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ABSTRACT 
 
 

Staphylococcus aureus (S. aureus) is a bacterial pathogen that causes a wide 
range of human disease, from skin infections to invasive endocarditis. Neutrophils are the 
most abundant white blood cell in the human body, and the first line of defense following 
S. aureus infection. Even though neutrophils are equipped with an arsenal of bactericidal 
mechanisms, S. aureus survives neutrophil encounter. The mechanisms used by S. aureus 
to survive neutrophil killing remain unresolved. Previous studies have shown that the S. 
aureus SaeR/S two-component gene regulatory system is essential to survive neutrophil 
killing. Herein, we tested the hypothesis that S. aureus uses SaeR/S-dependent 
mechanisms to reduce neutrophil bactericidal mechanisms. First, we determined that S. 
aureus uses genes under the regulation of SaeR/S to inhibit neutrophil reactive oxygen 
species (ROS) production independent of previously defined mechanisms. Subsequently, 
we helped characterize a novel S. aureus SaeR/S-regulated virulence factor that inhibits 
human myeloperoxidase (MPO) activity to prevent formation of the highly bactericidal 
agent hypochlorous acid. Thus, S. aureus SaeR/S-regulated factors disrupt the neutrophil 
bactericidal mechanism with most efficacy against it, which is killing by oxidative 
mechanisms. We then focused on the role of S. aureus SaeR/S-regulated secreted 
leukocidins on neutrophil ROS production. While S. aureus leukocidins show 
redundancy inducing neutrophil pore formation, we determined that the surface receptors 
engaged by leukocidins induce distinct signaling pathways leading to ROS production. 
We showed that specific kinases are required for the differential production of neutrophil 
ROS induced by the S. aureus leukocidins LukGH and Panton-Valentine leukocidin 
(PVL). Importantly, the signaling pathways induced by S. aureus leukocidins through 
neutrophil surface receptors differ from the signals induced by physiological ligands 
through the same surface receptors. These results suggest S. aureus leukocidins “short-
circuit” neutrophil signals to induce aberrant ROS production. In conclusion, S. aureus 
SaeR/S-regulated factors prevent proper bacterial clearance by disrupting neutrophil ROS 
production. These data provide us with a better understanding of the specific mechanisms 
used by S. aureus to survive neutrophil killing leading to pathogenesis.   
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CHAPTER ONE 

 
INTRODUCTION TO STAPHYLOCOCCUS AUREUS  

AND NEUTROPHILS 

 
Staphylococcus aureus 

 
 Staphylococcus aureus (S. aureus) is a Gram-positive bacterium that causes a 

wide range of disease in humans. The Scottish surgeon Alexander Ogston is credited for 

coining the term Staphylococcus originating from the Greek words staphyle and kokkos, 

meaning “bunch of grapes” and “berry”, respectively (Licitra, 2013; Ogston, 1882b). 

Shortly after in 1884, the German physician Friedrich Julius Rosenbach coined the term 

aureus from the Latin word aurum meaning “gold” due to the color of the bacterial 

colonies on nutrient rich agar (Licitra, 2013). Indeed, early drawings by Ogston clearly 

displayed clusters of grape-shaped bacteria isolated from surgical abscesses and resemble 

recent scanning electron micrographs of S. aureus [Figure 1]. 

 Early on while trying to determine the cause of “blood poisoning” in patients’ 

abscesses, the observation that “micrococci” were also present on the skin of healthy 

individuals did not escape Ogston (Ogston, 1882a). 

It is therefore, it seems to me, permissible to formulate what we know, in words 
like those of Wolff, viz., micro-organisms do not exist in the blood and tissues of 
healthy men. But if they do not exist within, they are present in enormous 
numbers without. They not only rest, but develop on the surfaces of the human 
body. 
 
Once again, Ogston correctly interpreted his observations since S. aureus 
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is a commensal organism that asymptomatically and persistently colonizes about 30% of 

the human population (with up to 60% of the human population intermittently colonized) 

primarily in the anterior nares but also found in the pharynx and external sites like the 

neck, forearm, hands, genital area, and ankles (Graham et al., 2006; Sollid et al., 2014; 

Wertheim et al., 2005). Colonization occurs in healthy individuals but a complex 

interaction of factors appears to influence human susceptibility to S. aureus colonization, 

which include ethnicity, age, gender, and medical conditions such as diabetes, HIV, and 

liver disease (Wertheim et al., 2005). Asymptomatic colonizers can be a reservoir for 

infection, as shown by studies that identified S. aureus nasal colonizing isolates identical 

to isolates in patients with furunculosis and bacteremia (Valentine and Hall-Smith, 1952; 

von Eiff et al., 2001). Yet, studies have questioned whether nasal  

colonization is a risk factor for infection since decolonization with antibiotics                  

have yielded conflicting results with both reported decreases and insignificant changes in 

A B 

Figure 1. Images of S. aureus. A) Drawing by Scottish surgeon Alexander Ogston of 
grape-shaped bacteria likely S. aureus from the surgical site of a patient, 2600x 
magnification [adapted from (Ogston, 1881)]. B) Falsely colored scanning electron 
micrograph of S. aureus isolated from a patient with a vancomycin-resistant strain 
(image credit to the Public Health Image Library). 



3 
 
the rates of infection following decolonization (Coates et al., 2009). The effectiveness of 

S. aureus decolonization is also questioned by high rates of nasal recolonization. 

Additionally, while the anterior nares are the most common site for detection of S. 

aureus, studies have also failed to link nasal colonization with predisposition to skin 

infection (Miller et al., 2009). The failure to reduce S. aureus infection rates as a result of 

nasal decolonization could be attributed to differences in the strains of S. aureus used 

between studies. For example, only 6% of individuals are colonized with healthcare-

associated and methicillin-sensitive S. aureus strains at a site other than the anterior 

nares. This is in contrast to 25% of individuals colonized with community-associated 

methicillin-resistant strains in non-nasal sites (Yang et al., 2010). Thus, different strains 

are likely to inhabit different body sites likely influencing subsequent infection. 

Furthermore, decolonization strategies are hindered by the ability of S. aureus to acquire 

resistance to antibiotics like mupirocin, which is used for elimination of nasal carriage 

(Antonov et al., 2015; Poovelikunnel et al., 2015). Collectively, colonization plays an 

important role in S. aureus pathogenesis but more studies are needed to identify better 

methods to eliminate carriage and to determine if indeed decolonization will prevent 

disease.  

 
Antibiotic Resistance 
 

Staphylococcus aureus is the epitome of antibiotic resistance. In 1928, Dr. 

Alexander Fleming discovered the antibiotic penicillin in agar plates inoculated with S. 

aureus that were allowed to air dry (Fleming, 1929). These plates were contaminated 

with a mold that was first misidentified by Fleming as Penicillium rubrum but later 
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corrected by Charles Thom to Penicillium notatum (Gaynes, 2017). Remarkably, the 

Penicillium mold inhibited the growth of S. aureus and other bacteria by producing 

penicillin [Figure 2]. However, it was not until 1940 when a group from the University of 

Oxford published the first in vivo experiments showing the efficacy of penicillin in 

treating S. aureus infections in mice (Chain et al., 1940). With the advent of the Second 

World War, a furious undertaking to mass-produce penicillin began with the help of the 

United States government. Penicillium chrysogenum was chosen as the strain for mass 

production since it produced six times more penicillin than P. notatum. By the end of 

1943, enough penicillin was available to treat all of the Allied Forces; in contrast, the 

United States had enough penicillin in 1942 to treat fewer than 100 patients (Gaynes, 

2017). 

 

 
 

A B 

Figure 2. The discovery of penicillin by Dr. Alexander Fleming. A) Original 
photograph showing a zone of S. aureus growth inhibition originating from a 
Penicillium colony observed by Fleming. B) The broth from the cultured Penicillium 
mold showed inhibitory action to S. aureus and other bacteria. Images adapted from 
(Fleming, 1929). 
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Penicillin was viewed as a “magic bullet” to treat bacterial infections, but this 

sentiment was short-lived. In his 1945 Nobel Lecture, just three years after the mass 

production of penicillin, Alexander Fleming warned the world about the potential of S. 

aureus to develop resistance to penicillin (Fleming, 1945). 

But I would like to sound one note of warning. Penicillin is to all intents and 
purposes non-poisonous so there is no need to worry about giving an overdose 
and poisoning the patient. There may be a danger, though, in underdosage. It is 
not difficult to make microbes resistant to penicillin in the laboratory by exposing 
them to concentrations not sufficient to kill them, and the same thing has 
occasionally happened in the body. The time may come when penicillin can be 
bought by anyone in the shops. Then there is the danger that the ignorant man 
may easily underdose himself and by exposing his microbes to non-lethal 
quantities of the drug make them resistant. 

  
 By the end of 1944, S. aureus resistance to penicillin was described in the 

literature (Kirby, 1944). By the mid-1950s, penicillin resistant S. aureus strains were 

pandemic (Chambers and Deleo, 2009). To combat the increase in penicillin resistance, 

new penicillin derivatives were synthesized that were immune to the beta-lactamase 

which conferred resistance to penicillin. In 1959, the antibiotic “celbenin”, later called by 

its most common name methicillin, was first introduced and showed bactericidal activity 

towards penicillin-resistant S. aureus (Knox, 1960). By the end of 1960, methicillin-

resistant S .aureus (MRSA) were isolated from England hospitals (Jevons, 1961). To 

date, S. aureus has gained resistance to every antibiotic used against it and the 

mechanisms of resistance to select antibiotics are summarized in Table 1 (Foster, 2017). 

The ability to gain antibiotic resistance has severely hindered our ability to treat S. aureus 

infections, enabled the geographical expansion of resistant strains to cause disease, and 
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represents a major health crisis compounded by a reduction in new antibiotic approvals 

(Ventola, 2015). 

 
Epidemiology 
 

The most recent epidemiological statistics show S. aureus is a leading cause of 

human infectious disease. Annually, S. aureus is responsible for about 600,000 

hospitalizations in the United States (Klein et al., 2017). A multi-state survey of 

healthcare-associated infections, which defined healthcare-associated infections as 1. 

“infections not present or incubating on admission to the survey hospital” or 2. infection 

present on admission due to a surgical procedure performed at the hospital within the 

previous 28 days or 1 year in the case of an implant, identified S. aureus as the second 

leading cause of infection behind Clostridium difficile (C. difficile) (Magill et al., 2014). 

However, while C. difficile infections were strictly limited to gastrointestinal infections, 

S. aureus was the leading cause of healthcare-associated pneumonia and surgical-site 

infections and was also a causative agent of gastrointestinal, urinary tract, and 

bloodstream infections [Figure 3]. 
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Table 1. Select antibiotics used against S. aureus and mechanisms used by S. 
aureus to gain antibiotic resistance. 
Antibiotic Mechanism of action 

against S. aureus 
Mechanism conferring S. 
aureus antibiotic 
resistance 

Penicillin Inhibits cell wall 
synthesis 

Acquisition of blaZ gene 
that encodes beta-lactamase 
to deactivate active site of 
penicillin 

Methicillin Inhibits PBP2, enzyme 
involved in cell wall 
synthesis 

Acquisition of mecA, a 
PBP2 homologue with a 
buried active site 
inaccessible to methicillin 

Vancomycin Inhibits cell wall 
synthesis 

1. Full resistance: 
Acquisition of van gene, 
enzyme able to use D-
lactate instead of D-
alanine in cell wall 
synthesis                          
2. Intermediate resistance: 
Single step mutations 
leading to increased 
thickness of cell wall 
preventing antibiotic from 
reaching its lethal target 

Daptomycin Binds negatively charged 
phosphatidylglycerol 
head groups in cell 
membrane causing 
depolarization, 
permeabilization, and 
leakage of ions 

1. gain-of-function 
mutation in mrpF leading to 
increased production of 
positively charged lysyl-
phosphatidylglycerol to 
repel daptomycin and 
reduce amount of 
negatively charged 
phosphatidylglycerol         
2. Mutations in the Agr 
global regulator lead to 
increased release of 
phospholipids to intercept 
daptomycin before reaching 
its target  
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Antibiotic Mechanism of action 

against S. aureus 
Mechanism conferring S. 
aureus antibiotic 
resistance 

Mupirocin Inhibits protein synthesis 
by preventing charging of 
the isoleucyl tRNA 

1. Mutations leading to 
decrease binding to Ile-
tRNA synthetase                
2. Acquisition of insensitive 
Ile-tRNA synthetase 

Infections caused by S. aureus are not limited to a hospital setting. Community-

associated S. aureus infections, roughly defined as an infection acquired outside of a 

hospital setting or not due to recent medical or surgical procedures, are estimated to be 

four times less likely than hospital-associated infections (Centers for Disease Control and 

Prevention, 2015). Community-associated methicillin-susceptible S. aureus (CA-MSSA) 

infections gradually increased from the 1960s to the 1980s, although exact rates of 

community-associated infections were difficult to determine due to lack of surveillance 

(Chambers, 2001). MRSA infections were largely limited to healthcare settings until the 

1990s when cases of hypervirulent community-associated methicillin-resistant S. aureus 

(CA-MRSA) infecting children and leading to death were first reported in the United 

States (Centers for Disease Control and Prevention (CDC), 1999; Herold et al., 1998). 

The pathology of CA-MRSA infections is most commonly presented as skin and soft-

tissue infections, but can also cause severe invasive infections including necrotizing 

fasciitis, necrotizing pneumonia, osteomyelitis, and thrombosis (Chambers and Deleo, 

2009; Gonzalez et al., 2005a, 2005b; Miller et al., 2005; Nourse et al., 2007).  
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Analysis of the S. aureus strains causing community-associated infections 

suggested a separate clonal lineage from hospital-associated strains (Herold et al., 1998). 

The first wave of CA-MRSA infections in the United States were caused by the USA400 

(MW2) clone, which was the strain responsible for the lethal infection of the children 

mentioned above, and USA300 as determined by pulsed-field gel electrophoresis (PFGE) 

typing (McDougal et al., 2003). In the United States, USA300 is the predominant cause 
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Figure 3. Top causative agents of healthcare-associated infections. C. difficile 
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of CA-MRSA infections (Centers for Disease Control and Prevention, 2015) [Figure 4]. 

