
 

Characterization of Staphylococcus aureus skin infection 

using a new in vivo proliferation biosensor 

 

 

 

 

Dissertation 

 

zur Erlangung des akademischen Grades 

 

doctor rerum naturalium (Dr. rer. nat.) 

 

genehmigt durch die Fakultät für Naturwissenschaften 

der Otto-von-Guericke-Universität Magdeburg 

 

 

 

 

 

von M. Sc. Elena Anne Seiß (geb. Haas) 

geb. am 14.03.1988 in Erkelenz 

 

 Gutachter: Prof. Dr. Andreas J. Müller 

   Prof. Dr. rer. nat. Christiane Wolz 

 

eingereicht am: 08.01.2019 

verteidigt am:  26.06.2019





ABSTRACT 

I 
 

ABSTRACT 

M. Sc. Elena A. Seiß (née Haas): “Characterization of Staphylococcus aureus skin infection 

using a new in vivo proliferation biosensor” 

 

Distinct bacterial growth rates are decisive for the outcome of infections: First, they impact 

on the pathogen's susceptibility to both immune effector mechanisms and antibiotic 

treatment, and can therefore contribute to persistence during chronic or relapsing infections. 

Second, fast-growing bacteria are a source of more, and different, pathogen-associated 

molecules than low-proliferating or inactive microbes, thus differentially shaping the immune 

response. It has however remained difficult to measure bacterial growth rates in the ongoing 

infection. 

Here, I established an in vivo biosensor for measuring proliferation of the Gram-positive 

bacterium Staphylococcus aureus (S. aureus) on a single cell-level in vivo. The method is 

based on the photoconvertible fluorescence protein mKikume, which can be 

photoconverted by violet light at any given time point, even during in vivo infection in a non-

invasive way. This allows determining bacterial proliferation rates as a function of the 

recovery from photoconversion. Importantly, I could show that indeed bacterial proliferation, 

and not protein turnover in nonproliferating bacteria, is mainly responsible for the 

fluorescence recovery after photoconversion readout of the biosensor. Using intravital 2-

photon imaging and quantitative fluorescence microscopy, I saw that upon recruitment of 

CD45+ leukocytes at the site of infection, mainly consisting of neutrophils, and bacterial 

uptake, a population-wide dampening of S. aureus growth occurred. In the context of 

neutrophil-depleted mice, the reduction in bacterial growth rate was partially rescued, but a 

new cell population appeared, which was not constituted of monocytes, the other cell 

population recruited upon S. aureus infection, but showed similarities to neutrophils with a 

downregulated and partially masked GR-1 signal. This residual population might partially 

compensate the neutrophil depletion phenotype in S. aureus containment. 

NADPH oxidase constitutes a major antimicrobial effector mechanism of neutrophils. In my 

experiments, the bacterial growth rate was found to be dampened dependently of NADPH 

oxidase, suggesting that oxidative burst contributes to the pathogen containment by non-

lethal restriction of S. aureus proliferation. Furthermore, a cell-extrinsic mode of action of 

reactive oxygen species produced by NADPH oxidase seems to be involved in the growth 

dampening. 

The possibility to probe, in an ongoing infection, the bacterial growth rate on a single cell-

resolved level should provide a powerful tool to investigate the host-pathogen interactions 

during S. aureus infections in the future.  
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ZUSAMMENFASSUNG 

M. Sc. Elena A. Seiß (geb. Haas): „Characterization of Staphylococcus aureus skin infection 

using a new in vivo proliferation biosensor” 

 

Die bakterielle Wachstumsrate kann entscheidend für den Verlauf einer Infektion sein: Zum 

einen beeinflusst sie die Empfänglichkeit für Effektormechanismen des Immunsystems, 

aber auch die Empfindlichkeit gegenüber Antibiotikabehandlungen. Beides kann 

persistierende und chronische oder wiederkehrende Infektionen begünstigen. Zum anderen 

produzieren schnell wachsende Bakterien mehr, und zudem auch unterschiedliche 

pathogenassoziierte Mustermoleküle als nicht proliferierende Bakterien. Dadurch ist es zu 

erwarten, dass schnell und langsam wachsende Erreger die Immunantwort unterschiedlich 

aktivieren. Allerdings war es bislang schwierig und aufwendig, die bakterielle 

Wachstumsrate während einer Infektion zu bestimmen. 

In dieser Arbeit habe ich einen in vivo Biosensor etabliert, mit dem das Wachstum des 

Gram-positiven Bakteriums Staphylococcus aureus (S. aureus) auf der Einzelzellebene in 

einer laufenden Infektion gemessen werden kann. Die Methode basiert auf dem 

Fluoreszenzprotein mKikume, das nicht-invasiv mit violettem Licht zu jedem gewünschten 

Zeitpunkt während der Infektion von roter zu grüner Fluoreszenz photokonvertiert werden 

kann. Die bakterielle Wachstumsgeschwindigkeit kann dabei über das Wiedererlangen der 

ursprünglichen grünen Fluoreszenz bestimmt werden. Hierbei konnte ich zeigen, dass das 

Wachstum des Bakteriums, und nicht der Proteinumsatz in nichtwachsenden Bakterien, 

entscheidend für das Wiedererlangen der grünen Fluoreszenz von proliferierenden 

Bakterien ist. 

Mit Hilfe der intravitalen Zweiphotonenmikroskopie, sowie quantitativer Fluoreszenz-

mikroskopie, konnte ich im Laufe einer Infektion eine populationsweite Abschwächung im 

Wachstum von S. aureus nachweisen. Dies ging einher mit der Einwanderung von CD45+ 

Leukozyten, hauptsächlich Neutrophile Granulozyten, an den Ort der Infektion. Durch 

antikörpervermittelte Dezimierung der Neutrophilen wurde die Dämpfung im Wachstum der 

Bakterien in einer Hautinfektion vermindert. Jedoch wurde in diesem Fall eine neue 

Immunzellpopulation rekrutiert, welche nicht als Monozyten identifiziert wurden, dem 

zweiten bei S. aureus Infektion rekrutierten Zelltyp, sondern Merkmale von Neutrophilen 

Granulozyten aufwiesen. Bei diesen Zellen war das Oberflächenmolekül GR-1 

herunterreguliert und teilweise maskiert. Diese Restpopulation könnte den Neutrophilen-

Depletionsphänotyp teilweise kompensieren. 

Die NADPH-Oxidase gehört zu den wichtigsten antimikrobiellen Effektoren von 

Neutrophilen und beeinflusst, wie ich in der vorliegenden Arbeit zeigen konnte, das 
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bakterielle Wachstum signifikant. Darüber hinaus wirken die durch NADPH-Oxidase 

produzierten Sauerstoffradikale offenbar Zell-extrinsisch und demnach über den Ort ihrer 

Produktion hinaus. Dadurch können die Radikale auch in benachbarten Neutrophilen eine 

Einschränkung der Bakterienproliferation auslösen. 

Die Möglichkeit, während einer laufenden Infektion Informationen über die bakterielle 

Wachstumsrate auf Einzelzellebene zu erhalten, könnte sich in Zukunft zu einem wichtigen 

Werkzeug entwickeln, um die Wechselwirkung zwischen dem Pathogen und dem infizierten 

Wirt besser zu verstehen. 
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1 INTRODUCTION 

1.1 Staphylococcus aureus – A commensal out of control 

1.1.1 Pathogenesis and antibiotic resistance 

The coccoid Gram-positive bacterium Staphylococcus aureus (S. aureus) is about 0.5 to 

1.0 μm in diameter and forms grape-like clusters (“staphylos” means grape in greek) by 

multiple symmetrical cell divisions of individual bacteria. The bacterium persistently 

colonizes around 30% of the human population, whereas an additional 30% of individuals 

are intermittent carriers (Nouwen et al., 2004). Despite this seemingly harmless occurrence, 

S. aureus can cause a variety of infectious disease pathologies in humans and animals, 

whereby asymptomatically colonized individuals have a higher risk to be clinically infected 

(Lowy, 1998). 

 

As a commensal, S. aureus colonizes most frequently the nose (Armstrong-Esther, 1976). 

Other organs that are typically colonized are the skin, throat, perineum, pharynx and, less 

commonly, the gastrointestinal tract, vagina, and axillae (Williams, 1963; Armstrong-Esther, 

1976; Ridley, 1959; Wertheim et al., 2005b; Rimland et al., 1986; Guinan et al., 1982; 

Dancer et al., 1991). Regular persistent carriers are colonized by a single strain of S. aureus 

over long time periods with a high load, whereas for intermittent carriers the strains can vary 

over time (VandenBergh et al., 1999; Nouwen et al., 2004). To become a nasal carrier, the 

nose has first to be reached by S. aureus, and the bacterium has to adhere there. 

Afterwards the bacterium needs to overcome the host defenses and has to prevail towards 

other commensals to be able to propagate in the nose as a persisting pathogen (Wertheim 

et al., 2005a). The bacteria of the tissue microbial flora compete for adhesion sites or 

nutrients, and interfere with each other by production of antibiotic compounds or by 

induction of low-grade host defenses, which some of the microorganisms can withstand 

better than others and thus obtain a selective advantage (Krismer et al., 2017). However, 

when the epithelial barrier breaks or the immune system is compromised, a commensal 

bacterium can turn into a pathogen (Otto, 2009; Lowy, 1998). 

A variety of human infections are caused by several Gram-positive bacteria, and besides 

S. aureus, Staphylococcus epidermidis is one of the most abundant causative agents of 

such infections (Otto, 2009; Lowy, 1998). Hence, for definitive diagnosis of a S. aureus 

infection, other coccoid and Gram-positive pathogens, like Streptococci and S. epidermidis 

have to be excluded first. For example, Streptococci are, in contrast to S. aureus, catalase-

negative, and S. epidermidis is a coagulase-negative Staphylococcus, which for a long time 

has represented the basis for diagnosing S. aureus (Facklam et al., 1995; Martinez-
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Melendez et al., 2016). For the coagulase test, a colony is mixed with rabbit blood, which 

than coagulates only in presence of S. aureus, but not S. epidermidis. Furthermore, 

S. aureus can be identified by other characteristics, as it is positive for urease, ferments 

mannitol to lactic acid and shows hemolysis on blood agar plates (Reddy et al., 2017; 

Connolly et al., 2017). 

For finding an appropriate therapeutic approach, the virulence factors of the infecting 

S. aureus strain have to be determined. For this, several techniques are available, such as 

enzyme-linked immunosorbent assay (ELISA), polymerase chain reaction (PCR), real-time 

PCR, mass spectrometry, and biosensor techniques (Reddy et al., 2014; Zhao et al., 2017; 

Nagaraj et al., 2014; Chiang et al., 2008; Horsmon et al., 2006; Dupre et al., 2015; Sapsford 

et al., 2005). 

 

After breaching the physical barriers of the host, S. aureus can cause a wide range of 

clinical infections and syndromes, from minor to superficial skin and soft tissue infections 

(SSTIs) up to systemic and other life-threatening infections, such as bacteraemia, 

osteomyelitis, and meningitis. Additionally, the toxins of S. aureus can cause toxinoses, 

such as scalded skin syndrome, food poisoning, and toxic shock syndrome (TSS) (Tong et 

al., 2015). For persistently colonized individuals and humans with immunosuppression, the 

risk of S. aureus infection is much higher compared to non-carriers (Kluytmans et al., 1997). 

 

S. aureus infections are regularly treated with antibiotics like penicillin, against which the 

pathogen rapidly develops resistance (Lowy, 2003). Hence, new antibiotics, like methicillin 

had to be developed. Several common antibiotics and S. aureus mechanisms of resistance 

are listed in Table 1.1. Furthermore, relapsing infections are accounted to intracellularly 

residing S. aureus, because these bacteria are assumed to be partially protected against 

the immune response, and shielded from antibiotics. Related to this, intracellular persistent 

viable bacteria, so-called small colony variants (SCVs), occur during chronic S. aureus 

infections (Proctor et al., 2006). An important characteristic of these bacteria is the formation 

of very small, low-pigmented colonies with decreased hemolysis on blood agar plates, and 

a reversible auxotrophy (Proctor et al., 1994). For such bacteria, it is possible to persist for 

decades in host cells and withstand antibiotic treatment and the host immune response, a 

phenotype that seems to be linked to their low proliferation rate (Proctor et al., 1998; 

Tuchscherr et al., 2011). 
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Table 1.1: Antibiotics and resistance mechanisms. Combined out of Lacey, 1975, Wilson, 

2014, and Howden et al., 2010. 

Antibiotic Group Target site S. aureus strategy 

Clindamycin Lincosamides Protein synthesis, 50s 
ribosomal subunits, 
peptidyl-transferase 
center 

Drug modification/ degradation, 
efflux/ membrane permeability, 
target alteration via modification, 
target mutation 

Erythromycin Macrolide 
antibiotics 

Protein synthesis, 50s 
inhibitor, nascent chain 
elongation 

Drug modification/degradation, 
efflux/membrane permeability, 
target alteration via modification, 
target mutation 

Methicillin β-lactam 
antibiotics 

Cell wall synthesis 
(Binding to DD-
transpeptidase) 

β-lactam insensitive penicillin- 
binding protein 2 with 
transpeptidase domain 

Penicillin β-lactam 
antibiotics 

Cell wall synthesis 
(Binding to DD-
transpeptidase) 

Hydrolysis of β-lactam bound 
(β-lactamase) 

Streptomycin Aminoglycoside 
antibiotics 

Protein synthesis, 30s 
ribosomal subunits 
inhibitor, translocation 
of tRNA 

Drug modification/degradation, 
efflux/membrane permeability, 
target alteration via modification, 
target mutation 

Tetracycline Tetracyclines Protein synthesis, 30s 
ribosomal subunits 
inhibitor, translocation 
of tRNA 

Antibiotic efflux, or ribosomal 
protection 

Vancomycin Glycopeptides Cell wall synthesis, 
inhibits late-stage 
peptidoglycan 
biosynthesis at the 
outside the cytoplasmic 
membrane 

Cell wall thickening, reduced cell 
wall turnover, capsule and restricted 
vancomycin access 

 

Since the 1960s, methicillin-resistant S. aureus (MRSA) are known as an emerging 

hospital-acquired infection (Barrett et al., 1968). Characteristic of MRSA strains is a mobile 

genetic element, the staphylococcal chromosome cassette mec (SSCmec) (Katayama et 

al., 2000). The SSCmecA encodes the resistance against penicillin and confers resistance 

to a broad spectrum of β-lactam antibiotics. MRSA strains are classified via SSCmecA, B, 

C, and D. Typically, MRSA strains often display multiple resistances to a number of 

antimicrobial agents, like erythromycin or clindamycin (Speller et al., 1997). The treatment 

of such multi-drug resistant strains is even more difficult, since they are less susceptible to 

vancomycin (Bierbaum et al., 1999). Vancomycin is not a β-lactam, but a glycopeptide 

antibiotic, but also targets the synthesis of the cell membrane of Gram-positive bacteria. 

Hospital-associated MRSA (HA-MRSA) is a major reason for nosocomial infections and 

additionally, patients having a compromised immune system are at higher risk for such 

infections. Moreover, nasal MRSA carriers have a four times higher risk to develop a 

nosocomial bacteraemia than carriers of methicillin-susceptible (so-called MSSA) strains 
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(Pujol et al., 1994). HA-MRSA is very difficult to treat and infections with such strains have 

a much higher mortality and morbidity than with MSSA (Kock et al., 2010). MRSA infections 

therefore represent an important socioeconomic problem, with 150,000 patients reported 

annually in the European Union (Kock et al., 2010). Additionally, in the 1990s, community-

associated MRSA (CA-MRSA) infections were reported for the first time (Udo et al., 1993). 

Such bacterial infections are found in community-based individuals without healthcare 

system contact. Commonly, CA-MRSA strains were originally reported to mainly cause 

SSTIs, but are nowadays also found to be responsible for healthcare-associated infection 

(Otter et al., 2011; Maree et al., 2007). Characteristic for CA-MRSA is a resistance to a 

lower number of non-β-lactam antibiotics and the presence of a smaller SCCmec compared 

to HA-MRSA strains (Daskalaki et al., 2007; Ito et al., 2003; Ma et al., 2002). Furthermore, 

the two-component, pore-forming, cytolytic toxin Panton-Valentine leukocidin (PVL), was 

reported as been strongly associated with CA-MRSA, which makes it more virulent than 

many HA-MRSA strains, with the toxin causing cell death by necrosis or apoptosis in both 

mononuclear and polymorphonuclear cells (Boyle-Vavra et al., 2007). However, in recent 

years, the epidemiological and molecular borders became blurred between CA-MRSA and 

HA-MRSA (Saiman et al., 2003; Saunders et al., 2007). 

While HA- and CA-MRSA are under intensive research due to their importance as human 

pathogens, S. aureus can also infest animals. In particular, livestock-associated MRSA (LA-

MRSA) infections are attracting more attention. A first strain was isolated in 1972 from a 

cow (Devriese et al., 1972) and in 2005, pig farmers in Germany got colonized with the LA-

MRSA (Kock et al., 2014). Even though LA-MRSA strains are likely to originate from pig 

farming, they are reported in several animal species, where they are causing infections like 

mastitis in dairy cows, sheep or goats (Bradley, 2002; Menzies et al., 2001), osteomyelitis 

in broiler chickens (McNamee et al., 2000) or mastitis, pododermatitis and subcutaneous 

abscesses in rabbits (Vancraeynest et al., 2006). Due to their relevance in farm animals, 

the LA-MRSA have the potential to become an important economic problem. 
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1.1.2 Staphylococcal virulence factors 

The pathogenicity of S. aureus is multifactorial and constituted by a series of well-

orchestrated factors, including toxins, surface proteins, and enzymes. They are expressed 

either to be presented at the cell wall or for secretion into the extracellular space. The 

virulence factors are listed in Table 1.4 more in detail, and the most important ones are 

exemplarily described below. 

 

Adhesion 

As a first step of colonization, S. aureus has to attach to the host tissue. This is mediated 

by so-called microbial surface component recognizing adhesive matrix molecules 

(MSCRAMMs), which interact with prominent components of extracellular matrix (ECM) or 

plasma (Foster et al., 1998). Staphylococcus protein A (SpA), fibronectin-binding proteins 

(Fnbp) A and B, collagen-binding protein, S. aureus collagen adhesin (Cna), 

staphylococcus serine protease (Ssp) A, and clumping factor (Clf) A and B belong to such 

MSCRAMMs (Lowy, 1998; Patti et al., 1994). For example, SpA is considered a member of 

this group because it can bind, among other functions, to the von Willebrand factor of 

platelets. This large glycoprotein typically mediates platelet adhesion at sites of endothelial 

damage (Cheung et al., 2002). With SpA, S. aureus can bind to platelets under shear stress, 

which leads to formation of thrombi and subsequently the possibility for S. aureus to bind 

via Cna to collagen at the subendothelium for infection (Mascari et al., 2003). Such infective 

thrombi are one possible way for the pathogen to initiate infective endocarditis (Tong et al., 

2015). 

 

Exotoxins 

By the secretion of enzymes, the bacterium modulates its environment in this way that 

nutrients become available, or to prevent killing by host cells. Nucleases, proteases, lipases, 

hyaluronidases and collagenases are representatives of such expressed enzymes (Dinges 

et al., 2000). For example, the epidermin leader peptide processing serine protease (EpiP) 

cleaves collagen (Kuhn et al., 2014). 

Some S. aureus strains produce also exotoxins, including toxic shock syndrome toxin-1 

(TSST-1), staphylococcal enterotoxins (SEA, SEB, SEC, SED, SEE, SEG, SEH, and SEI), 

exfoliative toxins (ETA and ETB), and leucocidin (Dinges et al., 2000). SEs and TSST-1 are 

grouped as pyrogenic toxin superantigens (PTSAgs) (Lina et al., 2004). Two prominent 

diseases, which are caused by PTSAgs are TSS and food poisoning (Dinges et al., 2000). 

TSS is a shock syndrome, based on vascular leakage and respiratory failure, which is 

mediated by a cytokine storm and pathogen virulence protein-mediated neutrophil 

activation, based on release of superantigens (SAgs) into the blood stream (Low, 2013). 
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ETA and ETB, which are not members of the PTSAgs, are responsible for scalded skin 

syndrome (SSS) (Melish et al., 1970). The SSS is accompanied with skin erythema and 

separation. The exfoliative toxins hydrolyze an extracellular domain of desmoglein 1, which 

normally mediates cell-cell adhesion (Amagai et al., 2002). This induces a disruption of 

keratinocyte adhesion and cleavage within the stratum granulosum and leads subsequently 

to blister formation (Amagai et al., 2000). 

 

Cytolytic toxins 

Cytolytic toxins are used of S. aureus to avoid killing by host cells through lysis of target 

effector cells of the immune system (Menzies et al., 1998). For this, these toxins form two-

component hetero-heptameric β-barrel pores in the host membrane. Members of cytolytic 

toxins are α- (Hla, α-toxin), β- and γ-hemolysin, bicomponent leukotoxins (LukED, LukAB), 

and PVL (Kaneko et al., 2004). Often, highly virulent S. aureus strains secrete cytolytic 

toxins after phagocytosis or during biofilm formation (Geiger et al., 2012; Dastgheyb et al., 

2015). For example, PVL is a pore-forming toxin that induces apoptotic or necrotic cell death 

of white blood cells (Tong et al., 2015). PVLs are associated with higher infectious S. aureus 

strains in skin infections and bacteraemia (Wang et al., 2007). Additionally, Labandeira-Rey 

et al. showed that PVL alone is sufficient to cause necrotizing pneumonia (Labandeira-Rey 

et al., 2007). 

Another group of cytolytic toxins are phenol-soluble modulins (PSMs), a family of α-helical 

peptides, which are produced by some staphylococci. By PSMα, S. aureus can form pores 

and damage for example keratinocytes during epidermal colonization (Wang et al., 2007; 

Nakagawa et al., 2017). Thus, the keratinocytes produce the proinflammatory cytokines, 

like IL-1α, which is followed by IL-17 production and neutrophil recruitment. It is assumed 

that PSMα is, among other factors, responsible for the inflammation in atopic dermatitis 

(Nakagawa et al., 2017). 

 

Staphylococcal superantigens 

Staphylococcal superantigens (SAgs) are a group of exotoxins to manipulate the immunity 

of the host. Traditional SAgs are understood as antigens, which bind to major 

histocompatibility complex (MHC) class II and TCR. This induces undirected T cell 

activation (Fraser et al., 2008). SAgs can interact through conserved variable-region sites 

on antigen receptors, mainly Vβ-chain. The main group of SAgs are staphylococcal 

enterotoxins, but also TSST-1 belongs to SAgs (Tuffs et al., 2018). The crosslinking of TCR 

of T cell with MHC class II of an antigen presenting cell (APC), in not specific to a processed 

antigen peptide. Consequently, the activation of T cells by SAgs is not antigen specific, 

which results in an uncontrolled and polyclonal activation of T cells (Tuffs et al., 2018). 
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Additional to T cell specific factors, B cell SAgs have been identified. One example is the 

virulence factor SpA, expressed in soluble form or on the surface of S. aureus. It has five 

Ig-binding domains, which bind the Fcγ domain of IgG and the VH3 of Fab of IgG and IgM 

(Roben et al., 1995; Graille et al., 2000). With this protein, the pathogen can cross-link B cell 

receptors (surface immunoglobulin) at highly conserved regions, and induce polyclonal 

proliferation of B cells. As a result, S. aureus achieves a SAg-induced modulation of the 

B cell compartment. Another member of B cell SAgs of S. aureus is the soluble SED, which 

binds to VH4 of Fab of immunoglobulins (Kallee, 1996). 

 

Regulation of virulence factors 

The expression of virulence factors is assumed to be mainly regulated by accessory gene 

regulator (agr) and staphylococcal accessory regulator (sar), but also S. aureus exoprotein 

(sae), staphylococcal alternative sigma factor B (sigB) and autolysis‐related locus (arl) are 

connected to the global regulatory loci (Bien et al., 2011). The network of the agr and sar 

loci is schematically illustrated in Figure 1.1. For example, the agr locus regulates the 

production of several secreted toxins, including Hla, proteases and coagulase. The 

virulence gene regulators can act directly by binding on the promoter of the target gene or 

indirectly by means of other regulators: agr regulates the expression of spa (encoding SpA) 

by regulating the expression of sarS (encoding SarS), while SarS activates the expression 

of spa via binding to its promoter (Cheung et al., 2001; Tegmark et al., 2000). 

 

The agr operon includes three promoters P1-P3. While P1 regulates the expression of agrA 

(Rajasree et al., 2016), P2 controls the production of the whole Agr-system: AgrB, D, C, 

and A, grouped as RNAII (Le et al., 2015). The activation of the third promoter, P3, is 

dependent on AgrA and regulates the production of effector RNAIII (Rajasree et al., 2016). 

RNAIII regulates several secreted and cell-surface associated virulence factor of S. aureus, 

such as SpA, FnBP-A and -B, PSMs and leukocidins (Arvidson et al., 2001). The activity of 

the agr operon in S. aureus is, among other regulators, controlled via quorum sensing (QS). 

QS enables the regulation of genes as a result of the communication between bacteria and 

detection of the environment of a bacterium, such as bacteria density (Yarwood et al., 

2004). The extracellular quorum signal is given by autoinducing peptide (AIP). The 

precursor peptide, which maturation takes until it is in the extracellular milieu, is encoded in 

agrD (Ji et al., 1995; Kavanaugh et al., 2007). AgrB transports the AIP precursor through 

the membrane. The neighboring staphylococcal bacteria then can detect the signal by the 

histidine kinase sensor AgrC, which phosphorylates its second component AgrA (Lina et 

al., 1998; Novick et al., 1995). AgrA in turn binds to P2 and P3 of the agr locus (Koenig et 

al., 2004). 
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Figure 1.1: The network of the agr and sar loci. Regulation of virulence factors by staphylococcal 

accessory regulator A (SarA) and accessory gene regulator (Agr). Purple: internal 

support of transcription and positive feedback, orange, external regulation of 

transcription. FnBP= fibronectin-binding protein, Hla= α-hemolysin/ α-toxin, orf= open 

reading frame, P= promoter, SpA= S. aureus protein A. Modified from Bischoff et al., 

2001 and Manna et al., 2003. 

The sar locus contains three overlapping transcripts, sarA, C, and B, with three distinct 

promoters P1, P3, and P2 (Bayer et al., 1996). It is shown that the P1 promoter is the 

strongest one and that P1 and P2 are more active in the exponential and early stationary 

growing phase, as compared to the P3 promoter, which is stronger at the stationary growing 

phase (Manna et al., 1998). This indicates a QS dependent activity of the promoters. All 

three transcripts encode SarA. sarC encodes additionally the open reading frame (ORF) 3, 

and sarB also ORF3 and 4 (Bayer et al., 1996). SarA is required for an optimal transcription 

of RNAII and RNAIII in the agr locus (Cheung et al., 1997; Cheung et al., 2008). 
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1.2 The immune response against S. aureus 

The immune system employs an array of specialized cell types and systems to act against 

invasive pathogens like S. aureus, an overview on which will be given in this chapter. 

However, the central cell type involved in the host defense against S. aureus is the 

neutrophil. Neutrophils are among the first immune cells in the combat against bacterial 

infections. Together with other professional phagocytic cells, such as macrophages and 

monocytes, they contain a set of antimicrobial mechanisms to kill Gram-positive bacteria 

(Spaan et al., 2013). After phagocytosis of S. aureus, neutrophils can kill the bacterium in 

the phagosomes by antimicrobial peptides (Stapels et al., 2015), which are stored in their 

granules, together with reactive oxygen species (ROS) (Anderson et al., 2008), which are 

produced by Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. Extracellular 

bacteria can be caught and killed via neutrophil extracellular traps (NETs), which comprise 

chromatin and antimicrobial proteins (Sollberger et al., 2018b). Individuals with defects in 

one of these phagocyte-related defenses suffer from severe and life-threatening bacterial 

infections (Lekstrom-Himes et al., 2000). 
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1.2.1 The course of the immune response against S. aureus infections 

The body’s primary barrier against pathogens from the surroundings is the skin. On its 

surface, bacteria are confronted with an environment that is hostile to bacterial growth: 

commensal organisms that already occupy suitable niches, as well as low temperature and 

pH. For example, it has been shown that microorganisms naturally occupying the skin inhibit 

S. aureus colonization (Iwase et al., 2010). Furthermore, the corneal layer, which underlies 

a physical barrier of dead keratinocytes, produces several antimicrobial peptides (AMPs), 

for example RNase7, with bacteriostatic or bactericidal effects on S. aureus (Zhang et al., 

2003). A schematic overview on the cutaneous immune system is illustrated in Figure 1.2. 

 

 

Figure 1.2: Cutaneous immune response. Keratinocytes secrete antimicrobial peptides (AMPs) 

to prevent infections. Bacteria produce pathogen-associated molecular patterns 

(PAMPs, PGN= primarily peptidoglycan) during their typical metabolism, which also 

occur when the bacteria die. Some immune cells recognize these PAMPs and antigens 

and secrete pro-inflammatory cytokines, like interleukins (IL) and tumor necrosis factor 

(TNF), to recruit neutrophils and monocytes (DC= dendritic cell, NK cell= natural killer 

cell). Modified from Miller et al., 2011 and Brandt et al., 2018b. 
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In case S. aureus manages to overcome these initial barriers and invades into the tissue, 

its presence is detected by pathogen recognition receptors (PRR) of several cells 

contributing to the cutaneous immune system, like keratinocytes (KCs) or Langerhans cells 

(Bitschar et al., 2017). Examples for PRRs are Toll-like receptor (TLR) 1, 2, and 6 or, in 

case of cytosolic presence of PRRs, nucleotide-binding oligomerization domain proteins 

(NODs), which sense pathogen-associated molecular patterns (PAMPs) of the invading 

pathogen (Kawai et al., 2011; Miller, 2008). In the lower dermis, macrophages, dendritic 

cells (DCs), mast cells, B and T cells, natural killer (NK) cells, plasma cells and fibroblasts 

may detect the pathogen and its PAMPs. The alarmed cells secret pro-inflammatory 

cytokines, including interleukin (IL) 1α, IL-1β, IL-6, IL-17, IL-23, and tumor necrosis factor 

(TNF) (Serbina et al., 2003; Wohn et al., 2013; Pasparakis et al., 2014). Specifically, the 

detection of S. aureus by tissue resident DCs or macrophages via their TLR2, activate these 

cells to produce IL-1α/β, -6 and -23 (Serbina et al., 2003). This in turn is detected by T cells 

and NK cells in the skin and leads them to produce IL-17A and B (Gray et al., 2011; Cho et 

al., 2010). Subsequently, neutrophils are recruited as a result of the production of pro-

inflammatory cytokines, chemokines and adhesion molecules of stimulated keratinocytes 

(Miller et al., 2011). TH17 cells, which are induced as a result of an inflammatory milieu rich 

in IL-1, IL-6 and IL-23, are producers of IL-17 (A and F). This cytokine in turn strongly 

enforces the immune response by neutrophils in two ways: first, by inducing the secretion 

of the chemoattractants for neutrophil recruitment and second, by upregulation of the 

expression of the granulopoiesis-inducing factors granulocyte-colony stimulating factor 

(G-CSF) and granulocyte macrophage-colony stimulating factor (GM-CSF), increasing the 

production of neutrophils (Sandquist et al., 2018). By producing IL-17 and thus powerful 

effecting on the neutrophil recruitment, TH17 cells therefore support as adaptive immune 

cells the innate immune system. Moreover, IL-17 stimulates keratinocytes, in combination 

with IL-22, to produce more antimicrobial peptides to act against infections (Liang et al., 

2006) and furthermore, to produce IL-21 and IL-22, to support wound healing by endothelial 

cells (Caruso et al., 2009). It is known that patients with gene defects for TH17 cells suffer 

from relapsing S. aureus infection (Milner et al., 2008). 
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Recruitment of neutrophils 

The cascade of events neutrophil recruitment out of the vasculature into the tissue includes 

four canonical steps of rolling, adhesion, crawling and transmigration (Figure 1.3). 

