2  with antibiotic free medium 

including 50 ng/ml M-CSF (Cat# 216-MC, R&D Systems, Germany). Macrophages were 

infected with an MOI 10 if not indicated differently. Following gentamicin treatment and 

three washing steps in PBS, cells were fixed with 4% (w/v) PFA in PBS for 20 min at RT and 

stained with DAPI (Cat# D1306; Invitrogen Life Technologies, Germany) in PBS for 20 min at 

RT (listed in the Appendix). Cells were permeabilised with 0.5% (w/v) saponin (AppliChem, 

Germany) in PBS for 10 min at RT. Intracellular Listeria were stained with the following 

antibodies at appropriate dilutions (listed in the Appendix) performed in 0.5% (w/v) saponin 

(AppliChem, Germany) in PBS  for 30 min at RT in the dark: rabbit anti-Listeria polyclonal 

antibody (Cat# ABIN122781, antibodies-online, Germany) as primary antibody, followed by 

incubation with Alexa555-coupled secondary goat anti-rabbit antibody (Cat# A21428, 

Invitrogen Life Technologies, Germany). Stained samples were imaged using an 

AxioObserver.Z1 microscope (Carl Zeiss, Germany) and analysed using the software ZEN 

2012 (Carl Zeiss, Germany). Intracellular bacteria were counted by visual inspection of the 

images. For statistical analysis, samples of three donors were analysed and at least 100 cells 

were counted per sample. 

 

 

2.12. Enzyme linked immunosorbent assay (ELISA) 

To analyse TNF-α secretion by the macrophages, supernatants were collected and stored 

at -80 °C until analysed. The concentration of secreted TNF-α was quantified by TNF-α ELISA 

CytoSet (Cat# CHC1753, Invitrogen Life Technologies, Germany). Assays were performed 

according to manufactorer´s instructions. In brief, Nunc MaxiSorp flat-bottom 96 well plates 

(Cat# 44-2404-21, eBioscience, Germany) were coated with a TNF-α specific capture 

antibody o/N. Supernatants were incubated to allow cytokine binding and quantified by a 

second antibody coupled to horseradish peroxidase (HRP). Concentration dependent 

conversion of TMB (Cat# 00-4201-56, eBioscience, Germany) by the HRP was measured with 

an Infinite® M200 (Tecan, Austria) multilable microtiter plate reader at 450 nm. Each sample 
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was measured in duplicates and for absolute quantification a standard curve of TNF-α 

concentrations was included in each experiment. 

 

 

2.13. SYBER Green based quantitative real time polymerase change reaction 

(qRT-PCR)  

For quantification of mRNA levels of specific genes qRT-PCR was performed as described 

previously [144] with minor modifications. After experimental setup, cells were washed 

twice with ice cold PBS and directly lysed by adding 350 µl of lysis puffer of the RNeasy Mini 

Kit (Cat# 74104, Qiagen) to each well. RNA isolation was performed using this kit according 

to manufacturer´s instructions. Total RNA in the samples was quantified by measuring 

absorbance at 260 nm using the Infinite® M200 (Tecan, Austria) multilable microtiter plate 

reader. Photometric determination of RNA concentration is based on the Lambert-Beer-law 

A = ε x c x d (with A = absorbance at 260 nm; ε = extinction coefficient, i.e. 40 mg x cm x l-1 

for RNA; c = RNA concentration in µg/ml; d = distance, i.e. path length in cm). RNA quality 

was checked on a 0.8% (w/v) agarose gel. For qRT-PCR 0.5 µg total RNA were subscribed into 

complementary DNA (cDNA) using the Maxima First Strand cDNA Synthesis Kit (Cat# K1641, 

Thermo Scientific, Germany; Table 1 & 2). 

 

Table 1: PCR reaction for cDNA synthesis. 

Reverse transcriptase reaction   

5x Reaction Mix 4 µl 

Maxima Enzyme Mix 2 µl 

Template RNA 10 µl (0.05 µg/µl = 0.5 µg RNA) 

Nuclease-free water 4 µl     

  20 µl  

 

 

Table 2: PCR-Programme for the cDNA synthesis. 

PCR-Programme   

10 min 25 °C 

15 min 50 °C 

5 min 85 °C 
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Gene expression was quantified by a qPCR reaction using the generated cDNA as a template 

in a reaction performed with the Maxima® SYBR Green/ROX qPCR Master Mix (Cat# K0223, 

Thermo Scientific, Germany, Table 3 & 4) according to manufacturer’s instructions. For the 

qPCR reaction white FrameStar®480 96-well plates (Cat# 4ti-0953, 4ti-tude, Germany) were 

used and the reaction was run in a LightCycler® 480 (Roche, Germany). Actin and tubulin 

were used as housekeeping genes to normalise gene expression according to the amount of 

input cDNA using the LightCycler® 480 software 1.5.0 (Roche, Germany). 

 

Table 3: PCR reaction for mRNA quantification. 

qRT-PCR Mix   

Maxima Syber Green Master Mix 6.25 µl 

Forward Primer 0.5 µl of a 1:20 dilution 

Reverse Primer 0.5 µl of a 1:20 dilution 

Template cDNA 1 µl cDNA (= 50 ng) 

Nuclease-free water 4.25 µl                           

  12.5 µl 

 

 

Table 4: PCR-Programme for the mRNA quantification. 

qRT-PCR Programme     

10 min 95°C 

 15 s 95°C 
40 cycles 

60 s 60°C 

 

 

To quantify mRNA expression of certain genes, target specific primers were used (Table 5). 

Using the LightCycler® 480 software 1.5.0. (Roche, Germany), β-actin and α-tubulin were 

both defined as housekeeping genes and relative mRNA expression of one target gene was 

referred to the mean of both controls.    
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Table 5: Primer List for qRT-PCR. 

Primer Name Sequenz 

β-Actin_Fwd ATAGCACAGCCTGGATAGCAACGTAC 

β-Actin_Rev CACCTTCTACAATGAGCTGCGTGTG 

  
α-Tubulin_Fwd  GTACCGTGGTGACGTGGTTC  

α-Tubulin_Rev  CTTGGCATACATCAGGTCAA 

  
Mac1_Fwd GTGAAGCCAATAACGCAGC 

Mac1_Rev TCTCCATCCGTGATGACAAC  

  
CD14_Fwd GCCGCTGTGTAGGAAAGAAG 

CD14_Rev AGGTTCGGAGAAGTTGCAGA  

  
TLR2_Fwd  GCCTCTCCAAGGAAGAATCC 

TLR2_Rev  TCCTGTTGTTGGACAGGTCA 

  
TLR4_Fwd AAGCCGAAAGGTGATTGTTG 

TLR4_Rev CTGAGCAGGGTCTTCTCCAC   

  
TLR6_Fwd GAAGAAGAACAACCCTTTAGGATAGC  

TLR6_Rev AGGCAAACAAAATGGAAGCTT   

  
TLR1_Fwd CAGTGTCTGGTACACGCATGGT 

TLR1_Rev TTTCAAAAACCGTGTCTGTTAAGAGA 

 

 

2.14. Blocking Lm induced TLR2 signalling by chemical inhibitors or antibodies 

TLR2 and CD14 blocking experiments were carried out using specific antibodies [145] (anti-

TLR2-PE, Cat# 12-9024, eBioscience, Germany; anti-CD14-FITC antibody, Cat# 555397, BD 

Biosciences, Germany). Antibodies were diluted 1:50 in macrophage medium and added to 

the macrophages 2 h prior to infection at an MOI 1 with macrophages seeded in 96 well 

plates as described above. As a reference, macrophages incubated with isotype control 

antibody (Cat# 340394, BD Biosciences, Germany) were used. Antibody mediated receptor 

blocking was maintained during the infection. Further inhibition experiments were carried 

out using the reversible PI3K inhibitor LY294002 [106] (Cat# L9908, Sigma, Germany). The 

inhibitor was added at the indicated final concentrations (0-50 µM) 2 h prior to and during 

infection of macrophages at MOI 1. Phagocytosis was measured using the gentamycin 

protection assay followed by spot plating. 
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2.15. Transfection of primary human macrophages 

For siRNA transfection experiments only macrophages derived from negatively selected 

monocytes were used. Following negative selection, monocytes were cultured in Lumox 

dishes (Cat# 946077331, Sarstedt, Germany) for 3 days in macrophage medium 

supplemented with 50 ng/ml M-CSF (Cat# 216-MC, R&D Systems, Germany) or GM-CSF 

(Leukine®, Genzyme Corporation, UK) at 37 °C and 5% CO2 [146]. For transfection of each 

well 1 pmol siRNA was mixed with 10 µl Opti-MEM reduced serum medium (Cat# 11058021, 

Gibco Life Technologies, Germany) and 0.07 µl transfection reagent were mixed with 

another 10 µl aliquot of Opti-MEM medium. After combining both mixes they were 

incubated for 20 min and transferred into the tissue culture plate (Becton Dickinson, 

Germany). When needed, the transfection mix could be incubated for up to 60 min.  Then 

100 µl of freshly detached macrophages in antibiotic free medium (200,000 cells/ml) 

containing fresh growth factor (50 ng/ml) were added. Plates were incubated for another 3 

(analysis on RNA level) to 4 days (analysis on protein level and to perform infection assays) 

at 37 °C and 5% CO2 before experiments were performed. Different transfection reagents 

were tested for their knockdown efficiency (Table 6). All siRNAs used are shown in Table 7. 

 

Table 6: Tested transfection reagents. 

Transfection reagent Cat# Company 

RNAiMAX 13778-075 Invitrogen Life Technologies 

Lipofectamine 2000 11668-027 Invitrogen Life Technologies 

DharmaFECT1 T-2001 Thermo Scientific 

DharmaFECT2 T-2002 Thermo Scientific 

DharmaFECT3 T-2003 Thermo Scientific 

DharmaFECT4 T-2004 Thermo Scientific 

INTERFERin  409 Polyplus Transfection 

TurboFect  R0531 Thermo Scientific 

X-tremeGENE   4476093001 Roche 

 

 

Table 7: Used siRNAs. 

siRNA Cat# Company 

siGLOLamin A/C D-001620-02-05 Thermo Scientific 

siAllStar 1027298 Qiagen 

siNT-Pool1  D-001210-01-05 Thermo Scientific 

siCD14-SmartPool  M-011121-02-0005 Thermo Scientific 

siTLR2-SmartPool  M-005120-03-0005 Thermo Scientific 
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2.16. High content siRNA knockdown screen in primary human macrophages 

 

2.16.1 Stamping of the siRNA library 

For the high content screening approach, the human protein kinase library (Human 

siGENOME siRNA Library SMARTpool, Cat# G-003505-E2-05, Thermo Scientific, Germany) 

consisting of 718 kinases was combined with 168 siGENOME siRNA SMART pools against 

macrophage surface receptors and proteins potentially involved in phagocytosis (surface 

library, listed in the Appendix). All siRNAs were spotted in a total of 3 plates of a 384 well 

plate (plates A, B, and C) resulting in mother plates at a concentration of 2.5 µM with three 

times more kinases then receptors located on each plate (spotting layout see Figure 6). In 

addition, each plate contained twelve times a non-targeting control (siNT-Pool1, Cat# D-

001210-01-05, Thermo Scientific, Germany) as reference for the infection studies and four 

times a positive control consisting of an siRNA leading to macrophage killing upon positive 

transfection (siDeath, Cat# 1027298, Qiagen).  During the stamping process of plate A, the 

receptor quadrant was mistakenly not stamped into quadrant 4 by an error of the robot 

software, but instead was combined with quadrant 1, which already contained a part of the 

kinase library. All required controls were stamped again to their position in quadrant 4 on 

plate A. Afterwards, all mother plates of the library were diluted into multiple daughter 

plates to a concentration of 100 nM in 1x siRNA buffer. The daughter plate concentration 

was chosen to have a final concentration needed to perform the transfection in the assay 

plates during the screen and were stored at -20 °C until usage. All daughter plates were only 

used for a maximum of 5 freezing-thawing cycles to insure siRNA stability. 
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Figure 6: Stamping of the siRNA Library including kinases and macrophage surface receptors.  40 µl of the 

macrophage surface receptor library (surface library) of 2.5 µM were stamped into a whole human protein 

kinase library (kinase library) which also contained 40 µl siRNA at a concentration of 2.5 µM. During the 

stamping process an error of the robot software resulted in the combination of quadrant 1 and 4 on plate A. All 

controls were stamped again in quadrant 4. The whole library consisting of three 384 well plates were diluted 

into daughter plates at a concentration of 100 nM. 