The factors responsible for increased pathogenicity by CA-MRSA strains have not been 

fully characterized. In animal models, community-associated S. aureus strains show 

enhanced survival and increased killing of mice compared to hospital-associated strains 

(Li et al., 2009; Voyich et al., 2005). In addition, community-associated strains show a 

propensity for increased survival following neutrophil phagocytosis and increased ability 

to kill neutrophils (Voyich et al., 2005). Several studies have focused on USA300 for its 

enhanced production of virulence factors that target neutrophils for destruction (Li et al., 

2009; Montgomery et al., 2008). Of these secreted virulence factors, the Panton-

Valentine Leukocidin (PVL), covered in more detail in Chapter 4, has garnered attention 

for its positive correlation in severe CA-MRSA infections like necrotizing pneumonia 

(Gillet et al., 2002, 2007). However, studies have questioned its role in causing severe 

infection due to a lack of clear phenotype in mutant PVL S. aureus strains using animal 

models (Bubeck Wardenburg et al., 2007, 2008; Voyich et al., 2006). The identification 

of the C5a receptor as the target for PVL and its specificity for the human receptor in 

comparison to the mouse ortholog C5a receptor may explain the lack of phenotype of S. 

aureus PVL mutant strains in animal models (Spaan et al., 2013). Nonetheless, clear 

determinants for the increase in CA-MRSA infections and their enhanced pathogenicity 

remain elusive.  
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Economic Impact 
 
 S. aureus infections are a tremendous economic burden on the United States 

healthcare system. MRSA infections are estimated to cost the healthcare system up to 

$9.7 billion annually (Klein et al., 2007). The excess cost of treating a MRSA infection 

compared to a MSSA infection is estimated to be up to $35,000 (Klein et al., 2007). A 

study focused on CA-MRSA infections estimated a $2.2 billion annual burden to the 

healthcare system and up to $13.8 billion to society (Lee et al., 2013). These dollar 

amounts do not take into account the human suffering component and the emotional toll 
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Figure 4. S. aureus clones causing infection. The S. aureus USA300 clone causes the 
majority of CA-MRSA infections. In contrast, multiple S. aureus clones cause similar 
nosocomial infection rates. 
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on families. A better understanding of the mechanisms used by S. aureus to cause disease 

will lead to the development of therapeutics and reduce the economic burden. 

 
Neutrophils 

 
 One of the overarching hypotheses behind the enhanced virulence of USA300 and 

other CA-MRSA strains of S. aureus is the ability to circumvent killing by 

polymorphonuclear leukocytes (also known as PMNs or neutrophils). Neutrophils are the 

most abundant leukocytes in the bloodstream of healthy individuals, constituting between 

50-60% of leukocytes (Hsieh et al., 2007). They are characterized by a multi-lobed 

nucleus, hence the name polymorphonuclear, and an abundancy of granules in their 

cytoplasm. They mature from myeloblasts in the bone marrow producing up to 2 x 1011 

cells per day (Borregaard, 2010). Under steady state conditions, the post-mitotic 

maturation phase from metamyelocyte to entrance into the bloodstream (as a neutrophil) 

is estimated to take six days (Dancey et al., 1976). Once exiting the bone marrow, 

neutrophils are estimated to patrol the bloodstream for 13-19 hours before being ingested 

by macrophages (Lahoz-Beneytez et al., 2016; McCracken and Allen, 2014). The proper 

maintenance of neutrophil circulation to health is exemplified by neutropenia, which 

increases susceptibility to infection, and neutrophilia, which causes dyspnea and hypoxia 

(McCracken and Allen, 2014). 
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Microbial Clearance 
 

Recruitment. Neutrophils are the first line of defense following breach of 

epithelial barriers by pathogens such as S. aureus. Studies using mice have shown 

increased neutrophil recruitment near a site of S. aureus infection within 30 minutes 

(Harding et al., 2014). Endothelial cells or resident tissue cells near a site of infection 

recognize foreign organisms through pattern recognition receptors and initiate an acute 

inflammatory cascade that recruits neutrophils. Circulating neutrophils in the bloodstream 

follow a chemokine gradient established on the surface of endothelial cells in a heparan 

sulfate dependent mechanism to hone near the site of infection (Massena et al., 2010). 

Activated endothelial cells express P- and E-selectins to increase neutrophil recruitment 

and bind to glycosylated ligands (for example, P-selectin glycoprotein ligand 1) on the 

neutrophil effectively tethering the neutrophil to the endothelial cells resulting in 

neutrophil rolling. Subsequently, neutrophil movement through the blood vessels is 

arrested by attachment to integrins (Kolaczkowska and Kubes, 2013). Near the site of 

arrest, neutrophils extravasate from the blood vessels through the tight junctions between 

endothelial cells and pericytes arriving closer to the infected tissue (Kolaczkowska and 

Kubes, 2013). During chemotaxis and extravasation, neutrophil surface receptors are 

engaged and signals are relayed in both “inside-out” and “outside-in” signaling pathways 

that initiate and prepare the neutrophil for engagement of a pathogen (Springer and 

Dustin, 2012).  

  
Phagocytosis. Once neutrophils reach the site of infection, S. aureus is engaged 

through immunoglobulin and complement receptors to initiate bacterial ingestion, a 
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process known as phagocytosis (van Kesse et al., 2014). The peptidoglycan cell wall of S. 

aureus is a major site of immunoglobulin binding and complement deposition. Neutrophil 

Fcg receptors bind to immunoglobulins while complement receptor 1 and 3 bind to 

deposited C3b and iC3b on the staphylococcal surface. Opsonins on the surface of S. 

aureus enhance neutrophil engagement leading to phagocytosis and initiate specific 

signaling pathways that mobilize neutrophil granules to the forming phagosome 

containing S. aureus. Immunoglobulin- and complement-independent phagocytic 

pathways exist but these are less defined in relation to S. aureus uptake (Gordon, 2016). 

S. aureus employs mechanisms to inhibit neutrophil phagocytosis and these are covered 

in detail in Chapter 2. 

  
NADPH Oxidase Activation. Neutrophils are equipped with an arsenal of oxidant 

dependent and independent antimicrobial mechanisms (Nauseef, 2007; Segal, 2005). The 

susceptibility of bacteria to oxidant dependent or independent killing mechanisms 

appears to be species specific. For example, Escherichia coli and Pseudomonas 

aeruginosa are highly susceptible to non-oxidative killing mechanisms while S. aureus is 

overwhelmingly susceptible to oxidative killing and resistant to non-oxidative 

mechanisms (Becker et al., 2017; Edwards et al., 1987; McGovern et al., 2011). These 

differences in killing susceptibility are exemplified in the detrimental clinical outcomes 

in patients suffering from chronic granulomatous disease (CGD), which have defective 

production of neutrophil reactive oxygen species (Assari, 2006; Lekstrom-Himes and 

Gallin, 2000; Roos and de Boer, 2014). Patients with CGD suffer from recurring bacterial 

and fungal infections like S. aureus and Aspergillus fumigatus, both highly susceptible to 
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oxidant killing, but not from P. aeruginosa or E. coli (Ben-Ari et al., 2012; Gazendam et 

al., 2016). 

The production of neutrophil reactive oxygen species (ROS) is controlled by 

complex pathways that involve membrane and cytoplasmic proteins, lipid metabolism, 

phosphorylation events, ion fluxes, and short-lived radicals; all requiring temporal and 

spatial accuracy to ensure proper pathogen killing and prevent self-harm from toxic 

oxygen metabolites. The core protein machinery in neutrophils that initiates the formation 

of the superoxide anion from molecular oxygen is the nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase (Segal, 2008). In resting neutrophils, NADPH oxidase 

components are separated in the membrane, cytoplasm, and granules. The membrane 

bound gp91phox and p22phox, collectively termed flavocytochrome b558, are found on the 

neutrophil membrane and the membranes of specific, secretory, and gelatinase granules 

(Borregaard et al., 2007). The trimeric complex of p40phox, p47phox, and p67phox, as well as 

the inactivate GDP-bound Rac2, are found in the cytoplasm (Nunes et al., 2013). 

Recognition of S. aureus, as well as other pathogens, through the engagement of 

immunoglobulin and complement on the surface of S. aureus by Fc receptors and 

complement receptors, respectively, initiates a signaling cascade that recruits the 

cytoplasmic NADPH oxidase components to the membrane bound gp91phox and p22phox. 

Notably, pathogens are not the only activators of NADPH oxidase since cytokines like 

tumor necrosis factor alpha (TNF-a) can also stimulate ROS production (Gao et al., 

2007). 
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 The assembled NADPH oxidase components and the active GTP-bound Rac2 are 

localized to the phagosome containing S. aureus. Cytoplasmic NADPH donates a pair of 

electrons that are shuttled through flavin adenine dinucleotide (FAD) and heme groups in 

gp91phox to molecular oxygen creating superoxide (Winterbourn and Kettle, 2013). 

Superoxide can spontaneously dismutate or react with myeloperoxidase (MPO) to form 

hydrogen peroxide (Kettle et al., 2007). Then, myeloperoxidase catalyzes the conversion 

of hydrogen peroxide to the highly bactericidal hypochlorous acid (HOCl) in the presence 

of chloride (Klebanoff et al., 2013). Computational modeling has estimated HOCl to 

reach the millimolar concentration range in a phagosome devoid of granule proteins 

(Winterbourn et al., 2006). However, the diffusion of HOCl is limited by the proximity to 

MPO and the majority of HOCl is expected to react with host protein methionine and 

cysteine amino acids. Even so, chlorination of S. aureus proteins by human neutrophils is 

detected in vitro suggesting that HOCl has phagosomal bactericidal activity (Chapman et 

al., 2002; Green et al., 2014). The mechanisms by which neutrophil ROS production is 

terminated remain largely unknown but recent studies have characterized oxidant sensing 

proteins that modulate neutrophil function after ROS production and present an 

interesting avenue to investigate termination mechanisms (DeCoursey and Ligeti, 2005; 

Syed Mortadza et al., 2015; Wang et al., 2016). In addition, neutrophil ROS production is 

involved in modulating apoptosis but ROS contribution following phagocytosis-induced 

cell death has yet to be fully characterized (Kebir and Filep, 2013).  
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Sensing the Host by S. aureus 
 
 

 S. aureus is by no means a bystander when neutrophils engage and commence 

their antimicrobial program. Protein sensors in the staphylococcal membrane recognize 

host components that allow S. aureus to mount a survival response (Ji et al., 2015; Yang 

et al., 2012, 2013; Zurek et al., 2014). Among these sensory systems, the S. aureus 

exoprotein expression regulator/sensor (SaeR/S) system stands out for its control of 

virulence factors that are essential to survive neutrophil killing (Voyich et al., 2009). The 

SaeR/S gene regulatory system operon is composed of four genes, saeP, saeQ, saeR, and 

saeS, and was first identified for its regulation of secreted toxins that destroy human 

immune cells (Giraudo et al., 1994, 1996, 1997). SaeR/S is erroneously referred to as a 

two-component system (TCS) since SaeR and SaeS are sufficient for activation of 

downstream gene targets while the roles of SaeP and SaeQ remain unknown (Giraudo et 

al., 1999; Novick, 2003). The SaeS histidine kinase intramembrane sensor is activated by 

human neutrophils and individual neutrophil components including a-defensin and 

hydrogen peroxide (Flack et al., 2014; Geiger et al., 2008; Liu et al., 2015; Zurek et al., 

2014). Based on preliminary studies of SaeS and studies of other regulatory systems, it is 

hypothesized that activation leads to autophosphorylation of SaeS at a conserved 

histidine residue in the C-terminal cytoplasmic domain. The activation signal is relayed 

via phosphorylation from SaeS to SaeR at an aspartate residue. Phosphorylated SaeR 

likely forms a monomer that contains a winged helix-turn-helix module and binds DNA 

at the 5’-TTAAN7TTAA-3’ consensus binding sequence upstream of target genes and 

initiates transcription (Fan et al., 2015; Ko et al., 2016; Liu et al., 2016; Nygaard et al., 
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2010; Sun et al., 2010). Thus, environmental cues signal through the staphylococcal 

membrane via SaeS and SaeR to initiate a response against neutrophils.  

 The SaeR/S regulon controls expression of ~8% of the S. aureus genome (Voyich 

et al., 2009). Gene ontology suggests SaeR/S targets are involved in virulence, 

immunomodulation, metabolism, protein translation and post-translational modifications, 

amino acid and ion transport, proteolysis, and hypothetical proteins. The function of 

many SaeR/S targets remain undefined.  However, SaeR/S-regulated factors involved in 

immune modulation and cell lysis have been the most studied and are covered in more 

detail in Chapter 2 and Chapter 4, respectively.  

SaeR/S is vital for S. aureus to survive neutrophil killing. Previous studies have 

shown that S. aureus have a survival defect upon neutrophil challenge in an SaeR/S-

dependent mechanism (Sward et al., 2018; Voyich et al., 2009). These studies utilized 

isogenic saeR/S mutants in both the USA300 and USA400 CA-MRSA strains. 

Interestingly, wild-type S. aureus shows increased resistance to neutrophil killing within 

30 minutes of exposure compared to the saeR/S mutant. This temporal factor is important 

because neutrophils are still intact at this early time point and thus SaeR/S-regulated 

leukocidins are not expected to play a role in the increased survival. As mentioned 

earlier, S. aureus is especially sensitive to killing by neutrophil reactive oxygen species. 

Yet, the role of S. aureus SaeR/S-regulated factors in modulating neutrophil reactive 

oxygen species production has not been investigated. S. aureus is equipped antioxidant 

mechanisms that include superoxide dismutase, catalase, staphyloxanthin, and 

methionine reductases, but these are not regulated by SaeR/S (Ballal and Manna, 2009; 
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Clauditz et al., 2006; Cosgrove et al., 2007; Hall et al., 2017; Pang et al., 2014). The 

unique SaeR/S-dependent mechanisms used by S. aureus to disrupt neutrophil reactive 

oxygen species production is explored in this dissertation. 

 
Hypothesis 

 
  

Neutrophils produce ROS to kill S. aureus, but S. aureus is resistant to human 

neutrophil killing in a SaeR/S-dependent mechanism. The SaeR/S-dependent 

mechanisms used by S. aureus to survive neutrophil killing following phagocytosis are 

unknown. Herein, we tested the hypothesis that SaeR/S-regulated factors disrupt 

neutrophil reactive oxygen species production to increase S. aureus survival. In Chapter 

3, we show that S. aureus reduces the production of neutrophil hydrogen peroxide and 

hypochlorous acid in a SaeR/S-dependent mechanism. Through an international 

collaboration (Appendix A), we helped characterize the Staphylococcal Peroxidase 

Inhibitor, SPIN, a novel SaeR/S-regulated human specific virulence factor that binds 

human myeloperoxidase and inhibits the conversion of hydrogen peroxide to 

hypochlorous acid.  