Stimulated by recognition of cytokines that are produced by cells at the site of infection, 

vascular endothelial cells increase surface expression of the adhesion molecules P- and E-

selectin (Yao et al., 1996; Bevilacqua et al., 1989). Neutrophil surface ligands like P-selectin 

glycoprotein ligand (PSGL) -1 bind the selectins, which leads to capturing and 

subsequently, slowing down of circulating neutrophils and thus rolling along the endothelium 

(Yago et al., 2010). Additionally, neutrophil chemokine receptors (CR) recognize 

chemokines expressed by the endothelial cells, which activates their adhesion to the 

vascular endothelium. In particular, to fully activate neutrophils and induce adhesion to 

endothelial cells, an additional chemokine signal has to be recognized by CXC-chemokine 

receptor (CXCR) 2. The CXCR2 is expressed on the surface of circulating neutrophils and 

senses CXC-chemokine ligand (CXCL) 1, 2, 5 or 8, which mediates chemoattraction, hence 

recruitment of neutrophils (Massena et al., 2010; Herbold et al., 2010). The activation of the 

G-protein-coupled CR leads to a change in the conformation of integrins, such as the 

lymphocyte function-associated antigen (LFA) -1 and macrophage-1 antigen MAC-1 on the 

cell surface (Blanks et al., 1998; Laudanna et al., 2002). Active integrins exhibit higher 

affinities for endothelial surface molecules, like the intercellular adhesion molecules ICAM-1 

and ICAM-2, whereby the binding of LFA-1 to ICAM-1 is necessary for adhesion of 

neutrophils (Kuwano et al., 2010; Ledebur et al., 1995). This interaction induces outside-in-

signaling in neutrophils, stabilizing their adhesion and initiating crawling cell motility (Gorina 

et al., 2014; Li et al., 2018). Along the membrane-bound intravascular chemokine gradient, 

the neutrophils crawl actively by interaction of neutrophil MAC-1 and endothelial ICAM-1 

along endothelial cells to appropriate sections for transmigration (Li et al., 2013; Gorina et 

al., 2014). For paracellular transmigration, cell-cell junctions are preferred, but also regions 

with low matrix protein expression or a gap between pericytes are chosen by neutrophils. 

In the transmigration of neutrophils, ICAM-1, ICAM-2, and vascular cell adhesion protein 

(VCAM) 1 as well as several junctional proteins, like the platelet/endothelial cell adhesion 

molecule (PECAM) 1, CD99, junctional adhesion molecule (JAM) or epithelial cell adhesion 

molecule (ESAM) are involved (Griffin et al., 2012; Iademarco et al., 1992; Wang et al., 

2006; Kolaczkowska et al., 2013). 
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Figure 1.3:  Neutrophil recruitment cascade. The canonical steps of neutrophil recruitment out of 

the vasculature to the site of infection are rolling, adhesion, crawling, and 

transmigration. On the side of the neutrophils selectin ligands, chemokine receptors, 

and integrins are involved, which interact with selectins, chemokines, and intercellular 

adhesion molecules (ICAM) at the surface of the endothelial cells. Modified from 

Kolaczkowska et al., 2013 and Spaan et al., 2013. 

At the site of infection, arriving neutrophils detect PAMPs, small conserved motifs of the 

pathogen, via surface PRRs, for example TLR2. S. aureus produces several surface-bound 

and secreted PAMPs, such as peptidoglycan (PGN), lipoproteins, lipoteichoic acid (LTA), 

lipopolysaccharide, CpG-containing DNA and flagellin. Intracellular bacteria are sensed by 

NOD-like receptors and TLRs. For example, NOD2 detects the S. aureus PGN muramyl 

dipeptide, TLR9 on the other hand is sensitive for CpG-containing DNA (Girardin et al., 

2003; Inohara et al., 2003; Chen et al., 2011). 

 

Opsonization of pathogens and chemotaxis 

Invading bacteria are sensed and then opsonized by several complement effector 

molecules, which promotes killing of the pathogen by neutrophils and macrophages, and 

activation of mast cells. The complement system is an interaction of plasma proteins, in 

which an enzymatic cascade becomes strengthened and sequentially activated after 

recognition of a pathogen. Opsonized bacteria are recognized by several complement 

receptors (CRs) and multiple Fc receptors (FcRs) expressed by professional phagocytes 

like neutrophils (Table 1.2). 
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Table 1.2: Receptors for opsonization and complement. Combined for complement receptors 

out of Dustin, 2016 and Ricklin et al., 2010 and for FcγR receptors in mice out of 

Solomon et al., 2005 and Nimmerjahn et al., 2005. 

Receptor Ligand Cell types Function 

Complement receptors (CR) 

CR1 (CD35) C3b, iC3b, 
C4b 

Basophils, 
eosinophils, 
macrophages, 
neutrophils 

Induces phagocytosis. 
Accelerates decay of convertases. 
C3b/C4b regulation. 

CR2 (CD21) C3d, iC3b B cells, DCs Lower threshold for B cell 
stimulation. 

CR3 
(CD11b/CD18, 
Mac-1) 

iC3b, C3d, 
ICAM-1, 
Fibrinogen 

Basophils, DCs, 
eosinophils, 
macrophages, 
neutrophils, T cells 

Induces phagocytosis. 
Modulates IL-12 family in APCs. 
Enhances migration. 

CR4 
(CD11c/CD18, 
p150/95) 

iC3b, 
ICAM-1, -2, 
VCAM, 
denatured 
proteins 

DCs, macrophages, 
neutrophils, T cells 

Induces phagocytosis. 
Enhances migration. 

C3aR C3a DCs, macrophages Triggers proinflammatory signalling: 
chemotaxis, activation. 

C5aR (CD88) C5a Macrophages, 
monocytes, 
neutrophils, T cells 

Triggers proinflammatory signalling: 
chemotaxis, activation. 

CRIg C3b, iC3b Kupffer cells, 
macrophages, 
mast cells  

Induces phagocytosis. 
Regulatory effect on C5 
convertases. 

Fcγ-Receptors (FcγR) 

FcγRI (CD64) IgG1, IgG3 DCs, macrophages, 
monocytes 

Stimulatory effect. 
Induces phagocytosis. 

 

FcγRII (CD32) IgG1, IgG3 B cells, DCs, 
macrophages, mast 
cells, neutrophils, NK 
cells,  

Inhibitory receptor of 
immunoglobulin-induced B cell 
activation. 

FcγRIII (CD16) IgG1, IgG3 DCs, macrophages, 
neutrophils, 

Stimulatory effect. 
Neutrophil recruitment. 

FcγRIV (CD16.2) IgG2, IgE DCs, macrophages, 
monocytes, 
neutrophils 

Stimulatory effect. 

 

The presence of bacteria is associated with the occurrence of a variety of different 

complement components, including the chemoattractants C5a, Ba and C3a, and the 

opsonin C3b. For example, C3b will be sensed by CR1, which subsequently leads to 

phagocytosis. 
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The complement, which is schematically illustrated in Figure 1.4, can be divided into the 

classical (CP), the lectin (LP), and the alternative pathway (AP). In the CP, immunoglobulins 

bound to the surface of the bacterium, are detected by C1, which contains three 

subcomponents C1q, C1r and C1s (Schumaker et al., 1987; Colomb et al., 1984). In 

contrast, the LP is initiated by the recognition of mannose on the surface of the bacterium 

by mannose-binding lectin (MBL), which activates the MBL-associated serine proteases 

MASP-1 and MASP-2 (Thiel et al., 1997; Wallis et al., 2010). Both pathways, CP and LP, 

continue with the formation of the classical C3 convertase, C4b2a, via activation of C4 and 

C2 (Schumaker et al., 1987; Muller-Eberhard et al., 1967). C4b2a can split C3 into the small 

fragment C3a, which in turn activates mast cells, and the bigger fragment C3b, which 

covalently binds to the bacterial surface to opsonize the pathogen (Cooper et al., 1970; 

Takata et al., 1987). This, supported by various factors (B, D, H, I), activates the AP via the 

alternative C3 convertase C3bBb, which promotes further splitting of C3 into C3a and C3b 

and thus further increases opsonization of the bacterium (Pangburn et al., 1981; Pangburn 

et al., 1978; Fearon et al., 1977). Furthermore, C4bC2a and C3b (coming from the CP and 

the LP) as well as C3bBb and C3b (coming from the AP) assemble into C5 convertases 

(Takata et al., 1987; Rawal et al., 2008; Medicus et al., 1976). The C5 convertase cleaves 

C5 into C5a (a soluble chemoattractant for neutrophils) and C5b. C5b binds to C6, C7 and 

C8 on the pathogen surface and subsequently polymerizes several molecules of C9 to 

assemble the membrane attack complex (MAC) (Muller-Eberhard, 1985). MAC assembly 

can lead to cell death by lysis, as it is inserted into the outer membrane of the bacterium 

(Podack et al., 1984; Schreiber et al., 1979). 

 

Invading bacteria are opsonized not only by the complement system, but also by soluble 

antibodies, which are produced by plasma cells in long lasting infections (Bremell et al., 

1992; Croze et al., 2009). These antibodies also promote recognition by phagocytes and 

subsequently uptake and killing. After recognition of the pathogen antigen by a B cell via 

the B cell receptor (surface immunoglobulin) and its additional activation by TH cells via 

MHC class II, the B cell proliferates. The progeny of the cell subsequent differentiates either 

into antibody-secreting plasma cells or into memory B cells (Shlomchik et al., 2012). In the 

early stage of antibody production, the immunoglobulin IgM, which in the secreted form is 

occurring as pentamers, is dominant, but after antigen contact and class switch, IgG is 

produced (Marshall et al., 2011; MacLennan et al., 2003), which is the most abundant 

antibody class in the plasma. Both immunoglobulins can function as mediators of 

opsonization. Professional phagocytes, such as neutrophils and macrophages, recognize 

the Fc-region of several antibodies on the surface of the bacterium via the FcR (Futosi et 
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al., 2013). The recognition of the antibody by the phagocytes leads to phagocytosis and, 

subsequently, killing of the pathogen. 

 

 

Figure 1.4: The complement system. The complement is acting through three pathways: the 

classical (CP), lectin (LP), and the alternative (AP) pathway. In the CP and the LP 

surface molecules of the pathogen are direct (LP) or indirect (CP) detected. Chemotaxis 

results in the CP and LP out of the anaphylatoxins C3a, C4a, and C5a and in the AP 

out of the leukotaxins C5a and Ba. The bacterium is opsonized by C3b and lysed via 

pore formation by the membrane attack complex (MAC). MBL= mannose-binding lectin. 

Modified from Pietrocola et al., 2017. 

 

Alternative

pathway

Classical

pathway

Lectin

pathway

C1

(C1q, C1r and C1s)

MBL,

ficolins

C4a

C2b C3

convertase

C3

C3b C3b C3b
Bb

C3

convertase

C5

convertase

Bb
C3b

C5

convertase

C2aC4b

C3a

C3

C3

C3b
C2aC4b

Ba

FactorB

Chemotaxis

Chemotaxis

 Lysis

MAC

C5

C5a

C5b, 

C6-C9

C2

C4

Bacterial

surface

C3a

C3a



INTRODUCTION 

17 
 

1.2.2 Hematopoiesis 

Immune cells are formed from precursors of the hematopoetic (greek for blood-making) 

system. The blood cells are continuously generated in the bone marrow and differentiated 

out of hematopoietic stem cells (HSCs) in a well-orchestrated hierarchy (Figure 1.5). 

Because of the limited lifetime of many blood cells, a high number of cells have to be 

generated already in the steady state. For example, neutrophils have a lifetime of hours up 

to a few days (Tak et al., 2013), resulting in approximately 0.5-1x1011 newly generated 

neutrophils each day (Dancey et al., 1976). During an innate immune response, the 

hematopoiesis plays an important role to generate sufficient numbers of innate immune 

cells in the bone marrow required for recruitment to the site of infection or danger (Summers 

et al., 2010; Glodde et al., 2017). In contrast, the cells of the adaptive immune system or 

their precursors, already leave the bone marrow before antigen encounter and proliferate 

in the lymph nodes after stimulation. 

 

Hemostasis, the constant supply of red and white blood cells in sufficient numbers, is based 

on self-renewal of HSCs, which differentiate into hematopoietic progenitor cells (HPCs) of 

different proliferative activities, to allow a large-scale cellular amplification. 

The HSCs can be classified according to their self-renewal ability in long-term (LT), 

intermediate-term (IT), and short-term (ST) HSCs. They give rise to HPCs, which can be 

divided into several subclasses, all of them originating from multipotent progenitors (MPPs). 

The mature hematopoietic cells have, except for B and T cells as well as tissue-resident 

macrophages and DCs, no self-renewal ability and just a limited proliferative capacity. 

Hematopoietic growth factors promote the proliferation and differentiation of HPCs. For 

example, to get fully mature neutrophils, the G-CSF is necessary, whereas for 

macrophages, the macrophage colony stimulating factor (M-CSF) is needed, but in both 

cell types, the GM-CSF plays a role (Gupta et al., 2014). Based on their stimulation, MPPs 

differentiate into common myeloid progenitors (CMPs), the common dendritic progenitors 

(CDPs), and lymphoid-primed multipotent progenitors (LMPPs). CMPs develop into 

megakaryocyte-erythrocyte progenitors (MEPs) or granulocyte-macrophage progenitors 

(GMPs) while the LMPPs are the precursors of the common lymphoid progenitors (CLPs). 

The mature blood cells are released from the bone marrow into the peripheral blood and 

circulate or migrate into tissues or to the lymphatic system. 
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Figure 1.5: Hierarchy of the cell types during hematopoiesis. The blood cells develop out of 

hematopoietic stem cells (HSCs), hierarchically structured into long-term (LT), 

intermediate-term (IT), and short-term (ST) HSCs. Solid of dashed/dotted circular 

arrows are shown according to self-renewal ability. Hematopoietic progenitor cells 

(HPCs) represent the next level of differentiation: multipotent progenitors (MPPs), 

common myeloid progenitors (CMPs), lymphoid-primed multipotent progenitors 

(LMPPs), megakaryocyte-erythrocyte progenitors (MEPs), granulocyte-macrophage 

progenitors (GMPs), common dendritic progenitors (CDPs), and common lymphoid 

progenitors (CLPs). The progenitors develop then into mature blood cells. DC= dendritic 

cell, NK cell= natural killer cell. Modified from Manz et al., 2014. 

 

Granulopoiesis is the generation of granulocytes and a part of the hematopoiesis. The term 

granulocytes collectively designates the group of neutrophils, eosinophils, and basophils, 

while neutrophils make around 90% of granulocytes in the peripheral blood. After 

recruitment of neutrophils to the inflamed tissue, most of them undergo cell death, caused 

by their antimicrobial mechanisms, such as phagocytosis, ROS production, or NETosis 

(Kobayashi et al., 2010). Consequently, during an infection, a high number of neutrophils 

need to be replenished. 

During severe systemic infections, or other pathological conditions with extremely high need 

of neutrophils, emergency granulopoiesis is induced (Manz et al., 2014). In a systemic 

infection, substantial more neutrophils are required, compared to a local infection. This 

induces a demand-adapted hematopoiesis. Kwak et al. showed that the ROS production of 
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granulocytes also regulates the proliferation of myeloid progenitors in emergency 

granulopoiesis (Kwak et al., 2015). Due to the accelerated turnover of neutrophils, not only 

mature, but also immature neutrophils are released from the bone marrow to the peripheral 

blood. Because of this large-scale de novo generation of neutrophils, the lymphopoieses is 

reduced in the bone marrow (Manz et al., 2014). 

Traditionally, it is claimed that, except from tissue-resident macrophages, the members of 

the myeloid lineage have a very limited proliferation capacity. However, for immature 

neutrophils (defined in mice by the surface marker Ly6G being expressed at intermediate 

levels) an extramedullary proliferation was shown. After a systemic infection of mice with 

Streptococcus pneumoniae, these neutrophils undergo emergency proliferation in the 

spleen and, by that, increase the pool of mature effector neutrophils (Deniset et al., 2017). 

This effect is also called extramedullary hematopoiesis. This kind of hematopoiesis has 

been shown to be caused by a variety of events: A severe bone marrow failure, the 

therapeutic stimulation to produce blood cells (myelostimulation), systemic disorders 

through tissue inflammation or injury, and abnormal chemokine production (Johns et al., 

2012). 
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1.2.3 The weapons stockpile of neutrophils 

As soon as S. aureus is detected by neutrophils in the tissue, these professional phagocytes 

start their antimicrobial activity, including oxygen-dependent and oxygen-independent 

strategies (Figure 1.6). 

 

 

Figure 1.6:  Recruitment of and killing by neutrophils. After recruitment of neutrophils via 

chemokines, they act against the opsonized pathogens via formation of neutrophil 

extracellular traps (NETs) or phagocytosis. Subsequently neutrophils can kill the 

bacteria with reactive oxygen species (ROS) or antimicrobial peptides (AMPs) after 

degranulation. Modified from Spaan et al., 2013. 

 

Oxidative burst 

The activation of the enzyme complex NADPH oxidase (NOX) in the plasma- and 

phagosomal-membrane results in an oxidative burst. In case of infection, reactive oxygen 

species (ROS) can be produced into phagosomes to act against phagocytosed pathogens, 

but also extracellularly against non-phagocytosed pathogens or microorganisms too big for 

being engulfed (Boyle et al., 2011). In resting cells, the protein constituents of NOX remain 

segregated in the cytosol (phox complex p40phox, p47phox and p67phox and the small GTPase 

protein Rac2) and in the membrane (heterodimer flavocytochrome b558, cytb558, including 

Nox2/gp91phox, gene named CYBB, and p22phox) (El-Benna et al., 2016). For activation of 

the NOX pathway and maximal degranulation, the priming of neutrophils before activation 

is necessary (Guthrie et al., 1984). 

Neutrophils are primed by microbial products, like LPS, or cytokines, which are secreted 

during host defense, like TNF, IL-1, IFNγ or GM-CSF (Guthrie et al., 1984; Condliffe et al., 

1998; Kegel et al., 1977; Tennenberg et al., 1993; Weisbart et al., 1986). Upon priming of 

neutrophils, the cytosolic component p47phox is phosphorylated and subsequently changes 
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its conformation (el Benna et al., 1994), and Rac2 (Rac1 in monocytes) is activated by 

exchange of GDP to GTP (Diebold et al., 2001; Nguyen et al., 2017). For the activated state 

of the NOX, the Phox complex compounds (p40phox, p47phox and p67phox) and the activated 

Rac2 migrate to the membrane and interact with cytb558 (Nguyen et al., 2017). The catalytic 

core of the NOX is formed by the cytb558, containing the electron transferase gp91phox. 

Superoxide anions (O2
-) are generated by transferring electrons from NADPH (cytosolic) 

through the membrane to O2. The resulting superoxide O2
- is highly reactive and can act in 

three ways (Nguyen et al., 2017): To kill microorganisms it reacts to other ROS to damage 

cell membrane, proteins and nucleic acids. To reduce host cell damage, the superoxide 

dismutase (SOD) converts O2
- to hydrogen peroxide (H2O2). H2O2 can oxidize cysteine and 

methionine residues, which may lead to protein inactivation. Additionally, H2O2 either further 

react by Fe3+ to Hydroxyl radical (OH°) or via a granule-localized enzyme myeloperoxidase 

(MPO) into highly bactericidal hypochlorous acid (HOCl) at neutral or low pH to clear 

bacteria (Foote et al., 1983; Klebanoff et al., 2013). Furthermore, H2O2 can diffuse through 

neutrophil membranes and, to a limited extent, through pathogens, and thus damage intra- 

and extracellular pathogens (Morales et al., 2012; Neutze et al., 1996; Ohno et al., 1985). 

Even if neutrophils have several protective mechanisms against the oxidative stress 

induced by the oxidative burst, most of them die during their action against pathogens 

(Kobayashi et al., 2010). However, after apoptosis, other professional phagocytic cells can 

take them up and the pathogen is still captured (Talley et al., 1995; Peters et al., 2008). 

 

Granules 

An oxygen-independent antimicrobial neutrophil activity is the degranulation of cytoplasmic 

granules via fusion with the plasma membrane (exocytosis) or with phagosomal 

membranes (degranulation). Granules contain several microbicidal agents, so called 

antimicrobial peptides (AMPs), or antimicrobial proteins. A selection of such agents which 

occurs in neutrophils are listed and described in more detail in Table 1.3. 

AMPs can be either produced by the host cells (e.g. neutrophils, keratinocytes) after a 

pathogen is recognized, or by commensal microbes at the skin surface to defend their niche 

(Harder et al., 2013). For example, the cationic AMP human β- defensin (hBD) 2 is produced 

of keratinocytes after S. aureus recognition at the skin surface (Dinulos et al., 2003). 

Furthermore, all three hBD1-3 are reported to show antibacterial activity against S. aureus 

(Chen et al., 2005). The same is true for cathelicidin LL- 37, but this AMP acts additionally 

by inhibiting biofilm formation of the pathogen (Dean et al., 2011). 
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Table 1.3: Antimicrobial proteins and peptides in azurophilic neutrophil granules. 

Microbicidal 
agent 

Description Reference 

Azurocidin 
(Heparin-binding 
protein) 

Serine protease homologue. Increases vascular 
permeability. Chemotactic for monocytes, 
fibroblasts and T cells 

Campanelli et al., 1990 
Gautam et al., 2001 
Chertov et al., 1996 

Cathelicidins Bactericidal by membrane permeabilization. 
Chemotaxis of neutrophils, T cells and 
monocytes. 

Turner et al., 1998 
De et al., 2000 

Defensins Cationic AMP, that forms multimeric 
transmembrane pores and acts subsequently 
bactericidal by membrane permeabilization. 

Ganz et al., 1985 
Wimley et al., 1994 

Lactoferrin Iron-binding protein, with bacteriostatic effect by 
sequestrating of iron. It binds to bacterial cell 
membrane causing damage. 

Oram et al., 1968 
Chapple et al., 1998 

Lysozyme Cationic AMP, that degrades the bacterial cell 
wall (cleveages peptidoglycan polymers) by its 
muramidase activity.  

Selsted et al., 1978 

Metalloproteases Neutrophil collagenase, gelatinase and 
leukolysin. Degradation of structural components 
of the extracellular matrix. 

Lazarus et al., 1968 
Kjeldsen et al., 1992 
Pei, 1999 

Neutrophil 
elastase 

Degrading of macromolecules, including elastin, 
collagen, and proteoglycan 

Roughley et al., 1977 

 

 

Neutrophil extracellular traps 

Another killing mechanism is constituted by neutrophil extracellular traps (NETs) and is 

usually accompanied with a specialized form of cell death referred to as NETosis. NETs are 

combined structures of modified chromatin, granule proteins (e.g. MPO or neutrophil 

elastase (NE) and cytosolic proteins (e.g. calprotectin) (Brinkmann et al., 2004). Microbes 

are bound to the chromatin and killed by AMPs and other proteins. Additionally, NETs 

activate myeloid cells, and promote coagulation (Messina et al., 2002).  

There are two types of NETosis, a ROS-dependent and -independent (in addition without 

need of NE) NET formation. In the more common ROS-dependent type, the hydrogen 

peroxide produced by NOX is converted in azurophilic granules into halic acids by neutrophil 

MPO. By this, a protease complex formed by NE, cathepsin G, and azurocidin is selectively 

released out of the azurosome and translocated into the nucleus (Metzler et al., 2014) 

where it digests histones and releases the chromatin. The nuclear envelope is 

disassembled and thereby, the chromatin and cytoplasmic as well as granular proteins get 

in contact (Fuchs et al., 2007). Finally, the cytoplasmic membrane breaks, and NETs are 

released (Fuchs et al., 2007). To ultimately release NETs, neutrophil lysis seems to be 

dependent on the activity of the pore-forming protein gasdermin D (GSDMD) (Sollberger et 

al., 2018a). GSDMD is typically involved in pyroptosis, the inflammatory type of 
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programmed cell death activated by caspase-11 in mice (in humans: caspase-4 and 

caspase-5) (Kayagaki et al., 2015; Shi et al., 2015). However notably, NET release is not 

mandatory connected to cell death, Yipp et al. showed that it is possible for NET forming 

neutrophils to harbor an intact nucleus and being still able to crawl (Yipp et al., 2012). 
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1.2.4 Immune evasion strategies of S. aureus 

S. aureus is equipped with several molecules and strategies to avoid immune response. 

Distinct mechanisms are described in Table 1.4 and schematically illustrated in Figure 1.7. 

 

 

Figure 1.7: Evasion strategies of S. aureus against neutrophils. The strategies can be grouped 

into strategies against neutrophil extravasation (cyan), opsonization (orange), 

phagocytosis (green), killing by ROS (purple) or antimicrobial agents (blue), and others 

(yellow) or to kill the neutrophil (pink). The functions are described more in detail in 

Table 1.4. AhpCF= hydroperoxide reductase, CHIPS= chemotaxis inhibition protein of 

S. aureus, ClfA= clumping factor A, Cna= Collagen adhesin, CP= capsule 

polysaccharide) Eap= extracellular adherence protein, Ecb= extracellular complement-

binding protein, Efb= extracellular fibrinogen-binding protein, NSP= neutrophil serine 

proteases, OatA= O-acetyltransferase A, PSM= phenol-soluble modulins, KatA= 

Catalase, MprF= multiple peptide resistance factor, SAK= Staphylokinase, Sbi= second 

binding protein of immunoglobulin, SCIN= staphylococcal complement inhibitor, ScpA= 

Staphopain A, SodA= superoxide dismutase A, SOK= surface factor promoting 

resistance to oxidative killing, SpA= S. aureus protein A, SSL= staphylococcal 

superantigen-like, SspB= staphylococcus serine protease B, Sx= Staphyloxanthin. 

Modified from Spaan et al., 2013 and McGuinness et al., 2016. 
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To inhibit neutrophil extravasation, staphylococcal superantigen-like 5 prevent neutrophil 

rolling (Bestebroer et al., 2007) and extracellular adherence protein neutrophil adhesion 

(Chavakis et al., 2002). For evasion of other steps of immune response, S. aureus disrupts 

bacterial opsonization for example via staphylococcal complement inhibitor, extracellular 

fibrinogen-binding protein, and capsule polysaccharide (Rooijakkers et al., 2009; 

Rooijakkers et al., 2005a; Jongerius et al., 2007; Nanra et al., 2013) or inhibition of 

chemotaxis is possible with chemotaxis inhibition protein of S. aureus and Staphopain A 

(Postma et al., 2004; Laarman et al., 2012). Activation of neutrophils and phagocytosis of 

S. aureus is prevented among other proteins by staphylococcal superantigen-like 10, 

S. aureus protein A and clumping factor A (Bestebroer et al., 2009; Dossett et al., 1969; 

Higgins et al., 2006). 

To avoid killing by ROS, S. aureus carries an extensive repertoire of virulence factors: 

superoxide dismutase A (SodA), catalase (KatA), staphyloxanthin (Sx), etc. (Karavolos et 

al., 2003; Cosgrove et al., 2007; Liu et al., 2005). The metalloprotein SodA contains Mn as 

a cofactor and converts as a first step O2
- into H2O2 (Clements et al., 1999). H2O2 is than 

further transformed by the enzyme KatA into H2O and O2 (Cosgrove et al., 2007). The 

carotenoid Sx works as an antioxidant (Liu et al., 2005). To counteract antimicrobial 

peptides and proteins, the pathogen has also evolved several strategies: For example, via 

the proteins encoded on the dlt operon, host defensins are bound (Jin et al., 2004) and the 

bacterium could limit the susceptibility for cationic AMPs by staphylokinase or multiple 

peptide resistance factor (Peschel et al., 1999; Peschel et al., 2001). A third mechanism to 

avoid killing through neutrophils is to kill in turn the neutrophil. For this purpose, some 

S. aureus strains have virulence factors of the family PSMs, to lyse the neutrophil or they 

produce leukocidins, to form pores in the membrane of the host cell (Jayasinghe et al., 

2005; Geiger et al., 2012). 

 

Table 1.4: S. aureus toxins, proteases, and proteins to evade neutrophil response. 

Protein Function Reference 

Extravasation 

SSL5 (staphylococcal 
superantigen-like 5) 

Binding on PSGL-1, by which P-Selectin cannot bind to 
it and the rolling of neutrophils along the endothelial 
cells is abrogated. 

Bestebroer et 
al., 2007 

Eap (extracellular 
adherence protein) 

Binds to ICAM-1 and thus inhibits the adhesion of 
neutrophils to the endothelial cells. 

Chavakis et 
al., 2002 

Opsonization/ Chemotaxis/ Activation/ Phagocytosis 

ScpA  
(Staphopain A) 

A secreted cysteine protease cleaving the N-terminus of 
human CXCR2, whereby the proinflammatory signals of 
the chemokines IL-8 and GROα are blunted 

Laarman et 
al., 2012 
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Protein Function Reference 

SspA (staphylococcus 
serine protease A, V8 
protease) 

The cysteine proteinase moderates adhesion of 
S. aureus to fibronectin by degrading cell surface 
fibronectin-binding proteins. 