 

 

2.16.2. High content siRNA transfection of primary macrophages 

To perform a high content siRNA knockdown screen the transfection protocol described 

above was adapted to the 384 well screening format. Briefly, macrophages were again 

differentiated for 3 days in Lumox dishes (Cat# 946077331, Sarstedt, Germany) with M-CSF 

(Cat# 216-MC, R&D Systems, Germany) at 37 °C and 5% CO2 before transfection was 

performed directly in a 384-well imaging plate (Cat# 781091, Greiner, Germany) using the 

Biomek FXP® Laboratory Automation Workstation (Beckman Coulter, UK).  For each well, 

0.3 pmol siRNA was added to 3 µl Opti-MEM and 0.021 µl RNAiMAX was added to another 

3 µl aliquot of Opti-MEM. Both mixes were combined, incubated for up to 60 min and added 

to an individual well of a 384 well tissue culture treated imaging plate (Cat# 781091, Greiner, 

Germany). Then, 30 µl cells (2x105 cells/ml) in fresh macrophage medium were added using 
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the Multidrop Combi Reagent Dispenser (Thermofisher Scientific, UK) and further incubated 

for another 4 days at 37 °C and 5% CO2 in the presence of M-CSF (Cat# 216-MC, R&D 

Systems, Germany).  

 

 

2.16.3. High content infection and staining of primary macrophages 

On day 7, differentiated and transfected macrophages were infected with Lm at MOI 10 for 

2 h performing a gentamycin protection assay. The bacteria and the macrophage medium 

including gentamycin were added to the plates using the Multidrop Combi Reagent 

Dispenser (Thermofisher Scientific, UK). The washing, fixation and staining was performed 

using the Biomek FXP® Laboratory Automation Workstation (Beckman Coulter, UK).  Infected 

cells were first washed three times with PBS and fixed with 3.7% (w/v) PFA in PBS for 25 min 

followed by permeabilisation for another 25 min with 0.1% (v/v) TritionX-100 in PBS. Staining 

of cell nuclei, cell shape and pathogens were performed in a two-step protocol. The first 

antibody incubation step was performed simultaneously with the following antibodies and 

reagents using appropriate dilutions (listed in the Appendix) in PBS incubated of 40 min: 

Hoechst (Cat# H3570; Invitrogen Life Technologies, Germany), Phalloidin-Alexa488 (Cat# 

A12379, Invitrogen Life Technologies, Germany), and a primary rabbit anti-Listeria antibody 

(Cat# ABIN112781, antibodies-online, Germany). After two washing steps with PBS, Lm was 

finally fluorescence marked with a secondary anti-rabbit-Alexa555 antibody (Cat# A-21427, 

Invitrogen Life Technologies, Germany) diluted in PBS and incubated for 40 min. Before 

imaging, cells were washed twice with PBS and PBS was left on the cells for imaging. 

 

 

2.16.4. Algorithm design for automated image analysis 

Imaging of infected macrophages of the high content siRNA knockdown screen was 

performed using the automated fluorescence microscope IN Cell Analyzer 2000 (GE 

Healthcare, UK). The entire surface of each well of the 384 well screening plates were 

captured by 9 images using a 20x objective excluding a border of only 0.5 mm on each side 

of the rectangular wells. A strategy for image acquisition and analysis was designed using the 

IN Cell Investigator 1.9.2. software (GE Healthcare, UK). All Alexa555 labelled Lm were 
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detected as area of fluorescence measured in the red channel normalised to the number of 

Hoechst stained nuclei in the blue channel resulting in the infection rate.  

 

 

2.16.5. Hit identification 

For each screen, the whole library set of three plates was screened in triplicates for one 

donor, resulting in nine plates per run. The screen was completed twice resulting in data sets 

of two different donors for the whole library. The infection rate determined with the IN Cell 

Investigator 1.9.2. software (GE Healthcare, UK) was used for hit identification. Each single 

plate was first checked for transfection efficiency by determining the killing upon 

transfection with the death inducing siRNA (siDeath, Cat# 1027298, Qiagen). To analyse 

killing, the average cell number of four wells transfected with siDeath siRNA was measured 

and compared to the average cell number of twelve wells transfected with non-targeting 

siRNA (siNT-Pool1, Cat# D-001210-01-05, Thermo Scientific, Germany). To quantify 

successful killing which represents successful transfection, the strictly standardised mean 

difference (SSMD) was calculated for each plate [147,148]. The higher the SSMD value differs 

from zero, the stronger the effect upon transfection is maintained. Successful transfection 

was given, when the SSMD-value was below -1.0 and could be further rated as following: 

moderate < -1.0; good < -2.0; excellent < -3.0. 

Of the six replicates of each library plate A, B, and C obtained from the two screens, the two 

best replicates of each donor were used for further analysis. This resulted in a total of four 

replicates of each library plate used for hit determination using log2-transformed datasets. 

To ensure that a change in bacterial phagocytosis was only driven by targeting one particular 

protein and not influenced by macrophage viability, all wells in which Hoechst positive 

counted nuclei referred to siNT controls dropped below 80% were excluded from the hit list. 

The infection rate of all remaining wells was normalised to the siNT control, which was set to 

100% infection. Each screening plate was first analysed separately. Targets for which the 

change in infection rate was greater than 3x median absolute deviation (MAD) of the mean 

were considered as hits. Only targets which showed up as hits in all four replicates were 

chosen as true hits.  
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2.17. Statistics 

All experiments were performed with cells of at least three different donors. Macrophages 

of each donor were analysed in technical triplicates and data was analysed by pair wise 

comparisons of the means of these triplicates of at least three donors using Student´s t-test 

with p values < 0.05 considered statistically significant. For hit identification in the siRNA 

knockdown screen strictly standardised mean difference (SSMD) was used as quality control 

[147,149].  

 

 

2.18. Chemicals and reagents 

Complete lists of all chemicals, reagents and equipment are provided in the Appendix. 
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3. Results 

 

3.1. Human primary macrophages as a model to study phagocytosis of Listeria 

monocytogenes 

 

3.1.1. Generation and characterisation of primary macrophages from human blood 

monocytes 

Primary human macrophages were generated from monocytes isolated from blood of 

healthy donors. To isolate monocytes from the peripheral blood mononuclear cell (PBMC) 

pool, two main methods for magnetic assisted cell separation were used. The first method 

involves monocytes isolation by negative selection, i.e. all cells that are not monocytes are 

labelled with specific antibodies, resulting in a non-labelled enriched monocyte population. 

In the second method monocytes are isolated by positive selection using an anti-CD14 

antibody, which results in highly pure CD14+ monocytes that have already experienced 

ligation of a surface receptor (CD14). Monocytes isolated by both methods were then 

differentiated into pro- or anti-inflammatory macrophages by incubation for 7 days in the 

presence of either GM-CSF (resulting in GM-MФ) or M-CSF (resulting in M-MФ). All cells 

were analysed for expression of the surface markers mannose receptor (CD206) and 

scavenger receptor (CD163) by flow cytometry. Irrespective of the method used for 

monocyte isolation, GM-MФ displayed a CD14+CD163-CD206high phenotype (Figure 7A) and 

M-MФ were CD14+CD163highCD206low (Figure 7B). This characteristic marker profile of the 

two types of macrophages was consistent for all donors analysed (n = 3). 

 

 

 



______________________________________________________________________Results 

40 
 

 

Figure 7: Surface staining for CD14, CD163, and CD206 of GM-MФ (A) or M-MФ (B) generated from 

monocytes isolated by either negative (neg.) or positive (pos.) selection. Hatched areas in the histogram plots 

show surface marker staining using specific antibodies and black lines show isotype controls. Results from one 

representative donor are shown and similar results were obtained with cells of at least three donors.  

 

 

The mean fluorescence intensity (MFI) reflects the amount of antibody bound to the surface 

and thus is a measure representing the amount of protein detected by the antibody. The 

average MFI for the surface markers CD14, CD163, and CD206 across three donors confirms 

the typical surface marker expression of GM-MФ and M-MФ for both isolation methods 

(Table 8). 

 

 

 

 

 

 



______________________________________________________________________Results 

41 
 

Table 8: MFI for staining of surface markers CD14, CD163 and 

CD206 on GM-MФ and M-MФ. Results of three different 

donors are presented as mean ± standard deviation (SD). 

      MFI   

    CD14 CD163 CD206 

GM-MФ 
neg. 105 ± 46 8 ± 6 106 ± 60 

  
pos. 104 ± 59 3± 3 79 ± 42 

M-MФ 
neg. 307 ± 279 70 ± 33 12 ± 4 

  
pos. 215 ± 146 49 ± 18 12 ± 3 

 

 

 

Macrophages generated from monocytes isolated by negative selection were further 

analysed by scanning electron microscopy for cell morphology (Figure 8). Immediately after 

isolation monocytes displayed the typical round shape structure with a diameter of about 

3-5 µm and surface structure with short finger-like protrusions. Following 7 days of 

differentiation, both GM-MФ and M-MФ were significantly enlarged with a size of about 

30 µm and showed good adherence to the surface. Moreover, both macrophage types 

displayed the typical morphology of macrophages with a highly ruffled surface structure and 

fine dendrites extending to all sides.  

 

 

Figure 8: Characteristic morphology of monocytes and macrophages. Scanning electron microscopy of a CD14
+
 

monocyte immediately after negative selection from peripheral blood mononuclear cells (PBMCs) by MACS and 

macrophages derived from cells of this isolation. Macrophages were differentiated in the presence of either 

GM-CSF (GM-MФ) or M-CSF (M-MФ) for 7 days. 
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As an additional human macrophage model the human monocyte-like cell line THP-1 was 

tested. Untreated THP-1 cells or cells stimulated with PMA alone or in combination with GM- 

or M-CSF were analysed for the expression of CD14, CD163, and CD206 (Figure 9). Under all 

tested conditions, THP-1 cells expressed CD14 on their surface, albeit at somewhat lower 

levels than those observed for primary macrophages. However, none of the used stimuli 

(PMA, PMA + GM- or M-CSF) were able to induce the expression of any of the macrophage 

markers CD163 and CD206. 

 

 

Figure 9: Surface staining for CD14, CD163, and CD206 by untreated THP-1 cells (mock) or cells treated with 

PMA or 3 days alone for in combination with GM- or M-CSF (7 days growth factor + last 3 days PMA). 

Hatched areas in the histogram plots show surface marker staining with the specific antibody and black lines 

show isotype controls. Experiments were performed with cells of three independent passages with results of 

one representative experiment shown.  
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3.1.2. Viability of macrophages following infection with Lm 

Cells of all macrophage models were infected with Lm at different MOIs and viability was 

monitored using MTT assay. No effect on viability was observed for ex vivo generated 

GM-MФ and M-MФ at MOI 10 or lower (Figure 10A). Only at very high infection rates (MOI 

20) viability was slightly reduced to about 80% compared to uninfected controls, but this 

effect did not reach statistical significance. By contrast, PMA stimulated THP-1 cells showed 

significantly reduced viability upon infection with as little as 1 bacterium per macrophage 

(Figure 10B). 

  

 

Figure 10: Viability of GM-MФ and M-MФ generated from monocytes isolated by negative (-) or positive (+) 

selection (A) or PMA stimulated THP-1 cells (B) following infection with Lm. Macrophages were infected with 

different MOIs of Lm and viability was measured using MTT assay 4 h after infection. Results of at least three 

different donors or passages were measured in triplicates and are presented as mean ± SD. Statistical analysis 

was performed by pairwise comparison of infected cells to the uninfected controls using Student´s t-test. 

 

 

3.1.3. Positive selection alters phagocytosis of GM-MФ  

The phagocytic behaviour of PMA stimulated THP-1 cells and GM-MФ and M-MФ derived 

from monocytes isolated by positive or negative selection towards Lm was compared by 

gentamicin protection assay. At all MOIs analysed M-MФ showed higher phagocytic capacity 

compared to GM-MФ when cells were differentiated from monocytes obtained by negative 

selection (Figure 11A). By contrast, no significant difference in the amount of phagocytosed 

bacteria was observed between GM-MФ and M-MФ generated from monocytes isolated by 

positive selection at any MOI tested (Figure 11B). Following positive selection, both 
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macrophage populations show similarly high phagocytic activity. PMA stimulated THP-1 cells 

were infected at lower MOIs due to their reduced viability (Figure 10B) but showed 

considerably higher rates of phagocytosis of Lm compared to the primary cells (Figure 11C). 

