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Summary 

Staphylococcus aureus (S. aureus) is among the most common infectious agents, burdening the 

global health care system and challenging physicians. Thus, the demand for vaccination is 

increasing, and despite many attempts, no vaccine is currently available. The iron-regulated 

surface determinant protein B (IsdB) is a highly conserved surface protein of S. aureus. It has 

an essential role in bacterial iron acquisition and cell attachment, functioning as a fitness factor. 

It has been shown that IsdB is critical for S. aureus virulence and growth in iron-restricted 

conditions, such as the human host. Therefore, IsdB was studied as a vaccine candidate. A non-

adjuvant vaccine (V710) was developed based on IsdB, which showed promising results in the 

preclinical, phase I, and phase IIa trials. Unexpectedly, in a phase IIb/III, in cardiothoracic 

surgery patients that were infected by S. aureus, mortality was significantly higher in the 

vaccinated group than the placebo. Despite increased antibody levels against IsdB in the 

vaccinated patients, V710 failed to prevent S. aureus infection. Therefore, a better 

understanding of the interaction between S. aureus and the immune system is required.  

We have discovered that IsdB has an important role in host-pathogen interaction. This bacterial 

protein activated human monocytes and murine bone marrow-derived dendritic cells 

(mBMDCs) to produce proinflammatory cytokines, such as IL-6, TNF-α, IL-12, IL-23, IL-33, 

and IL-1β. In silico molecular docking and DimPlot analysis predicted that IsdB binds to -TLR4 

via non-covalent interactions. Microscale thermophoresis confirmed that IsdB has a high 

affinity to recombinant human TLR4 in the nanomolar range. Inhibition of TLR4 completely 

abolished the production of all the cytokines mentioned above in both cell types. Furthermore, 

we characterized the TLR4 signaling pathway triggered by IsdB. In human monocytes, blocking 

the myeloid differentiation factor 88 (MyD88) adaptor protein and NF-κβ transcription factor 

caused complete abrogation of proinflammatory cytokines in response to IsdB, revealing that 

IsdB induces cytokine release via the TLR4-MyD88-NF-κβ dependent pathway.  

The consistent release of IL-1β suggested that IsdB induced activation of the inflammasome, a 

multi-molecular complex known to play a crucial role in innate immunity. We corroborated our 

observations in human monocytes and mBMDCs by inhibiting essential components of the 

NLRP3 inflammasome. Blocking NLRP3, caspases in general and caspase-1 completely 

inhibited the release of IL-1β. In monocytes, IsdB alone was sufficient to induce NLRP-

dependent IL-1β release, suggesting an alternative pathway of inflammasome activation. In 

contrast, mBMDCs required an additional stimulus, such as ATP or MSU (known stress 

signals) besides IsdB, to release IL-1β, indicating a classical inflammasome activation. These 
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results demonstrate that IsdB induces the release of IL-1β via the TLR4-NLRP3-Caspase-1 

axis. 

Next, we addressed the molecular mechanisms involved in IsdB-induced IL-1β in monocytes. 

A low concentration of intracellular potassium (K+) resulting from K+ efflux is known to trigger 

the NLRP3 inflammasome-mediated IL-1β release. We demonstrated that blocking potassium 

efflux by inhibition of ion channels, such as pannexin channels (P2X)7, and addition of 

extracellular KCl significantly reduced IsdB-induced IL-1β. Other common inflammasome 

activators, such as phagolysosome rupture and reactive oxygen species (ROS), did not 

contribute to the release of IL-1β in response to IsdB.  

In summary, we revealed yet another role of IsdB beyond iron acquisition from Hb and 

attachment to the host cells via vitronectin and integrins. It is conceivable that IsdB’s interaction 

with innate immune cells modulates the quality of the adaptive immune response, showing a 

new facet in the pathogen-host relationship of S. aureus that should be considered in future 

vaccine development.  
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1. Introduction 

1.1. Staphylococcus aureus  

Staphylococcus aureus (S. aureus) is a facultatively anaerobic Gram-positive bacterium (1, 2). 

This bacterium is part of the human microbiome, colonizing approximately one-third of the 

entire population (3, 4). The main sites of colonization for S. aureus are the skin, pharynx, soft 

tissue, and nostrils. (5–7). 

Because of increasing antibiotic resistance and the resulting compromised human host status, 

S. aureus can change from an innocuous commensal to a pathogenic state. This change is highly 

significant in those carrier individuals who have been hospitalized or suffer from 

immunodeficiency (8, 5). 

S. aureus is the leading cause of a wide range of invasive diseases. Pathogenesis ranges from 

mild skin or soft tissue infections to more severe and lethal conditions. Examples include 

endocarditis, pneumonia, bacteremia, sepsis, etc. (9–12). One of the main reasons for this 

capability is the high number of virulence factors that S. aureus possesses and the many immune 

evasion mechanisms it deploys (13–15).  

In recent decades, S. aureus has gained increased antibiotic resistance (16, 17). Resistance to 

vancomycin is one of the most feared protection mechanisms acquired by S. aureus (18). The 

latter has contributed to the increase in methicillin-resistant strains (MRSA). Colonization with 

MRSA tends to cause hospital-associated infections (HAI), often associated with high mortality 

(19, 2). The increased prevalence of HAI has also caused the increasing prevalence of 

community-associated infections (CAI) (20–22). MRSA is still a global threat that continues to 

develop further resistance to novel S. aureus antibiotics, making it increasingly difficult to treat 

and find effective therapeutic options to fight the bacterium (23). 

1.2. The innate immune response against S. aureus 

The innate immune system comprises physical, chemical, cellular, and humoral components 

that immediately recognize and repel pathogens. Skin and mucosa are the first physical barriers 

protecting the body from invasive infections. These sites, however, are the primary colonization 

sites of S. aureus (24). These barriers prevent S. aureus from introducing itself directly into the 

bloodstream and deeper tissues, where it can cause severe infections (25, 5). Once S. aureus 

crosses the physical barrier, it is confronted by other components of the innate immune system. 
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These include antimicrobial peptides (AMPs), the complement system, and innate immune cells 

(26, 7, 27). 

The innate immune system, consisting of a vast number and variety of immune cells, can 

recognize a large distribution of structural motifs from pathogens, referred to as pathogen-

associated molecular patterns (PAMPs) (28). PAMPs recognition is performed by a broad range 

of pathogen recognition receptors (PRRs) (7, 29–31). Recognition of S. aureus by the innate 

immune system releases many different mechanisms involved in pathogen clearance. This 

process includes the recruitment of neutrophils, macrophages, monocytes, etc. (32), as well as 

increased phagocytic activity, the release of proinflammatory cytokines, chemokines, and other 

factors such as AMPs.  

AMPs are essential components of the innate immune system that play an essential role in 

defending the host from bacterial infection. These secreted molecules act as bactericidal agents 

or chemoattractants (33, 34). They are classified into three major families: defensins, 

cathelicidins, and histatins. Most of these AMPs, specially defensins, are produced by 

neutrophils, and their absence can cause impairment in the innate immune response (35). 

However, it has been shown that S. aureus possesses mechanisms to elude and mitigate the 

effect of AMPs through interspecific regulatory systems, such as the antimicrobial-peptide 

sensing system (aps) (27). 

During colonization and infection, S. aureus has to face another innate immune barrier: the 

complement system. The complement system comprises more than 30 proteins (36) that can 

bind to S. aureus for sensing and promote opsonization of S. aureus phagocytic killing by 

neutrophils and macrophages (37, 38). However, S. aureus has developed means to counter this 

defense mechanism. For instance, some S. aureus virulence factors, such as the extracellular 

fibrinogen-binding protein (Efb) and surface immunoglobulin-binding protein (Sbi), can 

prevent complement activation through the inhibition of both the classical and the alternative 

pathways (39, 40). 

1.3. Toll-like receptors 

Toll-like receptors (TLRs) are among the best characterized PRRs, and play a critical role in 

pathogen recognition and inflammation. TLRs are widely distributed among host immune and 

non-immune cells, such as epithelial or endothelial cells (41, 42). In humans, ten different TLRs 

have been identified (43). TLR1, TLR2, TLR5, TLR6, and TLR10 can be found in the cell 

membrane and mainly recognize microbial components, whereas TLR3, TLR7, TLR8, and 
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TLR9 are located in endosomes, recognizing genetic material from bacteria and viruses (44, 

43). TLR4 can signal either in the cell membrane or in the endosome.  

TLRs are generally composed of an extracellular domain with leucine-rich repeats for ligand 

recognition, a transmembrane helix domain, and an intracellular Toll-Interleukin-1-receptor 

(TIR) domain. The TIR cytoplasmic region is well-conserved among the different TLRs (45). 

TLRs can recognize a wide variety of distinct PAMPs directly or via binding partners that 

recognize PAMPs. For instance, the recognition of lipopolysaccharide (LPS) by TLR4 is an 

indirect interaction. The binding of myeloid differentiation factor 2 (MD2) to LPS and the 

association of cluster of differentiation (CD) 14 (CD14) receptors to TLR4 are necessary 

processes to generate the proper immune response against LPS through TLR4 (46–50). Upon 

PAMP recognition, TLRs can form homo- or heterodimers with other TLRs (51). This 

dimerization process also contributes to extending the recognition spectrum of TLRs, 

explaining how such reduced receptor numbers can bind to many different PAMPs. For 

example, TLR2 can form dimers with TLR1 or TLR6 to recognize lipoproteins, peptidoglycan, 

and diacylglycerides from bacteria (52). Furthermore, TLRs are not only involved in the 

recognition of PAMPs but are also capable of sensing factors released from damaged tissues or 

cells as a result of infection. These factors are called damage-associated molecular patterns 

(DAMPs) (30, 53). Examples include extracellular ATP, high-mobility group box protein-1 

(HMGB1), heme or hemoglobin (Hb) (54, 28, 55).  

The binding of PAMPs or DAMPs to their cognate receptors initiate innate immune responses 

through signaling pathways that depend on the recruitment of adaptor protein myeloid 

differentiation primary response protein 88 (MyD88) and TIR-domain-containing adaptor 

protein (TIRAP), or TIR-domain-containing adaptor protein inducing beta interferon IFN-β 

(TRIF), and TIR-domain-containing adaptor molecule (TRAM) to the cytoplasmic region of 

TLRs (56–58, 42, 59). Following the recruitment of these proteins, the downstream signaling 

pathways lead to the activation of transcription factors such as NF-κβ (60–62) or IRF-3 (63–

65). The translocation of these factors into the nucleus induces the production of cytokines, 

interferons, chemokines, and a wide variety of inducible proteins. 

TLR4 signaling is unique among the human TLRs and can induce the different pathways shared 

among the TLR family to activate both transcriptions factors NF-κβ and IRF-3 (42, 66–68) for 

the production of proinflammatory and interferon type 1 molecules. Currently, the full 

understanding of single-cell networking of TLR4 among immune cells remains elusive, despite 
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recent advances that have deciphered important features (69, 70). TLR4 transduces the signal 

through both MyD88 and TRIF, for example, upon LPS recognition (70). MyD88 and TRIF 

signaling branches are well separated spatially and temporally (69), since MyD88 is recruited 

first to the TIR domain of TLR4 at the plasma membrane, whereas TRIF is recruited at the early 

stage of the endosome formation (42) once TLR4 is activated. It has been discovered that 

MyD88 and TRIF dual signaling is required for the complete and optimal priming of NF-κβ 

and activation of IRF-3 (70, 69). In terms of NF-κβ regulation, MyD88 recruitment via TIRAP 

(57) induce the formation of the complex referred to as “Myddosome”, which involves MyD88, 

IL-1 receptor-associated kinase (IRAK) 4, and IRAK1. This triggers the release of IRAK1 for 

downstream signaling (71, 72). Recently, it has been elucidated that TANK-binding kinase 1 

(TBK-1) also forms a complex within the Myddosome. IRAK1 release induces the activation 

of downstream proteins, such as TNF-receptor associated factor 6 (TRAF6) and subsequently 

TAK1, that promotes the activation of the inhibitor of nuclear factor β (Iκβ) kinase (IKK) (66). 

Hence, Iκβ releases NF-κβ, thus inducing its translocation to the nucleus for upregulation of 

proinflammatory genes. MyD88-dependent phosphorylation of TBK-1 has been correlated with 

enhanced activation of NF-κβ (70). To sum up, MyD88 provides an early, intense, and short-

duration activation of NF-κβ. However, TRIF signaling via TRAM in the endosome is also 

responsible for activating a second phase in the dynamics of NF-κβ, ensuring long-term 

duration of the response following the first activation by MyD88. Briefly, TRIF induces the 

activation of TRAF6, which controls the end-activation of TAK1 through receptor-interacting-

protein kinase 1 (RIP-1/RIPK1), leading to the late priming of NF-κβ (73, 66). The engagement 

of both adaptor proteins ensures maximum NF-κβ activity, optimally enhancing 

proinflammatory molecules such as IL-6, TNF-α, IL-12p70, pro-IL-1β, etc. (69). In addition to 

the oscillatory dynamic of NF-κα, regulated by both MyD88 and TRIF, these adaptor proteins, 

when activated, also induce the production of interferon molecules. Activation of TBK-1 and 

subsequent IRF-3 translocation to the nucleus, is considered a process with high variability in 

single-cell signaling. However, the recently discovered MyD88-TBK-1 axis gives further 

insight into this complex mechanism. In short, the sole signal of TRIF is able to induce 

phosphorilation of IRF-3 transcription factor via TRAF3 (60, 58, 64), to promote the expression 

of genes that have been mainly described as being involved in the adaptive immune response. 

However, MyD88-dependent activation of TBK-1 provides greater IRF-3 activation, which 

allows binding to other genes with low-affinity to IRF-3, thus upregulating MyD88-TBK-1–

dependent genes. The latter referred genes have been described to be mostly involved in the 

innate immune response, including chemokines, interferon molecules, etc (70). In summary, 
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the coordinated action of both adaptor proteins modulates the innate immune response of TLR4 

via NF-κβ and IRF-3 activation (69, 70). In addition to the NF-κβ and IRF signal modules, 

TRIF signaling has been recently correlated with the activation of the inflammasome through 

an alternative pathway only found in human monocytes via TLR4 upon LPS recognition (74). 

 

 

Figure 1. TLR signaling pathways  

Generally, Toll-like receptor signaling can be mediated by recruiting MyD88 or TRIF adaptor proteins 

to the TIR cytosolic region of the TLRs. TIRAP/Mal and TRAM (not shown) act as bridge proteins for 

the interaction with MyD88 and TRIF, respectively. Subsequent signals through MyD88-IRAK and 

TRIF-TRAF6 induce priming of NF-κβ, which enhances proinflammatory cytokine transcription in the 

nucleus. In addition, the TRIF-TRAF3 pathway leads to the induction of interferon type-1 molecules 

via IRF-3 enhanced transcription in TLR4. Image adapted from (75). 

 

1.5. Innate immune sensing of S. aureus by Toll-like receptors 

TLRs play an essential role in the recognition of S. aureus. TLR2 is the best-characterized 

receptor among TLRs that recognize S. aureus-derived antigens, such as peptidoglycan, 

lipoproteins, lipoteichoic acid, etc. (76–79, 12, 29). In animal experiments using C57BL/6 mice 

deficient for TLR2, TLR4, and MyD88, the absence of TLR2 has been directly correlated with 

increased susceptibility to S. aureus (80). Consistent with this idea, S. aureus presents a clear 

specificity for TLR2 inhibition among species by superantigen-like protein 3 (SSL3) (81), and 
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polymorphisms associated not only with TLR2 but also with TLR6 and TLR1 have been 

associated with increased susceptibility in complicated skin and skin-structure infections 

related to S. aureus infection (82). Genetic material from S. aureus has also been reported to be 

recognized by the receptors TLR8 and TLR9, recognizing RNA and the unmethylated DNA, 

respectively (83–85). However, to date, TLR3 and TLR5 have not been described as 

participating in the immunity against S. aureus.  

TLR4 has gained increasing importance in the innate immune response against S. aureus (86). 

TLR4 can recognize several antigens derived from S. aureus, such as pore-forming toxins 

(PFTs), leucocidin F (LukF), and phenol-soluble modulins (PSMs) (87, 88). In addition, TLR4 

recognizes DAMPs derived from S. aureus infection. A good example is the release of 

extracellular hemoglobin (Hb) and heme (hm) resulting from erythrocyte lysis induced by 

staphylococcal toxins (41, 55, 89, 90). Animal models demonstrated the importance of TLR4 

along with TLR2 for an efficient immune response against S. aureus in murine brain abscess 

(91). Also, a clear role of TLR4 has been elucidated in S. aureus-derived atopic dermatitis (AD), 

where endothelial cell activation and subsequent monocyte recruitment depended on TLR4 in 

vitro in human dermal microvascular endothelial cells (HDMECs) (92).   

In the physiological state, essentially no free heme is available in the blood. S. aureus secretes 

several toxins that lyse the erythrocytes (93–95), and Hb and heme are then released from the 

cell. Hb and heme are critical resources of iron for S. aureus survival in the host (96). In 

contrast, Hb and heme recognition by TLR4 as DAMPs (41, 55, 90) induces a robust 

inflammatory response, leading to the release of proinflammatory cytokines. In addition, heme 

and Hb are known to activate the inflammasome (97, 98), which is discussed in detail in section 

1.6. Therefore, TLR4 becomes a more critical receptor in modulating the host immune response 

against S. aureus and plays a role in invasive infections.  
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Table 1. S. aureus PAMPs recognition by human Toll-like receptors (TLRs). Adapted and updated 

from (99) 

Toll-like 

receptor 

Dimerization 

partner 

S. aureus ligand In vitro/ 

In vivo 

Model system Reference 

 

 

TLR2 

 

 

 

Lipoteichoic acid 

(LTA), 

lipoprotein 

In vitro 

HEK293, RAW264.7 

U937 cell lines 

 

(77, 100, 7) 

TLR6 
Lipopeptide, 

lipoprotein 
In vitro 

Primary human 

keratinocytes 
(76) 

TLR2/CD14 
Peptidoglycan 

(PGN) 

In vivo 

In vitro 

C57BL/6 (targeted 

TLR2 deletions) mice, 

Human CD14+ 

monocytes 

 

((100, 7, 

101)  

CD36 
LTA, 

diacylglycerides 
In vitro 

Human CD14+ 

monocytes 
(78) 

CD36 Tet38 In vitro 
Human lung 

adenocarcinoma A549 
(102) 

 

 

TLR4 

 

 
Leukocidin F 

(LukF) 
In vivo 

C57BL/6, C3H/HeJ,  

C3H/HeN mice 

models 

(87, 103) 

 

Phenol soluble 

modulins (PSMs) 

α1-α3 and β1, β2 

In vitro 
HEK-Blue hTLR4 

Cells, THP-1 cells 
(88) 

 TSST-1 
In vivo 

In vitro 
Macrophages (104) 

TLR8  RNA In vitro 
Monocytes and 

macrophages 
(85) 

TLR9  
Unmethylated 

CpG-DNA 

In vivo 

In vitro 

C57BL/6J mice 

model, 

Osteoblast  SAOS-2 

cells 

 

(83, 84) 

 

Nevertheless, S. aureus recognition by TLRs and the induced downstream signaling pathways 

have been strongly associated with the worsening of acquired diseases. For example, S. aureus 

has been demonstrated to induce mammary gland fibrosis via TLR, including NF-κβ signaling 

in S. aureus-infected mice (105).  
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1.6. Inflammasome  

In order to unleash an effective immune response, which will determine the pathogenesis and 

infection outcome of S. aureus, activation of the inflammasome is a crucial step. 

Inflammasomes are macromolecular protein complexes, considered among the most critical 

components of the immune response. There are several types of inflammasomes; to date, five 

main inflammasomes have been clearly defined: three protein inflammasomes consisting of 

nucleotide-binding oligomerization NOD-like receptors (NLRP1, NLRP3, and NLRC4), an 

absent-in-melanoma 2 (AIM2), and pyrin inflammasomes (106–109). However, other recent 

studies have revealed more PRRs capable of assembling inflammasomes, such as NLRP2 and 

NLRP6 (110–112). Of these, the NLRP3 is the most extensively studied and well-characterized 

inflammasome. The NLRP3 inflammasome plays an essential role in mediating the host-

pathogen interaction (113–115). It is composed of a sensor molecule, NLRP3, an adaptor 

molecule, an apoptosis-associated speck-like protein containing CARD (caspase recruitment 

domain), ASC (116), and an associated caspase enzyme caspase-1. Recognition of PAMPs or 

DAMPs by TLRs induces the oligomerization of NLRP3 inflammasome (117, 118), leading to 

the activation of caspase-1 (119). The activated caspase-1 cleaves the precursor forms of very 

potent proinflammatory cytokines, IL-1β and IL-18 (120–122), into their active form. 

However, the release of IL-1β and IL-18 is under tight control (123). Generally, the activation 

of the inflammasome requires two steps. First, a priming signal is provided by TLR-dependent 

recognition of PAMPs or DAMPs, as mentioned above. The downstream signaling leads to the 

activation of NF-κβ, which induces not only the generation of proinflammatory cytokines but 

also the immature forms of IL-1β (pro-IL-1β) and IL-18 (pro-IL-18) (62), which require further 

processing before being released from the cells. In addition, NF-κβ activation also leads to the 

transcriptional upregulation of the inflammasome sensing molecules, such as NLRP3 (62). 

Second, an activation or stress signal causes conformational changes in NLRP3, leading to the 

oligomerization and activation of the inflammasome (124). Numerous activation signals have 

been postulated, e.g., pathogens, molecules derived from damaged tissue, K+ efflux (125–127), 

Ca2+ influx (128), extracellular ATP (129), reactive oxygen species (ROS) (130), or disruption 

of phagolysosomes by crystals such as MSU, calcium oxalate, asbestos, silica (131, 132).   

K+-efflux has been proposed as one of the most important mechanisms by which NLRP3 

inflammasome is activated (125, 133). Cellular cation asymmetric distribution across the 

membrane is an important feature of the cells associated with the triggering of rapid responses, 

such as neuronal transmission. Extracellular ATP derived from dead or damaged cells is sensed 
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by a transmembrane ion channel called the purinergic receptor (P2X7) (133). Interaction of 

ATP with P2X7 receptor(s) induces an ion flux that unleashes the activation of the 

inflammasome. Further, decreased intracellular concentration of K+ is considered one of the 

main triggers for the assembly of the inflammasome and subsequent activation of caspase-1. 

However, the precise mechanism by which altered membrane potential induces the assembly 

of the inflammasome is not entirely clear. Recent studies have proposed that K+ efflux induced 

by ion channels such as P2X7 or TWIK2 (127) subsequently affects other factors. This includes 

Ca2+ influx and mitochondrial ROS. Further, NLRP3 activation is also correlated with Na+ 

influx through P2X7 (133).  

Production of ROS and consecutive oxidative stress is also a pivotal axis in the activation of 

the inflammasome. Several studies have shown that the application of scavengers prevents the 

activation of NLRP3 and the release of IL-1β (134–136). In addition, a close interaction 

between thioredoxin interacting protein (TXNIP) and NLRP3 has been shown in the activation 

of the complex during oxidative stress conditions (137, 128). As discussed above, 

mitochondrial ROS release as a consequence of K+ efflux contributes to NLRP3 activation. 

Further, the presence of mitochondrial DNA has also been reported to induce NLRP3 activation 

(134).  

Phagolysosome rupture caused by destabilizing substances, bacterial agents, and crystal 

particles contributes critically to NLRP3 inflammasome activation (138). One of the most well-

studied activators of the NLRP3 inflammasome is monosodium urate crystals (MSU) (130, 

139). The phagocytic uptake of the crystals and subsequent fusion with lysosome lead to rupture 

of the phagolysosome, an event referred to as frustrated phagocytosis, releasing its content to 

the cell cytoplasm. This event increases ROS concentration, a known trigger of the 

inflammasome, as discussed above (130). Furthermore, it has been reported that the binding of 

crystals to the cell surface triggers the deformation of the cell membrane. This opens up the ion 

channels and enhances the K+ efflux.   

The activation of the NLRP3 inflammasome by stress signals leads to the recruitment of an 

adaptor ASC and caspase-1 (140). Caspase-1 becomes activated, which induces the maturation 

of IL-1β and IL-18 by proteolytic processing, and finally, the active secretion of cytokines 

occurs.  
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Figure 2. Canonical two-step activation of the inflammasome complex. Image adapted from (141). 

 

Besides the canonical pathway, a non-canonical pathway has recently been described to sense 

intracellular LPS derived from Gram‐negative bacteria during a macrophage-mediated 

inflammatory response (142). Unlike other pathways, the non-canonical inflammasome relies 

on caspase-11 in mouse macrophages and caspases-4 and caspase-5 of human analogs in 

myeloid cells (143). Similar to the canonical NLRP3 inflammasome pathway, a priming signal 

through TLR is necessary, for example, LPS binding to TLR4. Priming induces the expression 

of immature caspases 4, 5, and 11, which are activated through the intracellular presence of a 

Gram-negative bacteria or LPS (144). It has been described that caspases 4, 5, and 11 do not 

require an ASC CARD domain to be activated, as these zymogens can directly bind LPS 

through the lipid A of LPS and induce not only (145) the maturation of pro-IL-1β and pro-IL-

18, but also pyroptosis, which is mediated by Gasdermin-D as described above. (146, 147). 

Furthermore, stress stimuli such as ROS can regulate the expression of caspase-11 in specific 

environments, such as enteric infection (135). It has been demonstrated that caspase-11 

mediated activation of a non-canonical inflammasome can induce the activation of the 

canonical pathway.  

Besides canonical and non-canonical activation pathways of the inflammasome, an “alternative 

activation pathway” of the inflammasome has been reported recently (74, 148, 149). For 
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example, human monocytes follow an alternative pathway. These cells express active caspase-

1 constitutively due to endogenous ATP release; therefore, a single signal or “priming” is 

sufficient to trigger the release of the mature IL-1β (149, 150, 148, 74). Priming of TLR4 by 

LPS triggers the activation of NLRP3 via the TLR4-TRIF-RIPK1-FADD-CASP8 signaling 

cascade. Unlike canonical and non-canonical pathways, the alternative pathway involves the 

gradual release of IL-1β, independent of pyroptosis. Caspase-8 plays a pivotal role in this novel 

signaling pathway, inducing the activation of NLRP3 and subsequent caspase-1 (151). Further, 

Gaidt et al (152, 149) pointed out that MyD88 deficient monocytes (BlaER1) failed to secrete 

IL-1β due to the lack of a priming signal for NF-κβ.  

 

Figure 3. Description of canonical, non-canonical, and alternative inflammasome activation. Image 

adapted from (153) 

 

1.7. Role of the inflammasome complex in S. aureus infections 

S. aureus has developed many different mechanisms to elude the immune system, including the 

inflammasome. This pathogen can promote the activation of the inflammasome complex via 

the canonical pathway. The non-canonical and alternative activation pathways have not been 

shown to play an essential role in the immunity against S. aureus. The best described 

inflammasome in the S. aureus immune response is NLRP3 (154, 155).  

NLRP3 can be activated through different virulence factors of S. aureus (Table 3). Pore-

forming toxins such as leukocidins A and B (LukAB) (156, 157), α-, β-, and γ-hemolysins (Hla) 

(158–160) and Panton-Valentine leukocidin (PVL) (161, 158) have been described to have a 

prominent role in the activation of NLRP3 via K+ efflux and rupture of the phagolysosome. 

Also, the staphylococcal superantigen toxic shock syndrome toxin-1 (TSST-1) has recently 
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been shown to induce inflammation via NLRP3, as described in murine macrophages (104). 

The peptides derived from PSMs of S. aureus have been found to induce high levels of IL-1β 

and IL-18 mediated by caspase-1 in vitro, thus enhancing neutrophil recruitment in human 

keratinocytes (162). In addition, PSMs can induce NLRP3 inflammasome activation in 

osteoblasts (163). Furthermore, S. aureus extracellular vesicles, enriched in lipoproteins and 

PFTs, are detected in human macrophages via NLRP3 and TLR2 (155). The activation of 

NLRP3 has also been characterized in murine macrophages through TLR9 recognition of 

unmethylated CpG DNA from S. aureus (164). Moreover, DAMPs derived from S. aureus 

infection can also activate the inflammasome complex. Heme and Hb that are released due to 

S. aureus erythrocyte lysis, as mentioned above in section 1.3, trigger NLRP3 oligomerization 

in a TLR4-dependent manner (98, 41). Furthermore, extracellular ATP from lysed cells is a 

known trigger of NLRP3 activation in various cells. Recent studies have reported that heme 

activates NLRP3 in endothelial cells (98) and macrophages (97). 

