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Abbreviations 
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β     beta 
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FADD     Fas-associated death domain 

Fn     fibronectin 

GlcNAC    N-acetylglucosamine 

GSDMD    gasdermin D 

h     hour 

HA-MRSA    hospital-associated MRSA 

hMDM     human monocyte-derived macrophages 

HVCN1    hydrogen voltage-gated channel 1Ica 

IL     interleukin 

iNOS     inducible nitric oxid synthase 

K+     potassium 

KCL     potassium chloride 

LDH     lactate dehydrogenase 

NF     nuclear factor 

LPS     lipopolysaccharides 
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LTA     lipoteichoic acid 

LukAB     leukocidin A/B 

MET     macrophage extracellular trap 

MLKL     mixed linage kinase domain-like pseudokinase 

MOI     multiplicity of infection 

MRSA     methicillin-resistant S. aureus 

NLR     NOD-like receptors 

NLRP3    pyrin domain-containing protein 3 

PAMPs    Pathogen Associated Molecular Patterns 

pH     potential hydrogenii 

PIA     polysaccharide intercellular adhesin/ 

PMN     polymorphonuclear neutrophils 

PNAG     poly-β-(1-6)-N-acetylglucosamine 

%     percentage 

PRR     pathogen recognition receptors 

PSM     phenol-soluble modulins 

PVL     panton-valentine leukocidin 

RIPK     receptor-interacting protein kinase  

RNA     ribonucleic acid 

RNS     reactive nitrogen species 

ROS     reactive oxygen species 

Sae     S. aureus exoprotein expression 

S. aureus    Staphylococcus aureus 

SCV     small-colony variants 

sod     superoxide dismutase 

SPIN     staphylococcal peroxidase inhibitor 

TCS     two-component system 

TIR     toll-interleukin-1 receptor 

TLR     toll-like receptor 

TRIF     TIR-domain-containing adaptor inducing interferon-β 
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1. Summary 

 

The human pathogen Staphylococcus aureus is considered mainly as an extracellular, 

opportunistic pathogen, that causes a diverse range of illnesses worldwide. However, 

S. aureus employs different strategies to evade the host immune response and is able to 

survive within and escape from host cells, including macrophages. An agr/sae-mutant of the 

highly infectious S. aureus strain USA300 is unable to escape from human macrophages but, 

can replicate and survive within these.  

 

In the first part of this thesis, we questioned whether such „non-toxic“ S. aureus resembles the 

less pathogenic coagulase-negative Staphylococcal species (CoNS) such as S. carnosus, 

S. lugdunensis, S. capitis, S. warneri or S. pettenkoferi. We show that the CoNS are more 

efficiently killed in the macrophage-like THP-1 cells or in human primary macrophages than 

S. aureus. Mutations in katA, copL or the regulatory system graRS or sigB did not impact 

bacterial survival in THP-1 cells. Deletion of the superoxide dismutases impaired S. aureus 

survival in primary macrophages but not in THP-1 cells. However, expression of the S. aureus 

specific superoxide-dusmutase sodM in S. epidermidis was not sufficient to protect this species 

from being killed by macrophages. Thus, at least in these cells, better bacterial survival of 

S. aureus could not be linked to increased protection from reactive oxygen species (ROS). 

Furthermore, „non-toxic“ S. aureus was found to be insensitive to pH, whereas most CoNS 

were protected when phagosomal acidification was inhibited. Thus, species differences are at 

least partially linked to different sensitivity to acidification.  

S. aureus can escape from and kill macrophages by inducing a previously unknown type of 

cell death. The pore-forming leukocidin A/B (LukAB) is considered the main factor required for 

cell exit and host cell death for S. aureus in macrophages. Exogenously added LukAB potently 

triggers the activation of the pyrin domain-containing protein 3 (NLRP3) inflammasome, 

promotes IL-1ß secretion, and eventually kills primary human monocytes. The role of LukAB, 

when expressed intracellularly by S. aureus, and its effects on cell death pathways and the 

NLRP3 inflammasome are not well understood. 

In the second part of this thesis, we used different S. aureus strains lacking LukAB and/or with 

inducible LukAB expression, to study these questions. We found a surprising decoupling of 

NLRP3 inflammasome activation and cell death via a non-pyroptotic route. Interestingly, there 

is still a dependency on the CD11b receptor for intracellular LukAB. Moreover, classical 

apoptosis and necroptosis were not involved despite the activation of known signalling 

mediators. We conclude that S. aureus toxin LukAB employs a non-conventional type of cell 

death in human macrophages. 
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2. Zusammenfassung 

 

Der menschliche Krankheitserreger Staphylococcus aureus wird hauptsächlich als 

extrazellulärer, opportunistischer Erreger betrachtet, der weltweit ein breites Spektrum von 

Krankheiten verursacht. Staphylococcus aureus wendet jedoch verschiedene Strategien an, 

um der Immunantwort des Wirts zu entgehen, und ist in der Lage, in Wirtszellen, einschließlich 

Makrophagen, zu überleben und aus ihnen zu entkommen. Eine agr/sae-Deletionsmutante 

des Stammes S. aureus USA300 ist nicht in der Lage, aus menschlichen Makrophagen zu 

entkommen, kann sich aber in Makrophagen vermehren und dort überleben.  

Im ersten Teil dieser Arbeit, stellten wir uns die Frage, ob ein solcher "nicht toxischer" S. aureus 

den weniger pathogenen koagulase-negativen Staphylokokkenarten (CoNS) wie S. carnosus, 

S. lugdunensis, S. capitis, S. warneri oder S. pettenkoferi ähnelt. Wir zeigen, dass die CoNS 

in den Makrophagen ähnlichen THP-1-Zellen oder in menschlichen primären Makrophagen 

effizienter abgetötet werden. Mutationen in katA, copL oder den Regulierungssystemen graRS 

oder sigB hatten keinen Einfluss auf das bakterielle Überleben in THP-1-Zellen. Die Deletion 

der Superoxid-Dismutasen beeinträchtigte das Überleben von S. aureus in primären 

Makrophagen, nicht aber in THP-1-Zellen. Die Expression der S. aureus spezifischen 

Superoxid-Dismutase SodM in S. epidermidis reichte jedoch nicht aus, um diese Spezies vor 

der Abtötung durch Makrophagen zu schützen. Zumindest in diesen Zellen konnte also das 

bessere bakterielle Überleben von S. aureus nicht mit einem höheren Schutz vor ROS in 

Verbindung gebracht werden. Allerdings erwies sich der "nicht toxische" S. aureus als 

unempfindlich gegenüber dem pH-Wert, während die meisten CoNS geschützt wurden, wenn 

die phagosomale Ansäuerung gehemmt wurde. Die Unterschiede zwischen den Spezies sind 

also zumindest teilweise mit einer unterschiedlichen Empfindlichkeit gegenüber Übersäuerung 

verbunden.  

S. aureus ist in der Lage aus Makrophagen zu entkommen und diese abzutöten, indem er eine 

bisher unbekannte Art von Zelltod auslöst. Das porenbildende Leukocidin A/B (LukAB), das 

von S. aureus in Makrophagen induziert wird, gilt als der Hauptfaktor, der für den Austritt aus 

der Zelle und den Tod der Wirtszellen erforderlich ist. Exogen zugeführtes LukAB löst die 

Aktivierung des NLRP-3-Inflammasoms aus, fördert die IL-1ß-Sekretion und tötet schließlich 

primäre menschliche Monozyten. Umgekehrt ist die Rolle von LukAB, wenn es von S. aureus 

intrazellulär exprimiert wird, im Hinblick auf Zelltodwege und das NLRP3 Inflammasom nicht 

gut verstanden. Im zweiten Teil dieser Arbeit haben wir verschiedene S. aureus Stämme ohne 

LukAB und/oder mit induzierbarer LukAB-Expression verwendet, um diese Fragen zu 

untersuchen. Wir fanden eine überraschende Entkopplung von NLRP3 Inflammasom-

Aktivierung und Zelltod über einen nicht-pyroptotischen Weg. Interessanterweise besteht 
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weiterhin eine Abhängigkeit vom CD11b-Rezeptor für intrazelluläres LukAB. Darüber hinaus 

waren klassische Apoptose und Nekroptose trotz der Aktivierung bekannter Signalvermittler 

nicht beteiligt. Daraus schlussfolgern wir, dass S. aureus LukAB eine nicht-konventionelle Art 

des Zelltods in menschlichen Makrophagen einsetzt. 
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4. Introduction 

 
Parts of this introduction are from the following publication or the manuscript which is ready to 

be published. The parts from the manuscript might be differ from the final published article. 

The publication can be accessed under the following doi: 

• “Differential survival of Staphylococcal species in macrophages”, (research article), 

https://doi.org/10.1111/mmi.15184 

 

4.1. Staphylococcus aureus 

 
Staphylococcus aureus is a common member of the human microbiome, primarily found in the 

anterior nares of about 30% of the human population. Nasal carriage is a major risk factor for 

severe and invasive S. aureus infections [1-3]. Due to its ability to act as an opportunistic 

pathogen, causing a variety of infections such as skin and wound infections, sepsis, 

endocarditis, toxic shock syndrome or bacteremia. The risk of infection is significantly 

heightened by colonization, as S. aureus can breach host defenses through microlesions in 

the skin [4, 5] and intrude into the blood stream [6, 7]. The organism is then rapidly 

phagocytosed by professional phagocytes. 

However, S. aureus can withstand the killing mechanisms of professional phagocytes and 

survive and replicate especially in macrophages [8-13]. Through the uptake of extracellular 

macromolecules, macrophages deliver nutrients to phagolysosomal S. aureus and thereby 

promote its intracellular growth [14]. In a recent study, almost all 191 analyzed clinical isolates 

are internalized by macrophages and non-professional phagocytes and a large fraction of 

isolates replicate and can persist within different host cells [15]. However, the intracellular fate 

of individual S. aureus isolates in non-phagocytic cells is distinct from those in macrophages, 

indicating different survival/killing mechanisms employed by different host cells.  

To survive within the host, S. aureus possesses an arsenal of virulence factors that aid in 

evading and attacking the immune system. These factors include inhibiting the complement 

activation, opsonization and phagocyte chemotaxis, as well as preventing phagocytosis 

through aggregation and biofilm formation [16, 17]. Additionally, S. aureus can directly target 

and destroy leukocytes using secreted toxins [18, 19]. 

The rise of methicillin-resistant S. aureus (MRSA) has complicated treatment efforts [20], 

MRSA strains are categorized into hospital-acquired (HA-MRSA) and community-acquired 

(CA-MRSA) types [16]. CA-MRSA strains like USA300 often carry specific virulence factors 

such as Panton-Valentine-Leukocidin (PVL) [21], contributing to their high virulence and 
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making them particularly challenging to treat. This virulence is attributed in part to their elevated 

toxin production, highlighting the ongoing battle against antibiotic-resistant pathogens like 

MRSA. 

4.2. Coagulase-negative Staphylococcus (CoNs) 

 
Coagulase-negative staphylococci (CoNS) are differentiated from coagulase-positive 

staphylococci such as S. aureus due to their absence of the coagulase enzyme. They are 

prototypic commensals colonizing the human skin. However, some of the species (e.g. 