Despite their high phagocytic activity, THP-1 cells were not used to study the infection 

process of human macrophage by Lm in further experiments due to their low tolerance 

towards listerial infection and the lack of macrophage marker expression. 

 

 

Figure 11: Phagocytosis of Lm by GM-MФ (GM) or M-MФ (M) generated from monocytes isolated by 

negative (A) or positive (B) selection or PMA stimulated THP-1 cells (C) at different MOIs. Intracellular 

bacteria are measured as colony forming units (CFU) per well. Results from one representative donor (A and B) 

or passage (C) measured in triplicates are shown as mean ± SD and similar results were obtained with cells of at 

least three donors or passages. Statistical analysis was performed by pairwise comparison of GM-MФ vs. M-MФ 

at different MOIs using Student´s t-test. 

 

 

Primary macrophages were further analysed by fluorescence microscopy to independently 

confirm the observed effects on phagocytosis of Lm by another technique. A significant 

difference in the number of intracellular bacteria was observed when cells were derived 

from negatively selected monocytes with M-MФ showing higher phagocytic activity than 
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GM-MФ. Positive selection leads to high phagocytosis of Lm for both types of macrophages 

corroborating the results of the plate counting method. Representative images for infection 

at MOI 10 are shown (Figure 12) and similar results were obtained at MOIs 1 and 20 (data 

not shown). 

 

Figure 12: Fluorescence microscopy of GM-MФ (GM) or M-MФ (M) generated from monocytes isolated by 

negative (neg.) or positive (pos.) and infected with Lm. Nuclei of macrophages were stained with DAPI (blue) 

and intracellular Lm was stained with a specific antibody (red). Macrophages were infected with MOI 10. 

Images were acquired using a Zeiss Axio Observer Z1 microscope with a 60x objective and the scale bar is 

10 µm. 

 

Quantitative image analysis confirmed that negative selection result in high phagocytic 

activity of M-MФ whereas lower numbers of infected macrophages were present in GM-MФ 

at all observed MOIs (Figure 13A). This effect was not only observed by the number of 

infected macrophages in total (Figure 13A, upper panel), but also by the amount of bacteria 

per infected macrophage (Figure 13A, lower panel). Again, the difference in the amount of 

intracellular bacteria between GM-MФ and M-MФ was abolished by positive selection 
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(Figure 13B). However, at higher MOIs a minor yet significantly difference in phagocytosis of 

Lm by GM- and M-MФ could be detected when looking at the number of infected cells 

(Figure 13B, upper panel). In all cases infection with higher MOIs resulted in higher number 

of infected macrophages as well as higher numbers of Lm per infected macrophage (Figure 

13A & B). Moreover, even at lower MOIs macrophages with only one intracellular bacterium 

were rarely detected and macrophages with multiple intracellular bacteria were by far more 

frequent than would be expected by chance (Figure 13A & B, lower panel). 

 

 

Figure 13: Quantitative image analysis of the phagocytosis of Lm by GM-MФ (GM) or M-MФ (M) generated 

from monocytes isolated by negative (-, neg.) or positive (+, pos.) selection. A) Following negative selection, 

infected macrophages were observed at different MOIs for percentage of infected cells and bacteria per single 

infected cell. B) Following positive selection, infected macrophages were observed at different MOIs for 

percentage of infected cells and bacteria per single infected cell. For each MOI and macrophage phenotype the 

analysis was performed from random microscopic fields of view of three donors. For each donor at least 100 

cells were analysed and shown as mean ± SD. Statistical analysis was performed by pairwise comparison of GM-

MФ vs. M-MФ at different MOIs using Student´s t-test. 
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In order to visualise the moment of bacterial uptake by a macrophage, scanning electron 

microscopy was performed at a very early stage of Lm infection, i.e. 5 min after bacteria 

were added to cells. Phagocytosis of Lm is performed by engulfing bacteria by membrane 

ruffles folding around the bacterium as a consequence of cytoskeletal rearrangements. Upon 

several attempts phagocytosis of Lm could only be imaged for M-MФ (Figure 14), while for 

GM-MФ no such event could be captured. 

 

 

Figure 14: Scanning electron microscopy of a M-MФ during the process of phagocytosis of Lm. M-MФ were 

infected with Lm at an MOI 10 for 5 min prior to fixation followed by imaging using a Hitachi S-5200 scanning 

electron microscope (Zeiss, Germany).  

 

 

3.1.4. Anti-CD14 antibody used for positive selection enhances phagocytosis of 

Lm by GM-MФ 

In order to investigate the reason for enhanced phagocytosis of positively selected GM-MФ 

further experiments were performed. Monocytes were isolated by negative selection and 

then additionally incubated either with the CD14 MicroBeads used for positive selection 

(Figure 15A) or the anti-CD14 antibody without MicroBeads (Figure 15B) for 15 min prior to 

macrophage differentiation. Incubation with either the whole CD14 MicroBeads or the anti-

CD14 antibody alone resulted in the same phagocytic phenotype as observed for positive 

selected macrophages, i.e. enhanced phagocytosis of Lm by GM-MФ. This indicates that 
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treatment with CD14 MicroBeads or anti-CD14 antibody alters the phagocytic behaviour of 

GM-MФ arguing for the use of negative selection and thus “untouched” cells as the most 

appropriate model system to study interactions between macrophages and Lm.  

 

 

Figure 15: Phagocytosis of Lm by GM-MФ (GM) or M-MФ (M) generated from monocytes isolated by 

negative (neg.), positive (pos.) or negative selection followed by incubation of anti-CD14 antibody (AB) or 

CD14 MicroBeads (MB). All macrophages were infected with MOI 1. According to the positive selection process, 

monocytes were additionally incubated with either CD14 MicroBeads (A) or anti-CD14 antibody (B) for 15 min 

prior to differentiation with growth factors. Results from one representative donor measured in triplicates are 

shown as mean ± SD and similar results were obtained with cells of at least three different donors. Statistical 

analysis was performed by pairwise comparison of GM-MФ vs. M-MФ at different conditions using Student´s t-

test. 

 

 

3.1.5. Positive selection does not alter non-specific phagocytosis of macrophages 

To clarify if the enhanced phagocytosis observed for GM-MФ generated from positively 

selected monocytes is a general effect or specific for Lm, non-specific phagocytosis of 

fluorescent latex beads was analysed (Figure 16). This revealed that M-MФ show a high and 

GM-MФ show a similar low phagocytic activity towards latex beads independent of the 

isolation method. Moreover, incubation with CD14 MicroBeads after negative selection of 

monocytes did not influence non-specific phagocytosis of latex beads. This suggests that 

non-specific, ligand independent phagocytosis is not enhanced by ligation of CD14 with 

antibody as observed for Lm.   
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Figure 16: Phagocytosis of fluorescence latex beads by GM-MФ or M-MФ generated from monocytes isolated 

by negative (neg.), positive (pos.) or negative selection followed by incubation with CD14 MicroBeads (MB). 

Histogram blots show macrophages incubated with latex beads (hatched area) and cells alone (black lines) as 

control. Percentage of macrophages positive for latex beads are indicated in each histogram plot. Results from 

one representative donor are shown and similar results were obtained with cells of at least three different 

donors.  

 

 

3.2. Phagocytosis of Lm by primary human macrophages is TLR2 independent  

 

3.2.1. Murine macrophages phagocytose Lm in a TLR2 dependent manner 

Phagocytosis of Lm by murine BMDM has been shown to be TLR2 dependent [106,150,151]. 

To confirm this data, murine BMDM of TLR2-/- and wild type (WT) mice were genreated ex 

vivo. As observed in previous studies by other groups, after infection with Lm BMDM of 

TLR2-/- mice showed significantly lower levels of intracellular Lm compared to WT 

macrophages (Figure 17). This confirms that phagocytosis of Lm by murine BMDM is at least 

partially dependent on TLR2. 
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Figure 17: Phagocytosis of Lm by murine bone marrow derived macrophages of C57BL/6J wild type mice (WT) 

and C57BL/6J TLR2 knockout mice (TLR2-/-). Following 7 days of macrophage differentiation ex vivo, BMDM 

were infected with Lm at MOI 10 for 2 h and intracellular bacteria were quantified as CFU by spot plating. In 

the scatter plot each dot represents the mean number of intracellular bacteria in BMDM of one mouse assayed 

in triplicate and the mean across the group is indicated by a bar. Statistical analysis was performed by pairwise 

comparison of WT (n = 7) vs. TLR2
-/-

 (n =8) BMDM using Student´s t-test. 

 

 

3.2.2. Establishing siRNA transfection in human primary macrophages 

To analyse the role of TLR2 for phagocytosis of Lm by human macrophages, an efficient 

siRNA knockdown protocol was established for human primary macrophages. To this end, a 

total of nine commercially available transfection reagents were tested for efficiency of 

transfection of both M-MФ and in GM-MФ with a fluorescent control siRNAs (Figure 18). 

According to the fluorescent signal, M-MФ were transfected to some extend with all 

reagents with X-treme resulting in the highest fluorescence signals indicating most efficient 

transfection. Non-transfected control cells did not show any red fluorescence signal.  
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Figure 18: Transfection of M-MФ by a red fluorescent control siRNA using different transfection reagents.  

24 h after transfection nuclei were stained with DAPI (blue) and cells were analysed by fluorescence 

microscopy. Successful transfection is indicated by the red fluorescence label of the siRNA. Non-transfected 

cells were used as negative control (mock). Images were acquired using a Zeiss Axio Observer Z1 microscope 

with a 60x objective. The scale bar indicates 20 µm. 

 

 

Similarly, GM-MФ showed a red fluorescent signal indicating successful delivery of siRNA 

using all reagents tested (Figure 19). Again, highest transfection efficiency as indicated by 

fluorescence intensity was observed using X-treme. Non-transfected cells did not show any 

red fluorescence signal.  
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Figure 19: Transfection of GM-MФ with a red fluorescent control siRNA using different transfection reagents.  

24 h after transfection nuclei were stained with DAPI (blue) and cells were analysed by fluorescence 

microscopy. Successful transfection is indicated by the red fluorescence of the labelled siRNA. Non-transfected 

cells were used as negative control (mock). Images were acquired using a Zeiss Axio Observer Z1 microscope 

with a 60x objective and the scale bar is 20 µm. 
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3.2.3. Viability of human macrophages following siRNA transfection 

Three transfections reagents were selected for further studies: X-treme as the most 

promising reagent shown above (Figure 18 & 19), Dharmafect2 yielding the strongest signal 

of the reagents recommended by the company producing the siRNAs and RNAiMAX as a 

freqently used transfection reagent. To ensure that transfection does not alter viability of 

the macrophages, MTT assays were carried out using these three reagents. Both types of 

macrophages showed no reduced viability after transfection of the non-targeting control 

siRNA with any of these reagents compared to non-transfected controls (Figure 20). 

 

 

Figure 20: Viability of M-MФ (M) and GM-MФ (GM) after transfection with a non-targeting control siRNA 

using different transfection reagents. Viability of M-MФ and GM-MФ was monitored by MTT assay after 

transfection of non-targeting siRNA using Dharmafect2, RNAiMAX or X-treme. Data is presented as normalised 

values with viability of untreated macrophages (mock) set to 100%. Results are shown as mean ± SD of cells of 

at least three different donors each assayed in triplicate. 

 

 

3.2.4. Knockdown of TLR2 and CD14 in M- and GM-MФ 

To investigate if TLR2 has a role in phagocytosis of Lm in human macrophages, M-MФ and 

GM-MФ were transfected with an siRNA targeting TLR2 gene using the three different 

reagents (Table 9). Knockdown efficiency was analysed on the mRNA level by qRT-PCR. 

Interestingly, the knockdown of expression of the TLR2 gene was most efficient for both 

macrophage populations when RNAiMAX was used as transfection reagent. Thus, for all 

further experiments RNAiMAX was used for siRNA transfections.  
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Table 9: Relative expression of TLR2 mRNA in M- and GM-

MФ following TLR2 specific siRNA knockdown using 

different transfection reagents. Expression of TLR2 was 

analysed by qRT-PCR using primers for the TLR2 gene. Data 

were normalised to actin and lamin as housekeeping genes. 

Values represent expression of TLR2 in transfected cells 

relative to the expression in non-transfected cells, which 

were set to 100%. Data of one representative donor is 

shown. 