 To further explore SaeR/S-dependent mechanisms that may impact reactive 

oxygen species production we next investigated the role of leukocidins. The production 

of leukocidins by S. aureus to lyse immune cells is a hallmark mechanism of 

staphylococcal immune evasion and significantly influenced by SaeR/S. The last ten 

years have greatly advanced our knowledge of leukotoxin-neutrophil interactions by 

identifying the host receptors targeted to cause neutrophil lysis. However, our 
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understanding of the effects of S. aureus leukotoxins on neutrophils outside of lytic 

activity is understudied. In Chapter 4, we hypothesized that leukotoxins regulated by 

SaeR/S induce “outside-in” signaling in neutrophils to disrupt signaling pathways. We 

focused on the production of neutrophil reactive oxygen species in response to secreted 

leukocidins. Our studies show that the S. aureus SaeR/S-regulated secretome induces 

neutrophil reactive oxygen species production in leukotoxin GH- and Panton-Valentine 

Leukocidin-dependent mechanisms. Unexpectedly, leukotoxin GH induced neutrophil 

reactive oxygen species extracellularly while Panton-Valentine Leukocidin induced 

intracellular and extracellular reactive oxygen species production. Data in Chapter 4 

identifies that the signaling pathways dictating the spatial differences in neutrophil 

oxidant production are specific to the type of intoxication. These data define novel 

SaeR/S-dependent mechanisms used by S. aureus to disrupt neutrophil reactive oxygen 

species production. Collectively, studies suggest that SaeR/S-regulated factors are active 

in disrupting every step of neutrophil interaction with S. aureus – initial recognition, 

internalization, reactive oxygen species mediated killing, neutrophil death, and escape 

from within the neutrophil. 
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Supplemental Figure 1. Phagocytosis by human neutrophils is not influenced by SaeR/S-
regulated factors. Percentage of LAC and LACsaeR/S strains ingested by human PMNs 
was calculated using the equation: [(number of ingested bacteria per cell / total number of 
PMN-associated bacteria, bound or ingested)*100]. Results are from 3 separate donors.  
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Supplemental Figure 2. ROS production by S. aureus LAC or LACΔsaeR/S during 
exposure to human neutrophils. Superoxide (O2−), hydrogen peroxide (H2O2) and 
hypohclorous acid (HOCl) production by human neutrophils was measured isoluminol, 
Amplex® Red, and R19-S, respectively. Results are shown as the average change over 
time in 5-minute intervals for each ROS measured and normalized to neutrophils exposed 
to LACΔsaeR/S.  
 

 
 
 
 
 
 
 
 
 
 
 



65 
 

CHAPTER FOUR 

 
STAPHYLOCOCCUS AUREUS LEUKOCIDINS MODULATE 

 
HUMAN NEUTROPHIL REACTIVE OXYGEN 

 
SPECIES PRODUCTION 

 
 

Contribution of Authors and Co-Authors 
 

 
Author: Fermin E. Guerra 
 
Contributions: project design, experimental procedures, analyzed data, figure 
presentation, and wrote manuscript 
 
Co-Author: Kyler B. Pallister 
 
Contributions: experimental procedures 
 
Co-Author: Tyler K. Nygaard 
 
Contributions: experimental procedures 
 
Co-Author: Mark T. Quinn 
 
Contributions: project design, figure presentation, and manuscript writing 
 
Co-Author: Jovanka M. Voyich 
 
Contributions: oversight, project design, data analysis, figure presentation, and 
manuscript writing 

 

 
 
 
 
 
 

 
 



66 
 

Manuscript Information 
 
 

Fermin E. Guerra, Kyler B. Pallister, Tyler K. Nygaard, Mark T. Quinn, and Jovanka M. 
Voyich 
 
Status of Manuscript:  
_X_  Prepared for submission to a peer-reviewed journal 
____ Officially submitted to a peer-reviewed journal 
____ Accepted by a peer-reviewed journal 
_ __  Published in a peer-reviewed journal 

 
 
 
 
 
 
 
 
 
  



67 
 

INTRODUCTION 
 
 

Staphylococcus aureus (S. aureus) is a Gram-positive commensal pathogen that 

causes a wide range of infections in humans, from superficial skin and soft-tissue 

infections to invasive endocarditis, necrotizing fasciitis, and necrotizing pneumonia 

(Miller et al., 2005; Tong et al., 2015).  Over the last twenty years, an epidemiological 

transition in staphylococcal disease occurred, characterized by the emergence of 

community-associated methicillin-resistant S. aureus (CA-MRSA) strains causing 

infections in healthy individuals without predisposing conditions (Centers for Disease 

Control and Prevention (CDC), 1999; Chambers, 2001; Herold et al., 1998). S. aureus 

pulsed-field gel electrophoresis type USA300 emerged as the predominant cause of CA-

MRSA infections in the United States and has also become a leading cause of healthcare-

associated MRSA infections (Centers for Disease Control and Prevention, 2015; Nimmo, 

2012). The factors contributing to the increased incidence of S. aureus USA300 

infections remain unknown. Vaccine development against S. aureus has yet to prove 

successful, and our ability to treat infections is alarmingly limited by the ability of S. 

aureus to rapidly acquire antibiotic resistance (Foster, 2017; Fowler and Proctor, 2014). 

S. aureus is equipped with an arsenal of virulence factors to evade host immune 

responses and destroy immune cells (Guerra et al., 2017; Yoong and Torres, 2013). 

Polymorphonuclear leukocytes, also known as PMNs or neutrophils, are the first line of 

host defense once S. aureus breaches the epithelial barriers and are quickly recruited to 

the site infection (Harding et al., 2014; Kolaczkowska and Kubes, 2013). Neutrophil 

surface receptors engage S. aureus and initiate the process of internalizing the bacterial 
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pathogen in a process termed phagocytosis (van Kesse et al., 2014). Phagocytosis leads to 

the enclosure of S. aureus within a membrane bound structure called the phagosome, 

wherein S. aureus is exposed to an array of antimicrobial peptides, proteins, and reactive 

oxygen species (ROS). For most pathogens, production of these antimicrobial factors 

results in disruption of the bacterial membrane and oxidation and chlorination of essential 

proteins (Green et al., 2014; Winterbourn and Kettle, 2013). However, S. aureus mounts 

a rapid counterattack that initiates with transcriptional upregulation and secretion of 

leukocidins that form pores through the neutrophil plasma membrane, as well as secretion 

of proteins that inhibit neutrophil ROS production (Guerra et al., 2016; Voyich et al., 

2005; Zurek et al., 2014). 

Staphylococcal bi-component leukocidins are essential to neutrophil evasion and 

upregulated  by the SaeR/S and Agr regulatory systems within minutes in response to 

human neutrophils (Flack et al., 2014; Gordon et al., 2013; Voyich et al., 2009; Zurek et 

al., 2014). Each bi-component leukocidin contains an S subunit that recognizes the host 

receptor and subsequently binds the F subunit, which induces pore formation on the host 

cell membrane. Clinically relevant S. aureus strains produce up to five bi-component 

leukocidins: hlgAB, hlgCB, lukSF-PV, lukED, and lukGH (also known as lukAB). The 

mechanism of LukGH binding to its host receptor differs from the other bi-component 

leukotoxins since LukG and LukH heterodimers form in solution before binding to its 

host receptor (Badarau et al., 2015). Each host receptor binding S component shows 

affinity for multiple chemokine or complement receptors (with the exception of LukH) on 

the surface of neutrophils, albeit each S subunit shows preferential binding to one 
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receptor based on binding affinity. On the neutrophil surface, HlgA preferentially binds 

the chemokine receptor CXCR1 (Spaan et al., 2014); HlgC binds the complement 

receptor C5aR (Spaan et al., 2014); LukS-PV preferentially binds C5aR (Spaan et al., 

2013); LukE binds CXCR1 and CXCR2 (Reyes-Robles et al., 2013); LukGH binds to the 

CD11b subunit of complement receptor 3 (DuMont et al., 2013). The bi-component 

leukocidins show high specificity for their human receptor counterparts, with the 

exception of LukED, and has hindered in vivo animal studies to determine the 

contribution of each leukotoxin to staphylococcal pathogenesis.  

While the identification of S. aureus bi-component leukocidin host receptors and 

the mechanisms inducing pore formation have garnered the most attention, less is known 

about the effects leukocidin binding has on host cell signaling. S. aureus bi-component 

leukocidins bind G protein-coupled receptors (GPCRs; CXCR1, CXCR2, and C5aR) and 

the b2 integrin family through binding complement receptor 3, which is a heterodimer 

composed of CD11b/CD18 (Podolnikova et al., 2015; Raghuwanshi et al., 2012; Sarma 

and Ward, 2012). Host-derived ligand binding to these receptors induces signaling 

pathways involved in neutrophil recruitment, priming, bactericidal mechanisms through 

recognition of pathogens and ROS production, and cell death (Fu et al., 2004; Ibrahim et 

al., 2004; Mitchell et al., 2003; Raghuwanshi et al., 2012; Rajagopalan and Rajarathnam, 

2004; Rubel et al., 2001; Zurek et al., 2015). Previous studies have shown NADPH 

oxidase activation downstream of GPCRs and integrin signaling resulting in the 

production of human neutrophil ROS. For example, the CXCR1/CXCR2 ligand 

interleukin-8 (IL-8) induces superoxide production, as well as C5a binding to its cognate 
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C5a receptor (Fu et al., 2004; Ibrahim et al., 2004). CD11b/CD18 is a promiscuous 

receptor with many known ligands binding to the I-domain of CD11b (Balsam et al., 

1998; Mesri et al., 1998; Podolnikova et al., 2015). CD11b ligands have been shown to 

modulate neutrophil ROS production in cooperation with cytokine receptors, and the Src-

family kinases (SFKs) and Syk tyrosine kinases are involved in integrin-mediated 

signaling (Berton et al., 2005; Futosi et al., 2013; Lau et al., 2005; Zhao et al., 2003; 

Zhou et al., 2013).  

Since multiple S. aureus leukocidins bind human neutrophil surface receptors to 

induce pore formation, targeting multiple receptors on the neutrophil surface to induce 

lysis seems like a redundant virulence mechanism. Since GPCR signaling leads to 

activation of phosphoinositide 3-kinase (PI3K) and phospholipases (Futosi et al., 2013), 

leukocidins upregulated in response to neutrophils and neutrophil components may play a 

critical role in neutrophil signaling that leads to ROS production. In neutrophils, PI3K is 

critical to nicotinamide adenine dinucleotide phosphate (NAPDH) oxidase activation by 

regulating the attachment of the cytosolic oxidase components to the plasma or 

phagosome membrane. In resting neutrophils, NADPH oxidase components are separated 

in the membrane, cytoplasm, and granules. The membrane bound gp91phox and p22phox, 

collectively termed flavocytochrome b558, are found on the neutrophil membrane and the 

membranes of specific, secretory, and gelatinase granules (Borregaard et al., 2007). The 

trimeric complex of p40phox, p47phox, and p67phox, as well as the inactivate GDP-bound 

Rac2, are found in the cytoplasm (Nunes et al., 2013). Recognition of S. aureus, as well 

as other pathogens, through the engagement of immunoglobulin and complement on the 
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surface of S. aureus by Fc receptors and complement receptors, respectively, initiates a 

signaling cascade that recruits the cytoplasmic NADPH oxidase components to the 

membrane bound gp91phox and p22phox. Notably, pathogens are not the only activators of 

NADPH oxidase since cytokines like tumor necrosis factor alpha (TNF-a) can also 

stimulate ROS production (Gao et al., 2007). 

Several lines of evidence suggest neutrophil ROS production is crucial for 

clearance of S. aureus. In the clinical setting, the dependence on oxidative killing 

mechanisms to protect against S. aureus is exemplified in patients with chronic 

granulomatous disease (CGD) who have a mutation in one of the NADPH oxidase 

components required for ROS production. Neutrophils from individuals with CGD have 

significant decreases in ROS production and suffer from recurring life-threatening 

infections with S. aureus the leading causative agent (Ben-Ari et al., 2012; Roos and de 

Boer, 2014).  

In the current study, we investigate the impact of leukocidins on human 

neutrophil ROS production. We identify that S. aureus spatially modulates neutrophil 

ROS production and uses LukGH and PVL to disrupt signaling pathways that dysregulate 

extracellular and intracellular ROS production. Surprisingly, we demonstrate that PI3K is 

required for LukGH stimulation of extracellular neutrophil superoxide production, but 

that extracellular ROS induced by PVL primarily utilized a PI3K-independent 

mechanism. Unlike LukGH, PVL also induced robust neutrophil intracellular ROS 

production that was PI3K and Src-family kinases dependent. The implications of PVL, a 

soluble agonist, inducing neutrophil intracellular ROS production are discussed.  These 
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data identify another mechanism used by predominant S. aureus leukocidins to disrupt 

neutrophil function.  

 
RESULTS 

 
 

S. aureus bi-component leukocidins modulate human neutrophil ROS production 

To determine if S. aureus SaeR/S-regulated secreted factors modulate human 

neutrophil ROS production, we exposed neutrophils to S. aureus culture supernatants and 

measured extracellular superoxide and intracellular ROS. Neutrophils exposed to 

supernatants from wildtype S. aureus USA300 produced extracellular superoxide and 

intracellular ROS, while neutrophils exposed to supernatants from a saeR/S isogenic 

knockout mutant (USA300DsaeR/S) lacked a ROS response above the baseline ROS 

[Figure 1A-D]. These results suggested SaeR/S-regulated secreted factors induced both 

an extracellular and intracellular ROS response. To determine the role of secreted S. 

aureus bi-component leukocidins in inducing neutrophil ROS production, we also 

exposed neutrophils to supernatants from three different leukocidin isogenic mutants, 

which have previously been shown to be at least partially regulated by SaeR/S (Zurek et 

al., 2014). Neutrophil extracellular superoxide production was significantly reduced by 

supernatants from USA300DlukGH to a similar extent as neutrophils exposed to the 

supernatants from USA300DsaeR/S, suggesting that neutrophil extracellular superoxide 

was primarily induced by LukGH. In contrast, neutrophils exposed to supernatants from 

USA300Dpvl showed increased extracellular superoxide, suggesting that the presence of 

PVL decreases extracellular superoxide. Interestingly, supernatants lacking Hlg 
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(USA300DhlgABC), which like PVL targets C5aR (Spaan et al., 2015), did not 

differentially influence neutrophil ROS production compared to USA300. Supernatants 

from the recently identified human myeloperoxidase inhibitor, the staphylococcal 

peroxidase inhibitor (SPIN; spn), also did not impact neutrophil ROS production 

compared to USA300 (de Jong et al., 2017).  