S. epidermidis, S. capitis, S. lugdunensis, S. haemolyticus, S. pettenkoferi) are also 

increasingly recognized as pathogens and can cause critical infections, especially in 

immunocompromised patients and after foreign-material implantation [22-31]. The fate of these 

species once phagocytosed is poorly understood and to a large extent seems to be determined 

by the biofilm mode of growth. E.g., biofilm-derived S. epidermidis counteract macrophage 

activation [32] and survive more effectively in macrophages than their isogenic planktonic 

counterpart [33]. Biofilms are structured, often surface-attached agglomerations of bacteria 

embedded in an extracellular matrix [34, 35]. It was proposed that S. epidermidis lives in a 

biofilm state during skin colonization and infection [36, 37]. PIA/PNAG (polysaccharide 

intercellular adhesin/poly-β-(1-6)-N-acetylglucosamine) serves as a central molecule in biofilm 

formation for most S. epidermidis strains [38]. Its synthesis is governed by the ica (intercellular 

adhesion) gene cluster [39], where enzymes like IcaA and IcaD play crucial roles in generating 

the N-acetylglucosamine (GlcNAc) transferase. This transferase is responsible for adding 

activated GlcNAc units to the linear PIA/PNAG chain. Detachment of cells or cell clusters from 

the biofilm leads to the dispension of bacteria. 

 

In contrast to S. aureus and many other bacteria where toxins play a major role in virulence, 

S. epidermidis primarily relies on PSMs (phenol-soluble modulins) for its virulence 

mechanisms [40, 41], except naturally agr dysfunctional S. epidermidis strains, like 

S. epidermidis O47 [42]. PSMs are short, amphipathic, α-helical peptides with pro-

inflammatory and occasionally cytolytic properties. 

 

One notable PSM in S. epidermidis is δ-toxin (also known as PSMγ), a 24-amino acid peptide 

closely related to its S. aureus counterpart. While some S. epidermidis PSMs share similarities 

with highly cytolytic S. aureus PSMs that can lyse human neutrophils [43], S. epidermidis tends 

to produce predominantly the moderately cytolytic δ-toxin along with non-cytolytic β-type PSMs 

[44]. This production pattern, combined with the general absence of highly aggressive toxins 

in S. epidermidis, leads to the low pathogenicity compared to its more virulent counterpart 



Introduction 

 

11 
 

S. aureus. However, as a commensal living on human skin, S. epidermidis is able to activate 

the innate immune response of the skin which prevents infections by aggressive bacteria like 

S. aureus [45].  

 

4.3. Virulence factors and their regulators 

 
Intracellular survival as well as escape from macrophages are likely crucial for bacterial 

dissemination [46, 47]. Clinical S. aureus isolates are often deficient in virulence gene 

regulators and/or in cytolytic activity [48-54]. Less cytotoxic strains likely constitute a more 

persistent S. aureus behavior. Thus, the genetic trait of a given strain dictates its capacity to 

either escape from cells or persist/hide for a prolonged time [55, 56]. 

4.3.1. PSMs and their regulation by the AGR Quorum-Sensing System 

 
The quorum sensing system accessory global regulator (Agr) is encoded by the agrBCDA 

operon and activated by an autoinducer (AIP). Extracellular AIP is sensed by the sensor kinase 

AgrC, which activates the response regulator AgrA. AgrD serves as the precursor of AIP and 

undergoes proteolytic processing by AgrB. This process contributes to the activation of toxin 

genes via the regulatory RNAIII or through the response regulator AgrA, leading to the direct 

activation of the expression of psms [57, 58, 59]. PSMs are small cytolytic peptides with diverse 

functions in S. aureus pathogenesis. They are divided into shorter α-type and longer ß-type 

PSMs, where the α-type exhibit strong cytotoxicity at micromolar concentrations due to host 

membrane disruption, whereas the ß-type show no cytotoxic effect [60, 61]. For membrane 

disruption, PSMs act independently of receptors. Studies have shown that at nanomolar 

concentrations, PSMs inherit immunomodulatory functions such as activation of neutrophils 

via the Formyl peptide receptor 2, including the release of interleukin-8 (IL-8) and intracellular 

Ca2+ flux [62]. In contrast to its functions at low concentration levels, PSMs were involved in 

phagosomal escape when highly expressed [63]. 

4.3.2. LukAB and the Sae Two-Component System 

 
Another regulatory system of S. aureus is the two-component system (TCS) Sae (S. aureus 

exoprotein expression), which has been shown to be activated in response to human neutrophil 

peptides [64]. The Sae operon encodes SaeP, SaeQ, the response regulator SaeR, and the 

histidine kinase SaeS. Upon activation, the sensor kinase SaeS undergoes auto-

phosphorylation and subsequently phosphorylates the response regulator SaeR. The 

expression of target genes, such as the toxins LukAB or the PVL, is highly dependent on the 
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level of phosphorylated SaeR. The Sae system regulates various secreted and surface-bound 

virulence factors [65, 66]. 

LukAB belongs to a family of secreted staphylococcal toxins that form ß-barrel pores through 

the assembly of two separate polypeptides into heterooligomeric complexes. Therefore, LukAB 

action is highly dependent on receptors. The integrin CD11b/CD18 and the human hydrogen 

voltage-gated channel 1 (HVCN1) are required for LukAB-mediated cell killing [67, 68].While 

there is not a lot of knowledge about its intracellular role, the functions of extracellular LukAB 

are well established. It has been shown that LukAB-mediated killing of THP-1 cells by 

extracellular S. aureus requires the inflammasome components NLRP3 and the apoptosis-

associated speck-like protein containing a caspase-recruitment domain (ASC), leading to IL-

1β secretion and cell death under potassium (K+) efflux [69]. 

4.4. Macrophages and their role in S. aureus Infections 

Macrophages, as professional phagocytes, are components of the innate immune system's 

response. They exhibit migration towards sites of infection, where they engulf bacteria by 

phagocytosis, subsequently killing them within phagolysosomes. This function plays a critical 

role in the clearance of infections. Macrophages are long-lived and distributed throughout the 

body´s tissues, particularly in areas susceptible to infections such as the lungs and intestines. 

Their precursor cells are monocytes, circulating in the blood. Macrophages are antigen 

presenting cells, thereby initiating the adaptive immune response either locally at the infection 

site or upon migration to the lymph nodes. Distributed throughout tissues, tissue-resident 

macrophages play a key role in coordinating tissue development during homeostasis. 

However, they also function as sentinel cells, monitoring tissue alterations and responding to 

pathogens. For example, Langerhans cells in human skin act as an important defence against 

S. aureus. During infection, tissue-resident macrophages and circulating monocyte-derived 

macrophages are recruited to the infection site, a process regulated by host cytokines and 

pathogen-derived factors such as PSMs [8, 70]. 

Macrophages, as resident cells, are typically the first immune cells to encounter bacterial 

pathogens. They recognize bacterial pathogens through conserved microbial structures such 

as lipopolysaccharides and flagellin, known as Pathogen Associated Molecular Patterns 

(PAMPs). Among others, toll-like Receptors (TLRs), especially TLR-2, serve as recognition 

receptors. Upon receptor binding, macrophages become activated, leading to the induction of 

intracellular signalling cascades that leads to the production of inflammatory cytokines and 

chemokines [8]. 
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Macrophages can be polarized into M1 and M2 subtypes, influencing the outcome of S. aureus 

infections. While M2 macrophages secrete anti-inflammatory cytokines, M1 macrophages 

increase the expression and release of pro-inflammatory cytokines. Pro-inflammatory M1 

macrophages are efficient in eliminating intracellular pathogens and recruiting additional 

immune cells. The uptake of S. aureus by phagosomes involves various receptors, including 

scavenger receptors, complement receptors, and Fc receptors. Macrophages eliminate 

bacteria within phagolysosomes through mechanisms such as the release of lytic enzymes, or 

antimicrobial peptides, or nutrient restriction. Crucial mechanisms include ROS and reactive 

nitrogen species (RNS) generation and phagolysosomal acidification [8, 70, 71]  

Macrophages generally survive phagocytosis and the effects of the reactive bactericidal 

compounds they produce. In contrast, neutrophil granulocytes typically die after phagocytosis 

and are then broken down by macrophages [72]. Some bacterial pathogens have developed 

strategies to survive and replicate intracellularly within macrophages. Examples include 

Mycobacterium tuberculosis, Salmonella enteritidis, Listeria monocytogenes, Legionella 

pneumophila, Burkholderia pseudomallei and S. aureus. These pathogens can evade 

degradation and maintain infections by persisting intracellularly in macrophages [73]. 

4.4.1. Killing mechanisms against invading Pathogens 

 

Pathogens are engulfed into phagosomes via phagocytosis. Phagosome maturation involves 

acidification, ROS production by a NADPH oxidase complex and reactive nitrogen compound 

formation by the inducible nitric oxide synthase (iNOS), as well as nutritional immunity or 

autophagy. Subsequently, phagosomes merge with lysosomes containing enzymes like 

lysozymes, hydrolases, and antimicrobial peptides for example defensins, which digest and 

break down the ingested microorganism [8]. Bacteria, persistent in mouse macrophages, are 

non-growing, antibiotic resistant but metabolically active [74]. Macrophage-derived ROS can 

promote the formation of such persisting bacteria [75, 76], and intracellular persisters show 

induced expression of several stress response pathways [74].  

Acidification of the phagosome is another key mechanism involved in killing phagocytosed 

bacteria. Influx of protons into the phagosome occurs by vacuolar-type proton transporting 

ATPase (v-ATPase) [77]. S. aureus resides and multiplies in mature phagolysosomes in murine 

and human macrophages [8, 12]. It was proposed that in S. aureus USA300 the intracellular 

activation of the TCS GraRS [78] or Agr [79] contributes to the specific adaption of this strain 

to the acidic environment. Thus, whether phagosomes containing S. aureus properly acidify 

and whether this leads to bacterial killing or survival, likely depends on cell types, bacterial 

strains and experimental settings [8]. 
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Macrophages acidify phagosomes during maturation by actively transporting protons using 

ATP, directly impeding bacterial growth and survival. Additionally, acidic conditions optimize 

the efficacy of hydrolytic enzymes within phagolysosomes.  

Antimicrobial peptides (AMPs), which carry a positive charge, further disrupt bacterial 

membranes, although S. aureus employs strategies such as surface charge modification to 

evade AMPs. Moreover, macrophages limit the availability of essential metal ions like iron and 

manganese, prompting bacteria to resort to siderophore production to acquire iron. 

Simultaneously, bacteria face toxicity from elevated copper and zinc levels [80, 81, 82].  

Extracellular traps were first described and associated with neutrophils. They are extracellular 

fibers consisting of chromatin, histone proteins, mitochondrial DNA, proteases and AMPs, 

building a net to capture and bind bacteria [83]. Macrophages were also able to induce 

macrophage extracellular traps (METs) due to bacterial response. During METs formation the 

macrophage exhibit loss of membrane integrity which leads to a form of cell death. Overall 

METs formation my act to slow and prevent the spread of infection and allow neighbouring 

macrophages to phagocytose bacteria [84]. 