  M-MФ    [%] GM-MФ    [%] 

X-treme 88 ± 8 72 ± 4 

Dharmafect2 91 ± 9 89 ± 5 

RNAiMAX 24 ± 6 25 ± 2 

 

 

Additionally to TLR2, siRNA knockdown experiments targeting CD14 were performed, since 

CD14 it is known to be important for TLR2 dependent clearance of Lm infection in mice [105]. 

Results shown above also demonstrate, that ligation of CD14 enhances phagocytosis of Lm 

by primary human GM-MФ. Using RNAiMAX as transfection reagent, a significant 

knockdown of TLR2 and CD14 mRNA in both M- MФ and GM-MФ was observed (Figure 21). 

Knockdown efficiency was in general higher in M-MФ compared to GM-MФ. On average, 

expression of TLR2 by M-MФ was reduced to 30% of the levels observed non-transfected 

controls. In GM-MФ only an average reduction to 80% was achieved. Similarly, the 

expression of CD14 was reduced to 33% in M-MФ and 47% in GM-MФ upon transfection 

with a specific siRNA.  
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Figure 21: Relative gene expression of TLR2 and CD14 in M-MФ and GM-MФ after transfection with TLR2 and 

CD14 specific siRNAs using RNAiMAX. M-MФ (A) and GM-MФ (B) were analysed for mRNA levels by qRT-PCR 

using actin and lamin as housekeeping genes. Analysis was performed 6 days after differentiation with siRNA 

transfection occurring during the last 3 days. Relative gene expression of TLR2 and CD14 after treatment with 

specific siRNAs (siTarget) was compared to cells treated with non-targeting siRNA (siNT), which was set to 100%. 

Results of at least three different donors are shown as mean ± SD. Statistical analysis was performed by 

pairwise comparison of siNT vs. siTarget using Student´s t-test. 

  

 

The knockdown efficiency of of TLR2 and CD14 expression by siRNA transfection was further 

analysed on protein level. TLR2 and CD14 expression was quantified by surface staining using 

specific, labelled antibodies and subsequent flow cytometric analysis (Figure 22). Histogram 

plots of these surface stainings only show a clear reduction of the expression of TLR2 on 

M-MФ (Figure 22A). However, when quantifing the surface expression by MFI, a significant 

reduction of TLR2 was observed for both M-MФ and GM-MФ following transfection with a 

TLR2 specific siRNA (Figure 22B). Again, knockdown effciency was higher for M-MФ than for 

GM-MФ (reduction to 58% vs. 77%). For CD14, MFI analysis only showed a slight reduction in 

its surface staining for M-MФ and GM-MФ upon specific siRNA-treatment (Figure 22B). This 

effect, however, was not statistically significant. 
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Figure 22: Histogram plots and MFI analysis of surface expression of TLR2 and CD14 protein on M-MФ (M) 

and GM-MФ (GM) after transfection with RNAiMAX. Expression of TLR2 and CD14 protein on M-MФ and 

GM-MФ after treatment with target-specific siRNA (siTarget) or a non-targeting siRNA (siNT) analysed by flow 

cytometry. A) Representative histogram plots of one donor and B) MFI of stained cells of three donors. Analysis 

was performed 7 days after differentiation with siRNA transfection during the last 4 days. The MFI obtained 

from at least three different donors is shown as mean ± SD. Statistical analysis was performed by pairwise 

comparison of siTLR2 or siCD14 vs. siNT macrophages using Student´s t-test. 

 

 

3.2.5. Surface marker expression on M- and GM-MФ after transfection 

To analyse if the siRNA treatment affects surface marker expression of M- and GM-MФ, 

CD163 and CD206 levels were analysed by flow cytometry following transfection (Figure 23). 

Standard differentiation conditions, i.e. differentiation for 7 days in Lumox dishes, result in 

CD163highCD206low expressing M-MФ (Figure 23A) and CD163-CD206high expressing GM-MФ 

(Figure 23B). For transfection, macrophages were transferred to tissue cultured treated wells 

at day 4 of differentiation. Non-transfected M-MФ (mock), which underwent the adapted 

differentiation procedure, changed their expression to CD163lowCD206high. Cells transfected 

with non-targeting siRNA resulted in the same changed expression (Figure 23A). For GM-MФ 
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neither differentiation in tissue culture plates nor transfection altered surface levels of 

CD163 and CD206 (Figure 23B).  

 

 

Figure 23: Surface expression of CD163 and CD206 on M-MФ and GM-MФ after transfection. Surface marker 

expression on M-MФ (A) and GM-MФ (B) after differentiation in Lumox dishes for 4 days followed by transfer 

to tissue culture plates for further 3 days of differentiation alone (mock) or in combination with siRNA-

treatment (siNT). For direct comparison surface marker expression following differentiation according to the 

standard conditions on Lumox dishes for 7 days are shown (right panel). Hatched areas in the histogram plots 

show surface marker staining and black lines show isotype controls. Results from one representative donor are 

shown and similar results were obtained for cells of at least three different donors.  
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3.2.6. Phagocytosis of Pam3CSK4 coated latex beads by primary human 

macrophages following TLR2 knockdown 

To investigate if the observed knockdown of TLR2 results in reduced uptake of TLR2 ligands 

by primary human macrophages, phagocytosis assays were performed using fluorescent 

latex beads coated with Pam3CSK4, a known ligand of the TLR2/TLR1-heterodimer. Upon 

TLR2 knockdown, phagocytosis of Pam3CSK4 coated latex beads by M-MФ was significantly 

reduced to about 80% compared to treatment with non-targeting siRNA (Figure 24). A 

slightly reduced phagocytosis was also observed for GM-MФ after knockdown of TLR2. 

However, this effect was not statistically significant.  

 

 

Figure 24: Uptake of Pam3CSK4 coated latex beads by M-MФ (M) and GM-MФ (GM) after knockdown of 

TLR2. Following transfection, macrophages were incubated with an MOI 10 of Pam3CSK4 coated fluorescence 

latex beads. Uptake of the latex beads was measured by flow cytometry and the phagocytic rate was analysed 

in comparison to macrophages treated with non-targeting siRNA (siNT). Results are shown as mean ± SD of at 

least three different donors. Statistical analysis was performed by pairwise comparison of siTLR2 vs. siNT 

macrophages using Student´s t-test. 
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3.2.7. Phagocytosis of Lm by primary human macrophages following knockdown of 

TLR2 and CD14 

In order to assess the contribution of TLR2 and CD14 to phagocytosis of Lm by primary 

human macrophages, infection rates were measured after siRNA mediated knockdown of 

TLR2 and CD14 (Figure 25). Interestingly, knockdown of TLR2 had no effect whatsoever on 

phagocytosis of Lm by either cell type. In contrast, knockdown of CD14 resulted in an 

increased phagocytosis of Lm by M-MФ but not by GM-MФ.  

 

 

Figure 25: Phagocytosis of Lm by M-MФ (M) or GM-MФ (GM) following siRNA mediated knockdown of TLR2 

(siTLR2) or CD14 (siCD14). Following transfection with siTLR2, siCD14, or non-targeting siRNA (siNT), 

macrophages were infected with MOI 1 for 2 h. Intracellular bacteria were determined as CFU per well. Mean ± 

SD of triplicate measurements of cells from one representative donor measured are shown as and similar 

results were obtained with cells of at least three different donors. Statistical analysis was performed by 

pairwise comparison of siTLR2 or siCD14 vs. siNT for each macrophage type using Student´s t-test. 

 

 

To corroborate the results, phagocytosis was additionally analysed by fluorescence 

microscopy (Figure 26A). Quantitative image analysis showed that the knockdown of TLR2 

did not change the amount of intracellular Lm compared to macrophages transfected with a 

non-targeting control siRNA (Figure 26B). However, knockdown of CD14 resulted in 

significantly higher levels of intracellular Lm in M-MФ but not GM- MФ (Figure 26B).  
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Figure 26: Infection of Lm by M-MФ (left panel) or GM-MФ (right panel) after siRNA based knockdown of 

either TLR2 (siTLR) or CD14 (siCD14). Following transfection with siTLR2, siCD14, or non-targeting siRNA (siNT), 

macrophages were infected with MOI 10 for 2 h. Intracellular bacteria were imaged by fluorescence 

microscopy. A) Representative images of infected cells from one donor. Images were acquired using a Zeiss 

Axio Observer Z1 microscope with a 60x objective and the scale bar is 20 µm. Nuclei were stained with DAPI 

(blue) and Lm with a specific antibody (red). B) Quantitative image analysis of cells from one representative 

donor is shown. For each donor at least 100 cells were analysed and representative data for one donor is 

shown as mean ± SD. Statistical analysis was performed by pairwise comparison of siTLR2 or siCD14 vs. siNT 

each macrophage type using Student´s t-test. 
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3.2.8. Soluble CD14 rescues enhanced phagocytosis of Lm by M-MФ following 

knockdown of CD14 

To support the previous findings, similar experiments were carried out with pre-incubation 

of bacteria with soluble CD14 (sCD14) 30 min prior to infection. As observed in previous 

experiments, M-MФ showed increased phagocytosis of Lm upon knockdown of CD14 

expression. Pre-incubation of bacteria with sCD14 abolished the enhanced phagocytosis of 

M-MФ transfected with CD14 specific siRNA (Figure 27A). Again, phagocytosis of Lm by 

GM-MФ was not altered by either sCD14 pre-incubation or siRNA knockdown of CD14 

(Figure 27B). 

 

 

Figure 27: Phagocytosis of Lm by M-MФ or GM-MФ after siRNA based knockdown of CD14 (siCD14) and 

treatment with soluble CD14 (sCD14). Following knockdown of CD14 expression, M-MФ (A) or GM-MФ (B) 

were infected with MOI 1 for 2 h. Prior to infection, Listeria were incubated with 50 ng/µl sCD14 where 

indicated. Macrophages from the same donor infected with Lm without prior incubation with sCD14 (mock) 

served as control. Results from one representative donor measured in triplicates are shown as mean ± SD and 

similar results were obtained with cells of at least three different donors. Statistical analysis was performed by 

pairwise comparison of mock vs. sCD14 treated cells using Student´s t-test.  
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3.2.9. Effects of anti-TLR2 and anti-CD14 antibodies on phagocytosis of Lm by 

primary human macrophages 

To further clarify the role of CD14 and TLR2 in phagocytsis of Lm by primary human 

macrophages experiments were performed using antibodies blocking these receptors. 

Blocking of CD14 resulted in a significant increase in phagocytosis of Lm by both M-MФ and 

GM-MФ (Figure 28). The observed effect was considerably more pronounced for M-MФ. By 

contrast, blocking of TLR2 had no effect on phagocytosis of Lm by any of the macrophage 

types. 

 

 

Figure 28: Phagocytosis of Lm by M-MФ (M) or GM-MФ (GM) after blocking of TLR2 or CD14 using specific 

antibodies. Macrophages were treated with antibodies blocking either TLR2 (TLR2-AB) or CD14 (CD14-AB) or a 

non-specific IgG2a isotype control antibody (IgG2a-AB) for 2 h prior to and during infection. Cells were infected 

with MOI 1 for 2 h. Results from one representative donor measured in triplicates are shown as mean ± SD and 

similar results were obtained with cells of at least three different donors. Statistical analysis was performed by 

pairwise comparison of macrophages treated with specific antibodies and cells treated with the isotype control 

antibody using Student´s t-test. 

 

 

3.2.10. Effect of inhibition of TLR2 signaling on phagocytosis of Lm by primary 

human macrophages  

To further rule out TLR2 as a receptor involved in phagocytosis of Lm by primary human 

macrophages, TLR2 signalling was inhibited by incubation of the cells with LY294002 (LY), a 

chemical inhibitor of the PI3K which signals directly downstream of TLR2 (Figure 29). Using 

LY at concentrations of 5-50 µM no inhibition of phagocytosis could be observed for either 

M-MФ or GM-MФ (Figure 29) further corroborating the results obtained with knockdown or 

antibody blocking of TLR2 in human macrophages. 
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Figure 29: Phagocytosis of Lm by M-MФ (M) or GM-MФ (GM) after blocking of TLR2 signalling by LY294002 

(LY).  Macrophages were treated with different concentrations of LY for 2 h prior and during infection and 

infected with MOI 1 for 2 h. Intracellular Listeria were quantified as CFU. Results from one representative 

donor measured in triplicates are shown as mean ± SD and similar results were obtained with cells of at least 

three different donors. 