Patti et al., 
1994 
McGavin et 
al., 1997 

SspB  
(staphylococcus serine 
protease B, 
Staphopain B) 

The cysteine proteinase cleaves CD31 ('do not-eat-me' 
signal) on the surface of neutrophils, which leads to an 
engulfment by macrophages. 

Smagur et 
al., 2009 

SpA  
(S. aureus protein A) 

SpA binds the Fc-region of immunoglobulin and the 
bacterium becomes coated with IgG in an inappropriate 
conformation to prevent phagocytosis. 

Dossett et 
al., 1969 

ClfA  
(clumping factor A) 

A fibrinogen-binding surface protein that inhibits 
phagocytosis. 

Higgins et 
al., 2006 

CP (capsule 
polysaccharide) 

The phagocytosis is inhibited by preventing 
opsonization. 

Nanra et al., 
2013 

SAK (Staphylokinase) Recruits Plasminogen to S. aureus surface, which leads 
subsequently to cleavage of IgG, C3b and iC3b from the 
bacterial cell wall by plasmin and thereby inhibition of 
the classical pathway. 

Rooijakkers 
et al., 2005b 
Bokarewa et 
al., 2006 

CHIPS (chemotaxis 
inhibition protein of 
S. aureus) 

A solubly secreted protein that binds to receptors for 
C5a and formyl peptide receptors (FPRs) and thus 
impairs neutrophil chemotaxis. 

Postma et 
al., 2004 

SCIN (staphylococcal 
complement inhibitor) 

SCIN and the homologues SCIN-B and -C effect on the 
lectin, the classical and on the alternative complement 
pathways. They inhibit the C5 cleavage and it binds to 
C3bBb, C3 convertase, whereby phagocytosis and 
bacterial killing is inhibited 

Rooijakkers 
et al., 2009 
Rooijakkers 
et al., 2005a 

Eap (extracellular 
adherence protein) 

Eap and its functionally orphan Eap homologs EapH1 
and EapH2 inhibit the neutrophil serine proteases 
(NSPs) NE, proteinase-3 and cathepsin G, which would 
e.g. cleave the S. aureus molecules SCIN and CHIPS. 

They also inhibit the classical and the lectin pathway by 
blocking the formation of the C3 proconvertase by 
binding on C4b. 

Stapels et 
al., 2014 
Woehl et al., 
2014  

Sbi (second binding 
protein of 
immunoglobulin) 

Can bind the Fc-region of IgG, like SpaA. 

Furthermore, it binds C3 and human complement 
regulators factor H to inhibit the alternative pathway and 
activation 

Smith et al., 
2011 

Cna (Collagen 
adhesin) 

Inhibits the formation of the C1 complex by binding C1q 
in the classical pathway. Binding to collagen for 
infection. 

Kang et al., 
2013 

Efb (extracellular 
fibrinogen-binding) 
protein and Ecb 
(extracellular 
complement-binding) 

Act on the alternative pathway convertase via blocking 
C3b-containing convertase or inhibiting C5 convertase 
in generating C5a. 

Jongerius et 
al., 2007 

SSL3 (staphylococcal 
superantigen-like) 

Binds specifically to the extracellular domain of TLR2 
(also in TLR1/2 or TLR2/6 dimers) and inhibits in this 
way the recognition of bacterial lipoproteins. 

Bardoel et 
al., 2012 

SSL5 Binds to glycosylated N-termini of all G protein-coupled 
receptors (GPCRs) and subsequently inhibition of 

Bestebroer et 
al., 2009 



INTRODUCTION 

27 
 

Protein Function Reference 

leukocyte activation by chemokines, which require the 
receptor N-terminus for activation. 

SSL7 Binds the complement component C5, to inhibit 
generation of C5a and with it opsonization and 
subsequently phagocytosis and it binds Immunoglobulin 
A (IgA), to inhibit IgG-FcαRI interaction. 

Bestebroer et 
al., 2010 

SSL10 Binds IgG to inhibit recognition by FcRs and 
complement activation. 

Itoh et al., 
2010 

Killing 

SodA (superoxide 
dismutase A) 

Inactivates harmful superoxide radicals to avoid killing 
by ROS. 

Karavolos et 
al., 2003 

KatA  
(Catalase) 

The catalse converts hydrogen peroxide into oxygen 
and water to avoid killing by ROS. 

Cosgrove et 
al., 2007 

AhpCF (hydroperoxide 
reductase) 

An enzyme with catalase activity to avoid killing by ROS. Cosgrove et 
al., 2007 

Staphyloxanthin (Sx, 
golden pigment) 

Functions as an antioxidant to avoid killing by ROS. Liu et al., 
2005 

SOK (surface factor 
promoting resistance 
to oxidative killing) 

Reduces sensitivity to singlet oxygen to avoid killing by 
ROS. 

Malachowa 
et al., 2011 

OatA  
(O-acetyltransferase 
A) 

Protects S. aureus again degradation of peptidoglycan 
by the muramidase activity of lysozyme via O-
acatylation of peptidoglycan by OatA 

Bera et al., 
2005 

SAK (Staphylokinase) Inhibits α-defensins by binding them. Jin et al., 
2004 

dlt operon Modification system for D-alanylation of teichoic acids in 
the cell wall, whereby the negative charge is 
neutralized, thereby limiting the susceptibility for 
cationic AMPs, like defensins and protegrins. 

Peschel et 
al., 1999 

MprF (multiple peptide 
resistance factor) 

Modifies phosphatidylglycerol with L-lysine, whereby 
the negative charge and limiting the susceptibility for 
cationic AMPs is reduced. 

Peschel et 
al., 2001 

Bicomponent β-barrel 
pore-forming 
leukocidins 

Causing osmotic lysis of neutrophils or macrophages by 
forming heteromultimeric pores in the membrane of host 
cells. E.g. PVL, Hla 

Jayasinghe 
et al., 2005 
Kaneko et 
al., 2004 
Abtin et al., 
2014 

PSMs (phenol-soluble 
modulins) 

Lysis of neutrophils after phagocytosis. Wang et al., 
2007 
Geiger et al., 
2012 

 

On top of the molecular evasion strategies, S. aureus strongly induces abscess formation 

by invasion into the tissue, whether by an injury or coming from another site of infection as 

a trojan horse within neutrophils (Gresham et al., 2000; Krezalek et al., 2018). The presence 

of the pathogen leads to a massive infiltration of neutrophils. The bacterium is able to 

influence abscess formation by distinct virulence factors such as ClfA or SpA and inhibit the 



INTRODUCTION 

 

28 
 

antimicrobial mechanisms of the embedded neutrophils within the abscess. Subsequently, 

an abscess can shield the bacterium from other immune cells and give time for growth and 

initiating new rounds of infection (Cheng et al., 2011; Cheng et al., 2009). Living bacteria 

form the core of such an abscess, surrounded of necrotic and healthy neutrophils, tissue 

debris, and fibrin (Cheng et al., 2011; Kobayashi et al., 2015). A capsule is built up by fibrous 

material, enclosed by macrophages (Cheng et al., 2011; Brandt et al., 2018a). These 

macrophages are presumable recruited by chemotaxis of the necrotic neutrophils in the 

core of the abscess (Fadok et al., 2001). 
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1.2.5 The challenge to develop an anti-staphylococcal vaccine 

The majority of S. aureus-isolates from clinical infections show an antibiotic resistance. With 

the increasing numbers of multidrug-resistant strains, the possibilities to treat patients with 

antibiotics have become limited. There is just a small group of antibiotics left, such as the 

glycopeptide antibiotic vancomycin and the oxazolidinone antibiotic linezolid (Reddy et al., 

2017). In addition, the numbers of VRSA infections increases, thus it is important to explore 

suitable treatment and prevention of critical infections alternatively to antibiotic treatment. 

Furthermore, for people with high risk for S. aureus infections, like health care workers, 

dialysis patients or prison inmates, it would be more beneficial to get a vaccination than an 

onerous and cumbersome antibiotic therapy.  

Until now, just two vaccine approaches reached clinical trial phase III, but both ultimately 

failed (Reddy et al., 2017). StaphVax from Nabi Biopharmaceuticals was directed against a 

single virulence factor, the capsule of S. aureus. The capsular polysaccharides type 5 (CP5) 

and 8 (CP8) were conjugated to a non-toxic recombinant Pseudomonas aeruginosa 

exotoxin A (Fattom et al., 2004; Mohamed et al., 2017). The vaccine has reached phase III, 

but achieved no convincing immune effect, and the patients were only protected for 40 

weeks (Fattom et al., 2015). The other approach failing in phase III was SA4Ag from Pfizer 

(Reddy et al., 2017). In this approach, the two capsular polysaccharides CP5 and CP8 were 

used, conjugated to the carrier protein CRM197. This vaccine was combined with a mutated 

recombinant ClfA and a recombinant manganese transporter protein C (MntC, also for iron 

binding) (Frenck et al., 2017; Begier et al., 2017). 

A main problem in developing an efficient and long-time protective vaccine is the skillful 

evasion and manipulation of the immune system by S. aureus. With the pathogen being 

considered mainly extracellular, vaccination approaches so far have targeted cell wall 

components or toxins (Zhang et al., 2018). It is not entirely clear why it has been so difficult 

so elicit effective antibody responses, but part of the explanation might be the fact S. aureus 

is equipped with virulence factors like SCIN to inhibit opsonization, or SpA to prevent 

targeting by antibodies (Rooijakkers et al., 2005a; Dossett et al., 1969). Furthermore, the 

bacterium interferes already in an earlier stage with antibody generation, i.e. in misguiding 

B cells via its SAgs (Kallee, 1996). Additionally to the obstacles, which are imposed by 

S. aureus virulence factors, also the recently described intracellular lifestyle and 

consequently the protection against the detection of the pathogen by humoral immunity 

might make the development of a vaccine more difficult. 
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1.3 S. aureus as an intracellular pathogen 

Historically, S. aureus has been considered an extracellular pathogen, but meanwhile it is 

often reported that the bacterium can survive within non-professional and also professional 

phagocytes (Loffler et al., 2014). In a first step, the pathogen has to enter the cell, for this, 

different invasion mechanisms are possible. After successful invasion, S. aureus have to 

ensure the survival within the host cell. 

 

The MSCRAMMs are essential cell wall adhesins for the adherence to the host tissue and 

among these, FnBPs are most important for invasion into host cells (Ahmed et al., 2001). 

Upon binding to the cell surface, a rearrangement of the cytoskeleton of the host cell takes 

place and the bacterium is actively taken up into the phagosome (Menzies et al., 1998). 

Additionally, the regulation of the Agr-system seems to have a role in the intracellular 

lifestyle and therefore in chronic and relapsing infections, as it is reported that around 10% 

of S. aureus isolates exhibit a defect in this regulatory system (Shopsin et al., 2008). 

Furthermore, in in vitro studies with an agr mutant a high internalization rate was observed, 

but a lower cytotoxicity and less inflammation was induced by these intracellular bacteria 

(Grundmeier et al., 2010). 

 

S. aureus can invade into non-professional phagocytes, persist there and escape again. 

This course of events is reported for different cell types with different mid-term fates for the 

host cell. For endothelial cells, the uptake of S. aureus can end with host cell disruption 

after bacterial replication (Lowy et al., 1988; Rollin et al., 2017), apoptosis induced by Hla 

(Menzies et al., 1998), or intracellular persistence, also including the development of small 

colony variants (SCVs) (Tuchscherr et al., 2010; Rollin et al., 2017). In epithelial cells, 

S. aureus switches as well into a SCV phenotype (in 28 days) for persistence (Tuchscherr 

et al., 2011), but is also able to escape into the cytoplasm in an agr dependent manner, and 

to subsequently kill the host cell (Schnaith et al., 2007). Also in osteoblasts, the pathogen 

can survive and can be found mainly in the cytoplasm of the infected cells (Hudson et al., 

1995). For keratinocytes, the uptake can occur in a FnBP-dependent and -independent way 

in vitro, depending on the cell lines involved (Kintarak et al., 2004). Either, keratinocytes die 

after internalization (Nuzzo et al., 2000) or the bacteria persist and form SCVs (von Eiff et 

al., 2001). S. aureus exhibits a similar behavior in fibroblasts, like in other non-professional 

phagocytes, where the bacterium escapes from the phagosome, multiplies, and kills the 

host cell (Murai et al., 1999; Schnaith et al., 2007). Moreover, a protective effect of the 

intracellular location against antibiotics was demonstrated (Krut et al., 2004). 
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In contrast to non-professional phagocytes, which have just limited opportunities to defend 

themselves against invading bacteria, professional phagocytes have many weapons to kill 

intracellular pathogens, as described in detail for neutrophils in 1.2.3. However, S. aureus 

can also survive and even multiply within professional phagocytes.  

Flannagan et al. reported that S. aureus can multiply in vitro in mature phagolysosomes of 

macrophages and that the bacterium can escape from those compartments, killing the host 

cell (Flannagan et al., 2016). Furthermore, a following study could identify the acidic 

environment of the phagolysosomes to be necessary for activation of the resistance against 

antimicrobial effectors, like AMPs (Flannagan et al., 2018). Moreover, the intracellular 

location was shown to be a protective environment upon application of the antibiotic 

gentamycin (Flannagan et al., 2016). In other in vitro studies, survival and multiplication of 

S. aureus within DCs was reported, and the escape of the pathogen including host cell 

death could be observed (Schindler et al., 2012). Additional reservoirs for S. aureus were 

found in systemic mouse infections: Surewaard et al. identified phagolysosomes of Kupffer 

cells (KCs) as host compartment for the pathogen, and described intracellular replication 

and release of bacteria after cell lysis. Also, it could be shown that liposomal encapsulated 

vancomycin might be a promising treatment of such intracellular bacteria (Surewaard et al., 

2016). Even in neutrophils, survival and growth of S. aureus was described after 

intraperitoneal mouse infections (Gresham et al., 2000). Additionally, Leliefeld et al. 

reported a containment of living bacteria within the phagolysosomes of neutrophils (Leliefeld 

et al., 2018). 

 

Taken together, S. aureus is equipped with many strategies to survive not only in non-

professionally phagocytic cells, but also in professional phagocytes. Furthermore, the 

bacterium is able to escape from the host cells for new infections. Main factors for this 

behavior are the broad array of virulence factors and their regulation, and the capability of 

both extra- and intracellular proliferation of the pathogen. 
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1.4 Approaches to measure bacterial proliferation 

To investigate the interaction between the immune system and the pathogen, or the efficacy 

of a treatment of a disease, information about the pathogen viability and growth behavior is 

necessary. Especially for S. aureus, a pathogen in which adaptation of growth rates during 

persistence has been observed, such information would be helpful for vaccine development 

and optimization of treatment strategies. Furthermore, the growth of such a pathogen is of 

interest regarding antibiotic treatment, which often effects the cell wall formation during cell 

division. 

 

A variety of approaches are possible to measure proliferation rates, which, including their 

advantages and disadvantages, are schematically illustrated in Figure 1.8. The easiest way 

to detect proliferation is to count colony forming units (CFUs) in cultures, organs or tissues 

(Flannagan et al., 2018; Schindler et al., 2012; Surewaard et al., 2016). An increasing cell 

number over time suggests proliferation, but it is not possible to dissect the influence of 

killing on the course of pathogen numbers in such kinetics. Also, the analysis is yielding 

information on the whole bacterial population, and it is not possible to distinguish individual 

bacteria according to their microenvironment. For microscopy approaches, pulsing of 

pathogens and cells has been widely used and fluorescent dyes are commercially available. 

In this approach, the bacterium is labeled with a fluorescent dye, which will be diluted during 

cell division, whereby proliferating bacteria are less fluorescent than non-growing ones. The 

dye eFluor-670 was used for in vitro infected macrophages (Flannagan et al., 2018) or Syto 

60 in spinning-disk intravital microscopy (SD-IVM) imaging of a liver in systemic infected 

mice (Surewaard et al., 2016). In a similar approach, it is also possible to induce in the 

pathogen a short term production of the fluorescent dye itself, as demonstrated by Helaine 

et al. for Salmonella typhimurium. Here, chemical induction was employed to trigger a short 

peak of fluorescent protein production, which is diluted during cell division (Helaine et al., 

2010). Finally, fluorescence timer approaches, in which a fluorescence protein shifts its 

fluorescence color time-dependently during maturation, have been established (Claudi et 

al., 2014; Subach et al., 2009). 

In the course of in vitro video microscopy of S. aureus infected cells, like endothelial cells 

or DCs, the increase of bacteria number and fluorescence is detectable visually, but hard 

to quantify (Rollin et al., 2017; Schindler et al., 2012). The same is true for electron 

microscopy of dividing bacteria, were the separation of the cells by a new cell wall is visible. 

This is demonstrated for example for bacteria in KCs in a mouse liver (Surewaard et al., 

2016), or in DC cultures (Schindler et al., 2012). 
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For eukaryotic cells, several robust approaches for flow cytometry or microscopy analyses 

are published and accessible. Agents like carboxyfluorescein diacetate succinimidyl ester 

(CFSE) are commercially available, which are diluted during cell division (Chang et al., 

2007). The same is true for antibodies, which bind to active dividing eukaryotic cells via the 

nuclear protein Ki-67 in fixed cells (Deniset et al., 2017). 

 

 

Figure 1.8: Proliferation measurement approaches. Approaches to measure bacterial growth 

and systems to distinguish between proliferating (solid arrows) bacteria and non-

proliferating (dotted arrows) cells. 

 
For the unicellular eukaryotic parasite Leishmania major (L. major), Müller et al. published 

a in vivo proliferation reporter system based on the dilution of the photoconvertible 

fluorescent protein mKikGR (Habuchi et al., 2008) where the parasite could be tracked for 

2-3 days after photoconversion and proliferation could be detected quantitatively (Muller et 

al., 2013). Heyde et al. used this reporter to measure the proliferation rate of L. major in 

mice and in vitro in DCs and macrophages (Heyde et al., 2018). The mKikGR from Habuchi 
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et al. used in this approach is based on a green photoconvertible fluorescent protein KikGR, 

engineered by Tsutsui et al.. The protein originates from the stony coral Favia favus, in a 

homotetrameric form. The new fluorescent protein was dubbed KikGR, because of its 

original green (G) fluorescence, the photoconverted red (R) fluorescence, and the Japanese 

name of Favia ‘Kikume‐ishi’ (Kik) (Tsutsui et al., 2005). In a further step, the reporter was 

optimized to get bright fluorescence also in a monomeric (m) version (Habuchi et al., 2008). 

The green mKikGR is photoconvertible by a 405 nm light pulse into the red mKikGR and 

can be measured with 475 nm and 555 nm excitation, respectively. The optimized version 

exhibits a bright and highly photostable fluorescence with applicability for high resolution 

multicolor microscopy (Habuchi et al., 2008). 
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1.5 Aims of the study 

Staphylococcus aureus (S. aureus) is able to break through the skin barrier, reach the blood 

stream and infect in this way nearly every organ and tissue. Skin and soft tissue infections 

are the most frequent manifestation of the pathogen, and due to the occurrence of antibiotic 

resistance, these infections become increasingly more complicated to treat. The growth rate 

of S. aureus has an essential impact on the outcome of an infection. On the one hand, the 

growth can critically influence the susceptibility against treatment and immune effector 

mechanisms. On the other hand, depending on the growth rate, different PAMPs are 

available for the immune system, which influences the way in which immune responses are 

initiated and maintained. Therefore, to study the growth behavior of S. aureus, an in vivo 

proliferation reporter is urgently needed. 

 

The first part of the thesis was to implement a mKikumeGR proliferation reporter system 

originally described in the eukaryotic parasite L. major, to obtain an in vivo biosensor for 

measuring proliferation of the Gram-positive bacterium S. aureus on a single cell-level in 

vivo. For this, the fluorescence reporter was adapted for optimal expression in S. aureus, 

and the functionality was shown in vitro. Furthermore, the reporter system was tested for 

application in vivo in the ongoing infection, and was shown to be suitable for measuring 

proliferation with flow cytometry and intravital 2-photon microscopy. 

 

In the second part, I used the in vivo biosensor to probe the S. aureus growth rate during 

skin infection in wild type mice over the course of an infection. I consequently was able to 

show the influence of the immune system-induced changes of the infection 

microenvironment on the pathogen growth. Furthermore, I characterized the role of 

neutrophils as the first cellular defense line in the host response against S. aureus 

invasions, and their most important antimicrobial effector function, NADPH oxidase, in 

subcutaneous S. aureus infections. I could show the effect of neutrophils and the reactive 

oxygen species produced upon their arrival at the site of infection, which I found to critically 

act on pathogen proliferation rate. 
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2 MATERIALS AND METHODS 

2.1 Material 

2.1.1 Vectors and constructs 

Table 2.1: Vectors and constructs. pGL485 vector map with cloning sites, and schematic 

representation of pGL485 derivatives are shown in Figure 3.1. 

Name Source 

pGL485 Provided by Eva Medina, Helmholtz Centre for Infection Research, 
Braunschweig  

pGL485-GFP Provided by Eva Medina, Helmholtz Centre for Infection Research, 
Braunschweig 

pLacKikume This study (see 2.4.1 Plasmid construction and 2.3.1 Bacteria strains) 

pKikume This study (see 2.4.1 Plasmid construction and 2.3.1 Bacteria strains) 

pTufAKikume This study (see 2.4.1 Plasmid construction and 2.3.1 Bacteria strains) 

 

2.1.2 Kits 

Table 2.2: Kits. 

Kit  Supplier 

BacLight™ Bacterial Membrane Potential Kit Invitrogen 

Invisorb Spin Plasmid Mini Two STRATEC Molecular 

Nucleo Spin® Extract II  MACHEREY-NAGEL  

NucleoBond® PC 500 EF Kit  MACHEREY-NAGEL  

PhagoburstTM Glycotope Biotechnology 

 

2.1.3 Biochemical and chemical reagents 

Table 2.3: Antibiotics. 

Antibiotic Stock concentration  Supplier 

Ampicillin  100 mg/ml in ddH2O Carl Roth  

Chloramphenicol  12.5 mg/ml in EtOH Carl Roth  

Erythromycin 10 mg/ml in EtOH Carl Roth 

Gentamycin  10 mg/ml Gibco  

Neomycin sulfate 50 mg/ml in ddH2O Sigma-Aldrich 

Spectinomycin 100 mg/ml in ddH2O Sigma-Aldrich 

Penicillin/Streptomycin  10000 U, 10000 μg/ml Biochrom AG Carl Roth  

Tetracycline 5 mg/ml in ddH2O Carl Roth 
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Table 2.4: Biochemical and chemical reagents. 

Reagents  Source/Supplier 

2-Propanol  Carl Roth  

Acetic acid (96% v/v)  Carl Roth  

Acetopromacin Ceva Tiergesundheit 

Agar-Agar, Kobe I Carl Roth 

Aminoethyltrioxsalen (AMT, psoralen) Sigma-Aldrich 

Ammonium chloride (NH4Cl) Carl Roth  

Antarctic phosphatase  New England Biolabs 

Anti-Biotin MicroBeads Miltenyi Biotech 

ApaI New England Biolabs 

BD FACS Flow™ Sheath Fluid  BD Bioscience  

BD FACS™ Clean Solution  BD Bioscience  

BD FACS™ Rinse Solution  BD Bioscience  

Brain-Heart-Infusion Broth (BHI Medium) Carl Roth 

Calcium chloride (CaCl2)  Carl Roth  

Collagenase  Sigma  

CountBright™ Absolute Counting Beads Invitrogen 

CutSmart Buffer (10x) New England Biolabs 

4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) Sigma-Aldrich 

Defibrinated Sheep Blood Thermo Scientific 

Disodium phosphate (Na2HPO4) Carl Roth 

DNA loading dye  Fermentas  

EcoRI Fermentas 

Ethanol (99% v/v)  Carl Roth  

Ethidium bromide  Carl Roth  

Ethylenediaminetetraacetic acid (EDTA)  Carl Roth  

Fetal Calf Serum (FCS)  Pan Biothech GmbH 

Glycerol  Carl Roth  

Ketamine  Medistar  

LB Agar  Carl Roth  

LB Medium  Carl Roth  

L-Glutamin  Gibco  

Low melting agarose Serva 

Lysostaphin from Staphylococcus staphylolyticus Sigma-Aldrich 

Magnesium chloride (MgCl2) Carl Roth  

Magnesium sulfate (MgSO4) Carl Roth  

Monopotassium phosphate (KH2PO4) Carl Roth  

Mouse serum  Recovered from mice  
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Reagents  Source/Supplier 

Paraformaldehyde (PFA)  Carl Roth  

PBS Dulbecco (phosphate-buffered saline, without (w/o) 
Ca2+, Mg2+)  

Biochrom AG  

Poly-L-Lysin  Sigma-Aldrich  

Potassium bicarbonate (KHCO3) Carl Roth  

Potassium chloride (KCL) Carl Roth  

Quick-Load® 2-Log DNA Ladder (0.1-10.0 kb)  New England Biolabs  

RPMI 1640 medium  Merck  

SalI New England Biolabs 

SOC-medium  New England Biolabs 

Sodium chloride (NaCl)  Carl Roth  

Sodium citrate (Na3-citrate) Carl Roth  

Sucrose  Carl Roth  

T4 ligase New England Biolabs 

T4 ligation buffer  New England Biolabs 

Tissue-Tek® O.C.T.™ Compound  Sakura  

Tris (hydroxymethyl)-aminomethan (Tris)  Carl Roth  

Triton X-100  Sigma-Aldrich  

Trypan Blue Solution (0.4%)  Sigma-Aldrich  

Trypsin/EDTA  Merck Millipore  

Tryptone Carl Roth  

Xylazine (Rompun 2%)  Bayer  

Yeast extract Carl Roth  

 

2.1.4 Antibodies 

Table 2.5: Antibodies for negative neutrophil selection via MACS. All antibodies are biotin 

labeled and diluted in MACS buffer. 

Antibody specificity Clone/ Clonality Supplier 
Dilution from 
commercial stock 

TER119 TER119 BioLegend 1:500 

CD5 53-7.3 BD Biosciences 1:200 

CD45R RA3-6B2 BioLegend 1:400 

F4/80 BM8 eBioscience (ThermoFisher) 1:100 

Ckit/ CD117 2B8 eBioscience (ThermoFisher) 1:500 

CD49b HMa2 eBioscience (ThermoFisher) 1:200 
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Table 2.6: Antibodies for neutrophil-depletion. Diluted in PBS. 

Antibody specificity Clone Supplier Concentration 

1A8 1A8 BioXCell 150 µg/100 µl 

Rat IgG2a 2A3 BioXCell 150 µg/100 µl 

 

Table 2.7: Antibodies for immunofluorescence labeling. 

Antibody specificity Clone/ Clonality Supplier 
Dilution from 
commercial 
stock 

Label 

CCR2 SA203G11 BioLegend 1:40 BV421 

CD11b M1/70 BioLegend 1:400, 1:200 APC-Cy7 

CD11b M1/70 BioLegend 1:400 PerCP/Cy5.5 

CD11b M1/70 eBioscience 1:120  [MELC]  AF488 

CD11c N418 BioLegend 1:200 BV510 

CD11c N418 BioLegend 1:200 PE 

CD11c N418 BioLegend 1:200 PerCP/Cy5.5 

CD16/32 93 BioLegend 1:100 None (Fc-block) 

CD4 RM4-5 BioLegend 1:200 BV421 

CD4 RM4-5 BioLegend 1:200 AF488 

CD45 30-F11 BioLegend 1:200 PerCP/Cy5.5 

CD45 30-F11 BioLegend 1:200 APC-Cy7 

CD45 30-F11 BD Bioscience 1:80    [MELC] FITC 

CD45.1 A20 BioLegend 1:200 PerCP/Cy5.5 

CD45.1 A20 BioLegend 1:240  [MELC] PE 

CD45.2 104 BioLegend 1:100 APC 

CD45.2 104 BioLegend 1:200 BV510 

CD45.2 104 BioLegend 1:240  [MELC] FITC 

F4/80 BM8 BioLegend 1:200 BV421 

Goat anti-rabbit IgG 
(H+L) 

polyclonal Jackson 1:500 AF647 

GR-1 RB6-8C5 BD Bioscience 1:200 PE 

I-A/ I-E (MHC II) M5/114.15.1 BioLegend 1:200 BV510 

Ly6C HK1.4 BioLegend 1:400, 1:200 PE-Cy7 

Ly6G 1A8 BioLegend 1:400 BV510 

Ly6G 1A8 BioLegend 1:400, 1:200 APC 

Ly6G 1A8 BioLegend 1:400 BV421 

Ly6G 1A8 BD Bioscience 1:120  [MELC] FITC 

Propidium iodide - Sigma 1:5000 None 

Rabbit anti-S. aureus polyclonal Abcam 1:500 None 
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2.1.5 Buffers and media 

Table 2.8:  Basic buffers. 

Buffer Reagents  Concentration/Amount 

PBS 
in ddH2O, pH 7.4 

NaCl 

KCl 

Na2HPO4 

KH2PO4 

140 mM 

2.7 mM 

8 mM 

1.8 mM  

Flow cytometry/MACS 
buffer 
in PBS 

FCS 
EDTA 

0.5% (w/v) 
2.5 mM 

TAP 
in 100 ml ddH2O 

 

Tris 

Acidic acid 

EDTA 

242 g 

57.1 ml 

37.3 g 

Buffer for lysis of 
erythrocytes 
in ddH2O 

NH4Cl 

KHCO3 

EDTA 

155 mM 

10 mM 

0.1 mM 

 

Table 2.9: Media for molecular biology. 

Medium Reagents  Amount 

SOB 
in 500 ml ddH2O, pH 7.4, 
autoclaved 

Tryptone 

Yeast extract 

NaCl 

KCl 

10 g 

2.5 g 

292 mg 

93 mg  

SOC 
in 98 ml SOB 

1 M MgCl2, 1 M MgSO4 
2 M glucose 

1 ml 
1 ml 

Phage buffer LB medium 
CaCl2 (1 M stock solution) 

 
5 mM 

Soft Agar (a) Na3-citrat (1 M stock solution) 
Autoclaved agar 

20 mM 
0.6% (w/v) 

Soft Agar (b) CaCl2 (1 M stock solution) 
Autoclaved agar 

5 mM 
0.6% (w/v) 

Blood agar Sheep blood, defibrinated 
Autoclaved agar 

50 ml 
500 ml 
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2.1.6 Technical equipment and software 

Table 2.10: Laboratory equipment. 