These results were inversed when examining neutrophil intracellular ROS 

production. Neutrophils exposed to supernatants from USA300DlukGH showed increased 

intracellular ROS production, whereas they showed decreased extracellular superoxide 

production [Figure 1A-D]. Thus, the presence of LukGH appeared to stimulate neutrophil 

extracellular superoxide while decreasing intracellular ROS. Likewise, supernatants from 

USA300Dpvl decreased neutrophil intracellular ROS while increasing extracellular 

superoxide compared to the wildtype USA300 supernatant. Thus, PVL appeared to 

increase neutrophil intracellular ROS and decrease extracellular superoxide. These results 

were not due to differences in the ability of supernatants to cause neutrophil pore 

formation since they caused equal membrane permeability compared to the wildtype 

[Figure 1E]. However, the role of SaeR/S in modulating leukocidins was clear since it did 

not cause membrane permeability above the baseline.  
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Neutrophil ROS production is distinctly modulated by LukGH and PVL 

Exposure to S. aureus supernatants suggested that LukGH and PVL preferentially 

induced neutrophil extracellular and intracellular ROS, respectively. To test these 

findings, we exposed neutrophils to purified recombinant LukGH (rLukGH) or PVL 

(rPVL) and measured neutrophil extracellular superoxide and intracellular ROS. 

Neutrophils exposed to purified rLukGH showed pronounced extracellular superoxide 

production [Figure 2A,E]. In contrast, neutrophil intracellular ROS production in 

response to LukGH was minimal [Figure 2C,E]. Similarly, neutrophils exposed to PVL 

produced extracellular superoxide [Figure 2B,F], but also produced significant 

intracellular ROS [Figure 2D,F]. By comparing the relative amount of neutrophil 

extracellular superoxide and intracellular ROS during exposure to rLukGH or rPVL from 

the same blood donors, it is evident that LukGH induced more neutrophil extracellular 

superoxide than PVL; however, only PVL induced neutrophil intracellular ROS 

production [Figure 2E-F]. We confirmed these findings by using an intracellular ROS 

fluorescent probe, dihydroethidium, and analyzing neutrophils by flow cytometry [Figure 

Figure 1. S. aureus SaeR/S-regulated secreted factors differentially modulate human 
neutrophil ROS production. A) Representative plot of human neutrophil extracellular 
superoxide production in response to supernatants from USA300 and isogenic 
mutants. B) Area under the neutrophil superoxide peak from 7 neutrophil donors 
normalized to the area from the superoxide response to supernatant from USA300. C) 
Representative plot of human neutrophil intracellular ROS production in response to 
supernatants from USA300 and isogenic mutants. D) Area under the curve from 
neutrophil intracellular ROS production from 8 neutrophil donors and normalized to 
the area under the curve to supernatant from USA300. E) Propidium iodide uptake by 
neutrophils exposed to supernatants from S. aureus from 7 donors. * p < 0.05, ** p < 
0.01, as determined by one-way ANOVA with Dunnett’s multiple comparisons test. 
Column bars display average with standard error of the mean. RLUs, relative light 
units; %PI+, % propidium iodide positive.   
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S1]. Again, only neutrophils exposed to rPVL showed increased intracellular ROS, and 

the concentration of rLukGH that induced the highest neutrophil extracellular superoxide 

production did not induce intracellular ROS. The exposure to rLukGH or rPVL also 

induced neutrophil pore formation, as shown by uptake in propidium iodide and with 

similar EC50 as previously reported [Figure 2G-H] (Janesch et al., 2017). To our 

knowledge, this is the first evidence for a preferential induction of neutrophil intracellular 

ROS by PVL or any other S. aureus bi-component leukocidin. 
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Physiological ligands do not induce the same neutrophil ROS response through the 

receptors targeted by LukGH and PVL  

The complement C5 fragment has previously been reported to induce neutrophil 

ROS production through interaction with the C5aR (Ibrahim et al., 2004). Thus, we 

wanted to determine whether the PVL intracellular ROS response was a general 

mechanism through the C5a receptor, which is also the target receptor for PVL (Spaan et 

al., 2013). Human neutrophils exposed to purified recombinant C5a showed only 

prolonged extracellular superoxide production and lacked intracellular ROS production, 

as opposed to neutrophils exposed to PVL that displayed extracellular superoxide and 

robust intracellular ROS production [Figure 3]. It should be noted that neutrophils 

exposed to rPVL show initial superoxide production that then is quickly halted [Figure 

S2]. Similarly, we decided to determine if physiological ligands of CD11b induced a 

similar neutrophil ROS response as rLukGH. Neutrophils exposed to iC3b or fibrinogen, 

known CD11b ligands that also interact with the I-domain of CD11b required for binding 

of LukGH, did not induce neutrophil extracellular or intracellular ROS [Figure 3] 

(DuMont et al., 2013; Lishko et al., 2004; Ueda et al., 1994). In contrast, rLukGH 

Figure 2. S. aureus leukocidins LukGH and PVL induce distinct neutrophil ROS 
responses. (A) Representative plot of rLukGH-induced neutrophil extracellular 
superoxide production. (B) Representative plot of rPVL-induced neutrophil 
extracellular superoxide production. (C) rLukGH does not induce neutrophil 
intracellular ROS production while rPVL does, as shown in (D). Equal y-axis scale 
between (C) and (D) shows the clear difference in neutrophil intracellular ROS 
induced by rPVL but not rLukGH. (E) and (F) display the relative neutrophil 
extracellular superoxide and intracellular ROS, respectively, in response to rLukGH or 
rPVL from 5 donors. (G) and (H) show the concentration dependent neutrophil plasma 
membrane damage induced by rLukGH and rPVL from 4 or 5 donors, respectively. 
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induced robust neutrophil extracellular superoxide production but not intracellular ROS 

[Figure 3]. Even though iC3b, fibrinogen, and LukGH require the I-domain for binding to 

CD11b, iC3b or fibrinogen did not inhibit rLukGH pore formation [Figure S3]. Human 

MPO, which is suggested to be a CD11b ligand, also did not prevent rLukGH plasma 

membrane damage (Johansson et al., 1997; Lau et al., 2005; Podolnikova et al., 2015). 

Prevention of LukGH pore formation by anti-CD11b monoclonal antibodies was epitope 

specific and only partial, as previously shown (DuMont et al., 2013) [Figure S3]. 
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Figure 3. Physiological ligands to receptors targeted by LukGH and PVL fail to elicit 
similar neutrophil ROS responses. A) The CD11b ligands iC3b or fibrinogen (Fng) do 
not induce neutrophil extracellular superoxide, whereas rLukGH induces extracellular 
superoxide. The C5a receptor ligand rhC5a induces prolonged neutrophil superoxide 
production, whereas rPVL induces a short extracellular superoxide burst. (B) rPVL, 
and to a much lesser extent the membrane permeabilizing agent saponin, induce 
intracellular ROS. (C) Displays the relative neutrophil extracellular superoxide and 
intracellular ROS in response to rLukGH, rPVL, and physiological ligands targeting 
the same receptors as LukGH and PVL. Plots show average responses from 3 separate 
donors with the standard error of the mean. 
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PI3K is required for LukGH and C5a stimulation of neutrophil superoxide production but 

only partially required for PVL-induced neutrophil ROS production 

Since the PI3K phosphorylated lipid products have an important role in regulating 

neutrophil ROS production partially by recruiting p47phox and p40phox to membranes 

through their PX domains, we tested the effect of the general PI3K inhibitor wortmannin 

on neutrophil ROS production in response to rLukGH, rPVL, and rhC5a (Hawkins and 

Stephens, 2015; Kanai et al., 2001; Nunes et al., 2013; Wymann et al., 1996; Zhan et al., 

2002). The neutrophil extracellular superoxide production induced by rLukGH and rhC5a 

was >80% percent inhibited by wortmannin [Figure 4A-B]. However, the neutrophil 

extracellular superoxide production induced by rPVL was only partially inhibited by 

wortmannin, suggesting a significant role for PI3K-independent mechanisms in 

modulating neutrophil superoxide production specifically to PVL. The neutrophil 

intracellular ROS production induced by rPVL was largely dependent on PI3K with 

~90% inhibition in the presence of wortmannin [Figure 4C-D].  

The dichotomous findings in the role of PI3K regulating neutrophil extracellular 

and intracellular ROS production in response to rPVL led us to investigate the role of 

specific class I PI3K isoforms and class III PI3K in neutrophil ROS production. We 

treated neutrophils with specific PI3K isoform inhibitors prior to stimulation with 

rLukGH, rPVL, and rhC5a. As shown in Figure 4E, neutrophil extracellular superoxide 

induced by rLukGH was largely dependent on the class I isoforms PI3Kb and PI3Kg. 

Comparatively, PI3Kd showed a reduced impact and PI3Ka appears to only minimally 

impact extracellular superoxide production induced by rLukGH. The neutrophil 
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extracellular superoxide production induced by rhC5a was also largely dependent on 

PI3Kb and PI3Kg, but PI3Kd was equally important in response to rhC5a. Additionally, 

PI3Ka was partially required for the rhC5a-induced neutrophil extracellular superoxide. 

In contrast, neutrophil superoxide oxide production in response to rPVL was only 

partially dependent on any of the class I PI3K isoforms, which is in congruence with the 

partial effect of wortmannin on PVL-induced neutrophil superoxide production [Figure 

4A-B]. Neutrophil intracellular ROS production induced by rPVL was significantly more 

dependent on class I PI3Kb than the a, d, or g isoforms [Figure 4F]. 

Since previous studies have shown the lone class III PI3K, Vps34, is important 

for intracellular phagosome ROS production in response to S. aureus (Anderson et al., 

2008), we used a Vps34 inhibitor to determine its role inducing neutrophil extracellular 

superoxide and rPVL-induced neutrophil intracellular ROS. As shown in Figure 4G, 

Vps34 did not have a significant role in regulating neutrophil extracellular ROS 

production in response to rLukGH, rPVL, or rhC5a. Likewise, the Vps34 inhibitor 

reduced neutrophil intracellular ROS by only ~20% in response to rPVL [Figure 4H].  
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Modulation of neutrophil ROS by Src family kinases and Syk in response to LukGH, 

PVL, and C5a 

Neutrophil integrin signaling is dependent on Src family kinases (SFKs) and Syk 

while the reliance of GPCRs on SFKs and Syk is less defined (Futosi et al., 2013; Mócsai 

et al., 2003). To further elucidate the signaling pathways required for neutrophil ROS 

production in response to LukGH, PVL, and C5a, we used chemical inhibitors of SFKs 

and Syk. The neutrophil extracellular superoxide response induced by rLukGH and rhC5a 

was highly dependent on SFKs, while the rPVL-induced neutrophil extracellular 

superoxide was unaffected by inhibition of SFKs [Figure 5A]. In contrast, rPVL-induced 

neutrophil extracellular superoxide production was completely dependent on Syk with 

>90% inhibition in the presence of the specific Syk inhibitor PRT-060-318. Syk 

inhibition partially inhibited rLukGH and rhC5a induced neutrophil extracellular 

superoxide. While SFKs were not required for neutrophil extracellular superoxide 

Figure 4. Involvement of PI3K in human neutrophil ROS production to S. aureus 
LukGH, PVL, and C5a. A) Representative plot of neutrophil extracellular ROS 
production and the effect of the PI3K general inhibitor wortmannin. B) The 
inhibitory effect of wortmannin on neutrophil extracellular superoxide in response to 
rLukGH, rPVL, and rhC5a from 4 donors. C) Representative plot of neutrophil 
intracellular ROS production and the effect of wortmannin. D) Percent inhibition of 
wortmannin on neutrophil intracellular ROS in response to rPVL from 4 donors. E) 
Percent inhibition of specific PI3K class I isoform inhibitors on neutrophil 
extracellular superoxide in response to rLukGH, rPVL, and rhC5a from 5 donors. F) 
Percent inhibition of specific PI3K class I isoform inhibitors on neutrophil 
intracellular ROS in response to rPVL from 6 donors. G) Percent inhibition of the 
PI3K class III isoform Vps34 on neutrophil extracellular superoxide production in 
response to rLukGH, rPVL, and rhC5a. H) Percent inhibition of intracellular ROS 
production in response to PVL from 4 donors. * p < 0.05, ** p < 0.01, *** p < 0.001 
as determined by one-way ANOVA with Tukey’s multiple comparisons test. Column 
bars display average with standard error of the mean. 
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production in response to rPVL, SFKs were essential for rPVL-induced neutrophil 

intracellular ROS [Figure 5B]. On the other hand, Syk was only partially required for 

intracellular ROS induced by rPVL. 
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Figure 5. Src family kinases and Syk are involved in neutrophil ROS production in 
response to LukGH, PVL, and C5a. A) Src family kinases (SFKs) are required for 
neutrophil extracellular superoxide induced by rLukGH and rhC5a but not rPVL. In 
contrast, Syk is required for rPVL-induced neutrophil extracellular superoxide but 
only partially required in response to rLukGH and rhC5a. B) SFKs are required for 
neutrophil intracellular ROS induced by rPVL but Syk only partially. Data is from 2 
donors and column bars show the average with the standard error of the mean.    
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DISCUSSION 
 
 

Recent studies have identified the inhibition of neutrophil ROS production as a 

virulence mechanism used by S. aureus to survive neutrophil killing (de Jong et al., 2017; 

Guerra et al., 2016; Sward et al., 2018). S. aureus killing by neutrophils is highly 

dependent on oxidant production, as opposed to other organisms like Pseudomonas 

aeruginosa and Escherichia coli that are susceptible to non-oxidative killing (Becker et 

al., 2017; McGovern et al., 2011). In addition, S. aureus employs strategies to limit 

damage by neutrophil ROS including catalase and superoxide dismutase, as well as the 

antioxidant staphyloxanthin that gives S. aureus its iconic golden pigment (Ballal and 

Manna, 2009; Clauditz et al., 2006; Cosgrove et al., 2007; Hall et al., 2017; Pelz et al., 

2005). Thus, the inhibition and dysregulation of neutrophil ROS production by S. aureus 

is a virulence strategy to circumvent the neutrophil killing mechanisms with most 

efficacy against S. aureus. 