 

 

3.2.11. Lm induced changes in gene expression in M- and GM-MФ  

To analyse receptor mediated signalling potentially involved in the interaction of Lm with 

macrophages, expression of TLR1, 2, 4, 6, complement receptor 3 (Mac1), and CD14 was 

analysed after 2 and 24 h of infection by qRT-PCR. Generally, uninfected M-MФ expressed 

higher levels of TLR1, 2 and 4 as well as CD14 compared to GM-MФ (Figure 30A). By contrast, 

GM-MФ showed higher basal expression of Mac1 than M-MФ. No changes in expression of 

TLR1, 2, 4, 6, CD14 or Mac1 were observed 2 h after infection. However, marked differences 

in expression were observed 24 h after infection. TLR2 and CD14 expression was highly 

induced by Lm infection in both types of macrophages (Figure 30B). Moreover, at this time 

point TLR1 was induced in M-MФ macrophages upon infection. Interestingly, unlike at 2 h 

post infection, Mac1 expression was similar in uninfected GM-MФ and M-MФ after 24 h 

infection. At the 24 h time point infection led to a markedly lower expression in both cell 

types.  
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Figure 30: Relative gene expression of M-MФ (M) and GM-MФ (GM) after infection with Lm. Macrophages 

were infected for either 2 or 24 h with MOI 1. Relative gene expression was analysed by qRT-PCR using actin 

and lamin as housekeeping genes. Two donors were analysed and results from one representative donor 

measured in triplicates are shown as mean ± SD.  

 

 

3.2.12. Knockdown of CD14 alters Lm induced TNF-α secretion of primary human 

macrophages  

To analyse the contribution of CD14 and TLR2 to the pro-inflammatory cytokine response of 

Lm infected macrophages TNF-α secretion were analysed in supernatants in infected cells 

following knockdown of CD14 and TLR2. Knockdown of CD14 resulted in higher levels of 

TNF-α secretion by Lm infected M-MФ (Figure 31A) as well as GM-MФ (Figure 31B) and this 

effect was much stronger for M-MФ than GM-MФ. By contrast, for both cell types TNF-α 

secretion was not altered upon knockdown of TLR2.  
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Figure 31: Lm induced TNF-α secretion by M-MФ (A) or GM-MФ (B) after knockdown of CD14 (siCD14) or 

TLR2 (siTLR2). After knockdown of CD14 or TLR2 macrophages were infected with MOI 1 for 24 h or left 

untreated (mock) and supernatants were analysed for TNF-α levels. Results from one representative donor 

measured in triplicates are shown as mean ± SD and similar results were obtained with cells of at least three 

different donors. Statistical analysis was performed by pairwise comparison of siCD14 or siTLR2 vs. siNT using 

Student´s t-test. 

 

 

3.3. High content screen to identify genes relevant for phagocytosis of Lm by 

M-MФ  

To identify proteins involved in phagocytosis of Lm by human macrophages, an siRNA based 

high content screen was performed. For all genes targeted by siRNA in previous experiments, 

knockdown efficiencies on both RNA and protein level were higher for M-MФ. Thus, it 

appeared that gene expression was easier to manipulate in M-MФ by the established siRNA 

knockdown protocol and thus, this cell type was selected for the high content screen. 

 

3.3.1. Adaptation of the siRNA knockdown and staining protocols to the screening 

format 

All pipetting and incubation procedures for transfection and staining methods used in 

previous experiments were transferred and adapted to the robotic unit. To test for efficient 

downscaling of the transfection protocol a control siRNA inducing cell death (siDeath) was 

used as positive control. Transfection with siDeath and fluorescent staining using the 
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pipetting robot resulted in decreased macrophage numbers compared to siNT treated cells 

when using the standard manual handling (Figure 32A) or when all steps were performed by 

the robotic unit (Figure 32B & C). Efficient transfection was evidenced by a marked reduction 

in the number of viable, adherent macrophages and was visualised by bright field images 

(Figure 32B) as well as by staining infected cells with Hoechst for nuclei, phalloidin for 

cytoskeletal actin, and a Lm specific antibody (Figure 32C).  

 

 

Figure 32: Successful downscaling of the transfection protocol for M-MФ to the 384 well screening format 

using the pipetting robot. Macrophages were transfected either with non-targeting (siNT) or death inducing 

siRNA (siDeath) in 384 well screening plates manually (A) or using the pipetting robot unit (B and C). 

Macrophages were infected with MOI 10 for 2 h. Infected M-MФ were stained with Hoechst (blue), phalloidin 

staining actin (green) and a Listeria specific antibody (red). Images were acquired using a 40x objective and the 

scale bar is 20 µm. Images were acquired using a Zeiss Axio Observer Z1 microscope (A) or an IN Cell Analyzer 

2000 (B and C). 

 

 

3.3.2. Hit identification of the resulted screening data 

The entire screen was performed using cells of two different donors. For each donor, all 

three plates of the library were screened in three technical replicate. The obtained 

fluorescent images were analysed for number of macrophages and intensity of infection 

using the IN Cell Investigator software as described in Materials and Methods. Prior to hit 

identification, each plate was analysed for efficient transfection by measuring average 
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macrophage numbers per well after siDeath compared to non-targeting siRNA treatment 

(Figure 33). 

 

 

Figure 33: Transfection control using cell numbers of wells treated with cell death inducing siRNA (siDeath) 

compared to non-targeting control (siNT) wells. Images of macrophage nuclei (blue) after treatment with siNT 

or siDeath. Images were acquired using an IN Cell Analyzer 2000 with a 20x objective. 

 

 

As a further quantitative transfection control, knockdown efficiency of the siDeath was 

calculated by strictly standardised mean difference (SSMD) analysis. Plates with inefficient or 

unusual transfection as indicated by abnormalities in the siDeath and siNT controls were 

excluded. As a result, two replicates of each library plate and each donor, i.e. a total of four 

plates, showed robust results with sufficient transfection efficiency (Table 10). 
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Table 10: Quantification of the knockdown efficiency by the 

strictly standardised mean difference (SSMD) value. The number 

of quantified macrophages of each well after siDeath treatment 

compared to siNT was used to calculate the SSMD. The SSMD-value 

directly represents the strength of an effect. SSMD-values can be 

categorised as moderate (< -1.0), good (< -2.0) and excellent (< -3.0).  

 

 

 

As a further internal control, macrophage viability was analysed in wells after knockdown of 

the colony stimulating factor 1 receptor (CSF1R), i.e. the M-CSF receptor, which is known to 

mediate M-CSF dependent survival of cells. In fact, a dramatic decrease in the number of 

viable cells was observed as a result of CSFR1 knockdown (Figure 34) confirming yet once 

more that the transfection and staining procedures and the screen itself provide reliable 

data.  

 

 

Figure 34: Macrophage numbers after transfection with CSF1R specific siRNA (siCSF1R) compared to non-

targeting control (siNT) wells. Images of macrophage nuclei (blue) after treatment with siNT or siCSF1R Images 

were acquired using an IN Cell Analyzer 2000 and a 20x objective. 

 

 

 

Donor 1 Donor 2

Plate A -2.12 -2.27 -4.00 -3.92

Plate B -6.41 -3.05 -7.71 -5.66

Plate C -1.42 -1.66 -7.24 -8.02
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Calculation of the SSMD-values of all four replicates of plate A, where the CSF1R specific 

siRNA was spotted, nicely corroborates that the knockdown of CSF1R in human 

macrophages result in significantly reduced numbers of viable cells, thereby confirming the 

reliability of the performed screen using a specific target siRNA (Table 11). 

 

Table 11: SSMD-values of macrophage numbers after knockdown of 

CSF1R. The SSMD-value represents the strength of the effect in viability. 

SSMD-values can be categorised as moderate (< -1.0), good (< -2.0) and 

excellent (< -3.0). 

 

 

 

Using the highly stringent strategy for hit identification described in detail in material and 

methods, eight potential genes were identified for which knockdown had a reproducible and 

strong effect on the number of intracellular bacteria (Figure 35 & 36). Of these 8 target 

genes NEK5 and LAMP2 were located to the same well as a consequence of the error that 

had occurred during the stamping process. The other hits are ALS2CR7, PIK3CG, MAPKAPK5, 

STK39, GJA1 and TLR7.  

 

Donor 1 Donor 2

Plate A -1.24 -1.50 -0.96 -1.81
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Figure 35: Visualisation of hit identification. Plate A, B, and C represent the three plates of the screened library 

which were all analysed separately. The normalised, log2-transformed mean of the two replicates of each 

donor were plotted against each other. Each dot represents an individual target (grey: targets which did not 

fulfil all hit identification criteria; green: targets which were identified as hits in all four replicates; blue: non-

targeting siRNA (siNT)).  
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Figure 36: Representative images of Lm infected M-MФ identified as true hits in the screen. Images of Lm 

(red) infected macrophages (blue) after treatment with siNT or specific siRNA. Images were acquired using an 

IN Cell Analyzer 2000 and a 20x objective. 

 

 

To exclude that any of the hits are false positives as a result of position on the plate rather 

than an siRNA mediated effect, positional analysis was performed. Here each position of a 

plate was assigned to a number (from 1 to 384) and these numbers were plotted for the hits 

of each plate (Figure 37). This revealed that four of the hits are located in the area around 

position 340. This accumulation seems unusual and indicates that these hits might be the 

result of a positional effect e.g. due to erroneous liquid handling by the robot at this position 

rather than a true siRNA mediated effect.  
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Figure 37: Identification of potential false positive hits as a consequence of positional effects. Hits identified 

on each plate are plotted according to their position on plate A, plate B and plate C.  
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4. Discussion 

 

Resident macrophages of the intestinal mucosa represent the first line of the innate immune 

system faced by Lm following oral infection and crossing of the intestinal epithelium [55,152]. 

During later stages of infection Listeria are predominantly found in liver and spleen, where 

Kupffer cells and splenic macrophages phagocytose Lm to mediate bacterial clearance 

[3,21,153]. Thus, macrophages undoubtedly are an important component of the 

immunological defense against listerial infection. Due to well-known discrepancies between 

the human and the murine immune system [59,112,122,125], ex vivo models represent a 

powerful tool to perform infection studies in human cells [67,76,146]. This avoids the risk of 

obtaining results in model species, in most cases the mouse, that are only to some extent 

transferable to the human host. 

 

The key cytokines stimulating differentiation of macrophages to either pro- or anti-

inflammatory phenotypes in vivo are GM- and M-CSF, respectively [59,65,70]. These 

macrophage phenotypes can also be generated from monocytes ex vivo by externally adding 

these growth factors to the culture medium [51,52,67,76,146]. In line with previous studies 

[47,53,76,146], we could show that ex vivo differentiated macrophages highly express either 

CD163 (M-MФ) or CD206 (GM-MФ) on their surface regardless whether monocytes were 

isolated by negative or positive selection. Moreover, TEM revealed that ex vivo 

differentiated macrophages of both populations display the typical adherent phenotype and 

ruffled surface structure and are enlarged compared to monocytes. 

 

Macrophages in general, and M-MФ in particular, have a high phagocytic activity [154–156]. 

Analysis of the phagocytic activity revealed that differences in bacterial uptake between M- 

und GM-MФ were observed when monocytes were isolated by negative selection. This is in 

line with other studies showing that M-MФ phagocytose more Mycobacteria [67] and upon 

infection with the same dose show higher viral load of HCMV [146] and HIV [157] compared 

to GM-MФ. The only exception for which M-MФ do not show higher phagocytosis or 

infection is the dengue virus, which uses CD206 for receptor mediated entry. Thus, this virus 

shows a higher infection rate in GM-MФ due to higher CD206 expression on these cells 

[76,158]. 
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Interestingly, positive selection enhances phagocytosis of Lm by GM-MФ to levels usually 

observed only for M-MФ. The main difference of these two methods is that negative 

selection yields a population highly enriched in CD14 positive cells that have not been in 

contact with an antibody, whereas positive selection results in a highly pure CD14 positive 

population with CD14 MicroBeads still bound to the cells. Further experiments using 

treatment of monocytes and macrophages with CD14 MicroBeads or the antibody alone 

indicate that the enhanced phagocytosis of GM-MФ is caused by antibody ligation of CD14 

on the surface which was used for positive selection. Interestingly, non-specific phagocytosis 

of latex beads as well as phagocytosis of Escherichia coli, Lactococcus lactis, Leishmania 

major and HCMV (data not shown) by GM- MФ was not activated by positive selection 

suggesting that the enhanced phagocytic activity is specific for Lm. The supplier of the 

isolation kit states that positive selection has no impact on the phenotype and functional 

properties of isolated monocytes. While this might be the case at least with respect to 

phagocytosis for latex beads, E. coli, L. lactis, L. major and HCMV, our results clearly 

demonstrate that the method of monocyte isolation is of relevance for phagocytosis of Lm 

and has to be evaluated for every pathogen before experiments. Our observations are 

supported by at least one other report showing that the use of CD14 MicroBeads for 

monocyte isolation affects the functional properties of cells [159]. The authors report that 

positive selection of monocytes inhibits LPS induced production of IL-12, IL-10 and TNF-α of 

dendritic cells generated from these monocytes ex vivo. 