Another critical feature of the NLRP3-mediated response against S. aureus is the ability to 

discriminate between commensal and pathogenic S. aureus. In human goblet-cell culture in 

vitro, an evident lack of NLRP3 activation by the commensal S. aureus was described, whereas 

the toxigenic strain exhibited the opposite reaction (165). 

Inflammasome activation by S. aureus is not exclusive to NLRP3; it has been reported that 

other inflammasome complexes are activated by S. aureus. In S. aureus CNS infection, as 

demonstrated in murine models, the AIM2 inflammasome is activated via released S. aureus 

DNA from intracellular killing or alternative mechanisms and did not induce the activation of 

NLRP3 (166).  
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Table 2. S. aureus and its ligands, induction and activation of the inflammasome complex 

Luk A/B: Leukocidin A and B; PVL: Panton-Valentine leukocidin; Hla: α-hemolysin; EVs: extracellular vesicles; TSST-1: toxic shock syndrome toxin-1; NAG: N-acetyl-

glucosamine; NLRP3: Nod-like receptor protein 3; AIM2: absent in melanoma 2; NLRC5: NOD-like receptor family CARD domain containing 5; BMDMs: bone marrow-derived 

macrophages; hMΦ: human monocytes-derived macrophages; hiPSCs: human induced pluripotent stem cells; LTA: lipoteichoic acid; CTSB: cathepsin B; ROS: reactive oxygen 

species. *: stimulation depends on a ligand distinct from the mentioned S. aureus-derived ligand referred to in the first column. 

S. aureus ligand Inflammasome and 

activation pathway 

  

Priming signal Activation signal Cell line / Animal model Reference 

LukA/B 

 

Canonical 

NLRP3 

External ligand*: TLR 

recognition by external 

ligand: LTA 

Induced K+ efflux 

 

 

THP-1 differentiated macrophages, hiPSCs,  

hMΦ, human monocytes, Mouse BMDMs 

(156, 161) 

PVL Canonical 

NLRP3 

External ligand*: PAMPs 

(LTA) DAMPs induced from 

cell death 

Induced K+ efflux 

CTSB 

THP-1 differentiated macrophages, hiPSCs, 

hMΦ, human monocytes, 

Mouse BMDMs 

(161, 167) 

Hla Canonical 

NLRP3 and NRLC5 

External ligand*: TLR4 

(LTA), TLR2 (PGN, 

lipoproteins) 

Induced K+ efflux 

(Not dependent on P2X7) 

NLRP3: human and mouse monocyte cell 

line, pulmonary macrophages, RAW264.7 

cells, and murine BMDMs 

NLRC5: activation in THP-1 cells 

(168, 158, 169, 

159, 160) 

β-, γ- hemolysin Canonical 

NLRP3 

TLR2 (lipoproteins) Induced K+ efflux 

(not dependent on P2X7) 

Murine BMDMs (160) 

EVs Canonical 

NLRP3 

External ligand*: TLR2 

(lipoproteins) 

Induced K+ efflux Primary human monocytes (78) 

DNA Canonical 

AIM2 

AIM2 Release of bacterial 

DNA into the cytoplasm 

from the lysosome 

Not reported (not dependent on 

S. aureus induced ROS 

production) 

Murine model (experimental brain abscess 

model) 

(102) 

TSST-1 Canonical 

NLRP3 

TLR4 External*: ATP Peritoneal macrophages of mice (104) 

NAG (from PGN 

degradation) 

Canonical 

NLRP3 

Unknown (PGN binds 

TLR2) 

Mitochondrial hexokinase 

release upon NAG induced 

inhibition 

Murine BMDMs and dendritic cells (170) 
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Interestingly, the secretion of IL-1β mediated by S. aureus does not depend only on 

inflammasome activation. Polymorphonuclear neutrophils (PMNs) harboring S. aureus showed 

only a partial contribution of NLRP3 canonical activation to IL-1β release. Consistent with this 

idea, serine proteases and receptor-interacting serine/threonine-protein kinase 3 (RIPK3) were 

declared to be involved in eliciting IL-1β in PMNs (171). This inflammasome-independent 

production of IL-1β has been previously described in detail in neutrophils (172) (Figure 4).  

During S. aureus infections, numerous proinflammatory cytokines are elicited, including IL-

1β, a derived product of the inflammasome. The release of IL-1β plays an essential role in the 

survival of the host, bacterial clearance, and recruitment of leukocytes that are also critical in 

S. aureus infections (173–175). For instance, in pneumonia induced by MRSA secondary 

infections of Influenza A virus (IAV), there was a clear correlation between reduced IL-1β 

expression in alveolar macrophages (AVs) and the aggravation of pneumonia induced by 

MRSA in experiments on mice (176). Also, IL-1β release induces recruitment of neutrophils 

that were previously demonstrated to be essential for S. aureus clearance and abscess formation 

in a mouse model of cutaneous infection (177). In fact, β-lactam administration in patients with 

induced S. aureus bacteremia produced more favorable responses in terms of cytokines, 

including high secretion of mature IL-1β. The importance of IL-1β signaling through the 

Interleukin-1 receptor (IL-1R) has also been demonstrated to be critical in systemic S. aureus 

infections, as shown in wild-type vs. IL-1R–deficient mice (178). Furthermore, as previously 

mentioned, IL-1β strongly influences the adaptive immune response, prompting T helper cells 

to differentiate to Th17 cells, which are involved in S. aureus clearance (179–182). In contrast, 

IL-1β has been shown to be beneficial for S. aureus. IL-1β has been demonstrated to augment 

S. aureus biofilm formation in vivo, associated with massive neutrophil presence adjacent to 

biofilms (183). In addition, it has been observed that activation of NLRP3 and subsequent IL-

1β production may have a role in the pathogenesis of chronic rhinosinusitis (CRS) derived from 

S. aureus.  

Nevertheless, S. aureus has evolved for centuries a human pathogen, learned to evade the innate 

immune system, and even use it to its advantage to enhance its survival (184). Upon 

phagocytosis in macrophages, lysosomes employ various enzymes to obtain bacterial cell 

components for inflammasome activation. 
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However, S. aureus contains enzymes such as O-acetyltransferase (oatA), which induces O-

acetylation within the cell wall PGN, rendering it highly resistant to lysosomal degradation 

(Figure 4), to subvert IL-1β production (185, 186, 155, 187). Another process for escaping 

intracellular bacterial killing is the modulation of the inflammasome activation pathway. 

Activation of the inflammasome by S. aureus Hla induces the translocation of mitochondria 

from the lysosome to escape from localized and efficient intracellular bacterial degradation 

(188).  

 

Figure 4.  S. aureus activates NLRP3 inflammasome complex. Image adapted from (187). 

 

1.8. Iron is essential for S. aureus survival in the host  

1.8.1. Iron-restricted conditions during infection 

For both host and pathogen, iron is a vital nutrient that plays an essential role in different 

biological processes, such as cell cycle, metabolism, physiology, etc. S. aureus is not an 

exception, as it needs iron for persistence and survival within the host (189, 190). 

In general, all mammals, including humans, have developed specific strategies to recruit 

extracellular iron for two reasons: the first is to avoid free iron, as it is toxic in this form. The 

second and most prominent reason is to block its uptake from pathogens. The mechanism that 

avoids iron acquisition from different foreign microbes is considered a form of immunity, 

known as nutritional immunity (96, 190). 
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However, to infect the host, bacteria must also develop strategies for iron acquisition. S. aureus 

has different pathways to access this metal in its free state. One of the most common pathways 

in Gram-positive bacteria is the use of siderophores. These molecules allow pathogens to 

sequester extracellular iron, for instance, from the host enzymes. The most well known S. 

aureus siderophores are staphyloferrin A and B, which steal iron from human transferrin. These 

are regulated by the ferric uptake regulator (Fur) transcription factor. In iron-depleted 

conditions, such as in the human body, this transcription factor does not bind its specific 

regions, allowing the expression of Fur-regulated genes (191, 192, 190).  

The most preferred source of iron for S. aureus is the heme group, mostly found within 

hemoglobin (Hb) proteins contained in the erythrocytes (193). Heme (hm) is a porphyrin 

molecule within the oxygen transporter, hemoglobin (Hb). During homeostasis, there is 

virtually no free heme available in the host. 80% of the iron contained in humans is contained 

inside heme. However, iron is vital for S.aureus survival in the host. S. aureus has developed a 

sophisticated mechanism that employs toxins such as hemolysins and leukocidins to lyse 

erythrocytes (93, 95), and then scavenges iron from the released Hb through the iron-regulated 

surface determinant (Isd) protein system (194, 189).  

1.8.2. Iron-regulated surface determinant (Isd) system 

Following erythrocyte lysis, S. aureus employs a sophisticated mechanism to extract heme from 

Hb or Hp. The Isd system consists of four cell-surface proteins, IsdA, IsdB, IsdC, and IsdH, 

anchored to the peptidoglycan cell wall by sortases (Sortase A and B) (195) and possessing the 

ability to bind heme into its structure.  

Three more Isd proteins in the membrane, IsdD, IsdE, and IsdF, form a complex known as an 

ABC transporter (IsdDEF), in which IsdE represents an associated lipoprotein (IsdE). This 

transporter introduces heme into the cell interior, where it is processed by two intracellular 

heme-degrading enzymes, IsdG and IsdI, and releases free iron (196–198, 193, 199). The 

sequence of events is as follows: IsdB and IsdH transfer extracted heme from human Hb to 

IsdA and then to IsdC, finally to IsdE and the heme transporter IsdF. IsdEF then transfers heme 

to the cytosol. Intracellular heme oxygenase, IsdG, and IsdI then degrade heme. releasing iron.  

All Isd proteins, except for IsdH, are regulated by the transcription factor Fur. The IsdH gene, 

on the other hand, is located outside the Isd gene locus. The importance of Isd protein(s) may 

vary depending on the tissue S. aureus is located. For instance, IsdA has been found to impair 

the growth of S. aureus in both heart and liver tissue in animals models, using C57BL/6J mice 
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for systemic infection, while IsdB is crucial for the growth of S. aureus when it is located in 

murine heart tissue (200). 

Among the four Isd components attached to the cell wall, only IsdB and IsdH can bind to Hb 

and extract the heme from its structure. All four proteins share specific iron uptake domains 

called “near-iron transporter domains” (NEAT). These Hb and hm binding domains are well 

conserved in Gram-positive bacteria. The number and sequence of these domains can change 

depending on protein and species, but signature protein motifs are conserved in each Isd protein. 

NEAT domains play different roles, such as direct heme binding, hemoglobin binding, heme 

uptake, and heme transfer between other NEAT domains (197, 196, 201–203). 

IsdH is an important component of the Isd system, responsible for binding to Hb, haptoglobin 

(Hp), and haptoglobin-hemoglobin complex (Hp-Hb) (204). Haptoglobin is a plasma protein 

that binds free Hb to avoid its toxicity (205). Hp-Hb is an abundant extracellular complex 

mainly uptaken by the IsdH of S. aureus. IsdH consists of three different NEAT domains: 

NEAT1 and NEAT2, responsible for binding to Hb, and NEAT3, which acquires the heme 

molecule and transports it to IsdA and IsdC (204, 196, 206). Nevertheless, IsdH does not seem 

to be essential for Hb acquisition compared to IsdB, as previously shown (207). 

IsdB, the main protein to take up hemoglobin, is the major bacterial receptor of Hb. It has a 

molecular weight of approximately 72kDa and possesses two different NEAT domains. NEAT1 

allows high-affinity binding with Hb, while the NEAT2 domain acquires the heme group and 

releases it to IsdA and IsdC. IsdB cannot bind the intact reduced form of Hb (bound to oxygen) 

found in red blood cells (197, 202) but can bind to the most abundant oxidized form of Hb, 

which is Met-Hb.   
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Figure 5. Isd heme acquisition system of S. aureus. Figure adapted from (203).  

 

1.8.3. Role of IsdB in S. aureus 

It has been previously reported that in an infection environment, IsdB is more critical than IsdH, 

as it is upregulated in blood and serum. This highlights the importance of IsdB in Hb-dependent 

iron acquisition (208, 209). In fact, this evidence has been tested in in vitro and animal models 

(207). These studies demonstrated that the virulence of S. aureus is significantly lower in those 

strains defective for IsdB, as strains cannot take up heme from iron-free media supplemented 

with Hb. 

IsdB and IsdH have differences regarding binding affinity to Hb. The NEAT1 sequences of 

these proteins share around 50% sequence homology, although both play the same role. 

However, CF. Bowden et al. highlight that this sequence difference is translated into different 

isoelectric points (pI) under physiological conditions. IsdB and IsdH at physiological pH 

present the opposite charge in the NEAT1 domain, which is the reason for the differing Hb 

binding affinity between these two members of the Isd family. Nevertheless, both proteins 

contain conserved specific aminoacid motifs and are key factors in performing their binding 

function (197). 
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It is important to mention that a study by Hurd et al. has highlighted that IsdB, IsdH, and IsdA 

are not required for heme utilization in S. aureus (210), as demonstrated in the septic arthritis 

model. Nevertheless, since IsdB and IsdH are usually critical for acquisition and extraction of 

heme from Hb, rather than direct heme acquisition, a lack of both Isd proteins did not have a 

strong impact when free heme proteins were available (193, 203). However, in the human 

environment, Hb is the primary source of heme, so the requirement of IsdB protein is essential 

for S. aureus virulence and proliferation (196, 201, 202).  

Furthermore, as a human-adapted pathogen, S. aureus has been clearly shown to shape host 

conditions. Conclusive evidence of this is the binding of S. aureus to human hemoglobin (hHb). 

Several studies have revealed that S. aureus-IsdB shows higher specificity to hHb than to other 

species (211), as shown in the divergence within binding motif sequence for Hb and heme-

binding described in IsdB (Figure 6) (195, 212, 208, 202, 211). 

In addition to its primary role, several studies have demonstrated that S. aureus-IsdB is also an 

essential factor for pathogen adhesion and interaction with host cells, such as platelets, via 

binding to host extracellular matrix components (ECMs), e.g., vitronectin (213–216) 

IsdB is highly conserved among S. aureus strains, including clinical isolates (217, 218). 

Individuals with documented S. aureus infections have been shown to contain high antibody 

titers against this surface protein (217, 219). Additionally, due to its importance for S. aureus 

virulence and persistent infection (207), IsdB has for many years been considered a vaccine 

candidate. Clinical trials with the IsdB vaccine have shown that further knowledge of IsdB 

interaction with the immune system is required. 

 

Figure 6. IsdB structural domains. Image adapted from (202). 
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1.9.  IsdB-based non-adjuvant vaccine  

Since IsdB is vital for S. aureus and its absence greatly reduces the virulence of the pathogen, 

IsdB has been considered a promising vaccine candidate. A non-adjuvant vaccine, V710, was 

developed, which contains a recombinant IsdB from S. aureus.  

Several preclinical studies were performed in mice and macaques to test the efficacy of a novel 

IsdB-based vaccine. The results confirmed the hypotheses were promising, as immunization 

induced a significant increase in antibody titers against IsdB in the animals and was very 

effective in protecting against S. aureus infections (220) (218). Later studies showed that 

injection of recombinant IsdB protects mice from lethal challenges and abscess formation in a 

murine lethal challenge model (BALB/c). It was observed that the Th17 response against IsdB 

and Th17 cytokines, e.g., IL-17A, were essential for protecting the animals (221).  

Because preclinical studies showed promising results, IsdB was further developed into the 

vaccine V710. V710 consists of recombinant IsdB without an adjuvant. Two independent Phase 

I trials were conducted in healthy human adults (23, 222). These trials showed that individuals 

who received the V710 vaccine developed high titers of antibody against IsdB 14 days post-

vaccination, and the titers were considerably stable even after 84 days of the study, 

demonstrating efficient induced immunogenicity (222) 

Phase II studies were performed to assess the efficacy of the V710 in patients with chronic 

hemodialysis and a high risk of developing bacteremia caused by S. aureus infections. As in 

phase I, the vaccinated individuals showed higher titers against IsdB. However, a detailed 

immune response was not analyzed in that study (223).  

A phase III trial was conducted to assess the efficacy of V710 in preventing S. aureus infections 

in cardiothoracic surgery patients. Among these patients, the use of the V710 did not reduce the 

rate of postoperative S. aureus infection, and a higher mortality among patients who developed 

S. aureus infection was associated with the use of the vaccine. This finding led to the conclusion 

that the V710 was not effective in protecting against postoperative S. aureus infections (224). 

 

 



Introduction 

21 

 

1.10. Aim of the study 

IsdB elicited high antibody titers in V710 recipients, which did not protect from S. aureus 

infection. Moreover, in case of an S. aureus infection, mortality was significantly increased in 

vaccinated patients compared with the placebo group. The reasons for this have not been 

clarified, indicating that we need to improve our understanding of IsdB’s role in host-pathogen 

interaction.  

Based on previous findings of our group about IsdB cytokine release in T cells (224)., we 

hypothesized IsdB activates innate immune cells to release cytokines with immunomodulatory 

properties. To test this hypothesis, we focused on the influence of IsdB on innate immune cells. 

The specific aims of this study were: 

(1) To treat human monocytes and murine dendritic cells with IsdB and measure the 

cytokine release  

(2) To search for an IsdB receptor on innate immune cells 

(3) To use pharmacological inhibitors to elucidate the signaling pathways activated by IsdB  
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2. Materials and Methods 

2.1. List of buffers 

Protein Overexpression 

    

E. coli lysis buffer + sample loading buffer      

Urea (6M)         3.6 g    

1 M Tris-HCl (pH 6.8)        0.6 ml  

SDS (10%)         2 ml  

Glycerol (50%)        5 ml 

Bromophenol blue (1%)       1 ml 

β-mercaptoethanol (≥ 99%)       0.5 ml 

H2O         0.9 ml 

     

His-tag IsdB E. coli SCS1 growth media 

LB media        100 ml 

Ampicillin (100 mg/ml)       100 µl 

Kanamycin (30 mg/ml)       100 µl 

        

LB media 

LB Broth         10 g 

H2O         500 ml  

       

LB agar media 

LB Broth         10 g 

Agar          7.5 g 

H2O          500 ml  

     

Protein purification chromatography (ÄKTA) 

    

Binding buffer I     

NaCl                     29.22 g 

Na2HPO4        2.83 g 

Imidazole        2.04 g  

H2O         1 L 

 

Binding buffer II       

NaCl         29.22 g 

Na2HPO4        2.83 g  

Imidazole        2.04 g   

Triton X-100        1 ml 

H2O         1 L 
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Elution buffer  

NaCl                     29.22 g  

Na2HPO4        2.83 g  

Imidazole        34.04 g  

H2O         1 L  

       

LPS depletion   

    

Equilibritation buffer       

PBS         25 ml 

H2O         25 ml  

       

Storage buffer 

PBS          50 ml 

NaN3 (0.02%)        1 g 

             

Microscale thermophoresis 

       

Assay buffer 

PBS         2 L 

Tween 20        1 ml  

 

MST buffer 

Tris-HCl (pH 6.8)       7.8 g 

MgCl2 (10 mM)       0.476 g 

NaCl         4.38 g 

H2O         500 ml  

       

SDS-PAGE 

 

APS (10%) 

Ammoniumpersulfate       1 g  

H2O         10 ml 

  

Coomasie staining solution 

Methanol (100%)       200 ml  

Phosphoric acid (80%)       118 ml  

Ammonium sulphate       100 g  

Coomassie brilliant blue G250      1.2 g  

H2O         1 L  

       

SDS-sample buffer (5X) (reducing)     

1 M Tris-HCl (pH 6.8)        0.6 ml  

SDS (10%)         2 ml  

Glycerol (50%)        5 ml  

Bromophenol blue (1%)      1 ml  

β-mercaptoethanol (≥ 99%)       0.5 ml  

H2O         0.9 ml  
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SDS-PAGE-running buffer (10X) 

Tris-Base         30 g 

Glycine         144 g 

SDS          10 g 

H2O         1 L 

       

SDS-sample loading buffer (5X) 

1 M Tris-HCl (pH 6.8)        0.6 ml  

SDS (10%)         2 ml  

Glycerol (50%)        5 ml  

Bromophenol blue (1%)       1 ml  

β-mercaptoethanol (≥ 99%)       0.5 ml  

H2O         0.9 ml  

       

Separation gel composition (12%)         

1.5 M Tris-HCl (pH 8.8)      3 ml  

Acrylamide (40%)        3.6 ml  

APS (10%)        100 μl  

TEMED        10 μl  

H2O         5.4 ml 

 

Stacking gel composition (12%)         

0.5 M Tris-HCl (pH 6.8)      1.25 ml  

Acrylamide (40%)        0.5 ml  

APS (10%)        30 μl  

TEMED        7 μl  

H2O         3.2 ml   

    

Tris-HCl (0.5 M; pH 6.8; 0.4% SDS) 

Tris-Base         60.57 g  

SDS (20%)         20 ml  

HCl                      for pH correction 

H2O         1 L  

       

Tris-HCl (1.5 M; pH 8.8; 0.4% SDS) 

Tris-Base         181.7 g  

SDS (20%)         20 ml  

HCl                      for pH correction 

H2O         1 L  

       

Western Blot 

      

Blocking buffer (0.5%) 

TBS-T         100 ml 

Milk powder        5 g 
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TBS (10X), pH 7.6  

Tris-Base         24.2 g  

NaCl          80 g 

HCl                      for pH correction 

H2O         1 L 

       

TBS-T 

TBS (1X)         1 L  

Tween 20         1 ml  

 

Transfer buffer (pH ≤ 8.5) 

Tris-Base        3.025 g  

Glycine         15 g 

Methanol (100%)       200 ml  

HCl                      for pH correction 

H2O         ad 1 L  

            

Cell culture 

          

mBMDCs differentiation media        

Murine GM-CSF                   10 ng/ml 

RPMI 1640 media        450 ml 

Fetal calf serum (FCS)       50 ml 

P/S/Glu (P (10000 U/ml), S (10000 µg/ml) and G (29.2 mg/ml))  5ml                    

β-mercaptoethanol (5 mM)      500 µl  

      

R5H medium        

RPMI 1640                                  500 ml 

5% Human pooled serum (heat inactivated)       27 ml 

MEM non-essential aminoacids solution (100X)     5.5 ml 

Sodium pyruvate (100 mM)                    5.5 ml 

P/S/Glu (P (10000 U/ml), S (10000 µg/ml) and G (29.2 mg/ml))    6.5 ml 

β-mercaptoethanol (5 mM)                                550 µl  

   

R10F 

RPMI 1640        450 ml                             

Fetal calf serum                                 50 ml 

P/S/Glu (P (10000 U/ml), S (10000 µg/ml) and G (29.2 mg/ml))    5 ml 

β-mercaptoethanol (5 mM)                                500 µl 

 

Transmission electron microscopy  

     

TEM fixation buffer 

Paraformaldehyde (16%)       1 ml 

PBS                      3 ml 
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Washing medium 

Cacodylate         13.8 g  

CaCl2         0.11 g 

MgCl2                     0.09 g 

NaN3                     0.162 g   

H2O                    1 L   

           

Scanning electron microscopy  

         

SEM fixation buffer 

Glutaraldehyde (25%)                   0.320 ml  

Paraformaldehyde (16%)      0.5 ml  

PBS                     4 ml   

          

ELISA  

            

Wash buffer  

PBS                     2 L 

Tween 20                    1 ml  

 

2.2. Materials 

Materials, reagents, kits, substances, and inhibitors used in the experimental settings were 

purchased from Abcam (Cambridge, United Kingdom), BD Biosciences (San José, CA, USA), 

BioLegend (San Diego, CA, USA), GE Healthcare (Chalfont St Giles, UK), Merck Millipore 

(Billerica, MA, USA), Miltenyi Biotech (Bergisch Gladbach, Germany), PAN-Biotech 

(Aidenbach, Germany), Dr. K. Hollborn & Söhne (Leipzig, Germany), Denovix (Wilmington 

DE, USA), NanoEntek (Boston, MA, USA), Nanotemper Technologies (Munich, Germany), 

Sigma-Aldrich (St. Louis, MO, USA), Gibco (by Thermo Fisher Scientific; Waltham, MA, 

USA), Hoefer (Holliston, MA, USA), Phoenix Instruments (Garbsen, Germany), Quorum 

Technologies Ltd. (Lewes, UK), Carl Zeiss Microscopy GmbH (Oberkochen, Germany), 

Protagen AG (Dortmund, Germany), DIANOVA (Hamburg, Germany), Thermo Fisher 

Scientific (Waltham, MA, USA), Invitrogen (by Thermo Fisher Scientific; Waltham, MA, 

USA), Tocris (Bristol, UK), Lionex (Braunschweig, Germany), Charles River Laboratories 

(Erkath, Germany), Jackson Laboratories, PeproTech (Hamburg, Germany) and InvivoGen 

(San Diego, CA, USA). All cell culture material was either purchased from Thermo Scientific 

or Nunclon, Thermo Fisher. All ELISA kits and multiplex kits (LegendPlexTM), human 

proinflammatory cytokine panel 1, and mouse proinflammatory cytokine panel were obtained 

from Biolegend. 
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Signaling inhibitors: Monosodium urate crystals (MSU), adenosine triphosphate (ATP), LPS-

EB ultrapure (E. coli O111:B4B), Anti-TLR4 antibody, Bay 11-0782 (NF-κβ signaling 

inhibitor), MCC950 (NLRP3 inhibitor), ZvAD (pan-caspase inhibitor), YvAD (caspase-1 

inhibitor), Pepinh-MyD88 (MyD88-inhibitory peptide), CLI-095 (TLR4 inhibitor), and 

cytochalasin D (phagocytosis inhibitor) were obtained from Invivogen. A 438079 (P2X7 

inhibitor) was obtained from Tocris, (Bristol, UK) and N-acetyl cysteine (NAC, ROS inhibitor) 

from Sigma-Aldrich (St. Louis, MO, USA). 

2.3. Expression and purification of his-tag recombinant IsdB 

2.3.1.  E. coli SCS1 Culture 

E. coli strain SCS1 was obtained from Prof. Uwe Völker at the Department of Functional 

Genomics, Interfaculty Institute for Genetics and Functional Genomics, University Medicine 

Greifswald. E. coli SCS1 cells were transformed with pQE30/pSE111 plasmid (Qiagen) 

encoding his-tag IsdB (hereafter referred to as IsdB). The details of the IsdB gene are 

SAOUHSC_01709, Staphylococcus aureus (S. aureus), strain NCTC8325. For colony selection 

and subsequent culture, ampicillin (100 µg/ml) and kanamycin (30 µg/ml) antibiotics were 

used. A single colony from the LB agar plate was inoculated into 40 ml of LB medium and 

grown overnight at 37°C with continuous shaking at 150 rpm. The next day, 600 ml of LB was 

inoculated with overnight culture until an optical density (OD) of 595 nm (OD595) reached 0.05. 

The culture was incubated for approximately 3 h until OD595 reached 0.5. At this point, 1 mM 

IPTG was added to induce protein expression, and the cultures were grown at 37°C for an 

additional 3 h. Aliquots of pre- and post-IPTG bacterial cultures were subjected to SDS-PAGE 

to confirm the overexpression (see below). After IPTG induction, cells were centrifuged at 

11,000 rpm for 15 minutes. The obtained pellet was resuspended in binding buffer (0.5 M NaCl, 

20 mM Na2HPO4, and 30 mM imidazole) supplemented with 1% Triton X-100. The cells were 

frozen at -20°C or proceeded to purification. 

2.3.2. Confirmation of his-tag IsdB overexpression by SDS-PAGE 

Aliquots of pre-and post-IPTG cultures were centrifuged at 13,000 rpm for 5 minutes, and the 

pellets were resuspended in lysis buffer (urea + 5X SDS sample-loading buffer with β-

mercaptoethanol). The lysates were cooked at 95°C for 10 minutes before loading on to SDS 

(12%) gel. A total of 10 µl of lysates were loaded per well. Gels were run in SDS-PAGE 

electrophoresis buffer at 100 V for 2 h. Once the run was completed, the gels were stained 

overnight in Coomassie Blue staining solution, followed by washing with distilled water until 
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clear bands with no background appeared. The gels were then scanned, and the molecular 

weight of his-tag IsdB (~72 kDa) was confirmed with a reference marker. 

2.3.3.  Purification of his-tag IsdB by affinity chromatography 

Bacterial cells stored in binding buffer (see section 1.2.1) were subjected to ultrasonication for 

30 minutes at 50% pulse frequency using a sonicator. Subsequently, the cell lysate was 

centrifuged at 13,000 rpm for 15 minutes, and the supernatant was collected in a new collection 

tube. The leftover cell pellet (if any) was resuspended in 10 ml of binding buffer supplemented 

with 1% Triton X-100, and subjected to intense sonication (70% potency, 90% frequency) for 

30 s. The resultant supernatant was pooled in the first tube. All sonication steps were performed 

on ice to avoid protein degradation.  