Equipment  Supplier 

(Wide) Mini-sub® Cell GT BioRad 

Centrifuge 1-16K Sigma 

Gel documentation station (camera: E.A.S.Y. 
B-455-F)  

Herolab  

Gene Pulser II System  BioRad 

GeneQuant 1300 Biochrom 

HeraSafe HS 12 Heraeus 

Incubating orbital shaker VWR 

Incubator Gesellschaft für Labortechnik 

Incubator Hera Cell 150i CO2 Incubator  Thermo Fisher Scientific  

LED diodes 375 nm Nichia 

LED diodes 405 nm Strato  

LSR Fortessa  BD Biosciences  

Milli-Q® Integral Water Purification System  Merck Millipore  

Multifuge 1 SR/3 SR Heraeus  

NanoDrop 2000 spectrophotometer  Thermo Fisher Scientific  

NANOFIL  World Precision Instruments, Inc. 

PowerPac 1000 BioRad 

Thermomixer comfort eppendorf 

Tube Revolver Thermo Fisher Scientific 

 

Table 2.11: Software. 

Software  Supplier 

Ape (A plasmid Editor) M. Wayne Davis 

BD FACS Diva BD Biosciences 

Deconvolution/deblurring algorithm XCOSM software package 

DiscIT (Moreau et al., 2012) 

Fiji software NIH, http://rsb.info.nih.gov/ij/ 

FlowJo X software FlowJo, LLC 

Imaris Bitplane 

Las X Leica 

Prism 7 software GraphPad Inc. Software 

ZEN acquisition software Zeiss 
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Table 2.12: Microscopes. 

Equipment  Supplier 

2-photon microscope 

Zeiss LSM 700 
Mai Tai DeepSee Ti:Sa laser 
W Plan-Apochromat 20x/1.0 DIC VIS-IR dipping objective 

Zeiss 
Spectra-Physics 
Zeiss 

Confocal microscope 

TCS SP8 confocal laser scanning microscope 
63x/1.40 Oil CS2 objective 

Leica Microsystems 
Leica Microsystems 

Confocal microscope [MELC] 

DMI6000 B microscope 
40x/NA 1.25 lens  
Orca Flash 4.0 V2  

Leica 
Leica 
Hamamatsu 

Inverted transmitted light microscope 

Wilovert S Helmut Hund GmbH 

Widefield microscope 

BX61 microscope 
UPlanApo 40x/0.85 objective 
F-view camera 
Illumination system MT20 

Olympus 
Olympus 
Olympus 
Olympus 
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2.2 Mice 

Age- and sex-matched wild type C57BL/6J, CD45.1+ (B6.SJL-PtprcaPepcb/BoyJ), cybb-/- 

(B6.129S-Cybbtm1Din/J), CFP-expressing (B6.129(ICR)-Tg(CAG-ECFP)CK6Nagy/J) and 

CX3CR1-GFP (B6.129P(Cg)-PtprcaCx3cr1tm1Litt/LittJ) mice were bought from Jackson 

Laboratories (Bar Harbor, MA), B6 albino (B6N-Tyrc-Brd/BrdCrCrl) mice were purchased from 

Charles River (Sulzfeld, Germany), and CatchupIVM mice were obtained by crossing 

C57BL/6-Ly6gtm2621(Cre-tdTomato)Arte (Hasenberg et al., 2015) mice to B6.Cg-

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze (Madisen et al., 2010) mice (kindly provided by Monika 

Riek-Burchardt, Otto-von-Guericke-University Magdeburg). All mice were bred under 

specific pathogen-free conditions at Otto-von-Guericke-University, Magdeburg. 

All animal experiments were reviewed and approved by the Ethics Committee of the Office 

for Veterinary Affairs of the State of Saxony-Anhalt, Germany (permit license number 

42502-2-1314 Uni MD) in accordance with legislation of both the European Union (Council 

Directive 499 2010/63/EU) and the Federal Republic of Germany (according to § 8, 

Section 1 TierSchG, and TierSchVersV). 

 

2.2.1 Bone marrow isolation  

Mice were euthanized by isoflurane treatment and rapid cervical dislocation. Femurs and 

tibias were isolated and sterilized using ethanol. The bone marrow was collected by 

centrifugation (10000 rpm, 4°C, 30 sec) of the opened bones in a 0.5 ml tube into a 1.5 ml 

tube with 100 µl RPMI 1640 medium. By filtering and washing with RPMI 1640 medium 

through a 100 µm cell strainer the cells of one mouse strain were pooled. After counting 

and centrifugation (450 xg, 4°C, 10 min), cells were adjusted to required concentration in 

PBS. 

 

2.2.2 Construction of bone marrow chimeras 

As recipient mice, cybb-/- mice were lethally irradiated (9.5 Gy) and reconstituted with 

approx. 40x106 bone marrow cells of CD45.1+ and cybb-/- (50:50) intravenously. As control, 

CD45.1+ and C57BL/6J were combined (50:50).  

For cell nucleus staining, as recipient mice, C57BL/6J mice were lethally irradiated (9.5 Gy) 

and reconstituted with approx. 25x106 bone marrow cells of CFP-expressing mice 

intravenously. 

The mice were maintained on neomycin sulfate water (2 g/l) for two weeks following 

transplantation to prevent infection. The mice were earliest infected with S. aureus eight 

weeks after reconstitution. 
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2.2.3 Depletion of neutrophils 

To deplete neutrophils, an anti-mouse Ly6G 1A8 antibody (150 µg in 100 µl PBS) was 

injected intraperitoneally (i.p.) 6 h before infection. As a control, the rat IgG2a isotype control 

(anti-Trinitrophenol) was used in the same concentration, for treatment control, alone PBS 

was injected i.p.. The treatment was repeated 21 h after infection. The depletion of 

neutrophils was controlled by immunofluorescence staining and measurement via flow 

cytometry of blood samples at different time points after infection. 

 

2.2.4 Isolation of neutrophils 

For in vitro studies of neutrophils, these cells were isolated by negative selection via 

Magnetic Activated Cell Sorting (MACS) from bone marrow. The bone marrow was isolated 

as described in 2.2.1 (Bone marrow isolation). 

After washing the cells with PBS and viable cell counting, 100 µl antibody cocktail (Table 

2.5) per 1x107 cells was added and incubated in a rotation incubator (4°C, 10 min). After 

additional washing, the pellet was resuspended in MACS buffer (100 µl per 1x107 cells) and 

Anti-Biotin MicroBeads (15 µl per 1x107 cells) were supplemented and incubated (4°C, 

15 min, rotating). Via LS MACS Columns (Miltenyi Biotech), the neutrophils were isolated, 

as recommended by the manufacturer. 
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2.3 Microbiology 

2.3.1 Bacteria strains and their cultivation 

The gene encoding mKikume (Habuchi et al., 2008) was codon optimized for S. aureus, de 

novo synthetized (Eurofins MWG) and inserted using ApaI and EcoRI into the pGL485 

plasmid (Cooper et al., 2009) yielding the plasmid pLacKikume. The truncated lacI gene 

including pcn promoter in front of the mKikume were exchanged via ApaI and SalI restriction 

sited by a construct comprising the sarA P1 promotor, sod ribosome binding site (RBS) 

(Malone et al., 2009) and iTag (Catalao et al., 2014) (de novo synthetized), resulting in the 

plasmid pKikume. To generate the pTufAKikume, a construct including the tufA promoter 

and ribosome binding site spanning 300 bp upstream of the tufA cds and an iTag (de novo 

synthetized) were cloned into the pKikume plasmid via ApaI and SalI. The recombinant 

plasmids were introduced into the S. aureus strain RN4220 (Kreiswirth et al., 1983) by 

electroporation. The transfer of the plasmids into the S. aureus SH1000 (Horsburgh et al., 

2002) was done by phage transduction with bacteriophage 85 (Kwan et al., 2005). GFP-

expressing S. aureus pGFP have been described previously (Liew et al., 2011). 

S. aureus bacteria were cultivated in Brain Heart Infusion (BHI) broth at 37°C with shaking 

or on 1.5%-agar plates, supplemented with 12.5 µg/mL chloramphenicol. For OD600 

measurement BHI medium was used as reference and the culture was diluted with BHI 

medium to obtain OD600 values between 0.01 and 1.0. For calculations, OD600 1 was 

assumed to correspond to 108 bacteria/ml. For blood agar, 10% defibrinated sheep blood 

was added to lysogeny broth (LB) agar. 

Escherichia coli (E. coli) DH5α was cultivated in LB medium at 37°C with shaking or on LB 

agar plates, both containing for pGL485-derivates 100 µg/mL spectinomycin or for de novo 

synthetized plasmids form Eurofins MWG 100 µg/ml ampicillin. 

 

2.3.2 S. aureus infection 

A day culture was inoculated by an overnight culture (16-18 h) to an OD600 0.04-0.06. The 

bacteria were harvested for infection at OD600 0.4-0.6, which represented the early 

exponential growth-phase. After washing with cold PBS, the OD600 was adjusted to 2.5 in 

PBS by centrifugation (9000 xg, 5 min, 4°C) and resuspension. The ear skin of mice was 

intradermally infected at three sites per ear, each with 5x104 bacteria using a 35 gauge 

syringe. 
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2.3.3 Determination of bacterial burden in mouse tissue 

To analyze colony forming units in the ear, bacteria were isolated from infected ears by 

homogenization with 15 ml disposable tissue grinders (Fisherbrand) or 15 mL tapered tissue 

grinders (Wheaton) in 2 ml ice cold PBS. The cells were centrifuged (16500 xg, 3 min, 4°C) 

after adding of 0.1% triton-X 100 and lysed with 1% triton-X 100 in H2O. The bacteria in the 

lymph nodes were isolated by destruction of the lymph node tissue via shear forces with a 

cannula (18 gauge) and 1% triton-X 100 in H2O. The bacteria were serially diluted as 

triplicates in PBS and plated on BHI agar plates. For evaluation, the median of triplicate 

platings was determined. 

 

2.3.4 Photoconversion 

The diode arrays we used are described as a circuit diagram in Figure 2.1. For in vitro 

photoconversion, S. aureus-pKikume were illuminated in a 96-well plate with violet light at 

405 nm wavelength using an assembly of 2x2 LED diodes (Strato, half-viewing angle: 15°; 

Radiant Power: 10 mW) for 1 min in a distance of 1.7 cm. In Figure 3.4 b, the in vitro 

photoconversion of S. aureus-pKikume was done by illumination in a petri dish with violet 

light at 357 nm wavelength by assembling 3x3 LED diodes (Strato, half-viewing angle: 10°; 

Radiant Power: 10 mW) for 5 min in a distance of 0.8 cm.  

Ears of anaesthetized mice were photoconverted with violet light at 405 nm wavelength 

using an assembly of 3x3 LED diodes (Strato, half-viewing angle: 15°; Radiant Power: 

10 mW), for intravital 2-photon microscopy illumination time was set to 1-2 min in a distance 

of 2 cm, for confocal microscopy, the ears were illuminated from each side for 1 min in a 

distance of 1.5 cm. 

 

 

Figure 2.1: Circuit diagrams of diode arrays. a) 2x2 diode array for photoconversion in 96-well 

plates. 405 nm diodes and 27 Ω resistors with a 9 V power supply. b) 3x3 diode array 

either for photoconversion or DNA crosslinking with 405 nm diodes, 24 Ω resistors, and 

a 12 V power supply or 375 nm diodes, 47 Ω resistors, and a 12 V power supply, 

respectively. 
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2.3.5 Generation of division-incompetent, but metabolically active S. aureus 

To generate division-incompetent, but metabolically active bacteria, pyrimidine bases of the 

DNA were crosslinked by psoralen with long-wavelength UVA light (Belanger et al., 2000; 

Lin et al., 1997). For this, 10 µM of 4’-(aminomethyl)-4,5’,8-trimethylpsoralen hydrochloride 

(Aminoethyltrioxsalen, AMT) were added to 1 ml S. aureus culture, directly before use. 

0.5 ml of this sample were illuminated in a petri dish on ice with violet light at 357 nm 

wavelength using an assembly of 3x3 LED diodes (Strato, half-viewing angle: 10°; Radiant 

Power: 10 mW) for 10 min in a distance of 0.8 cm. The used diode array is described as a 

circuit diagram in Figure 2.1 b. 

 

2.3.6 Measurement of membrane integrity 

To measure the viability of the bacteria, the BacLightTM Bacterial Membrane Potential Kit 

was used according to manufacturer’s instructions and measured by flow cytometry. As 

control for intact membrane potential, a S. aureus day culture was used in which the 

membrane potential was abolished using the proton ionophore carbonyl cyanide 

3-chlorophenylhydrazone (CCCP). As indicator, 3,3’-Diethyloxa-carbocyanine iodide 

(DiOC2) was used, in which green fluorescence (measured at 488 nm excitation and 

530/30 nm emission) shifts to red fluorescence (measured at 488 nm excitation and 

670/30 nm emission) by self-association in high cytosolic concentrations. 
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2.4 Molecular biology 

2.4.1 Plasmid construction 

Specific enzymatic digestion of plasmids was done in two ways. The pLacKikume was 

prepared with ApaI and EcoRI and the other constructs by the use of ApaI and SalI. The 

reaction was performed in two steps, as recommended by manufacturer: First with ApaI in 

CutSmart buffer at 25°C and then after adding of NaCl to reach 50 mM or 100 mM 

concentration with EcoRI or SalI at 37°C. Digested vectors were dephosphorylated 

afterwards, by addition of 1 μl antarctic phosphatase and incubating at 37°C. 

The enzymatically digested DNA was analyzed by agarose gel electrophoresis. The 

samples were mixes with 6x DNA loading dye and loaded on an agarose gel (0.6% agarose 

and 1 μg/ml ethidium bromide in TAP buffer). For size measurement of the fragments Quick-

Load® 2-Log DNA Ladder was additionally loaded. The gel was placed in a BIO-RAD Mini 

DNA system which was filled with TAP buffer. After 30-60 min at 100 V, the DNA fragments 

were visualized by UV light. 

Extraction of fragments from agarose gel was performed with Nucleo Spin® Extract II 

according manufacturer's instructions. The concentration of processed DNA was measured 

with the NanoDrop 2000 spectrophotometer. 

The plasmids were ligated in an insert to vector molecule ratio of 5:1, mixed with T4 ligase 

in T4 ligation buffer. Samples were incubated at room temperature overnight and then 

stored at -20°C. 

 

2.4.2 Transformation of E. coli 

For transformation of plasmids into chemically competent E. coli cells NEB 5-alpha 

Competent E. coli (High Efficiency) from New England Biolabs were used according 

manufacturer's instructions. 100 µl and 900 µl bacteria solution were plated per LB agar 

plate (containing selective antibiotic). 

 

2.4.3 Mini- and Maxi-DNA preparation from E. coli  

To isolate plasmid DNA from E. coli cultures, the NucleoBond® PC 500 for large volumes 

and the Invisorb Spin Plasmid Mini Two for small volumes were used according 

manufacturer's instructions. 
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2.4.4 Preparation of S. aureus RN4220 electrocompetent cells 

A day culture was inoculated by an overnight culture (16-18 h) of S. aureus RN4220 

(Kreiswirth et al., 1983) to an OD600 0.05. The bacteria were harvested for treatment at 

OD600 0.4-0.6 by centrifugation of 50 ml volume (2500 xg, 5 min, 4°C) and resuspend in the 

same volume of 0.5 M sucrose solution. The step was repeated three times in half volume 

(25, 12.5, 6.25 ml) until the bacteria were resuspend in 350 µl sterile 20% glycerol (v/v in 

ddH2O). Aliquods of 60 µl were stored at -80°C. 

 

2.4.5 Electroporation of S. aureus RN4220 

Electrocompetent cells were thawed on ice, 200 ng plasmid-DNA were added in 1 µl, and 

incubated for 30 min on ice. The cells were electroporated with a capacity of 25 µFd, 100 

Ω and 1, 1.5, or 2 kV (time constant= 2.54-2.60). The bacteria were then diluted with 900 µl 

cold super optimal broth with catabolite repression (SOC) medium, cultivated for 90 min at 

37°C under agitation, and plated on selective antibiotic containing LB agar plates.  

 

2.4.6 Plasmid transduction with bacteriophage 85 

The transfer of plasmids from S. aureus RN4220 into the S. aureus SH1000 (Horsburgh et 

al., 2002) was done by phage transduction with bacteriophage 85 (Kwan et al., 2005). 

In a first step, the phage was loaded with the plasmid. To an overnight culture (16-18 h) of 

plasmid containing S. aureus RN4220, 1 M CaCl2 (End-concentration 5 mM) were added, 

further cultivated for 5-30 min, and following 300 µl culture were heated up to 52°C for 2 min. 

100 µl phage solution (pre-diluted in phage buffer: 100, 101, 102, 103, 10-4, and one without 

phages) were added and incubated (room temperature, 15 min). The phage-bacteria 

solution were mixed with 4 ml soft agar (a) and cultivated on blood agar plates at 37°C. The 

plate with confluent lysis was used for phage isolation by washing the soft agar with two 

times 1 ml phage buffer. The lysate was filtered (0.45 µm) and stored at 4°C. 

In the second step, to an overnight culture (16-18 h) were 1 M CaCl2 (End-concentration 

5 mM) added, further cultivated for 5-30 min, and 300 µl culture were heated up to 52°C for 

2 min. 100 µl phage solution (pre-diluted in phage buffer: 100, 10-1, 10-2, and one without 

phages) were added and incubated (room temperature, 15 min). The phage-bacteria 

solution were mixed with 3 ml soft agar (b) and cultivated on selective antibiotic containing 

LB agar plates at 37°C for 24-48 h. 
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2.5 Flow cytometry 

Flow cytometry of bacteria was performed in culture medium or diluted to suitable 

concentrations with cold PBS. The red mKikume fluorescence signal was measured at 

488 nm excitation and 610/20 nm emission, the green mKikume fluorescence signal was 

measured at 488 nm excitation and 530/30 nm emission. 

For analysis of cells recruited to the site of infection, ears were separated into dorsal and 

ventral sheets using two forceps. The ear sheets were digested with either 1 mg/mL 

collagenase, 50 ng/mL DNase, 100 µg/mL penicillin/streptomycin and 5 µg/mL tetracycline 

in RPMI 1640 medium at 37°C and 600 rpm shaking for 60 min, or 2 mg/mL collagenase, 

50 ng/mL DNase, and 5 µg/mL tetracycline in RPMI 1640 medium at 37°C and 600 rpm 

shaking for 30 min. To release the cells, the ear was homogenized through a 70 µm cell 

strainer (Falcon) and washed with PBS. After centrifugation for 10 min with 1500 rpm at 4°C 

and washing with flow cytometry buffer, the cells were Fc-blocked using anti-CD16/32 

antibody (clone 93), and stained with fluorochrome labelled antibodies (see Table 2.7). 

CountBrightTM absolute counting beads were added to the samples before measurement if 

required. The measurement was performed with an LSRFortessa flow cytometer using the 

blue 488 nm, the yellow-green 561 nm, and the red 622 nm lasers. The data were analyzed 

by using the FlowJo X software (FlowJo, LLC). 
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2.6 Microscopy 

2.6.1 Intravital 2-photon microscopy 

The mice were anesthetized and prepared for intravital 2-photon imaging. For this, the 

mouse was placed on a heating stage adjusted to 37°C and one ear was fixed to a metal 

platform. A coverslip sealed to a surrounding parafilm blanket was placed onto the ear and 

glued to the platform. 2-photon imaging was performed with a Zeiss LSM 700 equipped with 

a Mai Tai DeepSee Ti:Sa laser tuned at 920 nm (S. aureus-pKikume in B6 albino mice) or 

960 nm (S. aureus-GFP in CatchupIVM mice) and a W Plan-Apochromat 20x/1.0 DIC VIS-

IR dipping objective. For S. aureus-pKikume, the emitted signal was split by 490 nm, 

520 nm and 555 nm long pass and dichroic mirrors and filtered with 509/22 nm, 500/50 nm 

(green mKikume) and 589/54 nm (red mKikume) filters before collection with non-

descanned detectors. For S. aureus-GFP in CatchupIVM mice, the emitted signal was split 

by 555 nm long pass and 490 nm long pass and dichroic mirrors and filtered with 565/10 nm 

(red signal, neutrophils), 485 nm short pass (second harmonics) and 500/50 nm (GFP 

signal) filters before collection with non-descanned detectors. 

 

2.6.2 Confocal microscopy 

For in vitro imaging of S. aureus proliferation, agar pads (2% low melting agarose, 10% 

FCS, 12.5 µg/mL chloramphenicol in RPMI 1640 medium, without phenol red) on glass 

bottom dishes (ibidi) were used. For analyzing the bacteria in the tissue, the infected ears 

were harvested at defined time points, fixed for 8-16 h in 4% paraformaldehyde (PFA) in 

PBS at 4°C. Afterwards the fluorescence protein was stabilized by incubating the ears for 

8-16 h in 20% sucrose at 4°C. The samples were frozen in Tissue-Tek® O.C.T.™ 

Compound with liquid nitrogen and stored at -80°C. The ears were cut into 20 µm 

cryosections and placed on Superfrost slides (Thermo Scientific) coated with 0.1% Poly-L-

Lysin in ddH2O and air-dried for 1-2 h before storage at -40°C until use.  

Measurement was performed with the TCS SP8 confocal laser scanning microscope using 

a 63x/1.40 Oil CS2 objective. For proliferation analysis the red mKikume fluorescence signal 

was measured at 561 nm excitation and 598-638 nm emission, while the green mKikume 

fluorescence signal was measured at 488 nm excitation and 526-570 nm emission.  

To extract data of S. aureus uptake by neutrophils, the red tdTomato fluorescence signal 

(neutrophils in the CatchupIVM mice) was measured at 561 nm excitation and 600-669 nm 

emission, while the green GFP fluorescence signal (S. aureus-pGFP) was measured at 

488 nm excitation and 499-565 nm emission. 
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2.6.3 Staining of tissue sections for confocal microscopy 

For immunofluorescence staining of the bacteria, the infected ears (4 h p.I.) were prepared 

as for confocal microscopy. After storage at -40°C, the tissue was permeabilized with 0.1% 

triton-X 100 in PBS and stained with polyclonal rabbit anti-Staphylococcus aureus and 

Alexa Fluor 647 conjugated goat anti-rabbit IgG. The fluorescence signal of the antibody 

staining was measured at 488 nm excitation and 499-525 nm emission, while the green 

mKikume fluorescence signal was measured at 633 nm excitation and 675-745 nm 

emission. 

To examine the nucleus of the cells, CFP BMCs were used. The infected ears were 

photoconverted and 16 h p.I. prepared as described for confocal microscopy. The 

cryosections (5 µm) were again fixed with 4% PFA in PBS, permeabilized with 0.1% triton-X 

100 in PBS and stained with DAPI (1 mg/ml, 1:5000). The fluorescence signal of the DAPI 

staining was measured at 355 nm excitation and 422-452 nm emission and the CFP signal 

at 458 nm excitation and 461-496 nm emission. The green and red mKikume fluorescence 

signal was collectively measured at 488 and 633 nm excitation and 514-557 or 565-640 nm 

emission, respectively. 

 

2.6.4 Widefield microscopy 

To test the photoconvertability, a widefield microscope was used. Fluorescence signals 

were acquired by a BX61 microscope equipped with a UPlanApo 40x/0.85 objective and a 

F-view camera. Bacteria from a day culture (OD600 0.4-0.6) were pipetted on an agar pad 

(2% low melting agarose, 10% FCS, 12.5 µg/mL chloramphenicol in RPMI 1640 medium 

without phenol red) and placed on a coverslip. Photoconversion was performed for 20 s 

with 436/10 nm by half power of the illumination system MT20. 

 

2.6.5 Multi-Epitope Ligand Cartography (MELC) 

For analyzing the immune cells and bacteria in the tissue, the infected ears were harvested 

at defined time points, fixed for 2 h in 4% PFA in PBS at 4°C. Afterwards the fluorescence 

was stabilized by incubating the ears for 8-16 h in 20% sucrose at 4°C. The samples were 

frozen in Tissue-Tek® O.C.T.™ Compound with liquid nitrogen and stored at -80°C. The 

ears were cut into 10 µm cryosections and placed on Superfrost slides (Thermo Scientific) 

coated with 0.1% Poly-L-Lysin in H2O and air-dried for 1-2 h before storage at -40°C until 

use. 

For Multi-Epitope Ligand Cartography (MELC) a MM3.2 Toponome Imaging Cycler 

(MelTec, Magdeburg) was used at the Institute of Molecular and Clinical Immunology of the 
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Otto-von-Guericke-University, Magdeburg (Philipsen et al., 2013). Labelled antibodies 

(Table 2.7) were incubated successively and their fluorescence signals were removed by 

bleaching of the coupled fluorophore, after imaging. A DMI6000B microscope including a 

40x/NA1.25 lens and the Orca Flash 4.0 V2 was used for acquiring image stacks of the 

fluorescence signal for 3D images of 2000x2000 pixels in 15 steps with a voxel size of 

6500x6500x400 nm3. After every staining cycle, an additional phase contrast image was 

collected. With these images the fluorescence images were automatically aligned voxel-

wise (accuracy in XY 1/10 pixel and in Z 1/2 pixel). Illumination faults of the fluorescence 

images were eliminated with flat-field correction and additionally, the resolution of the 

fluorescent image stacks was optimized by a deconvolution and deblurring algorithm 

(XCOSM software package), an interface to Computational Optical Sectioning Microscopy 

algorithms for removing out-of-focus light in 3D images (Washington University St. Louis, 

MO). 

 

2.6.6 Image analysis 

Bacteria in intravital 2-photon microscopy movies were segmented using the surface 

detection function of the Imaris software (Bitplane) from combined red and green mKikume 

fluorescence channels. Fluorescence values and time points of the segmented bacteria for 

the individual channels were converted into flow cytometry datasets using the DiscIT 

software (Moreau et al., 2012) and analyzed using the FlowJo X software (FlowJo, LLC). 

For analysis of confocal microscopy data, 144x144 µm frames spaced at least 2.5 µm apart 

were used to detect bacteria in a combined green and red mKikume channel using the 

threshold and analyze particle functions of the Fiji software (NIH, http://rsb.info.nih.gov/ij/). 

The macro to analyze images is added in 6.2.1 Macro for automated proliferation 

measurement. Fluorescence data from the resulting regions of interest were extracted, 

converted into flow cytometry datasets using the DiscIT software (Moreau et al., 2012) and 

analyzed using the FlowJo X software (FlowJo, LLC). The combined proliferation indices of 

all detected bacteria within one frame were used for data representation. 

Host cells and bacteria in images of MELC were analyzed in the Fiji software (NIH, 

http://rsb.info.nih.gov/ij/). By drawing the surroundings of CD45.1+ or CD45.2+ host cells, 

regions of interest were defined. The cell surface markers were analyzed automatically by 

6.2.2 Macro for fluorescence measurement of cell borders in MELC data and the 

fluorescence of the bacteria was measured with 6.2.3 Macro for bacterial mKikume 

fluorescence measurement in MELC data. The fluorescence of the bacteria in one cell was 

normalized to the fluorescence of the bacteria in the CD45.1+ cells or for non-bone marrow 

chimeras to the bacteria in the wild type cells. 
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3 RESULTS 

3.1 Adaptation of mKikumeGR to S. aureus SH1000 

S. aureus surface proteins and secreted toxins trigger the production of chemotactic 

molecules, which results in a massive influx and accumulation of neutrophils at the site of 

infection (McGuinness et al., 2016). Although S. aureus has been shown to be able to 

withstand and counteract innate cellular immune responses (Abtin et al., 2014; Gresham et 

al., 2000; Kobayashi et al., 2010), it is unclear how neutrophil effector functions impact on 

its proliferation. Determination of growth rates during infection is of special interest for 

S. aureus because slow-growing subpopulations of this opportunistic pathogen have been 

proposed to acquire phenotypic resistance against antibiotic treatment, and give rise to 

relapsing infections due to lower sensitivity to immune-mediated control mechanisms 

(Tuchscherr et al., 2011; Krut et al., 2004). However, it has been difficult so far to determine 

S. aureus growth rates in vivo, especially beyond the first few rounds of cell division after 

inoculation (see Figure 1.8). Therefore, we generated a proliferation biosensor based on 

dilution and de novo production of the photoconvertible fluorescence protein mKikumeGR 

(Heyde et al., 2018; Muller et al., 2013; Jarick et al., 2018). 

 

 

Figure 3.1: Plasmid for mKikume expression in S. aureus SH1000. a) pGL485 vector map and 

cloning sites. b) Schematic representation of pGL485 derivatives, which were used for 

mKikume expression in S. aureus SH1000. Sequences of mKikume containing 

constructs are listed in 6.1 Sequences of mKikume constructs. cat= chloramphenicol 

resistance, ori= origin for replication, pcn= penicillinase promoter, RBS= ribosome 

binding site, sod= superoxide dismutase, spc= spectinomycin resistance. 

 

In a first step, different constructs for the use in pGL485 (Cooper et al., 2009) were designed 

to adapt the mKikumeGR to S. aureus SH1000 (Figure 3.1). For all approaches, the gene 

of mKikume was codon optimized by Eurofins MWG for better expression in S. aureus (see 
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for sequence 6.1 Sequences of mKikume constructs) (Catalao et al., 2014). In pLacKikume, 

the gfp gene of pGL485-GFP (Liew et al., 2011) was exchanged to the mKikume gene 

(Habuchi et al., 2008). For optimal fluorescence intensity, a second construct was designed, 

containing the iTag (Catalao et al., 2014), the sarA P1 promoter, and the sod RBS (Malone 

et al., 2009). The iTag is a stretch of 10 amino acids, which has been proposed to increase 

fluorescence intensity of GFP-like proteins in Gram-positive bacteria (Catalao et al., 2014; 

Henriques et al., 2013). The sarA P1 promoter is described as being highly active during 

bacterial growth and was already used for expression of GFP in S. aureus (Malone et al., 

2009; Liese et al., 2013; Manna et al., 1998). As an additional change, the sod RBS, which 

is reported to be a strong and effective RBS for fluorescence protein expression, was 

introduced (Malone et al., 2009). In the third construct, the promoter and ribosome binding 

site of tufA were used, which were reported for constitutive GFP expression in S. aureus 

(Schlag et al., 2010; Biswas et al., 2006). 