4.4.2. NLRP3 inflammasome 

 

The activation pathways differentiate between canonical and non-canonical inflammasomes. 

Activation of the non-canonical inflammasome occurs upon exposure to lipopolysaccharides 

(LPS) from gram-negative bacteria, with caspases (such as murine caspase-11 or human 

caspase-4 and 5) serving as both sensors and effectors independently of additional 

inflammasome components [85, 86]. 

The NOD-, LRR- and NLRP3 inflammasome is the most well-studied of the inflammasomes. 

Apart from the canonical inflammasome pathway, NLRP3 is also recognized for its full 

activation via direct LPS signalling in human monocytes, termed the alternative inflammasome 

pathway [87]. This pathway did not end in pyroptosis and was independent of K+ efflux. Studies 

have demonstrated its mechanism through the TRIF-RIPK1-FADD-Caspase-8 pathway, 

leading to NLRP3 activation and subsequent release of IL-1ß [88].  
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Figure 1:Mechanism and activation of the NLRR3 inflammasome [89]. 

 

NLRP3 inflammasome is canonically activated via two signals in vitro: the initiating signal 

(known as “priming”) by ligands of the pathogen recognition receptors (PRRs) like TLRs and 

NOD-like receptors (NLR) and the second inflammasome stimulation signal can come from 

ionophores, microbial toxins, ATP and particulate matter [90]. Biochemical studies 

demonstrated that, the majority of NLRP3 is located in the ER and cytosol of THP-1 cells under 

resting conditions. However, upon activation NLRP3 relocated to the perinuclear space and 

associated with both mitochondrial and ER markers. Activated NLRP3 were also found in small 

fractions in the cytosol [43], [91]. The “priming” leads to transcriptional activation through TLR2 

via the Nuclear Factor (NF)-κB. NF-κB synthesizes pro-IL-1β, pro-IL-18, and pro-Caspase-1 in 

the cell nucleus. The second signal involves NLRP3 activation and the formation of the 

inflammasome and is K+ efflux dependent. Pro-Caspase-1 is recruited via the adapter protein 

ASC, leading to the assembly of the NLRP3 inflammasome. This recruitment results in the 

automatic cleavage of pro-Caspase-1 into Caspase-1, which in turn cleaves pro-IL-1β and pro-

IL-18. As a caspase target gasdermin D (GSDMD) is getting cleaved and the N-terminal 

product of GSDMD forms a pore in the plasma membrane. The cytokines IL-1β and IL-18 can 

then be released from the cell as part of the immune response [92, 89].  
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4.4.3. Cell death through invading bacteria 

 
Host cell exit is a crucial stage in the life cycle of intracellular pathogens, closely associated 

with barrier penetration, tissue dissemination, inflammation, and pathogen transmission. 

Similar to cell invasion and intracellular survival, host cell exit represents a finely regulated 

process that has evolved during the dynamic interplay between multiple host and microbial 

factors. There are three possible exit pathways used by intracellular pathogens, including the 

non-lytic apoptosis and the lytic necroptosis and pyroptosis [73]. In this work we are focussing 

on the pyroptosis and necroptotic pathway because previous work excludes apoptosis as a 

possible cell death mechanism [93].  

                                                                                                

Figure 2: Pyroptosis and Necroptosis in response to extra- or intracellular S. aureus. Figure is adjusted to 
this work [94]. 

 

4.4.3.1. Pyroptosis 

 
Different bacteria have been found to activate pyroptosis like Legionella, Francisella, Shigella, 

Salmonella and Listeria. Different to apoptosis and probably necroptosis, pyroptosis is limited 

to specific cell types, such as macrophages, since not all cells express or are able to activate 

inflammasome components. The cell is dying of pore formation in the plasma membrane, build 

by members of the gasdermin family. Therefore, the proteolytic activity of caspases is needed. 
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It was shown that caspase-1, -11 (only found in mice) and its orthologues in humans caspase-

4 and -5 but also capsase-3 are involved. The activation of these caspases occurs trough 

multiprotein complexes called inflammasomes, which are formed by the oligomerization of 

caspase-adapter proteins like ASC (see 4.4.2) [73]. Similar to apoptosis, pyroptotic cells show 

signs of DNA damage and chromatin condensation. Also, pyroptotic cells show swelling and 

display bubble-like formations on the surface before its rupture. Besides these similarities, 

there are also unique morphological characteristics of pyroptosis in comparison of apoptosis. 

Whereas apoptosis is considered as a controlled form of cell death, pyroptosis triggers 

inflammation. Different to the abrupt cell rupture seen in necrosis, pyroptosis leads to 

cytoplasmic flattening due to leakage from the plasma membrane [95-97].  

 

4.4.3.2. Necroptosis 

 
Necroptosis belongs to the regulated cell death mechanism caused by microenvironmental 

disorders inside and outside the cell. The signalling is depending on a death receptor mediated 

signalling molecule (Fas or TNF). This leading to the formation of a stable, short-lived (RIPK1) 

complex. Ubiquitination of the RIPK1 promotes the interaction of RIPK3 with the FAS-

associated death domain (FADD) [98, 99, 100]. If active caspase-8 (promoting apoptotic cell 

death) is blocked by chemicals or pathogens, it leads to the complexation and 

autophosphorylation of RIPK1 and RIPK3. This results in the assembly of an intracellular 

machinery called necrosome. Downstream signalling initiates the recruitment of mixed linage 

kinase domain-like pseudokinase (MLKL). MLKL, when phosphorylated, interacts with the 

inner plasma membranes, by disrupting the integrity of the cell [101, 102].  

 

In addition to death receptor-mediated necroptosis, it can also be initiated by TLR-mediated 

signalling or specific intracellular stimuli. These triggers can lead to the formation of non-

classical necrosomes. It was also shown that DNA damage can activate RIPK3 [103]. 

Necroptosis is a caspase-independent form of programmed cell death characterized by 

massive organelle and cellular swelling and rupture of plasma membranes. [104, 94] 

4.5. Intracellular S. aureus 

 
In response to S. aureus or signals derived directly from it, host immune effectors are released 

which recruit phagocytes to S. aureus. For example, epithelial cells detect invading S. aureus 

via PRRs. These PRRs recognizing various staphylococcal molecules such as lipoproteins, 

lipoteichoic acids (LTA), PSMs, protein A, toxins and peptidoglycan [105].  
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The uptake of the bacteria by non-professional phagocytes is facilitated by adhesins. S. aureus 

Fibronectin (Fn)-binding proteins A and B (FnBPA, FnBPA) have been discovered being the 

primary adhesins for non-professional phagocytes, including epithelial and endothelial cells, 

fibroblasts, osteoblasts, and keratinocytes. The uptake of S. aureus from non-professional 

phagocytes is mediated by a zipper-type mechanism, where the fibronectin-bridging between 

FnBPs and a5b1 integrins on the host cell surface is sufficient. The S. aureus strain Newman 

was observed to invade FnBP-independent. Epithelial cells and fibroblasts internalize strain 

Newman by extracellular adherence protein (Eap) [63]. It was shown that clinical and 

laboratory S. aureus strains were taken up by primary skin keratinocytes via a FnBP-a5b1 

integrin. Once they have been internalized by keratinocytes, the majority of clinically used anti-

staphylococcal antibiotics are ineffective at killing these intracellular bacteria. Therefore, MRSA 

is protected against the antibiotics trough internalization by keratinocytes [106]. Macrophages 

have several receptors on their surface which can bind to S. aureus leading to phagocytosis. 

Scavenger receptors recognize a wide range of pathogenic molecules (e.g. proteins, 

polysaccharides, lipids and LTA) and bind directly to S. aureus. Another possibility are Fc 

receptors which bind to the Fc region of antibodies like IgG against staphylococcal α-

hemolysin. Additionally, S. aureus cell surface molecules activate the complement cascade, 

which leads to recruitment of phagocytes and act as opsonin’s to promote phagocytosis [8]. 

Once inside the professional phagocytes, S. aureus is able to survive and even replicate 

intracellular. It was shown that S. aureus exploit the inflammatory response of the host by 

surviving inside polymorphonuclear neutrophils (PMNs). This behaviour was associated with 

S. aureus expression of sar. A ∆sar-mutant was less able to survive [107]. Chronic infections 

are often characterized by the presence of slow-growing, antibiotic-resistant small-colony 

variants (SCVs). Often mutations were found that enable SCVs to adapts to an aerobic low 

redox potential, which is the case in host cell cytoplasm [108]. S. aureus is also able to protect 

itself against host generated ROS and RNS [109]. Therefore, enzymes such as catalase, 

superoxide dismutase and peroxiredoxins are used [110, 111]. S. aureus enzymes such as 

MrpF, DltA, and OatA modify the bacterial membrane and peptidoglycan, contributing to 

increased resistance against antimicrobial peptides like defensins and lysozyme, released 

from the host cell [80, 112]. Acidified phagolysosomes are another protection mechanism 

against invading pathogens from phagocytes. It is reported that S. aureus is also able to reside 

and replicate in acidified phagolysosomes [113], others observe reduced acidification of 

S. aureus containing phagosome and/or failure of phagolysosomal maturation [114, 115]. 

S. aureus has several mechanisms to protect itself against acidic environment. The two 

component system GraXRS is required for S. aureus growth within acidic phagolysosomes 

[78]. Transcriptional analyses showed gene upregulation under acid stress conditions, in the 
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area of: neutralizing components (like ureases), pentose phosphate pathway, capsular 

polysaccharide synthesis, general stress response (like sarA, clpP, agr, sigB, sae) and 

oxidative stress related genes (like sodM, sodA, katA) [116, 117, 118].  

The escape of S. aureus from phagosomes was initially described by Bayles et al. [119], and 

subsequent research has demonstrated the dependency of this process on the agr system 

[120, 93]. PSMs were identified to be involved in phagosomal escape [121]. In macrophages 

and a cystic fibrosis lung cell line the requirement for phagosomal escape and intracellular 

bacterial survival. Also, it was shown that S. aureus, once escaped into the cytoplasm, is able 

to replicate [115, 122]. The discovery that S. aureus can translocate into the cytoplasm of host 

cells and continue to grow without causing immediate cell death demonstrates that 

phagosomal escape is not directly associated with cytotoxicity.  

Signalling pathways leading to cell death serve as final defences against invading pathogens. 

S. aureus has evolved to manipulate all major known pathways of programmed cell death, 

such as apoptosis, necroptosis and pyroptosis as a strategy for persistence [94]. Overall, this 

shows that S. aureus is able to adapt to different host conditions, manipulate or even kill the 

host to survive intracellular.  

Figure 3: Intracellular S. aureus. S. aureus is able to replicate intracellular and break out of the phagosome 
with the help of PSMs. This is followed by an outbreak from the host, which results in its death. An agr/sae-
mutant remains intracellular due to the lack of toxins and is not harming the host cell.  
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5. Aim of this thesis 

 

S. aureus is considered as an extracellular pathogen, yet the bacterium is able to survive within 

and escape from host cells. Therefore, it is important to get a better idea of survival strategies 

of intracellular S. aureus and how the host cell is dealing with the invading pathogen. The aim 

of this work was to investigate how different Staphylococcal species survive in macrophages 

and how S. aureus is able to induce cell death from within, due to its pore-forming toxin LukAB. 