The supernatant was sterile-filtered (0.2 µm), and the protein was purified using an affinity-

based ÄKTA FPLC system (GE Healthcare) equipped with automated fractionation and 

collection. Ni-Sepharose high-performance columns (HisTrap HP column, GE Healthcare) 

were used to purify his-tag IsdB protein. The buffers used for equilibration, washing, and 

elution of the protein were as follows: 

Buffer A: Binding buffer (0.5 M NaCl, 20 mM Na2HPO4 and 30 mM imidazole)  

Buffer A2: Binding buffer II (0.5 M NaCl, 20 mM Na2HPO4 and 30 mM imidazole, 0.1% Triton 

X-100)  

Buffer B: Elution buffer (0.5 M NaCl, 20 mM Na2HPO4, and 500 mM imidazole) 

Briefly, the column was equilibrated with Buffer A for 10 minutes at a flow rate of 5 ml/min 

before loading the sample. Then, 50 ml of the filtered supernatant was loaded into the system. 

The column was subsequently washed first with Buffer A2 for 15 minutes at a flow rate of 5 

ml/min, followed by Buffer A for an additional 10 minutes at the same flow rate. 

Next, fractions of his-tag IsdB protein were eluted with increasing concentrations of Buffer B 

mixed with Buffer A. His-tag IsdB was eluted at 25% Buffer B and 75% Buffer A, which 

corresponded to 125 mM of imidazole. Once the protein elutions were obtained, the column 

was washed sequentially with MiliQ water, buffer B, and 20% ethanol for 10 minutes each, at 

a flow rate of 5 ml/min. The column was stored in 20% ethanol at 4°C and reused for 

purification of IsdB during the study.  
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Based on the SDS-PAGE, 3-4 elutions (bands) that showed high protein with low 

contamination were selected and pooled. The elution buffer was then exchanged to PBS by 

ultrafiltration using Amicon filters (Millipore). After determining protein concentration on 

Denovix NanodropTM, his-tag IsdB protein was either aliquoted or stored at -80°C until use or 

immediately proceeded to LPS depletion.  

2.3.4.  LPS depletion 

Since his-tag IsdB was overexpressed in E. coli, the endotoxin levels were assessed by Limulus 

Amebocyte Lysate (LAL) assay, using Charles River Endosafe PTS cartridges (Charles River 

Laboratories).  

Although Triton X-100 treatment during the purification process (see section 1.2.3) 

significantly reduced LPS contamination, there was still a significant amount of LPS present in 

the protein stock solution, because IsdB has a strong affinity for LPS. 

An Endotrap Red column (Lionex) (12 ml) kit was used to remove endotoxin from IsdB protein 

stocks. Before assembling the column, all structural parts and instruments were left immersed 

in 1M NaOH overnight to ensure no endotoxin contamination. Next, NaOH was removed by 

washing twice with MiliQ water or PBS. The columns were then manually assembled and filled 

with 12 ml of Endotrap Red resin and allowed to settle for 30 minutes. 

Endotoxin depletion was performed following the manufacturer’s protocol. Samples were 

subjected to two rounds of LPS depletion to ensure complete endotoxin removal from his-tag 

IsdB stock. Finally, the LPS concentration was determined using an Endosafe cartridge. LPS-

free sterile his-tag IsdB stocks were stored at -80°C until use. 

2.3.5. Optimization of glutaraldehyde concentration for TEM 

Glutaraldehyde (GA) fixation of the cells is essential for the optimal preservation of cells for 

electron microscopy. However, GA is detrimental and affects the immunogenicity of most 

proteins (225). To test the sensitivity of IsdB to glutaraldehyde, a western blot analysis was 

performed with increasing concentrations of GA as depicted in Table 3.   
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Table 3. Sensitivity of IsdB to glutaraldehyde by Western Blot 

Briefly, 1 µg of his-tag IsdB per well was loaded onto SDS gel, and the proteins were transferred 

to a nitrocellulose membrane (Thermo Fisher). The blotting conditions were semi-dry, with 80 

mA for 1 h 40 minutes. Then, the membrane was washed with washing media and cut into 

seven strips. Each strip was incubated with a different composition of fixative solutions (as 

shown in Table 3 for 30 minutes at room temperature on a roller. Strips were washed with 

Glycine-TBS buffer three times for 10 minutes each. After washing, the membrane was blocked 

with 5% non-fat milk in TBS-T for 1 h at room temperature and incubated with mouse anti-

penta-his antibody conjugated to HRP (1:50000 in blocking buffer) overnight at 4°C. On the 

following day, the membrane was washed three times for 10 minutes each with TBS-T. The 

chemiluminescent signal was detected with SuperSignalTM West Femto Maximum sensitivity 

substrate (Thermo scientific). The images were taken sequentially every 15 s using the Vilber 

Fusion Solo device.  

2.4. Isolation of PBMCs and enrichment of monocytes  

2.4.1.  Isolation of PBMCs 

PBMCs were isolated from buffy-coat preparations of healthy individuals by the PanColl 

gradient method. Briefly, blood was diluted 1:3 with PBS. 40 ml of diluted blood was slowly 

Condition Sample % PFA % GA 
2 x WM 

(ml) 

16% PFA 

(ml) 

25% GA 

(ml) 

A. Bidest 

(ml) 

1 Control 1 0 0 5 X X 5 

2 Control 2 4 0 5 2.5 X 2.5 

3 GA 1 4 0.05 5 2.5 0.02 2.48 

4 GA 2 4 0.1 5 2.5 0.04 2.46 

5 GA 3 4 0.2 5 2.5 0.08 2.42 

6 GA 4 4 0.5 5 2.5 0.2 2.3 

7 GA 5 4 1 5 2.5 0.4 2.1 

Abbreviations: GA: glutaraldehyde, PFA: paraformaldehyde, WM: washing media,         

A. Bidest: water 

Composition of WM: 0.1 M cacodylate buffer, pH 7.4, 1 mM CaCl2, 1 mM MgCl2, 2,5 

mM NaN3 
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layered over 10 ml of PanColl (PAN-Biotech, density: 1.077 g/ml) and centrifuged at 2800 rpm 

for 15 minutes (acceleration: 3; deceleration: 0). 

A white middle layer containing PBMCs was carefully collected in a new tube and subsequently 

washed twice with PBS. The first washing step was performed at 1800 rpm and the second at 

900 rpm, each for 10 minutes.  The cell pellet was resuspended in R5H medium, and the cell 

number was determined using an automated cell counting instrument (NanoEntek).  

Composition of R5H media 

RPMI medium  

5% human pooled serum (PAN-Biotech, heat-inactivated at 56°C for 30 minutes) 

Penicillin (200 U/ml), streptomycin (200 µg/ml), and glutamine (4 mM) 

β-mercaptoethanol (50 µM) 

Sodium Pyruvate and non-essential aminoacids  

2.4.2.  Isolation of monocytes 

Monocytes were isolated using the plate-adherence method or CD14 microbeads according to 

the respective manufacturer’s instructions. The whole PBMCs at a density of 1x 108 cells/ml 

was transferred to a T-75 cell culture flask (Thermo Fisher) containing 20 ml of R5H medium. 

The cell culture flask was incubated at 37°C, 5% CO2 for 40 minutes to allow the cells to adhere 

to the flask. The cell number per flask was kept constant throughout the study. The non-adherent 

cell fraction (containing T cells, B cells, and other leukocytes) was aspirated, and the flask was 

washed once with media. The adherent cells containing monocytes were harvested in 10 ml of 

R5H media using cell scrapers. In the following, the adherent cell fraction will be referred to as 

“monocytes”. Monocytes were pelleted down at 1300 rpm for 10 minutes, and the pellet was 

resuspended in R5H medium.  

For SEM and TEM experiments (sections 2.5 and 2.6), human monocytes were isolated from 

whole PBMCs using magnetic bead-based cell sorting (MACS) with anti-CD14 microbeads 

(Miltenyi Biotech) following the manufacturer’s protocol.  

2.5. In vitro stimulation experiments with human monocytes  

All experiments involving human monocytes were performed in 96-well plates unless otherwise 

mentioned. Cell number (0.5 x 106 cells/ml) was kept constant throughout the study, unless 

stated otherwise. For cytokine determination in the supernatants, purified monocytes were 

seeded into 96 well plates (Nunclon, Thermo Fisher) in 200 µl R5H media. For the collection 
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of cell lysates, cells were seeded in 24-well plates in 1 ml R5H media per well. After 45 minutes, 

the medium was aspirated to remove non-adherent or dead cells. After that, cells were 

stimulated with either IsdB, LPS, or MSU with or without signaling inhibitors, as described 

below. All stimulations were performed for 24 h, except in time-dependent experiments. For 

the entire study, IsdB (10 µg/ml) was used, except in dose-dependent experiments. All 

experiments were performed in triplicates, unless stated otherwise.  

For inhibition experiments, cells were pre-treated with the inhibitors listed below, either for 45 

minutes or 6 h before stimulating with either IsdB, LPS (100 ng/ml), or MSU (200 µg/ml) for 

an additional 24 h. After stimulation, cell-free supernatants were collected and stored at -20°C 

to determine cytokines by ELISA and/or multiplex analysis as described below (see section 

2.9.) 

Cells were treated with following inhibitors for 45 minutes:  

Anti-TLR4 Ab (5 μg/ml), CLI-095 (1 μM), Bay11-7082 (10 µM), MCC950 (5μM), ZvAD (20 

μM), YvAD (30 μg/ml), A 438079 (100 µM), NAC (10 mM), Cytochalasin D (5 µM), or 

NaCl/KCl (75 mM).  

Cells were treated with following inhibitors for 6 h:  

Pepinh-MyD88 (MyD88-inhibitory peptide) (50 µM). 

2.6. Transmission electron microscopy (TEM) 

Isolated CD14+ monocytes were seeded at a density of 2 x 106 cells/ml in a 6-well plate in 2 ml 

of R5H medium, and stimulated with IsdB for 24 h.  

After 24 h, supernatants were collected for further analysis, and the cells were washed once 

with PBS. Cells were harvested by gentle scrapping in PBS and centrifuged at 1300 rpm for 10 

minutes. The supernatant was discarded, and the pellet was resuspended in TEM-grade fixation 

buffer (4% paraformaldehyde [PFA] in PBS) for 1 h at room temperature. After washing the 

cells with PBS, samples were stored at 4°C until processing. All reagents were provided by Dr. 

Rabea Schlüter (Electron Microscopy Facility, University of Greifswald).  

The PFA concentration was optimized by western blot to avoid protein degradation for imaging 

(Supplementary Figure 1).  
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Sample preparation for TEM:  

1. Cells were washed three times for 5 minutes each with PBS, then embedded in low-gelling 

agarose and washed again in PBS three times for 5 minutes each.  

2. After dehydration in a graded ethanol series (30%, 50%, 70%, 90%, 100%, 30 minutes per 

step, on ice), the material was infiltrated with the acryl resin LR White. For this, 1 part 

100% ethanol was mixed with 1 part LR White and stored at 4°C overnight. After that, 1 

part ethanol was mixed with 2 parts LR White for 2 h on ice, followed by infiltration with 

pure resin for 6 h on ice, resin changing, and storage at 4°C overnight.  

3. Finally, samples were infiltrated with pure resin at room temperature. The resin was 

polymerized for 48 h at 60°C.  

4. Ultrathin sections (50 nm) were cut on an ultramicrotome (Reichert Ultracut, Leica UK 

Ltd, Milton Keynes, UK) and picked up with Pioloform-coated hexagonal nickel grids 

before immunogold labeling.  

5. The flotation method was used for immunogold labeling: grids were placed with the 

sections face down on the droplets of washing or antibody solution at room temperature. 

6. Sections were incubated for 5 minutes with 3 droplets of PBS, and for 10 minutes with 2 

droplets of glycine-PBS (1 mg glycine per ml PBS).  

7. Next, incubation was performed for 15 minutes on 5% (v/v) goat serum in incubation buffer 

(0.2% gelatin [w/v], 1% skim milk powder [w/v], 0.1% Tween 20 in PBS). 

8. Then, sections were incubatedfor 5 minutes with 3 droplets of incubation buffer and for 60 

minutes on Penta-His monoclonal Ab (1:5000, 1:2500, 1:1000) diluted in incubation 

buffer. 

9. The next incubation step was with 6 droplets of incubation buffer for 2 minutes, followed 

by for 60 minutes on goat anti-mouse 5-nm-diameter gold conjugates (Sigma-Aldrich) 

diluted 1:20 in incubation buffer. 

10. There followed incubation for 5 minutes in 4 droplets of incubation buffer and 5 minutes 

on 3 droplets of PBS. 

11. Finally, sections were fixed with 1% glutaraldehyde in PBS for 5 minutes, washed with 2 

droplets of deionized water for 2 minutes, and stained with 4% aqueous uranyl acetate for 

5 minutes. 

12. After blotting with filter paper, the grids were air-dried and stored in a desiccator until 

examination in the microscope. 
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The specimens were examined with a LEO 906 transmission electron microscope (Carl Zeiss 

Microscopy GmbH, Oberkochen, Germany) at an acceleration voltage of 80 kV. For image 

acquisition, a wide-angle dual-speed CCD camera (Sharpeye; Tröndle, Moorenweis, Germany) 

was used, operated by ImageSP software. All micrographs were edited using Adobe Photoshop 

CS6. 

2.7. Scanning electron microscopy 

Coating of coverslips  

Prior to the assay, coverslips made of borosilicate (10 mm diameter) were autoclaved and UV-

irradiated. One coverslip per well was placed in a 24-well cell culture plate, and 0.01% poly-L-

lysine pre-diluted in water (Millipore; 0.01%) was added to submerge the coverslips. The plate 

was covered with its lid and incubated overnight at room temperature. The lysine solution was 

aspirated on the following day, and the coverslips were washed twice with ultrapure distilled 

water (Invitrogen) to remove any traces of lysine. The plate was left open for 3 h to ensure 

proper drying of the coverslips.  

Isolated CD14+ monocytes were seeded onto pre-coated coverslips at a cell density of 5 x 105 

cells/ml and stimulated with IsdB for 24 h. Control wells received only medium. After 

stimulation, supernatants were collected and stored at -20°C for further analysis. Cells on the 

coverslips were washed with PBS, followed by fixation with an SEM-grade fixative buffer (2% 

PA, 2% GA in PBS) for 1 h at room temperature. After aspirating the fixation buffer, cells were 

washed with PBS to remove the traces of buffer and stored in PBS at 4°C until use.  

SEM sample preparation 

1. The samples were washed three times for 5 minutes each with PBS, then treated with 1% 

osmium tetroxide in PBS for 1 h.  

2. Cells were washed three times for 5 minutes each with deionized water.  

3. After dehydration in a graded series of aqueous ethanol solutions (10%, 30%, 50%, 70%, 

80%, 90%) for 10 minutes per step and the final three times for 10 minutes each in 100% 

ethanol, samples were critical-point dried with liquid CO2 (K850; Quorum Technologies 

Ltd).  

Finally, samples were mounted on aluminum stubs, sputtered with gold/palladium (SC 7640; 

Polaron), and examined with a scanning electron microscope EVO LS10 (Carl Zeiss 

Microscopy GmbH, Oberkochen, Germany). All micrographs were edited using Adobe 

Photoshop CS6. 
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2.8. Generation of murine bone marrow-derived dendritic cells (mBMDCs) and in vitro 

experiments 

Composition of R10F  

450 ml RPMI 1640 media  

5 ml penicillin (200 U/ml), streptomycin (200 µg/ml), and glutamine (4mM) 

50 ml fetal calf serum (FCS) (10%) 

β-mercaptoethanol (50 µM) 

Composition of mBMDCs differentiation medium 

R10F + Granulocyte-macrophage colony-stimulating factor (GM-CSF) (Peprotech, 10 ng/ml) 

Bone marrow dendritic cells from WT CB57BL/6 mice were differentiated into mBMDCs, 

using GM-CSF (10 ng/ml) for 7 days. Briefly, frozen bone marrow cells were thawed and 

immediately transferred to a 50-ml tube containing pre-warmed R10F. Cells were pelleted 

down by centrifugation at 300g for 5 minutes. The supernatant was discarded, and the pellet 

was resuspended in R10F supplemented with GM-CSF (10 ng/ml). The cells were seeded at a 

density of 5 x 106 cells in a volume of 10 ml differentiation medium per petri dish. We used 

microbiological Petri dishes for this experiment. On day 3, cells were fed 10 ml of fresh 

differentiation medium (total volume of medium per dish 20 ml). On day 6, 10 ml of medium 

containing floating cells was transferred to a 15-ml tube, and cells were pelleted down at 300 g 

for 10 minutes. The supernatant was discarded, and the cell pellet was resuspended in 10 ml of 

fresh differentiation medium and then returned to the petri dish. On day 8, all floating cells were 

carefully collected without disturbing the cell monolayer, which might contain macrophages. 

Cells were pelleted down by centrifugation at 300 g for 10 minutes. Next, the cell pellet was 

resuspended in R10F, and the cell number was adjusted to 1 x 106 cells/ml. Then, 1 ml of cell 

suspension was added to each well in a 48-well plate and incubated overnight at 37°C and 5% 

CO2 to allow the adherence of mBMDCs. After overnight incubation, the medium was 

removed, and cells were stimulated with the ligands described below in a fresh R10F without 

FCS.  

Concentration of ligands and inhibitors used in this experiment 

LPS (1 ng/ml), IsdB (10 µg/ml), MSU (200 µg/ml), ATP (5 mM), and MCC 950 (5 μM). For 

more details, see section 2.1. 
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Cells were primed with either LPS or IsdB 3 h and treated with or without ATP, IsdB, or MSU 

for an additional 6 h. Unstimulated cells served as controls. In some conditions, cells were 

treated with inhibitors for 45 minutes before the addition of LPS, IsdB, or MSU. Cell-free 

supernatants were collected after 9 h and stored at -20°C for cytokine analysis by ELISA (See 

section 1.8.).   

2.9. Enzyme-linked Immunosorbent Assay (ELISA) 

From the collected cell culture medium, human and mouse IL-6 and IL-1β were determined 

using commercially available ELISA kits (Table 4). All ELISAs were performed according to 

the manufacturer’s protocol.  

Table 4. ELISA kits used for determination of cytokines 

Kit Company Cat. No. 

ELISA MAX™ Deluxe Set Human IL-6 Biolegend 430504 

ELISA MAX™ Deluxe Set Human IL-1β Biolegend 437004 

ELISA MAX™ Deluxe Set Mouse IL-6 Biolegend 431304 

ELISA MAX™ Deluxe Set Mouse IL-1β Biolegend 432604 

LEGENDplex™ Human Inflammation Panel 1 (13-plex) Biolegend 740808 

 

Assay procedure 

The following reagents were provided in the ELISA kits: Human/mouse IL-6 or IL-1β 

standards, coating buffer 5X, assay diluent 5X, avidin-HRP 1000X, substrate solution D (mouse 

IL-1β kit), substrate solution F (human IL-1β kit), substrate solutions A and B (human and 

mouse IL-6 kits) and capture and detection antibodies from each listed kit. 

1. Capture antibody was diluted to the working concentration with coating buffer 1X (diluted 

with H2O). 

2. The 96-well microplates Nunclon MaxisorpTM (Thermo Fisher) were coated with 100 µl 

per well of the diluted capture antibody and immediately sealed and incubated overnight at 

4°C. 

3. Then, the capture antibody was discarded from the wells by inverting the plate and washed 

with 300 µl of wash buffer (PBS Tween-20) four times, completely removing liquid in 

each step. 

4. Residual wash buffer was blotted by firmly tapping the plate upside down on absorbent 

paper. All subsequent washes were performed as described (steps 3 and 4). 
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5. To block non-specific binding and reduce background, plates were blocked with assay 

diluent 1X (diluted with PBS) for at least 1 h with constant shaking (500 rpm) using a plate 

shaker. All incubations were performed in the same way, with the plate sealed.  

6. While the plates were being blocked, standards and cell supernatants (if necessary) were 

diluted in assay diluent 1X and prepared.  

7. After washing, 100 µl of diluted samples and standards were added to every well 

accordingly, and plates were incubated for 2 h. For human IL-1β, first, 50 µl of Buffer D 

was added to all the wells, followed by 50 µl of samples or standards.  

8. Then, once plates were washed, 100 µl of the detection antibody (diluted in assay diluent 

1X) was added to each well and incubated for 1h. 

9. 100 µl of Avidin-HRP 1X (diluted in assay diluent 1X) was added to all the wells after the 

washing steps, for 30 minutes.  

10. For the last washing steps, plates were washed 5 times, and all the wells were soaked with 

the buffer for 30 s at each step.  

11. Next, 100 µl of TMB substrate (substrate solution D, substrate solution F, or freshly 

prepared mixture of substrate solutions A and B) was added to all the wells and 

immediately incubated in the dark without shaking. The incubation time for the substrate 

was usually around 25 minutes.  

12. To stop the reaction, 100 µl of H2SO4 (2N) was added to all the wells, and the optical 

density (OD) was immediately determined with a microplate reader (Infinite 200 Pro 

NanoquantTM [TECAN]) at an OD of 450 nm with a reference OD of 570 nm. 

2.10. Multiplex bead assay 

The multiplex bead-based assay was performed to detect inflammatory cytokines in the cell 

culture supernatants, using a Human Inflammation Panel-1 kit (Biolegend). The kit detects 13 

proinflammatory cytokines, including IL-1β, IFN-α, IFN-γ, TNF-α, MCP-1 (CCL2), IL-6, IL-

8 (CXCL8), IL-10, IL-12p70, IL-17A, IL-18, IL-23, and IL-33. The assay was performed 

according to the manufacturer’s protocol.   

Assay procedure 

The following reagents were provided by the manufacturer: 5X wash buffer, assay buffer, 

premixed beads, detection antibodies, and SA-PE. 

1. First, a 96-well filter plate was pre-wet by adding 100 µl of 1X washing buffer to each 

well.  
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2. After 1 minute, the buffer was removed by applying a vacuum using the vacuum manifold. 

3. Then, the plate was carefully placed on top of paper towels to remove excess wash buffer. 

4. Next, 25 µl of assay buffer was added to each well. This was followed by the addition of 

either 25 µl of sample or standard in the respective wells.  

5. Then, 25 µl of premixed beads were added to each well. Beads were vortexed for 1 minute 

before use.  

6. The plate was covered with a plate sealer, wrapped carefully with aluminum foil, and 

incubated overnight at 4°Cwith constant shaking (300 rpm) using a plate shaker.  

7. The next day, the beads were removed by applying a vacuum using the vacuum manifold 

as in step 2.  

8. 200 µl of 1X washing buffer was added to all the wells, and the buffer was removed by 

vacuum filtration. After blotting the plate on a stack of paper towels, the plate was washed 

one more time with 1X washing buffer, followed by steps 2 and 3.  

9. Then, 25 µl of detection antibodies were added to each well, and the plate was incubated 

at room temperature for 1 h with constant shaking (500 rpm). 

10. After 1 h, 25 µl of SA-PE were added to the wells and incubated for 30 minutes at 500 

rpm. 

11. Step 8 was repeated three times. 

12. The samples were resuspended in 200 µl of 1X washing buffer, transferred to FACS tubes, 

and analyzed in a flow cytometer (BD LSR II, BD Biosciences).  

13. The bead populations were distinguished by size and internal fluorescence intensity, using 

the settings recommended by the manufacturer.  

14. The flow cytometer raw data files (FCS) were analyzed using the LEGENDplexTM Data 

Analysis Software (Version 8.0).  

2.11. Microscale Thermophoresis (MST) 

To determine the binding affinity of recombinant human TLR4 (rhIsdB) to his-tag IsdB, a 

Microscale Thermophoresis (MST) assay was performed. This assay involved multiple steps, 

as described below. All procedures were performed at approximately 22°C, as recommended 

by the manufacturer.  

a) Preparation of labeled binding partner  

In this assay, the recombinant TLR4 was chosen as the binding partner. Recombinant human 

TLR4 (rhTLR4) was marked through NHS-ester labeling using a Monolith protein labeling 

RED-NHS 2nd Generation kit (Nanotemper). The reactive NHS-ester groups in the dye bind 
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covalently to primary amines (lysine residues) within the protein structure. All protein labeling 

was performed according to the manufacturer’s instructions. Briefly, 10 μM of protein (in a 

volume of 100 µl) was incubated with labeling buffer for 30 minutes at RT in the dark. Unbound 

or non-reacted dye was removed with a MST dye-removal column, using MST buffer (50 mM 

Tris HCl pH 7.8, 150 mM NaCl, 10 mM MgCl2). The labeling intensity of the proteins was 

determined by spectrophotometry (red: 650 nm excitation; 670 nm emission; label-free: 280 

nm excitation; 350 nm emission). 

Labeled-rhTLR4 was further diluted in assay buffer (PBS supplemented with 0.05% of Tween-

20) to reach a final concentration of 2 μM for further use. All concentrations were optimized 

according to Monolith NT115 (Nanotemper) instrument software. The aliquots of labelled-

rhTLR4 were stored at -20°C until use. 

b) Pretest  

A pretest was carried out i) to check the compatibility of the labeled protein or assay buffer 

with the label-free capillaries (Monolith NT. 115); ii) to ensure no background absorbance or 

emittance; iii) to select the optimal protein concentration. Briefly, 20 nM solution of labeled 

rhTLR4 was prepared in assay buffer (final volume 30 µl) and aspirated to standard capillaries 

for pretest analysis.  

c) Binding check 

After determining the optimal concentration of labeled protein, a simple binding check was 

carried out to ensure an acceptable signal-to-noise ratio between the bound and unbound ligand 

complexes. For this purpose, two samples were prepared: i) target only: 25 μl of 40 nM labeled 

rhTLR4 was mixed with an equal volume of assay buffer; ii) ligand complex: 25 μl of 40 nM 

labeled-rhTLR4 was diluted with 25 μl of 3.62 μM of IsdB. Both samples were transferred to 

standard capillaries for analysis. Each sample was analyzed in quadruplicates. 

 

d) Preparation of unlabeled binder partner, his-tag IsdB  

For this assay, 16-fold serial dilutions of IsdB were prepared. To achieve this, 20 μl of IsdB 

(3.62 μM) was transferred to tube 1. Tubes 2 to 16 were prepared with 10 μl of PBS. Then, 10 

μl of IsdB from tube 1 was transferred to tube 2 and mixed thoroughly. The same procedure 

was repeated until tube 16. After that, 10 μl of labeled-rhTLR4 was added to all tubes. Samples 

were mixed well, and the capillaries were aspirated with samples 1 to 16 and placed in the 
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capillary tray. The capillary with the highest concentration was placed at the beginning. This 

procedure was repeated three times until the data were consistent.   

The MST was measured using a Monolith NT.115 instrument at an ambient temperature of 

25°C. Instrument parameters were adjusted to 80% LED power and medium MST power. The 

data were analyzed with MO Affinity Analysis software version 2.3 using the signal from an 

MST on time of 15 s intervals. 

2.12. Molecular Docking of IsdB-TLR4 

Briefly, docking was performed on the Hawkdock program, an integrated web server that 

combines docking poses, protein-protein docking, and identification of key residues between 

ligands (226). IsdB and human TLR4 PDB files were utilized through this program for the 

downstream procedures. Sixteen potential complexes out of 100 initially modeled complexes 

were evaluated for overlapping surface potential in UCSF Chimera (227). The electrostatic 

calculations were performed as described elsewhere (228). Electrostatic potential was visually 

analyzed for the selected complexes between IsdB and TLR4 to assess the probability of 

complex formation. The interface between hTLR4 and IsdB of selected models was analyzed 

by DimPlot using Ligplot software, which showed hydrogen bonding and hydrophobic 

interaction between IsdB and TLR4 docked complexes (229).   
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3. Results 

3.1. Purity determination of his-tag IsdB by SDS-PAGE 

To check the purity of his-tag IsdB, an aliquot of purified protein was heated at 95°C for 10 

minutes in a non-reducing loading buffer prior to SDS-PAGE analysis. As shown in Figure 7, 

coomassie staining of SDS-PAGE-loaded protein revealed a major band just below the 75 kD 

marker, which corresponds to the expected size of IsdB (72.192 kDa (Uniprot: Q2FZF0; 

ISDB_STAA8). Some low-intensity bands are visible below the IsdB-protein, which possibly 

correspond to degradation products of IsdB. However, IsdB-stock solutions were diluted many 

times prior to the experiments, which decreased contaminants or degradation products to 

negligible levels.  