 

In Figure 3.2, confocal images of the three constructs and the empty vector pGL485 are 

compared. Fluorescence for S. aureus-pLacKikume was not detectable and for S. aureus-

pTufAKikume, much less green signal was detected than for S. aureus-pKikume. Similar 

data were measured with flow cytometry analysis of these constructs, also with this 

analysis, only a small proportion of bacteria were shown to be fluorescent, except for 

S. aureus-pKikume (Figure 3.2 b). Additionally, the measurement of green mKikume 

fluorescence in cultures over time revealed for S. aureus-pKikume higher intensities than 

for the only other fluorescent strain S. aureus-pTufAKikume (Figure 3.2 c). Because of the 

high fluorescence intensity, the big amount of fluorescent bacteria (around 80%), and no 

influence on the bacterial growth while expression of pKikume (Figure 3.2 c), all following 

mKikume experiments were performed with S. aureus SH1000-pKikume. 
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Figure 3.2:  Comparison of pGL485 derivates. a) Confocal imaging of S. aureus, cultivated for 

7 h, with different plasmids in glass bottom dishes. Scale bar, 3 µm. b) Flow cytometry 

analysis of S. aureus with different plasmids. Mean (+/- standard deviation) green 

fluorescence, representing mKikume signal of four individual 7 h cultures (left graph). 

Mean (+/- standard deviation) percentage of green fluorescent bacteria of four individual 

7 h cultures (right graph). ***, p<0.001 as determined by one-way ANOVA. c) Growth 

curves of S. aureus cultures containing different plasmids. OD600 measurement over 

time of three individual cultures (left graph). Mean (+/- standard deviation); ns, not 

significant as determined by two-way ANOVA Measurement of green fluorescence, by 

flow cytometry, over time of three individual cultures (right graph). 

 

The photoconversion of the mKikume fluorescent protein from green to red was tested via 

flow cytometry for an exponential growing culture, and via microscopy, for bacteria in the 

stationary phase (Figure 3.3). For estimating the duration of 405 nm illumination suitable 

for photoconversion, the red to green ratio was calculated, reflecting the decrease of green 

signal as well as the increase of red fluorescence. A photoconversion for 60 s was found to 

be suitable, because the biggest decrease in green fluorescent and only slight bleaching of 

all fluorescence intensities was observed. In the microscope, a sufficient photoconversion 

from green to red was achieved using UV illumination of 60 s. Thus, the protein can be 
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photoconverted by violet and UVA light at any given time point, even during infection in vivo 

(Figure 3.9 a). 

 

 

Figure 3.3: Photoconversion of mKikume a) Representative flow cytometry measurement of 

photoconverted (405 nm) S. aureus-pKikume. Cultivated for 3 h. b) Widefield 

microscopy of S. aureus-pKikume over night cultures growing on an agar pad before 

and after photoconversion with violet (405 nm) light. Scale bar, 3 µm. 

 

In a proliferation measurement approach of old versus new protein (see Figure 1.8), the 

proliferation of the bacteria can be measured by the recovery from photoconversion through 

dilution of “old” red (photoconverted) and de novo production of “new” green (non-

photoconverted) protein, which is expected to be taking place during growth, but not in 

proliferation-inactive bacteria (Figure 3.4 a). To evaluate the approach, S. aureus-pKikume 

was examined by time lapse microscopy after photoconversion in an in vitro system on agar 

pads. All bacteria were red fluorescent directly after photoconversion, but a recovery of the 

original, green fluorescence was detectable in dividing bacteria, while the red fluorescence 

was diluted in a time-dependent manner. In contrast, non-dividing bacteria (next to the 

dividing cells in Figure 3.4 b) retained the red, photoconverted fluorescence (Figure 3.4 b-

c). Several single bacteria were followed up over time and a quantitative analysis showed 

an increase in green and decrease in red fluorescence for dividing S. aureus, whereas the 

non-dividing bacteria remained stable in their fluorescence intensities (Figure 3.4 c). The 

calculated mKikume red to green fluorescence ratios showed a very robust change over 

time for dividing, but not for non-dividing bacteria on a single bacteria level (Figure 3.4 d). 
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Figure 3.4: Recovery of single bacteria from photoconversion. a) Schematic representation of 

the fluorescence-based reporter system principle. Proliferating bacteria turn green by 

dilution of the red fluorescent (photoconverted) protein and de novo production of green 

fluorescent mKikume and non-dividing bacteria stay red. b) Confocal time lapse imaging 

of a photoconverted (375 nm) S. aureus-pKikume culture growing on an agar pad. Scale 

bar, 3 µm. c) Normalized red and green fluorescence of dividing (red, green) and non-

dividing (pale red and green) bacteria as observed by time lapse imaging on an agar 

pad. Each curve represents one bacterium followed over up to 100 min. d) Ratio of red 

to green fluorescence of the measurement shown in b). Black curves, dividing bacteria, 

grey curves, non-dividing bacteria. Upper panel: Each curve represents one bacterium 

followed over up to 100 min. Lower panel: Mean +/- standard deviation. ***, p<0.001; 

**, p<0.01 as determined by two-way ANOVA. 

 

To quantify the recovery from photoconversion not only for single cells, but on the whole 

population level, flow cytometry analysis was used. Here, the fluorescent bacteria were 

detected by comparison against the non-fluorescent S. aureus-pGL485 (Figure 3.5 a). The 

exponentially growing culture was photoconverted and further cultivated. By taking samples 

over time, the change of the red to green ratio can be measured. The analysis of 

exponentially growing S. aureus culture showed that the largest change in the red to green 

ratio occurred in the first 60 min after photoconversion, with a complete recovery from 

photoconversion after 90 min (Figure 3.5 b-c) and a plateau in the development of red to 

green ratio after this time point. From these data, the optimal readout time point for 

S. aureus growth rate was determined to be 60 min after photoconversion. 
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Figure 3.5: Recovery from photoconversion in vitro. a) Flow cytometry analysis of non-

fluorescent S. aureus with the empty-vector pGL485 (upper plot) and S. aureus-

pKikume (lower plot) non-photovconverted (green) and 0 min after photoconversion 

(red). A gate for selecting fluorescent bacteria is indicated. b) Histogram of the red to 

green ratio of fluorescent bacteria in a day culture before (green) and after (red and 

grey) photoconversion gated as indicated in a). Green vertical line: distribution 

maximum of non-photoconverted bacteria. Red vertical line: distribution maximum of 

photoconverted bacteria. Data in a) and b) are representative of three individual 

bacterial cultures. c) Mean (+/- standard deviation) mKikume red to green fluorescence 

ratio development over time of three individual day cultures after photoconversion. ***, 

p<0.001; **, p<0.01 as determined by one-way ANOVA. 
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3.1.1 Division-incompetent, but metabolically active S. aureus 

In principle, a recovery from photoconversion could also be achieved by protein turnover in 

live, but non-growing bacteria. Therefore, in order to address the impact of protein turnover 

in non-dividing bacteria, we employed division-incompetent, but metabolically active 

S. aureus. Brockstedt et al. published DNA crosslinking for Gram-positive bacteria by using 

psoralen and UV light (Brockstedt et al., 2005). The bacterial DNA is crosslinked between 

the pyrimidine bases by psoralen with long-wavelength UVA light, whereby the distribution 

of the DNA cannot take place anymore, but the metabolism is still active (Belanger et al., 

2000; Lin et al., 1997). 

 

To validate that treatment with UVA and psoralen completely inhibits S. aureus SH1000 

growth, but the individual treatment conditions have no influence on the bacterial growth, 

the bacteria were plated as drops in dilutions (Figure 3.6 a). Suitable conditions for 

generating efficient growth inhibition of division-incompetent, but metabolically active 

bacteria were found to be 10 min UVA light on bacteria mixed with 10 µM psoralen 

(Aminoethyltrioxsalen, AMT), which were used for further characterization. The viability of 

the division-incompetent bacteria was investigated via their membrane potential and with it 

the membrane integrity, which is expected to decline for dying cells. The regular green 

fluorescent DiOC2 changes to red fluorescence by self-association in high cytosolic 

concentrations of dying or dead cells, which can be measured via flow cytometry. As shown 

in Figure 3.6 b, no significant (one-way ANOVA) differences in the membrane integrity were 

found for treated and non-treated cells. Thus, the division-incompetent bacteria were alive 

like non-treated bacteria. Because of the time frame of 60 min for measurement of the 

bacterial growth with the biosensor, the cells have to be healthy for 60 min after 

psoralen/UVA treatment. A comparable membrane integrity was shown for division-

incompetent bacteria, compared to untreated S. aureus over time to 60 min (Figure 3.6 c). 

Although the division-incompetent bacteria were alive, we observed no significant (two-way 

ANOVA) reduction in recovery from photoconversion as compared to growth competent 

controls, which in contrast shows a significant (two-way ANOVA) change in red or green 

mKikume fluorescence intensity (Figure 3.6 d). Therefore, indeed bacterial proliferation and 

not protein turnover is mainly responsible for fluorescence recovery after photoconversion 

as a readout of the biosensor. 
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Figure 3.6: Division-incompetent, but metabolically active S. aureus. a) Efficiency of growth 

inhibition after generation of division-incompetent, but metabolically active bacteria. 

Serial dilutions of control bacteria and bacteria treated with 10 µM psoralen (AMT), or 

10 min 375 nm light (UVA), or both. b) Flow cytometry measurement of membrane 

integrity by using DiOC2 of treated bacteria with 10 µM psoralen (AMT) and 10 min 

375 nm light (UVA). The protonophore CCCP was used as a low membrane integrity 

control. Mean of four individual cultures (+/- standard deviation) is shown; ns, not 

significant as determined by one-way ANOVA. c) Membrane integrity of division-

incompetent, but metabolically active bacteria (grey) and control S. aureus-pKikume 

(black) over time in culture. d) mKikume red and green fluorescence development over 

time of five to seven individual S. aureus-pKikume day cultures. Measurement of 

fluorescent bacteria by flow cytometry, started after photoconversion of exponential 

growth (red, green) and division-incompetent (pale red and green) bacteria. Mean 

+/- standard deviation is shown. ***, p<0.001; *, p<0.05; ns, not significant as 

determined by two-way ANOVA. 
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3.1.2 Intravital imaging of S. aureus-pKikume 

S. aureus accounts for a large number of skin and soft tissue infections (Tong et al., 2015), 

which represent a typical clinical manifestation of the pathogen. Therefore, an ear skin 

infection model was chosen to investigate S. aureus-pKikume infections and to examine 

S. aureus proliferation in vivo. For this, we analyzed recovery from photoconversion of the 

biosensor in S. aureus during cutaneous infection of the ear using intravital 2-photon 

microscopy. 

A low infection dose of 5x104 S. aureus carrying the pKikume reporter plasmid were injected 

intradermally at three infection site per ear of B6 albino mice, photoconverted by 405 nm 

illumination at a defined time point post infection (p.I.), and immediately imaged by intravital 

2-photon microscopy for subsequent 60 min (Figure 3.7). 

 

 

Figure 3.7: Schematic representation of intravital 2-photon microscopy procedure. Mice were 

infected in the ear at three injection sites with 5x104 S. aureus-pKikume each. After a 

defined period of time, bacteria in the ear were photoconverted and the mKikume red 

and green fluorescence was measured over time by intravital 2-photon microscopy. 

 

In order to ensure that all bacteria were detectable by their fluorescence during intravital 

microscopy, we first tested the population-wide mKikume fluorescence by confocal 

microscopy of fixed tissue sections. For this, we infected ears with S. aureus-pKikume, fixed 

and sectioned them. The cryosections were immunostained against S. aureus, and 

immunofluorescence staining was compared with bacterial mKikume signal at the site of 

infection. As shown in Figure 3.8, the majority of bacteria detectable by immunostaining 

expressed the mKikume protein at detectable levels and thus, would be visible during 

intravital 2-photon microscopy. 
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Figure 3.8: In vivo control of mKikume fluorescence. Representative confocal microscopy of 

S. aureus-pKikume (left row) infected mouse ears (4 h p.I.), fixed, cryosectioned, and 

immunostained against S. aureus (middle row). Scale bar, 5 µm. 

 

To analyze the in vivo recovery of green mKikume after photoconversion 3 h p.I., three 

distinct regions of interest were evaluated over time using 2-photon imaging. For the 

majority of the observed population an increase of green fluorescence (non-photoconverted 

mKikume) and a decrease of red fluorescence (photoconverted mKikume) was detectable 

during 2-photon microscopy, while only few bacteria stayed red (Figure 3.9 a). 

In order to determine S. aureus proliferation in a quantitative fashion, we segmented the 

bacteria using a calculated fluorescence channel with combined red and green 

fluorescence. Fluorescence data from the segmented objects were extracted and converted 

into cytometry datasets using the DISCit software (Moreau et al., 2012). In line with the 

observations in the in vitro system, substantial increase in green and decrease in red 

mKikume fluorescence was detected after photoconversion (Figure 3.9 a-b). As a result, 

the calculated red to green ratio declined over time for S. aureus-pKikume in the ear, which 

indicates bacterial growth. Of note, the quantitative value for proliferation was represented 

as a constant minus the red to green ratio, and termed “proliferation index”. 

Importantly, the mKikume red/green fluorescence ratio (and the calculated proliferation 

index) reached a plateau within 60 min (Figure 3.9 c), which was comparable with the 

kinetics observed in vitro (see Figure 3.5 b-c). This suggests that shortly after infection, 

a-S. aureusmKikume green transmitted light
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S. aureus proliferation in the tissue can reach rates that are comparable to exponential 

growth in vitro. 

 

 

Figure 3.9: In vivo recovery from photoconversion. a) Examples of three regions of one intravital 

2-photon microscopy of an infected mouse ear starting right after photoconversion 3 h 

p.I.. Projections of three-dimensional images of 20 Z-slices spaced 2 µm are shown. 

The single red and green fluorescence channels in the middle and bottom rows are 

shown as heat maps. Scale bar, 10 µm. b) Bacteria in the imaged regions shown in b) 

were automatically 3D-segmented and mean mKikume red and green fluorescence 

values were extracted for each detected shape and plotted over time. c) Red and green 

fluorescence values were used to calculate a proliferation index for each detected 

shape. The 80th percentile was calculated, and changes compared to the initial value 

were plotted in 10 min intervals. Each dot indicates a 10 min interval of one region 

analyzed in b) and c). Horizontal bar represents the mean. **, p<0.01; *, p<0.05 as 

determined by one-way ANOVA (comparison to the initial value). 
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3.2 The behavior of S. aureus-pKikume in wild type mice 

The proliferation rates of S. aureus over the course of an infection have never been 

systematically analyzed so far. In order to select the time points suitable for such analysis 

in the ear infection model, the course of infection in wild type mice was evaluated by the 

bacterial burden detected by CFUs. Mouse ears were intradermally infected with an 

exponential growing S. aureus-pKikume culture and harvested after 3 h, 16 h, 48 h, and 

144 h. The tissue was homogenized with tissue grinders and plated.  

3 h p.I., the tissue burden roughly reflected the bacterial number in the inoculum, 

tendentially less, probably due to the fact that not all bacteria had been efficiently deposited 

at the infection site. However, the S. aureus burden in the tissue increased significantly 

(one-way ANOVA) by 16 h p.I. (Figure 3.10). At later time points, we observed a control of 

the infection and the reduction of CFU numbers, until the tissue was completely cleared of 

bacteria six days p.I.. 

 

 

Figure 3.10: Pathogen burden over time in mouse ears infected with S. aureus-pKikume. Each 

symbol represents one individual ear (median of triplicate platings), plating of the 

inoculum is shown for comparison; horizontal bars represent the median; *, p<0.05; ns, 

not significant as determined by one-way ANOVA. 

 

To investigate the recruited immune cell populations at the different phases of the infection, 

we digested the infected ear tissue at 3 h and 16 h p.I. and analyzed by flow cytometry and 

counting beads the number of leukocytes (Figure 3.11). The identification of the immune 

cells by gating according to the used marker is exemplarily shown in Figure 3.11 a. In the 

beginning of infection 3 h p.I., where we had observed that bacterial numbers started to 

increase, no significant (one-way ANOVA) change in CD45+ leukocyte, neutrophil or 
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monocyte numbers in the infected ear tissue was measurable (Figure 3.11 a-b). In contrast, 

at the observed peak of the S. aureus tissue load at 16 h p.I., we observed a significant 

(one-way ANOVA) recruitment of CD45+ leukocytes, mainly consisting of neutrophils and 

some monocytes at the site of infection (Figure 3.11 a-b). All other analyzed immune cells, 

monocyte-derived DCs, macrophages, dermal DCs and CD4+-T cells did not significantly 

(one-way ANOVA) increase in their observed cell numbers (Figure 3.11 c). 

 

 

Figure 3.11: Immune cell recruitment in infected mouse ears with S. aureus-pKikume. 

a) Example for flow cytometry analysis of leukocytes recruited to the site of S. aureus-
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pKikume infection at 3 h versus 16 h p.I.. Data from of non-infected mice are shown for 

comparison. Data are representative of eight infected ears per condition. b) Cell counts 

in infected ears analyzed by flow cytometry and calculated based on counting beads. 

Gating on CD45+ cells and Neutrophils (CD11b+, Ly6G+) as shown in a) and on 

Monocytes (CD11b+, Ly6G-, Ly6C+) as shown in Figure 3.25. Each dot represents one 

individual ear; horizontal bars represent the mean; ***, p<0.001; **, p<0.01, ns, not 

significant as determined by one-way ANOVA. c) Other immune cell counts in infected 

ears analyzed by flow cytometry and calculated based on counting beads. Gating as 

represented in Figure 3.25. Each dot represents one individual ear; horizontal bars 

represent the mean; ns, not significant as determined by one-way ANOVA. 

 

For the purpose of analyzing whether S. aureus growth rate was changed in the 

inflammatory microenvironment at 16 h p.I., we compared bacterial recovery from 

photoconversion at 3 h versus 16 h p.I. by intravital 2-photon microscopy. We infected the 

ears with S. aureus-pKikume and used the procedure described in Figure 3.7, starting time 

lapse microscopy with 90 s imaging steps, directly after photoconversion at 3 h and 16 

h p.I.. The bacteria were, as described in Figure 3.9, segmented and measured 

automatically. The change of the 80th percentile over 10 min imaging was calculated to 

compare the growth rate of the bacteria in the ear over time. Strikingly, we observed a 

significant (two-way ANOVA) decline in the rate of recovery from photoconversion at 16 h 

p.I. compared to 3 h p.I. (Figure 3.12). Of note, recovery from photoconversion was not 

completely abrogated at 16 h p.I.. Thus, we concluded that at 16 h p.I., the observed 

S. aureus were alive, but exhibited a reduced growth as compared to 3 h p.I.. 
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Figure 3.12: Intravital application of S. aureus-mKikume for proliferation measurement. 

a) Examples of intravital 2-photon microscopy of infected mouse ears starting after 

photoconversion 3 h (left panel) versus 16 h (right panel) p.I.. Projections of three-

dimensional images of 20 Z-slices spaced 2 µm are shown. The single red and green 

fluorescence channels in the middle and bottom rows of each panel are shown as heat 

maps. Scale bar, 10 µm. b) Proliferation index measurement by intravital 2-photon 

microscopy over time at 3 h p.I. (closed symbols) versus 16 h p.I. (open symbols). 

Representation of the 80th percentile changes in 10 min intervals of three imaged 

regions. Each dot indicates an analyzed 10 min interval of one region; horizontal bars 

represent the mean; **, p<0.01; as determined by two-way ANOVA. 

 

In order to corroborate the findings obtained with intravital 2-photon microscopy, we devised 

a quantitative confocal microscopy approach based on cryosections of S. aureus-pKikume 

infected ears fixed 60 min after photoconversion. In line with the observations in the ongoing 

infection, comparison of confocal images of tissue sections at 3 h and 16 h p.I. in Figure 

3.13 a showed a much lower recovery from photoconversion at 16 h p.I.. Automated 

measurement of mKikume red and green fluorescence of such samples was used to 
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determine the proliferation index in a standardized fashion. This quantitative analysis of 

proliferation rates determined from the tissue sections revealed a significantly (one-way 

ANOVA) lower S. aureus growth at 16 h versus 3 h p.I. (Figure 3.13 b). Additionally, the 

red to green ratio at 3 h p.I. was comparable with non-photoconverted bacteria. Thus, 

concomitantly with the onset of the innate immune reaction, the growth rate of the S. aureus 

at the site of infection decreases. Furthermore, the decline of bacteria in the pathogen 

burden at 48 h p.I. (see Figure 3.10) fits to the trend of a lower proliferation rate at this time 

point, compared to 16 h p.I. (Figure 3.13 b). 

 

 

Figure 3.13: Automated proliferation measurement of confocal microscopy. a) Confocal 

imaging of photoconverted S. aureus-pKikume in fixed cryosections of ears infected for 

3 h (upper panels) versus 16 h (lower panels), photoconverted 1 h prior to fixation and 

analysis. Four representative regions are shown per condition, the single red and green 

fluorescence channels in the middle and right column are shown as heat maps. Scale 

bar, 5 µm. b) Proliferation index of bacteria detected in in fixed cryosections of ears 

infected for 3 h,16 h and 48 h p.I., photoconverted 1 h prior to fixation and analysis. 

Confocal images as represented in a) were analyzed automatically. At least 14 confocal 

images per mouse ear were analyzed in seven to ten ears per time point. For controls 

six ears per condition were analyzed. Each symbol represents one confocal image; 

horizontal bars represent the median; ***, p<0.001; ns, not significant as determined by 

one-way ANOVA. 

 

ba

3
 h

 p
.I

.
1

6
 h

 p
.I

.

mKikume

green

red

mKikume

green

mKikume

red

Min max

10

5

0
P

ro
lif

e
ra

ti
o

n
 i
n

d
e

x
 (

A
U

)

3
 h

 p
.I

.

1
6

 h
 p

.I
.

B
e

fo
re

 p
h

o
to

c
o

n
v.

A
ft

e
r 

p
h

o
to

c
o

n
v.

***

***

nsns

4
8

 h
 p

.I
.

***



RESULTS 

 

70 
 

3.3 Uptake of S. aureus by neutrophils 

Neutrophils are the first line of cellular defense against microorganisms. These professional 

phagocytes exert their antimicrobial effector functions by uptake and degradation of 

S. aureus employing a repertoire of antimicrobial peptides and enzymes stored in their 

granules, the release of neutrophil extracellular traps (NETs), and oxidative burst that is 

marked by the massive release of reactive oxygen species (ROS) produced by the NADPH 

oxidase (Stapels et al., 2015; Sollberger et al., 2018b; Anderson et al., 2008). 

 

In order to visualize the interaction of neutrophils with S. aureus upon recruitment to the site 

of infection, we employed CatchupIVM mice, in which neutrophils exhibit red fluorescence 

dependently of neutrophil-specific Ly6G expression (Hasenberg et al., 2015), infected by 

GFP-expressing S. aureus-pGFP (Liew et al., 2011). 

Based on our observations that neutrophils are only beginning to be recruited 3 h p.I. (see 

Figure 3.11 b) we chose this time point for microscopy to be able to monitor single 

neutrophils and their interactions with S. aureus. Using intravital 2-photon microscopy 3 h 

p.I., we observed in CatchupIVM mice, in which neutrophils express high levels of red 

fluorescence protein (Hasenberg et al., 2015), the recruitment of the cells, interaction with 

GFP-expressing S. aureus bacteria and the uptake of the bacteria by the neutrophils 

(Figure 3.14 a-b). With confocal microscopy and using three-dimensional representation, 

we could prove the intracellular localization of green S. aureus-pGFP in the red neutrophils 

at 3 h as well as 16 h p.I. (Figure 3.14 c-d). To analyze the localization, we segmented the 

neutrophils in an automated fashion (using Imaris, Bitplane) into surfaces and defined by 

these surfaces the intra- and extracellularly localized bacteria. These bacteria were equally 

segmented and enabled us to calculate how many bacteria were in the neutrophils and how 

many were localized extracellularly. This quantitative analysis of S. aureus cellular 

localization revealed that while the small number of neutrophils present at 3 h p.I. had taken 

up about 20% of the bacteria, the majority of S. aureus was found within this phagocyte 

population at 16 h p.I. (Figure 3.14 e). Thus, S. aureus is phagocytosed by recruited 

neutrophils right after the onset of the innate immune response. 
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Figure 3.14: Neutrophil uptake of S. aureus in vivo. a) Overview of intravital 2-photon microscopy 

of CatchupIVM neutrophil reporter mice infected with green fluorescent S. aureus-pGPF. 

The projection of a three-dimensional image of 11 Z-slices spaced 3 µm is shown. Scale 

bar, 20 µm. b) Intravital 2-photon microscopy of with S. aureus-GFP infected mouse 

ears (CatchupIVM) starting 4 h p.I.. Projections of three-dimensional images of 11 

Z-slices spaced 3 µm are shown. A dotted arrow highlights neutrophil-S. aureus 

interaction, white arrows highlight a neutrophil carrying S. aureus bacteria. Scale bar, 

10 µm. c) Confocal imaging of cryosections from CatchupIVM neutrophil reporter mice 

infected with S. aureus-pGPF in the ear for 3 h and 16 h. Scale bar, 5 µm. d) 3D-sections 

of bacteria (green) within neutrophils (red) shown in c). Scale bar, 2 µm. e) Bacteria and 

neutrophils were automatically 3D-segmented, and bacteria were assigned either inside 

or outside the detected neutrophil shapes. At least five 3D-segmented volumes (120 x 

120 x 20 µm3) per infected ear in four to five ears per condition were analyzed and the 

percentage of bacteria localized in neutrophils was calculated for each volume. Each 

dot represents one analyzed confocal volume; horizontal bars represent the median; 

***, p<0.001 as determined by Mann-Whitney test. 
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3.4 The effect of neutrophil-depletion on S. aureus growth 

Neutrophils are the main immune cell population recruited after S. aureus infection (see 

Figure 3.11 and Figure 3.14). Additionally, we could detect the control of the skin infection 

upon occurrence of these professional phagocytes (see Figure 3.10). Because of these 

data, we wanted to investigate the course of infection in mice depleted of neutrophils. 

Therefore, we abolished the neutrophils with the monoclonal Ly6G-specific 1A8 antibody 

(Daley et al., 2008). The depleting antibody was used in a dose of 150 µg per mouse. As 

an isotype control, the rat IgG2a 2A3 antibody, and for mock control PBS, was used. By 

flow cytometry analysis, the depletion was analyzed in blood samples, staining for 

neutrophil-markers, including the depleting antibody (Figure 3.15 a). We observed that 1A8 

antibody administration, but not control antibody, resulted in a complete loss of Ly6G-

positive cells from the blood. Importantly, we could also show the ablation of neutrophils 

using a GR-1 antibody. 

Both the 1A8 as well as the GR-1 epitope of Ly6G could be masked by the depleting 1A8 

antibody, and therefore prevent staining of neutrophils in 1A8-injected mice. To test for the 

extent of such an epitope masking, we isolated the cells of infected wild type ears and 

incubated them with controls or 1A8 antibody. Using flow cytometry, monocytes (CD11b+, 

Ly6CHigh, Ly6G-) and neutrophils (CD11b+, Ly6CIntermediate, Ly6G+) were identified in control 

cells (Figure 3.15 b, black and dark grey curves) (Daley et al., 2008). In contrast, complete 

blocking against the Ly6G (1A8) antibody staining was achieved by pre-incubation with the 

depleting antibody (Figure 3.15 b). Although comparison of the GR-1 signal in 1A8-pre-

incubated versus control cells showed a slight reduction of the GR-1 staining for neutrophils 

the signal was still significantly (one-way ANOVA) higher than for monocytes (Figure 3.15 

b-c). We therefore concluded that during in vivo neutrophil-depletion with the 1A8 antibody, 

the cells were really depleted from the blood and not undetectable due to masking of the 

the Ly6G epitope. 
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Figure 3.15: Depletion of Ly6G+ cells by 1A8 antibody. a) Representative plots of flow cytometry 

analyses of blood samples to test for neutrophil-depletion with the 1A8 antibody. b) Flow 

cytometry analysis of control and 1A8 antibody treated cells. Immune cells, isolated by 

digestion form infected mouse ears (16 h p.I.) were incubated with MACS buffer (black), 

control 2A3 antibody (100 µg/ml, approx. blood concentration, dark gray), or 1A8 

antibody (100 µg/ml, pale red or 10 times higher than blood concentration, red) for 

30 min. Gating on monocytes (CD11bIntermediate, Ly6CHigh, orange) and neutrophils 

(CD11bHigh, Ly6CIntermediate, green) is shown. Isotype control (Rat IgG2a, κ) or FMO (both 

pale grey, filled histograms) are shown for comparison. c) Quantification of mean 

fluorescence intensity (MFI) of GR-1 signal for detected immune cells as shown in b). 

***, p<0.001; ns, not significant as determined by one-way ANOVA. 

 

When we analyzed the S. aureus-pKikume infected ear of neutrophil-depleted and control 

mice, we found the bacterial burden to be equal for both at 3 h p.I. (Figure 3.16 a). However, 

for 16 h and 48 h p.I., the counts of bacteria in the ear were higher than in the control mice, 

which was significant (one-way ANOVA) at 16 h p.I. and a trend at 48 h p.I. (Figure 3.16 
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a). To compare additionally the number of pathogens in the draining lymph nodes (first 

cervical lymph node), we homogenized and lysed also these tissues and plated the bacteria. 

For all three time points 3 h, 16 h, and 48 h p.I. no differences were detectable in the 

bacterial burden of the lymph nodes (Figure 3.16 b). Therefore, the ablation of neutrophils 

affected bacterial numbers exclusively in tissues and at time points with massive 

recruitment of these cells. 

 

 

Figure 3.16: Infection of neutrophil-depleted mice with S. aureus-pKikume. a) Pathogen burden 

over time in control (black symbols) versus neutrophil-depleted (grey symbols) mouse 

ears infected with S. aureus-pKikume. Each symbol represents one individual ear 

(median of triplicates), horizontal bars represent the median, and plating of the inoculum 

is shown for comparison. ***, p<0.001; ns, not significant as determined by one-way 

ANOVA. b) Pathogen burden over time in lymph nodes of control (black symbols) 

versus neutrophil-depleted (grey symbols) mice infected with S. aureus-pKikume. Each 

symbol represents the first cervical lymph node (median of triplicates); horizontal bars 

represent the median; ns, not significant as determined by one-way ANOVA. 