An agr/sae (a/s)-mutant of strain USA300 is unable to escape from macrophages but can 

replicate and survive within. 

 

The first part of this thesis focusses on the question whether such „non-toxic“ a/s-mutant 

resembles the less pathogenic coagulase-negative Staphylococcal species (CoNS) like 

S. epidermidis, S. carnosus, S. lugdunensis, S. capitis, S. warneri or S. pettenkoferi in the 

context of macrophage infection. I investigated the impact of various S. aureus genes such as 

katA, copL, graRS, sigB or superoxide dismutases on their role in intracellular survival. 

Because acidification is a major protection mechanism in macrophages, I aimed to clarify the 

role of acidification in the context of the different outcomes of survival between a “non-toxic” 

a/s-mutant and CoNS.  

 

The second part of this thesis investigates how the pore-forming toxin LukAB is able to induce 

host cell death in macrophages. It was shown that exogenously added LukAB potently triggers 

the activation of the NLRP3 inflammasome and kills primary human monocytes via pyroptosis. 

The functions of LukAB, when internally expressed by S. aureus, and its impacts on cell death 

pathways and the NLRP3 inflammasome remain unclear. Therefore, I created different “non-

toxic” a/s-mutants, which are lacking LukAB and other toxins like PSMs, where we could induce 

lukAB and psm expression from intracellular. At first, I investigated if LukAB alone is able to 

induce cell death from within macrophages and if the CoNS S. epidermidis 1457 is able to 

survive intracellular if it’s able to express lukAB. Furthermore, I checked which cell death 

pathways are induced by intracellular S. aureus. Therefore, I investigated the NLRP3 

inflammasome, IL1-ß secretion, K+ efflux and the expression of GSDMD-pore formation as 

signs from classical pyroptosis pathway. As a second cell death mechanism which could be 

involved, I investigated the influence of MLKL as a part of necroptosis. From extracellular, 

LukAB is dependent on the receptors CD11b and HVCN1. I performed experiments using THP-

1 CD11b-/- cells to determine if LukAB requires this receptor from intracellular. 
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6. Results 

6.1. The impact of differential survival of Staphylococcal species in 

macrophages 

The results presented here are a part of the published research article “Differential survival of 

Staphylococcal species in macrophages” which can be accessed under the following doi: 

https://doi.org/10.1111/mmi.15184. 

6.1.1.  „Non-toxic“ S. aureus survives better in macrophages than CoNS 

 
The virulence regulators Agr and Sae control the synthesis of most immunomodulatory 

molecules or toxins such as PSMs or LukAB. A „non-toxic“ a/s-mutant is unable to escape after 

phagocytosis [93]. We compared survival of wild type and „non-toxic“ S. aureus within THP-1-

CWT cells with that of various CoNS isolates (multiplicity of infection (MOI =10)). More than 

90% of the inoculated bacteria were phagocytosed (Fig. 1A). Within 24 hours (h), the cytotoxic 

USA300 escaped the macrophages. This is indicated by a severe decrease in colony forming 

units (CFUs) after 24 h (Fig. 1A) as the escaped bacteria were efficiently killed by gentamicin. 

However, the „non-toxic“ USA300 was retained in the THP-1-CWT cells at high numbers. All 

CoNS showed a significant decrease in CFU compared to the „non-toxic“ USA300. To analyse 

whether the decrease in CFU after 24 h was due to escaped or intracellularly killed bacteria 

we performed a cytotoxicity assay. After 24 h, lactate dehydrogenase (LDH) release, a proxy 

for host cell lysis, was mostly observed after uptake of USA300 wild-type bacteria. No or less 

cytotoxicity was detectable after phagocytosis of „non-toxic“ USA300 or CoNS strains 

(Fig. 1B). This indicates that the lower number of living CoNS is not due to escape from the 

phagocytes. 

Since there are also major differences between strains of a given species, we included an a/s- 

mutant of the strain Newman and at least one more representative of the CoNS species into 

the analysis. There was no significant difference between bacterial survival or cytotoxicity of 

„non-toxic“ USA300 versus „non-toxic“ strain Newman. All additional analysed CoNS strains 

were again significantly less able to survive phagocytosis (Fig. 1_S1).  

We followed the intracellular bacteria by live-cell imaging using the THP-1-CWT cell line 

expressing the S. aureus recruitment marker YFP-CWT, which recognizes peptidoglycan [123]. 

YFP-CWT cannot enter the phagosome and thus recognizes only cytosolic bacteria by binding 

to the bacterial surface. The escape from phagosome and cell-death of the host macrophage 

were observed in USA300 infected cells (Movie S2). However, internalization of the „non-toxic“ 

USA300 a/s-mutant or the S. epidermidis strain did not result in obvious cell damage (Movie 

S3 and S4). We analysed live intracellular bacteria using Syto9 staining (Fig. 1C). Even after 
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48 h, the number of macrophages harbouring live S. aureus did not decrease. However, the 

number of infected macrophages harbouring live S. epidermidis dropped significantly 

indicating that S. epidermidis was cleared in a part of the macrophage population (Fig. 1D). 

The bacterial number per staphylococcal positive macrophages was also significantly lower in 

CoNS infected macrophages and was further decreased after 48 h (Fig. 1E). Thus, „non-toxic“ 

S. aureus can survive phagocytosis whereas a large part of the CoNS bacteria is cleared from 

macrophages.  

We next tested bacterial survival and cytotoxicity in human monocyte-derived macrophages 

(hMDM). Again CoNS S. epidermidis was more efficiently killed compared to „non-toxic“ 

S. aureus (Fig. 1_S2).  
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Figure 4: “Non-toxic” S. aureus survive better in macrophages than CoNS. After phagocytosis and 
lysostaphin/gentamicin treatment for 1 h (t0) THP-1-CWT cells were further incubated for 24 h in medium 
containing gentamicin to kill extracellular/escaped bacteria. At indicated time points, the cells were lysed and 
bacterial CFU determined (A). Membrane integrity of the THP-1- CWT cells were assessed by LDH-assay (B). 
Bacteria containing macrophages were enumerated by live/death staining. Cells were seeded in an IBIDI-slide 
(C). Quantification of Syto9 positive macrophages (D). Quantification of Syto9 positive bacteria in positive 
macrophages (E). The data represent at least three biological replicates. Significance was determined by one-
way analysis of variance with Tukey`s multiple comparison post-test, with USA300 a/s as control (panel A, B, D) 
or students t-test for panel E. 

  



Results 

 

24 
 

6.1.2.  „Non-toxic“ S. aureus strains and CoNS induce IL1-ß after phagocytosis 

 
Previously, killing within macrophages was linked to inflammasome activation [124-127]. We 

questioned whether „non-toxic“ S. aureus were still able to provoke IL-1ß release as read-out 

for inflammasome activation. Interestingly, IL-1ß was detectable not only in cells infected with 

the „non-toxic“ S. aureus strains but also in those infected with CoNS (Fig. 2A, 2B) although 

with a high degree of variation. IL-1ß release indicates that several Staphyloccoci species can 

lead to inflammasome activation. However, inflammasome activation does not correlate with 

bacterial survival capacity or cell cytotoxicity (shown in Fig. 1A, 1B and Fig. 1_S1). 

 

Figure 5: “Non-toxic” S. aureus strains and CoNS induce IL1-ß after phagocytosis. After 
phagocytosis and lysostaphin/gentamicin treatment for 1 h (t0) THP-1-CWT cells (A) or hMDM (B) were 
further incubated for 3 h or 24 h in medium containing gentamicin to kill extracellular/escaped bacteria. 
At indicated time points, IL-1ß were determined by ELISA (A, B). 

 

6.1.3.  Role of ROS detoxifying enzymes for bacterial survival 

 
Killing of phagocytosed bacteria might occur via different mechanisms. Several S. aureus 

factors were shown to contribute to protection against intoxication by copper (copXL, copA 

[128]), ROS (staphyloxanthin biosynthesis [129, 130]) or H202 (katA [131]). Inactivation of 

copA, copL, or katA in the „non-toxic“ USA300 strain did not impact bacterial survival in THP-

1-CWT cells (Fig. 3A). Staphyloxanthin biosynthesis is strictly dependent on the alternative 

sigma factor B (SigB [132]) rendering sigB-mutants non-pigmented. Since deletion of sigB did 

not alter bacterial survival in THP-1-CWT cells, protection by staphyloxanthin or other SigB 

regulated factors is not essential for bacterial survival. In murine macrophages the GraRS 
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regulon was shown to contribute to bacterial survival in USA300 wild-type bacteria [78]. 

However, in the a/s negative background no significant difference in intracellular survival was 

observed (Fig. 3A, 3B).  

Interestingly, S. aureus possesses two superoxide dismutase (sod) genes, sodA and sodM, 

which is unique among Gram-positive bacteria [133]. Other staphylococci only possess one 

Sod homodimer resembling S. aureus SodA. Thus, we speculated that SodM may contribute 

to the unique survival of S. aureus in macrophages. But when we deleted sodA, sodM or both 

genes in the „non-toxic“ USA300 strain background, we did not observe a decrease in bacterial 

survival in THP-1-CWT cells or changes in cytotoxicity (Fig. 3C, 3D). However, THP-1-CWT 

cells may produce less ROS compared to primary macrophages. We therefore tested the 

mutant strains for survival in hMDMs. In these cells the double mutant exhibited a significant 

decrease in survival rate after 24 h (Fig. 3E). The LDH-assay confirmed that this decrease in 

CFU could not be attributed to better escape of the sodA-sodM-mutant (Fig. 3F). We next 

overexpressed sodM in S. epidermidis using an anhydro-tetracycline (AHT) inducible promoter 

(Fig. 3_S1). SodM expression could not rescue S. epidermidis (Fig. 3E). Thus, the mutant 

analyses could not link the better survival of S. aureus versus CoNS in THP-1-CWT cells to 

any property to deal with ROS or toxic copper. In hMDMs S. aureus specific expression of two 

superoxide dismutases contributes to bacterial survival but cannot protect S. epidermidis from 

being killed. 
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Figure 6: Role of ROS detoxifying enzymes and regulatory system for bacterial survival. After 
phagocytosis and lysostaphin/gentamicin treatment for 1 h (t0) THP-1-CWT cells (A, B, C, D) or hMDM 
(E, F) were further incubated for 3 h or 24 h in medium containing gentamicin to kill extracellular/escaped 
bacteria. At indicated time points, the cells were lysed and bacterial CFU determined (A, C, E). 
Membrane integrity of the THP-1-CWT or hMDM cells were assessed by LDH-assay (B, D, F). The data 
represent at least three biological replicates. Significance was determined by one-way analysis of 
variance with Tukey`s multiple comparison post-test, with USA300 a/s as control. 
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6.1.4.  Intracellular acidification is linked to killing of CoNS but not of „non-

toxic“ S. aureus 

 

S. aureus resides and multiplies in mature phagolysosomes in murine and human 

macrophages [8, 12]. Low pH even promotes survival of USA300 whereas other S. aureus 

strains such as strain Newman seem to be sensitive to low pH [78, 79, 134]. We assayed 

whether „non-toxic“ S. aureus or CoNS strains were sensitive to the v-ATPase inhibitor 

bafilomycin, which inhibits lysosomal acidification [134]. The drug had no impact on bacterial 

growth when added to bacterial cultures (Fig. 4_S2). S. aureus survival was not significantly 

altered in bafilomycin treated THP-1-CWT cells (Fig. 4) indicating both „non-toxic“ S. aureus 

strains USA300 and Newman are insensitive towards pH alterations in the phagosomes. In 

contrast to S. aureus the survival of most CoNS species was significantly increased in 

bafilomycin treated cells (Fig. 4) indicating that they are more susceptible to pH mediated killing 

after phagocytosis. A similar tendency could be observed in hMDM (Fig. 4_S1). We speculated 

that S. aureus may have a growth advantage at low pH. However, S. epidermidis was not found 

to be more sensitive to pH when grown in vitro (Fig. 4_S3).  