 

Figure 7. SDS-PAGE analysis of purified recombinant his-tag IsdB 

protein expressed in E. coli.  

1.5 µg of IsdB preparation was resolved on a 12% SDS-PAGE gel 

under non-reducing conditions. Electrophoresis was performed at 90 V 

for 2 h. The gel was stained with Coomassie brilliant blue solution 

overnight.  

 

 

 

 

 

3.2. IsdB induces the activation of human monocytes 

Previously, our group reported that stimulation of PBMCs from healthy individuals with S. 

aureus-IsdB elicited a cytokine response in T cells in vitro (Kolata et al. 2015). To establish 

the role of IsdB in the innate immune response, we first examined the effect of IsdB on human 

monocytes. Monocytes are professional antigen-presenting cells that play a critical role in 

innate immunity. We isolated human monocytes from PBMCs of healthy individuals as 

described in the methods section. We then stimulated cells with IsdB for 24 h. Untreated 

monocytes were used as control. SEM was employed to check for any significant changes upon 

stimulation with IsdB. SEM images revealed that untreated monocytes presented large ruffle-

like structures on the surface and a complete absence of needle-like dendrites. Both features are 
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very characteristic of naïve human monocytes. In contrast, IsdB-treated monocytes displayed 

disorganized membranes with blebs and a lack of ruffle-like structures (Figure 8), which is a 

sign of activation. This evidence from cell morphology clearly demonstrates that S. aureus- 

IsdB induces the activation of human monocytes.  

 

 

 

 

 

 

Figure 8. IsdB induces the activation of human monocytes in vitro. 

SEM images of primary human monocytes treated with or without IsdB (10 µg/ml) for 24 h. 

Representative images of monocytes from one donor were shown. Note that activated monocytes show 

membrane blebs, disintegrated membrane, and absence of ruffle-like structures compared to untreated 

cells. 

 

3.3. IsdB induces IL-6 release in human monocytes  

Next, we examined whether the activation of monocytes translates into cytokine release. As 

discussed in the introduction (section 1.3), activation of monocytes by PAMPs triggers the 

release of many different cytokines. To examine this, isolated human monocytes from PBMCs 

of healthy donors were stimulated with increasing concentrations of IsdB for indicated lengths 

of time. Control samples were left unstimulated. The supernatants were collected and analyzed 

for IL-6 release by ELISA. We selected IL-6, as it is considered one of the most prominent and 

robust cytokines released during the infection. As shown in Figure 9, IsdB induced the secretion 

of IL-6 in a dose- and time-dependent manner. Robust production of IL-6 was observed at an 

IsdB concentration of 10 µg/ml (Figure 9A) at 24 h (Figure 9B).  

Control -----------------IsdB---------------- 
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Figure 9. IsdB induces dose- and time-dependent IL-6 release in human monocytes.  

Primary human monocytes were stimulated with increasing concentrations of IsdB for 24 h, n=2 (A) or 

10 µg of IsdB for the indicated time periods, n=2 (B). Levels of IL-6 in the supernatants were quantified 

by ELISA. Data are presented as mean ± SD of indicated biological replicates (“n”) performed in 

duplicate. One-way ANOVA was utilized to determine statistical significance. The paired t-test was 

utilized to determine statistical significance in B. *p<0.05, **p<0.01, ***p<0.001 represents IsdB vs. 

untreated cells. $ p<0.05 represents IsdB 5 µg/ml vs. IsdB 10 µg/ml.  

 

Next, we compared the cytokine release to that of LPS, as it is a prominent inducer of 

proinflammatory cytokines. To this end, we stimulated human monocytes with either IsdB (10 

µg/ml) or LPS (100 ng/ml) for 24 h. Untreated cells served as a control. Cell-free supernatants 

were collected, and the release of IL-6 was assessed by ELISA. As shown in Figure 10, IsdB 

induced the release of IL-6 in all tested donors (n=8). However, as expected, the observed 

release was highly heterogeneous among the donors. The mean IL-6 levels were similar to those 

elicited by LPS stimulation. Together, the results demonstrate that IsdB is as potent as LPS in 

inducing IL-6 release in human monocytes in a time- and dose-dependent manner.  
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Figure 10. IsdB is as potent as LPS in inducing IL-6 in human monocytes.  

Primary monocytes (0.5 x 106 cells/ml) were left unstimulated or stimulated with IsdB (10 µg/ml) or 

LPS (100 ng/ml) for 24 h, n=8. Levels of IL-6 in the supernatants were quantified by ELISA. Data are 

presented as mean ± SD of eight biological replicates performed in triplicate. Each dot represents one 

donor. One-way ANOVA was utilized to determine statistical significance. *p<0.05 represents IsdB vs. 

unstimulated cells.  n.s.: non-significant. φ represents respective controls or unstimulated cells. 

 

Upon recognition of antigens, innate immune cells induce the release of many different 

proinflammatory cytokines. Since IsdB induced significant production of IL-6 in human 

monocytes, we assumed that this protein could also induce the production of other 

proinflammatory cytokines. We tested a broader cytokine panel in the same supernatants from 

our previous experiment. We found that IsdB induced the release of proinflammatory cytokines 

other than IL-6, such as TNFα, MCP-1, IL-23, and IL-33. The concentrations of IL-12, IL-18, 

and IFN-γ were deficient and did not significantly increase in response to IsdB stimulation.  

The most stunning finding was that IsdB stimulated the monocytes to secrete large amounts of 

IL-1β (Figure 11 and Figure 21). This cytokine is a very potent proinflammatory molecule and 

is a direct product of the inflammasome signaling pathway, indicating that IsdB activates the 

inflammasome and promotes the production of IL-1β. We studied this extensively, as shown 

and discussed below. 
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Figure 11. IsdB induces the release of proinflammatory cytokines other than IL-6 in human 

monocytes.  

Primary human monocytes (0.5 x 106 cells/ml) were left unstimulated or stimulated with IsdB (10 µg/ml) 

for 24 h. The indicated cytokines were analyzed by a bead-based multiplex assay. Data are presented as 

mean ± SD of four biological replicates performed in triplicate. Each dot represents one donor. The 

paired t-test was utilized to determine statistical significance. *p<0.05, **p<0.01 and p = 0.056 represent 

IsdB vs untreated cells. φ represents respective controls or unstimulated cells. 

 

3.4. IsdB-induced proinflammatory cytokine release is not due to potential contaminants  

Since we produced IsdB in E. coli, residual LPS in the IsdB preparation was an important 

concern to the observed results. We rigorously depleted LPS from the purified preparations of 

recombinant IsdB by matrix-based affinity chromatography (section 2.2.4.) and took care to 

exclude any side effects. When we added IsdB to the cell cultures at a concentration of 10 

µg/ml, the maximum final concentration of LPS was below 15 pg/ml. To demonstrate that the 

latter concentration was not interfering with our results, we stimulated human monocytes from 

two different donors with increasing concentrations of LPS or LPS-spiked with IsdB. As shown 

in Figure 12, 15 pg/ml of LPS did not induce IL-6 release on its own. Furthermore, at this 

concentration, the addition of IsdB did not boost the cytokine secretion, suggesting that LPS 

did not contribute significantly to the IsdB-induced IL-6 production. 

 

Figure 12. A low concentration of LPS does not induce IsdB-induced IL-6 release.  

Human monocytes were isolated as described in the methods section. Different concentrations of LPS 

were mixed with or without 10 µg/ml of IsdB, and the reaction mixture was incubated at 37°C for 30 

min. Cells (0.5 x 106 cells/ml) were stimulated with increasing concentrations of LPS or IsdB-spiked 

LPS for 24 h. Levels of IL-6 were measured in the supernatants by ELISA. Data are represented as mean 

± SD of two independent experiments performed in duplicate, except for the 50 pg/ml concentration, in 

which the data were obtained from one donor.   
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Recombinant proteins purified from E. coli may contain contaminants beyond endotoxins 

(LPS), such as the DNA derived from the expression construct or the bacterial genome itself 

(230). To exclude the impact of genomic DNA contamination in our IsdB preparations on the 

observed IL-6 release, we incubated IsdB with deoxyribonuclease (DNase) for 30 minutes at 

37°C. Then, isolated human monocytes were stimulated with either IsdB or IsdB pre-treated 

with DNase for 24 h. IL-6 production in the cell supernatants was analyzed by ELISA. As 

depicted in Figure 13, the results showed that DNase-treated IsdB induced very similar IL-6 

levels compared to the untreated IsdB. This suggests that DNA contamination in our samples 

did not interfere with the IL-6 production induced by IsdB.  

 

 

Figure 13. Genomic DNA contamination did not have any impact on IL-6 release induced by IsdB.   

Primary human monocytes (0.5 x 106 cells/ml)  were stimulated with either IsdB (10 µg/ml) or DNase-

treated IsdB for 24 h. IL-6 release was analyzed in the supernatants by ELISA. The data shown are 

means ± SD of the indicated four biological replicates performed in triplicate. One-way ANOVA was 

utilized to determine statistical significance. *p<0.05 represents IsdB vs. untreated cells. n.s. : non-

significant. φ represents respective controls or unstimulated cells.   

 

Taken together, these results demonstrate that IsdB-mediated pro-inflammatory cytokine 

release is not due to potential LPS or DNA contamination.  

The tertiary structure of protein ligands is a critical feature for binding to the receptors or 

recognition by many cells, and thus for downstream signaling pathways, such as the induction 

of proinflammatory cytokines. Therefore, the effect of the native structure of the IsdB protein 

in cytokine production was also tested. For this experiment, we pre-treated IsdB preparations 

with proteinase K (PK; 30 minutes) or heat inactivation (HI; 95°Cfor 30 minutes) for complete 

 IsdB  IsdB
0

10000

20000

30000

40000

IL
-6

 (
p

g
/m

L
)

n.s.

*

DNase



Results 

47 

 

denaturation. We stimulated human monocytes with both denatured IsdB preparations and 

native IsdB for 24 h. Cell supernatants were assessed for IL-6 by ELISA. As shown in Figure 

14, the HI and PK treatment completely abolished the ability of IsdB to induce IL-6. This effect 

confirms that the native structure of the S. aureus-IsdB is essential to promote proinflammatory 

cytokine release in human monocytes.  

 

 

Figure 14. Denaturation of IsdB completely abrogated IL-6 release in human monocytes.  

Primary human monocytes (0.5 x 106 cells/ml) were stimulated with either IsdB (10 µg/ml), HI-treated 

IsdB (95oC; 30 minutes) (A), or PK-treated IsdB (30 minutes) (B), for 24 h. IL-6 levels in the 

supernatants were determined by ELISA. Data shown are the means ± SD of eleven (A) or five (B) 

biological replicates performed in triplicate. One-way ANOVA was utilized to determine statistical 

significance. ****p<0.0001 represents IsdB vs. untreated cells. ####p<0.0001 represents IsdB vs IsdB-

HI (A) or IsdB+PK (B). φ represents respective controls or unstimulated cells. 

 

3.5. TLR4 is a receptor for S. aureus-IsdB 

In the next series of experiments, we examined the mechanisms of IsdB-induced cytokine 

release. Since IsdB is recognized by human monocytes and induced the release of 

proinflammatory cytokines (Figures 9 and 10), we focused our attention on TLR4 as a candidate 

receptor for IsdB. Ligation of TLR4 induces the release of IL-6 and other proinflammatory 

cytokines. In addition, TLR4 has a prominent role in the recognition of S. aureus antigens and 

DAMPs, as previously mentioned (see Section 1.3). First, we applied bioinformatics tools to 

study the interaction of IsdB with TLR4. Molecular docking predicted that IsdB binds to human 

TLR4 (Figure 15). Dim plot analysis identified the amino acids valine (V)-189 and tyrosine 

(Y)-192 in the NEAT1 domain of IsdB as partners in hydrophobic interaction with glutamine 

(Q)-188 and serine (S)-123 of the modeled TLR4 complex, respectively (Figure 15B). In 



Results 

48 

 

addition, glutamic acid (E) residues, present at 326, 329, and 332 positions in the linker between 

the NEAT1 and NEAT2 domains of IsdB, form salt bridges with lysine (K) residues of TLR4. 

Likewise, lysine (K)-321 in the linker of IsdB also forms a salt bridge with glutamic acid (E) 

on TLR4 (not shown). These results suggest a strong interaction between IsdB of S. aureus and 

human TLR4. 
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Figure 15. Molecular docking reveals potential binding between IsdB and human TLR4.  

Molecular docking of hTLR4 and IsdB: A representative hTLR4-IsdB complex (model 2) demonstrates 

the potential binding of IsdB with TLR4 (A). The red surface on hTLR4 represents the areas of 

interaction with IsdB (B). The isosurface of the electrostatic potential of IsdB and TLR4 is depicted as 

+/- 1KB·T·e-1 blue (positive) and red (negative) (C, D). The representative (model 2) complex structure 

was opened by rotating IsdB structure by 180o on the x-axis (C). DimPlot analysis represents 

hydrophobic and non-covalent interactions between the residues of TLR4 and IsdB complex (E). Dotted 

lines show hydrogen bonds. 

 

We next measured the binding strength of the IsdB-TLR4 interaction. For this purpose, we 

performed microscale thermophoresis with labeled recombinant human TLR4 (rhTLR4) and 

recombinant IsdB and obtained the equilibrium dissociation constant (Kd). The addition of 

increasing concentrations of recombinant IsdB to labeled rhTLR4 showed changes in 

thermophoresis and thermophoretic signals obtained. From the binding curve, a mean Kd value 

from three independent experiments (98 ± 33 nM) was obtained. This is indicative of a high-

affinity protein-protein interaction between IsdB and TLR4. Additionally, we tested LPS 

against the labeled protein, as it is the primary ligand of TLR4. However, LPS failed to show 

significant interaction with rhTLR4 with a Kd of 0.4 mM (Figure 16). The reasoning behind 

these results resides in the lack of binding partners, such as myeloid differentiation factor 

(MD2) and cluster of differentiation (CD) 14 (CD14), that are essential for LPS to induce a 

proper immune response (49, 231). Taken together, our results demonstrate that IsdB directly 

binds to rhTLR4 in the absence of any binding partner, which represents strong protein-protein 

interactions.  

 

Figure 16. IsdB binds to rhTLR4 with high affinity.  

MST analysis between recombinant human TLR4 (rhTLR4) and IsdB or LPS. Dissociation constants 

(Kd) were obtained from binding curves of IsdB or LPS to rhTLR4 (40 nM) using Nanotemper Affinity 

Analysis Software. IsdB shows strong binding to rhTLR4 with an estimated mean Kd of 98.3 nM, 

whereas LPS failed to exhibit an estimated Kd of 0.4 mM. Each point represents the mean ± SD F norm of 

each concentration of 16 two-fold serial dilutions (IsdB: 3.6 µM to 0.1 nM;  LPS: 5 µM to 0.153 nM) 

from three independent experiments. In the MST analysis of LPS, the standard deviation (SD) was not 

determined since binding could not be concluded. Fnorm represents the normalized fluorescence.  
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3.6. IsdB triggers the release of IL-6 in a TLR4-dependent manner in human monocytes 

and murine bone marrow-dendritic cells (mBMDCs) 

Having demonstrated the binding of IsdB to TLR4, we next explored the effect of interference 

with TLR4 signaling on the IsdB-induced proinflammatory cytokine release in vitro. To address 

this question, human monocytes or mBMDCs were pre-treated with or without CLI-095, a 

known inhibitor of TLR4 signaling, before stimulation with IsdB or LPS. Untreated cells or 

cells pre-treated with CLI-095 only were used as controls. Our data demonstrated that the 

blockage of TLR4 in human monocytes (Figure 17A and Figure 18) or mBMDCs (Figure 17B) 

completely abrogated IsdB-mediated IL-6 and all other proinflammatory cytokines (Figure 18). 

In addition, the response to LPS was also significantly reduced in human monocytes, proving 

the efficacy of the inhibitor. These data further confirm that IsdB induces IL-6 release in human 

monocytes and mBMDCs in a TLR4-dependent manner.  

 

 

Figure 17. IsdB induces IL-6 production via TLR4 in human monocytes and murine bone marrow-

derived dendritic cells (mBMDCs).  

Human monocytes (0.5 x 106 cells/ml) (A) and mBMDCs (1 x 106 cells/ml) (B) were left untreated or 

pre-treated with CLI-095 (1 µM) for 45 minutes before treatment with either IsdB (10 µg/ml) (A and B) 

or LPS (100 ng/ml) (A) for an additional 24 h. IL-6 levels in the supernatants were determined by 

ELISA. Data are mean ± SD of five (A) and two (B) independent experiments performed in triplicate. 

Each dot represents one donor. One-way ANOVA was utilized to determine statistical significance. 

*p<0.05 and **p<0.01 represent IsdB vs. untreated cells (A and B). $$p<0.01 represents LPS vs 

LPS+CLI-095 (A). p=0.0554 (A) and ##p<0.01 (B) represent IsdB vs. IsdB+CLI-095. CLI-095: TLR4 

inhibitor. φ represents respective controls or unstimulated cells. 
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Figure 18. The release of proinflammatory cytokines relies on the IsdB-TLR4 interaction. 

Human monocytes (0.5 x 106 cells/ml) were left untreated or pre-treated with CLI-095 (1 µM) for 45 

minutes before treatment with IsdB (10 µg/ml) for an additional 24 h. All indicated proinflammatory 

cytokines were measured by bead-based multiplex assay. Data are mean ± SD of four independent 

experiments performed in triplicate. Each dot represents one donor. One-way ANOVA was utilized to 

determine statistical significance. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 represent IsdB vs 

untreated cells. #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001 represent IsdB vs IsdB+CLI-095. CLI-

095: TLR4 inhibitor. φ represents respective controls or unstimulated cells.  

 

Unlike other TLRs, TLR4 can signal through the adapter molecules myeloid differentiation 

primary response 88 (MyD88) or TIR-domain-containing adapter-inducing interferon-β 

(TRIF). Although both adapter molecules can induce priming of the transcription factor nuclear 

factor-kappa beta (NF-κβ), MyD88 is mainly focused on the early priming of NF-κβ, which 

enhances the transcription of proinflammatory cytokines. To further decipher the signaling 

pathway associated with IsdB-TLR4 interaction, we blocked the early priming of NF-κβ 

through MyD88 inhibition. MyD88 inhibitor (Pepinh-MYD or MyD88i) was added or not to 

human monocytes before stimulation with either IsdB or LPS. The IL-6 production induced by 
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IsdB was dramatically reduced by the MyD88 blockade. Also, IL-6 induced by LPS was not 

affected (Figure 18), indicating that in our experiments, LPS does not seem to depend on 

MyD88 to induce IL-6 production in human monocytes. The obtained data demonstrate that 

IsdB signals through the TLR4-MyD88 axis, thus following a different pathway than LPS 

(149).  

 

Figure 19. IsdB-TLR4 interaction recruits adapter protein MyD88. 

Human monocytes (0.5 x 106 cells/ml) were left untreated or pre-treated with Pepinh-MYD (50 µM) for 

6 h before treatment with either IsdB (10 µg/ml) or LPS (100 ng/ml) for additional 24 h. IL-6 in the cell 

supernatants was quantified by ELISA. Data are mean ± SD of four independent experiments performed 

in triplicates. Each point represents one donor. One-way ANOVA was utilized to determine statistical 

significance. *p<0.05, ***p<0.001 represents IsdB vs untreated cells., ###p<0.001 represents IsdB vs 

IsdB + Pepinh-MYD. Pepinh-MYD: MyD88 inhibitor. φ represents respective controls or unstimulated 

cells.  

 

Translocation of the transcription factor NF-κβ to the nucleus, induced by TLR4-MyD88 

signaling, is a crucial step for enhancing the transcription of proinflammatory cytokines. Since 

IsdB induces the recruitment of adapter protein MyD88, we pre-treated the cells with Bay11-

7082, a specific inhibitor that blocks the translocation of NF-κβ. In IsdB-treated monocytes, the 

blockade of NF-κβ completely inhibited the production of IL-6 in all tested donors. In summary, 

we demonstrated that IsdB induces the production of proinflammatory cytokines via the TLR4-

MyD88-NF-κβ pathway.  
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Figure 20. IsdB-TLR4-MyD88 signaling pathway follows NF-κβ for the production of IL-6. 

Human monocytes (0.5 x 106 cells/ml) were left untreated or pre-treated with or Bay11-7082 (10 µM) 

for 45 minutes before treatment either with IsdB (10 µg/ml) or LPS (100 ng/ml) for an additional 24 h. 

Supernatants were analyzed for IL-6 release by ELISA. Data are mean ± SD of four independent 

experiments performed in triplicate. Each point represents one donor. One-way ANOVA was utilized 

to determine statistical significance. **p<0.01 represents IsdB vs. untreated cells. ##p<0.01 represents 

IsdB vs IsdB + Bay11-0782. Bay11-7082: NF-κβ inhibitor. φ represents respective controls or 

unstimulated cells.  

 

3.7. IsdB induces the release of IL-1β via the NLRP3-caspase-1 inflammasome  

Next, we focused our attention on describing the activation of the inflammasome by IsdB. 

Previously, we found that IsdB mediated notable production of IL-1β in human monocytes. 

Inflammasomes are multimeric protein complexes which act as crucial mediators of the innate 

immune response, fulfilling an essential role in bacterial clearance and inflammation. Of all 

inflammasomes, NLRP3 is the best characterized. It consists of a heptameric complex of 

NLRP3 as the main subunit and the adaptor molecule ASC that contains a binding domain for 

caspase-1 (232, 115). Many PAMPs of S. aureus have been demonstrated to activate the 

NLRP3 inflammasome and induce IL-1β release in immune and non-immune cells (24, 233–

235, 169, 188). We found that IsdB alone, without additional stimulus, induces notable 

production of IL-1β in human monocytes. The same was true for LPS (Figure 21A) and 

monosodium urate crystals (MSU, Figure 21C, E-F), which were our positive controls. Human 

monocytes express active caspase-1 constitutively due to endogenous adenosine 5′-triphosphate 

(ATP) release; therefore, a single signal – LPS or MSU, and now IsdB – suffices to trigger the 

release of mature IL-1β in these cells (236). In contrast, mBMDCs require a two-step activation 

for IL-1β release (237). As expected, priming of mBMDCs with IsdB or LPS alone did not 

result in IL-1β secretion, but the cells required an additional activation signal such as 
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extracellular ATP or MSU (Figure 21B, 21D) (238, 129). Inhibition of NLRP3 by the specific 

inhibitor MCC950 completely abolished IL-1β release in both cell types (Figure 21C, 21D). 

The pan-caspase inhibitor ZvAD and the specific caspase-1 inhibitor YvAD significantly 

reduced IL-1β production in human monocytes (Figure 21E, F). These findings confirmed that 

IsdB primes innate immune cells, which is indispensable for activating the NLRP3 

inflammasome, which relies on caspase-1 proteolysis to process pro-IL-1β into its mature form.  
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Figure 21. IsdB induces the release of IL-1β via the NLRP3-caspase-1 inflammasome cascade. 

Human monocytes (0.5 x 106/ml) (A, C, E, F) and mBMDCs (1 x 106 cells/ml) (B, D) were left 

unstimulated or stimulated with either IsdB (10 µg/ml), LPS (100 ng/ml) or MSU (200 µg/ml) (C, E, F) 

for 24 h (A, C, E, F) or 9 h (B, D). In some conditions, mBMDCs were further stimulated with MSU 

(200 µg/ml) or ATP (5 mM) after 3 h from first stimulation with IsdB, LPS, or untreated cells for an 

additional 6 h. Secreted IL-1β was measured by ELISA in cell supernatants. Data are mean ± SD of four 

(C, E), three (A) or two (B, D, F) biological replicates performed in triplicate. Each dot represents one 

donor or biological replicate. One-way ANOVA was utilized to determine statistical significance. 

*p<0.05 (A, B, C, E, F), **p<0.01(A, F), ***p<0.001 (B, E), ****p<0.0001 (B, C) represents IsdB, 

LPS or MSU vs untreated cells or respective controls. #p<0.05 (B, F), ##p<0.01 (E), ###p<0.001 (B, D), 
####p<0.0001 (C, D) represents IsdB vs IsdB + ATP or MSU (B, D) or IsdB vs IsdB+inhibitor (C, E, F).  
$p<0.01 (E), $$p<0.01 (C, F), represent MSU vs. MSU+inhibitor (C, E, F). ATP: Adenosine triphosphate; 

MSU: Monosodium urate crystals. MCC950: NLRP3 inhibitor; Z-VAD-FMK: PAN-caspases inhibitor; 

Ac-YVAD-cmk: caspase-1 inhibitor. φ represents respective controls or unstimulated cells.   

 

Having demonstrated that IsdB induces the release of IL-6 and other proinflammatory cytokines 

via the TLR4-MyD88-NF-κβ axis, the question arises as to whether this axis is also crucial for 

IL-1β release, as priming via TLRs is required for the production of IL-1β (239, 240, 164). To 

this end, we pre-treated human monocytes with CLI-095, Pepinh-MYD, and Bay11-7082 to 

block TLR4, MyD88, and NF-κβ, respectively, for 45 minutes before stimulation with either 

IsdB or MSU. As shown in Figure 22, inhibition of TLR4, MyD88, or NF-κβ resulted in the 

complete elimination of IL-1β production in human monocytes (Figure 22A-C). These findings 

confirm that IsdB primes innate immune cells via TLR4, which is indispensable for activating 

the canonical NLRP3 inflammasome that relies on caspase-1 proteolysis to process pro-IL-1β 

into its mature form.  
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Figure 22. TLR4-MyD88-NF-κβ axis is indispensable for IsdB-induced IL-1β secretion.  

Human monocytes (0.5 x 106/ml) were left untreated or pre-treated with CLI-095(1 µM) (A), Pepinh-

MYD (50 µM) (B) or Bay11-7082 (10 µM) (C) for 45 minutes before treatment with either IsdB (10 

µg/ml) or LPS (100 ng/ml) (A, B) for 24 h. Secreted IL-1β in cell supernatants was measured by ELISA. 

Data are mean ± SD of three (A) or four (B and C) biological replicates performed in triplicate. Each 

dot represents one donor. One-way ANOVA was performed to determine statistical significance. 

****p<0.0001 represents IsdB vs. untreated cells or respective controls (A). #p<0.05, ####p<0.0001 

represent IsdB vs. IsdB+Pepinh-MYD (B) and IsdB vs. IsdB+Bay11-7082 (C) respectively. CLI095: 

TLR4 inhibitor, Pepinh-MYD: MyD88 inhibitor, Bay11-7082: NF-κβ inhibitor. φ represents respective 

controls or unstimulated cells. 

 

3.8. Molecular mechanisms involved in IsdB-induced IL-1β release 

The next sets of experiments were performed to decipher the molecular mechanisms of IsdB-

induced NLRP3 activation and IL-1β release. Several molecular mechanisms are involved in 

NLRP3 activation, and each different activation pathway relies on different stimuli. One of the 

potent activators of the inflammasome is reactive oxygen species (ROS) released as a result of 

lysosomal rupture. For example, phagocytic uptake of crystal particles, such as MSU, silica, or 

calcium oxalate, activate the NLRP3 inflammasome via rupture of the phagolysosome and 

ROS. Transmission electron microscopy (TEM) allows visualization of protein uptake by cells. 

First, we observed whether IsdB is internalized in human monocytes. TEM of IsdB-treated 

monocytes revealed that IsdB is localized in the cytosol, as demonstrated by immunogold staining 

(Figure 25A). Next, we wanted to determine whether the uptake of IsdB has any impact on 

NLRP3 activation and IL-1β release. Human monocytes were pre-treated with cytochalasin D 

(CytD), which inhibits actin polymerization or phagocytosis, before stimulation with either IsdB 

or MSU. Our results showed that the blockade of phagocytosis with CytD did not suppress the 

production of IL-1β (Figure 25B). In contrast, the blockade of phagocytosis entirely abrogated 

(Figure 25B) the MSU-induced IL-1β release, as expected (Figure 25B). These results clearly 

show that although human monocytes internalize IsdB, it did not contribute to IsdB-mediated 

IL-1β release.  
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Figure 23. The uptake of IsdB by human monocytes does not influence IL-1β release. 