 

As an alternative to primary cells, THP-1 cells, which are described to acquire macrophage-

like features upon PMA stimulation [137], were tested as human Lm infection model. 

However, THP-1 cells did not express CD163 or CD206 upon PMA stimulation alone or in 

combination with either M- or GM-CSF. Moreover, PMA stimulated THP-1 cells showed low 

resistance against Lm infection. Based on the limitations compared to primary macrophages, 

PMA stimulated THP-1 cells were not considered to be a good model to study Lm infection 

despite their high phagocytic capacity. In consequence, all further studies were only carried 

out with negatively isolated cells. 

 

To assess the role of TLR2 and CD14 in phagocytosis of Lm by human macrophages, an siRNA 

based knockdown protocol was established. Expression of CD14 and TLR2 could be down 
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regulated in M- and GM-MФ on RNA level with knockdown efficiency being considerably 

higher in M-MФ in all cases. Testing different transfection reagents revealed RNAiMAX as 

the best one analysed and was used for all further studies. X-treme, the most promising 

transfection reagent according to the amount of internalised fluorescent siRNA, did not 

result in any changed mRNA expression level. This demonstrates that the amount of 

internalised siRNA does not directly correlate with the knockdown efficiency. The most 

reliable method to test the efficacy of a transfection protocol remains to be best performed 

directly on mRNA level using qRT-PCR. 

 

It was further analysed, if the transfection itself had an effect on the surface marker 

expression of the macrophages. For the transfection protocol, macrophages were cultured 

on plastic instead of in suspension (Lumox dish cultivation) during the last 4 days of 

differentiation. This change in differentiation altered the surface marker expression of 

CD163 and CD206 on M-MФ. M-MФ subjected to the transfection protocol did not show the 

typical CD163highCD206low phenotype observed in previous experiments but rather displayed 

a CD163lowCD206high expression profile. A similar change in surface marker expression was 

not observed for GM-MФ. The siRNA-treatment itself did not further change the surface 

marker expression. This demonstrates that the effect was not specific to the siRNA 

treatment but could be attributed to the protocol itself since non-transfected M-MФ already 

showed this change. The increased expression of CD206 upon differentiation on plastic is 

supported by findings of another group showing that changes in cell shape induce CD206 

expression [160]. It further explains why in some studies CD206 is not seen as a 

differentiation marker between M- and GM-MФ and macrophages are in general described 

as CD206high expressing cells.  

 

The knockdown of TLR2 and CD14 was further analysed. On protein level, no changes were 

observed for CD14 after treatment with specific siRNA on any of the macrophages. The 

reduction of TLR2 mRNA could be significantly transmitted to the protein level on M-MФ and 

a weak, but non-significant effect was seen on GM-MФ. To demonstrate that the knockdown 

of TLR2 has functional consequences, fluorescent latex beads coated with Pam3CSK4, a 

known TLR2 ligand [161], were used for phagocytosis assays. Shown by flow cytometric 

analysis, phagocytosis of Pam3CSK4 coated latex beads by M-MФ was significantly reduced 
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following TLR2 knockdown. In contrast, no effect on phagocytosis of these beads was 

observed for TLR2 kockdown in GM-MФ suggesting that the minor effect seen on TLR2 

mRNA and protein level was not strong enough to be reflected on the functional level. 

Nevertheless, these results demonstrate that the established protocol allows siRNA 

mediated silencing of TLR2 in M-MФ which can be followed up on phagocytosis of a TLR2 

ligand. 

 

Next, the role of TLR2 in phagocytosis of Lm in macrophages was investigated. We could 

confirm already published data that BMDM obtained from TLR2-/- mice show a lower 

phagocytic activity in regard to Lm compared to WT macrophages [105,106,150]. 

Knockdown of TLR2 in GM-MФ did not alter phagocytic activity towards Lm, which can be 

explained by the weak knockdown efficiency achieved in these cells. Remarkably, also M-MФ, 

which showed a functional TLR2 knockdown, did not show changes in phagocytosis of Lm 

following the knockdown. These results were further confirmed by blocking TLR2 using a 

specific antibody and chemical inhibition of the downstream signaling molecule PI3K, which 

also did not affect phagocytosis of Lm. This data suggest that unlike in murine macrophages, 

phagocytosis of Lm is independent of TLR2 in human M-MФ. 

 

In murine macrophages not only TLR2 but also CD14 is involved in the recognition and 

clearance of Lm [105]. Surprisingly, knockdown of CD14 in human macrophages increased 

phagocytosis of Lm by M-MФ, and this effect was abolished by pre-incubation of bacteria 

with soluble CD14, which was shown to functionally complement membrane bound CD14 

[162]. Blocking of CD14 with a specific antibody also increased phagocytosis of Lm in both M- 

and GM-MФ. These results clearly indicate that ligation of CD14 on the surface directly 

triggers phagocytosis. This is in line with our data showing increased phagocytosis after 

incubation with a CD14 antibody as a consequence of positive selection. However, the 

observed increase of phagocytosis upon blocking or knockdown of CD14 is contrary to the 

expected outcome a (co-)receptor triggering phagocytosis would lead to. 

 

TLRs are not only known to be involved in phagocytosis, but also to play an important role in 

signaling leading to cytokine secretion in response to infection. TLR2 and its intracellular 

adapter protein MyD88 are required for activation of murine macrophage by Lm and listerial 
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lipoproteins are at least partially responsible for activation [109,163,164]. A typical response 

of macrophages following infection is secretion of the pro-inflammatory cytokine TNF-α. The 

impact of CD14 mediated TNF-α secretion in BMDM was reported by macrophages of CD14-/- 

mice, which secrete less TNF-α in response to Lm infection compared to BMDM of WT mice 

[105]. In response to Lm also human M-MФ and GM-MФ secreted TNF-α. In line with their 

pro-inflammatory phenotype GM-MФ secreted higher levels of TNF-α despite lower 

bacterial load (Figure 11A & 31B). Knockdown of TLR2 did not alter TNF-α secretion in 

response to Lm infection in neither M-MФ nor GM-MФ. This suggests that the Lm induced 

TNF-α response of human primary macrophages triggered independent of TLR2. However, 

knockdown of CD14 even increased the secretion of TNF-α in both types of macrophages. In 

M-MФ increased TNF-α secretion after CD14 knockdown correlates with increased numbers 

of intracellular bacteria after CD14 knockdown and CD14 blocking. Interestingly, also in GM-

MФ TNF-α secretion was induced by Lm however not as dramatic as in M-MФ. In GM-MФ no 

changes in phagocytosis were observed upon siCD14 transfection (Figure 25). Explanations 

for this discrepancy might be the better knockdown efficiency in M-MФ and different 

sensitivities of the gentamicin protection assay and TNF-α ELISA. The lower efficacy of CD14 

knockdown in GM-MФ produces only a minor effect on phagocytosis, which is not strong 

enough to be detected on the level of intracellular bacteria whereas the TNF-α response 

seems to be sensitive enough to allow the detection of such a minor change in intracellular 

bacteria in GM-MФ. 

 

CD14 lacks a intracellular domain and, on monocytes and macrophages, is bound to the 

membrane via a glycosylphosphatidylinositol anchor [165]. Thus, activation of phagocytosis 

and associated downstream responses by CD14 ligation involves adapter proteins. CD14 is 

an essential co-receptor for TLR2, 3, 4, and 6 [104] and has been described to recognise a 

variety of ligands [166]. Also Mac1, also termed complement receptor 3, has been shown to 

interact with CD14 to increase phagocytosis of Borrelia burgdorferi by murine bone marrow 

derived macrophages (BMDM) independent of TLR2 [167]. In mice, CD14 is shown to 

cooperate with TLR2 for efficient clearance of Lm infections [105]. To gain further insight 

into the effect of CD14 ligation on phagocytosis in human macrophages, expression of TLR1, 

2, 4 and 6 as well as Mac1 were analysed by quantitative RT-PCR. In line with published data 

[76], uninfected M-MФ expressed TLRs and CD14 at higher levels than GM-MФ. On both cell 
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types, expression of all genes was unchanged 2 h after Lm infection. By contrast, after 24h of 

infection mRNA levels for TLR2 and CD14 were markedly increased and Mac1 mRNA was 

decreased in both M-MФ and GM-MФ. In M-MФ additionally TLR1 expression increased 

following 24 h of infection. The previous results indicate that TLR2 is neither involved in 

phagocytosis of Lm nor in the TNF-α response following infection. This suggests that the 

observed changes in expression of TLR1, TLR2, Mac1, and CD14 might be part of a non-

specific response of macrophages or are involved in triggering other Lm specific cytokine 

responses. 

 

The fact that phagocytosis of Lm by human macrophages is TLR2 independent raises the 

question of the receptor(s) involved in uptake. To address this question and to identify 

kinases potentially important for triggering the macrophage response an siRNA based high 

content screen was established and performed directly in primary human macrophages. 

Since high content screens are highly challenging and cost intensive, M-MФ were selected as 

the cell type to be screened for two reasons. First, they represent the anti-inflammatory 

phenotype of intestinal macrophages [55], which are most probably encountered by Lm 

after crossing the intestinal barrier as a consequence of oral infection. Second, reverse 

transfection using the established protocol was by far more efficient for all targets studied so 

far in M-MФ compared to GM-MФ and efficient transfection is an indispensable prerequisite 

for a high content screen. All procedures for transfection and staining were successfully 

transferred to the pipetting robot used to perform the screen. The library used for the 

screen consisted of 718 kinases of a commercially available library and 168 manually 

selected macrophage receptors potentially involved in ligand mediated phagocytosis. 

 

High content screens that include extremely good controls usually employ the Z-factor for 

quality control. However, in siRNA based screens the effect of the positive controls need to 

be similar to the target effects and, as a consequence, are rather moderate [149,168,169]. 

To account for this problem SSMD was chosen for quality control instead of the Z-factor. 

Prior to hit identification a number of controls were performed excluding plates with 

abnormalities in transfection efficiency and all targets that resulted in a decreased number 

of detected macrophages. Of note, a significantly reduced number of viable macrophages 

were observed in cells transfected with an siRNA targeting the M-CSF receptor CSF1R. Since 
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M-CSF mediates survival signals by binding to CSF1R [170,171] this result is an excellent 

internal control demonstrating the reliability of the protocol and the robustness of the data 

obtained from the screen. 

 

Using highly stringent criteria for hit selection a total of 7 genes repeatedly had a robust 

effect on the number of intracellular bacteria. Of these 7 hits only 2 were receptors. Further 

analyses indicated that 4 of these hits might be false positives as a consequence of positional 

effects. Excluding these 4 targets, the 3 most promising genes with a potential role in 

phagocytosis of Lm by M-MФ are TLR7, GJA1, and ALS2CR7. This low amount of revealed hits 

is a consequence of the highly stringent criteria used to identify most promising and strong 

candidates while minimising the number of false positive hits. 

 

The gap junction protein GJA1, also called connexin 43, directly connects the cytoplasm of 

two neighbouring cells, e. g. epithelial cells [172]. Connexins, including GJA1, are also 

expressed on the surface of immune cells including macrophages although their role in these 

cells remains largely unknown [173–175]. GJA1 has been shown to promote phagocytosis of 

antibody coated beads and E. coli by murine peritoneal macrophages and is required for 

efficient clearance of infection [176]. GJA1 interacts with the RhoA signalling pathway 

affecting the actin cytoskeleton to mediate phagocytosis [176]. Following phagocytosis, GJA1 

remains in the phagosomal membrane and colocalises with the endosomal marker LAMP2 

[176]. Collectively, the findings on phagocytosis of antibody coated beads and the Gram-

negative bacterium E. coli by murine macrophages and the observed effect of GJA1 

knockdown in human M-MФ on phagocytosis of the Gram-positive bacterium Lm might 

point towards a general role of GJA1 for phagocytosis independent of specific receptors.  