 

Figure 7: Intracellular acidification is linked to killing of CoNS but not “non-toxic” S. aureus. After 
phagocytosis and lysostaphin/gentamicin treatment for 1 h (t0) THP-1-CWT cells were further incubated 
for 24 h in medium containing gentamicin to kill extracellular/escaped bacteria. At indicated time points, 
the cells were lysed and bacterial CFU determined. The data represent at least three biological 
replicates. Significance was determined by students t-test. 
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6.2. Staphylococcus aureus pore-forming toxin LukAB is essential and 

sufficient to induce cell death from within macrophages 

 

The results presented here are a part of the article “Staphylococcus aureus pore-forming toxin 

LukAB is essential and sufficient to induce cell death from within macrophages” which is ready 

to submit. 

 

6.2.1. Pore-forming toxin LukAB alone leads to cell death from within 

macrophages. 

 

To gain insight into the role of the pore-forming toxin LukAB and its involvement in the escape 

of intracellular S. aureus, we created a/s-mutants where we induced lukAB or lukAB/psm 

expression from within macrophages. Toxin genes were induced via AHT using multiple (pAHT) 

or single copy (SaPI) vectors. Most immunomodulatory molecules or toxins, such as LukAB or 

PSMs, are controlled by the virulence regulators Agr and Sae, and a “non-toxic” a/s-mutant is 

unable to escape after phagocytosis [93]. To ensure that the observed effect originates from 

intracellular, we killed the extracellular bacteria with lysostaphin and gentamicin for 1 h (t0) and 

then induced the expression of lukAB or lukAB/psm with AHT. We compared the survival of 

wildtype USA300, a/s-mutant and induced multicopy lukAB and lukAB/psm-mutants within 

THP-1-CWT cells. With a MOI=10, > 90% of the inoculated bacteria were internalized t0 (Fig. 

1A). Within 24 h, USA300 escaped out of the macrophages, whereas the a/s-mutant and 

uninduced a/s-lukAB or -lukAB/psm strains are still intracellular (Fig. 1B), as indicated by 

colony forming unit (CFU) determination.  

After induction of both toxin genes, we observed a severe decrease in CFU similar to the wild-

type. Interestingly, we also monitored a decreased CFU when only multicopy lukAB was 

induced. To analyze whether the decrease in CFU after 24 h was due to escaped or 

intracellularly killed bacteria, we performed a cytotoxicity assay. The release of LDH, a proxy 

for host cell death, was observed for the USA300 wild-type and after lukAB/psm induction in 

the “non-toxic” a/s-mutant (Fig. 1D). No cytotoxicity was detectable after phagocytosis of 

USA300 wild-type and “non-toxic” a/s-mutants at t0 (Fig. 1C). These results were confirmed in 

hMDMS. No significant difference was observed in the uptake of the strains (Supplement_1A). 

After 24 h, wild-type and also the induced multicopy a/s-lukAB and -lukAB/psm strains showed 

decreased CFU, compared to the a/s-mutant (Supplement_1B). Higher cytotoxicity to 

uninfected hMDMs confirmed that after 24 h, the wild-type, a/s-lukAB and a/s-lukAB/psm-

induced strains (multicopy) were able to induce cell death (Supplement_1D), whereas after 

uptake at t0, almost no cytotoxicity was observed (Supplement_1C). 
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We also generated chromosomal (single-copy) inducible a/s-mutants, lukAB (SaPI::lukAB), 

lukAB/psm (SaPI::lukAB/psm) and psm (SaPI::psm), which allowed the labeling of the bacteria 

with plasmid expressed fluorophores like mCherry. At t0 there were no differences in uptake 

between wild-type and the mutants (Supplement_1.2A). However, after 24 h, a significant 

decrease in CFU was observed for the lukAB/psm-induced a/s-mutant compared to the a/s-

mutant. Whereas the expression of psm alone or psm/pvl together leads to no reduction in 

CFU after 24 h (Supplement_1.2B). Cytotoxicity was absent for all strains following uptake at 

t0 (Supplement_1.2C). However, higher cytotoxicity levels were observed after 24 h for both 

the wild-type and the induced strains: a/s-lukAB, a/s-lukAB/psm and a/s-psm (single-copy) 

(Supplement_1.2D). 

We visualized our observations at t0 and t24 using fluorescence microscopy. At t0, all bacteria 

(stained with TRITC, in red) were phagocytosed from THP-1-CWT cells, with actin filaments 

stained with AlexaFluor (in purple) and localized around the cell nucleus (stained with DAPI, in 

blue). After 24 h, only the “non-toxic” a/s-mutant did not cause obvious cell damage and the 

bacteria remained intracellular. For the USA300 wild-type and the induced lukAB, lukAB/psm 

a/s-mutants (multicopy) few or no healthy cells were detectable (Fig. 1E). Therefore, S. aureus 

demonstrates the ability to escape and kill macrophages with the assistance of LukAB/PSM. 

Even LukAB alone leads to cell death within macrophages, whereas PSM alone was not 

sufficient.  

We repeated the experiment in hMDM to validate the results. Staining was performed similar 

to the THP-1-CWT cells. At t0, all strains were found intracellularly (red). After 24 h, cell 

damage was observed for the wild-type; a/s-lukAB and a/s-lukAB/psm induced strains 

(multicopy), while the a/s-mutant remained intracellular (Supplement_1E).  

We monitored intracellular bacteria using live-cell imaging with the THP-1-CWT cell line 

expressing the S. aureus recruitment marker YFP-CWT, which specifically recognizes 

peptidoglycan (Grosz 2014). YFP-CWT cannot penetrate the phagosome and therefore only 

binds to cytosolic bacteria by interacting with their surface. Escape from the phagosome and 

subsequent cell death of the host macrophage were observed in cells infected with USA300 

(Supplement_Movie_S1). However, internalization of the “non-toxic” USA300 a/s-mutant did 

not lead to evident cell damage (Supplemen_Movie_S2). A USA300 psm-mutant exhibited 

delayed cell damage, with minimal escape into the cytosol (Supplement_Movie_S3), whereas 

a USA300 lukAB/pvl-mutant showed cytosolic escape followed by cell death 

(Supplement_Movie_S4). The USA300 lukAB/psm/pvl-mutant behaved similarly to the a/s-

mutant, with no observed escape or cell damage (Supplement_Movie_S5). Uninfected cells 

were included as a control (Supplement_Movie_S6). 
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Thus, the analysis shows that expression of LukAB together with PSMs in the “non-toxic” a/s-

mutant is sufficient to induce cell death at a similar level as wild-type bacteria. Induction of only 

psm or was not sufficient to complement the a/s-mutant. Interestingly, LukAB alone is enough 

to induce cell death in THP-1-CWT cells from within. The result confirms that PSMs are 

responsible for the escape from the phagosome into the cytoplasm but not for cell death. 

LukAB is the major determinant required for cell death.  

 

Figure 8: Pore-forming toxin LukAB alone leads to cell death from within macrophages. After 
phagocytosis and lysostaphin/gentamicin treatment for 1 h (t0) THP-1-CWT cells were further incubated 
for 24 h in medium containing gentamicin to kill extracellular/escaped bacteria. Expression of lukAB or 
lukAB/psm were induced at t0 with AHT. At indicated time points, the cells were lysed and bacterial CFU 
determined (A, B). Membrane integrity of the THP-1- CWT cells were assessed by LDH-assay (C, D). 
Experiment performed as described earlier using IBIDI-slides. Cells were fixed and stained with 
phalloidin (pink: actin filaments) and DAPI (blue: DNA). Bacteria carry an mCherry plasmid (red) (E). 
The data represent at least three biological replicates. Significance was determined by one-way analysis 
of variance with Tukey`s multiple comparison post-test (panel A, B, C, D). 
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6.2.2. Intracellular CoNS S. epidermidis 1457 is able to induce cell death or 

escape out of macrophages with LukAB and LukAB/PSM. 

 

Coagulase-negative staphylococci (CoNS) such as S. epidermidis 1457 are typical 

commensals found on the human skin. Our research has demonstrated that bacterial 

persistence within human macrophages is specific to S. aureus, whereas CoNS exhibit lower 

ability to survive phagocytosis and are generally more sensitive towards low intracellular pH 

(Bayer et. al, 2023). We asked, if such a CoNS strain as S. epidermidis 1457 can survive, 

escape and induce cell death, if it is able to produce the S. aureus toxins LukAB and 

LukAB/PSM. Therefore, we transduced plasmids with AHT inducible lukAB or lukAB/psm into 

S. epidermidis 1457. We observed no significant difference in uptake into THP-1-CWT cells 

between the wild-type and the recombinant strains (Fig. 2A). However, all strains showed a 

reduction in CFU after 24 h (Fig. 2B). To analyse whether this reduction resulted from 

intracellular bacterial killing or escape and subsequent cell death within the macrophages, we 

measured cell toxicity. No cell damage was detectable for the wild-type and the non-induced 

strains. However, induction of lukAB leads to high cytotoxicity, which was further elevated after 

induction of lukAB/psm. Thus, expression of lukAB/psm enables S. epidermidis 1457 to escape 

from macrophages and LukAB alone is sufficient to induce cell death (Fig. 2D).  

With analysed live (green) and dead (red) intracellular bacteria with Syto9 and Propidium 

iodide (PI) staining. THP-1-CWT cells were stained with PI, due to fixation and 

permeabilization. For wild-type S. epidermidis 1457, we observed live bacteria intracellular at 

t0. However, after 24 h, many bacteria were dead, with only a few remaining alive 

intracellularly. We induced the expression of lukAB and lukAB/psm already in the day culture. 

Cell death was already detectable after 1 h of phagocytosis (t0). The combined induction of 

lukAB/psm resulted in complete cell damage after 24 h (Fig. 2E).  