The production of neutrophil reactive oxygen species (ROS) is controlled by 

complex pathways that involve membrane and cytoplasmic proteins, lipid metabolism, 

phosphorylation events, ion fluxes, short-lived radicals, requiring temporal and spatial 

accuracy to ensure proper pathogen killing and prevent self-harm from toxic oxygen 

metabolites. Class I PI3Ks phosphorylate the membrane lipid phosphatidylinositol-4,5-

disphosphate (PtdIns(4,5)P2)) to phosphatidylinositol-3,4,5-trisphosphate 

(PtdIns(3,4,5)P3)). Phosphatase activity converts PtdIns(3,4,5)P3 into PtdIns(3,4)P2 (Luo 

and Mondal, 2015).  The PX domain of the p47phox subunit of NADPH oxidase contains 

two binding pockets involved in attachment to the membrane; one pocket preferentially 
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binds PtdIns(3,4)P2 and the second pocket can bind phosphatidylserine or phosphatidic 

acid (Karathanassis et al., 2002; Nunes et al., 2013). In contrast, the PX domain of the 

p40phox subunit preferentially binds to phosphatidylinositol-3-phosphate (PtdIns(3)P) 

through the class III PI3K Vps34 on phagosomes and this binding is essential for 

intracellular superoxide production in response to phagocytosed S. aureus (Ellson et al., 

2006; Karathanassis et al., 2002; Suh et al., 2006). Activation through GPCRs also 

activates phospholipase C to hydrolyze PtdIns(4,5)P2 into diacylglycerol and inositol-

1,4,5-trisphosphate (Ins(1,4,5)P3). Diacylglycerol is the physiological activator of protein 

kinase C and its phosphorylation on p47phox activates NADPH oxidase activity (El Benna 

et al., 1996; Madani et al., 2001; Nguyen et al., 2017; Suh and Hille, 2005). Ins(1,4,5)P3 

induces the release of intracellular calcium stores and intake of extracellular calcium, 

which is required protein kinase C activation, assembly of NADPH oxidase and sustained 

superoxide production (El Chemaly et al., 2010; Lipp and Reither, 2011; Nunes et al., 

2013).  

Few studies have shown that S. aureus secreted products have activating 

properties towards neutrophils including upregulation of CD11b, priming, neutrophil 

extracellular trap formation, ROS production, and calcium mobilization (Colin and 

Monteil, 2003; König et al., 1995; Malachowa et al., 2013; Schmitz et al., 1997; Spaan et 

al., 2013; Veldkamp et al., 1997). Since S. aureus is sensitive to neutrophil ROS 

production, we hypothesized leukocidins secreted by S. aureus could directly activate 

neutrophil ROS production as a virulence strategy. Indeed, we demonstrated that 

exposure of neutrophils to S. aureus secreted products stimulated neutrophil ROS 
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production in a SaeR/S-dependent mechanism. Exposure of neutrophils to supernatants 

from specific isogenic mutants suggested the neutrophil ROS response was differentially 

modulated by LukGH and PVL. Neutrophils exposed to purified LukGH produced 

extracellular superoxide but no detectable intracellular ROS. The inhibition of PI3Ks by 

wortmannin showed that phosphatidylinositol lipid signaling was required for neutrophil 

extracellular superoxide in response to LukGH. Since “outside-in” signaling through 

integrins requires Src-family kinases (SFKs) and Syk tyrosine kinase, we used chemical 

inhibitors of these kinases to further elucidate the signaling pathways downstream of 

LukGH binding to the CD11b/CD18 integrin (Futosi et al., 2013; Mócsai et al., 2006). 

The neutrophil extracellular superoxide induced by LukGH required SFKs and to a lesser 

extent Syk (Figure 6). Importantly, the stimulation through CD11b was specific to 

LukGH since the physiological ligands fibrinogen and iC3b did not induce extracellular 

superoxide. 

Surprisingly, purified PVL induced both neutrophil extracellular superoxide and 

intracellular ROS (Figure 3). In contrast to LukGH, neutrophil extracellular superoxide 

production induced by PVL was largely PI3K-independent since PI3K inhibition with 

wortmannin did not abolish extracellular superoxide. Furthermore, neutrophil 

extracellular superoxide did not require SFKs but fully required Syk activity. The 

magnitude of extracellular superoxide induced by LukGH is consistently greater than that 

induced by PVL. Our data suggest LukGH uses two diverging signaling pathways, an 

SFK-Syk-dependent and SFK-dependent/Syk-independent, to induce extracellular 

superoxide. The combinatorial effect of these two pathways could explain the higher 
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extracellular superoxide induced by LukGH compared to PVL, which only depends on a 

Syk-dependent pathway. Unlike LukGH, PVL induced robust neutrophil intracellular 

ROS production, which was unexpected since PVL is a soluble protein and intracellular 

ROS is associated with particulate phagosome formation. Interestingly, the signaling 

pathway required for PVL-induced neutrophil intracellular ROS production mimicked 

that of LukGH-induced extracellular superoxide formation; that is, SFKs and PI3K 

(primarily through the PI3Kb isoform) were required while Syk was partially required. 

This latter finding is interesting since GPCR activation through Syk is a controversial 

area of study (Mócsai et al., 2003). Even though C5a and PVL signal through C5aR, they 

elicit spatially different ROS production in neutrophils. Neutrophil stimulation with C5a 

only induced extracellular superoxide production, which similar to LukGH required 

SFKs and to a lesser extent Syk. This further supports a novel role for Syk in human 

neutrophil GPCR signaling through C5aR.  

Our results begin to unravel additional effects of S. aureus leukocidins on human 

neutrophils. S. aureus leukocidins display redundancy in neutrophil pore-formation, but 

they do not show redundancy inducing neutrophil signaling pathways. LukGH induction 

of neutrophil extracellular ROS production directly through the aMb2 integrin 

(CD11b/CD18) opposes the activity of physiological CD11b/CD18 ligands, which are 

shown to inhibit NADPH oxidase activation in the absence of a co-stimulatory signal 

(Zhao et al., 2003). We were able to confirm that the physiological CD11b/CD18 ligand 

fibrinogen inhibits spontaneous neutrophil superoxide production (data not shown). To 

our knowledge, only myeloperoxidase (MPO) has previously been shown to induce 
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neutrophil extracellular superoxide production directly through CD11b (Lau et al., 2005). 

In our studies, MPO did not inhibit LukGH pore formation in neutrophils suggesting that 

MPO and LukGH bind different sites on CD11b or that LukGH can displace MPO from 

CD11b (Figure S3). Future studies will determine if MPO induces neutrophil 

extracellular superoxide production under our assay conditions. Additionally, our data 

does not rule out the possibility of LukGH using other receptors to induce signaling or 

pore formation since anti-CD11b antibodies and CD11b physiological ligands showed 

poor ability to inhibit LukGH pore formation (Figure S3).       

The neutrophil non-phagosomal intracellular ROS induced by PVL is of particular 

interest since the signaling pathway differs from that of C5a, even though PVL and C5a 

share the same binding receptor. This suggests that other receptors are involved in PVL-

neutrophil interaction. A recent study using a CRISPR-Cas9 library screen in U937 cells 

confirmed C5aR is needed for PVL-induced cytotoxicity (Tromp et al., 2018). 

Surprisingly, PTPRC (CD45) was a higher cytotoxic hit than C5aR. CD45 is a leukocyte 

specific receptor-like protein phosphatase better known for its role in T and B cell 

activation. Interestingly, CD45 can activate SFKs that subsequently activate Syk. Thus, 

the signal crosstalk by PVL-C5aR(GPCR)-CD45(SFKs/Syk) will be further investigated 

since SFK activity is essential for PVL-induced intracellular ROS.  

Collectively, non-phagosomal intracellular ROS production induced in 

neutrophils by a S. aureus secreted toxin may be an ideal mechanism to prevent proper 

staphylococcal clearance. By secreting PVL, S. aureus potentially “short-circuits” 

neutrophil signaling to prematurely activate the NADPH oxidase components 
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intracellularly before phagocytosis of S. aureus. The extracellular superoxide production 

induced by PVL is potentially a general mechanism induced through C5aR signaling 

since C5a also induces neutrophil extracellular superoxide production. But, why 

preferential induction of intracellular and not extracellular ROS? Under our assay 

conditions, neutrophil intracellular ROS production is luminol-based, which is dependent 

on MPO. Azurophilic (primary) granules contain MPO and are spatially separated from 

secondary granules that contain gp91phox/p22phox. Our results suggest PVL induces 

primary and secondary granule fusion expending cellular antimicrobial resources prior to 

S. aureus phagocytosis, thus potentially reprogramming neutrophil fate to favor pathogen 

survival. Current studies using immunofluorescence are underway to analyze neutrophil 

granule localization in response to PVL. The robust neutrophil intracellular ROS induced 

by PVL is also likely to activate antioxidant mechanisms. This is supported by published 

data showing upregulation of the nuclear factor erythroid 2-related factor (Nrf2) related 

genes in response to PVL (Graves et al., 2012). Nrf2 is a cytoplasmic redox sensing 

transcription factor activated by oxidative stress, and ongoing studies are investigating its 

role in altering neutrophil cell death during PVL-induced intracellular ROS production 

(Ma, 2013).           

In conclusion, S. aureus secreted leukocidins not only bind neutrophil surface 

receptors to induce pore formation but also to induce distinct signaling pathways that 

differ from signaling pathways induced by physiological ligands (Figure 6). The 

signaling pathways induced by S. aureus leukocidins are likely a virulence mechanism to 

prematurely activate neutrophil antimicrobial mechanisms prior to phagocytosis. Thus, 
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neutrophil reactive oxygen species production, which is the primary bactericidal 

mechanism used by neutrophils to kill S. aureus, is disrupted and likely contributes to 

altered neutrophil fate ultimately leading to S. aureus immune evasion and survival.        

  

 

 
 

 

Figure 6. LukGH, PVL, and C5a neutrophil signaling leading to ROS production. The 
color of the arrows corresponds to the ligand. For example, LukGH (colored blue) 
requires PI3K and Src-family kinases (SFKs) to induce extracellular ROS (eROS). 
Question marks signify unknown mechanisms and future studies. iROS, intracellular 
ROS. 
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MATERIALS AND METHODS 

Bacterial strains and supernatants 
 
 

Wildtype S. aureus pulsed-field gel electrophoresis-type USA300 (Diep et al., 

2006), and isogenic mutant USA300DsaeR/S, USA300Dpvl, were generated previously 

(Voyich et al., 2006, 2009).  USA300DlukGH, USA300DhlgABC, USA300Dspn, and the 

USA300DlukGH with a lukGH complemented plasmid (USA300DlukGH comp.) were 

generated for this study using previously published methods (Nygaard et al., 2012). All 

strains were grown in tryptic soy broth supplemented with 0.5% glucose and harvested at 

mid-exponential growth, as described previously (Nygaard et al., 2010; Voyich et al., 

2005; Zurek et al., 2014). Bacteria were opsonized in Dulbecco’s phosphate buffered 

saline (DPBS) containing 50% human serum for 30 minutes, 37°C, with intermittent 

shaking. Human serum was removed after centrifugation, bacteria were washed once 

with DPBS by centrifugation, and the remaining opsonized bacterial pellets were 

resuspended in RPMI 1640. Opsonized bacteria were diluted to 1x107 CFUs/mL in 600 

µL RPMI final volume in 24-well serum-coated plates. Bacterial cultures were collected 

after incubating for 5 hours, 37°C, 5% CO2, and supernatants were harvested by sterile-

filtration (0.2 µm). Sterile-filtered supernatants were diluted 1:3 and were used 

immediately or stored undiluted at -80°C until use.  

 
 
 
 
 
 



95 
 
Human neutrophil isolation and ROS assays 
 
 

Heparinized venous blood from healthy volunteers was collected in accordance 

with a protocol approved by the Institutional Review Board for Human Subjects at 

Montana State University. All donors provided written consent to participate in the study. 

Neutrophils were isolated under endotoxin-free conditions (< 25 pg/mL) by erythrocyte 

sedimentation with dextran and neutrophil sedimentation with Ficoll-Paque PLUS, as 

previously described, and resuspended in RPMI at 1x107 neutrophils/mL (Voyich et al., 

2005, 2009). For all neutrophil ROS assays, the same ROS probe staining procedures 

were followed as described below. Neutrophil extracellular superoxide production was 

measured with cell-impermeable, superoxide dismutase-inhibitable Diogenes (National 

Diagnostics, Atlanta, GA, USA) following the manufacturer’s protocol. Briefly, purified 

neutrophils were diluted 1:2 with Diogenes for 15 minutes, 4°C, in the dark. For 

intracellular ROS production, neutrophils were diluted 1:2 with 400 µM luminol (Sigma-

Aldrich, St. Louis, MO, USA) for 15 minutes, 4°C, in the dark. For intracellular ROS 

detection with dihydroethidium (DHE; Thermo Fisher Scientific, Waltham, MA, USA), 

purified neutrophils were diluted 1:2 with 40 µM DHE for 15 minutes, 4°C, in the dark. 

After staining, 100 µL (5x105 neutrophils) of stained neutrophils were loaded into 

plasma-coated 96-well plates. For intracellular ROS detection with luminol and DHE, 

neutrophils were supplemented with 500 U/mL each of superoxide dismutase (Sigma-

Aldrich) and catalase (MilliporeSigma, Burlington, MA, USA) to neutralize extracellular 

superoxide and hydrogen peroxide, respectively. After adding inhibitors and stimulants, 

as described below, Diogenes or luminol stained neutrophils were placed in a 37°C 
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heated SpectraMax Paradigm Multi-Mode Microplate Reader (Molecular Devices, 

Sunnyvale, CA, USA) and chemiluminescence was measured in 30 second or minute 

intervals for specified times. For DHE intracellular ROS detection, neutrophils were 

analyzed by flow cytometry in a BD FACSCalibur (BD Biosciences, San Jose, CA, USA) 

at the specified time.  