 

The second target for which knockdown yielded a robust effect is TLR7, a well characterised 

innate receptor of the Toll-like family known to recognise viral and fungal RNA [101,177], as 

well as bacteria or their components located to the phagosome [178]. So far TLR7 has not 

been described to recognise Lm or to participate in phagocytosis in general. However, it is 

known that not all Listeria are able to efficiently escape the phagosome after phagocytosis. 

Instead some bacteria remain in the phagosome and result in the formation of spacious 

Listeria containing phagosomes (SLAPs) [179]. The percentage of Listeria remaining trapped 
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in the phagosome strongly depends on the cell type infected but was described to be ~10-15% 

in murine macrophages [179,180]. Live Listeria are shown to secret nucleic acids including 

RNA [181], which may serves as TLR7 ligands. Image analysis of the phagocytosis assays 

revealed, that even at lower MOIs, macrophages containing only one Lm per cell were rarely 

detected and macrophages with multiple intracellular bacteria were by far more frequent 

than would be expected by chance (Figures 12 & 13). Based on these observations, we 

hypothesise that phagocytosis of Lm by human macrophages is enhanced by a TLR7 

dependent mechanism. Upon the first encounter Lm becomes internalised by GJA1 

mediated phagocytosis that may be non-specific or involves an as yet unidentified receptor. 

In some macrophages, Lm remains trapped in the phagosomal compartment possibly 

leading to SLAP formation. Upon fusion with endosomes, these compartments acquired 

functional TLR7. Inside these compartments alive Listeria secret RNA, which in turn activates 

TLR7 and triggers enhanced phagocytic activity of these cells (Figure 38). It has been shown 

that in murine macrophages PRRs, RIG-I, MDA5, STING, and CARD9, which are known to 

sense cytosolic RNA, are required for the induction of IL-1β secretion in response to Lm [181]. 

Future studies are needed to clarify if these PRR also play a role in secretion of IL-1β and 

other cytokine by human macrophages in response to Lm infection. Also studies on the 

specific signalling induced by Lm that seems to differ between human and murine 

macrophages will shed more light on understanding Lm infection. 

 

Another hit identified in the siRNA knockdown screen is ALS2CR7, also termed cyclin 

dependent kinase 15. This protein is known to interact with the heat shock protein HSP90 

[182]. So far this kinase has not been linked to phagocytosis or infection. However, in order 

to effectively transduce a signal, TLRs need to be localised to their place of action. One of the 

proteins known to control TLR localisation is Gp96 [183]. Gp96 is the paralog of the HSP90 

family in the endoplasmic reticulum where it acts as a chaperon for immunoglobulins, some 

integrins but also TLRs [183]. Thus it is possible that ALS2CR7 is essential for proper 

localisation of TLR7 and, as a consequence, knockdown of ALS2CR7 would explain the 

observed effect on phagocytosis. 

 

In summary, human macrophages generated ex vivo from negatively selected monocytes 

represent a good model system to study Lm infection. Our results show, that the 
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phagocytosis of Lm is TLR2 independent in human macrophages. Furthermore, data 

obtained by an siRNA based screen in M-MФ suggest a new model of the phagocytosis 

process of Lm, involving ALS2CR7, GJA1, and TLR7. In future studies, these hits need to be 

confirmed by single transfection experiments and functional assays. By applying different 

knockdown strategies showing a stronger efficiency in GM-MФ, these candidates can also be 

compared directly between the two macrophage types. 
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Figure 38: Model for the role of GJA1, TLR7 and ALS2CR7 in phagocytosis of Lm by M-MФ. During normal 

infection, Lm first undergoes random phagocytosis mediated by GJA1. Afterwards specific phagocytosis is 

induced by bacterial RNA recognition inside the phagosome by TLR7. TLR7 is released from the endoplasmatic 

reticulum to the endosome, where it can fuse with Lm containing phagosomes and induces phagocytosis of Lm. 

In case GJA1 is missing Lm, phagocytosis is impaired. When TLR7 is downregulated, increased phagocytosis can 

not be stimulated. Lack of ALS2CR7 leads to reduced endosomal localisation of TLR7 and reduced stimulation of 

phagocytosis. 
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5. Abbreviations 

 

A 
 

AB  antibody 

 

ActA  actin assembly inducing 

protein  

 

ALS2CR7 amyotrophic lateral 

sclerosis 2 (juvenile) 

chromosome region, 

candidate 7 

 

ARG1  arginase 1 

 

Arp 2/3 actin related protein 2/3 

 

ATCC  American Type Culture 

Collection 

 

 

B 
 

BHI  Brain Heart Infusion  

 

BMDM  bone marrow derived 

macrophages 

 

BSA  bovine serum albumin 

 

 

C 
 

°C  degree Celsius 

 

Ca2+  calcium ions 

 

CCL  chemokine ligand  

 

CD  cluster of differentiation 

 

cDNA   complementary DNA  

 

CFU  colony forming unit 

 

CLRs  C-type lectin receptors 

 

cm2  square centimetre 

 
 

CO2  carbon dioxide 

 

CSF1R  M-CSF receptor 

 

 

D 
 

DC  dendritic cells 

 

CXCL  chemokine (C-X-C motif) 

ligand 

 

dH2O  demineralised water 

 

DMEM  Dulbecco´s Modified Eagle´s 

Medium 

 

DMSO  dimethyl sulfoxide 

 

DNA  deoxyribonucleic acid 

 

dNTPs   deoxynucleotide 

triphosphates  

 

dsRNA  double stranded RNA 

 

 

E 
 

E-cad  E-cadherin 

 

EDTA  ethylenediaminetetraacetic 

acid 

 

ELISA  enzyme linked 

immunosorbent assay 

 

FCS  fetal calf serum 

 

Fwd  forward 
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G 
 

GILT  gamma-interferon inducible 

lysosomal thiol reductase 

 

GJA1  gap junction membrane 

channel protein alpha 1 

 

GM-CSF granulocyte macrophage 

colony stimulating factor 

 

GM-MФ GM-CSF derived 

macrophages 

 

Gp96  endoplasmic heat shock 

protein 90  
 
 
H 
 

h  hour(s) 

 

H2O  water 

 

HCMV  Human cytomegalovirus 

 

HEPES  4-(2-Hydroxyethyl)- 

piperazine-1-ethanesulfonic 

acid 

 

HIV  Human immunodeficiency 

virus 

 

hly  listerial gene encoding LLO 

 

HRP  horseradish peroxidase 

 

HSP90  heat shock protein, 90kDa  

 

 

I 
 

IFN-γ  interferon-gamma 

 

IL  Interleukin 
 

 

 

 
 

Inl  Internalin 

 

iNOS  inducible NO synthases  

 

 

K 
  

K+  potassium ions 

 

 

L 
 

LAMP2  lysosomal associated 

membrane protein 2 

 

LL-37  cathelicidin antimicrobial 

peptide 

 

LLO  Listeriolysin O 

 

Lm  Listeria monocytogenes 

 

LPS  lipopolysaccharides 

 

LSM  lymphocyte separation 

medium 

 

LY  LY294002; PI3K inhibitor 

 

 

M 
 

MAb  monoclonal antibody 

 

MAD  median absolute deviation 

 

Mac1  Macrophage 1 antigen, or 

complement receptor 3  

 

M-CSF  macrophage colony 

stimulating factor 

 

MEM  minimal essential medium 

 

MFI   mean fluorescence intensity 

mg  milligram 

  

min  minute  
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ml  milliliter 

 

mm   millimetre 

 

M-MФ  M-CSF derived 

macrophages 

 

mock  samples treated exactly like 

stimulated cells only 

without the key stimulus 

 

MOI  multiplicity of infection 

 

mRNA  mitochondriale RNA 

 

MTT  diemethylthizol 

diphenyltetrazolium 

bromide 

 

MyD88  myeloid differentiation 

primary response protein 

88  

 

µg  microgram 

 

µl  microliter 

 

µm  micrometer 

 

µM  micormolar 

 

 

N 
 

NaN3  sodium azide 

 

NEAA  non-essential amino acid 

 

NEK5  never in mitosis A related 

kinase 5 

 

NF-κB  nuclear factor kappa-light-

chain-enhancer of activated 

B-cells 

ng  nanogram 

 

NLRs  NOD-like receptors 

 

nm  nanometer 

 

NO  nitric oxide 

 

n.s.  non-significant 

 

 

O 
 

OD600  optical density at 600 nm 

wavelength 

 

o/N  overnight 

 

 

P 
 

PAMPs  pathogen associated 

molecular patterns 

 

PBMCs  peripheral blood 

mononuclear cells 

 

PBS   phosphate buffered saline 

 

PC  phosphatidlycholine 

 

PCR  polymerase chain reaction 

 

PFA  paraformaldehyde 

 

pg  picogram  

  

PI  phosphatidylinositol 

 

PI3K  phosphatidylinositol 3 

kinase 

 

PLC  phospholipase C  

 

pmol  picomol 

 

PMA  phorbol 12-myristate 13-

acetate 

PRRs  pattern recognition 

receptors 
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P/S  penicillin/streptomycin 

 

 

Q 
 

qRT-PCR quantitative real time PCR 

 

 

R 
 

Rac1  Ras-related C3 botulinum 

toxin substrate 1 

 

Rev  reverse 

 

RIG-1  retinoic acid inducible gene 

1 

 

RLPs  RIG-1-like helicase 

receptors 

 

RNA  ribonucleic acid 

 

RNAi  RNA interference 

 

RPMI  Roswell Park Memorial 

Institute Medium 

  

RT  room temperature 

 

 

S 
 

sCD14  soluble CD14 

 

SD  standard deviation 

 

SEM  scanning electron 

microscopy 

 

siCD14  siRNA targeting CD14 

 

siDeath     human AllStar siRNA death 

control from Qiagen 

siNT  non-targeting siRNA control 

 

siTLR2  siRNA targeting TLR2 

 

siRNA  small interfering RNA 

 

SLAPs  spacious Listeria containing 

phagosomes 

 

SSMD  strictly standardised mean 

difference 

 

ssRNA  single stranded RNA 

 

 

T 
 

TIR  toll-interleukin 1 receptor 

 

TIRAP  TIR-domain containing 

adaptor protein 

 

TLR  Toll-like receptors 

 

TLR2-/-  TLR2 knockout mice 

 

TNF-α  tumour necrosis factor-

alpha 

 

TRAM  TRIF related adaptor 

molecule 

 

TRIF  TIR-domain containing 

adapter inducing interferon-

β 

 

 

W 
 

WASP  Wiskott Aldrich Syndrom 

protein 

 

WT  wild type 

 

w/v  weight per volume 

 

w/w  weight per weight
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8. Appendix 

 

8.1. Antibody list 

Antibody Cat# Company Host/Isotype Specificity Dilution Method 

Anti-CD206-PE 555954 Becton Dickinson mouse/ IgG1 human 5 µl/1*10^6 cells Cytometry 

Anti-CD163-PE 556018 Becton Dickinson mouse/ IgG1 human 5 µl/1*10^6 cells Cytometry 

Anti-CD14-FITC 555397 Becton Dickinson mouse/ IgG2a human 5 µl/1*10^6 cells Cytometry 

Anti-TLR2-PE 129024 eBioscience mouse/ IgG1 human, mouse 2 µl/1*10^6 cells Cytometry 

Simultest Control-PE/FITC) 340394 Becton Dickinson 
mouse/ IgG1-PE, 

IgG2a-FITC 
human 5 µl/1*10^6 cells Cytometry 

Hoechst H3570 Invitrogen  
  

1:10,000-1:50,000 Microscopy 

DAPI D1306 Invitrogen  
  

1:10,000-1:50,000 Microscopy 

Anti-Rabbit-Alexa555 A21428 Invitrogen  goat 
 

 1:1000 Microscopy 

Phalloidin-Alexa488 A12379 Invitrogen  
  

 1:500 Microscopy 

Anti-Listeria ABIN112781 antibodies-online.de rabbit Listeria 1:500-1:1000 Microscopy 
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8.2. Surface library target list 

  

Gene 

Symbol 

Gene              

ID 

 

  

Gene 

Symbol 

Gene              

ID 

 

  