These insights show that expression of lukAB, is sufficient to induce cell death when expressed 

in S. epidermidis 1457, which is normally unable to survive intracellularly. 
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Figure 9: Intracellular CoNS S. epidermidis 1457 is able to induce cell death or escape out of 
macrophages with LukAB and LukAB/PSM. After phagocytosis and lysostaphin/gentamicin treatment 
for 1 h (t0) THP-1-CWT cells were further incubated for 24 h in medium containing gentamicin to kill 
extracellular/escaped bacteria. Expression of lukAB or lukAB/psm were induced in bacteria day culture 
with AHT. At indicated time points, the cells were lysed and bacterial CFU determined (A, B). Membrane 
integrity of the THP-1- CWT cells were assessed by LDH-assay (C, D). Experiment performed as 
described earlier using IBIDI-slides. Cells were fixed and stained with live/dead staining. Syto9 (green) 
were staining live bacteria and Propidium Iodide (red) were staining dead bacteria and cells (E). The 
data represent at least three biological replicates. Significance was determined by one-way analysis of 
variance with Tukey`s multiple comparison post-test (panel A, B, C, D). 
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6.2.3. Escape is independent of inflammasome. 

 

It is known, that extracellular LukAB induces host cell death via NLRP3 and ASC activation, a 

process known as pyroptosis [69]. We sought to investigate whether the escape and 

subsequent cell death of intracellular S. aureus is associated with the NLRP3 inflammasome. 

We compared cytotoxicity and IL-1ß release as a read out for escape/cell death and 

Inflammasome activation over time in THP-1-CWT and THP-1-NLRP3-/- cells.  

Consistent with expectations, we observed no IL-1ß release for the USA300 wild-type, “non-

toxic” a/s-mutant and lukAB/psm induced a/s bacteria in NLRP3-/- cells (Fig. 3B). Whereas in 

the THP-1-CWT cells, inflammasome activation indicated by IL-1ß release was observed for 

all three strains after 3 h (Fig.3C). Similarly, uptake of S. epidermidis 1457 or lukAB induced 

S. epidermitis 1457 resulted in IL-1ß release (Supplement_3A) only in THP-1-CWT cells but 

not in the NLRP3 negative background (Supplement_3B). Thus, inflammasome activation from 

intracellular is NLRP3 dependent.  

We start to detect cell death and thus escape, due to rising cytotoxicity levels, in THP-1-CWT 

cells infected with the USA 300 wild-type and a/s-mutant with induced lukAB/psm, around 6-

7 h post-phagocytosis (Fig. 3C). The same we observe in the THP-1-NLRP3-/- cells (Fig. 3.D). 

Again, we were able to reproduce these results for THP-1-CWT and THP-1-NLRP3-/- cells 

infected with induced lukAB/psm S. epidermidis 1457 (Supplements_3C/D). Thus, even 

without NLRP3 inflammasome bacteria were able to escape from the cells.  

What may stand out and need to be explained are the rising IL-1ß levels for the escaping and 

cell death inducing bacteria strains in comparison to the IL-1ß levels from the USA300 a/s-

mutant and S. epidermidis 1457 wild-type strain. This is related to the experimental setup, as 

the ELISA detects both IL-1ß and pro-IL1ß. As soon as cell damage commence, the released 

pro-IL-1ß is also detected, leading to higher IL-1ß levels. Because of higher IL-1ß levels in 

comparison to the negative control before the time point of escape (6-7 h), we are sure that all 

bacteria strains lead to inflammasome activation in a NLRP3 dependent manner.  

For visualization, we performed fluorescence microscopy with wild-type USA 300 and 

S. epidermidis 1457 in THP-1-CWT and THP-1-NLRP3-/- cells (Supplement_3E). No visual 

differences were observed between the two cell lines. Wild-type USA300 was observed to 

escape from both THP-1-CWT and THP-1-NLRP3-/- cells, as evidenced by condensed cell 

nuclei and cell debris. In cells infected with S. epidermidis 1457, no signs of cell damage were 

observed, with only a few bacteria remaining intracellular (red). Uninfected cells were included 

as a control.  
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In summary, these results indicate that the escape mediated by LukAB and PSM is 

independent of the NLRP3 inflammasome. We could confirm that intracellular inflammasome 

activation is still NLRP3-dependent due to the fact, that IL-1ß couldn’t be detected in NLRP3-/- 

cells infected with wild-type and lukAB/psm expressing strains. 

 

Figure 10: Escape is independent of inflammasome. Experiment was performed as described earlier 
with THP-1-CWT and THP-1-NLRP3-/-. Expression of lukAB/psm were induced at t0 with AHT. At 
indicated time points supernatant were collected and ELISA (A, B) for IL-1ß detection or Cytotoxicity 
assay (C, D) were performed. The data represent at least two biological replicates. 
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6.2.4. Inflammasome is dependent on K+ efflux but IL-1ß is released without 

Gasdermin D. 

 

Next, we aimed to analyse whether K+ efflux triggers the observed inflammasome activation. 

K+ efflux is known to serve as the second signal for extracellular NLRP3 activation [135]. 

Therefore, we blocked K+ efflux through high concentrations of potassium chloride (KCl) in the 

medium. After 24 h post-phagocytosis, we observed no difference in CFU with or without 

extracellular KCl in the wild-type USA300 and the "non-toxic" a/s-mutant with inducible lukAB 

or lukAB/psm (single-copy) (Fig. 4A). Similarly, there were no significant differences in 

cytotoxicity between samples with and without extracellular KCl (Fig. 4B). However, when 

examining IL-1ß release, an indicator of inflammasome activation, IL-1ß release was 

decreased for the wild-type and the inducible lukAB and lukAB/psm a/s-mutants (Fig. 4C) 

under high KCl conditions. These findings suggest that blocking K+ efflux does affect 

intracellular inflammasome activation. However, escape or cell death is independent of K+ 

efflux and thus supporting to be also independent of the inflammasome.  

Next, we investigated how IL-1ß is released. Via Western Blot, we examined GDSMD. The 

activated GSDMD pore is thought to allow IL-1ß release and also to mediate pyroptotic cell 

death [136] [137]. Interestingly, for the wild-type USA300, the “non-toxic” a/s-mutant, and the 

uninfected THP-1 cells, we detected full-length GSDMD in a time window from infection (t-1) 

to 6 h. However, we observed no cleaved GSDMD (Fig. 4D). Further we wanted to investigate 

if intracellular induced IL-1ß is cleaved by Caspase-1. Western Blot analysis show that there 

is pro-caspase-1 (Fig. 4F) in the cell lysates from uninfected and USA300 infected THP-1-CWT 

cells. We could detect active Caspase-1 after 6 h for USA300 (Fig. 4F). These results suggest 

that intracellular USA300 and the "non-toxic" a/s-mutant do not lead to GSDMD formation. 

Thus, pro-IL-1ß is likely cleaved by caspase-1 but release likely occurs independent of 

GSDMD pore. 
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Figure 11: Inflammasome is dependent on K+ efflux but IL-1ß is released without Gasdermin D. Experiment 
was performed as described earlier without or with 50 mM KCL. At indicated time points, the cells were lysed and 
bacterial CFU determined (A). Membrane integrity of the THP-1-CWT cells were assessed by LDH-assay (B). IL-
1ß were detected from the supernatant by ELISA (C). The data represent at least three biological replicates. 
Significance was determined by unpaired t-test (panel A, B, C). At indicated time points cells were lysed in RIPA-
lyse-buffer for Western Blot. As a positive control THP-1-CWT cells treated with PMA+Nigericin were used (panel 
D, E, F). 4-12% Bis-Tris gels were used, and blotting was performed with a PVDF membrane in Tris-Glycine-SDS 
buffer (Expedeon) at 350 mAmpere for 1 h. Antibodies were used like described in the methods. 
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6.2.5. Intracellular LukAB function is CD11b dependent. 

 

It is well-documented that LukAB requires the receptor CD11b for cell lysis. To gain insight into 

how LukAB operates intracellularly and whether it still requires its receptor, we generated a 

THP-1 CD11b knockout cell line. A slight reduction in bacterial uptake was observed in the 

CD11b knockout cells (Fig. 5A). However, after 24 h, bacterial numbers of “non-toxic” bacteria 

were similar in both cell lines. However, induction of lukAB/psm in S. aureus a/s-mutant or 

S. epidermidis 1457 resulted in bacterial escape and cell death only in the wild-type cell line. 

Thus, intracellular toxicity of LukAB is clearly dependent on the toxin receptor CD11b. 

 

Figure 12: Intracellular action of lukAB is dependent on CD11b. After phagocytosis and 
lysostaphin/gentamicin treatment for 1 h (t0) THP-1-Cas9 and THP-1-CD11b-/- cells were further 
incubated for 24 h in medium containing gentamicin to kill extracellular/escaped bacteria. Expression of 
lukAB/psm was induced at t0 or for S. epidermidis 1457 during day culture with AHT. At indicated time 
points, the cells were lysed and bacterial CFU determined (A, B). Membrane integrity of the THP-1- 
CWT cells were assessed by LDH-assay (C, D). The data represent at least three biological replicates. 
Significance was determined by unpaired t-test (panel A, B, C, D). 
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6.2.6. Intracellular LukAB and IL-1ß release is independent on MLKL. 

 

We showed that escape and cell death is independent on the inflammasome, and IL-1ß is not 

released through GSDMD pore. MLKL is a significant component of the cell death mechanism 

known as necroptosis and is involved in pore-formation. We aimed to investigate whether 

MLKL is involved in the escape and cell death induced by LukAB, as well as in IL-1ß release. 

Therefore, we generated a THP-1 MLKL-/- knockout cell line. Performing the intracellular 

survival assay, we observed escape in both the control cell line and the MLKL-/- THP-1 cells 

after 24 h, particularly for induced lukAB/psm in USA300 a/s-mutant and S. epidermidis 1457 

(Fig. 6A/B). This suggests that MLKL does not play a role in the escape and induced cell death 

mediated by LukAB/PSM. 

To validate these findings, we analysed activated MLKL and the precursor RIP3 for 

phosphorylation via Western Blot. For USA300 wild-type and the a/s-mutant, we detected 

MLKL as well as phosphorylated MLKL (p-MLKL) from t0 to t6. Additionally, we observed 

phosphorylated RIP3 (p-RIP3) in a timeline from t-1 (after infection) to t6 (Fig. 6C). Comparing 

USA300 with S. epidermidis 1457, we checked active MLKL in later timepoints (t19-t24). 

Interestingly, there was a difference in phosphorylation between USA300 a/s-mutant and 

S. epidermidis 1457, as no pMLKL could be detected for S. epidermidis 1457 (Supplements 

Fig. 6). 

Microscopy was performed to closely examine cell death in the knockout cell line. No difference 

was observed between both cell lines (Fig. 6E). Induced lukAB/psm in USA300 a/s-mutant 

(single-copy) and S. epidermidis 1457 (multicopy) led to cell death. Taken together, these 

results confirm that LukAB appears to act independently of MLKL. 

We concerned MLKL as a possibility for IL-1ß release. Therefore, we analysed cleaved IL-1ß 

in USA300 infected control cell line and THP-1-MLKL-/- cells. Surprisingly we could detect a 

slight band for MLKL-/- cells infected with USA300 at t6 in comparison to the strong band in the 

infected control cell line. After 24 h in both cell lines USA300 leads to active IL-1ß, even THP-1 

cells seem to release more IL-1ß then the knockout cell line. This difference could be due to 

less cell death or indicating an MLKL independent IL-1ß release (Fig. 6D). 