Human monocytes (0.5 x 106 cells/ml) were treated with IsdB (10 µg/ml) for 24h or left untreated. Cells 

were fixed and immunogold labelled. TEM images show the localization of IsdB in the cytoplasm. A 

representative image of one experiment was shown (A). Human monocytes (0.5 x 106 cells/ml) were 

left untreated or pre-treated with cytochalasin D (5 µM) for 45 minutes before treatment with either IsdB 

(10 µg/ml) or MSU (200 µg/ml). Cell-free supernatants were analyzed for IL-1β by ELISA. Data are 

mean ± SD of four biological replicates performed in triplicate. Each dot represents one donor. One-

way ANOVA was employed to determine statistical significance. **p<0.01 represents IsdB or MSU vs. 

untreated cells. MSU: monosodium urate; Cytochalasin D: phagocytosis inhibitor; n.s.: non-significant. 

φ represents respective controls or unstimulated cells. 

 

As discussed above, ROS have been largely associated with NLRP3 activation. To address the 

role of ROS in IsdB-mediated IL-1 release, we employed N-Acetyl cysteine (NAC), a widely 

used ROS scavenger that inhibits ROS-mediated IL-1β production. Human monocytes were 

pre-treated with NAC before stimulation with IsdB or MSU. Neutralization of ROS did not 

affect IL-1β release induced by IsdB, whereas MSU-derived IL-1β production was completely 

inhibited (Figure 26).  

Together, these results suggest that phagocytic uptake of IsdB by monocytes, phagolysosomal 

rupture, and ROS are not required for IsdB-mediated inflammasome activation, which is thus 

different from the mode of activation reported for MSU. 
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Figure 24. Reactive Oxygen Species (ROS) do not contribute to IL-1β release induced by IsdB 

Human monocytes (0.5 x 106 cells/ml) were left untreated or pre-treated with NAC (10 mM) for 45 

minutes before treatment with either IsdB (10 µg/ml) or MSU (200 µg/ml). Cell-free supernatants were 

analyzed for IL-1β by ELISA. Data are mean ± SD of three biological replicates performed in triplicate. 

Each dot represents one donor. One-way ANOVA was utilized to determine statistical significance. 

*p<0.05 represents IsdB or MSU vs. untreated cells. MSU: monosodium urate; NAC: N-Acetyl-cysteine 

(ROS inhibitor). φ represents respective controls or unstimulated cells.  

 

 

In addition to the above-mentioned stress stimuli, changes in the concentration of cytosolic 

potassium (K+) also have been implicated in the activation of NLRP3, as previously described 

(see section 1.4). For example, decreased intracellular K+ concentration or K+ efflux via P2X7 

channels lead to the assembly of NLRP3 and IL-1β release. Extracellular ATP is known to 

induce these channels. To determine whether K+ efflux is essential for IsdB-induced IL-1β, we 

employed A 438079, a specific inhibitor of the P2X7 channels. Also, we altered extracellular 

ion homeostasis by adding KCl to the cell culture to block K+ efflux. MSU served as a positive 

control for this experiment. Inhibition of P2X7 channels tended to reduce IL-1β in response to 

IsdB, while blocking K+ efflux significantly reduced IL-1β release. Both manipulations almost 

completely inhibited MSU-induced IL-1β, indicating that both the IsdB- and the MSU-induced 

IL-1β production in monocytes involve i) autocrine secretion of ATP and subsequent activation 

of P2X7 channels and ii) potassium efflux. Taken together, these findings showed that pannexin 

channels contribute to the activation of the inflammasome by IsdB, while ROS and/or 

phagocytosis do not seem to influence IL-1β release.  

 

 

 

 IsdB MSU  IsdB MSU
0

100

200

300

400

500

IL
-1


 (
p
g
/m

L
)

NAC

*



Results 

59 

 

 

Figure 25. Potassium efflux contributes to NLRP3 activation induced by IsdB 

Human monocytes (0.5 x 106 cells/ml) were left untreated or pre-treated with A 438079 (100 µM) (A) 

or KCl (75mM) (B) for 45 minutes before treatment with either IsdB (10 µg/ml) or MSU (200 µg/ml). 

Cell-free supernatants were analyzed for IL-1β by ELISA. Data are mean ± SD of four biological 

replicates performed in triplicate. Each point represents one donor. One-way ANOVA was utilized to 

determine statistical significance. *p<0.05, **p<0.01, ****p<0.0001 represent IsdB or MSU vs. 

untreated cells. ####p<0.0001 represents IsdB vs. IsdB+KCl. p= 0.056 represents MSU vs. untreated 

cells. MSU: monosodium urate; A 438079: P2X7 receptor inhibitor; KCl: potassium chloride. φ 

represents respective controls or unstimulated cells.  
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4. Discussion 

S. aureus-IsdB induces proinflammatory cytokine release in human monocytes and bone 

marrow-derived dendritic cells (mBMDCs) 

IsdB is a cell-wall–anchored protein of S. aureus, and it is an essential component in the Hb-

dependent iron scavenging system, known as the iron-regulated surface determinant (Isd) 

system. IsdB has also been described in recent years as a mediator for the attachment of S. 

aureus to host cells via vitronectin and GPIIb/IIIa integrin. (241, 215, 214). In addition, IsdB is 

highly expressed in S. aureus in human blood. The lack of this protein in S. aureus has been 

demonstrated to decrease virulence in murine infection models (207, 212, 208, 242, 209) and 

is well-conserved among clinical isolates (217). Individuals with documented S. aureus 

infections show naturally occurring anti-IsdB IgG levels (219, 217). Based on its importance, 

IsdB was considered a vaccine candidate. Unfortunately, the IsdB-based vaccine V710 was 

shown to be ineffective in conferring protection from S. aureus infections in hospitalized 

individuals. High mortality was recorded among the V710 recipients, despite increased anti-

IsdB IgG levels (243, 244). This suggests that the induction of the humoral immune response 

is not enough to prevent or mitigate S. aureus infections. Therefore, a better understanding of 

the interaction between S. aureus and the immune system is required. In this study, we gained 

insights into the innate immune response against IsdB in vitro.  

To study the innate immune response against IsdB, we focused our attention mainly on human 

monocytes, as they are potent antigen-presenting cells and known to play a crucial role in innate 

immunity (26). Through SEM imaging, we have evidence that human monocytes, when 

stimulated with IsdB, display morphological changes such as the appearance of needle-like 

dendrites and lack of knob-like projections, which are typical features of activated monocytes. 

Previous work from our laboratory has demonstrated that IsdB induces cytokine release in vitro 

in S. aureus-specific T-cell clones isolated from healthy individuals with known carrier status 

(245). Therefore, we examined whether the activation of monocytes translated into cytokine 

release. IsdB-stimulated monocytes released proinflammatory cytokines, such as IL-6, MCP-1, 

IL-23, IL-33, TNF-α, and IL-1β. LPS, a Gram-negative bacterial endotoxin and a potent inducer 

of inflammation, was used as a positive control. We observed that IsdB induced the release of 

IL-6 in all tested donors. The mean IL-6 levels were similar to those elicited by LPS, indicating 

that IsdB is as potent as LPS in inducing cytokines in vitro, and underlining the potency of IsdB 

in inducing IL-6 release in vitro. The same response was observed in murine bone marrow-
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derived dendritic cells (mBMDCs). Taken together, our results suggest that IsdB is a strong 

inducer of proinflammatory cytokines in vitro. This is in line with other S. aureus components 

and virulence factors, such as peptidoglycan, extracellular vesicles (EVs), superantigens, and 

pore-forming toxins (PFTs), such as hemolysins and leucocidin (Luk)s, which are known 

inducers of the proinflammatory response in various cell types (77, 100, 158, 160, 246, 156, 

103, 92, 155, 104).  

IsdB induces cytokine release via the TLR4-MyD88-NF-κβ pathway 

The release of proinflammatory cytokines by PAMPs is mainly mediated by PRRs. PRRs, 

including TLRs, recognize different S. aureus virulence factors. TLR2 has been shown to be 

the main receptor involved in recognizing S. aureus and its cell-wall components, e.g., 

lipoteichoic acid (LTA), lipopeptides, or peptidoglycan (76–79, 12). It has been shown that 

deletion of TLR2 in mice leads to acute susceptibility of S. aureus infections (80). In addition, 

in an S. aureus-induced murine brain abscess model, both TLR2 and TLR4 were essential for 

survival (91). In addition, many PAMPs of S. aureus, such as LukF, phenol-soluble modulin 

peptides (PSMs), and toxic shock syndrome toxin 1 (TSST-1), are known to activate TLR4 (88, 

246, 92, 104). Also, DAMPs derived as a result of S. aureus-induced cell death, such as high-

mobility group box 1 (HMGB1), hemoglobin (Hb), and heme, are recognized by TLR4 to sense 

tissue damage and erythrocyte lysis (104, 247, 41, 55, 90, 88).   

In the next series of experiments, we examined the mechanism(s) of IsdB-induced cytokine 

release. We focused our attention on TLR4 as a candidate receptor for IsdB, because several 

virulence factors of S. aureus are known to activate TLR4, as mentioned above. Using 

microscale thermophoresis (MST), we demonstrated the high affinity between IsdB and 

recombinant human TLR4 (rhTLR4). The mean dissociation constant (Kd) for the IsdB-rhTLR4 

interaction was measured at 98 nM, representing a high affinity between two proteins. Using 

surface plasmon resonance (SPR) technology, Chu et al. characterized the binding of S. aureus 

PSMα1-α3 and PSMβ1-β2 peptides to TLR4, acquiring an apparent Kd of 3.811, 3.243, 3.004, 

3.795, and 7.776 µM, respectively (88). In this study, the binding of HMGB1 to TLR4 was also 

assessed, with a suggested Kd of 9.2 µM. Collectively, our results demonstrate that compared 

to other known S. aureus ligands and DAMPs, IsdB presented a high affinity for binding to 

rhTLR4. We included LPS, a known ligand of TLR4, in the MST assay. MST demonstrated 

that LPS failed to conclude binding to rhTLR4 under the same conditions used for IsdB, as LPS 

requires additional binding partners, such as myeloid differentiation protein 2 (MD-2) and 
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CD14 (46, 231, 50). The fact that IsdB binds strongly to TLR4 under conditions that do not 

allow LPS binding – in the absence of MD2 – strongly argues for a direct interaction between 

the two molecules, ruling out an influence of the extremely low LPS content of our IsdB 

preparation.  

To study the basis of this binding, a rigid-based molecular docking of hTLR4 and IsdB was 

performed using bioinformatics tools. Molecular docking predicted that IsdB binds to human 

TLR4. Since TLR4 is a transmembrane protein, the binding of IsdB protein to the membrane 

was excluded. It has been shown that geometric and electrostatic complementarity as well as 

long-distance electrostatic interactions play a crucial role in substrate specificity (248, 228). 

Considering this fact, we generated 16-model complexes of hTLR4 and IsdB, performed 

electrostatic calculations, and evaluated their electrostatic compatibility in complex formation. 

Based on this analysis, only six models were selected for further analysis by DimpPlot to 

visualize the hydrophobic and non-covalent interactions. We identified two potential residues, 

valine (V) 189 and tyrosine (Y) 192, in the IsdB NEAT1 domain which showed hydrophobic 

interactions with glutamine (Q) 188 and serine (S) 123 in TLR4, respectively. In addition, 

different models showed that three glutamic acid (E) residues in the linker between NEAT1 and 

NEAT2 domain form salt bridges with the lysine (K) residue in TLR4. Mutating V189 and 

Y192 residues might alter the IsdB-TLR4 complex formation capability. 

Together, these interactions represent strong non-covalent binding between IsdB and TLR4. It 

has been shown that specific aminoacid sequences (motifs) within the NEAT1 and NEAT2 

domains of IsdB perform an important role in mediating the binding of Hb and heme, 

respectively, as previously addressed by Choby et al. and Gianquinto et al. (202, 211) The 

binding motif of Hb consists of the amino acids 163QFYHYAS169, whereas the heme-binding 

signature consists of 440YDGQY444. The two amino acids V189 and Y192 in the NEAT1 

domain that we predicted showing interactions with TLR4 reside close to the Hb binding motif, 

and to the best of our knowledge, they do not contribute to Hb binding. This suggests that IsdB 

has a specific recognition domain for TLR4 that is distinct from the Hb binding motif.  

We further demonstrated that TLR4 senses IsdB in human monocytes and mBMDCs. The 

blockade of TLR4 with CLI-095, a small molecule inhibitor, nullified the release of all 

proinflammatory cytokines, including IL-6 and IL-1β, in human monocytes. IL-6 production 

was also completely abolished in IsdB-stimulated mBMDCs pre-treated with CLI-095, 

suggesting that IsdB also recognizes murine TLR4. The binding of IsdB and TLR4 is an 
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interesting finding. As mentioned before, TLR4 has been demonstrated to be relevant in the S. 

aureus-mediated immune response. For example, LukF not only induces cell lysis in leukocytes 

(246) but also induces the release of proinflammatory cytokines via TLR4 in mBMDCs. In 

contrast, PSM peptides of S. aureus were shown to target TLR4 but inhibit NF-κβ priming and 

subsequent proinflammatory cytokine production, highlighting the importance of this receptor 

in modulating the host innate response by S. aureus (88). Our current results suggest that IsdB 

contributes to the initiation of the host inflammatory response against S. aureus via TLR4.  

As mentioned above, we performed all experiments with recombinant IsdB. However, IsdB is 

anchored to the cell wall of S. aureus (200, 249). Thus, the question arises as to how IsdB can 

contact host TLR4 during an S. aureus infection. It has been previously reported that S. aureus 

surface proteins containing LPTXG-signal motifs are anchored to the cell wall by sortase A 

(250). Examples include IsdB and staphylococcal protein A (SpA). Both proteins have also 

been reported to contain a signal peptide, YSIRK-G/S, in their precursor forms, which are then 

secreted into the cross wall, a membrane-enclosed compartment for the de novo synthesis of 

peptidoglycan that separates daughter cells during division (249, 195). Becker et al. 

demonstrated that SpA is released from the cell wall of S. aureus by LytN, a cross-wall murein 

hydrolase protease. The model proposed in this study suggests that LytN releases SpA from the 

S. aureus cell wall to modify the host immune response (249). Since IsdB also shares the signal 

peptide, it could explain how IsdB is being released into the extracellular milieu. A very recent 

study by Nishitani et al. demonstrated that in vitro findings posit that IsdB expressed in iron-

enriched conditions is shed from the bacterial surface (205). These observations affirm our 

findings that extracellular IsdB can be found and sensitized by the host PRRs. Together, these 

observations highlight that the surface proteins of S. aureus function both at the surface and 

extracellularly (251).  

Furthermore, there is growing evidence that proteins of S. aureus are also contained in 

extracellular vesicles (EVs). EVs are secreted spherical vesicles known to contain an array of 

bacterial components that include not only extracellular proteins (PFTs, PSMs, hemolysins 

etc.), but also cell-wall components and lipoproteins, all of them potent mediators of 

inflammation and cell death (252). Interestingly, under iron-restricted conditions, such as in the 

host, the secretion of EVs is enhanced (253). These EVs contain toxins that promote the lysis 

of host erythrocytes to acquire iron from Hb (253). At the same time, IsdB expression on the 

cell wall of S. aureus is also enhanced under the same conditions (253) in order to acquire the 
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released Hb necessary for its survival. It may be possible that EVs also contain IsdB. However, 

proteomic analysis of EVs has shown no evidence of IsdB (252). 

TLR4 signaling via MyD88 and TRIF adaptor proteins lead to activation and translocation of 

transcription factor NF-κβ to the nucleus, thereby producing proinflammatory cytokines, 

inflammasome components, etc. (254, 56, 255, 246). MyD88 activation via TLR2 is 

demonstrated to be crucial for the skin immune response to S. aureus  (256). Inden et al. 

described that LukF binding to TLR4 translated into proinflammatory cytokine release via the 

activation of NF-κβ (246). Furthermore, TSST-1 of S. aureus, in the presence of ATP, is capable 

of inducing the transcription of pro-IL-1β and inflammasome components via TLR4-NF-κβ 

(104). Here we reported that IsdB triggered the release of cytokines via the MyD88 and NF-κβ 

pathways in human monocytes, since inhibition of both proteins led to the inhibition of IL-6. 

In contrast, inhibition of MyD88 did not affect the release of IL-6 in response to LPS in all 

tested donors. The TLR4-NF-κβ signaling pathway has been demonstrated by Kim et al. to be 

essential for the activation of human dermal microvascular endothelial cells by S. aureus EVs, 

mediating monocyte recruitment in S. aureus-induced atopic dermatitis (AD) (92). In contrast, 

PSMs α1-α3 peptides were shown to block the priming of NF-κβ induced by HMGB1 via TLR4 

(88) (41, 89, 55, 88).  

The downstream signaling pathways of TLR4 not only depend on MyD88 but also on the 

adaptor protein TRIF; the latter induces the activation of transcription factor IRF-3, and together 

with MyD88, leads to the production of type I interferons (IFNs) (83, 63, 65, 257, 255, 70). In 

addition, TRIF is also involved in the late priming of NF-κβ, which leads to proinflammatory 

cytokines (257, 66). However, we did not observe any appreciable release of IFN-α2 (2-6 

pg/ml) in response to IsdB in human monocytes (Supplementary Figure 2), suggesting that IsdB 

does not strongly induce the IRF-3 pathway. However, we did not investigate the influence of 

TRIF in cytokine release via NF-κβ. Together, these results indicate that the release of 

proinflammatory cytokines by IsdB follows the TLR4-MyD88-NF-κβ axis, with a possible 

contribution of TRIF, for the optimal priming of NF-κβ.  

IsdB activates the NLRP3 inflammasome and induces the release of IL-1β in human 

monocytes and mBMDCs 

An interesting finding of this study was that IsdB-stimulated monocytes enhanced the secretion 

of IL-1β. Hence, we investigated whether IsdB could induce the activation of the inflammasome 
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in human monocytes and mBMDCs. Inflammasomes are multimeric protein complexes, which 

act as crucial mediators of the innate immune response, fulfilling an essential role in bacterial 

clearance and inflammation. The NLRP3 inflammasome is the best characterized. It consists of 

a heptameric complex of NLRP3 as the main subunit and the adaptor molecule ASC, which 

contains a binding domain for caspase-1 (258). Many PAMPs of S. aureus have been 

demonstrated to activate the NLRP3 inflammasome and induce IL-1β release in immune and 

non-immune cells (156, 167, 160, 155, 170). General activation of the NLRP3 inflammasome 

involves oligomerization of the NLRP3 complex and subsequent activation of caspase 

enzymes, leading to the processing of pro-IL-1β into its active form. The release of IL-1β 

generally involves (259, 260) the process known as pyroptosis, a form of cell death mediated 

by activated caspases (261, 262).  

We demonstrated that IsdB induces the release of L-1β via the NLRP3 inflammasome in both 

human monocytes and mBMDCs, since pre-treatment of cells with MCC950, a specific 

inhibitor of NLRP3 PAN-caspase inhibitor Z-VAD-FMK, and caspase-1 inhibitor Ac-YVAD-

cmk dramatically reduced the secretion of IL-1β.   

The canonical/classical activation of the inflammasome generally requires two signals. The first 

or priming signal is induced by PRRs, leading to the precursor form of IL-1β. The second or 

stress signal is provided by diverse factors that induce the activation of the inflammasome and 

subsequent IL-1β release (263–265). Cation intracellular concentration is one of the most 

common signals to trigger NLRP3 activation. Reactive oxygen species (ROS) induced by 

mitochondrial DNA, lysosome disruption, K+ efflux, and extracellular ATP (via P2X7 

channels) are prominent inducers of NLRP3. In addition, crystal particles and the formation of 

pores are also common activators of the inflammasome (134, 128). MSU crystals have been 

extensively characterized as a danger signal which can induce the activation of NLRP3 by 

lysosomal disruption and ROS production, etc. (237, 130). 

We observed that IsdB-treated mBMDCs induce the production of IL-1β only upon the addition 

of ATP or MSU, suggesting that IsdB induces only priming but not full activation of the 

inflammasome. Similar observations were made with staphylococcal superantigen TSST-1. In 

mouse peritoneal macrophages, TSST-1 induces NLRP3- and TLR4-dependent IL-1β 

production in the presence of ATP (104), revealing that both TSST-1 and IsdB share common 

features. It has been shown that S. aureus α-, β-, and γ-hemolysins induce the release of IL-1β 

via NLRP3 and caspase-1 that required priming of the cells with S. aureus lipoproteins via 
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TLR2  (160). This clearly describes a well-established canonical/classical inflammasome 

pathway. In contrast, IsdB failed to provide a second signal on its own, as the addition of IsdB 

to LPS-primed cells did not result in IL-1β (data not shown). These findings suggest that in in 

vivo settings of S. aureus infection, IsdB may coordinate with other factors such as hemolysins 

or ATP (release from cell death) to induce the IL-1β release. EVs also contribute to the release 

of IL-1β via NLRP3-caspase-1. Lipoproteins in EVs prime the cells via TLR2, and PFTs 

contribute to the activation of NLRP3 via K+ efflux (155). Panton-Valentine leukocidin (PVL), 

another important PFT, was also shown to induce IL-1β and IL-18 release via NLRP3-caspase-

1 in human macrophages and monocytes (167).  

Unlike mBMDCs, in human monocytes, IsdB alone (without additional stimulus) induced a 

notable release of IL-1β. The same was true for LPS and MSU, which were our positive 

controls. This supports the findings of Gaidt et al., where LPS alone induced IL-1β release in 

human monocytes (149). In addition, it has been shown that MSU promotes the production of 

pro-IL-1β within the cell (139, 131, 266, 267). Since human monocytes constitutively express 

active caspase-1 due to endogenous ATP release (267, 236), a single signal by LPS or MSU, 

and now IsdB, suffices to trigger the release of mature IL-1β in these cells. The release of IL-

1β in the absence of a second signal is defined as an alternative pathway of inflammasome 

signaling (152, 149). Gaidt et al. also described that LPS-mediated IL-1β secretion is dependent 

on TRIF to engage receptor-interacting protein kinases 1 (RIPK1) and FADD-Casp8 complex 

upstream of NLRP3 activation. It also showed that MyD88 was necessary for the activation of 

NF-κβ and subsequent priming of the alternative pathway, as BLaER1 monocytes defective in 

MyD88 abrogated the release of IL-1β (149). Our findings supported the observations made by 

Gaidt et al. The blockade of MyD88 showed reduced IL-1β release in response to LPS. Our 

findings support Zhou et al. that mainly MyD88 but not TRIF controlled the expression of 

proinflammatory cytokines in LPS-stimulated THP-1 cells. In contrast, IsdB-induced NLRP3-

dependent IL-1β release relies on TLR4-MyD88-NF-κβ signaling. This suggests clear 

parallelism in MyD88 induction between LPS and IsdB. However, we did not examine the 

influence of TRIF or Caspase-8 inhibition on IsdB-induced IL-1β, which is a limitation of this 

study. The similarities found raise the possibility that IsdB can promote IL-1β release in human 

monocytes via the alternative pathway of inflammasome activation. Leukocidin A/B, a toxin 

that targets primary human phagocytes (THP-1 cells), also induced NLRP3 and caspase-1 to 

mediate IL-1β secretion and subsequent necrotic cell death (156). However, the authors did not 

describe the molecular mechanism of IL-1β release. Together, the current results illustrate that 
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IsdB induces NLRP3 activation and the subsequent release of IL-1β in human monocytes and 

mBMDCs via the TLR4-MyD88-NF-κβ cascade. 

What are the molecular mechanisms behind IsdB-induced IL-1β release? 

As previously mentioned, several types of stress or danger signals contribute to the activation 

of the inflammasome. Lysosome disruption is a common escape mechanism employed by S. 

aureus (268). Previously, it has been reported that some pore-forming toxins such as α-

hemolysin and PVL are involved in releasing S. aureus into the cytoplasm (269, 270, 268). 

Rupture of phagolysosomes leads to the release of cathepsins and ROS; both are known to 

induce NLRP3-mediated IL-1β release (271, 272, 237, 130).  

Cohen et al. showed that S. aureus induces mitochondrial ROS production and caspase-1 

activation in human monocytes. However, S. aureus employs alpha-toxin to evade this 

mechanism by relocating the mitochondria outside the lysosome to avoid phagocytic killing 

(188). In another study, Guerra et al. demonstrated that S. aureus uses Saer/S, a gene regulatory 

system, to induce the secretion of virulence factors, such as Hla, LukAB, leukocidin G/H 

(LukGH), etc. to reduce ROS in neutrophils (273). We observed that IsdB is taken up by 

monocytes and does not contribute to phagolysosomal rupture and ROS release, as a blockade 

of phagocytosis with cytochalasin D (CytD) or neutralization of ROS with the scavenger N-

acetyl cysteine (NAC) had no effect on the IL-1β production triggered by IsdB. In contrast, and 

as expected, both ROS and CytD inhibitors significantly reduced the generation of IL-1β in 

response to MSU crystals, indicating the differences in the mode of activation reported for MSU 

(130, 128) and other components of S. aureus.   

We have also characterized the influence of the intracellular cation concentration in IsdB-

induced NLRP3 activation and IL-1β release. It has been shown that pannexin (P2X) 7 channels 

and K+ efflux contribute to NLRP3 activation and IL-1β release (154, 160, 274, 126). Many 

PFTs of S. aureus, such as hemolysins, LukAB, and PVL, are known to trigger NLRP3 

oligomerization and IL-1β release via pore formation on the membrane of the host cells 

following K+ efflux (156, 167, 158, 160). We observed that blockade of P2X7 channels  

decreased IL-1β secretion in response to IsdB, while inhibition of K+ efflux by altering the 

extracellular ion homeostasis with KCl significantly reduced IL-1β release. Taken together, 

these findings revealed that pannexin channels contribute to the activation of the inflammasome 

by IsdB, while ROS and/or phagocytosis do not seem to influence IL-1β release. However, as 

previously discussed, IsdB alone induced the production of IL-1β, indicating that it may be an 
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alternative pathway of inflammasome activation. Nevertheless, Gaidt et al. reported that the 

alternative pathway of inflammasome activation and IL-1β release is independent of K+ efflux, 

as reported for LPS  (149). Taking the above into consideration, IsdB can be said to behave 

differently from other PAMPs and DAMPs in many ways, indicating its specificity in inducing 

the innate immune response.  

The biological significance of NLRP3 and IL-1β in mediating the immune response to S. 

aureus 

The activation of NLRP3 is important for eliciting an optimal immune response against S. 

aureus (177, 275, 276). Our study defines the production of IL-1β in IsdB-stimulated human 

monocytes and mBMDCs via the NLRP3 inflammasome. General release of IL-1 cytokines, 

such as IL-1β, greatly contributes to the immune response through bacterial clearance measures, 

such as neutrophil recruitment (177, 180). Furthermore, it induces the activation of lymphocytes 

(277, 278). It has been shown previously that IL-1β-derived neutrophils were essential for 

abscess formation and clearance of S. aureus infection (177). Additionally, Hultgren et al. 

showed the importance of IL-1 receptor (IL-1R) signaling in protecting the experimental 

animals from S. aureus-induced sepsis and arthritis by controlling the accumulation of S. aureus 

(178). Furthermore, the relevance of IL-1β is clarified in the study by Volk et al., in which a 

sharp increase in production of IL-1β was detected upon enhancement of antibiotic 

administration in patients with S. aureus bacteremia (175). Another study by Miller et al. 

described that in S. aureus cutaneous challenge, mice deficient in IL-1β showed larger lesions 

with a high bacterial count, which correlated with decreased neutrophil recruitment induced by 

IL-1β (174).  

However, it has been demonstrated that injection of IL-1β and the prominent presence of 

adjacent neutrophils promote biofilm formation of S. aureus, and concern persists that recruited 

neutrophils which can phagocyte S. aureus do not effectively kill the intracellular pathogen 

(279, 183). Saber et al. suggested that increased IL-1β and NLRP3 activation in primary nasal 

epithelial cells (NECs) from chronic rhinosinusitis (CRS) patients by S. aureus may have an 

important role in the pathogenesis of CRS (24).   

In addition, it has been demonstrated that the activation of the NLRP3 inflammasome 

contributes to the evasion of S. aureus in vitro. Cohen et al. demonstrated that the activation of 

the NLRP3 inflammasome by S. aureus-alpha toxin promotes intracellular S. aureus survival 
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via mitochondrial dissociation to avoid phagocytic killing (188). Using a murine model of S. 

aureus-induced pneumonia, it has been shown that α-hemolysin contributes to pulmonary 

injury via activating the NLRP3 inflammasome. Mice deficient for NLRP3 showed less severe 

pneumonia (169). Since our observation that IsdB enhances NLRP3 inflammasome activation 

and IL-β release, this could raise the possibility that IsdB also contributes to the worsening of 

S. aureus outcomes. 

NLRP3 inflammasome, Th17 response, and IsdB-based vaccine V710 

The inflammasome is not only crucial for defining the innate response but also for modulating 

the adaptive immune response (280, 281). Innate and adaptive immune responses are tightly 

regulated, and the outcome of the specific response is influenced by the development of innate 

immunity (282). It has been shown that T cells possess inflammasome complexes which can 

strongly influence the outcome of the T helper (Th) cell response (115, 283–285), and high 

levels of IL-1β are correlated with Th17 differentiation (286, 182). In addition, growing 

evidence suggests that Th17 cells and IL-17 provide protection against S. aureus, as 

demonstrated in mice intravenously infected with S. aureus and Candida albicans (287). The 

Th17 response has also been established as a focal point of study for new vaccine development 

(288–290).  