 

By using the in vivo biosensor, we then analyzed the bacterial growth in neutrophil-depleted 

mice. Similar to the analysis of the bacterial burden at 3 h p.I., also for bacterial growth, no 

differences between control and neutrophil-depleted mice were detectable (Figure 3.17). 

In contrast, for 16 h p.I., an enhanced recovery of green fluorescence by S. aureus-pKikume 

in neutrophil-depleted mice could be observed as compared to non-depleted controls 

(Figure 3.17 a). This was confirmed by the significant (one-way ANOVA) differences in the 

automatically analyzed bacterial proliferation index for the pathogens in control and 

neutrophil-depleted mice at 16 h p.I. (Figure 3.17 b). In line with the trend of a higher 

bacterial burden 48 h p.I. in neutrophil-depleted mice, the growth of S. aureus was 
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significantly (one-way ANOVA) elevated at this time point in the mice lacking neutrophils 

(Figure 3.17 b). 

 

 

Figure 3.17: Proliferation of S. aureus-pKikume in neutrophil-depleted mice. a) Confocal 

imaging of photoconverted S. aureus-pKikume in fixed cryosections of control and 

neutrophil-depleted mice, infected for 3 h versus 16 h, and photoconverted 1 h prior to 

fixation and analysis. Two representative regions are shown per condition, the single 

red and green fluorescence channels in the middle and right column are shown as heat 

maps. Scale bar, 5 µm. b) Proliferation index of bacteria detected in in fixed cryosections 

of control (black symbols) versus neutrophil-depleted (grey symbols) mouse ears 

infected with S. aureus-pKikume and confocal images as represented in a) were 

analyzed automatically. At least 17 confocal images per mouse ear were analyzed in 

eight to twelve ears per condition. Each dot represents one confocal image; horizontal 

bars represent the median; ***, p<0.001; ns, not significant as determined by one-way 

ANOVA. 

 

In wild type mice, we had shown that mainly neutrophils were recruited into the ear after 
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control mice (Figure 3.18 a). Calculation of total cell numbers by counting beads, showed 

significantly (one-way ANOVA) lower numbers in recruited leukocytes in infected ears of 

mice depleted of neutrophils compared to control and depletion-control mice (Figure 3.18 

b). The depletion by the 1A8 antibody reduced the total CD45+ cells by 0.56 or 
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0.52x106 cells (equivalent to 40-70%) at 16 or 48 h p.I., respectively, but the neutrophils in 

treated mice about 0.57 or 0.9x106 cells, which is more than 90% (Figure 3.18 b). The 

remaining cells mainly consisted of monocytes (Ly6C+, Ly6G-, CD11bIntermediate) and the cell 

type described above not present in non-depleted mice (Ly6C+, Ly6G-, CD11bHigh). 

However, both cell types combined were present with 0.14 or 0.55x106 cells at 16 or 48 h 

p.I., respectively (Figure 3.18 b). Consequently, a reduction of the total recruited immune 

cell population, especially neutrophils, was reached by depletion with the 1A8 antibody. 

 

 

Figure 3.18: Recruitment of immune cells in neutrophil-depleted mice. a) Flow cytometry 

analysis of leukocytes recruited to the site of S. aureus-pKikume infection at 16 h versus 

48 h p.I. in control and neutrophil-depleted mice. Data are representative of at least five 

infected ears per condition. b) Cell counts in infected ears analyzed by flow cytometry 

and calculated based on counting beads. Gating on CD45+ cells, Neutrophils (Ly6C+, 

CD11b+, Ly6G+) and Monocytes (Ly6C+, CD11bintermediate, Ly6G-), and newly appearing 

cells upon depletion (Ly6C+, CD11bHigh, Ly6G-) as shown in a). Each dot represents one 

individual ear; horizontal bars represent the mean; ***, p<0.001; **, p<0.01; ns, not 

significant as determined by one-way ANOVA. 
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S. aureus, we used flow cytometry. In a first step we had to exclude a cross-infection of 

immune cells during cell purification. Therefore, in a control experiment, during enzymatic 

digestion of the infected tissues, a half ear of S. aureus-pGL485 infected BL6 mouse 

(CD45.2+) was processed together with a half ear of S. aureus-pGFP infected CD45.1+ 

mouse. Additionally, 20 µg/ml erythromycin and 2.5 µg/ml lysostaphin were added to kill all 

extracellular bacteria. By gating on GFP+ cells, we could detect the host cells of S. aureus-

pGFP, which should only be present in CD45.1+ neutrophils (Figure 3.19 a). We could show 

that no major exchange of bacteria from the GFP-infected CD45.1+ to the nonfluorescent 

CD45.2+ cells took place during the purification procedure, thus excluding cross-infection 

artifacts (Figure 3.19 a-b). 

To characterize the S. aureus-infected host cells, we applied the same gating strategy as 

used for identification of recruited cells (see Figure 3.18 a), except for an additional gating 

on the GFP+ cells before identification of CD45+ leukocytes (Figure 3.19 c). By this analysis, 

we could show that the pathogen is, both in control mice as well as in neutrophil-depleted 

mice, localized within Ly6C+, CD11bHigh cells, which appeared to be Ly6G+ in the control 

and Ly6G- in the depleted mice (Figure 3.19 d). Furthermore, more monocytes had 

phagocytosed S. aureus in the neutrophil-depleted mice compared to control mice (Figure 

3.19 d). 
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Figure 3.19: Host cells of S. aureus in infected neutrophil-depleted mice. a) Flow cytometry 

analysis excluding cross-infection artifacts during cell isolation. Ears of CD45.1+ mice, 

infected with S. aureus-pGFP and BL6 (CD45.2+) mice infected with S. aureus-pGL485. 

b) Percentages of GFP+ neutrophils in combined ears of CD45.1+ mice, infected with 

S. aureus-pGFP and BL6 (CD45.2+) mice infected with S. aureus-pGL485 during 

purification. Bars represent the mean (+/- standard deviation) of three combined ears; 

*, p<0.05 as determined by paired t-test. c) Flow cytometry analysis of recruited host 

cells at the site of S. aureus-pKikume infection at 16 h versus 48 h p.I. in control and 

neutrophil-depleted mice. After gating for GFP+ cells, further analysis like in Figure 3.18 

a) shown. Data are representative of at least five infected ears per condition. Leukocytes 

from S. aureus-pGL485 infected mouse ear are shown for comparison. d) Cells in 

infected ears analyzed by flow cytometry. Gating on CD45+ cells, Neutrophils (Ly6C+, 

CD11b+, Ly6G+), Monocytes (Ly6C+, CD11bIntermediate, Ly6G-), and newly appearing cells 

upon depletion (Ly6C+, CD11bHigh, Ly6G-). Each dot represents one individual ear; 
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horizontal bars represent the mean; ***, p<0.001; *, p<0.05; ns, not significant as 

determined by one-way ANOVA. 

 

We next wanted to test if the Ly6C+, CD11b+, Ly6G- cells occurring upon 1A8 antibody 

injection were monocytes with a higher CD11b signal. For this, we used CX3CR1-GFP mice 

and CCR2 staining to identify monocytes. The mice were infected with S. aureus-pGL485 

and the recruited immune cells were gated for a Ly6C+, CD11bIntermediate, Ly6G- bona fide 

monocyted population and the newly occurring Ly6C+, CD11bHigh, Ly6G- population (Figure 

3.20 a). The majority of recruited Ly6C+, Ly6G-, CD11bIntermediate population in the control 

and also depleted mice were also CX3CR1 and CCR2 positive (Figure 3.20 b). Thus, as 

expected, these cells corresponded to monocytes. In contrast, the population, which 

appears only upon S. aureus infection of neutrophil-depleted mice did not express CX3CR1 

or CCR2 to a substantial amount, and thus were not monocytes (Figure 3.20). From these 

data, we concluded that despite the complete disappearance of neutrophils from the blood, 

a residual neutrophil-like cell population with Ly6G downregulated or masked is recruited to 

the site of infection in 1A8 neutrophil-depleted mice. 
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Figure 3.20: Analysis of recruited monocytes in infected ears of neutrophil-depleted mice. 

a) Flow cytometry analysis of leukocytes recruited to the site of S. aureus-pKikume 

infection at 16 h versus 48 h p.I. in control and neutrophil-depleted CX3CR1-GFP mice. 
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Data are representative for eight (in case of CCR2 for four) infected ears per condition. 

b) Cells in infected ear, are analyzed by flow cytometry as represented in a). Gating on 

Neutrophils (Ly6C+, CD11b+, Ly6G+), Monocytes (Ly6CHigh, CD11b+, Ly6G-, CX3CR1+) 

divided in Ly6C+, CD11bHigh, Ly6G- (orange) and Ly6C+, CD11bintermediate, Ly6G- (green) 

cells. Each dot represents one individual ear; horizontal bars represent the mean; ***, 

p<0.001; as determined by one-way ANOVA. 

 

To test if the Ly6CIntermediate, CD11bHigh, Ly6G- population appearing in neutrophil-depleted 

mice was already detectable at an early time point before recruitment, we analyzed the 

bone marrow of neutrophil-depleted versus control mice. We found in neutrophil-depleted 

mice a significant (one-way ANOVA) increased population of Ly6G-, CD11b+ cells as 

compared to control mice (Figure 3.21), however monocyte numbers as determined by 

CX3CR1 expression were unchanged. Additionally, we could show that the neutrophil-

depletion by the 1A8 antibody is already effective in the bone marrow (Figure 3.21), but we 

saw for 16 h and 48 h p.I. no differences in the pattern of the SSC versus CD45 signal for 

the leukocytes (see Figure 3.21 a). However, the Ly6G negative cells were at the same 

time CX3CR1 negative, underlining that these cells were most likely no monocytes (Figure 

3.21 b), but neutrophil-like cells with Ly6G decreased or masked. 
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Figure 3.21: Analysis of bone marrow leukocytes in infected neutrophil-depleted mice. a) Flow 

cytometry analysis of leukocytes in bone marrow of S. aureus-pKikume infected control 

and neutrophil-depleted mice at 16 h versus 48 h p.I.. Data are representative of four 

infected mice per condition. b) Cell in bone marrow of infected mice analyzed by flow 

cytometry like represented in a). Gating on Neutrophils (Ly6C+, CD11b+, Ly6G+), non-

Neutrophils (Ly6C+, CD11b+, Ly6G-) and Monocytes (CD11b+, Ly6G-, Ly6CHigh, 

CX3CR1+). Each dot represents one mouse; horizontal bars represent the mean; ***, 

p<0.001; ns, not significant as determined by one-way ANOVA. 

 

After showing by flow cytometry that the Ly6CIntermediate, CD11bHigh, Ly6G- cells in S. aureus 

infected neutrophil-depleted mice were not monocytes (Figure 3.20 and Figure 3.21) we 

wanted to further characterize these cells according to their nucleus morphology. Therefore, 

we reconstituted lethally irradiated wild type mice with CFP-expressing cells, depleted their 

neutrophils by 1A8 antibody, and infected them with S. aureus-pKikume. We stained the 

DNA of the cells in the cryosectioned ear tissue with DAPI. 

Interestingly, we found both in the infected ear of control as well as neutrophil-depleted mice 

a similar nuclear morphology of the recruited immune cells (Figure 3.22). In particular, the 
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shape of the nuclei in both, control and neutrophil-depleted mice, was lobulated as 

described for granulocyte nuclei of neutrophils (Hoffmann et al., 2007). 

 

 

Figure 3.22: Nuclei characterization of newly appearing cells upon neutrophil-depletion. 

Confocal imaging of fixed and DAPI stained cryosections of control and neutrophil-

depleted CFP-BMCs, infected with S. aureus-pKikume for 16 h. The projection of a 

three-dimensional image of 3 Z-slices spaced 1 µm is shown. Each row represents an 

individual ear. Scale bar, 5 µm. 

 

We could show the depletion of neutrophils from the blood after treatment of the mice with 

the 1A8 antibody (see Figure 3.15). By flow cytometry analysis, we identified a newly 

occurring cell population (Ly6C+, Ly6G-, CD11bHigh) in S. aureus infected neutrophil-

depleted mouse ears (see Figure 3.18), which is not characterized as monocytes (see 

Figure 3.20) and exhibited nuclei like similar to the recruited neutrophils in infected control 

mice (see Figure 3.22). Because of these results, we decided to analyze in the recruited 

cells, additionally to Ly6G itself, the GR-1 epitope, which is less specific for Ly6G, but also 

less likely to be masked by the depleting 1A8 antibody. As observed before, no Ly6G signal 

was detectable for in neutrophil-depleted mice (Figure 3.23). However, with the GR-1 

antibody a reduced GR-1 expression on the surface of the newly appearing cell type 

(Ly6CIntermediate, CD11bHigh, Ly6G-) was measured. Compared to the GR-1 signal on the cells 

of control mice, the signal was significantly (one-way ANOVA) reduced, but still much higher 

(fivefold) than the FMO control (Figure 3.23). Since we could not detect any GR-1 signal in 

blood samples of neutrophil-depleted mice, we concluded that the Ly6G is partially masked 

by the depletion 1A8 antibody and additionally downregulated or not yet expressed on these 

cells, suggesting these cells could be immature neutrophils. 
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Figure 3.23: Masking versus lower expression of Ly6G in neutrophil-depleted mice. a) Flow 

cytometry analysis of recruited immune cells in infected control and neutrophil-depleted 

mouse ears. Immune cells, isolated by digestion (30 min) from infected ears (16 h p.I.) 

of control (PBS, black; 2A3, dark grey) or neutrophil-depleted (1A8, red) mice. Gating 

on neutrophil-like cells (Ly6CIntermediate, CD11bHigh) is shown. Isotype control (Rat IgG2a, 

κ) or FMO (both pale grey) are shown for comparison. b) Quantification of mean 

fluorescence intensity (MFI) of GR-1 signal for detected immune cells (Ly6CIntermediate, 

CD11bHigh) as shown in a). FMO for GR-1 is shown for comparison. Each dot represents 

one ear; horizontal bars represent the mean. ***, p<0.001 as determined by one-way 

ANOVA. 

 

6.20

54.3

8.02

7.34

67.5

9.01

L
y
6
C

S
S

C

CD45+

Ly6G (1A8)

GR-1CD45 CD11b

Ly6CInter CD11bHigh

D
e

p
le

te
d

C
o

n
tr

o
l

a

F
M

O
 G

R
-1

D
e

p
le

te
d

C
o

n
tr

o
l

M
F

I 
G

R
-1

 (
x
1
0

2
)

***

b

102

103

101



RESULTS 

85 
 

3.5 The effect of NADPH oxidase on S. aureus growth 

We had, in our previous experiments, observed that in neutrophil-depleted mice, neutrophil-

like cells still are recruited to the site of infection and are a host cell of the bacteria (see 

Figure 3.19 and Figure 3.20). NADPH oxidase constitutes a major antimicrobial effector 

mechanism of neutrophils (see 1.2.3 The weapons stockpile of neutrophils). In addition to 

its importance for oxidative burst acting directly against phagocytosed microorganisms, 

superoxides produced by this enzyme can trigger the release of neutrophil extracellular 

traps (Sollberger et al., 2018b; Anderson et al., 2008). We therefore decided to investigate 

the specific impact of this antimicrobial “weapon” on S. aureus. Whether NADPH oxidase 

activity can impair pathogen proliferation rates or mediates direct killing of S. aureus without 

overt impact on its proliferation has remained completely unknown. We therefore set out to 

analyze S. aureus proliferation rates in NADPH oxidase-deficient cybb-/- mice, where the 

gene of Nox2/gp91phox, a membrane domain of the NADPH oxidase, is knocked out. 

Plating of the homogenized infected ear tissue exhibited a significant (one-way ANOVA) 

increase in the S. aureus burden of cybb-/- compared to wild type mice at the peak of the 

infection at 16 h p.I. (Figure 3.24 a). In contrast, there were no differences in pathogen 

numbers at 3 h and 48 h p.I. (Figure 3.24 a). Additionally, we plated the draining lymph 

nodes (first cervical lymph nodes) to measure also here the bacterial burden. In Figure 3.24 

b the decrease in bacterial burden over time for both, cybb-/- and wild type mice is plotted. 

But, although not significant (one-way ANOVA) difference was detectable, a trend to 

elevated pathogen numbers in the lymph nodes of cybb-/- mice was observed. 
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Figure 3.24: Bacterial tissue burden in ROS deficient mice. a) Pathogen burden at 3 h, 16 h, and 

48 h p.I. in wild type (black symbols) and cybb-/- (grey symbols) mice infected with 

S. aureus-pKikume. Each symbol represents one individual ear (median of triplicates), 

plating of the inoculum is shown for comparison; horizontal bars represent the median; 

***, p<0.001; ns, not significant as determined by one-way ANOVA. c) Pathogen burden 

over time in draining lymph nodes of wild type (black symbols) versus cybb-/- (grey 

symbols) mice infected with S. aureus-pKikume. Each symbol represents the first 

cervical lymph node corresponding to one infected ear. Horizontal bars represent the 

median; ns, not significant as determined by one-way ANOVA. 

 

Based on the observation of higher CFU numbers at the peak of the infection in cybb-/- mice, 

we wanted to investigate the role of recruited leukocytes in these animals with an impaired 

antimicrobial response. For this, the leukocyte recruitment to the site of infection was 

analyzed by flow cytometry. At 3 h p.I., were no differences between uninfected, wild type 

and ROS-deficient mice visible (Figure 3.25). At 16 h p.I., although we had observed a 

higher bacterial burden in cybb-/- mice, we observed at the same time, an increased 

recruitment of leukocytes, mainly monocytes and neutrophils to the site of infection (Figure 

3.25). The same increase in neutrophil numbers was detectable at 48 h p.I. in cybb-/- mice, 

whereas monocytes were just elevated to the level of wild type controls. No other cell types 

were increased in numbers upon infection up to 48 h p.I. neither in wild type nor in ROS-

deficient mice (Figure 3.25). 
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Figure 3.25: Recruitment of immune cells at site of infection in NADPH oxidase-deficient mice. 

a) Flow cytometry analysis of leukocytes recruited to the site of S. aureus-pKikume 

infection at 3 h versus 16 h p.I. in wild type and cybb-/- mice. Data from of non-infected 

mice are shown for comparison. Data are representative of at least 8 infected ears per 

condition. b) Cell counts in infected ears analyzed by flow cytometry and calculated 

based on counting beads. Gating on CD45+ cells, Neutrophils (CD11b+, Ly6G+) and 

Monocytes (CD11b+, Ly6G-, Ly6C+), CD4+-T cells (CD11b-, Ly6G-, CD4+), Macrophages 
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(CD11b-, Ly6G-, CD11c-, MHC II+), Dermal DCs (CD11b-, Ly6G-, CD11c+, MHC II+) and 

Monocyte-derived DCs (CD11b+, Ly6G-, CD11c+, MHC II+). Data are shown from two 

independent experiments. Each dot represents one individual ear; horizontal bars 

represent the mean; ns, not significant as determined by one-way ANOVA. 

 

After we had shown that the bacterial burden was significantly elevated in cybb-/- mice (see 

Figure 3.24) and more leukocytes were recruited compared to infected wild type mice (see 

Figure 3.25), we were now interested in the impact of NADPH oxidase in this 

microenvironment on the growth behavior of the pathogen. Already in the confocal images, 

a higher recovery from photoconversion at 16 h p.I. could be observed for S. aureus-

pKikume in cybb-/- mice (Figure 3.26 a). Quantitative analysis of the mKikume biosensor 

revealed significant higher S. aureus proliferation rates in cybb-/- mice compared to wild type 

at 16 h and 48 h, but not at 3 h p.I. (Figure 3.26 b). Therefore, NADPH oxidase activity can 

contribute to the reduction of bacterial numbers by dampening S. aureus growth. 

 

 

Figure 3.26: Proliferation of S. aureus-pKikume in oxidative burst-incompetent mice 

a) Confocal imaging of photoconverted S. aureus-pKikume in fixed cryosections of wild 

type and cybb-/- mice infected for 3 h versus 16 h, photoconverted 1 h prior to fixation 

and analysis. Two representative regions are shown per condition, the single red and 

green fluorescence channels in the middle and right column are shown as heat maps. 

Scale bar, 5 µm. b) Proliferation index of bacteria detected in in fixed cryosections of 

wild type (black symbols) versus cybb-/- (grey symbols) mouse ears infected with 

S. aureus-pKikume and confocal images as represented in a) were analyzed 

automatically. At least 21 confocal images per mouse ear were analyzed in four to ten 

ears per condition. Each dot represents one confocal image; horizontal bars represent 

the median; ***, p<0.001; ns, not significant as determined by one-way ANOVA. 
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3.6 Perspectives for further analysis – Cell-extrinsic effect of ROS 

It was already shown that ROS can also take their effect extracellularly (Boyle et al., 2011) 

and diffuse through cell membranes (Morales et al., 2012; Neutze et al., 1996; Ohno et al., 

1985). With respect to the higher growth rate of S. aureus in NAPDH oxidase deficient mice 

(see Figure 3.26), the question arises if the cells at the infection site could influence each 

other in acting against S. aureus via ROS. To examine if the dampening effect of the 

oxidative burst on S. aureus proliferation is cell-intrinsic, or has a cell-extrinsic component, 

we prepared bone marrow chimeras reconstituted with 1:1 mixtures of cybb-/- (CD45.2+) and 

wild type CD45.1+ bone marrow as described schematically in Figure 3.27. A mixture of 

C57BL/6J (CD45.2+) and wild type CD45.1+ cells were used as wild type control, 

additionally, we tested infected C57BL/6J wild type and cybb-/- complete knock out mice 

were the different cellular genotypes could not influence each other. 

 

 

Figure 3.27: Schematic representation of bone marrow chimera preparation. As CD45.2+ donor 

mice were either cybb-/- or C57BL/6J (wild type control) mice used to reconstitute lethally 

irradiated cybb-/- mice. After 8 weeks the mice were infected in the ear at three injection 

sites with 5x104 bacteria each with S. aureus-pKikume. MELC analysis was performed 

with fixed cryosections. 

 

For Multi-Epitope Ligand Cartography (MELC), the ear tissue was stained for several 

markers, including CD45, CD45.1, CD11b and Ly6G (Figure 3.28 a). By subtraction of the 

CD45.1 signal from the CD45 signal, we calculated a channel for CD45.2 since the staining 

for CD45.2 turned out to be not sensitive enough in MELC (data not shown) (Figure 3.28 

a-b and see 6.2.2 Macro for fluorescence measurement of cell borders in MELC data). The 

tissue sections were analyzed by drawing band regions of interest along the cell surfaces 

followed by automated measurement of the cell surface signal (see 6.2.2 Macro for 

fluorescence measurement of cell borders in MELC data) and the green and red mKikume 

signal of the intracellular S. aureus-pKikume (see 6.2.3 Macro for bacterial mKikume 
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fluorescence measurement in MELC data). By using the CD45.1+ to CD45.2+ signal, we 

distinguished between the two cell types in the BMCs. Out of the red and green signal in 

the cells, we calculated a proliferation index normalized to the red to green ratio in all wild 

type (CD45.1 cells or C57BL/6J mice) cells per experiment (Figure 3.28 c). Interestingly, 

we observed no difference in the bacterial growth between wild type and cybb-/- cells in the 

BMCs, but as expected, between wild type and cybb-/- complete knock out mice. Therefore, 

we conclude that the effect of ROS production on the proliferation of S. aureus has to be 

cell-extrinsic (Figure 3.28 c). 

 

 

Figure 3.28: MELC analysis of infected ear tissue. a) Corrected MELC images of immune cells 

and S. aureus-pKikume in fixed cryosections of bone marrow chimera infected for 16 h, 

photoconverted 1 h prior to fixation. Scale bar, 20 µm. b) Representative images of 

CD45.1+ and CD45.2+ cells in mixed bone marrow chimeras (BMC). Scale bar, 2 µm. 
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c) Each dot represents one cell analyzed. Data are pooled from two independent 

experiments. The data of each cell (both, CD45.1+ and CD45.2+) in one experiment was 

normalized to the mean over all CD45.1+ cells (and on wt cells for comparison of 

independent wild type versus cybb-/- mice, column 5 and 6) in each respective 

experiment. Bacteria in wild type (black symbols) versus cybb-/- (grey symbols) cells for 

six ears per BMC-condition and at least three ears of wild type or cybb-/- complete knock 

out were analyzed, with at least three images per ear and 15 cells per cell type in BMC 

or 20 cells in mice strains. Each dot represents one analyzed cell; horizontal bars 

represent the mean; ***, p<0.001; ns, not significant as determined by one-way ANOVA. 

 

When analyzing the localization of CD45.1+ and CD45.2+ cells, we found patches of either 

genotype clustering together. This was not only the case in infected ears of BMC containing 

CD45.1+ and cybb-/- cells, but also in controls which only harbor CD45.1+ and CD45.2+ wild 

type cells (Figure 3.29). This finding was unexpected since for neutrophils recruited from 

the bloodstream (independently of their CD45.1 or CD45.2 surface expression), a 

completely random distribution would be the most likely localization pattern expected. 

Therefore, the neutrophil occurrence at the site of infection might be more complex than 

previously assumed. 

 

 

Figure 3.29: Patches in infected CD45.1+/CD45.2+ BMCs. Representative image of a S. aureus-

pKikume infected BMC mouse ears. Corrected MELC images in fixed cryosections of 

bone marrow chimera infected for 16 h and photoconverted 1 h prior to fixation. In this 

example the BMC contains CD45.1+ (cyan) and cybb-/- (CD45.2+, magenta) cells. For 

exemplification, the borders of the patches were drawn in yellow and filled. Scale bar, 

20 µm. 
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4 DISCUSSION 

To understand the lifestyle, physiological state and, especially, the persistence behavior of 

S. aureus, is of high interest because all these factors influence the infection course via 

activation of the immune system and susceptibility to treatment. Many antibiotics are 

targeting the formation of the cell wall or the protein biosynthesis (see Table 1.1), which 

emphasizes the connection between pathogen growth and susceptibility to antibiotics. 

However, the emergence and spread of antibiotic-resistant S. aureus increases constantly. 

Besides the acquisition of genetic traits which confer resistance to antimicrobial treatment, 

the application of antibiotics which inhibit cell wall biosynthesis might additionally be 

complicated by the occurrence of phenotypical resistance. Bacteria that withstand such 

antibiotic treatments often exhibit small colony forming units transiently. This temporary 

downregulation of the replication rate is believed to reduce the points of attack for cell wall 

synthesis inhibition. Furthermore, it is possible that the immune response, or immune 

evasion mechanisms, impact on S. aureus growth rate, and consequently impose an 

indirect influence on phenotypic antibiotic resistance as well. Therefore, a measurement of 

the bacterial growth rate during infection is a fundamentally important parameter for 

understanding bacterial behavior during infection and treatment, but has remained difficult 

to measure so far. A major aim of this study was to develop and characterize such a 

bacterial growth measurement system for S. aureus. 
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4.1 Measurement of bacterial growth 

To date, there are different possibilities of determining pathogen proliferation rates of 

bacteria, which were already listed in Figure 1.8. 

The most common way to show bacterial growth is to count colony forming units at several 

time points, and to display their increase over the time (Lowy et al., 1988; Cooper et al., 

2009; Abtin et al., 2014). But to determine the bacterial burden via CFUs is insufficient for 

determining the mode of action of pathogen containment, as it cannot distinguish whether 

pathogen numbers are controlled via killing of the bacteria, or reduction of the proliferation 

rate, which in principle can be non-lethal for the microbes. Thus, to use bacterial burden 

and bacterial growth as interchangeable terms is misleading. Also, to measure a change in 

the bacterial burden using CFUs, the infected animal has to be killed to extract the infected 

tissue, whereby this method is always an end point approach. Moreover, data obtained by 

CFU measurement only gives information about the whole population and not about single 

cell growth rates, which would be important to get better insights into the role of bacterial 

growth in the context of pathogen interactions with cells of the immune system. 

To investigate such immune cell and pathogen interactions, or to get more detailed insights 

into the efficiency of the treatment of an infection, microscopy of the dilution of fluorescent 

proteins or dyes has been applied recently to detect pathogen growth (Surewaard et al., 

2016; Flannagan et al., 2016; Deniset et al., 2017). One way to do so is to load the bacteria 

of interest with a fluorescent dye and inject them afterwards. In this way, Surewaard et al. 

detected replication of MRSA within Kupffer cells by dilution of the dye Syto 60 using 

spinning-disc intravital microscopy (SD-IVM) imaging eight hours after infection (Surewaard 

et al., 2016). Likewise, the replication of S. aureus USA300 was shown after phagocytosis 

in macrophages 12 h p.I. by eFluor-670 labeled bacteria. Furthermore, for the eukaryotic 

parasite L. major, Chang et al. used CFSE staining to detect serial cell divisions by flow 

cytometry within five days (Chang et al., 2007). Nevertheless, for all these approaches, the 

limiting factor is the short window of measurement after dye loading. The fluorophores are 

diluted at the first round of replication after loading the cells, and measurement accuracy 

decreases from this time point on. Consequently, the growth can only be tracked for a short 

time after the initial infection, however afterwards, for example in persistent pathogens or 

biofilm formation, a measurement of growth rates is not possible anymore. 

Another approach in dilution of fluorescent dyes is to pulse fluorescent protein expression 

using metabolite-induced promotor constructs. Therefore, Helaine et al. equipped 

Salmonella enterica with reporter plasmids including IPTG- or arabinose-dependent 

promoters controlling genes encoding for GFP and DsRed (Helaine et al., 2010). By 

selectively inducing the respective fluorescence genes by metabolite administration, they 
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could follow up the bacterial proliferation up to ten generations in in vitro experiments, as 

well as in vivo. The advantage of this method is that the proliferation measurement is not 

limited to one single time point, but can be repeated by providing the inducing agent during 

the experiment and then following proliferation-related fluorescence protein dilution. 

However, the homogenous accessibility of the tissue of interest for the inducer is critical in 

vivo, thus it is conceivable that the pharmacokinetics in the tissue limits the application of 

such approaches in several organs. Related to this, pharmacokinetic effects might make it 

hard to control the exact time point of pulsing, whereby this approach is not unrestrictedly 

suitable for in vivo experiments. 