Taken together, the results show that MLKL is not involved in the process of escape and cell 

death. Nevertheless, we observed activation of MLKL but in a toxin independent manner. This 

is confirmed by phosphorylation of MLKL through an a/s-mutant. Therefore, activation of MLKL 

is toxin independent. IL-1ß release seems to be MLKL independent, because we could detect 

IL-1ß in the MLKL knockout cells, although in a lower concentration. 
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Figure 13: Intracellular LukAB and IL-1ß release is independent on MLKL. After phagocytosis and 
lysostaphin/gentamicin treatment for 1 h (t0) THP-1-Cas9 and THP-1-CD11b-/- cells were further incubated for 
24 h in medium containing gentamicin to kill extracellular/escaped bacteria. Expression of lukAB/psm were 
induced at t0 (USA300 a/s-mutant) or for S. epidermidis 1457 during day culture with AHT. At indicated time 
points, the cells were lysed and bacterial CFU determined (A). Membrane integrity of the THP-1- CWT cells 
were assessed by LDH-assay (B). The data represent at least three biological replicates. Significance was 
determined by unpaired t-test (panel A, B). At indicated time points cells were lysed in RIPA-lyse-buffer for 
Western Blot (C, D). As a positive control THP-1 cells treated with 100 ng/ml PMA+ 15 µM Nigericin for 1 h were 
used (D). 4-12% Bis-Tris gels were used, and blotting was performed with a PVDF membrane in Tris-Glycine-
SDS buffer (Expedeon) at 350 mAmpere for 1 h. Antibodies were used like described in the methods. 
Microscopy was performed as described earlier using IBIDI-slides. Cells were fixed and stained with phalloidin 
(pink: actin filaments) and DAPI (blue: DNA). Bacteria carry an mCherry plasmid (red) (E).  
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7. Discussion 

 

The discussion presented here is a part of the accepted research article “Differential survival 

of Staphylococcal species in macrophages” and the manuscript ready to publish 

“Staphylococcus aureus pore-forming toxin LukAB is essential and sufficient to induce cell 

death from within macrophages”. The manuscript might differ from the final published article. 

The accepted research article can be accessed under the following doi: 

• https://doi.org/10.1111/mmi.15184 

 

7.1. Differential survival of Staphylococcal species in macrophages 

 

Macrophages are important professional phagocytes to combat infections. However, from in 

vitro and in vivo studies, it is evident that they fail to eradicate S. aureus [7, 8]. S. aureus is 

provided with an impressive arsenal of virulence determinants that give pathogenic potential 

to this bacterium. The intracellular expression of virulence factors is to a large extent 

coordinated via the two-component regulatory systems Agr [138] and Sae [65]. Induction of 

pore-forming toxins such as the Sae regulated LukAB and the Agr regulated PSMs are 

important for the escape of the bacteria from the intracellular environment within macrophages 

[69, 93]. However, besides toxins, additional and so far, ill-defined properties of S. aureus 

mediate bacterial survival after phagocytosis.  

 

“Non-toxic” S. aureus survive better in macrophages than CoNS 

Here we show that bacterial persistence in human macrophages is specific to S. aureus, 

whereas CoNS are less able to survive phagocytosis and most are more sensitive towards low 

intracellular pH. There is limited information concerning replication/survival of CoNS in 

macrophages. The facultative pathogen S. lugdunensis [139] and S. epidermidis [140, 141] 

were shown to be killed within macrophages. Of note, for S. epidermidis we could not link 

biofilm formation to bacterial survival. The biofilm positive and the biofilm negative mutant 

strain showed similar killing pattern within THP-1-CWT cells. The molecular bases for the 

observed differences between „non-toxic“ S. aureus versus CoNS remain to be elucidated but 

are linked to resistance towards intracellular acidification. From the available literature we 

could not identify any specific property that is linked to S. aureus but absent in the CoNS. 

Some of the S. aureus specific immune-modulatory molecules such as Eap [142] or SPIN [143] 

are likely not involved since they are strongly regulated via Sae and thus not expressed in our 

„non-toxic“ S. aureus strains. Conserved molecular patterns of the bacterial surface such as 

peptidoglycan acetylation [144] are present in S. aureus and several of the analysed CoNS. 
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Also, the acetylation-status of lipoproteins could not be linked to the survival pattern as e.g., 

S. aureus and S. epidermidis show similar modification of the lipid moieties [145]. Intracellular 

NOD2 signalling of peptidoglycan was linked to caspase activity, IL-1ß secretion and 

intracellular killing [146].  

 

“Non-toxic” S. aureus strains and CoNS induce IL-1ß after phagocytosis 

We show that internalization of „non-toxic“ S. aureus as well as CoNS S. epidermidis resulted 

in IL-1ß secretion. However, the proposed inflammasome activation did not correlate with cell 

death. Inflammasome activated caspases cleave inactive precursors of the interleukin IL-1ß 

and pore forming gasdermins. Cleaved gasdermin D forms transmembrane pores to enable 

the release of IL-1ß and also drive cell lysis through pyroptosis [147]. However, cleavage of 

GSDMD does not uniformly lead to loss of plasma membrane integrity and cell rupture. Thus, 

although gasdermin D is required for IL-1β secretion, this can also occur independent of cell-

lysis [137, 148]. 

 

Role of ROS detoxifying enzymes and regulatory system for bacterial survival 

We screened several S. aureus factors that were previously shown to be involved in protection 

from intracellular killing. Protection from ROS or copper might occur via synthesis of the 

membrane component staphyloxanthin [129, 130], catalase [131], superoxide dismutase [133] 

or copper transporters [128]. However, mutants with deficiency in these factors were not 

impaired in bacterial survival in THP-1-CWT cells. This indicates that in THP-1-CWT cells ROS 

probably is not a major threat for S. aureus. However, in primary human macrophages a 

protective effect of SodA/M was observed. SodM is a dismutase only expressed in S. aureus. 

Nevertheless, expression of sodM in S. epidermidis was not sufficient to protect the bacteria 

from killing.  

 

Intracellular acidification is linked to killing of CoNS but not “non-toxic” S. aureus 

Further analysis indicates that the ability to withstand low pH is a major reason why S. aureus 

but not CoNS can survive within macrophages. It was previously shown that strain USA300 

but not strain Newman benefit from acidification [78, 79, 114, 134]. We could not detect 

significant differences between the a/s-negative derivatives of strain USA300 or Newman or 

the graRS-mutant in this background. This indicates that the strain specific difference is 

somehow linked to Agr and/or Sae regulated factors. Both „non-toxic“ strain USA300 and 

Newman survive to a similar extent and are insensitive to intracellular pH. Strain S. epidermidis 

and other CoNS in contrast were protected by bafilomycin indicating that the low pH contributes 

to intracellular killing of CoNS. 
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7.2. Staphylococcus aureus pore-forming toxin LukAB is essential and 

sufficient to induce cell death from within macrophages 

 
Here we analyzed the role of intracellular expressed toxins for induction of cell death and 

bacterial escape from macrophages. We created “non-toxic” a/s-mutants and induced either 

lukAB or lukAB/psm. We show that, LukAB alone is enough to induce cell death from within. 

The cell death mechanism occurs independent of inflammasome or MLKL.  

 

LukAB alone is able to induce cell death from within 

The receptor-dependent pore-forming toxin LukAB seems to have a unique role for intracellular 

S. aureus to survive and even kill macrophages from within. Here we distinguish between 

escape out of the phagosome and cell death. Phagosomal escape was confirmed to be PSM 

dependent. However, LukAB is the main toxin required for cell death and bacterial escape. 

Other pore-forming toxins like PVL were not sufficient to induce cell death after uptake [93]. 

Here we could show that also for S. epidermidis 1457 LukAB is sufficient to induce cell death. 

LukAB dependent escape was fully omitted in CD11b knockout cells. This further confirmed 

that LukAB is the major toxin acting from inside since LukAB is the only toxin known to interact 

with CD11b [67]. Extracellular LukAB needs the receptors CD11b and HVCN1 for cytotoxicity 

[149]. It was shown that CD11b also located within phagosomal membrane, which originates 

from the invaginated host membrane [150]. It is likely that first interaction occurs within the 

phagosome. However, in contrast to the interaction from outside at the cytoplasmic membrane 

no K+-efflux can be induced in this compartment. One may speculate that CD11b dependent 

signalling is involved in the subsequent LukAB mediated cell death. So far, it remains unclear 

whether interaction of LukAB with CD11b receptor induce down-stream signalling events 

independent of pore-formation. Expressed on professional phagocytic cells like macrophages, 

CD11b/CD18 plays a central role in the immune system, binding a high number of protein 

ligands, including human fibrinogen and the complement fragment iC3b [151]. 

 

Role of PSMs for phagosomal escape 

PSMs are cytotoxic molecules which were previously shown to contribute to the escape from 

phagosome in professional and non-professional phagocytes. Here we could confirm that α-

PSMs is mainly required to escape into the cytoplasm of macrophages. However, α-PSM are 

not sufficient to induce cell death. This is likely because after escape the intracellular 

concentration of α-PSMs is too low to lyse the cytoplasm membrane. Our previous results 

showed that as a commensal S. epidermidis 1457 is not able to survive intracellular due to 

species differences, at least partially linked to different sensitivity to acidification [152]. Like 

S. aureus, S. epidermidis 1457 can express psms. However, production of strongly cytolytic α-
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PSMs in S. epidermidis 1457 is very low and this organism preferential secrete the non-

cytolytic ß-type PSMs [36]. This difference may contribute to the much lower aggressiveness 

of S. epidermidis 1457. However, in previous results we visualized escape of S. epidermidis 

1457 out of the phagosome but then it is still trapped inside and killed intracellular [152].  

 

Escape/cell death is independent on NLRP3 inflammasome 

Here we could show that bacteria induced IL-1ß release is dependent on the NLRP3 

inflammasome and also occurs in after up-take of “non-toxic” Staphylococci. However, IL-1ß 

release did not correlate with cell death. In macrophages, the NLRP3 inflammasome assembly 

and IL-1ß activation is due to a two-step process referred to as priming and activation. TLR 

signalling is likely to induce the priming step [153, 19]. This could be imagined, because during 

uptake and phagocytosis strains are in touch with the TLR-2 receptor on the host surface. K+ 

efflux is known as the second signal for the activation of the NLRP3 inflammasome [135]. From 

intracellular we confirmed a dependence of inflammasome activation and K+ efflux, as 

extracellular KCl block IL-1ß release. Normally, during pyroptosis, extracellular LukAB could 

be a trigger for K+ efflux and therefore for NLRP3 inflammasome activation [69]. We show that 

from intracellular as already mentioned, K+ efflux is needed but independent of LukAB/PSM. 

An a/s-mutant leads to the same IL-1ß release, then the wild-type and the induced a/s 

lukAB/psm-strain. It seems to be that from intracellular the activation through K+ efflux is 

somehow toxin independent. Therefore, toxin independent pore-formations which leads to K+ 

efflux should be considered.  

 

The function of the inflammasome is the maturation and release of IL-1ß and IL-18 as well as 

the induction of pyroptosis, a form of cell death. Both processes are linked to the formation of 

an activated GSDMD pore [136, 137]. However, we couldn’t detect GSDMD pore-formation. 