Administration of recombinant IsdB protects mice from lethal challenges and abscess formation 

in a murine lethal challenge model (BALB/c). It was observed that the Th17 response against 

IsdB and Th17 cytokines, for example, IL-17A, were essential for protecting the experimental 

animals (221, 220). Since activation of the NLRP3 inflammasome and release of IL-1β are 

known to promote Th17 differentiation and bacterial clearance, the protective effect in these 

animals could be attributed to IsdB, as it induces NLRP3-mediated IL-1β release.  

If the Th17 response is beneficial, V710 recipients should have exhibited high concentrations 

of proinflammatory cytokines and a Th17-biased response, which should help prevent 

postoperative S. aureus infection. However, V710 recipients who presented undetectable IL-2 

and IL-17A levels before undergoing cardiothoracic surgery died (9 out of 10) from the 

postoperative S. aureus infection. (244). We speculate that high IgG titers against IsdB in V710 

recipients would have negated the inflammatory effects of IsdB completely.  

In conclusion, the work presented in this thesis highlights deep insight into the innate immune 

response against IsdB. We demonstrated that IsdB induces an innate immune response via 
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TLR4 and the NLRP3 inflammasome, eliciting proinflammatory cytokines, including IL-1β. 

Further studies are required to elucidate whether the strong innate immune response to IsdB 

could have contributed to the adverse outcome of the IsdB vaccine. Our findings illustrate that 

detailed knowledge about pre-existing immunity against vaccine antigens and the type of 

protective immunity is required to develop a vaccine against S. aureus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of References 

71 

 

List of references 

1. Harris LG, Foster SJ, Richards RG. An introduction to Staphylococcus aureus, and techniques for 

identifying and quantifying S. aureus adhesins in relation to adhesion to biomaterials: review. Eur Cell 

Mater 2002; 4:39–60. 

2. Moremi N, Claus H, Vogel U, Mshana SE. The role of patients and healthcare workers 

Staphylococcus aureus nasal colonization in occurrence of surgical site infection among patients 

admitted in two centers in Tanzania. Antimicrob Resist Infect Control 2019; 8:102. 

3. Yang J-J, Chang T-W, Jiang Y, Kao H-J, Chiou B-H, Kao M-S et al. Commensal Staphylococcus 

aureus Provokes Immunity to Protect against Skin Infection of Methicillin-Resistant Staphylococcus 

aureus. Int J Mol Sci 2018; 19(5). 

4. Ramsey MM, Freire MO, Gabrilska RA, Rumbaugh KP, Lemon KP. Staphylococcus aureus Shifts 

toward Commensalism in Response to Corynebacterium Species. Front Microbiol 2016; 7:1230. 

5. von Eiff Christof, Becker Karsten, Machka Konstanze, Stammer Holger, Peters Georg. Nasal Carriage 

as a Source of Staphylococcus aureus Bacteremia. 

6. Missiakas D, Schneewind O. Staphylococcus aureus vaccines: Deviating from the carol. J Exp Med 

2016; 213(9):1645–53. 

7. Skerrett SJ, Braff MH, Liggitt HD, Rubens CE. Toll-like receptor 2 has a prominent but nonessential 

role in innate immunity to Staphylococcus aureus pneumonia. Physiol Rep 2017; 5(21). 

8. Krismer B, Weidenmaier C, Zipperer A, Peschel A. The commensal lifestyle of Staphylococcus 

aureus and its interactions with the nasal microbiota. Nat Rev Microbiol 2017; 15(11):675–87. 

9. Waness A. Revisiting Methicillin-Resistant Staphylococcus aureus Infections. J Glob Infect Dis 2010; 

2(1):49–56. 

10. Kazimoto T, Abdulla S, Bategereza L, Juma O, Mhimbira F, Weisser M et al. Causative agents and 

antimicrobial resistance patterns of human skin and soft tissue infections in Bagamoyo, Tanzania. Acta 

Trop 2018; 186:102–6. 

11. Chang F-Y, MacDonald BB, Peacock JE, Musher DM, Triplett P, Mylotte JM et al. A prospective 

multicenter study of Staphylococcus aureus bacteremia: incidence of endocarditis, risk factors for 

mortality, and clinical impact of methicillin resistance. Medicine (Baltimore) 2003; 82(5):322–32. 

12. Tilahun AY, Karau M, Ballard A, Gunaratna MP, Thapa A, David CS et al. The impact of 

Staphylococcus aureus-associated molecular patterns on staphylococcal superantigen-induced toxic 

shock syndrome and pneumonia. Mediators Inflamm 2014; 2014:468285. 

13. Bien J, Sokolova O, Bozko P. Characterization of Virulence Factors of Staphylococcus aureus: 

Novel Function of Known Virulence Factors That Are Implicated in Activation of Airway Epithelial 

Proinflammatory Response. J Pathog 2011; 2011:601905. 

14. Sabouni F, Mahmoudi S, Bahador A, Pourakbari B, Sadeghi RH, Ashtiani MTH et al. Virulence 

Factors of Staphylococcus aureus Isolates in an Iranian Referral Children's Hospital. Osong Public 

Health Res Perspect 2014; 5(2):96–100. 

15. Shettigar K, Murali TS. Virulence factors and clonal diversity of Staphylococcus aureus in 

colonization and wound infection with emphasis on diabetic foot infection. Eur J Clin Microbiol Infect 

Dis 2020; 39(12):2235–46. 



List of References 

72 

 

16. Sidhu MS, Heir E, Leegaard T, Wiger K, Holck A. Frequency of disinfectant resistance genes and 

genetic linkage with beta-lactamase transposon Tn552 among clinical staphylococci. Antimicrob Agents 

Chemother 2002; 46(9):2797–803. 

17. Gould IM, David MZ, Esposito S, Garau J, Lina G, Mazzei T et al. New insights into meticillin-

resistant Staphylococcus aureus (MRSA) pathogenesis, treatment and resistance. Int J Antimicrob 

Agents 2012; 39(2):96–104. 

18. Al-Amery K, Elhariri M, Elsayed A, El-Moghazy G, Elhelw R, El-Mahallawy H et al. Vancomycin-

resistant Staphylococcus aureus isolated from camel meat and slaughterhouse workers in Egypt. 

Antimicrob Resist Infect Control 2019; 8:129. 

19. Hanberger H, Walther S, Leone M, Barie PS, Rello J, Lipman J et al. Increased mortality associated 

with methicillin-resistant Staphylococcus aureus (MRSA) infection in the intensive care unit: results 

from the EPIC II study. Int J Antimicrob Agents 2011; 38(4):331–5. 

20. Lowy FD. Antimicrobial resistance: the example of Staphylococcus aureus. J. Clin. Invest. 2003; 

111(9):1265–73. 

21. Tacconelli E, Venkataraman L, Girolami PC de, DAgata EMC. Methicillin-resistant Staphylococcus 

aureus bacteraemia diagnosed at hospital admission: distinguishing between community-acquired 

versus healthcare-associated strains. J Antimicrob Chemother 2004; 53(3):474–9. 

22. Fridkin Scott K., Hageman Jeffrey C., Morrison Melissa, Sanza Laurie Thomson, Como-Sabetti 

Kathryn, Jernigan John A. et al. Methicillin-Resistant Staphylococcus aureus Disease in Three 

Communities. 

23. Harro C, Betts R, Orenstein W, Kwak E-J, Greenberg HE, Onorato MT et al. Safety and 

immunogenicity of a novel Staphylococcus aureus vaccine: results from the first study of the vaccine 

dose range in humans. Clin Vaccine Immunol 2010; 17(12):1868–74. 

24. A S, R H, SS N, S H. Effect of Staphylococcus aureus on the NLRP3 inflammasome, caspase-1 and 

IL-1β expression in the nasal epithelial cells in chronic rhinosinusitis. Arch Otolaryngol Rhinold 

2018:1–7. 

25. Nakatsuji T, Chen TH, Two AM, Chun KA, Narala S, Geha RS et al. Staphylococcus aureus Exploits 

Epidermal Barrier Defects in Atopic Dermatitis to Trigger Cytokine Expression. J Invest Dermatol 

2016; 136(11):2192–200. 

26. Bekeredjian-Ding I, Stein C, Uebele J. The Innate Immune Response Against Staphylococcus 

aureus. Curr Top Microbiol Immunol 2017; 409:385–418. 

27. Li M, Cha DJ, Lai Y, Villaruz AE, Sturdevant DE, Otto M. The antimicrobial peptide-sensing system 

aps of Staphylococcus aureus. Mol Microbiol 2007; 66(5):1136–47. 

28. Rajaee A, Barnett R, Cheadle WG. Pathogen- and Danger-Associated Molecular Patterns and the 

Cytokine Response in Sepsis. Surg Infect (Larchmt) 2018; 19(2):107–16. 

29. Kim N-H, Sung JY, Choi YJ, Choi S-J, Ahn S, Ji E et al. Toll-like receptor 2 downregulation and 

cytokine dysregulation predict mortality in patients with Staphylococcus aureus bacteremia. BMC Infect 

Dis 2020; 20(1):901. 

30. Eppensteiner J, Kwun J, Scheuermann U, Barbas A, Limkakeng AT, Kuchibhatla M et al. Damage- 

and pathogen-associated molecular patterns play differential roles in late mortality after critical illness. 

JCI Insight 2019; 4(16). 



List of References 

73 

 

31. Fritz JH, Ferrero RL, Philpott DJ, Girardin SE. Nod-like proteins in immunity, inflammation and 

disease. Nat Immunol 2006; 7(12):1250–7. 

32. Miller LS, Simon SI. Neutrophils in hot pursuit of MRSA in the lymph nodes. Proc Natl Acad Sci 

U S A 2018; 115(10):2272–4. 

33. Midorikawa K, Ouhara K, Komatsuzawa H, Kawai T, Yamada S, Fujiwara T et al. Staphylococcus 

aureus susceptibility to innate antimicrobial peptides, beta-defensins and CAP18, expressed by human 

keratinocytes. Infect Immun 2003; 71(7):3730–9. 

34. Ciornei CD, Sigurdardóttir T, Schmidtchen A, Bodelsson M. Antimicrobial and chemoattractant 

activity, lipopolysaccharide neutralization, cytotoxicity, and inhibition by serum of analogs of human 

cathelicidin LL-37. Antimicrob Agents Chemother 2005; 49(7):2845–50. 

35. Le Zhao, Lu W. Defensins in innate immunity. Curr Opin Hematol 2014; 21(1):37–42. 

36. Dunkelberger JR, Song W-C. Complement and its role in innate and adaptive immune responses. 

Cell Res 2010; 20(1):34–50. 

37. Hair PS, Foley CK, Krishna NK, Nyalwidhe JO, Geoghegan JA, Foster TJ et al. Complement 

regulator C4BP binds to Staphylococcus aureus surface proteins SdrE and Bbp inhibiting bacterial 

opsonization and killing. Results Immunol 2013:114–21. 

38. Pietrocola G, Nobile G, Rindi S, Speziale P. Staphylococcus aureus Manipulates Innate Immunity 

through Own and Host-Expressed Proteases. Front Cell Infect Microbiol 2017; 7:166. 

39. Koch TK, Reuter M, Barthel D, Böhm S, van den Elsen J, Kraiczy P et al. Staphylococcus aureus 

proteins Sbi and Efb recruit human plasmin to degrade complement C3 and C3b. PLoS ONE 2012; 

7(10):e47638. 

40. Jong NWM de, Vrieling M, Garcia BL, Koop G, Brettmann M, Aerts PC et al. Identification of a 

staphylococcal complement inhibitor with broad host specificity in equid Staphylococcus aureus strains. 

J. Biol. Chem. 2018; 293(12):4468–77. 

41. Belcher JD, Chen C, Nguyen J, Milbauer L, Abdulla F, Alayash AI et al. Heme triggers TLR4 

signaling leading to endothelial cell activation and vaso-occlusion in murine sickle cell disease. Blood 

2014; 123(3):377–90. 

42. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update on Toll-like 

receptors. Nat Immunol 2010; 11(5):373–84. 

43. Hasan U, Chaffois C, Gaillard C, Saulnier V, Merck E, Tancredi S et al. Human TLR10 is a 

functional receptor, expressed by B cells and plasmacytoid dendritic cells, which activates gene 

transcription through MyD88. J Immunol 2005; 174(5):2942–50. 

44. Nishiya T, Kajita E, Miwa S, Defranco AL. TLR3 and TLR7 are targeted to the same intracellular 

compartments by distinct regulatory elements. J Biol Chem 2005; 280(44):37107–17. 

45. Funami K, Matsumoto M, Oshiumi H, Akazawa T, Yamamoto A, Seya T. The cytoplasmic 'linker 

region' in Toll-like receptor 3 controls receptor localization and signaling. Int Immunol 2004:1143–54. 

46. Ciesielska A, Matyjek M, Kwiatkowska K. TLR4 and CD14 trafficking and its influence on LPS-

induced pro-inflammatory signaling. Cell Mol Life Sci 2021; 78(4):1233–61. 

47. Rajaiah R, Perkins DJ, Ireland DDC, Vogel SN. CD14 dependence of TLR4 endocytosis and TRIF 

signaling displays ligand specificity and is dissociable in endotoxin tolerance. Proc Natl Acad Sci U S 

A 2015:8391–6. 



List of References 

74 

 

48. Schröder NWJ, Morath S, Alexander C, Hamann L, Hartung T, Zähringer U et al. Lipoteichoic acid 

(LTA) of Streptococcus pneumoniae and Staphylococcus aureus activates immune cells via Toll-like 

receptor (TLR)-2, lipopolysaccharide-binding protein (LBP), and CD14, whereas TLR-4 and MD-2 are 

not involved. J Biol Chem 2003; 278(18):15587–94. 

49. Zanoni I, Ostuni R, Marek LR, Barresi S, Barbalat R, Barton GM et al. CD14 controls the LPS-

induced endocytosis of Toll-like receptor 4. Cell 2011; 147(4):868–80. 

50. Wang Y, Su L, Morin MD, Jones BT, Whitby LR, Surakattula MMRP et al. TLR4/MD-2 activation 

by a synthetic agonist with no similarity to LPS. Proc Natl Acad Sci U S A 2016; 113(7):E884-93. 

51. Shmuel-Galia L, Aychek T, Fink A, Porat Z, Zarmi B, Bernshtein B et al. Neutralization of pro-

inflammatory monocytes by targeting TLR2 dimerization ameliorates colitis. EMBO J 2016; 35(6):685–

98. 

52. Farhat K, Riekenberg S, Heine H, Debarry J, Lang R, Mages J et al. Heterodimerization of TLR2 

with TLR1 or TLR6 expands the ligand spectrum but does not lead to differential signaling. J Leukoc 

Biol 2008; 83(3):692–701. 

53. Ehrchen JM, Sunderkötter C, Foell D, Vogl T, Roth J. The endogenous Toll-like receptor 4 agonist 

S100A8/S100A9 (calprotectin) as innate amplifier of infection, autoimmunity, and cancer. J Leukoc 

Biol 2009; 86(3):557–66. 

54. Yang Y, Wang H, Kouadir M, Song H, Shi F. Recent advances in the mechanisms of NLRP3 

inflammasome activation and its inhibitors. Cell Death Dis 2019; 10(2):128. 

55. Figueiredo RT, Fernandez PL, Mourao-Sa DS, Porto BN, Dutra FF, Alves LS et al. Characterization 

of heme as activator of Toll-like receptor 4. J Biol Chem 2007; 282(28):20221–9. 

56. Verstak B, Nagpal K, Bottomley SP, Golenbock DT, Hertzog PJ, Mansell A. MyD88 adapter-like 

(Mal)/TIRAP interaction with TRAF6 is critical for TLR2- and TLR4-mediated NF-kappaB 

proinflammatory responses. J Biol Chem 2009; 284(36):24192–203. 

57. Miller LS, O'Connell RM, Gutierrez MA, Pietras EM, Shahangian A, Gross CE et al. MyD88 

mediates neutrophil recruitment initiated by IL-1R but not TLR2 activation in immunity against 

Staphylococcus aureus. Immunity 2006; 24(1):79–91. 

58. Bagchi A, Herrup EA, Warren HS, Trigilio J, Shin H-S, Valentine C et al. MyD88-dependent and 

MyD88-independent pathways in synergy, priming, and tolerance between TLR agonists. J Immunol 

2007; 178(2):1164–71. 

59. Skjesol A, Yurchenko M, Bösl K, Gravastrand C, Nilsen KE, Grøvdal LM et al. The TLR4 adaptor 

TRAM controls the phagocytosis of Gram-negative bacteria by interacting with the Rab11-family 

interacting protein 2. PLoS Pathog 2019; 15(3):e1007684. 

60. Zahoor A, Yang Y, Yang C, Akhtar M, Guo Y, Shaukat A et al. Gas6 negatively regulates the 

Staphylococcus aureus-induced inflammatory response via TLR signaling in the mouse mammary 

gland. J Cell Physiol 2020; 235(10):7081–93. 

61. Wan J, Shan Y, Fan Y, Fan C, Chen S, Sun J et al. NF-κB inhibition attenuates LPS-induced TLR4 

activation in monocyte cells. Mol Med Rep 2016; 14(5):4505–10. 

62. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D et al. Cutting edge: NF-

kappaB activating pattern recognition and cytokine receptors license NLRP3 inflammasome activation 

by regulating NLRP3 expression. J Immunol 2009; 183(2):787–91. 



List of References 

75 

 

63. Hu W, Jain A, Gao Y, Dozmorov IM, Mandraju R, Wakeland EK et al. Differential outcome of 

TRIF-mediated signaling in TLR4 and TLR3 induced DC maturation. Proc Natl Acad Sci U S A 2015; 

112(45):13994–9. 

64. Parker D, Prince A. Staphylococcus aureus induces type I IFN signaling in dendritic cells via TLR9. 

J Immunol 2012; 189(8):4040–6. 

65. Perry AK, Chow EK, Goodnough JB, Yeh W-C, Cheng G. Differential requirement for TANK-

binding kinase-1 in type I interferon responses to toll-like receptor activation and viral infection. J Exp 

Med 2004; 199(12):1651–8. 

66. Satoh T, Akira S. Toll-Like Receptor Signaling and Its Inducible Proteins. Microbiol Spectr 2016; 

4(6). 

67. Tanimura N, Saitoh S, Matsumoto F, Akashi-Takamura S, Miyake K. Roles for LPS-dependent 

interaction and relocation of TLR4 and TRAM in TRIF-signaling. Biochem Biophys Res Commun 

2008; 368(1):94–9. 

68. Wang P, Han X, Mo B, Huang G, Wang C. LPS enhances TLR4 expression and IFN‑γ production 

via the TLR4/IRAK/NF‑κB signaling pathway in rat pulmonary arterial smooth muscle cells. Mol Med 

Rep 2017; 16(3):3111–6. 

69. Cheng Z, Taylor B, Ourthiague DR, Hoffmann A. Distinct single-cell signaling characteristics are 

conferred by the MyD88 and TRIF pathways during TLR4 activation. Sci Signal 2015; 8(385):ra69. 

70. Jie Zhou, Tingzhe Sun, Shouheng Jin, Zhiyong Guo, Jun Cui. Dual Feedforward Loops Modulate 

Type I Interferon Responses and Induce Selective Gene Expression during TLR4 Activation. 

71. Jiang Z, Ninomiya-Tsuji J, Qian Y, Matsumoto K, Li X. Interleukin-1 (IL-1) receptor-associated 

kinase-dependent IL-1-induced signaling complexes phosphorylate TAK1 and TAB2 at the plasma 

membrane and activate TAK1 in the cytosol. Mol Cell Biol 2002; 22(20):7158–67. 

72. Verdrengh M, Thomas JA, Hultgren OH. IL-1 receptor-associated kinase 1 mediates protection 

against Staphylococcus aureus infection. Microbes Infect 2004; 6(14):1268–72. 

73. Ajibade AA, Wang HY, Wang R-F. Cell type-specific function of TAK1 in innate immune signaling. 

Trends Immunol 2013; 34(7):307–16. 

74. Gaidt MM, Hornung V. Alternative inflammasome activation enables IL-1β release from living 

cells. Curr Opin Immunol 2017; 44:7–13. 

75. Takeda K, Akira S. TLR signaling pathways. Semin Immunol 2004; 16(1):3–9. 

76. Vu AT, Baba T, Chen X, Le TA, Kinoshita H, Xie Y et al. Staphylococcus aureus membrane and 

diacylated lipopeptide induce thymic stromal lymphopoietin in keratinocytes through the Toll-like 

receptor 2-Toll-like receptor 6 pathway. J Allergy Clin Immunol 2010; 126(5):985-93, 993.e1-3. 

77. Dziarski R, Gupta D. Staphylococcus aureus Peptidoglycan Is a Toll-Like Receptor 2 Activator: a 

Reevaluation. IAI 2005; 73(8):5212–6. 

78. Nilsen NJ, Deininger S, Nonstad U, Skjeldal F, Husebye H, Rodionov D et al. Cellular trafficking 

of lipoteichoic acid and Toll-like receptor 2 in relation to signaling: role of CD14 and CD36. J Leukoc 

Biol 2008; 84(1):280–91. 

79. Gambhir V, Yildiz C, Mulder R, Siddiqui S, Guzzo C, Szewczuk M et al. The TLR2 agonists 

lipoteichoic acid and Pam3CSK4 induce greater pro-inflammatory responses than inactivated 

Mycobacterium butyricum. Cell Immunol 2012; 280(1):101–7. 



List of References 

76 

 

80. Takeuchi O, Hoshino K, Akira S. Cutting edge: TLR2-deficient and MyD88-deficient mice are 

highly susceptible to Staphylococcus aureus infection. J Immunol 2000; 165(10):5392–6. 

81. Koymans KJ, Feitsma LJ, Bisschop A, Huizinga EG, van Strijp JAG, Haas CJC de et al. Molecular 

basis determining species specificity for TLR2 inhibition by staphylococcal superantigen-like protein 3 

(SSL3). Vet Res 2018; 49(1):115. 

82. Stappers MHT, Thys Y, Oosting M, Plantinga TS, Ioana M, Reimnitz P et al. TLR1, TLR2, and 

TLR6 gene polymorphisms are associated with increased susceptibility to complicated skin and skin 

structure infections. J Infect Dis 2014; 210(2):311–8. 

83. Parker D, Prince A. Staphylococcus aureus induces type I IFN signaling in dendritic cells via TLR9. 

J Immunol 2012; 189(8):4040–6. 

84. Mohamed W, Domann E, Chakraborty T, Mannala G, Lips KS, Heiss C et al. TLR9 mediates S. 

aureus killing inside osteoblasts via induction of oxidative stress. BMC Microbiol 2016; 16(1):230. 

85. Bergstrøm B, Aune MH, Awuh JA, Kojen JF, Blix KJ, Ryan L et al. TLR8 Senses Staphylococcus 

aureus RNA in Human Primary Monocytes and Macrophages and Induces IFN-β Production via a 

TAK1-IKKβ-IRF5 Signaling Pathway. J Immunol 2015; 195(3):1100–11. 

86. Chantratita N, Tandhavanant S, Seal S, Wikraiphat C, Wongsuvan G, Ariyaprasert P et al. TLR4 

genetic variation is associated with inflammatory responses in Gram-positive sepsis. Clin Microbiol 

Infect 2017; 23(1):47.e1-47.e10. 

87. Inden K, Kaneko J, Miyazato A, Yamamoto N, Mouri S, Shibuya Y et al. Toll-like receptor 4-

dependent activation of myeloid dendritic cells by leukocidin of Staphylococcus aureus. Microbes Infect 

2009; 11(2):245–53. 

88. Chu M, Zhou M, Jiang C, Chen X, Guo L, Zhang M et al. Staphylococcus aureus Phenol-Soluble 

Modulins α1-α3 Act as Novel Toll-Like Receptor (TLR) 4 Antagonists to Inhibit HMGB1/TLR4/NF-

κB Signaling Pathway. Front Immunol 2018; 9:862. 

89. Dutra FF, Bozza MT. Heme on innate immunity and inflammation. Front Pharmacol 2014; 5:115. 

90. Kwon MS, Woo SK, Kurland DB, Yoon SH, Palmer AF, Banerjee U et al. Methemoglobin is an 

endogenous toll-like receptor 4 ligand-relevance to subarachnoid hemorrhage. Int J Mol Sci 2015; 

16(3):5028–46. 

91. Stenzel W, Soltek S, Sanchez-Ruiz M, Akira S, Miletic H, Schlüter D et al. Both TLR2 and TLR4 

are required for the effective immune response in Staphylococcus aureus-induced experimental murine 

brain abscess. Am J Pathol 2008; 172(1):132–45. 

92. Kim J, Bin B-H, Choi E-J, Lee HG, Lee TR, Cho E-G. Staphylococcus aureus-derived extracellular 

vesicles induce monocyte recruitment by activating human dermal microvascular endothelial cells in 

vitro. Clin Exp Allergy 2019; 49(1):68–81. 

93. Spaan AN, Reyes-Robles T, Badiou C, Cochet S, Boguslawski KM, Yoong P et al. Staphylococcus 

aureus Targets the Duffy Antigen Receptor for Chemokines (DARC) to Lyse Erythrocytes. Cell Host 

Microbe 2015; 18(3):363–70. 

94. Du Y, Liu L, Zhang C, Zhang Y. Two residues in Staphylococcus aureus α-hemolysin related to 

hemolysis and self-assembly. Infect Drug Resist 2018; 11:1271–4. 

95. Vasquez MT, Lubkin A, Reyes-Robles T, Day CJ, Lacey KA, Jennings MP et al. Identification of a 

domain critical for Staphylococcus aureus LukED receptor targeting and lysis of erythrocytes. J Biol 

Chem 2020; 295(50):17241–50. 



List of References 

77 

 

96. Hammer ND, Skaar EP. Molecular mechanisms of Staphylococcus aureus iron acquisition. Annu 

Rev Microbiol 2011; 65:129–47. 

97. Shaver CM, Landstreet SR, Pugazenthi S, Scott F, Putz N, Ware LB et al. The NLRP3 

inflammasome in macrophages is stimulated by cell‐free hemoglobin. Physiol. Rep. 2020; 8(21). 

98. Erdei J, Tóth A, Balogh E, Nyakundi BB, Bányai E, Ryffel B et al. Induction of NLRP3 

Inflammasome Activation by Heme in Human Endothelial Cells. Oxidative Medicine and Cellular 

Longevity 2018; 2018:1–14. 

99. Askarian F, Wagner T, Johannessen M, Nizet V. Staphylococcus aureus modulation of innate 

immune responses through Toll-like (TLR), (NOD)-like (NLR) and C-type lectin (CLR) receptors. 

FEMS Microbiol Rev 2018; 42(5):656–71. 

100. Iwaki D, Mitsuzawa H, Murakami S, Sano H, Konishi M, Akino T et al. The extracellular toll-like 

receptor 2 domain directly binds peptidoglycan derived from Staphylococcus aureus. J Biol Chem 2002; 

277(27):24315–20. 

101. Hadley JS, Wang JE, Foster SJ, Thiemermann C, Hinds CJ. Peptidoglycan of Staphylococcus 

aureus upregulates monocyte expression of CD14, Toll-like receptor 2 (TLR2), and TLR4 in human 

blood: possible implications for priming of lipopolysaccharide signaling. Infect Immun 2005; 

73(11):7613–9. 

102. Truong-Bolduc QC, Wang Y, Hooper DC. Tet38 of Staphylococcus aureus Binds to Host Cell 

Receptor Complex CD36-Toll-Like Receptor 2 and Protects from Teichoic Acid Synthesis Inhibitors 

Tunicamycin and Congo Red. Infect Immun 2019; 87(7). 

103. Allen ER, Lempke SL, Miller MM, Bush DM, Braswell BG, Estes CL et al. Effect of extracellular 

vesicles from S. aureus-challenged human neutrophils on macrophages. J Leukoc Biol 2020; 

108(6):1841–50. 