As a pulse-free alternative, Claudi et al. introduced the application of fluorescent timer 

proteins. These proteins change their fluorescence spectrum over the time in a slow 

maturation kinetics. Thus, the measurement of old versus new fluorescent protein exhibiting 

differential spectral properties allows the identification of high proliferating pathogens in vivo 

by their de novo protein production (Claudi et al., 2014). There are several established 

protein timers, and the time dependent conformational change of such proteins was already 

reported for fluorescence timers with a broad spectrum of maturation times (Subach et al., 

2009). The advantage of this approach is that no access to the tissue, neither surgically, 

optically, or pharmacologically is needed before analysis, and that the measurement is 

possible over a long time period. However, the measurement is limited to a very well-defined 

micromilieu, as the maturation kinetics of the timers depends heavily on oxygen tension 

(Claudi et al., 2014). As this maturation kinetics, not the actual fluorescence protein content 

is the main determinant for the proliferation measurement readout, its use for the 

investigation of innate effector mechanisms is complicated, especially in heavily inflamed 

microenvironments. In these settings, the oxidative conditions can change rapidly and 

dramatically, e.g. by oxidative burst (Wiese et al., 2012). 

The use of the photoconvertible fluorescence protein mKikumeGR, which already worked 

in the unicellular eukaryotic parasite L. major (Heyde et al., 2018), circumvents many of the 

different disadvantages described for other proliferation measurement approaches. One 

aim of this study was to adapt the in vivo proliferation biosensor mKikumeGR to S. aureus 

SH1000. One problem of photoconvertible fluorescence protein expression in bacteria had 

already been solved in the original construct by Habuchi et al., i.e. the monomeric 

expression of this photoconvertible protein, since multimeric forms of fluorescence proteins 

often exhibit difficulties during translation in prokaryotes (Habuchi et al., 2008). After testing 

different expression constructs for S. aureus, the pKikume plasmid turned out to be the 

most successful one (see Figure 3.2). Of note, the simple insertion of the mKikume gene 

into the pGL485, did not result in a measurable expression of the fluorescence protein (see 

Figure 3.2 a-b), although for GFP in pGL485 showed bright green fluorescence. This might 
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be due to several reasons, since the intensity of fluorescent protein signals can depend on 

factors like stability, brightness, and maturation time, which already widely vary for GFP-

like proteins (Nienhaus et al., 2009). 

Comparing the bacterial growth in vitro via OD600 measurement, we could not detect any 

significant difference between the empty vector pGL485 and the two tested expression 

vectors pKikume and pTufAKikume (see Figure 3.2 c). Liew et al. could already show that 

the expression of a fluorescent protein in S. aureus SH1000 by pGL485 shows no relevant 

impact on the bacterial growth behavior (Liew et al., 2011). 

In their original publication, describing the photoconvertible protein, Habuchi et al. tested 

the photoconversion from green to red fluorescence of mKikumeGR by illumination of violet 

light at 405 nm and demonstrated an irreversible conversion (Habuchi et al., 2008). The 

used wavelength of 405 nm was also suitable for the by S. aureus expressed mKikume (see 

Figure 3.3) and additionally, the illumination with violet light at 375 nm resulted in a 

complete photoconversion (see Figure 3.4 b). Similar to Heyde et al., we observed a one 

minute long illumination at 405 nm as expedient (Heyde et al., 2018). As a result of the fast 

replication of S. aureus in exponentially growing of in vitro cultures, the total recovery time 

(and therefore, readout time) of the pathogen from photoconversion is much faster 

compared to the already used reporter in L. major, which needs 48 h from photoconversion 

until readout (see Figure 3.4 c-d and Figure 3.5 b-c). 

To be sure that the change from red to green fluorescence is dependent on bacterial growth 

and not mainly a consequence of protein turnover in the non-dividing bacterium, a control 

using non-growing bacteria was performed. For this, we generated division-incompetent, 

but metabolically active S. aureus based on protocols established for other pathogens 

(Brockstedt et al., 2005). We found that 10 µM psoralen together with an illumination of 

10 min UVA-light (375 nm) inhibits S. aureus growth, but the bacteria were still alive, while 

the individual treatments with UVA or psoralen showed no effect. Meynet et al. established 

comparable treatment conditions for Pseudomonas aeruginosa (Meynet et al., 2018). With 

the division-incompetent, but metabolically active S. aureus, we demonstrated that the 

bacterial division, and not the protein turnover in non-dividing bacteria, is responsible for 

changes in the fluorescence observed within 60 minutes (see Figure 3.6). 

A second step to adapt the mKikume proliferation biosensor for S. aureus was to show its 

applicability during in vivo infection. We could show, by identification of the bacteria via an 

anti-S. aureus antibody, that nearly all bacteria at site of infection were detectable by their 

mKikume fluorescence (see Figure 3.8). Furthermore, the photoconversion about 

60 seconds was, as seen in vitro and for L. major, also suitable for the bacteria in the mouse 

ear (see Figure 3.9 a; Heyde et al., 2018). Based on our in vivo data, where we saw still 

non-dividing red bacteria after 60 minutes, we used, as well as in vitro, 60 minutes for 
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recovery from photoconversion to distinguish between proliferating and non-proliferating 

bacteria (see Figure 3.9). 

Taken together, we established a functional fluorescence reporter system with many 

advantages over existing methods of measuring bacterial proliferation. This makes it 

possible to measure in vivo in a non-invasive approach the proliferation of S. aureus at any 

time point after infection in real-time by intravital 2-photon microscopy of the ongoing 

infection. 
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4.2 Bacterial growth in wild type mice 

The mouse infection is a widespread model to investigate S. aureus infections via several 

routes. In particular, intravenous, intraperitoneal, subcutaneous and intranasal infection 

protocols have been previously established (Kim et al., 2014). Because skin and soft tissue 

pathologies are a frequent manifestation of S. aureus infection (Tong et al., 2015), we used 

a skin injection model to investigate S. aureus-pKikume infections and to examine S. aureus 

proliferation in vivo. 

To define suitable time points for analyzing S. aureus skin infection, we determined the 

course of infection in wild type mice by the bacterial burden detected via CFUs. In the very 

beginning, we saw no increase in the bacterial burden compared to the inoculum, but even 

a decrease (see Figure 3.10). This can be explained either by dying bacteria due to the 

procedure or by the very likely possibility that not all bacteria adhere at infection site and 

are lost from the infection site when a part of the inoculum flows back through the injection 

channel. This was also the case in other skin infection models and higher infection doses 

(Molne et al., 2000). Additionally, the used S. aureus strain SH1000 contains low amounts 

of SspA (Horsburgh et al., 2002), which belongs to the group of MSCRAMMs, and is crucial 

in the adherence of microorganisms in the host as the first step of colonization (Patti et al., 

1994; Foster et al., 1998). Nevertheless, we could define a peak of bacteria burden in the 

tissue for 16 h p.I., followed by a significant decline at 48 h p.I. and complete disappearance 

of the bacteria at 144 h p.I. (see Figure 3.10).The fast kinetic is most likely due to the low 

infection dose, which we had chosen because of the applicability for intravital imaging on a 

single cell level. However, also for higher infection doses, a similar course of infection, albeit 

with slower kinetics, but ultimately resulting in a sterile infection, was already reported 

(Molne et al., 2000; Abtin et al., 2014). In accordance with the course of the pathogen 

burden in the wild type mouse, immune cells start to appear after 3 h p.I. (see Figure 3.11). 

The number of neutrophils and monocytes were significantly increased at 16 h p.I. (see 

Figure 3.11), which was followed by the strong reduction in bacterial burden between 16 h 

and 48 h p.I.. This underlines the importance and fast effect of neutrophils in the clearance 

of the S. aureus infection. Except for monocytes and neutrophils, none of the other detected 

CD45+ cells had significant changes in their number during S. aureus infection. The 

recruitment of neutrophils as a main constituent of cellular immune responses shortly after 

S. aureus skin injection is well known and in line with our data (Molne et al., 2000; Abtin et 

al., 2014). Monocytes, the other immune cell type which we observed to be increased, have 

been shown to be important for the rapid control of bacterial pathogens as well, for example 

after S. aureus and Salmonella infection (Bost et al., 2001). 
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Whether the decrease of the bacterial burden in the second part of infection is mainly due 

to killing by the recruited neutrophils, or an additional reduction of bacterial proliferation was 

contributing substantially to control of the infection was not clear until now. In the first 16 h 

after the infection, the proliferation is evident from the increase in the tissue burden (see 

Figure 3.10). We were also able to observe this proliferative activity during intravital 

2-photon microscopy of infected mouse ears at 3 h p.I. (see Figure 3.12). Of note, not all 

bacteria turned green, but the overall population exhibited a major green fluorescence 

recovery within one hour of imaging (see Figure 3.12 a, left panel). In contrast, the bacteria 

in the infected ear were less proliferating during intravital imaging at 16 h p.I.. This suggests 

that the recruited neutrophils, in addition to their well-known killing activity, exert a 

dampening effect on the bacterial growth (Spaan et al., 2013). 

Widefield or confocal fluorescence microscopy can give insights into in vivo skin infections, 

but the possibilities in tissue depth or resolution are limited. The histological examination or 

electron microscopy, where a view along the whole infection depth is possible, also in other 

tissues than the skin, only offers a single time point of interactions or behavior of immune 

cells and pathogen (Abtin et al., 2014; Surewaard et al., 2016). Therefore, 2-photon 

microscopy provides the possibility to measure cell-cell interactions and cell behavior in real 

time and in several organs or tissues in vivo (Liese et al., 2013; Muller et al., 2013; Abtin et 

al., 2014). The applicability of the biosensor for intravital 2-photon microscopy and the 

possibility to follow the proliferation rate at certain time points in the same infection, opens 

several new opportunities to investigate the host pathogen interaction during infection with 

S. aureus. For example, the interaction of immune cells or the effect of pharmacological 

treatment at the site of infection can be investigated in correlation with the bacterial growth 

rate on a single cell level. Vice versa, with the information of the bacterial growth rate, the 

phenotypic resistance regarding treatments or antimicrobial effectors could be predicted. 

At 48 h p.I. intravital imaging would in principle still be suitable for detecting single bacteria 

and measuring their proliferation rate. Nevertheless, since the infection had started to be 

cleared and the bacteria were not densely populating the site of infection anymore, most 

probably due to neutrophil infiltration, the overall proliferation rate of the population would 

be hard to determine for this time point via 2-photon microscopy. To measure pathogen 

proliferation at additional later time points, we devised a quantitative confocal microscopy 

approach, which based on cryosections of S. aureus-pKikume infected ears. With this 

standardized method, we got comparable data on bacterial growth rate as compared to 

intravital imaging for 3 h and 16 h p.I. (see Figure 3.12 and Figure 3.13 a). Furthermore, 

by the automated analysis of the confocal images, the significant reduction of the bacterial 

proliferation at 16 h as compared to 3 h p.I., could be verified also at 48 h p.I. (see Figure 
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3.13 b). Thus, a quantitative application of the biosensor for confocal imaging is possible in 

a standardized fashion. 

During intravital imaging of CatchupIVM mice infected with S. aureus-pGFP, we observed a 

rapid phagocytosis of the bacteria upon neutrophil recruitment (see Figure 3.14 a-b), as 

expected from reports in the literature (Campbell, 1990; Molne et al., 2000; Abtin et al., 

2014). Complementary to this, we showed in confocal microscopy that the majority of 

S. aureus is rapidly taken up by recruited neutrophils upon their appearance at the site of 

infection (see Figure 3.11 and Figure 3.14). Of note, the arrival of neutrophils coincided 

with a reduction but not complete termination of bacterial growth. Interestingly, other in vitro 

studies also suggest that S. aureus growth is not completely abolished within professional 

phagocytes. For example, bacterial proliferation has been shown in the lysosomal 

compartment of macrophages (Flannagan et al., 2018) and in dendritic cells (Schindler et 

al., 2012). Similarly, it was shown that the bacteria could grow within Kupffer cells in the 

liver after a systemic infection (Surewaard et al., 2016). Also for neutrophils, intracellular 

survival, but also replication has been demonstrated (Gresham et al., 2000). In line with 

this, we show a residual proliferation of S. aureus also at 16 h p.I., when the vast majority 

of the bacteria is located within recruited neutrophils (see Figure 3.13 and Figure 3.14). 

Nevertheless, compared to the mainly extracellular bacteria at 3 h p.I., pathogen growth is 

substantially reduced. 

In addition to the bacterial growth, the killing of bacteria by the immune system, or through 

antimicrobial treatment is the main factor impacting the course of an infection. However, it 

is hard to measure this factor quantitatively. Although a reduction in bacterial burden over 

the time indicates bacterial killing, quantitative analysis by imaging fluorescence protein 

labeled pathogens at the site of infection is difficult, since fluorescence increase due to 

proliferation and decrease due to killing are difficult to disentangle. Of note, the use of 

photoconvertible fluorescence proteins could even provide a basis for measuring bacterial 

killing: Because we could show that the change in the photoconverted fluorescence is not 

depending on protein turnover, the population-wide red fluorescence should stay stable 

over time after photoconversion. Thus in principle, a net reduction in red fluorescence 

determined over the whole bacterial population could be only achieved as a consequence 

of killing. Such a modified use of photoconvertible fluorescence protein could be an 

interesting perspective for future applications. 
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4.3 The effect of neutrophil-depletion on S. aureus growth 

Neutrophils are the major cell type at the front line of host defense against invading 

microorganisms. Therefore, they are essential for limiting S. aureus skin infections and hold 

a well-established role in protecting against intradermally injected S. aureus bacteria (Molne 

et al., 2000). 

Ly6G is exclusively expressed on murine neutrophils and the 1A8 antibody binds 

specifically to this surface molecule (Fleming et al., 1993; Daley et al., 2008). Thus, we 

decided to deplete murine neutrophils with this antibody (Daley et al., 2008; Hurrell et al., 

2015). After treatment of mice with the 1A8 antibody and infection of the ears, we could not 

detect any neutrophils in their blood, neither by Ly6G staining, nor by staining with the less 

specific GR-1 antibody (see Figure 3.15 a). We tested additionally for a possible masking 

of the epitope using the GR-1 antibody by pre-incubation of the 1A8 depletion antibody in 

vitro, but we could not find a relevant hindrance for GR-1 binding (see Figure 3.15 b). 

In the course of infection, the depletion of neutrophils had no effect on the bacterial burden 

at 3 h after S. aureus infection. This data are in line with the findings in wild type mice that 

at this early time point, the neutrophils had no relevant effect, because they were only 

starting to arrive at the site of infection, and already by numbers had not yet been able to 

take up a substantial part of the bacterial population. Additionally, Mölne et al. showed in 

their S. aureus skin infection study no difference between neutrophil-depleted (GR-1 mAb) 

and control mice in the first hours p.I., even with a higher infection dose (Molne et al., 2000). 

Nevertheless, a higher bacterial burden in the infected ears was detected for neutrophil-

depleted mice compared to wild type mice at 16 h and 48 h p.I. (see Figure 3.16 a). Of 

note, the elevated bacterial burden was not reflected in higher bacterial numbers in the 

draining lymph nodes (see Figure 3.16 b). 

The measured bacterial growth, as determined by confocal microscopy, reflected well the 

data obtained by CFU measurement. At 3 h p.I. no differences were detectable between 

S. aureus in neutrophil-depleted and control mice, which was expected since the 

neutrophils hat only started to appear at the site of infection. At the later time points, where 

we had observed in the wild type mice a growth-dampening of the bacteria, the bacteria in 

neutrophil-depleted mice exhibited a significantly higher proliferation rate than those in 

control mice (see Figure 3.17). However, the growth was not rescued to the level of growth 

in bacteria at early infection time points. Thus, there were still effects in place which 

prevented the bacteria from reaching maximal growth rates. 

In flow cytometry analysis, we defined monocytes (CD11b+, Ly6CHigh, Ly6G-) and 

neutrophils (CD11b+, Ly6CIntermediate, Ly6G+) as described in literature (Daley et al., 2008) 

and could show a depletion of neutrophils in the blood (additionally with GR-1) and in the 
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ear. Of note, a decrease in the whole CD45+ cell population in infected ears took place upon 

neutrophil-depletion, indicating a reduction of the whole immune cell number. Similar 

monocyte numbers were recruited to the site of S. aureus infection in neutrophil-depleted 

and control mice. However, one reason for the bacterial growth rate being still partially 

reduced upon neutrophil-depletion could be a newly appearing cell type, which is Ly6C+, 

Ly6G-, and CD11bHigh, and highly increased at 48 h p.I. (see Figure 3.18). Thus, we wanted 

to characterize this cell type in the neutrophil-depleted mice. 

In a first step, we investigated if the newly appearing cells are phagocytosing S. aureus at 

the same efficiency as neutrophils do in the control mice by flow cytometry analysis (see 

Figure 3.19 c). We found out that, even if they were not recruited more efficiently, 

monocytes seem to partially take over the task of the depleted neutrophils and 

phagocytosed more (up to five times more) bacteria than in the control mice, a phenomenon 

that declined at 48 h p.I., when more Ly6C+, Ly6G-, and CD11bHigh cells were recruited. Of 

note, these newly recruited cells were the major cell population phagocytosing S. aureus 

upon neutrophil-depletion (see Figure 3.19 d). 

For Leishmania mexicana skin infection, it has been reported that upon neutrophil-depletion 

the number of inflammatory monocytes and monocyte-derived DCs in the dermis was 

increased (Hurrell et al., 2015). Thus, we tested whether the newly appearing cell type could 

be another monocyte subtype than the already detected inflammatory monocytes (Ly6C+, 

Ly6G-, CD11bIntermediate). Hence, we stained the newly appearing cells in the ear and bone 

marrow for Ly6C, CX3CR1 and CCR2, all markers for monocytes. From the data, we 

concluded that the newly appearing population already occurred in the bone marrow, but 

these cells were no monocytes. 

In the following, we used BMC with CFP-expressing bone marrow cells to mark the recruited 

immune cells during confocal microscopy. Furthermore, with DAPI staining in fixed 

cryosections of infected mouse ears of neutrophil-depleted and control mice, we 

investigated the nuclear morphology of recruited immune cells around the site of infection 

(see Figure 3.22). Interestingly, in both groups of mice, immune cells with a nuclear 

morphology typical for for mouse-neutrophils were recruited (Hoffmann et al., 2007). 

Complementary, some of the detected cells had already phagocytosed S. aureus bacteria, 

which were detected in the DAPI channel too (see Figure 3.22, row three and four). 

Finally, we tested infected ears of neutrophil-depleted mice for GR-1 expression, although 

in blood samples, no GR-1 signal was detectable for neutrophil-depleted mice. While gating 

for Ly6CHigh and Ly6CIntermediate against the CD11b signal, we differentiated between 

monocytes and neutrophils (control mice) or newly appearing cells (neutrophil-depleted 

mice). The newly appearing cells exhibited still GR-1 on their surface, even if the signal was 

significantly lower than for the neutrophils in control mice (see Figure 3.23). In contrast to 
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this finding, Daley et al. measured the recruited immune cells to skin wounds and they 

detected for these cells in neutrophil-depleted mice no GR-1 signal (Daley et al., 2008). 

Also, Hurrel et al. could not detect any GR-1 positive neutrophils in the skin after depletion 

during Leishmania mexicana infections (Hurrell et al., 2015). A possible reason for the more 

efficient depletion in the Leishmania model could be a different recruitment kinetics resulting 

in lower neutrophils in the blood vessels and thus, a lower consumption of antibody and 

cells. Nevertheless, a partial depletion was in any case reached, detectable by a significant 

reduction of CD45+ cells in infected ears of 1A8 treated mice (see Figure 3.18). 

Taken together, upon S. aureus skin infection of neutrophil-depleted mice, a new population 

of cells appeared, which were not monocytes, but showed similarities to neutrophils, like 

the CD11b and Ly6C expression and the nuclear morphology. Thus, we concluded that 

these cells had to be neutrophils with downregulated and partially masked GR-1 signal. A 

lower Ly6G signal was reported for immature neutrophils, which were recruited after 

systemic Streptococcus pneumoniae infections of mice (Deniset et al., 2017). These 

Ly6GIntermediate immature neutrophils had their origin in emergency proliferation in the spleen 

and were therefore positive for the proliferation marker Ki-67 (Deniset et al., 2017). Of note, 

after S. aureus infection absolutely no GR-1 was detectable in blood samples of depleted 

mice, while the blood vessels are the main route of neutrophils during recruitment. 

Nevertheless, the dampening of S. aureus growth at later time points, at which we observed 

the newly appearing cell type, suggests that already the uptake by immature neutrophils or 

neutrophil-like phagocytes might be sufficient to substantially inhibit pathogen growth. 
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4.4 The effect of NADPH oxidase on S. aureus growth 

Reactive oxygen generated by the NADPH oxidase of professional phagocytic cells is the 

mechanism of killing invading microorganisms (Kuhns et al., 2010; Ward et al., 1983). 

Therefore, already a residual production of NADPH oxidase leads to an improvement of 

immune defense against pathogens (Kuhns et al., 2010). Vice versa, deficiencies in ROS 

production, like in chronic granulomatous disease patients, results in severe bacterial and 

fungal infections and chronic autoimmune manifestations, which demands treatment 

regimens such as antibiotic prophylaxis and regular interferon-γ injections (Malmvall et al., 

1993; Rawat et al., 2016). 

To model the absence of NADPH oxidase in mice, we used cybb-/- mice, in which the same 

gene is affected as in the most widespread X-linked recessive form of the disease, the 

gp91phox (Rawat et al., 2016). As expected, we could not detect any differences in the 

tissue burden between wild type and cybb-/- mice in the beginning of infection, at 3 h p.I. 

which fits well with the neutrophils only beginning to arrive at this time point (see Figure 

3.24). Additionally, leukocyte recruitment as well as the bacterial growth rate was not 

different between cybb-/- and wild type mice for this time point (see Figure 3.26). In contrast, 

we saw significant differences at later time points: Since the neutrophils were not able to 

produce ROS, the growth of S. aureus was not that much dampened anymore, resulting in 

a higher proliferation rate and consequently in an increased bacterial burden at 16 h and 

48 h p.I. for cybb-/- mice compared to wild type mice (see Figure 3.24 and Figure 3.26). 

Nevertheless, a significantly increased recruitment of neutrophils and monocytes was 

observed in the cybb-/- mice (see Figure 3.25). However, this enhanced recruitment of 

leukocytes was not effectively compensating for the absence of oxidative burst in 

dampening the bacterial proliferation or killing of the pathogen. 

Besides the effect on the bacteria by ROS themselves, induction of an additional killing 

mechanism for extracellular pathogens, neutrophil extracellular traps, are dependent on the 

production of ROS (Sollberger et al., 2018b). Therefore, in cybb-/- mice, the induction of 

NETs is expected to be strongly reduced and in consequence, the killing of extracellular 

pathogen should be inhibited. But at the same time, we had observed in the CatchupIVM 

experiments that most of the bacteria are taken up at 16 h p.I., where the biggest differences 

between cybb-/- and wildtype mice are detectable. Thus, the reduction of NET formation 

should not dramatically influence the growth of these intracellular bacteria. Therefore, we 

conclude that the recruited phagocytic cells rely on NADPH oxidase not only to kill directly 

S. aureus, but also to restrict bacterial growth non-lethally. 

In lung infections with E. coli, Gao et al. could demonstrate a much severe infection course 

in NADPH oxidase-deficient mice, resulting in a higher bacterial burden, and more 
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recruitment of polymorphonuclear leukocytes (Gao et al., 2002). Likewise, in systemic 

infections of cybb-/- mice with the highly virulent S. aureus strain USA300 Surewaard et al. 

detected a tenfold higher bacterial burden in the spleen as compared to wild type mice 

(Surewaard et al., 2016). There are some possible reasons for the increase of the number 

of neutrophils at the site of infection which we observe for S. aureus-infected cybb-/- mice 

(see Figure 3.25): Due to a higher bacterial burden, more PAMPs are detectable and 

subsequently, more chemokines are secreted at the site of infection, which leads to a 

stronger recruitment of neutrophils (Molne et al., 2000). Under normal conditions, the 

production of reactive oxygen species leads also to damage of recruited neutrophils at the 

site of infection (Harbort et al., 2015; Kobayashi et al., 2010). However, since a large 

proportion of reactive oxygen species are missing in cybb-/- mice, also the oxidative stress 

for the neutrophils is lower, whereby the neutrophils might undergo less cell death. 

Additionally, NETosis, by NET formation should not take place as extensively in cybb-/- mice, 

because the main inducing factor, high ROS concentrations, is lacking. Thus, less 

neutrophils are expected to die during infections of cybb-/- mice and might therefore 

accumulate in higher numbers. 

Nevertheless, the S. aureus infection was controlled in the cybb-/- mice, despite the inability 

of ROS production. Leliefeld et al. reported that the containment of S. aureus in human 

neutrophils is not depending on NADPH oxidase functionality, but on acidification of the 

phagosome (Leliefeld et al., 2018). Additionally, in our study, the S. aureus strain SH1000 

was used, which was reported to contain less amounts of the exoprotein α-toxin (Hla) 

(Horsburgh et al., 2002). Consequently, this strain is impaired in inducing neutrophil 

apoptosis via Hla (Menzies et al., 1998) and might thus inefficiently evade the containment 

by neutrophils, even if these are not fully functional. Along the same line, for skin infection 

with a ΔHla S. aureus strains, a significantly higher recruitment of neutrophils and stronger 

clearance of the bacteria infection is reported (Abtin et al., 2014). 

Consequently, NADPH oxidase-deficient neutrophils, which are not able to produce ROS 

anymore, or which might be immature in case of excessive granulopoiesis, seem to be 

sufficient to substantially restrict S. aureus SH1000 in bacterial growth. 
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4.5  Perspectives for further analysis – Cell-extrinsic effect of ROS 

Pre-activation of neutrophils during their recruitment is essential for maximal degranulation 

and the full activation of the NADPH oxidase pathway (Guthrie et al., 1984). Furthermore, 

H2O2 can diffuse through neutrophil membranes and, to a limited extent, through pathogens, 

and damage both, phagocytosed and non-phagocytosed pathogens (Morales et al., 2012; 

Neutze et al., 1996; Ohno et al., 1985). Thus, the question has been raised whether the 

activity of the NADPH oxidase acts only cell-intrinsic or if diffusing ROS could rescue the 

incapacity of a neighboring cell to produce ROS. Such a cell-extrinsic effect was already 

shown for nitric oxide (NO), which is produced by inducible NO synthase of L. major 

containing phagocytes and diffuses into bystander cells to promote pathogen killing there 

(Olekhnovitch et al., 2014). Moreover, NADPH oxidase shows in an indirect way a cell-

extrinsic effect, by ROS-dependent NET formation (Sollberger et al., 2018b). Also, a 

concept similar to NETs but taking effect intracellularly are pore-induced intracellular traps 

(PITs), which were reported for macrophages infected with Salmonella during a lytic cell 

death, called pyroptosis (Jorgensen et al., 2016). Such PITs seemed to be dependent of 

Gasdermin and consequently also of NADPH oxidase. Thus, is would also be reasonable 

to assume that NADPH oxidase would have cell-intrinsic effects, which are inhibited for 

cybb-/- cells. At any rate, the knock out of functional NADPH oxidase seems to have more 

effects than just inhibiting oxidative burst and is much more complicated in the subsequent 

consequences than expected. 

Using CD45.1+/cybb-/- mixed bone marrow chimeras, we could not detect any significant 

difference in pathogen growth dampening between wild type and knock out cells when 

present at the same site of infection, which was in contrast to the comparison between wild 

type and complete knock out mice (see Figure 3.28). Thus, we assume a cell-extrinsic 

effect of ROS, which affects also the bacteria in neighboring host cells. It would be very 

interesting to investigate if the collective production of ROS, and thus the net proportion of 

NADPH oxidase-competent cells determines the extent of pathogen containment or 

whether there are residual cell-intrinsic modes of action of NADPH oxidase. 