 
Neutrophil intoxication 
 
 

Neutrophils stained with Diogenes and luminol as described above were 

stimulated with sterile-filtered bacterial supernatants (diluted 1:3). Neutrophil ROS 

production by chemiluminescence was measured every 30 seconds for 30 minutes. 

Purified recombinant LukGH and the PVL subunits LukF-PV and LukS-PV were 

acquired from IBT Bioservices (Rockville, MD, USA). Equimolar concentrations of 

LukF-PV and LukS-PV were mixed to form functional LukSF-PV leukocidin (PVL). 

LukGH, PVL, fibrinogen (MilliporeSigma, Burlington, MA, USA), iC3b (Quidel, San 

Diego, CA, USA), recombinant human C5a (R&D Systems), or saponin 

(MilliporeSigma, Burlington, MA, USA) were added to probe stained neutrophils and 

chemiluminescence was measured in 1-minute intervals for 90 minutes.  The area under 

the curve for each condition was integrated to calculate total ROS production. 

Neutrophils were exposed to propidium iodide and analyzed by flow cytometry to 

determine cell membrane permeability, as previously described (Flack et al., 2014).  
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CD11b neutralization  
 
 

Neutrophils were incubated with monoclonal anti-CD11b clone LM2/1 (Thermo 

Fisher Scientific), clone ICRF44 (BioLegend, San Diego, CA, USA), isotype control 

(BioLegend), iC3b, fibrinogen, or human myeloperoxidase (R&D Systems, Minneapolis, 

MN, USA) at specified concentrations for 30 minutes at 4°C. Then, neutrophils were 

exposed to 5 nM LukGH for 1 hour at 37°C, 5% CO2. Following incubation, neutrophil 

cell permeability was analyzed by propidium iodide uptake with flow cytometry (Flack et 

al., 2014).  

 
Neutrophil inhibition of PI3K, Src family kinases, and Syk 
 
 

Following loading with Diogenes or luminol, neutrophils were incubated for 15 

minutes at 4°C, in the dark with 100 nM wortmannin, or 500 nM A-66, or 500 nM TGX-

221, or 100 nM PI-3065, or 500 nM AS-605240, or 1 µM SAR405 (all from Cayman 

Chemical Company, Ann Arbor, MI, USA). Amount and exposure time was based on 

concentrations used in published studies that demonstrated inhibition of PI3K and 

specific isoforms (Anderson et al., 2008; Essig et al., 2017; Jamieson et al., 2011; 

Kobayashi et al., 2011; Pittini et al., 2016). To inhibit Src family kinases or Syk activity, 

neutrophils were preincubated with 10 µM PP2 or 1 µM PRT-060318, respectively (both 

from Selleckchem, Houston, TX, USA) for 15 minutes at 4°C, in the dark (Fumagalli et 

al., 2013; Reilly et al., 2011). Subsequently, neutrophils were stimulated as described 
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above and the area under the curve for each condition was integrated to calculate total 

ROS production. 

 

Statistical procedures 
 
 

Statistical analyses were performed using GraphPad Prism version 7.0a 

(GraphPad Software, La Jolla, CA, USA) with t tests and ANOVA as indicated. Error 

bars represent the standard error of the mean. 
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SUPPLEMENTAL FIGURES 
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Figure S1. Neutrophil intracellular ROS production detected with 
dihydroethidium. Only neutrophils exposed to rPVL produce intracellular 
ROS. Lower concentrations of rPVL (0.313 nM) induce extracellular 
superoxide production, which under our conditions does not leak into the 
neutrophil to react intracellularly. Data is from 4 donors. * p < 0.05, as 
determined by one-way ANOVA with Tukey’s multiple comparisons test. 
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Figure S2. Magnification of Figure 3A to show extracellular superoxide 
induced by rPVL. Neutrophil superoxide production induced by PVL is 
consistently lower than the superoxide production induced by LukGH. 
RLUs, relative light units.   



101 
 
 

 

 

 

 

U
n

st
im

u
la

te
d

M
ed

ia
 c

o
n

tr
o

l
10

 u
g

/m
L 

L
M

2/
1

10
 u

g
/m

L 
IC

R
F

44
10

u
g

/m
L 

Is
o

ty
p

e 
C

tr
l

40
 n

M
 iC

3b
20

 n
M

 iC
3b

10
 n

M
 iC

3b
5 

n
M

 iC
3b

10
0 

n
M

 M
P

O
50

 n
M

 M
P

O
25

 n
M

 M
P

O
12

.5
 n

M
 M

P
O

5 
u

M
 F

n
g

2.
5 

u
M

 F
n

g
1.

25
 u

M
 F

n
g

0.
62

5 
u

M
 F

n
g

0
10
20
30
40
50
60
70
80
90

100
%

P
I+

 n
eu

tr
op

hi
ls

Neutrophils with 5 nM rLukGH
Figure S3. CD11b ligands do not inhibit LukGH-induced neutrophil cell 
membrane permeability. Anti-CD11b clones LM2/1 and ICRF44 target 
different CD11b epitopes.    



102 
 

REFERENCES CITED 
 
 

Anderson, K. E., Boyle, K. B., Davidson, K., Chessa, T. A. M., Kulkarni, S., Jarvis, G. 
E., et al. (2008). CD18-dependent activation of the neutrophil NADPH oxidase 
during phagocytosis of Escherichia coli or Staphylococcus aureus is regulated by 
class III but not class I or II PI3Ks. Blood 112, 5202–5211. doi:10.1182/blood-2008-
04-149450. 

 
Badarau, A., Rouha, H., Malafa, S., Logan, D. T., Ha??kansson, M., Stulik, L., et al. 

(2015). Structure-function analysis of Heterodimer Formation, oligomerization, and 
receptor binding of the staphylococcus aureus bi-component toxin LukGH. J. Biol. 
Chem. 290, 142–156. doi:10.1074/jbc.M114.598110. 

 
Ballal, A., and Manna, A. C. (2009). Regulation of superoxide dismutase (sod) genes by 

SarA in Staphylococcus aureus. J. Bacteriol. 191, 3301–10. doi:10.1128/JB.01496-
08. 

 
Balsam, L. B., Liang, T. W., and Parkos, C. a (1998). Functional mapping of 

CD11b/CD18 epitopes important in neutrophil-epithelial interactions: a central role 
of the I domain. J. Immunol. 160, 5058–5065. 

 
Becker, K. A., Li, X., Seitz, A., Steinmann, J., Koch, A., Schuchman, E., et al. (2017). 

Neutrophils Kill Reactive Oxygen Species-Resistant Pseudomonas aeruginosa by 
Sphingosine. Cell. Physiol. Biochem. 43, 1603–1616. doi:10.1159/000482024. 

 
Ben-Ari, J., Wolach, O., Gavrieli, R., and Wolach, B. (2012). Infections associated with 

chronic granulomatous disease: linking genetics to phenotypic expression. Expert 
Rev. Anti. Infect. Ther. 10, 881–94. doi:10.1586/eri.12.77. 

 
Berton, G., Mócsai, A., and Lowell, C. A. (2005). Src and Syk kinases: Key regulators of 

phagocytic cell activation. Trends Immunol. 26, 208–214. 
doi:10.1016/j.it.2005.02.002. 

 
Borregaard, N., Sørensen, O. E., and Theilgaard-Mönch, K. (2007). Neutrophil granules: 

a library of innate immunity proteins. Trends Immunol. 28, 340–345. 
doi:10.1016/j.it.2007.06.002. 

 
Centers for Disease Control and Prevention (2015). Active Bacterial Core Surveillance 

Report, Emerging Infections Program Network, MethicillinResistant Staphylococcus 
aureus, 2015. 

 
 
 



103 
 
Centers for Disease Control and Prevention (CDC) (1999). Four pediatric deaths from 

community-acquired methicillin-resistant Staphylococcus aureus — Minnesota and 
North Dakota, 1997-1999. MMWR. Morb. Mortal. Wkly. Rep. 48, 707–10.   

 
Chambers, H. F. (2001). The changing epidemiology of Staphylococcus aureus? Emerg. 

Infect. Dis. 7, 178–182. doi:10.3201/eid0702.700178. 
 
 
Clauditz, A., Resch, A., Wieland, K.-P., Peschel, A., and Gotz, F. (2006). 

Staphyloxanthin Plays a Role in the Fitness of Staphylococcus aureus and Its Ability 
To Cope with Oxidative Stress. Infect. Immun. 74, 4950–4953. 
doi:10.1128/IAI.00204-06. 

 
Colin, D. A., and Monteil, H. (2003). Control of the Oxidative Burst of Human 

Neutrophils by Staphylococcal Leukotoxins Control of the Oxidative Burst of 
Human Neutrophils by Staphylococcal Leukotoxins. Infect. Immun. 71, 3724–3729. 
doi:10.1128/IAI.71.7.3724. 

 
Cosgrove, K., Coutts, G., Jonsson, I.-M., Tarkowski, A., Kokai-Kun, J. F., Mond, J. J., et 

al. (2007). Catalase (KatA) and alkyl hydroperoxide reductase (AhpC) have 
compensatory roles in peroxide stress resistance and are required for survival, 
persistence, and nasal colonization in Staphylococcus aureus. J. Bacteriol. 189, 
1025–35. doi:10.1128/JB.01524-06. 

 
de Jong, N. W. M., Ramyar, K. X., Guerra, F. E., Nijland, R., Fevre, C., Voyich, J. M., et 

al. (2017). Immune evasion by a staphylococcal inhibitor of myeloperoxidase. Proc. 
Natl. Acad. Sci. U. S. A. 114, 9439–9444. doi:10.1073/pnas.1707032114. 

 
Diep, B. A., Gill, S. R., Chang, R. F., Phan, T. H., Chen, J. H., Davidson, M. G., et al. 

(2006). Complete genome sequence of USA300, an epidemic clone of community-
acquired meticillin-resistant Staphylococcus aureus. Lancet 367, 731–9. 
doi:10.1016/S0140-6736(06)68231-7. 

 
DuMont, A. L., Yoong, P., Day, C. J., Alonzo, F., McDonald, W. H., Jennings, M. P., et 

al. (2013). Staphylococcus aureus LukAB cytotoxin kills human neutrophils by 
targeting the CD11b subunit of the integrin Mac-1. Proc. Natl. Acad. Sci. U. S. A. 
110, 10794–9. doi:10.1073/pnas.1305121110. 

 
El Benna, J., Faust, R. P., Johnson, J. L., and Babior, B. M. (1996). Phosphorylation of 

the respiratory burst oxidase subunit p47phox as determined by two-dimensional 
phosphopeptide mapping. Phosphorylation by protein kinase C, protein kinase A, 
and a mitogen-activated protein kinase. J. Biol. Chem. 271, 6374–8. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/8626435 [Accessed October 6, 2014]. 

 



104 
 
El Chemaly, A., Okochi, Y., Sasaki, M., Arnaudeau, S., Okamura, Y., and Demaurex, N. 

(2010). VSOP/Hv1 proton channels sustain calcium entry, neutrophil migration, and 
superoxide production by limiting cell depolarization and acidification. J. Exp. Med. 
207, 129–39. doi:10.1084/jem.20091837. 

 
Ellson, C. D., Davidson, K., Ferguson, G. J., O’Connor, R., Stephens, L. R., and 

Hawkins, P. T. (2006). Neutrophils from p40phox-/- mice exhibit severe defects in 
NADPH oxidase regulation and oxidant-dependent bacterial killing. J. Exp. Med. 
203, 1927–37. doi:10.1084/jem.20052069. 

 
Essig, K., Hu, D., Guimaraes, J. C., Alterauge, D., Edelmann, S., Raj, T., et al. (2017). 

Roquin Suppresses the PI3K-mTOR Signaling Pathway to Inhibit T Helper Cell 
Differentiation and Conversion of Treg to Tfr Cells. Immunity 47, 1067–1082.e12. 
doi:10.1016/j.immuni.2017.11.008. 

 
Flack, C. E., Zurek, O. W., Meishery, D. D., Pallister, K. B., Malone, C. L., Horswill, A. 

R., et al. (2014). Differential regulation of staphylococcal virulence by the sensor 
kinase SaeS in response to neutrophil-derived stimuli. Proc. Natl. Acad. Sci. U. S. A. 
111, E2037-45. doi:10.1073/pnas.1322125111. 

 
Foster, T. J. (2017). Antibiotic resistance in Staphylococcus aureus. Current status and 

future prospects. FEMS Microbiol. Rev. 41, 430–449. doi:10.1093/femsre/fux007. 
 
Fowler, V. G., and Proctor, R. A. (2014). Where does a Staphylococcus aureus vaccine 

stand? Clin. Microbiol. Infect. 20, 66–75. doi:10.1111/1469-0691.12570. 
 
Fu, H., Bylund, J., Karlsson, A., Pellmé, S., and Dahlgren, C. (2004). The mechanism for 

activation of the neutrophil NADPH-oxidase by the peptides formyl-Met-Leu-Phe 
and Trp-Lys-Tyr-Met-Val-Met differs from that for interleukin-8. Immunology 112, 
201–10. doi:10.1111/j.1365-2567.2004.01884.x. 

 
Fumagalli, L., Campa, C. C., Germena, G., Lowell, C. A., Hirsch, E., and Berton, G. 

(2013). Class I Phosphoinositide-3-Kinases and Src Kinases Play a Nonredundant 
Role in Regulation of Adhesion-Independent and -Dependent Neutrophil Reactive 
Oxygen Species Generation. J. Immunol. 190, 3648–3660. 
doi:10.4049/jimmunol.1201951. 

 
Futosi, K., Fodor, S., and M??csai, A. (2013). Neutrophil cell surface receptors and their 

intracellular signal transduction pathways. Int. Immunopharmacol. 17, 638–650. 
doi:10.1016/j.intimp.2013.06.034. 

 
 
 
 



105 
 
Gao, X. P., Zhu, X., Fu, J., Liu, Q., Frey, R. S., and Malik, A. B. (2007). Blockade of 

class IA phosphoinositide 3-kinase in neutrophils prevents NADPH oxidase 
activation- and adhesion-dependent inflammation. J. Biol. Chem. 282, 6116–6125. 
doi:10.1074/jbc.M610248200. 