104. Peng L, Jiang J, Chen T, Xu D, Hou F, Huang Q et al. Toxic Shock Syndrome Toxin 1 Induces 

Immune Response via the Activation of NLRP3 Inflammasome. Toxins (Basel) 2021; 13(1). 

105. Bi Y, Ding Y, Wu J, Miao Z, Wang J, Wang F. Staphylococcus aureus induces mammary gland 

fibrosis through activating the TLR/NF-κB and TLR/AP-1 signaling pathways in mice. Microb Pathog 

2020; 148:104427. 

106. Lopes AH, Talbot J, Silva RL, Lima JB, França RO, Verri WA et al. Peripheral NLCR4 

inflammasome participates in the genesis of acute inflammatory pain. Pain 2015; 156(3):451–9. 

107. Saresella M, La Rosa F, Piancone F, Zoppis M, Marventano I, Calabrese E et al. The NLRP3 and 

NLRP1 inflammasomes are activated in Alzheimer's disease. Mol Neurodegener 2016; 11:23. 

108. Jamilloux Y, Magnotti F, Belot A, Henry T. The pyrin inflammasome: from sensing RhoA 

GTPases-inhibiting toxins to triggering autoinflammatory syndromes. Pathog Dis 2018; 76(3). 

109. Catherine R. Lammert, Elizabeth L. Frost, Calli E. Bellinger, Ashley C. Bolte, Celia A. McKee, 

Mariah E. Hurt et al. AIM2 inflammasome surveillance of DNA damage shapes neurodevelopment. 

110. Minkiewicz J, Rivero Vaccari JP de, Keane RW. Human astrocytes express a novel NLRP2 

inflammasome. Glia 2013; 61(7):1113–21. 

111. Xiao H, Chen H, Jiang R, Zhang L, Wang L, Gan H et al. NLRP6 contributes to inflammation and 

brain injury following intracerebral haemorrhage by activating autophagy. J Mol Med (Berl) 2020; 

98(9):1319–31. 



List of References 

78 

 

112. Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel T et al. The NALP3 

inflammasome is involved in the innate immune response to amyloid-beta. Nat Immunol 2008; 

9(8):857–65. 

113. Gross O, Poeck H, Bscheider M, Dostert C, Hannesschläger N, Endres S et al. Syk kinase signalling 

couples to the Nlrp3 inflammasome for anti-fungal host defence. Nature 2009; 459(7245):433–6. 

114. Thomas PG, Dash P, Aldridge JR, Ellebedy AH, Reynolds C, Funk AJ et al. The intracellular 

sensor NLRP3 mediates key innate and healing responses to influenza A virus via the regulation of 

caspase-1. Immunity 2009; 30(4):566–75. 

115. Sendler M, van den Brandt C, Glaubitz J, Wilden A, Golchert J, Weiss FU et al. NLRP3 

Inflammasome Regulates Development of Systemic Inflammatory Response and Compensatory Anti-

Inflammatory Response Syndromes in Mice With Acute Pancreatitis. Gastroenterology 2020; 

158(1):253-269.e14. 

116. Franklin BS, Bossaller L, Nardo D de, Ratter JM, Stutz A, Engels G et al. The adaptor ASC has 

extracellular and 'prionoid' activities that propagate inflammation. Nat Immunol 2014; 15(8):727–37. 

117. McGeough MD, Wree A, Inzaugarat ME, Haimovich A, Johnson CD, Peña CA et al. TNF regulates 

transcription of NLRP3 inflammasome components and inflammatory molecules in cryopyrinopathies. 

J Clin Invest 2017; 127(12):4488–97. 

118. Robinson KM, Ramanan K, Clay ME, McHugh KJ, Pilewski MJ, Nickolich KL et al. The 

inflammasome potentiates influenza/Staphylococcus aureus superinfection in mice. JCI Insight 2018; 

3(7). 

119. Soong G, Chun J, Parker D, Prince A. Staphylococcus aureus activation of caspase 1/calpain 

signaling mediates invasion through human keratinocytes. J Infect Dis 2012; 205(10):1571–9. 

120. Kordes M, Matuschewski K, Hafalla JCR. Caspase-1 activation of interleukin-1β (IL-1β) and IL-

18 is dispensable for induction of experimental cerebral malaria. Infect Immun 2011; 79(9):3633–41. 

121. Rasmy H, Mikhael N, Ismail S. Interleukin-18 expression and the response to treatment in patients 

with psoriasis. Arch Med Sci 2011; 7(4):713–9. 

122. Ellul P, Boyer L, Groc L, Leboyer M, Fond G. Interleukin-1 β-targeted treatment strategies in 

inflammatory depression: toward personalized care. Acta Psychiatr Scand 2016; 134(6):469–84. 

123. Evavold CL, Ruan J, Tan Y, Xia S, Wu H, Kagan JC. The Pore-Forming Protein Gasdermin D 

Regulates Interleukin-1 Secretion from Living Macrophages. Immunity 2018; 48(1):35-44.e6. 

124. Tapia-Abellán A, Angosto-Bazarra D, Martínez-Banaclocha H, Torre-Minguela C de, Cerón-

Carrasco JP, Pérez-Sánchez H et al. MCC950 closes the active conformation of NLRP3 to an inactive 

state. Nat Chem Biol 2019; 15(6):560–4. 

125. Muñoz-Planillo R, Kuffa P, Martínez-Colón G, Smith BL, Rajendiran TM, Núñez G. K⁺ efflux is 

the common trigger of NLRP3 inflammasome activation by bacterial toxins and particulate matter. 

Immunity 2013; 38(6):1142–53. 

126. Pétrilli V, Papin S, Dostert C, Mayor A, Martinon F, Tschopp J. Activation of the NALP3 

inflammasome is triggered by low intracellular potassium concentration. Cell Death Differ 2007; 

14(9):1583–9. 

127. Di A, Xiong S, Ye Z, Malireddi RKS, Kometani S, Zhong M et al. The TWIK2 Potassium Efflux 

Channel in Macrophages Mediates NLRP3 Inflammasome-Induced Inflammation. Immunity 2018; 

49(1):56-65.e4. 



List of References 

79 

 

128. Harper SN, Leidig PD, Hughes FM, Jin H, Purves JT. Calcium Pyrophosphate And Monosodium 

Urate Activate The NLRP3 Inflammasome Within Bladder Urothelium Via Reactive Oxygen Species 

And TXNIP. Res Rep Urol 2019; 11:319–25. 

129. Riteau N, Baron L, Villeret B, Guillou N, Savigny F, Ryffel B et al. ATP release and purinergic 

signaling: a common pathway for particle-mediated inflammasome activation. Cell Death Dis 2012; 

3:e403. 

130. Zamudio-Cuevas Y, Martínez-Flores K, Fernández-Torres J, Loissell-Baltazar YA, Medina-Luna 

D, López-Macay A et al. Monosodium urate crystals induce oxidative stress in human synoviocytes. 

Arthritis Res Ther 2016; 18(1):117. 

131. Martinon F, Pétrilli V, Mayor A, Tardivel A, Tschopp J. Gout-associated uric acid crystals activate 

the NALP3 inflammasome. Nature 2006; 440(7081):237–41. 

132. Qadri M, Jay GD, Zhang LX, Wong W, Reginato AM, Sun C et al. Recombinant human 

proteoglycan-4 reduces phagocytosis of urate crystals and downstream nuclear factor kappa B and 

inflammasome activation and production of cytokines and chemokines in human and murine 

macrophages. Arthritis Res Ther 2018; 20(1):192. 

133. Katsnelson MA, Lozada-Soto KM, Russo HM, Miller BA, Dubyak GR. NLRP3 inflammasome 

signaling is activated by low-level lysosome disruption but inhibited by extensive lysosome disruption: 

roles for K+ efflux and Ca2+ influx. Am J Physiol Cell Physiol 2016; 311(1):C83-C100. 

134. Heid ME, Keyel PA, Kamga C, Shiva S, Watkins SC, Salter RD. Mitochondrial reactive oxygen 

species induces NLRP3-dependent lysosomal damage and inflammasome activation. J Immunol 2013; 

191(10):5230–8. 

135. Lupfer CR, Anand PK, Liu Z, Stokes KL, Vogel P, Lamkanfi M et al. Reactive oxygen species 

regulate caspase-11 expression and activation of the non-canonical NLRP3 inflammasome during 

enteric pathogen infection. PLoS Pathog 2014; 10(9):e1004410. 

136. Han S, Cai W, Yang X, Jia Y, Zheng Z, Wang H et al. ROS-Mediated NLRP3 Inflammasome 

Activity Is Essential for Burn-Induced Acute Lung Injury. Mediators Inflamm 2015; 2015:720457. 

137. Xiao YD, Huang YY, Wang HX, Wu Y, Leng Y, Liu M et al. Thioredoxin-Interacting Protein 

Mediates NLRP3 Inflammasome Activation Involved in the Susceptibility to Ischemic Acute Kidney 

Injury in Diabetes. Oxidative Medicine and Cellular Longevity 2016; 2016:2386068. 

138. Hari A, Zhang Y, Tu Z, Detampel P, Stenner M, Ganguly A et al. Activation of NLRP3 

inflammasome by crystalline structures via cell surface contact. Sci Rep 2014; 4:7281. 

139. Chung Y-H, Kim D-H, Lee W-W. Monosodium urate crystal-induced pro-interleukin-1β 

production is post-transcriptionally regulated via the p38 signaling pathway in human monocytes. Sci 

Rep 2016; 6:34533. 

140. Xiong Y, Han Z, Chai J. Resistosome and inflammasome: platforms mediating innate immunity. 

Curr Opin Plant Biol 2020; 56:47–55. 

141. Zahid A, Li B, Kombe AJK, Jin T, Tao J. Pharmacological Inhibitors of the NLRP3 Inflammasome. 

Front Immunol 2019:2538. 

142. Pellegrini C, Antonioli L, Lopez-Castejon G, Blandizzi C, Fornai M. Canonical and Non-Canonical 

Activation of NLRP3 Inflammasome at the Crossroad between Immune Tolerance and Intestinal 

Inflammation. Front Immunol 2017; 8:36. 



List of References 

80 

 

143. Viganò E, Diamond CE, Spreafico R, Balachander A, Sobota RM, Mortellaro A. Human caspase-

4 and caspase-5 regulate the one-step non-canonical inflammasome activation in monocytes. Nat 

Commun 2015; 6(1). 

144. Hagar JA, Powell DA, Aachoui Y, Ernst RK, Miao EA. Cytoplasmic LPS Activates Caspase-11: 

Implications in TLR4-Independent Endotoxic Shock. Science 2013; 341(6151):1250–3. 

145. Chaves MM, Sinflorio DA, Thorstenberg ML, Martins MDA, Moreira-Souza ACA, Rangel TP et 

al. Non-canonical NLRP3 inflammasome activation and IL-1β signaling are necessary to L. 

amazonensis control mediated by P2X7 receptor and leukotriene B4. PLoS Pathog 2019; 

15(6):e1007887. 

146. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H et al. Cleavage of GSDMD by inflammatory 

caspases determines pyroptotic cell death. Nature 2015; 526(7575):660–5. 

147. Aachoui Y, Leaf IA, Hagar JA, Fontana MF, Campos CG, Zak DE et al. Caspase-11 Protects 

Against Bacteria That Escape the Vacuole. Science 2013; 339(6122):975–8. 

148. Gurung P, Kanneganti T-D. Novel roles for caspase-8 in IL-1β and inflammasome regulation. Am 

J Pathol 2015; 185(1):17–25. 

149. Gaidt MM, Ebert TS, Chauhan D, Schmidt T, Schmid-Burgk JL, Rapino F et al. Human Monocytes 

Engage an Alternative Inflammasome Pathway. Immunity 2016; 44(4):833–46. 

150. Gritsenko A, Yu S, Martin-Sanchez F, Diaz-Del-Olmo I, Nichols E-M, Davis DM et al. Priming Is 

Dispensable for NLRP3 Inflammasome Activation in Human Monocytes In Vitro. Front Immunol 2020; 

11:565924. 

151. Gurung P, Kanneganti T-D. Novel roles for caspase-8 in IL-1β and inflammasome regulation. Am 

J Pathol 2015; 185(1):17–25. 

152. Gaidt MM, Hornung V. Alternative inflammasome activation enables IL-1β release from living 

cells. Curr Opin Immunol 2017; 44:7–13. 

153. Zito G, Buscetta M, Cimino M, Dino P, Bucchieri F, Cipollina C. Cellular Models and Assays to 

Study NLRP3 Inflammasome Biology. Int J Mol Sci 2020; 21(12). 

154. McGilligan VE, Gregory-Ksander MS, Li D, Moore JE, Hodges RR, Gilmore MS et al. 

Staphylococcus aureus activates the NLRP3 inflammasome in human and rat conjunctival goblet cells. 

PLoS ONE 2013; 8(9):e74010. 

155. Wang X, Eagen WJ, Lee JC. Orchestration of human macrophage NLRP3 inflammasome 

activation by Staphylococcus aureus extracellular vesicles. Proc Natl Acad Sci U S A 2020; 

117(6):3174–84. 

156. Melehani JH, James DBA, DuMont AL, Torres VJ, Duncan JA. Staphylococcus aureus Leukocidin 

A/B (LukAB) Kills Human Monocytes via Host NLRP3 and ASC when Extracellular, but Not 

Intracellular. PLoS Pathog 2015; 11(6):e1004970. 

157. Chow SH, Deo P, Yeung ATY, Kostoulias XP, Jeon Y, Gao M-L et al. Targeting NLRP3 and 

Staphylococcal pore-forming toxin receptors in human-induced pluripotent stem cell-derived 

macrophages. J Leukoc Biol 2020; 108(3):967–81. 

158. Craven RR, Gao X, Allen IC, Gris D, Bubeck Wardenburg J, McElvania-Tekippe E et al. 

Staphylococcus aureus alpha-hemolysin activates the NLRP3-inflammasome in human and mouse 

monocytic cells. PLoS ONE 2009; 4(10):e7446. 



List of References 

81 

 

159. Guo N, Liu Z, Yan Z, Liu Z, Hao K, Liu C et al. Subinhibitory concentrations of Honokiol reduce 

α-Hemolysin (Hla) secretion by Staphylococcus aureus and the Hla-induced inflammatory response by 

inactivating the NLRP3 inflammasome. Emerg Microbes Infect 2019; 8(1):707–16. 

160. Muñoz-Planillo R, Franchi L, Miller LS, Núñez G. A critical role for hemolysins and bacterial 

lipoproteins in Staphylococcus aureus-induced activation of the Nlrp3 inflammasome. J Immunol 2009; 

183(6):3942–8. 

161. Chow SH, Deo P, Yeung ATY, Kostoulias XP, Jeon Y, Gao M-L et al. Targeting NLRP3 and 

Staphylococcal pore-forming toxin receptors in human-induced pluripotent stem cell-derived 

macrophages. J Leukoc Biol 2020; 108(3):967–81. 

162. Syed AK, Reed TJ, Clark KL, Boles BR, Kahlenberg JM. Staphlyococcus aureus Phenol-Soluble 

Modulins Stimulate the Release of Proinflammatory Cytokines from Keratinocytes and Are Required 

for Induction of Skin Inflammation. Infect. Immun. 2015; 83(9):3428–37. 

163. Lima Leite E, Gautron A, Deplanche M, Nicolas A, Ossemond J, Nguyen M-T et al. Involvement 

of caspase-1 in inflammasomes activation and bacterial clearance in S. aureus-infected osteoblast-like 

MG-63 cells. Cell Microbiol 2020; 22(8):e13204. 

164. Zhao C-C, Xie Q-M, Xu J, Yan X-B, Fan X-Y, Wu H-M. TLR9 mediates the activation of NLRP3 

inflammasome and oxidative stress in murine allergic airway inflammation. Mol Immunol 2020; 

125:24–31. 

165. Li D, Hodges RR, Bispo P, Gilmore MS, Gregory-Ksander M, Dartt DA. Neither non-toxigenic 

Staphylococcus aureus nor commensal S. epidermidi activates NLRP3 inflammasomes in human 

conjunctival goblet cells. BMJ Open Ophthalmol 2017; 2(1):e000101. 

166. Hanamsagar R, Aldrich A, Kielian T. Critical role for the AIM2 inflammasome during acute CNS 

bacterial infection. J Neurochem 2014; 129(4):704–11. 

167. Holzinger D, Gieldon L, Mysore V, Nippe N, Taxman DJ, Duncan JA et al. Staphylococcus aureus 

Panton-Valentine leukocidin induces an inflammatory response in human phagocytes via the NLRP3 

inflammasome. J Leukoc Biol 2012; 92(5):1069–81. 

168. Davis BK, Roberts RA, Huang MT, Willingham SB, Conti BJ, Brickey WJ et al. Cutting edge: 

NLRC5-dependent activation of the inflammasome. J Immunol 2011; 186(3):1333–7. 

169. Kebaier C, Chamberland RR, Allen IC, Gao X, Broglie PM, Hall JD et al. Staphylococcus aureus 

α-hemolysin mediates virulence in a murine model of severe pneumonia through activation of the 

NLRP3 inflammasome. J Infect Dis 2012; 205(5):807–17. 

170. Wolf AJ, Reyes CN, Liang W, Becker C, Shimada K, Wheeler ML et al. Hexokinase Is an Innate 

Immune Receptor for the Detection of Bacterial Peptidoglycan. Cell 2016; 166(3):624–36. 

171. Kremserova S, Nauseef WM. Frontline Science: Staphylococcus aureus promotes receptor-

interacting protein kinase 3- and protease-dependent production of IL-1β in human neutrophils. J 

Leukoc Biol 2019; 105(3):437–47. 

172. Tourneur L, Witko-Sarsat V. Inflammasome activation: Neutrophils go their own way. J Leukoc 

Biol 2019; 105(3):433–6. 

173. Kielian T, Bearden ED, Baldwin AC, Esen N. IL-1 and TNF-alpha play a pivotal role in the host 

immune response in a mouse model of Staphylococcus aureus-induced experimental brain abscess. J 

Neuropathol Exp Neurol 2004; 63(4):381–96. 



List of References 

82 

 

174. Miller LS, Pietras EM, Uricchio LH, Hirano K, Rao S, Lin H et al. Inflammasome-mediated 

production of IL-1beta is required for neutrophil recruitment against Staphylococcus aureus in vivo. J 

Immunol 2007; 179(10):6933–42. 

175. Volk CF, Burgdorf S, Edwardson G, Nizet V, Sakoulas G, Rose WE. Interleukin (IL)-1β and IL-

10 Host Responses in Patients With Staphylococcus aureus Bacteremia Determined by Antimicrobial 

Therapy. Clin Infect Dis 2020; 70(12):2634–40. 

176. Shi Y, Shi X, Liang J, Luo J, Ba J, Chen J et al. Aggravated MRSA pneumonia secondary to 

influenza A virus infection is derived from decreased expression of IL-1β. J Med Virol 2020. 

177. Cho JS, Guo Y, Ramos RI, Hebroni F, Plaisier SB, Xuan C et al. Neutrophil-derived IL-1β is 

sufficient for abscess formation in immunity against Staphylococcus aureus in mice. PLoS Pathog 

2012:e1003047. 

178. Hultgren OH, Svensson L, Tarkowski A. Critical role of signaling through IL-1 receptor for 

development of arthritis and sepsis during Staphylococcus aureus infection. J Immunol 2002; 

168(10):5207–12. 

179. Dey I, Bishayi B. Role of Th17 and Treg cells in septic arthritis and the impact of the Th17/Treg -

derived cytokines in the pathogenesis of S. aureus induced septic arthritis in mice. Microb Pathog 2017; 

113:248–64. 

180. Dey I, Bishayi B. Role of Th17 and Treg cells in septic arthritis and the impact of the Th17/Treg -

derived cytokines in the pathogenesis of S. aureus induced septic arthritis in mice. Microb Pathog 2017; 

113:248–64. 

181. Zhao C, Gu Y, Zeng X, Wang J. NLRP3 inflammasome regulates Th17 differentiation in 

rheumatoid arthritis. Clinical Immunology 2018; 197:154–60. 

182. Mailer RKW, Joly A-L, Liu S, Elias S, Tegner J, Andersson J. IL-1β promotes Th17 differentiation 

by inducing alternative splicing of FOXP3. Sci Rep 2015; 5:14674. 

183. Gutierrez Jauregui R, Fleige H, Bubke A, Rohde M, Weiss S, Förster R. IL-1β Promotes 

Staphylococcus aureus Biofilms on Implants in vivo. Front Immunol 2019; 10:1082. 

184. Thammavongsa V, Kim HK, Missiakas D, Schneewind O. Staphylococcal manipulation of host 

immune responses. Nat Rev Microbiol 2015; 13(9):529–43. 

185. Shimada T, Park BG, Wolf AJ, Brikos C, Goodridge HS, Becker CA et al. Staphylococcus aureus 

evades lysozyme-based peptidoglycan digestion that links phagocytosis, inflammasome activation, and 

IL-1beta secretion. Cell Host Microbe 2010; 7(1):38–49. 

186. Ulland TK, Ferguson PJ, Sutterwala FS. Evasion of inflammasome activation by microbial 

pathogens. J Clin Invest 2015; 125(2):469–77. 

187. Vance RE. Inflammasome activation: how macrophages watch what they eat. Cell Host Microbe 

2010; 7(1):3–5. 

188. Cohen TS, Boland ML, Boland BB, Takahashi V, Tovchigrechko A, Lee Y et al. S. aureus Evades 

Macrophage Killing through NLRP3-Dependent Effects on Mitochondrial Trafficking. Cell Rep 2018; 

22(9):2431–41. 

189. Ganz T, Nemeth E. Regulation of iron acquisition and iron distribution in mammals. Biochim 

Biophys Acta 2006; 1763(7):690–9. 

190. Cassat JE, Skaar EP. Metal ion acquisition in Staphylococcus aureus: overcoming nutritional 

immunity. Semin Immunopathol 2012; 34(2):215–35. 



List of References 

83 

 

191. Friedman DB, Stauff DL, Pishchany G, Whitwell CW, Torres VJ, Skaar EP. Staphylococcus aureus 

redirects central metabolism to increase iron availability. PLoS Pathog 2006; 2(8):e87. 

192. Beasley FC, Vinés ED, Grigg JC, Zheng Q, Liu S, Lajoie GA et al. Characterization of 

staphyloferrin A biosynthetic and transport mutants in Staphylococcus aureus. Mol Microbiol 2009; 

72(4):947–63. 

193. Zhu H, Xie G, Liu M, Olson JS, Fabian M, Dooley DM et al. Pathway for heme uptake from human 

methemoglobin by the iron-regulated surface determinants system of Staphylococcus aureus. J Biol 

Chem 2008; 283(26):18450–60. 

194. Dev S, Babitt JL. Overview of iron metabolism in health and disease. Hemodial Int 2017; 21 Suppl 

1:S6-S20. 

195. Mazmanian SK, Skaar EP, Gaspar AH, Humayun M, Gornicki P, Jelenska J et al. Passage of heme-

iron across the envelope of Staphylococcus aureus. Science 2003; 299(5608):906–9. 

196. Bowden CFM, Chan ACK, Li EJW, Arrieta AL, Eltis LD, Murphy MEP. Structure-function 

analyses reveal key features in Staphylococcus aureus IsdB-associated unfolding of the heme-binding 

pocket of human hemoglobin. J Biol Chem 2018; 293(1):177–90. 

197. Bowden CFM, Verstraete MM, Eltis LD, Murphy MEP. Hemoglobin binding and catalytic heme 

extraction by IsdB near iron transporter domains. Biochemistry 2014; 53(14):2286–94. 

198. Sheldon JR, Heinrichs DE. The iron-regulated staphylococcal lipoproteins. Front Cell Infect 

Microbiol 2012; 2:41. 

199. Zhu H, Li D, Liu M, Copié V, Lei B. Non-heme-binding domains and segments of the 

Staphylococcus aureus IsdB protein critically contribute to the kinetics and equilibrium of heme 

acquisition from methemoglobin. PLoS ONE 2014; 9(6):e100744. 

200. Pishchany G, Dickey SE, Skaar EP. Subcellular localization of the Staphylococcus aureus heme 

iron transport components IsdA and IsdB. Infect Immun 2009; 77(7):2624–34. 

201. Gaudin CFM, Grigg JC, Arrieta AL, Murphy MEP. Unique heme-iron coordination by the 

hemoglobin receptor IsdB of Staphylococcus aureus. Biochemistry 2011; 50(24):5443–52. 

202. Gianquinto E, Moscetti I, Bei O de, Campanini B, Marchetti M, Luque FJ et al. Interaction of 

human hemoglobin and semi-hemoglobins with the Staphylococcus aureus hemophore IsdB: a kinetic 

and mechanistic insight. Sci Rep 2019; 9(1):18629. 

203. Ellis-Guardiola K, Mahoney BJ, Clubb RT. NEAr Transporter (NEAT) Domains: Unique Surface 

Displayed Heme Chaperones That Enable Gram-Positive Bacteria to Capture Heme-Iron From 

Hemoglobin. Front Microbiol 2020; 11:607679. 

204. Sæderup KL, Revsholm J, Richardt PB, Christiansen SH, Hennig D, Moestrup SK et al. Using the 

hemoglobin-binding Staphylococcus aureus protein IsdH to enable plasma analysis of hemolyzed blood 

samples. Clin Chem Lab Med 2019; 57(11):1690–8. 

205. Nishitani K, Ishikawa M, Morita Y, Yokogawa N, Xie C, Mesy Bentley KL de et al. IsdB antibody-

mediated sepsis following S. aureus surgical site infection. JCI Insight 2020. 

206. Krishna Kumar K, Jacques DA, Pishchany G, Caradoc-Davies T, Spirig T, Malmirchegini GR et 

al. Structural basis for hemoglobin capture by Staphylococcus aureus cell-surface protein, IsdH. J Biol 

Chem 2011; 286(44):38439–47. 

207. Torres VJ, Pishchany G, Humayun M, Schneewind O, Skaar EP. Staphylococcus aureus IsdB is a 

hemoglobin receptor required for heme iron utilization. J Bacteriol 2006; 188(24):8421–9. 



List of References 

84 

 

208. Pishchany G, Sheldon JR, Dickson CF, Alam MT, Read TD, Gell DA et al. IsdB-dependent 

hemoglobin binding is required for acquisition of heme by Staphylococcus aureus. J Infect Dis 2014; 

209(11):1764–72. 

209. Allard M, Moisan H, Brouillette E, Gervais AL, Jacques M, Lacasse P et al. Transcriptional 

modulation of some Staphylococcus aureus iron-regulated genes during growth in vitro and in a tissue 

cage model in vivo. Microbes Infect 2006; 8(7):1679–90. 

210. Hurd AF, Garcia-Lara J, Rauter Y, Cartron M, Mohamed R, Foster SJ. The iron-regulated surface 

proteins IsdA, IsdB, and IsdH are not required for heme iron utilization in Staphylococcus aureus. FEMS 

Microbiol Lett 2012; 329(1):93–100. 

211. Choby JE, Buechi HB, Farrand AJ, Skaar EP, Barber MF. Molecular Basis for the Evolution of 

Species-Specific Hemoglobin Capture by Staphylococcus aureus. mBio 2018; 9(6): e01524-18 

212. Pishchany G, McCoy AL, Torres VJ, Krause JC, Crowe JE, Fabry ME et al. Specificity for human 

hemoglobin enhances Staphylococcus aureus infection. Cell Host Microbe 2010; 8(6):544–50. 

213. Cox D, Kerrigan SW, Watson SP. Platelets and the innate immune system: mechanisms of 

bacterial-induced platelet activation. J Thromb Haemost 2011; 9(6):1097–107. 

214. Miajlovic H, Zapotoczna M, Geoghegan JA, Kerrigan SW, Speziale P, Foster TJ. Direct interaction 

of iron-regulated surface determinant IsdB of Staphylococcus aureus with the GPIIb/IIIa receptor on 

platelets. Microbiology (Reading) 2010; 156(Pt 3):920–8. 

215. Pietrocola G, Pellegrini A, Alfeo MJ, Marchese L, Foster TJ, Speziale P. The iron-regulated surface 

determinant B (IsdB) protein from Staphylococcus aureus acts as a receptor for the host protein 

vitronectin. J Biol Chem 2020; 295(29):10008–22. 

216. Zapotoczna M, Jevnikar Z, Miajlovic H, Kos J, Foster TJ. Iron-regulated surface determinant B 

(IsdB) promotes Staphylococcus aureus adherence to and internalization by non-phagocytic human 

cells. Cell Microbiol 2013; 15(6):1026–41. 