While analyzing MELC images of the BMCs described above, we observed patches of up 

to twenty cells expressing the same congenic cell marker (CD45.1 or CD45.2) at the site of 

infection (see Figure 3.29). A possible explanation for these patches is a clonal recruitment 

to the site of infection. While irradiating the mice, we destroyed the hematopoetic cells of 

the bone marrow and during reconstitution, the immigrated donor cells are likely to expand 

in their bone marrow niches and form clonal clusters in the bones. Starting from such 

clusters, it might be possible that during infection, the bone marrow stem cells do not 

synchronously start to proliferate, and thus, release of newly generated neutrophils occurs 
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in a limited number of clonal bone marrow niches. This would lead subsequently to a 

partially clonal invasion of leukocytes into the infected tissue. Another possibility which has 

to be considered is extramedullary hematopoiesis: During strong infections, such as 

systemic Streptococcus pneumoniae infection, extramedullary emergency proliferation was 

shown for immature neutrophils in the spleen (Deniset et al., 2017). However, as 

exemplarily shown in Figure 3.29, patches are formed out of ten to twenty neutrophils. For 

a clonal expansion at the site of infection, the original cell had to undergo minimal four cell 

divisions, which is very unlikely during a time frame of maximal 16 h. Nevertheless, the 

neutrophil occurrence at the site of infection might be more complex than previously 

assumed. 
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6 APPENDIX 

6.1 Sequences of mKikume constructs 

6.1.1 pLacKikume 

CTGGTATTTGGACTCCTGTAAAGAATGACTTCAAAGAGTTTTATGATTTATACCTTTCTGATGTAG

AGAAATATAATGGTTCGGGGAAATTGTTTCCCAAAACACCTATACCTGAAAATGCTTTTTCTCTTT

CTATTATTCCATGGACTTCATTTACTGGGTTTAACTTAAATATCAATAATAATAGTAATTACCTTC

TACCCATTATTACAGCAGGAAAATTCATTAATAAAGGTAATTCAATATATTTACCGCTATCTTTAC

AGGTACATCATTCTGTTTGTGATGGTTATCATGCAGGATTGTTTATGAACTCTATTCAGGAATTGT

CAGATAGGCCTAATGACTGGCTTTTATAATATGAGATAATGCCGACTGTCGACCTGCAGGCATGCA

AGCTAATTCGGTGGAAACGAGGTCATCATTTCCTTCCGAAAAAACGGTTGCATTTAAATCTTACAT

ATGTAATACTTTCAAAGACTACATTTGTAAGATTTGATGTTTGAGTCGGCTGAAAGATCGTACGTA

CCAATTATTGTTTCGTGATTGTTCAAGCCATAACACTGTAGGGATAGTGGAAAGAGTGCTTCATCT

GGTTACGATCAATCAAATATTCAAACGGAGGGAGACGATTTTGATGAAACCAGTAACGTTATACGA

TGTCGCAGAGTATGCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGT

TTCTGCGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGT

GGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCA

CGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGCGTGGTGGT

GTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACG

CGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCCATTGCTGTGGAAGCTGCCTG

CACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTC

CCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCT

GTTAGCGGGCCCATTAAGTATGGTTTCAGTGATAACATCAGAGATGAAAATCGAATTACGTATGGA

AGGATCTGTAAATGGCCATAAGTTTGTCATTACAGGTAAAGGTTCAGGTAGACCTTATGAAGGTAC

ACAAACAGTTGATTTAACGGTTATAGAAGGAGGTCCATTACCATTTGCATTTGACATTCTAACAAC

AGCTTTTCATTATGGCAATAGAGTATTCGTTGAATATCCAGAAGAGATTGTAGATTACTTCAAACA

GTCTTTTCCTGAAGGTTATTCATGGGAAAGAAGTATGAGCTATGAAGATGGTGGTATTTGTTTAGC

AACTAATAACATCACTATGAAGAAAGATGGCTCAAATACATTCGTGAATGAAATTCGATTTGATGG

TACAAATTTTCCAGCAAATGGTCCTGTTATGCAACGTAAAACGGTAAAATGGGAACCAAGTACTGA

GAAAATGTATGTACGTGATGGAGTTTTGAAAGGTGATGTTGAAATGGCTCTTTTGTTAGAAGGTGG

AGGCCATTATCGCTGTGATTTTCGTACTACGTATAAAGCGAAGAAAGTCGTACAATTACCGGATTA

CCACTATGTGGATCATCAAATGGAAATTACTAGTCATGACAAAGACTATAACAAAGTTAAAGCGTA

TGAACATGCTAAAGCATACTCTGGTACATATCGAGGAGCAAAATACGAATTTGAAGCATAAGAATT

CCCGACAGTAAGACGGGTAAGCCTGTTGATGATACCGCTGCCTTACTGGGTGCATTAGCCAGTCTG

AATGACCTGTCACGGGATAATCCGAAGTGGTCAGACTGGAAAATC 

 

pcnPromoter + RBS 

truncated LacI 

mKikumeGR – Staphylococcus aureus optimized 

SalI/ApaI/EcoRI enzyme restriction site 
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6.1.2 pKikume 

CTGGTATTTGGACTCCTGTAAAGAATGACTTCAAAGAGTTTTATGATTTATACCTTTCTGATGTAG

AGAAATATAATGGTTCGGGGAAATTGTTTCCCAAAACACCTATACCTGAAAATGCTTTTTCTCTTT

CTATTATTCCATGGACTTCATTTACTGGGTTTAACTTAAATATCAATAATAATAGTAATTACCTTC

TACCCATTATTACAGCAGGAAAATTCATTAATAAAGGTAATTCAATATATTTACCGCTATCTTTAC

AGGTACATCATTCTGTTTGTGATGGTTATCATGCAGGATTGTTTATGAACTCTATTCAGGAATTGT

CAGATAGGCCTAATGACTGGCTTTTATAATATGAGATAATGCCGACTGTCGACCATATGTGATATT

TTTGACTAAACCAAATGCTAACCCAGAAATACAATCACTGTGTCTAATGAATAATTTGTTTTATAA

ACACTTTTTTGTTTACTTCTCATTTTTAATTAGTTATAATTAACTAAATAATAGAGCATTAAATAT

ATTTAATAAAACTTATTTAATGCAAAATTATGACTAACATATCTATAATAAATAAAGATTAGATAT

CAATATATTATCGGGCAAATGTATCGAGCAAGGTACCTCAAATTAGGAGGATGATTATTTATGCCG

ACATTAGAAATAGCACAGGGCCCATTAAGTATGGTTTCAGTGATAACATCAGAGATGAAAATCGAA

TTACGTATGGAAGGATCTGTAAATGGCCATAAGTTTGTCATTACAGGTAAAGGTTCAGGTAGACCT

TATGAAGGTACACAAACAGTTGATTTAACGGTTATAGAAGGAGGTCCATTACCATTTGCATTTGAC

ATTCTAACAACAGCTTTTCATTATGGCAATAGAGTATTCGTTGAATATCCAGAAGAGATTGTAGAT

TACTTCAAACAGTCTTTTCCTGAAGGTTATTCATGGGAAAGAAGTATGAGCTATGAAGATGGTGGT

ATTTGTTTAGCAACTAATAACATCACTATGAAGAAAGATGGCTCAAATACATTCGTGAATGAAATT

CGATTTGATGGTACAAATTTTCCAGCAAATGGTCCTGTTATGCAACGTAAAACGGTAAAATGGGAA

CCAAGTACTGAGAAAATGTATGTACGTGATGGAGTTTTGAAAGGTGATGTTGAAATGGCTCTTTTG

TTAGAAGGTGGAGGCCATTATCGCTGTGATTTTCGTACTACGTATAAAGCGAAGAAAGTCGTACAA

TTACCGGATTACCACTATGTGGATCATCAAATGGAAATTACTAGTCATGACAAAGACTATAACAAA

GTTAAAGCGTATGAACATGCTAAAGCATACTCTGGTACATATCGAGGAGCAAAATACGAATTTGAA

GCATAAGAATTCCCGACAGTAAGACGGGTAAGCCTGTTGATGATACCGCTGCCTTACTGGGTGCAT

TAGCCAGTCTGAATGACCTGTCACGGGATAATCCGAAGTGGTCAGACTGGAAAATC 

 

SarAPromoter 

SodRBS 

iTag 

mKikumeGR – Staphylococcus aureus optimized 

SalI/ApaI/EcoRI enzyme restriction site 
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6.1.3 pTufAKikume 

CTGGTATTTGGACTCCTGTAAAGAATGACTTCAAAGAGTTTTATGATTTATACCTTTCTGATGTAG

AGAAATATAATGGTTCGGGGAAATTGTTTCCCAAAACACCTATACCTGAAAATGCTTTTTCTCTTT

CTATTATTCCATGGACTTCATTTACTGGGTTTAACTTAAATATCAATAATAATAGTAATTACCTTC

TACCCATTATTACAGCAGGAAAATTCATTAATAAAGGTAATTCAATATATTTACCGCTATCTTTAC

AGGTACATCATTCTGTTTGTGATGGTTATCATGCAGGATTGTTTATGAACTCTATTCAGGAATTGT

CAGATAGGCCTAATGACTGGCTTTTATAATATGAGATAATGCCGACTGTCGACCATATGTTCGGTT

ATGCAACATCATTACGTTCAAACACTCAAGGTCGCGGTACTTACACTATGTACTTCGATCACTATG

CTGAAGTTCCAAAATCAATCGCTGAAGATATTATCAAGAAAAATAAAGGTGAATAATATAACTTGT

TTTGACTAGCTAGCCTAGGTTAAAATACAAGGTGAGCTTAAATGTAAGCTATCATCTTTATAGTTT

GATTTTTGGGGTGAATGCATTATAAAAGAATTGTAAAATTCTTTTTGCATCGCTATAAATAATTTC

TCATGATGGTGAGAAACTATCATGAGAGAGTTCGAGGAGGTTTAATTAATGCCGACATTAGAAATA

GCACAGGGCCCATTAAGTATGGTTTCAGTGATAACATCAGAGATGAAAATCGAATTACGTATGGAA

GGATCTGTAAATGGCCATAAGTTTGTCATTACAGGTAAAGGTTCAGGTAGACCTTATGAAGGTACA

CAAACAGTTGATTTAACGGTTATAGAAGGAGGTCCATTACCATTTGCATTTGACATTCTAACAACA

GCTTTTCATTATGGCAATAGAGTATTCGTTGAATATCCAGAAGAGATTGTAGATTACTTCAAACAG

TCTTTTCCTGAAGGTTATTCATGGGAAAGAAGTATGAGCTATGAAGATGGTGGTATTTGTTTAGCA

ACTAATAACATCACTATGAAGAAAGATGGCTCAAATACATTCGTGAATGAAATTCGATTTGATGGT

ACAAATTTTCCAGCAAATGGTCCTGTTATGCAACGTAAAACGGTAAAATGGGAACCAAGTACTGAG

AAAATGTATGTACGTGATGGAGTTTTGAAAGGTGATGTTGAAATGGCTCTTTTGTTAGAAGGTGGA

GGCCATTATCGCTGTGATTTTCGTACTACGTATAAAGCGAAGAAAGTCGTACAATTACCGGATTAC

CACTATGTGGATCATCAAATGGAAATTACTAGTCATGACAAAGACTATAACAAAGTTAAAGCGTAT

GAACATGCTAAAGCATACTCTGGTACATATCGAGGAGCAAAATACGAATTTGAAGCATAAGAATTC

CCGACAGTAAGACGGGTAAGCCTGTTGATGATACCGCTGCCTTACTGGGTGCATTAGCCAGTCTGA

ATGACCTGTCACGGGATAATCCGAAGTGGTCAGACTGGAAAATC 

 

TufAPromoter + RBS 

iTag 

mKikumeGR – Staphylococcus aureus optimized 

SalI/ApaI/EcoRI enzyme restriction site 
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6.2 Macros for image analysis using Fiji software 

6.2.1 Macro for automated proliferation measurement 

 

run("Bio-Formats Macro Extensions"); 

folder = getNumber("Number of folders to analyze :", 0); 

dir = newArray(folder); 

// Selects the folders containing the lif files to be analyzed 

for (i = 0; i<folder; i++) { 

 dir[i] = getDirectory("Choose a Directory"); 

 print(dir[i]); 

} 

waitForUser("Check whether adequate folders have been selected then click OK or kill 

thread"); 

 

// Recovers the paths of the .lif files to be analyzed 

for (j = 0; j<folder; j++) { 

 list = getFileList(dir[j]); 

 for (k=0; k<list.length; k++) { 

  if (endsWith(list[k], "lif") == 1) { 

   lifpath = dir[j]+list[k]; 

   print(lifpath); 

   Ext.setId(lifpath); 

   Ext.getSeriesCount(seriesCount); 

   //print(seriesCount); 

   for (l=0; l<seriesCount; l++) { 

    h=l+1; 

 run("Bio-Formats Importer", "open=["+lifpath+"] autoscale 

color_mode=Default open_files view=Hyperstack 

stack_order=XYCZT series_"+h); 

    title = getTitle(); 

    num = 8 + lastIndexOf(title, "Position"); 

    position = substring(title, num); 

     

roiManager("reset"); 

run("Clear Results"); 

rename("Bild"); 
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run("Split Channels"); 

selectWindow("C3-Bild"); 

close(); 

imageCalculator("Average create stack", "C1-Bild","C4-Bild"); 

 

// Measurement of the 1st Z plane 

 selectWindow("Result of C1-Bild"); 

 run("Duplicate...", "duplicate range=1-1"); 

 bug=isOpen("Result of C1-Bild-1"); 

 print("series "+h+" creation 1st bug is "+bug); 

 selectWindow("Result of C1-Bild-1"); 

 run("Smooth"); 

 run("Subtract Background...", "rolling=5 sliding"); 

 setThreshold(40, 255); 

 //setThreshold(40, 255); 

 setOption("BlackBackground", false); 

 run("Convert to Mask"); 

 run("Analyze Particles...", "size=0.1-5 exclude add"); 

  

count=roiManager("count"); 

if (count>0) { 

 //measures area and C1 mean values (mKikume short green) 

 selectWindow("C1-Bild"); 

 run("Duplicate...", "duplicate range=1-1"); 

 selectWindow("C1-Bild-1"); 

 run("Set Measurements...", "area mean redirect=None decimal=3"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

 selectWindow("C1-Bild-1"); 

 close(); 

  

 //measures C2 mean values (mKikume long green) 

 selectWindow("C2-Bild"); 

 run("Duplicate...", "duplicate range=1-1"); 
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 selectWindow("C2-Bild-1"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

 for (m=count; m<nResults; m++) { 

  newparameter=getResult("Mean", m); 

  setResult("KikLGreen", m-count, newparameter); 

 } 

 IJ.deleteRows(count, nResults-1); 

 selectWindow("C2-Bild-1"); 

 close(); 

  

 //measures C4 mean values (mKikume Red) 

 selectWindow("C4-Bild"); 

 run("Duplicate...", "duplicate range=1-1"); 

 selectWindow("C4-Bild-1"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

 for (m=count; m<nResults; m++) { 

  newparameter=getResult("Mean", m); 

  setResult("KikRed", m-count, newparameter); 

 } 

 IJ.deleteRows(count, nResults-1); 

 selectWindow("C4-Bild-1"); 

 close(); 

} 

bug=isOpen("Result of C1-Bild-1"); 

print("bug is "+bug); 

selectWindow("Result of C1-Bild-1"); 

close();  

roiManager("reset"); 
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// Measurement of the 4th Z plane 

 selectWindow("Result of C1-Bild"); 

 run("Duplicate...", "duplicate range=4-4"); 

 bug=isOpen("Result of C1-Bild-1"); 

 print("series "+h+" creation 4th bug is "+bug); 

 selectWindow("Result of C1-Bild-1"); 

 run("Smooth"); 

 run("Subtract Background...", "rolling=5 sliding"); 

 setThreshold(40, 255); 

 //setThreshold(40, 255); 

 setOption("BlackBackground", false); 

 run("Convert to Mask"); 

 run("Analyze Particles...", "size=0.1-5 exclude add"); 

 

count=roiManager("count"); 

if (count>0) { 

//measures area and C1 mean values (mKikume short green) 

 selectWindow("C1-Bild"); 

 run("Duplicate...", "duplicate range=4-4"); 

 selectWindow("C1-Bild-1"); 

 run("Set Measurements...", "area mean redirect=None decimal=3"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

 selectWindow("C1-Bild-1"); 

 close(); 

//measures C2 mean values (mKikume long green) 

 selectWindow("C2-Bild"); 

 run("Duplicate...", "duplicate range=4-4"); 

 selectWindow("C2-Bild-1"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 
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 for (m=nResults-count; m<nResults; m++) { 

  newparameter=getResult("Mean", m); 

  setResult("KikLGreen", m-count, newparameter); 

 } 

 IJ.deleteRows(nResults-count, nResults-1); 

 selectWindow("C2-Bild-1"); 

 close(); 

//measures C4 mean values (mKikume Red) 

 selectWindow("C4-Bild"); 

 run("Duplicate...", "duplicate range=4-4"); 

 selectWindow("C4-Bild-1"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

 for (m=nResults-count; m<nResults; m++) { 

  newparameter=getResult("Mean", m); 

  setResult("KikRed", m-count, newparameter); 

 } 

 IJ.deleteRows(nResults-count, nResults-1); 

 selectWindow("C4-Bild-1"); 

 close(); 

} 

bug=isOpen("Result of C1-Bild-1"); 

print("bug is "+bug); 

selectWindow("Result of C1-Bild-1"); 

close(); 

roiManager("reset"); 

  

// Measurement of the 8th Z plane 

 selectWindow("Result of C1-Bild"); 

 run("Duplicate...", "duplicate range=8-8"); 

 bug=isOpen("Result of C1-Bild-1"); 

 print("series "+h+" creation 8th bug is "+bug); 

 selectWindow("Result of C1-Bild-1"); 

 run("Smooth"); 
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 run("Subtract Background...", "rolling=5 sliding"); 

 setThreshold(40, 255); 

 //setThreshold(40, 255); 

 setOption("BlackBackground", false); 

 run("Convert to Mask"); 

 run("Analyze Particles...", "size=0.1-5 exclude add"); 

 

count=roiManager("count"); 

if (count>0) { 

//measures area and C1 mean values (mKikume short green) 

 selectWindow("C1-Bild"); 

 run("Duplicate...", "duplicate range=8-8"); 

 selectWindow("C1-Bild-1"); 

 run("Set Measurements...", "area mean redirect=None decimal=3"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

 selectWindow("C1-Bild-1"); 

 close(); 

//measures C2 mean values (mKikume long green) 

 selectWindow("C2-Bild"); 

 run("Duplicate...", "duplicate range=8-8"); 

 selectWindow("C2-Bild-1"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

 for (m=nResults-count; m<nResults; m++) { 

  newparameter=getResult("Mean", m); 

  setResult("KikLGreen", m-count, newparameter); 

 } 

 IJ.deleteRows(nResults-count, nResults-1); 

 selectWindow("C2-Bild-1"); 

 close(); 



APPENDIX 

 

140 
 

//measures C4 mean values (mKikume Red) 

 selectWindow("C4-Bild"); 

 run("Duplicate...", "duplicate range=8-8"); 

 selectWindow("C4-Bild-1"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

 for (m=nResults-count; m<nResults; m++) { 

  newparameter=getResult("Mean", m); 

  setResult("KikRed", m-count, newparameter); 

 } 

 IJ.deleteRows(nResults-count, nResults-1); 

 selectWindow("C4-Bild-1"); 

 close(); 

} 

bug=isOpen("Result of C1-Bild-1"); 

print("bug is "+bug); 

selectWindow("Result of C1-Bild-1"); 

close(); 

roiManager("reset"); 

 

// Measurement of the 11th Z plane 

 selectWindow("Result of C1-Bild"); 

 run("Duplicate...", "duplicate range=11-11"); 

 bug=isOpen("Result of C1-Bild-1"); 

 print("series "+h+" creation 11th bug is "+bug); 

 selectWindow("Result of C1-Bild-1"); 

 run("Smooth"); 

 run("Subtract Background...", "rolling=5 sliding"); 

 setThreshold(40, 255); 

 //setThreshold(40, 255); 

 setOption("BlackBackground", false); 

 run("Convert to Mask"); 

 run("Analyze Particles...", "size=0.1-5 exclude add"); 
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count=roiManager("count"); 

if (count>0) { 

//measures area and C1 mean values (mKikume short green) 

 selectWindow("C1-Bild"); 

 run("Duplicate...", "duplicate range=11-11"); 

 selectWindow("C1-Bild-1"); 

 run("Set Measurements...", "area mean redirect=None decimal=3"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

 selectWindow("C1-Bild-1"); 

 close(); 

//measures C2 mean values (mKikume long green) 

 selectWindow("C2-Bild"); 

 run("Duplicate...", "duplicate range=11-11"); 

 selectWindow("C2-Bild-1"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

  

 for (m=nResults-count; m<nResults; m++) { 

  newparameter=getResult("Mean", m); 

  setResult("KikLGreen", m-count, newparameter); 

 } 

 IJ.deleteRows(nResults-count, nResults-1); 

 selectWindow("C2-Bild-1"); 

 close(); 

//measures C4 mean values (mKikume red) 

 selectWindow("C4-Bild"); 

 run("Duplicate...", "duplicate range=11-11"); 

 selectWindow("C4-Bild-1"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 
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  roiManager("Select", i); 

  run("Measure");  

 } 

 for (m=nResults-count; m<nResults; m++) { 

  newparameter=getResult("Mean", m); 

  setResult("KikRed", m-count, newparameter); 

 } 

 IJ.deleteRows(nResults-count, nResults-1); 

 selectWindow("C4-Bild-1"); 

 close(); 

} 

bug=isOpen("Result of C1-Bild-1"); 

print("bug is "+bug); 

selectWindow("Result of C1-Bild-1"); 

close();  

roiManager("reset"); 

 

// Measurement of the 15th Z plane 

 selectWindow("Result of C1-Bild"); 

 run("Duplicate...", "duplicate range=15-15"); 

 bug=isOpen("Result of C1-Bild-1"); 

 print("series "+h+" creation 15th bug is "+bug); 

 selectWindow("Result of C1-Bild-1"); 

 run("Smooth"); 

 run("Subtract Background...", "rolling=5 sliding"); 

 setThreshold(40, 255); 

 //setThreshold(40, 255); 

 setOption("BlackBackground", false); 

 run("Convert to Mask"); 

 run("Analyze Particles...", "size=0.1-5 exclude add"); 

 

count=roiManager("count"); 

if (count>0) { 

//measures area and C1 mean values (mKikume short green) 

 selectWindow("C1-Bild"); 

 run("Duplicate...", "duplicate range=15-15"); 

 selectWindow("C1-Bild-1"); 
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 run("Set Measurements...", "area mean redirect=None decimal=3"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure"); 

 } 

 selectWindow("C1-Bild-1"); 

 close(); 

//measures C2 mean values (mKikume long green) 

 selectWindow("C2-Bild"); 

 run("Duplicate...", "duplicate range=15-15"); 

 selectWindow("C2-Bild-1"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

 for (m=nResults-count; m<nResults; m++) { 

  newparameter=getResult("Mean", m); 

  setResult("KikLGreen", m-count, newparameter); 

 } 

 IJ.deleteRows(nResults-count, nResults-1); 

 selectWindow("C2-Bild-1"); 

 close(); 

//measures C4 mean values (mKikume red) 

 selectWindow("C4-Bild"); 

 run("Duplicate...", "duplicate range=15-15"); 

 selectWindow("C4-Bild-1"); 

 count=roiManager("count"); 

 for (i=0; i<count; i++) { 

  roiManager("Select", i); 

  run("Measure");  

 } 

 for (m=nResults-count; m<nResults; m++) { 

  newparameter=getResult("Mean", m); 

  setResult("KikRed", m-count, newparameter); 

 } 
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 IJ.deleteRows(nResults-count, nResults-1); 

 selectWindow("C4-Bild-1"); 

 close(); 

} 

bug=isOpen("Result of C1-Bild-1"); 

print("bug is "+bug); 

selectWindow("Result of C1-Bild-1"); 

close(); 

roiManager("reset"); 

selectWindow("C1-Bild"); 

close(); 

selectWindow("C2-Bild"); 

close(); 

selectWindow("C4-Bild"); 

close(); 

selectWindow("Result of C1-Bild"); 

close(); 

 

// Adds position number to the the result table 

 

  if (nResults>0) { 

   for (w=0; w<nResults; w++) { 

   setResult("Position", w, position); 

   } 

  } 

// Updates and saves results as xls file 

  if (l==0) { 

   selectWindow("Results"); 

   excel0 = replace(lifpath, "lif", "xls"); 

   print(excel0); 

   saveAs("Results", excel0); 

  } 

 

  else { 

   if (nResults>0) { 

   area=newArray(nResults); 

   mean=newArray(nResults); 
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   kikgreen=newArray(nResults); 

   kikred=newArray(nResults); 

   pos=newArray(nResults); 

    for (z=0; z<nResults; z++) { 

    area[z] = getResult("Area", z); 

    mean[z] = getResult("Mean", z); 

    kikgreen[z] = getResult("KikLGreen", z); 

    kikred[z] = getResult("KikRed", z); 

    pos[z] = getResult("Position", z); 

   } 

 

   selectWindow("Results"); 

   run("Close"); 

   open(excel0); 

   size = lengthOf(area); 

   start = nResults; 

   end = nResults+size; 

   ind=0; 

 

   for (g=start; g<end; g++) { 

    setResult("Area", g, area[ind]); 

    setResult("Mean", g, mean[ind]); 

    setResult("KikLGreen", g, kikgreen[ind]); 

    setResult("KikRed", g, kikred[ind]); 

    setResult("Position", g, pos[ind]); 

    ind=ind+1; 

   } 

 

   selectWindow("Results"); 

   saveAs("Results", excel0); 

   run("Close"); 

   }  

  } 

 } 

 

// Filtering of excel data 

open(excel0); 
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nResults(); 

  } 

 } 

} 

 

waitForUser("Analysis completed. Click OK to exit the macro."); 
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6.2.2 Macro for fluorescence measurement of cell borders in MELC data 

 

image=getString("enter image number", "Folder name") 

subfolder=getString("deblurred?", "Folder name") 

 

run("Image Sequence...", "open=File path"); "+image+"\\Folder name\\"+subfolder+"\\ 

file=PBS_400_37_001 sort"); 

rename("KikumeRed"); 

run("Image Sequence...", "open=File path"+image+"\\Folder name\\"+subfolder+"\\ 

file=PBS_400_116_001 sort"); 

rename("KikumeGreen"); 

run("Image Sequence...", "open=File path"+image+"\\Folder name\\"+subfolder+"\\ 

file=CD11b sort"); 

rename("CD11b"); 

run("Image Sequence...", "open=File path"+image+"\\Folder name\\"+subfolder+"\\ 

file=CD45_1_400 sort"); 

rename("CD45_1"); 

run("Image Sequence...", "open=File path"+image+"\\Folder name\\"+subfolder+"\\ 

file=CD45_400_116 sort"); 

rename("CD45"); 

imageCalculator("Subtract stack", "CD45","CD45_1"); 

selectWindow("CD45"); 

rename("CD45_2_calc"); 

run("Merge Channels...", "c1=KikumeRed c2=KikumeGreen c3=CD11b c5=CD45_1 

c6=CD45_2_calc create"); 

run("Channels Tool..."); 

Stack.setChannel(2) 

run("Yellow"); 

Stack.setChannel(1) 

run("Yellow"); 

Stack.setActiveChannels("11011"); 

run("Brightness/Contrast..."); 

 

// define and safe regions of interest 

roiManager("Save", "File path"+experiment+"\\Cells_RoiSet_"+image+".zip"); 

 

// Measurement of cell borders 
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image=getString("enter image number", "Folder name") 

subfolder=getString("deblurred?", "Folder name") 

experiment=getString("enter experiment number", "Experiment number") 

 

count=roiManager("count"); 

for (i=0; i<count; i++) { 

 roiManager("Select", i); 

 run("Area to Line"); 

 run("Line to Area"); 

 run("Enlarge...", "enlarge=1"); 

 roiManager("Update"); 

} 

 

roiManager("Save", "File path"+experiment+"\\Outlines_RoiSet_"+image+".zip"); 

roiManager("reset"); 

run("Clear Results"); 

 

//loads cell masks and measures Staph mKikume expression in mean of the whole 

cell 

roiManager("Open", "File path"+experiment+"\\Cells_RoiSet_"+image+".zip"); 

 

Stack.setChannel(1) 

run("Set Measurements...", "area mean redirect=None decimal=3"); 

count=roiManager("count"); 

for (i=0; i<count; i++) { 

 roiManager("select", i); 

 run("Measure"); 

} 

 

Stack.setChannel(2) 

run("Set Measurements...", "area mean redirect=None decimal=3"); 

count=roiManager("count"); 

for (i=0; i<count; i++) { 

 roiManager("select", i); 

 run("Measure"); 

} 

for (m=count; m<nResults; m++) { 
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 newparameter=getResult("Mean", m); 

 setResult("KikumeGreen", m-count, newparameter); 

} 

IJ.deleteRows(count, nResults-1); 

 

//loads outline masks and measures CD45_1 (channel 4) and CD45_2_calc (channel 

5) expression 

roiManager("reset"); 

roiManager("Open", "File path"+experiment+"\\Outlines_RoiSet_"+image+".zip"); 

 

Stack.setChannel(4) 

run("Set Measurements...", "area mean redirect=None decimal=3"); 

count=roiManager("count"); 

for (i=0; i<count; i++) { 

 roiManager("select", i); 

 run("Measure"); 

} 

for (m=count; m<nResults; m++) { 

 newparameter=getResult("Mean", m); 

 setResult("CD45_1", m-count, newparameter); 

} 

 

IJ.deleteRows(count, nResults-1); 

Stack.setChannel(5) 

run("Set Measurements...", "area mean redirect=None decimal=3"); 

count=roiManager("count"); 

for (i=0; i<count; i++) { 

 roiManager("select", i); 

 run("Measure"); 

} 

for (m=count; m<nResults; m++) { 

 newparameter=getResult("Mean", m); 

 setResult("CD45_2_calc", m-count, newparameter); 

} 

IJ.deleteRows(count, nResults-1); 

String.copyResults(); 
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6.2.3 Macro for bacterial mKikume fluorescence measurement in MELC data 

First run Macro 6.2.2 (Macro for fluorescence measurement of cell borders in MELC data) 
and close all image windows. 

 

//loads cell masks and measures Staph mKikume expression of single masks 

 

image=getString("enter image number", "Folder name") 

subfolder=getString("deblurred?", "Folder name") 

experiment=getString("enter experiment number", "Experiment number") 

 

run("Clear Results"); 

roiManager("reset"); 

roiManager("Open", "File path"+experiment+"\\Cells_RoiSet_"+image+".zip"); 

count1=roiManager("count"); 

setBackgroundColor(0, 0, 0) 

 

for (i=0; i<count1; i++) { 

 roiManager("reset"); 

roiManager("Open", "File path"+experiment +"\\Cells_RoiSet_"+image+".zip"); 

 selectWindow("Composite"); 

 roiManager("Select", i); 

 run("Duplicate...", " "); 

 run("Clear Outside"); 

 rename("extract"); 

 run("Split Channels"); 

 selectWindow("C5-extract"); 

 close(); 

 selectWindow("C4-extract"); 

 close(); 

 selectWindow("C3-extract"); 

 close(); 

selectWindow("C1-extract"); 

resetMinAndMax();  

 run("Duplicate...", " "); 

 rename("C1-extract8bit"); 

 run("8-bit"); 

 selectWindow("C2-extract"); 
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resetMinAndMax(); 

 run("Duplicate...", " "); 

 rename("C2-extract8bit"); 

 run("8-bit"); 

 imageCalculator("Add create", "C1-extract8bit","C2-extract8bit"); 

 rename("Combined8bit"); 

 selectWindow("C1-extract8bit"); 

 close(); 

 selectWindow("C2-extract8bit"); 

 close(); 

 selectWindow("Combined8bit"); 

 run("Smooth"); 

 setAutoThreshold("Default"); 

 

 run("Convert to Mask"); 

 run("Invert"); 

 

 roiManager("reset"); 

 run("Analyze Particles...", "add"); 

 count2=roiManager("count"); 

  

 if (count2>1) { 

  roiManager("Combine");  

  roiManager("Add");  

  roiManager("Select", count2); 

  selectWindow("Combined8bit"); 

  close(); 

  selectWindow("C1-extract"); 

  roiManager("Select", count2); 

  run("Set Measurements...", "area mean redirect=None decimal=3"); 

  run("Measure"); 

  selectWindow("C2-extract"); 

  roiManager("Select", count2); 

  run("Measure"); 

 } 

 

 if (count2<2) { 
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  roiManager("Select", count2-1); 

  selectWindow("Combined8bit"); 

  close(); 

  selectWindow("C1-extract"); 

  roiManager("Select", count2-1); 

  run("Set Measurements...", "area mean redirect=None decimal=3"); 

  run("Measure"); 

  selectWindow("C2-extract"); 

  roiManager("Select", count2-1); 

  run("Measure"); 

 } 

 

 selectWindow("C1-extract"); 

 close(); 

 selectWindow("C2-extract"); 

 close(); 

} 

 

String.copyResults(); 
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