 
Gordon, C. P., Williams, P., and Chan, W. C. (2013). Attenuating Staphylococcus aureus 

virulence gene regulation: A medicinal chemistry perspective. J. Med. Chem. 56, 
1389–1404. doi:10.1021/jm3014635. 

 
Graves, S. F., Kobayashi, S. D., Braughton, K. R., Whitney,  a. R., Sturdevant, D. E., 

Rasmussen, D. L., et al. (2012). Sublytic concentrations of Staphylococcus aureus 
Panton-Valentine leukocidin alter human PMN gene expression and enhance 
bactericidal capacity. J. Leukoc. Biol. 92, 361–374. doi:10.1189/jlb.1111575. 

 
Green, J. N., Kettle, A. J., and Winterbourn, C. C. (2014). Protein chlorination in 

neutrophil phagosomes and correlation with bacterial killing. Free Radic. Biol. Med. 
77, 49–56. doi:10.1016/j.freeradbiomed.2014.08.013. 

 
Guerra, F. E., Addison, C. B., de Jong, N. W. M., Azzolino, J., Pallister, K. B., van Strijp, 

J. A. G., et al. (2016). Staphylococcus aureus SaeR/S-regulated factors reduce 
human neutrophil reactive oxygen species production. J. Leukoc. Biol. 100, 1–6. 
doi:10.1189/jlb.4VMAB0316-100RR. 

 
Guerra, F. E., Borgogna, T. R., Patel, D. M., Sward, E. W., and Voyich, J. M. (2017). 

Epic Immune Battles of History: Neutrophils vs. Staphylococcus aureus. Front. Cell. 
Infect. Microbiol. 7, 1–19. doi:10.3389/fcimb.2017.00286. 

 
Hall, J. W., Yang, J., Guo, H., and Ji, Y. (2017). The Staphylococcus aureus AirSR Two-

Component System Mediates Reactive Oxygen Species Resistance via 
Transcriptional Regulation of Staphyloxanthin Production. Infect. Immun. 85, 1–12. 
doi:10.1128/IAI.00838-16. 

 
Harding, M. G., Zhang, K., Conly, J., and Kubes, P. (2014). Neutrophil Crawling in 

Capillaries; A Novel Immune Response to Staphylococcus aureus. PLoS Pathog. 10, 
e1004379. doi:10.1371/journal.ppat.1004379. 

 
Hawkins, P. T., and Stephens, L. R. (2015). PI3K signalling in inflammation. Biochim. 

Biophys. Acta - Mol. Cell Biol. Lipids 1851, 882–897. 
doi:10.1016/j.bbalip.2014.12.006. 

 
Herold, B. C., Immergluck, L. C., Maranan, M. C., Lauderdale, D. S., Gaskin, R. E., 

Boyle-Vavra, S., et al. (1998). Community-acquired methicillin-resistant 
Staphylococcus aureus in children with no identified predisposing risk. JAMA 279, 
593–8. Available at: http://www.ncbi.nlm.nih.gov/pubmed/9486753. 



106 
 
Ibrahim, F. B. M., Pang, S. J., and Melendez, A. J. (2004). Anaphylatoxin signaling in 

human neutrophils. A key role for sphingosine kinase. J. Biol. Chem. 279, 44802–
44811. doi:10.1074/jbc.M403977200. 

 
Jamieson, S., Flanagan, J. U., Kolekar, S., Buchanan, C., Kendall, J. D., Lee, W.-J., et al. 

(2011). A drug targeting only p110α can block phosphoinositide 3-kinase signalling 
and tumour growth in certain cell types. Biochem. J. 438, 53–62. 
doi:10.1042/BJ20110502. 

 
Janesch, P., Rouha, H., Weber, S., Malafa, S., Gross, K., Maierhofer, B., et al. (2017). 

Selective sensitization of human neutrophils to LukGH mediated cytotoxicity by 
Staphylococcus aureus and IL-8. J. Infect. 74, 473–483. 
doi:10.1016/j.jinf.2017.02.004. 

 
Johansson, M. W., Patarroyo, M., Oberg, F., Siegbahn, A., and Nilsson, K. (1997). 

Myeloperoxidase mediates cell adhesion via the alpha M beta 2 integrin (Mac-1, 
CD11b/CD18). J. Cell Sci. 110 ( Pt 9, 1133–9. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/9175709. 

Kanai, F., Liu, H., Field, S. J., Akbary, H., Matsuo, T., Brown, G. E., et al. (2001). The 
PX domains of p47phox and p40phox bind to lipid products of PI(3)K. Nat. Cell 
Biol. 3, 675–678. doi:10.1038/35083070. 

 
Karathanassis, D., Stahelin, R. V., Bravo, J., Perisic, O., Pacold, C. M., Cho, W., et al. 

(2002). Binding of the PX domain of p47phoxto phosphatidylinositol 3, 4-
bisphosphate and phosphatidic acid is masked by an intramolecular interaction. 
EMBO J. 21, 5057–5068. doi:10.1093/emboj/cdf519. 

 
Kobayashi, N., Ueki, K., Okazaki, Y., Iwane, A., Kubota, N., Ohsugi, M., et al. (2011). 

Blockade of class IB phosphoinositide-3 kinase ameliorates obesity-induced 
inflammation and insulin resistance. Proc. Natl. Acad. Sci. 108, 5753–5758. 
doi:10.1073/pnas.1016430108. 

 
Kolaczkowska, E., and Kubes, P. (2013). Neutrophil recruitment and function in health 

and inflammation. Nat. Rev. Immunol. 13, 159–75. doi:10.1038/nri3399. 
 
König, B., Prévost, G., Piémont, Y., and König, W. (1995). Effects of Staphylococcus 

aureus leukocidins on inflammatory mediator release from human granulocytes. J. 
Infect. Dis. 171, 607–13. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/7533198. 

 
Lau, D., Mollnau, H., Eiserich, J. P., Freeman, B. A., Daiber, A., Gehling, U. M., et al. 

(2005). Myeloperoxidase mediates neutrophil activation by association with 
CD11b/CD18 integrins. Proc. Natl. Acad. Sci. U. S. A. 102, 431–6. 
doi:10.1073/pnas.0405193102. 



107 
 
Lipp, P., and Reither, G. (2011). Protein kinase C: the “masters” of calcium and lipid. 

Cold Spring Harb. Perspect. Biol. 3, 1–17. doi:10.1101/cshperspect.a004556. 
 
Lishko, V. K., Podolnikova, N. P., Yakubenko, V. P., Yakovlev, S., Medved, L., Yadav, 

S. P., et al. (2004). Multiple binding sites in fibrinogen for integrin ??M?? 2 (Mac-
1). J. Biol. Chem. 279, 44897–44906. doi:10.1074/jbc.M408012200. 

 
Luo, H. R., and Mondal, S. (2015). Molecular control of PtdIns(3,4,5)P3 signaling in 

neutrophils. EMBO Rep. 16, 149–163. doi:10.15252/embr.201439466. 
 
Ma, Q. (2013). Role of Nrf2 in Oxidative Stress and Toxicity. Annu. Rev. Pharmacol. 

Toxicol. 53, 401–426. doi:10.1146/annurev-pharmtox-011112-140320. 
 
Madani, S., Hichami,  a, Legrand,  a, Belleville, J., and Khan, N. a (2001). Implication of 

acyl chain of diacylglycerols in activation of different isoforms of protein kinase C. 
FASEB J. 15, 2595–2601. doi:10.1096/fj.01-0753int. 

 
Malachowa, N., Kobayashi, S. D., Freedman, B., Dorward, D. W., and DeLeo, F. R. 

(2013). Staphylococcus aureus leukotoxin GH promotes formation of neutrophil 
extracellular traps. J Immunol 191, 6022–6029. doi:10.4049/jimmunol.1301821. 

 
McGovern, N. N., Cowburn, A. S., Porter, L., Walmsley, S. R., Summers, C., Thompson, 

A. A. R., et al. (2011). Hypoxia Selectively Inhibits Respiratory Burst Activity and 
Killing of Staphylococcus aureus in Human Neutrophils. J. Immunol. 186, 453–463. 
doi:10.4049/jimmunol.1002213. 

 
Mesri, M., Plescia, J., and Altieri, D. C. (1998). Dual regulation of ligand binding by 

CD11b I domain. J. Biol. Chem. 273, 744–748. doi:10.1074/jbc.273.2.744. 
 
Miller, L. G., Perdreau-Remington, F., Rieg, G., Mehdi, S., Perlroth, J., Bayer, A. S., et 

al. (2005). Necrotizing fasciitis caused by community-associated methicillin-
resistant Staphylococcus aureus in Los Angeles. N. Engl. J. Med. 352, 1445–53. 
doi:10.1056/NEJMoa042683. 

 
Mitchell, G. B., Albright, B. N., and Caswell, J. L. (2003). Effect of interleukin-8 and 

granulocyte colony-stimulating factor on priming and activation of bovine 
neutrophils. Infect. Immun. 71, 1643–1649. doi:10.1128/IAI.71.4.1643-1649.2003. 

 
Mócsai, A., Abram, C. L., Jakus, Z., Hu, Y., Lanier, L. L., and Lowell, C. A. (2006). 

Integrin signaling in neutrophils and macrophages uses adaptors containing 
immunoreceptor tyrosine-based activation motifs. Nat. Immunol. 7, 1326–1333. 
doi:10.1038/ni1407. 

 
 



108 
 
Mócsai, A., Zhang, H., Jakus, Z., Kitaura, J., Kawakami, T., and Lowell, C. A. (2003). G-

protein-coupled receptor signaling in Syk-deficient neutrophils and mast cells. Blood 
101, 4155–4163. doi:10.1182/blood-2002-07-2346. 

 
Nguyen, G. T., Green, E. R., and Mecsas, J. (2017). Neutrophils to the ROScue: 

Mechanisms of NADPH Oxidase Activation and Bacterial Resistance. Front. Cell. 
Infect. Microbiol. 7. doi:10.3389/fcimb.2017.00373. 

 
Nimmo, G. R. (2012). USA300 abroad: Global spread of a virulent strain of community-

associated methicillin-resistant Staphylococcus aureus. Clin. Microbiol. Infect. 18, 
725–734. doi:10.1111/j.1469-0691.2012.03822.x. 

 
Nunes, P., Demaurex, N., and Dinauer, M. C. (2013). Regulation of the NADPH oxidase 

and associated ion fluxes during phagocytosis. Traffic 14, 1118–31. 
doi:10.1111/tra.12115. 

 
Nygaard, T. K., Pallister, K. B., DuMont, A. L., DeWald, M., Watkins, R. L., Pallister, E. 

Q., et al. (2012). Alpha-toxin induces programmed cell death of human T cells, B 
cells, and monocytes during USA300 infection. PLoS One 7, e36532. 
doi:10.1371/journal.pone.0036532. 

 
Nygaard, T. K., Pallister, K. B., Ruzevich, P., Griffith, S., Vuong, C., and Voyich, J. M. 

(2010). SaeR binds a consensus sequence within virulence gene promoters to 
advance USA300 pathogenesis. J Infect Dis 201, 241–254. doi:10.1086/649570. 

 
 
Pelz, A., Wieland, K. P., Putzbach, K., Hentschel, P., Albert, K., and Götz, F. (2005). 

Structure and biosynthesis of staphyloxanthin from Staphylococcus aureus. J. Biol. 
Chem. 280, 32493–32498. doi:10.1074/jbc.M505070200. 

 
Pittini, Á., Casaravilla, C., Allen, J. E., and Díaz, Á. (2016). Pharmacological inhibition 

of PI3K class III enhances the production of pro- and anti-inflammatory cytokines in 
dendritic cells stimulated by TLR agonists. Int. Immunopharmacol. 36, 213–217. 
doi:10.1016/j.intimp.2016.04.028. 

 
Podolnikova, N. P., Podolnikov, A. V., Haas, T. A., Lishko, V. K., and Ugarova, T. P. 

(2015). Ligand recognition specificity of leukocyte integrin ??m??2 (Mac-1, 
CD11b/CD18) and its functional consequences. Biochemistry 54, 1408–1420. 
doi:10.1021/bi5013782. 

 
Raghuwanshi, S. K., Su, Y., Singh, V., Haynes, K., Richmond, A., and Richardson, R. M. 

(2012). The Chemokine Receptors CXCR1 and CXCR2 Couple to Distinct G 
Protein-Coupled Receptor Kinases To Mediate and Regulate Leukocyte Functions. 
J. Immunol. 189, 2824–2832. doi:10.4049/jimmunol.1201114. 



109 
 
Rajagopalan, L., and Rajarathnam, K. (2004). Ligand selectivity and affinity of 

chemokine receptor CXCR1: Role of N-terminal domain. J. Biol. Chem. 279, 
30000–30008. doi:10.1074/jbc.M313883200. 

 
Reilly, M. P., Sinha, U., André, P., Taylor, S. M., Pak, Y., DeGuzman, F. R., et al. 

(2011). PRT-060318, a novel Syk inhibitor, prevents heparin-induced 
thrombocytopenia and thrombosis in a transgenic mouse model. Blood 117, 2241–
2246. doi:10.1182/blood-2010-03-274969. 

 
Reyes-Robles, T., Alonzo, F., Kozhaya, L., Lacy, D. B., Unutmaz, D., and Torres, V. J. 

(2013). Staphylococcus aureus Leukotoxin ED targets the chemokine receptors 
CXCR1 and CXCR2 to Kill leukocytes and promote infection. Cell Host Microbe 
14, 453–459. doi:10.1016/j.chom.2013.09.005. 

 
Roos, D., and de Boer, M. (2014). Molecular diagnosis of chronic granulomatous disease. 

Clin. Exp. Immunol. 175, 139–49. doi:10.1111/cei.12202. 
 
Rubel, C., Fernandez, G. C., Dran, G., Bompadre, M. B., Isturiz, M. A., and Palermo, M. 

S. (2001). Fibrinogen Promotes Neutrophil Activation and Delays Apoptosis. J. 
Immunol. 166, 2002–2010. doi:10.4049/jimmunol.166.3.2002. 

 
Sarma, J. V., and Ward, P. A. (2012). New developments in C5a receptor signaling. Cell 

Heal. Cytoskelet. 4, 73–82. doi:10.2147/CHC.S27233.New. 
 