217. Zorman JK, Esser M, Raedler M, Kreiswirth BN, Ala'Aldeen DAA, Kartsonis N et al. Naturally 

occurring IgG antibody levels to the Staphylococcus aureus protein IsdB in humans. Hum Vaccin 

Immunother 2013; 9(9):1857–64. 

218. Kuklin NA, Clark DJ, Secore S, Cook J, Cope LD, McNeely T et al. A novel Staphylococcus aureus 

vaccine: iron surface determinant B induces rapid antibody responses in rhesus macaques and specific 

increased survival in a murine S. aureus sepsis model. Infect Immun 2006; 74(4):2215–23. 

219. Raedler MD, Heyne S, Wagner E, Shalkowski SK, Secore S, Anderson AS et al. Serologic assay 

to quantify human immunoglobulin G antibodies to the Staphylococcus aureus iron surface determinant 

B antigen. Clin Vaccine Immunol 2009; 16(5):739–48. 

220. Kim HK, DeDent A, Cheng AG, McAdow M, Bagnoli F, Missiakas DM et al. IsdA and IsdB 

antibodies protect mice against Staphylococcus aureus abscess formation and lethal challenge. Vaccine 

2010; 28(38):6382–92. 

221. Joshi A, Pancari G, Cope L, Bowman EP, Cua D, Proctor RA et al. Immunization with 

Staphylococcus aureus iron regulated surface determinant B (IsdB) confers protection via Th17/IL17 

pathway in a murine sepsis model. Hum Vaccin Immunother 2012; 8(3):336–46. 

222. Harro CD, Betts RF, Hartzel JS, Onorato MT, Lipka J, Smugar SS et al. The immunogenicity and 

safety of different formulations of a novel Staphylococcus aureus vaccine (V710): results of two Phase 

I studies. Vaccine 2012; 30(9):1729–36. 



List of References 

85 

 

223. Moustafa M, Aronoff GR, Chandran C, Hartzel JS, Smugar SS, Galphin CM et al. Phase IIa study 

of the immunogenicity and safety of the novel Staphylococcus aureus vaccine V710 in adults with end-

stage renal disease receiving hemodialysis. Clin Vaccine Immunol 2012; 19(9):1509–16. 

224. Fowler VG, Proctor RA. Where does a Staphylococcus aureus vaccine stand? Clin Microbiol Infect 

2014; 20 Suppl 5:66–75. 

225. Migneault I, Dartiguenave C, Bertrand MJ, Waldron KC. Glutaraldehyde: behavior in aqueous 

solution, reaction with proteins, and application to enzyme crosslinking. BioTechniques 2004; 37: 790-

802 

226. Weng G, Wang E, Wang Z, Liu H, Zhu F, Li D et al. HawkDock: a web server to predict and 

analyze the protein-protein complex based on computational docking and MM/GBSA. Nucleic Acids 

Res 2019; 47(W1):W322-W330. 

227. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC et al. UCSF Chimera-

-a visualization system for exploratory research and analysis. J Comput Chem 2004; 25(13):1605–12. 

228. Berndt C, Schwenn J-D, Lillig CH. The specificity of thioredoxins and glutaredoxins is determined 

by electrostatic and geometric complementarity. Chem Sci 2015:7049–58. 

229. Laskowski RA, Swindells MB. LigPlot+: multiple ligand-protein interaction diagrams for drug 

discovery. J Chem Inf Model 2011:2778–86. 

230. Gregory CA, Rigg GP, Illidge CM, Matthews RC. Quantification of Escherichia coli genomic DNA 

contamination in recombinant protein preparations by polymerase chain reaction and affinity-based 

collection. Anal Biochem 2001; 296(1):114–21. 

231. Viriyakosol S, Tobias PS, Kitchens RL, Kirkland TN. MD-2 binds to bacterial lipopolysaccharide. 

J Biol Chem 2001; 276(41):38044–51. 

232. Baroja-Mazo A, Martín-Sánchez F, Gomez AI, Martínez CM, Amores-Iniesta J, Compan V et al. 

The NLRP3 inflammasome is released as a particulate danger signal that amplifies the inflammatory 

response. Nat Immunol 2014; 15(8):738–48. 

233. Melehani JH, Duncan JA. Inflammasome Activation Can Mediate Tissue-Specific Pathogenesis or 

Protection in Staphylococcus aureus Infection. Curr Top Microbiol Immunol 2016; 397:257–82. 

234. Asmussen A, Fink K, Busch H-J, Helbing T, Bourgeois N, Bode C et al. Inflammasome and toll-

like receptor signaling in human monocytes after successful cardiopulmonary resuscitation. Crit Care 

2016; 20(1):170. 

235. Craven RR, Gao X, Allen IC, Gris D, Bubeck Wardenburg J, McElvania-Tekippe E et al. 

Staphylococcus aureus alpha-hemolysin activates the NLRP3-inflammasome in human and mouse 

monocytic cells. PLoS ONE 2009; 4(10):e7446. 

236. Netea MG, Nold-Petry CA, Nold MF, Joosten LAB, Opitz B, van der Meer JHM et al. Differential 

requirement for the activation of the inflammasome for processing and release of IL-1beta in monocytes 

and macrophages. Blood 2009; 113(10):2324–35. 

237. Martinon F, Gaide O, Pétrilli V, Mayor A, Tschopp J. NALP inflammasomes: a central role in 

innate immunity. Semin Immunopathol 2007; 29(3):213–29. 

238. Guarda G, So A. Regulation of inflammasome activity. Immunology 2010; 130(3):329–36. 

239. Jang H-M, Park J-Y, Lee Y-J, Kang M-J, Jo S-G, Jeong Y-J et al. TLR2 and the NLRP3 

inflammasome mediate IL-1β production in Prevotella nigrescens-infected dendritic cells. Int J Med Sci 

2021; 18(2):432–40. 



List of References 

86 

 

240. Gomes de Morais N, Barreto da Costa T, Bezerra de Lira JM, da Cunha Gonçalves de Albuquerque 

S, Alves Pereira VR, Paiva Cavalcanti M de et al. TLR and NLRP3 inflammasome expression 

deregulation in macrophages of adult rats subjected to neonatal malnutrition and infected with 

methicillin-resistant Staphylococcus aureus. Nutrition 2017; 33:174–80. 

241. Mathelié-Guinlet M, Viela F, Pietrocola G, Speziale P, Dufrêne YF. Nanonewton forces between 

Staphylococcus aureus surface protein IsdB and vitronectin. Nanoscale Adv. 2020. 

242. Malachowa N, Whitney AR, Kobayashi SD, Sturdevant DE, Kennedy AD, Braughton KR et al. 

Global changes in Staphylococcus aureus gene expression in human blood. PLoS ONE 2011; 

6(4):e18617. 

243. Paling FP, Olsen K, Ohneberg K, Wolkewitz M, Fowler VG, DiNubile MJ et al. Risk prediction 

for Staphylococcus aureus surgical site infection following cardiothoracic surgery; A secondary analysis 

of the V710-P003 trial. PLoS ONE 2018; 13(3):e0193445. 

244. McNeely TB, Shah NA, Fridman A, Joshi A, Hartzel JS, Keshari RS et al. Mortality among 

recipients of the Merck V710 Staphylococcus aureus vaccine after postoperative S. aureus infections: 

an analysis of possible contributing host factors. Hum Vaccin Immunother 2014; 10(12):3513–6. 

245. Kolata JB, Kühbandner I, Link C, Normann N, Vu CH, Steil L et al. The Fall of a Dogma? 

Unexpected High T-Cell Memory Response to Staphylococcus aureus in Humans. J Infect Dis 2015; 

212(5):830–8. 

246. Inden K, Kaneko J, Miyazato A, Yamamoto N, Mouri S, Shibuya Y et al. Toll-like receptor 4-

dependent activation of myeloid dendritic cells by leukocidin of Staphylococcus aureus. Microbes Infect 

2009; 11(2):245–53. 

247. Yang Y, Han C, Guo L, Guan Q. High expression of the HMGB1-TLR4 axis and its downstream 

signaling factors in patients with Parkinson's disease and the relationship of pathological staging. Brain 

Behav 2018; 8(4):e00948. 

248. Gellert M, Hossain MF, Berens FJF, Bruhn LW, Urbainsky C, Liebscher V et al. Substrate 

specificity of thioredoxins and glutaredoxins - towards a functional classification. Heliyon 2019; 

5(12):e02943. 

249. Becker S, Frankel MB, Schneewind O, Missiakas D. Release of protein A from the cell wall of 

Staphylococcus aureus. Proc Natl Acad Sci U S A 2014:1574–9. 

250. Mazmanian SK, Skaar EP, Gaspar AH, Humayun M, Gornicki P, Jelenska J et al. Passage of heme-

iron across the envelope of Staphylococcus aureus. Science 2003; 299(5608):906–9. 

251. Schneewind O, Missiakas DM. Staphylococcal Protein Secretion and Envelope Assembly. 

Microbiol Spectr 2019; 7(4). 

252. Tartaglia NR, Nicolas A, Rodovalho VdR, Luz BSRd, Briard-Bion V, Krupova Z et al. 

Extracellular vesicles produced by human and animal Staphylococcus aureus strains share a highly 

conserved core proteome. Sci Rep 2020; 10(1):8467. 

253. Wang X, Koffi PF, English OF, Lee JC. Staphylococcus aureus Extracellular Vesicles: A Story of 

Toxicity and the Stress of 2020. Toxins (Basel) 2021; 13(2). 

254. Liu X, Yin S, Chen Y, Wu Y, Zheng W, Dong H et al. LPS‑induced proinflammatory cytokine 

expression in human airway epithelial cells and macrophages via NF‑κB, STAT3 or AP‑1 activation. 

Mol Med Rep 2018; 17(4):5484–91. 

255. Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol 2014; 5:461. 



List of References 

87 

 

256. Feuerstein R, Seidl M, Prinz M, Henneke P. MyD88 in macrophages is critical for abscess 

resolution in staphylococcal skin infection. J Immunol 2015; 194(6):2735–45. 

257. Biswas SK, Bist P, Dhillon MK, Kajiji T, Del Fresno C, Yamamoto M et al. Role for MyD88-

independent, TRIF pathway in lipid A/TLR4-induced endotoxin tolerance. J Immunol 2007; 

179(6):4083–92. 

258. Proell M, Gerlic M, Mace PD, Reed JC, Riedl SJ. The CARD plays a critical role in ASC foci 

formation and inflammasome signalling. Biochem J 2013; 449(3):613–21. 

259. Thomas PG, Dash P, Aldridge JR, Ellebedy AH, Reynolds C, Funk AJ et al. The intracellular 

sensor NLRP3 mediates key innate and healing responses to influenza A virus via the regulation of 

caspase-1. Immunity 2009; 30(4):566–75. 

260. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H et al. Cleavage of GSDMD by inflammatory 

caspases determines pyroptotic cell death. Nature 2015; 526(7575):660–5. 

261. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H et al. Inflammasome-activated gasdermin D 

causes pyroptosis by forming membrane pores. Nature 2016; 535(7610):153–8. 

262. Zhu X, Zhang K, Lu K, Shi T, Shen S, Chen X et al. Inhibition of pyroptosis attenuates 

Staphylococcus aureus-induced bone injury in traumatic osteomyelitis. Ann Transl Med 2019; 7(8):170. 

263. Hari A, Zhang Y, Tu Z, Detampel P, Stenner M, Ganguly A et al. Activation of NLRP3 

inflammasome by crystalline structures via cell surface contact. Sci Rep 2014; 4:7281. 

264. Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 Inflammasome: An Overview of Mechanisms of 

Activation and Regulation. Int J Mol Sci 2019; 20(13). 

265. Katsnelson MA, Lozada-Soto KM, Russo HM, Miller BA, Dubyak GR. NLRP3 inflammasome 

signaling is activated by low-level lysosome disruption but inhibited by extensive lysosome disruption: 

roles for K+ efflux and Ca2+ influx. Am J Physiol Cell Physiol 2016; 311(1):C83-C100. 

266. Al-Awad D, Al-Emadi N, Abu-Madi M, Al-Thani AA, Zughaier SM. The Role of Soluble Uric 

Acid in Modulating Autophagy Flux and Inflammasome Activation during Bacterial Infection in 

Macrophages. Biomedicines 2020; 8(12). 

267. Piccini A, Carta S, Tassi S, Lasiglié D, Fossati G, Rubartelli A. ATP is released by monocytes 

stimulated withpathogen-sensing receptor ligands and induces IL-1␤ and IL-18 secretion in an autocrine 

way. PNAS 2008; 105(23):8067-8072 

268. Moldovan A, Fraunholz MJ. In or out: Phagosomal escape of Staphylococcus aureus. Cell 

Microbiol 2019; 21(3):e12997. 

269. Jarry TM, Memmi G, Cheung AL. The expression of alpha-haemolysin is required for 

Staphylococcus aureus phagosomal escape after internalization in CFT-1 cells. Cell Microbiol 2008; 

10(9):1801–14. 

270. Chi C-Y, Lin C-C, Liao I-C, Yao Y-C, Shen F-C, Liu C-C et al. Panton-Valentine leukocidin 

facilitates the escape of Staphylococcus aureus from human keratinocyte endosomes and induces 

apoptosis. J Infect Dis 2014; 209(2):224–35. 

271. Castro MAG de, Bunt G, Wouters FS. Cathepsin B launches an apoptotic exit effort upon cell 

death-associated disruption of lysosomes. Cell Death Discov 2016; 2:16012. 

272. McGuire KA, Barlan AU, Griffin TM, Wiethoff CM. Adenovirus type 5 rupture of lysosomes leads 

to cathepsin B-dependent mitochondrial stress and production of reactive oxygen species. J Virol 2011; 

85(20):10806–13. 



List of References 

88 

 

273. Guerra FE, Addison CB, Jong NWM de, Azzolino J, Pallister KB, van Strijp JAG et al. 

Staphylococcus aureus SaeR/S-regulated factors reduce human neutrophil reactive oxygen species 

production. J Leukoc Biol 2016; 100(5):1005–10. 

274. Wang D, Wang H, Gao H, Zhang H, Zhang H, Wang Q et al. P2X7 receptor mediates NLRP3 

inflammasome activation in depression and diabetes. Cell Biosci 2020; 10:28. 

275. Maher BM, Mulcahy ME, Murphy AG, Wilk M, O'Keeffe KM, Geoghegan JA et al. Nlrp-3-driven 

interleukin 17 production by γδT cells controls infection outcomes during Staphylococcus aureus 

surgical site infection. Infect Immun 2013; 81(12):4478–89. 

276. Martinon F, Mayor A, Tschopp J. The inflammasomes: guardians of the body. Annu Rev Immunol 

2009; 27:229–65. 

277. Garlanda C, Dinarello CA, Mantovani A. The interleukin-1 family: back to the future. Immunity 

2013; 39(6):1003–18. 

278. Dinarello CA. Overview of the IL-1 family in innate inflammation and acquired immunity. 

Immunol Rev 2018; 281(1):8–27. 

279. Gresham HD, Lowrance JH, Caver TE, Wilson BS, Cheung AL, Lindberg FP. Survival of 

Staphylococcus aureus inside neutrophils contributes to infection. J Immunol 2000; 164(7):3713–22. 

280. Linder A, Bauernfried S, Cheng Y, Albanese M, Jung C, Keppler OT et al. CARD8 inflammasome 

activation triggers pyroptosis in human T cells. EMBO J 2020; 39(19):e105071. 

281. Arbore G, West EE, Spolski R, Robertson AAB, Klos A, Rheinheimer C et al. T helper 1 immunity 

requires complement-driven NLRP3 inflammasome activity in CD4⁺ T cells. Science 2016; 

352(6292):aad1210. 

282. Ciraci C, Janczy JR, Sutterwala FS, Cassel SL. Control of innate and adaptive immunity by the 

inflammasome. Microbes Infect 2012; 14(14):1263–70. 

283. Gurung P, Kanneganti T-D. Innate immunity against Leishmania infections. Cell Microbiol 2015; 

17(9):1286–94. 

284. Bruchard M, Rebé C, Derangère V, Togbé D, Ryffel B, Boidot R et al. The receptor NLRP3 is a 

transcriptional regulator of TH2 differentiation. Nat Immunol 2015; 16(8):859–70. 

285. Evavold CL, Ruan J, Tan Y, Xia S, Wu H, Kagan JC. The Pore-Forming Protein Gasdermin D 

Regulates Interleukin-1 Secretion from Living Macrophages. Immunity 2018; 48(1):35-44.e6. 

286. Zhao C, Gu Y, Zeng X, Wang J. NLRP3 inflammasome regulates Th17 differentiation in 

rheumatoid arthritis. Clin Immunol 2018; 197:154–60. 

287. Lin L, Ibrahim AS, Xu X, Farber JM, Avanesian V, Baquir B et al. Th1-Th17 cells mediate 

protective adaptive immunity against Staphylococcus aureus and Candida albicans infection in mice. 

PLoS Pathog 2009; 5(12):e1000703. 

288. Lin L, Ibrahim AS, Xu X, Farber JM, Avanesian V, Baquir B et al. Th1-Th17 cells mediate 

protective adaptive immunity against Staphylococcus aureus and Candida albicans infection in mice. 

PLoS Pathog 2009; 5(12):e1000703. 

289. Proctor RA. Challenges for a universal Staphylococcus aureus vaccine. Clin Infect Dis 2012; 

54(8):1179–86. 

290. Karauzum H, Datta SK. Adaptive Immunity Against Staphylococcus aureus. Curr Top Microbiol 

Immunol 2017; 409:419–39.



Supplementary figures 

89 

 

Supplementary Figures 

 

 

Supplementary Figure 1. IsdB stability against glutaraldehyde (GA) for Transmission electron 

microscopy. 

To assess the detrimental effect of glutaraldehyde (GA), 1 µg of IsdB preparation was resolved on a 

12% SDS-PAGE gel under non-reducing conditions and subsequently subjected to Western-Blot (semi-

dry transfer) using nitrocellulose membrane. Blotting was performed at 80 mA, 1 h and 40 min. . Each 

number represents different nitrocellulose stripes containing IsdB that were incubated with different 

concentrations of paraformaldehyde (PA) and GA, depicted in Table 2. 1: 0% PA, 0% GA, 2: 4% PA, 

0% GA, 3: 4% PA, 0.05%, 4: 4% PFA, 0.1%, 5: 4% PFA, 0.2%, 6: 4% PFA, 0.5% GA, 7: 4% PFA, 1% 

GA, M: molecular marker, kD: kilodalton. Chemiluminescent signal was detected with SuperSignalTM 

West Femto Maximum sensitivity substrate, and the image was taken at 15 s of exposure.  
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Supplementary Figure 2. IsdB-induced Interferon α2 (IFN-α2) release in human monocytes 

Primary human monocytes (0.5 x 106 cells/ml) were left untreated or pre-treated with CLI-095 (1 µM) 

for 45 minutes before treatment with either IsdB (10 µg/ml) for additional 24 h. IFN-α2 was measured 

among other proinflammatory cytokines by bead-based multiplex assay. Data are mean ± SD of four 

biological replicates performed in triplicates. Each point represents one donor. One-way ANOVA was 

utilized to determine statistical significance. *p<0.05 represents IsdB vs. untreated cells. ##p<0.01 

represents IsdB vs. IsdB+CLI-095. CLI-095: TLR4 inhibitor. φ represents respective controls or 

unstimulated cells. 

 

 

 

 

 

 

 

 

 

 

 

 IsdB  IsdB
0

2

4

6

8

IF
N


2
 (

p
g
/m

L
)

CLI-095

*

##



List of figures and tables 

91 

 

List of Figures 

Figure 1. TLR signaling pathways ........................................................................................................ 5 

Figure 2. Canonical two-step activation of inflammasome complex ................................................. 10 

Figure 3. Description of the canonical, non-canonical, and alternative inflammasome activation. 11 

Figure 4.  S. aureus activates NLRP3 inflammasome complex. ........................................................ 15 

Figure 5. Isd heme acquisition system of S. aureus. ........................................................................... 18 

Figure 6. IsdB structural domains ....................................................................................................... 19 

Figure 7. SDS-PAGE analysis of purified recombinant his-tag IsdB protein expressed in E. coli. . 41 

Figure 8. IsdB induces the activation of human monocytes in vitro. ................................................. 42 

Figure 9. IsdB induces dose- and time-dependent IL-6 release in human monocytes. ..................... 43 

Figure 10. IsdB is as potent as LPS in inducing IL-6 in human monocytes. .................................... 44 

Figure 11. IsdB induces the release of proinflammatory cytokines other than IL-6 in human 

monocytes .............................................................................................................................................. 45 

Figure 12. A low concentration of LPS does not induce the IsdB-induced IL-6 release. ................. 45 

Figure 13. Genomic DNA contamination did not have any impact on the IL-6 release induced by 

IsdB. ...................................................................................................................................................... 46 

Figure 14. Denaturation of IsdB completely abrogated IL-6 release in human monocytes. ............ 47 

Figure 15. Molecular docking reveals potential binding between IsdB and human TLR4. ............. 49 

Figure 16. IsdB binds to rhTLR4 with high-affinity. .......................................................................... 49 

Figure 17. IsdB induces IL-6 production via TLR4 in human monocytes and murine bone marrow- 

derived dendritic cells (mBMDCs) ....................................................................................................... 50 

Figure 18. The release of proinflammatory cytokines relies on the IsdB-TLR4 interaction. ........... 51 

Figure 19. IsdB-TLR4 interaction recruits adapter protein MyD88. ................................................. 52 

Figure 20. IsdB-TLR4-MyD88 signaling pathway follows NF-κβ for the production of IL-6. ........ 53 

Figure 21. IsdB induces the release of IL-1β via the NLRP3-caspase-1 inflammasome cascade. ... 55 

Figure 22. TLR4-MyD88-NF-κβ axis is indispensable for IsdB-induced IL-1β secretion. .............. 56 

Figure 23. The uptake of IsdB by human monocytes does not influence IL-1β release. .................. 57 

Figure 24. Reactive Oxygen Species (ROS) do not contribute to IL-1β release induced by IsdB ..... 58 

Figure 25. Potassium efflux contributes to NLRP3 activation induced by IsdB ............................... 59 

Supplementary Figure 1. IsdB stability against glutaraldehyde (GA) for Transmission electron 

microscopy……………………………………………………………………………………………..89 

Supplementary Figure 2. IsdB-induced Interferon α2 (IFN-α2) release in human monocytes 

…………………………………………………………………………………………………………90 

 

 

 

List of tables 

Table 1. S. aureus PAMPs recognition by human Toll-like receptors (TLRs) .................................... 7 

Table 2. S. aureus and its ligands, induction and activation of the inflammasome complex ............ 13 

Table 3. Sensitivity of IsdB against glutaraldehyde by Western Blot ................................................. 30 

Table 4. ELISA kits used for determination of cytokines ................................................................... 36 

 



Declaration 

92 

 

Eigenständigkeitserklärung 

Eigenständigkeitserklärung 

(Diese Erklärung ist zu unterschreiben und in die Dissertationen einzubinden.) 

 

 

Hiermit erkläre ich, dass diese Arbeit bisher von mir weder an der Mathematisch-

Naturwissenschaftlichen Fakultät der Universität Greifswald noch einer anderen 

wissenschaftlichen Einrichtung zum Zwecke der Promotion eingereicht wurde. 

Ferner erkläre ich, dass ich diese Arbeit selbstständig verfasst und keine anderen als die darin 

angegebenen Hilfsmittel und Hilfen benutzt und keine Textabschnitte eines Dritten ohne 

Kennzeichnung übernommen habe. 

 

       Unterschrift des*der Promovend*in 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of publications 

93 

 

List of publications 

Izquierdo-González JJ, Amil-Ruiz F, Zazzu S, Sánchez-Lucas R, Fuentes-Almagro CA, Rodríguez-

Ortega MJ. Proteomic analysis of goat milk kefir: Profiling the fermentation- time dependent protein 

digestion and identification of potential peptides with biological activity. Food Chem. 2019, PMID: 

31174782 

JJ Izquierdo Gonzalez, Mohammed Hossain, Thomas P Kohler, Rabea Schlüter, Christopher H 

Lillig, Felix Knauf, Stephan Michalik, Uwe Völker, Silva Holtfreter, Barbara M Bröker, Murthy N 

Darisipudi. Role of IsdB in the innate and adaptive immune response (Manuscript in preparation) 

Abdurrahman G, Pospich R, Steil L, Gesell Salazar M, Izquierdo-González JJ, Normann N, 

Mrochen D, Scharf C, Völker U, Werfel T, Bröker B, Rösner L, Gomez Gascón L. The extracellular 

serine protease (Esp) from Staphyloccus epidermidis elicits a type 2 immune response in atopic 

dermatitis patients (Manuscript) 

Conferences 

2nd International Symposium on Allergy meets Infection, Lübeck, 2018 

1st International Conference of Respiratory Pathogens, ICoRP, Rostock, 2017 

9th Autumn school, Current Concepts in Immunology, Merseburg, 2017 

  

Courses 

Good Clinical Practice (GCP) from ECCRT- Foundational ICH, 2020 

Local Clinical Trial Legislation in Germany from ECCRT- Foundational ICH, 2020 

Animal training course (FELASA-B), 2020 

Development and Application of Vaccines in Global Health, ISGlobal, Universidad de 

Barcelona, 2019 

 

Poster presentation 

Izquierdo-González, Juan José, Gómez-Gascón Lidia, Völker Uwe and Bröker Barbara. 

Human T cell responses against Staphylococcus aureus proteins. 9th Autumn school. Current 

concepts in Immunology. Merseburg, Germany, 2017 

 

 

 

 

 

 

 

 



Acknowledgements 

96 

 

Acknowledgments 

First of all, I would like to thank Prof. Bröker for giving me the opportunity to perform my 

doctoral thesis, for allowing me to write my dissertation at her institute and for her valuable 

guidance during all this time.  

The research presented in this Ph.D. thesis was funded by the European Social Fund, Card-ii-

Omics, ESF/14-BMA55-0037/16 to JJIG. I would like to thank the Card-ii-omics funding 

project for all the support provided during the preparation of the dissertation and all 

experiments. Furthermore, the participation in the Rostock Infective Endocarditis Study 

(RIES), also promoted by Card-ii-omics, enabled me to acquire a wide variety of soft skills. 

I would also like to thank the numerous cooperation partners who made the preparation of this 

thesis possible in the first place. First, I would like to thank Dr. Rabea Schlüter for the electron 

microscopy imaging. I would also like to thank Mohammed Hossain and Dr. Christopher Lilig 

for performing the molecular docking and Dim-Plot analysis in our study that has allowed us 

to continue in the right direction. In addition, I would like to thank Dr. Thomas P. Kohler for 

allowing me to perform the microscale thermophoresis assay to assess the protein-protein 

interaction in our work. Furthermore, I would like to thank Dr. Stephan Michalik for providing 

me the strain to produce the recombinant his-tag IsdB for all our experiments.  

A huge thank you goes to all members of the Bröker working group for the nice years with you, 

the culinary delicacies at the common breakfast, and the common activities outside of work. 

Thanks to Erika, Susi, Carmelina and Maja without whom many things would not be easy, and 

for all the support they have provided during all these years.  

I want also to thank all my laboratory colleagues: Goran, Daniel, Kevin, Liliane, Frieder, 

Nicole, and Vincent, for all these years helping me, not only in the professional environment. 

A special thank you is to Jawad Iqbal for all the good times we shared during our work and the 

continuous support he has provided me on many occasions throughout my doctoral thesis, 

making long days bearable.  

I sincerely appreciate and thank Silva and Dina, and my supervisor during the first two years 

of my thesis, Lidia Gomez Gascón, for all the guidance they have provided me during this time, 

in the development of my thesis and for introducing me into the laboratory in the first months 

of my doctoral thesis.  

Above all, my special thanks go to my supervisor, Dr. VSN Murthy Darisipudi. He never lost 

faith in me despite the circumstances, and he has provided me the best guidance I could ask for, 

not only for writing this dissertation but also for my growth as a scientist and as a person. He 

helped me and made bearable the most difficult experiments and circumstances, pushing me to 

promote my experience and skills, and to surpass my limits, which has finally made it possible 

to submit this thesis. Furthermore, he made me feel very fortunate to have him as my supervisor, 

since thanks to him, this project has become possible, and now we have an exceptional work 

that will be published not only in this dissertation but in further publications as well. Despite 

his extensive workload, he has been intensely involved in my personal and professional 

evolution, despite not being my supervisor at the beginning of this project.  



Acknowledgements 

97 

 

Of course, I want to thank my parents Pedro Jesús Izquierdo and Esther González, and my sister 

Esther Izquierdo, for being all the help I required in my stay here in Germany, during good 

times and hard times, and for always supporting me in furthering my career and for believing 

in me at every stage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