Thus, intracellular activated IL1-ß is released differently than from extracellular and we have 

to consider other possibilities. As an a/s- mutant leads also to inflammasome activation, IL-1ß 

is not released through a pore formed via the toxin LukAB. During necroptosis MLKL leads to 

pore-formation [154]. Alternatively, IL-1ß is released via MLKL pore-formation. We presume 

that MLKL pores trigger K+ efflux for NLRP3 activation and IL-1ß release. Yoon et. al showed 

that MLKL also regulates endosomal trafficking and extracellular vesicle generation. It seems 

to be that RIPK3 trigger the association of MLKL with the endosomes [155]. This fact would 

suggest that IL-1ß is not released through pores but through vesicles, which could be possible 

due to our results that IL1ß-release is independent of cell death. MLKL seems to be a possibility 

to play a role in intracellular inflammasome activation and IL-1ß release. Normally 

inflammasome activation, accompanying with IL-1ß release ends in host cell death through 

GSDMD pore-formation [92]. It was recently shown that phagocytes can secret IL-1ß while 
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retaining viable. The GSDMD pore is thought to be required for IL-1ß transport across an intact 

lipid bilayer [137]. Since we have no active GSDMD pore, but still IL-1ß release even without 

cell death, it still remains unclear how IL-1ß is released. Nevertheless, cell death is clearly 

independent of the inflammasome.  

 

Escape/cell death and IL-1ß release is independent on MLKL 

From extracellular there is already a link between pyroptosis and necroptosis through toxins. 

It was shown that induction of necroptosis is a consequence of S. aureus toxin production and 

MLKL inhibition leads to a blocked IL-1ß production, suggesting a link to the inflammasome 

[156]. As already discussed in the section above, MLKL pore-formation could be also a 

possibility for IL-1ß release. We detect low IL-1ß release in MLKL-/- cells, which indicates that 

IL-1ß release is independent of MLKL.  

 

For cell death, MLKL could be involved in a process called necroptosis. Therefore, we also 

investigated the necroptosis cell death mechanism and focussed on MLKL as a key feature of 

necroptosis. We observed phosphorylated MLKL in wild-type and a/s-mutant infected THP-1-

CWT cells, as well as the upstream kinase, RIPK3. This indicates necroptosis alone is 

insufficient to explain toxin-specific cell death and escape. Compared to the a/s-mutant, 

S. epidermidis 1457 did not induce MLKL phosphorylation at late timepoints (t19-t24). Present 

studies discuss the independent role of MLKL in necroptotic death. It is associates with the 

endosomes and provide assistance for endosomal transport and for generation of extracellular 

and intraluminal vesicles [155]. Here we show also an independent activation of MLKL, which 

is not related to escape and cell death trough the toxins LukAB/PSM. 

 

Collectively, our results indicate that in human macrophages cell death is clearly toxin-

dependent, but apoptosis- and pyroptosis-independent. IL-1β triggered during infection is 

NLRP3-dependent, but toxin-independent. Necroptosis hallmarks are initiated by both 

S. aureus wild-type and a/s-mutant but obviously not sufficient for cell death. This poses the 

following sets of open questions: which mechanisms induced by LukAB in S. aureus synergize 

with MLKL or act independently? How is the K+ efflux triggered to activate the NLRP3 

inflammasome? How is IL-1ß released? How is LukAB able to bind to its receptor CD11b from 

intracellular, which we show is strictly dependent on classical CD11b binding. Overall, we 

conclude that S. aureus LukAB employs a non-conventional type of cell death in human 

macrophages. 
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8. Conclusion and future perspectives 

 

S. aureus is an opportunistic pathogen capable of causing a wide spectrum of diseases. Its 

ability to adapt to various environments, evade the immune system, and resist antibiotics 

makes it a significant public health challenge. Understanding its pathogenic mechanisms and 

developing effective prevention and treatment strategies are crucial in reducing the burden of 

S. aureus infections. This work investigated different survival of Staphylococcal species in 

macrophages and further the role of S. aureus pore-forming toxin LukAB in inducing dell death 

from within macrophages.  

 

Our research reveals that CoNS are more effectively killed in macrophage-like THP-1 cells and 

human primary macrophages compared to S. aureus. Although ROS plays a big role in the 

host defence mechanism against bacterial, we could show that ROS protection is not the key 

factor in S. aureus better survival. However, S. aureus showed resistance to pH changes, 

unlike CoNS, which required inhibited phagosomal acidification for protection. Thus, 

differences in survival between species are partly due to their sensitivity to acidification. 

 

Furthermore, we investigated S. aureus strains lacking the pore-forming toxin LukAB and those 

with inducible LukAB expression. Our findings revealed an unexpected decoupling of NLRP3 

inflammasome activation from cell death, which occurs via a non-pyroptotic pathway. 

Intriguingly, intracellular LukAB still relies on the CD11b receptor. Despite the activation of 

known signaling mediators, classical apoptosis and necroptosis were not involved. We 

conclude that S. aureus LukAB induces a non-conventional form of cell death in human 

macrophages. However, many questions remain unanswered and need to be investigated. 

Taken together, the results represent a further step to understanding the intracellular lifestyle 

of S. aureus and how it is able to protect itself from within macrophages. These findings could 

lead to later therapeutic approaches which could offer hope for better handling and therefore 

control of this persistent pathogen. 
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Figure 1: Pore-forming toxin LukAB alone leads to cell death from within 

macrophages. 

After phagocytosis and lysostaphin/gentamicin treatment for 1 h (t0) THP-1-CWT cells were 

further incubated for 24 h in medium containing gentamicin to kill extracellular/escaped 

bacteria. Expression of lukAB or lukAB/psm were induced at t0 with AHT. At indicated time 

points, the cells were lysed and bacterial CFU determined (A, B). Membrane integrity of the 

THP-1- CWT cells were assessed by LDH-assay (C, D).  

Experiment performed as described earlier using IBIDI-slides. Cells were fixed and stained 

with phalloidin (pink: actin filaments) and DAPI (blue: DNA). Bacteria carry an mCherry plasmid 

(red) (E). The data represent at least three biological replicates. Significance was determined 

by one-way analysis of variance with Tukey`s multiple comparison post-test (panel A, B, C, D). 
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Figure 2: Intracellular CoNS S. epidermidis 1457 is able to induce cell death or escape 

out of macrophages with lukAB and lukAB/psm. 

After phagocytosis and lysostaphin/gentamicin treatment for 1 h (t0) THP-1-CWT cells were 

further incubated for 24 h in medium containing gentamicin to kill extracellular/escaped 

bacteria. Expression of lukAB or lukAB/psm were induced in bacteria day culture with AHT. At 

indicated time points, the cells were lysed and bacterial CFU determined (A, B). Membrane 

integrity of the THP-1- CWT cells were assessed by LDH-assay (C, D).  

Experiment performed as described earlier using IBIDI-slides. Cells were fixed and stained 

with live/dead staining. Syto9 (green) were staining live bacteria and Propidium Iodide (red) 

were staining dead bacteria and cells (E). The data represent at least three biological 

replicates. Significance was determined by one-way analysis of variance with Tukey`s multiple 

comparison post-test (panel A, B, C, D). 
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Figure 3: Escape is independent of inflammasome. 

Experiment was performed as described earlier with THP-1-CWT and THP-1-NLRP3-/-. 

Expression of lukAB/psm were induced at t0 with AHT. At indicated time points supernatant 

were collected and ELISA (A, B) for IL-1ß detection or Cytotoxicity assay (C, D) were 

performed. The data represent at least two biological replicates. 
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Figure 4: Inflammasome is dependent on K+ efflux but IL-1ß is released without 

Gasdermin D. 

Experiment was performed as described earlier without or with 50 mM KCL. At indicated time 

points, the cells were lysed and bacterial CFU determined (A). Membrane integrity of the THP-

1-CWT cells were assessed by LDH-assay (B). IL-1ß were detected from the supernatant by 

ELISA (C). The data represent at least three biological replicates. Significance was determined 

by unpaired t-test (panel A, B, C). At indicated time points cells were lysed in RIPA-lyse-buffer 

for Western Blot. As a positive control THP-1-CWT cells treated with PMA+Nigericin were used 

(panel D, E, F). 4-12% Bis-Tris gels were used and blotting were performed with a PVDF 

membrane in Tris-Glycine-SDS buffer (Expedeon) at 350 mAmpere for 1 h. Antibodies were 

used like described in the methods.  
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Figure 5: Intracellular action of lukAB is dependent on CD11b. 

After phagocytosis and lysostaphin/gentamicin treatment for 1 h (t0) THP-1-Cas9 and THP-1-

CD11b-/- cells were further incubated for 24 h in medium containing gentamicin to kill 

extracellular/escaped bacteria. Expression of lukAB/psm were induced at t0 or for 

S. epidermidis 1457 during day culture with AHT. At indicated time points, the cells were lysed 

and bacterial CFU determined (A, B). Membrane integrity of the THP-1- CWT cells were 

assessed by LDH-assay (C, D). The data represent at least three biological replicates. 

Significance was determined by unpaired t-test (panel A, B, C, D). 
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Figure 6: Intracellular lukAB and Il-1ß release is independent on MLKL. 

After phagocytosis and lysostaphin/gentamicin treatment for 1 h (t0) THP-1-Cas9 and THP-1-

CD11b-/- cells were further incubated for 24 h in medium containing gentamicin to kill 

extracellular/escaped bacteria. Expression of lukAB/psm were induced at t0 (USA300 a/s-

mutant) or for S. epidermidis 1457 during day culture with AHT. At indicated time points, the 

cells were lysed and bacterial CFU determined (A). Membrane integrity of the THP-1- CWT 

cells were assessed by LDH-assay (B). The data represent at least three biological replicates. 

Significance was determined by unpaired t-test (panel A, B). At indicated time points cells were 

lysed in RIPA-lyse-buffer for Western Blot (C, D). As a positive control THP-1 cells treated with 

100 ng/ml PMA+ 15 µM Nigericin for 1 h were used (D). 4-12% Bis-Tris gels were used and 

blotting were performed with a PVDF membrane in Tris-Glycine-SDS buffer (Expedeon) at 

350 mAmpere for 1 h. Antibodies were used like described in the methods. Microscopy was 

performed as described earlier using IBIDI-slides. Cells were fixed and stained with phalloidin 

(pink: actin filaments) and DAPI (blue: DNA). Bacteria carry an mCherry plasmid (red) (E).   
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Supplements 

Figure_S1: Pore-forming toxin LukAB alone leads to cell death from within human 

macrophages. 
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Figure_S1.2: CFU and cytotoxicity of single-copy a/s lukAB, lukAB/psm and psm-

inducible strains.  

Movies_S1-6: Live-cell microscopy of THP-1-CWT cells infected with USA300 and mutants 

constitutively expressing mCherry. USA300 wild-type (S1), USA300 a/s (S2), USA300 ∆psm 

(S3), USA300 ∆lukAB/pvl (S4), USA300 ∆lukAB/psm/pvl (S5) and uninfected control (S6). 
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Figure_S3: Escape is independent of inflammasome for lukAB/psm-inducible 

S. epidermidis 1457.  

 

 

 

 

 

 

 

Figure_S6: Western Blot of p-MLKL for USA300 a/s-mutant and S. epidermidis 1457. 
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