Schmitz, F. J., Veldkamp, K. E., Van Kessel, K. P., Verhoef, J., and Van Strijp, J. a 

(1997). Delta-toxin from Staphylococcus aureus as a costimulator of human 
neutrophil oxidative burst. J. Infect. Dis. 176, 1531–1537. doi:10.1086/514152. 

 
Spaan, A. N., Henry, T., Van Rooijen, W. J. M., Perret, M., Badiou, C., Aerts, P. C., et al. 

(2013). The staphylococcal toxin panton-valentine leukocidin targets human C5a 
receptors. Cell Host Microbe 13, 584–594. doi:10.1016/j.chom.2013.04.006. 

 
Spaan, A. N., Schiepers, A., de Haas, C. J. C., van Hooijdonk, D. D. J. J., Badiou, C., 

Contamin, H., et al. (2015). Differential Interaction of the Staphylococcal Toxins 
Panton-Valentine Leukocidin and γ-Hemolysin CB with Human C5a Receptors. J. 
Immunol. 195, 1034–43. doi:10.4049/jimmunol.1500604. 

 
Spaan, A. N., Vrieling, M., Wallet, P., Badiou, C., Reyes-Robles, T., Ohneck, E. A., et al. 

(2014). The staphylococcal toxins γ-haemolysin AB and CB differentially target 
phagocytes by employing specific chemokine receptors. Nat. Commun. 5. 
doi:10.1038/ncomms6438. 

 
Suh, B. C., and Hille, B. (2005). Regulation of ion channels by phosphatidylinositol 4,5-

bisphosphate. Curr. Opin. Neurobiol. 15, 370–378. doi:10.1016/j.conb.2005.05.005. 



110 
 
Suh, C.-I., Stull, N. D., Li, X. J., Tian, W., Price, M. O., Grinstein, S., et al. (2006). The 

phosphoinositide-binding protein p40phox activates the NADPH oxidase during 
FcgammaIIA receptor-induced phagocytosis. J. Exp. Med. 203, 1915–25. 
doi:10.1084/jem.20052085. 

 
Sward, E. W., Fones, E. M., Spaan, R. R., Pallister, K. B., Haller, B. L., Guerra, F. E., et 

al. (2018). Staphylococcus aureus SaeR/S-Regulated Factors Decrease Monocyte-
Derived Tumor Necrosis Factor-α to Reduce Neutrophil Bactericidal Activity. J. 
Infect. Dis. 217, 943–952. doi:10.1093/infdis/jix652. 

 
Tong, S. Y. C., Davis, J. S., Eichenberger, E., Holland, T. L., and Fowler, V. G. (2015). 

Staphylococcus aureus infections: Epidemiology, pathophysiology, clinical 
manifestations, and management. Clin. Microbiol. Rev. 28, 603–661. 
doi:10.1128/CMR.00134-14. 

 
Tromp, A. T., Van Gent, M., Abrial, P., Martin, A., Jansen, J. P., De Haas, C. J. C., et al. 

(2018). Human CD45 is an f-component-specific receptor for the staphylococcal 
toxin Panton-Valentine leukocidin. Nat. Microbiol. 3, 708–717. 
doi:10.1038/s41564-018-0159-x. 

 
Ueda, T., Rieu, P., Brayer, J., and Arnaout, M. A. (1994). Identification of the 

complement iC3b binding site in the beta 2 integrin CR3 (CD11b/CD18). Proc. 
Natl. Acad. Sci. U. S. A. 91, 10680–4. doi:10.1073/pnas.91.22.10680. 

 
van Kesse, K. P. M., Bestebroer, J., and van Strijp, J. A. G. (2014). Neutrophil-mediated 

phagocytosis of Staphylococcus aureus. Front. Immunol. 5, 1–12. 
doi:10.3389/fimmu.2014.00467. 

 
Veldkamp, K. E., Van Kessel, K. P. M., Verhoef, J., and Van Strijp, J. A. G. (1997). 

Staphylococcal culture supernates stimulate human phagocytes. Inflammation 21, 
541–551. doi:10.1023/A:1027315814817. 

 
Voyich, J. M., Braughton, K. R., Sturdevant, D. E., Whitney, A. R., Saïd-Salim, B., 

Porcella, S. F., et al. (2005). Insights into mechanisms used by Staphylococcus 
aureus to avoid destruction by human neutrophils. J. Immunol. 175, 3907–19. 
Available at: http://www.jimmunol.org/content/175/6/3907.full [Accessed January 
22, 2014]. 

 
Voyich, J. M., Otto, M., Mathema, B., Braughton, K. R., Whitney, A. R., Welty, D., et al. 

(2006). Is Panton-Valentine leukocidin the major virulence determinant in 
community-associated methicillin-resistant Staphylococcus aureus disease? J Infect 
Dis 194, 1761–1770. doi:10.1086/509506. 

 
 



111 
 
Voyich, J. M., Vuong, C., DeWald, M., Nygaard, T. K., Kocianova, S., Griffith, S., et al. 

(2009). The SaeR/S gene regulatory system is essential for innate immune evasion 
by Staphylococcus aureus. J. Infect. Dis. 199, 1698–706. doi:10.1086/598967. 

 
Winterbourn, C. C., and Kettle, A. J. (2013). Redox reactions and microbial killing in the 

neutrophil phagosome. Antioxid. Redox Signal. 18, 642–60. 
doi:10.1089/ars.2012.4827. 

 
Wymann, M. P., Bulgarelli-Leva, G., Zvelebil, M. J., Pirola, L., Vanhaesebroeck, B., 

Waterfield, M. D., et al. (1996). Wortmannin inactivates phosphoinositide 3-kinase 
by covalent modification of Lys-802, a residue involved in the phosphate transfer 
reaction. Mol. Cell. Biol. 16, 1722–1733. doi:10.1128/MCB.16.4.1722. 

 
Yoong, P., and Torres, V. J. (2013). The effects of Staphylococcus aureus leukotoxins on 

the host: Cell lysis and beyond. Curr. Opin. Microbiol. 16, 63–69. 
doi:10.1016/j.mib.2013.01.012. 

 
Zhan, Y., Virbasius, J. V., Song, X., Pomerleau, D. P., and Wayne Zhou, G. (2002). The 

p40phox and p47phox PX domains of NADPH oxidase target cell membranes via 
direct and indirect recruitment by phosphoinositides. J. Biol. Chem. 277, 4512–
4518. doi:10.1074/jbc.M109520200. 

 
Zhao, T., Benard, V., Bohl, B. P., and Bokoch, G. M. (2003). The molecular basis for 

adhesion-mediated suppression of reactive oxygen species generation by human 
neutrophils. 112. doi:10.1172/JCI200319108.Introduction. 

 
Zhou, H., Liao, J., Aloor, J., Nie, H., Wilson, B. C., Fessler, M. B., et al. (2013). 

CD11b/CD18 (Mac-1) is a novel surface receptor for extracellular double-stranded 
RNA to mediate cellular inflammatory responses. J. Immunol. 190, 115–25. 
doi:10.4049/jimmunol.1202136. 

 
Zurek, O. W., Nygaard, T. K., Watkins, R. L., Pallister, K. B., Torres, V. J., Horswill, A. 

R., et al. (2014). The Role of Innate Immunity in Promoting SaeR/S-Mediated 
Virulence in Staphylococcus aureus. J. Innate Immun. 6, 21–30. 
doi:10.1159/000351200. 

 
Zurek, O. W., Pallister, K. B., and Voyich, J. M. (2015). Staphylococcus aureus Inhibits 

Neutrophil-derived IL-8 to Promote Cell Death. J. Infect. Dis. 212, 1–5. 
doi:10.1093/infdis/jiv124. 

 

 
 
 



112 
 

CHAPTER FIVE 
 
 

CONCLUSIONS AND FUTURE STUDIES 
 

S. aureus continues to be a major cause of human infectious disease. Neutrophils 

are quickly recruited to a site of S. aureus infection and equipped with an arsenal of 

antimicrobial mechanisms. Yet, S. aureus survives neutrophil killing. The mechanisms 

used by S. aureus to circumvent neutrophil killing remain unknown, but our work has 

defined specific strategies used by S. aureus to disrupt neutrophil bactericidal 

mechanisms.  

S. aureus SaeR/S-regulated factors are rapidly upregulated in response to 

neutrophils. We showed SaeR/S-regulated factors reduce neutrophil reactive oxygen 

species production to decrease neutrophil killing (Guerra et al., 2016). Furthermore, a 

collaborative study identified the staphylococcal peroxidase inhibitor, SPIN, as a SaeR/S-

regulated factor that binds human myeloperoxidase to inhibit formation of the highly 

bactericidal agent hypochlorous acid (de Jong et al., 2017). In Chapter 4, we began to 

unravel the signaling pathways induced by S. aureus secreted leukocidins to induce 

neutrophil ROS production. These latter studies challenge the assumption that neutrophil 

pore formation by leukocidins is a dead-end pathway through cell lysis. Instead, we show 

that leukocidins manipulate neutrophil signaling pathways to induce ROS production. 

The ability of soluble agonists like the S. aureus Panton-Valentine leukocidin (PVL) to 

induce neutrophil extracellular and intracellular ROS production is likely a virulence 

mechanism to disrupt proper neutrophil bactericidal mechanisms. Thus, S. aureus inhibits 
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and disrupts neutrophil ROS production, which is the most effective bactericidal 

mechanism against S. aureus.  

The model in Figure 1 summarizes the work in this dissertation supporting the 

hypothesis that S. aureus uses SaeR/S-dependent mechanisms to reduce neutrophil 

bactericidal mechanisms. Once the initial wave of neutrophils reaches the site of 

infection, S. aureus senses the host through SaeR/S and mounts a quick response to 

survive the initial engagement. In this first round, S. aureus relies on SaeR/S-regulated 

factors like SPIN to survive the neutrophil phagosome. During this initial engagement, S. 

aureus also starts to secrete leukocidins and other factors to disrupt phagosome integrity 

and escape the neutrophil. S. aureus survival of the initial neutrophil encounter is critical 

since it prevents proper clearance and induces S. aureus to secrete leukocidins. Thus, 

incoming waves of neutrophils will encounter leukocidins secreted by S. aureus and 

induce premature neutrophil ROS production. Essentially, leukocidins may act as a S. 

aureus soluble shield to disrupt neutrophil signaling involved in antimicrobial 

mechanisms. 
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A B 

C 

Figure 1. Model schematic of S. aureus survival during neutrophil encounter. A) S. aureus 
senses neutrophils using SaeR/S to amount a quick response to survive phagosome 
bactericidal activity. B) Inhibiting neutrophil ROS production allows S. aureus to rupture 
the phagosome using leukocidins. C) The production of leukocidins by S. aureus creates a 
soluble shield to induce neutrophil ROS production before reaching bacteria.   
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Future studies will continue to focus on the aberrant neutrophil signaling 

pathways induced by S. aureus leukocidins. In regard to PVL induced neutrophil ROS 

production, the following will be investigated: 

1. Determine the contribution of canonical GPCR signaling in neutrophil 

extracellular and intracellular ROS production. We will use specific inhibitors 

of GPCR signaling, like pertussis toxin and gallein, to identify the 

contribution of PVL-C5aR signaling in neutrophil ROS production.  

2. Determine the contribution of CD45 in PVL signaling. The PVL-CD45 

interaction is likely to activate Src-family kinases (SFKs) and downstream 

Syk. Our studies suggest SFKs and Syk play essential roles in modulating 

neutrophil ROS production in response to PVL. A small chemical inhibitor of 

CD45 phosphatase activity has been described recently (Perron et al., 2014). 

Anti-CD45 antibodies are also available to determine the specific contribution 

of CD45-dependent neutrophil ROS production induced by PVL. 

3. Elucidate neutrophil granule localization in response PVL. Our results suggest 

azurophilic granules containing MPO and secondary and tertiary granules 

containing the membrane bound gp91phox and p22phox NADPH oxidase 

components are co-localizing to induce luminol-based chemiluminescence. 

We will utilize confocal microscopy with anti-MPO and anti-gp91phox 

antibodies to determine granule localization following exposure to PVL. 

4. Determine the consequences of neutrophil intracellular ROS production in 

response to PVL. To begin, we will focus on the activation of the Nrf2 
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transcription factor since previous studies suggest Nrf2-activated genes are 

upregulated in response to PVL (Graves et al., 2012). We will use 

immunoblotting to determine Nrf2 activation. A particular question of interest 

will be whether Nrf2 is activated to rescue neutrophils from oxidative stress or 

as a dead-end signaling pathway to attenuate neutrophil inflammatory 

responses during cell death. 

 
As for neutrophil extracellular ROS induced by LukGH, our future experiments 

will focus to: 

1. Determine the SFK-dependent but Syk-independent signaling pathway 

contributing to neutrophil extracellular ROS production. Current studies 

suggest SFKs are essential for integrin signaling through adapter proteins 

(DAP12, FcRg, and uncharacterized proteins), which then activate Syk (Futosi 

et al., 2013). While SFKs are required for neutrophil extracellular ROS 

production induced by LukGH through the CD11b/CD18 integrin, Syk 

inhibition only partially attenuates the ROS response. This suggests a 

diverging signaling pathway between SFKs and Syk that affects neutrophil 

extracellular ROS production. SFKs have previously been shown to directly 

activate  p47phox through phosphorylation of tyrosine residues (Chowdhury et 

al., 2005). Thus, it is possible that p47phox phosphorylation by SFKs bypasses 

Syk to directly activate NADPH oxidase. We will begin to tease apart this 

puzzle by determining the extent of p47phox phosphorylation during neutrophil 

stimulation by LukGH and how SFKs inhibition changes this phosphorylation. 
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Finally, our most frequently used in vitro neutrophil-S. aureus interaction model 

gives the host an advantage since neutrophils can phagocytose S. aureus within 10 

minutes. This is likely too rapid for S. aureus to mount a quick response to disrupt the 

initial neutrophil engagement, especially as it relates to the secretion of leukocidins. 

Thus, future experimental conditions will allow S. aureus to incubate and secrete 

leukocidins before exposure to neutrophils. We will monitor neutrophil ROS production 

to determine if leukocidins induce neutrophil ROS production before phagocytosis. 

Clearly, much remains to be determined regarding how S. aureus disrupts neutrophil 

function. 

“Carry on.” 
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