Gene 

Symbol 

Gene              

ID 

1 CD197 1236 57 CD200R1 131450 113 BMPR1A 657 

2 ITGA5 3678 58 GPR114 221188 114 BMPR1B 658 

3 ITGA5 3679 59 MSR1 281311 115 BMPR2 659 

4 ITGAL 3683 60 GPR120 338557 116 CAV1 857 

5 ITGAV 3685 61 AFI-1 199 117 CAV2 858 

6 ITGAX 3687 62 CB2 1269 118 CAV3 859 

7 PDGF-Ra 5156 63 CSF1 1435 119 CD14 929 

8 PDGF-Rb 5159 64 GJA1 2697 120 CD36 948 

9 ADIPOR1 51094 65 IGF1 3479 121 SCARB1 949 

10 ADIPOR2 79602 66 IKBKB 3551 122 SCARB2 950 

11 CD13 290 67 LBP 3929 123 TNR5 958 

12 fibronectin 2335 68 LGALS3BP 3959 124 CDH5 1003 

13 VEGFRa 7422 69 LTF 4057 125 CDH17 1015 

14 CD331 2260 70 MAF 4094 126 CD191 1230 

15 CD332 2263 71 MAL 4118 127 CD115 1436 

16 CD333 2261 72 MAOB 4129 128 CD116 1438 

17 CD334 2264 73 CD136 4486 129 CD131 1439 

18 CD317 684 74 MyD88 4615 130 DNM2 1785 

19 GPR13 1524 75 NFKB1 4790 131 EDNRB 1910 

20 ITGB1 3688 76 SERPINE1 5054 132 EGFR 1956 

21 ITGB2 3689 77 SERPINB2 5055 133 CD32 2212 

22 ITGB3 3690 78 LGMN 5641 134 FCGR3A 2214 

23 ITGB5 3693 79 B220 5788 135 FCGR3B 2215 

24 BAI1 575 80 CCL24 6369 136 FOLR2 2350 

25 CLCA 1211 81 FCGBP 8857 137 IL1R1 3554 

26 CHC 1213 82 PGLYRP1 8993 138 IL1RAP 3556 

27 ENG 2022 83 CH25H 9023 139 IL10RA 3587 

28 LRP1 4035 84 IL1RL1 9173 140 Activin A 3624 

29 NGFR 4804 85 P2RY14 9934 141 INSR 3643 

30 PTGER2 5732 86 DCL1 9936 142 CD11B 3684 

31 NRAMP1 6556 87 CLEC4M 10332 143 ITGB2 3689 

32 VTN 7448 88 SARM1 23098 144 CD206 4360 

33 STAB2 55576 89 CLEC5A 23601 145 CD204 4481 

34 TIMD4 91937 90 CADM1 23705 146 TGFBR1 7046 

35 CLEC1A 51267 91 CLEC4E 26253 147 TGFBR2 7048 

36 CLEC2B 9976 92 PACSIN1 29993 148 TGFRB3 7049 

37 CLEC2Da 29121 93 CLEC4K 50489 149 TLR1 7096 

38 CLEC3B 7123 94 CLEC4A 50856 150 TLR2 7097 

39 CLEC4F 165530 95 CLEC1B 51266 151 TLR3 7098 

40 CLEC4G 339390 96 SMPD3 55512 152 TLR4 7099 

41 CLEC10A 10462 97 SIGIRR 59307 153 TLR5 7100 

42 CR1 1378 98 NOD2 64127 154 IL1R2 7850 

43 MERTK 10461 99 CLEC7A 64581 155 CXCR4 7852 

44 CAMP 820 100 COL23A1 91522 156 MARCO 8685 

45 CTSB 1508 101 CLEC6A 93978 157 IL1RL2 8808 

46 CTSD 1509 102 NLRP3 114548 158 CD163 9332 

47 CTSS 1520 103 SIRPA 140885 159 CD280 9902 

48 LAMP1 3916 104 TRIF 148022 160 TLR6 10333 

49 LAMP2 3920 105 CLEC12A 160364 161 NOD1 10392 

50 RAB5A 5868 106 CLEC4C 170482 162 CD85 10859 

51 RAB7A 7879 107 CLEC9A 283420 163 CD209 30835 

52 EEA1 8411 108 CLEC6 338339 164 TLR7 51284 

53 BECN1 8678 109 TRAM 353376 165 TLR8 51311 

54 MAP1LC3B 81631 110 CLEC12B 387837 166 GPRC5B 51704 

55 TNF 7124 111 CD192 729230 167 TLR9 54106 

56 TGFB 7040 112 CD195 1234 168 TLR10 81793 
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8.3. Chemicals 

Chemical Company 

Absolve   NEN Life Science Products, Zaventem, Belgium 

Acetone  Merck KGaA, Darmstadt, Germany 

Agar Difco-Laboratories, Detroit, USA 

Agarose  PEQLAB Biotechnologie GmbH, Erlangen, Germany 

Ampicilline sodium salt Carl Roth GmbH, Karlsruhe, Germany 

APS (Ammonium persulfate)  Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

β-ME (β-Mercaptoethanol)  Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

Bovine serum albumine (BSA) PAA Laboratories, Cölbe, Germany 

Brain Heart Infusion (BHI) Oxoid Ltd, Basingstoke, United Kingdom 

Bromphenol blue Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

Calcium chloride dihydrate  Merck KGaA, Darmstadt, Germany 

Carbon dioxide MIT Industriegase, Neu-Ulm, Germany 

Chloramphenicol Merck KGaA, Darmstadt, Germany 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

DMEM (Dulbecco's Modified Eagle Meidium) PAA Laboratories, Cölbe, Germany 

EDTA (Ethylenediaminetetraacetic acid)  Merck KGaA, Darmstadt, Germany 

Essigsäure  Merck KGaA, Darmstadt, Germany 

Ethanol VWR International GmbH, Darmstadt, Germany 

Ethidium bromide  Carl Roth GmbH, Karlsruhe, Germany 

Fetal calf serum (FCS) Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

Formaline  (37% (w/v)) Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

GeneRulerTM 1 kb DNA ladder  Fermentas GmbH, St. Leon-Rot, Germany 

Gentamicine Gibco Invitrogen GmbH, Darmstadt, Germany 

Glycerol AppliChem GmbH, Darmstadt, Germany 

Glycin  Merck KGaA, Darmstadt, Germany 

HEPES PAA Laboratories, Cölbe, Germany 

H2O (nuclease free) Gibco Invitrogen GmbH, Darmstadt, Germany 

Hydrochloric acid Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

Isopropanol  Merck KGaA, Darmstadt, Germany 

Methanol  AppliChem GmbH, Darmstadt, Germany 

Diemethylthizol diphenyltetrazolium bromide  Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

Normal human serum PAA Laboratories, Cölbe, Germany 

Paraformaldehyde (PFA) Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

Potassium actate Merck KGaA, Darmstadt, Germany 

Potassium chloride Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

PBS PAA Laboratories, Cölbe, Germany 

Sodium azide (NaN3) Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

Sodium chloride Merck KGaA, Darmstadt, Germany 

Sodium dodecylsulphate (SDS) Carl Roth GmbH, Karlsruhe, Germany 

Sodium hydroxide Fluka AG, Buchs, Switzerland  

Tetramethylethylenediamine (TEMED) Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

Tris USB corporation, Cleveland, USA 
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Triton X-100  Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany 

Trypsin/EDTA  Biochrom AG, Berlin, Germany 

Tween20 AppliChem GmbH, Darmstadt, Germany 

RPMI 1640 (Roswell Park Memorial Institute 

Medium) 
Gibco Invitrogen GmbH, Darmstadt, Germany 

Yeast extract BD Difco Laboratoris, Detroit, USA 

 

8.4. Equipment 

Equipment Company 

Agarose gel stand apparatus Peqlab Biotechnologie GmbH, Erlangen, Germany 

Cell culture incubator Binder GmbH, Tuttlingen, Germany 

Centrifuge 5810R  Eppendorf AG, Hamburg, Germany 

Centrifuge 5424  Eppendorf AG, Hamburg, Germany 

Cryotubes Nunc GmbH & Co. KG, Langenselbold, Germany 

Elektrophorese chamber  Bio-Rad Laboratories GmbH, München, Germany 

FACSCalibur flow cytometer  BD Bioscience, Heidelberg, Germany 

FlexCycler PCR machine Analytik Jena GmbH, Jena, Germany 

Galaxy MiniStar microcentrifuge VWR International GmbH, Darmstadt, Germany 

In Cell 2000 ® GE Heathcare, Bucks, United Kindgom 

LightCycler® 480 Roche, Penzberg, Germany 

Multidrop Thermo Scientific, Loughborough, United Kingdom 

Pipetting Robot Beckman Coulter, High Wycombe, United Kingdom 

Power supply, peqPOWER 300V Peqlab Biotechnologie GmbH, Erlangen, Germany 

Spectral photometer Eppendorf AG, Hamburg, Germany 

Tecan Infinite ® M200 multi-label Microtiter plate 

reader 
Tecan Austria GmbH, Grödig, Austria 

Turbo Blotter Bio-Rad Laboratories GmbH, München, Germany 

Thermomixer comfort Eppendorf AG, Hamburg, Germany 

Zeiss Observer.Z1 Carl Zeiss AG, Oberkochen, Germany 
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8.5. Curriculum Vitae 

 

 

 

Caroline Neu 

 

Date of birth: 02 December 1985  

Place of birth: Landstuhl, Germany 

 

Education 
 

11/2010-02/2014 PhD Position 

               „Receptors of primary human macrophages for phagocytosis of Listeria 

monocytogenes – Ruling out TLR2 and identification of potential candidates” 

 Funding: Carl-Zeiss-Stiftung “Infektionsbiologie humaner Makrophagen” 

Institute of Microbiology and Biotechnology, University of Ulm, Germany       

Degree: Dr. rer. nat.        

 

11/2009-05/2010 Master Thesis  

 “Einfluss von TIMP-1 auf die Genexpression von HIF-1α in Tumorzellen“  

Institute of Experimental Oncology and Therapy Research, TU Munich, Germany 

 

10/2008-05/2010 Studies in Biology (Master) and Biochemistry (Master)  

University of Ulm, Germany 

Degree: Master of Science (M.Sc.) in Biology   

Degree: Master of Science (M.Sc.) in Biochemistry   

 

04/2008-06/2008 Bachelor Thesis 

 “Signal transduction pathway of hGPR87“ 

Department of Oncology, Lead Discovery 

Boehringer Ingelheim RCV GmbH & Co KG, Vienna, Austria 
 

10/2005-07/2008 Studies in Biochemistry (Bachelor)  

University of Ulm, Germany 

 Degree: Bachelor of Science (B.Sc.) in Biochemistry   

 

03/2005  Allgemeine Hochschulreife (German university entrance degree) 

Kusel (Rhineland-Palatinate), Germany  
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Industrial Internships                                                                     

 

08/2008-10/2008  Boehringer Ingelheim RCV GmbH & Co KG, Vienna, Austria 

Department of Oncology, Lead Discovery 

 

 

International Experiences                                                                      

 

03/2013-09/2013 Glasgow, Scotland 

Perfoming an siRNA-based high-throughput screen in primary human 

macrophages infected with either Listeria monocytogenes, Leishmania major 

or HCMV 

Funding: EFIS-IL fellowship & Carl-Zeiss-Stiftung  

Institute of Infection, Immunity and Inflammation  

Wellcome Trust Centre for Molecular Parasitology, Glasgow, Scotland 

 

04/2005-07/2005  Australia 

International working experiences (Working-Holiday-Visa) 

 

07/2003-08/2003  Vancouver, Canada 

English language course at the “International Language Schools of Canada“  

 

06/2002-07/2002 Boston, USA 

English language course at the “Boston School of Modern Languages“  

 

 

Courses                                                            
 

11/2012 “Sachkunde zum Töten von Wirbeltieren zu wissenschaftlichen Zwecken” 

03/2012 BD Biosciences Kurs “Intracellular protein/bead technology” 

11/2011  EMBO Mikroskopierkurs “Imaging infection: from single molecules to 

animals” 
 

07/2009 “Sachkunde nach §5 der Chemikalien-Verbotsordnung” 

 

 

Additional Education                                                                          
 
Languages German (native speaker) 

 English (business fluent) 

 

EDV   GraphPad Prism 6, Microsoft Office (Word, Excel, Power Point), Typo3 

 IN Cell Developer (GE Healthcare) 

SAMI© Scheduling Software (Beckman Coulter) 

ZEN (Zeiss), Image J 

 LightCycler® 480 (Roche)-Software 

 CellQuest (BD) 
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