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ABSTRACT 

Staphylococcus aureus is a ubiquitous pathogen with a growing list of antibiotic resistant 

capabilities. This gram-positive bacterium is able to cause a range of diseases, from a benign state 

of nasal colonization to fatal endocarditis. The ability to exist along this spectrum is largely 

dependent on the molecular dialog that takes place between the pathogen and the host, specifically 

white blood cells known as neutrophils. Neutrophils are the front line of defense against S. aureus 

infections. By modulating neutrophil behavior and inducing premature cell death, S. aureus has an 

advantage during an infectious state. In this thesis, I provide a method for studying this host and 

pathogen dynamic, and moreover, I investigate the mechanism by which S. aureus inhibits the 

neutrophil inflammatory response by repressing NF-κB. Here I show that S. aureus secretes a 

protein 30-50kDa in size, which both decreases total amount of NF-κB and activated NF-κB in 

neutrophils. This potent mystery protein is able to repress IL-8 production and does this all in a 

lysis independent manner. Additionally, the mystery protein is able to inhibit NF-κB activity in 

another cell type, the monocyte. It was previously believed that the S. aureus protein SSL3 was 

responsible for deactivating NF-κB, but herein, I show this is not the case. These findings reopen 

the need to examine the mechanism by which S. aureus modulates neutrophil inflammatory 

responses. Inhibition of the inflammatory response is likely linked the premature cell death seen 

during S. aureus infections. By utilizing these clues, the field is closer to understanding the 

intricacies of this host and pathogen dynamic, opening avenues to developing novel infection 

treatment methods.  
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CHAPTER ONE 

NF-ΚB, FRIEND OR FOE DURING STAPHYLOCOCCUS AUREUS INFECTION 

Staphylococcus aureus and Neutrophils, the Ambivalent Neighbors 

Staphylococcus aureus (S. aureus) is a ubiquitous Gram-positive bacterium. Causing over 

120,000 cases of blood stream infections per year in the US alone, S. aureus is known for being a 

leading cause of hospital and community acquired infections (Kourtis, 2019). This pathogen can 

cause disease states ranging from mild soft-tissue infections, to deadly septicemia (Lowy, 1998), 

and necrotizing pneumonia (Uhlemann, Otto, Lowy, & DeLeo, 2014). In the US a single clone, 

USA300, has become widespread due to an increased ability to colonize human tissue and 

increased virulence (Otto, 2010). In addition to dealing with increased virulence of modern S. 

aureus strains, treating these infections is becoming increasingly more complicated due to the rise 

in antibiotic resistance. S. aureus has an aptitude for developing or incorporating antibiotic 

resistance genes, and has devised a mechanism for skirting antibiotic-induced death from most of 

the mainstream antibiotics available today (Foster, 2017). For example, methicillin is a β-lactam 

antibiotic related to penicillin; resistance works by interfering with a protein called PBP2 which is 

involved in the synthesis of peptidoglycan, an integral part of the cell wall. Through the creation 

of PBP2’, which has a different structure than PBP2, peptidoglycan synthesis cannot be targeted 

by methicillin or other β-lactams (Foster, 2017). These bacteria are now known as methicillin 

resistant Staphylococcus aureus, or MRSA. Vancomycin, colloquially called the last line of 

defense antibiotic, also works by interfering with peptidoglycan synthesis by binding to partially 

constructed peptidoglycan strands. In brief, through the introduction of the vanA operon by 
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horizontal gene transfer, S. aureus creates an altered peptidoglycan structure to which vancomycin 

cannot bind (McGuinness, Malachowa, & DeLeo, 2017). The result is vancomycin resistant 

Staphylococcus aureus, or VRSA. That being said, vancomycin resistance comes at a fitness cost 

to S. aureus and is a possible reason why VRSA is still uncommon today.  

Despite its infamy as a clinically relevant pathogen, S. aureus is a highly adaptable 

commensal organism. This bacterium is known to establish persistent nasal colonization in 20% 

of individuals, intermittent carriage in 30% of individuals, and no life time colonization for the 

other 50% (Wertheim et al., 2005). S. aureus colonization is seen at higher rates in individuals that 

are older, smoke, and have a co-morbid condition such as obesity and diabetes. However, after 

adjusting for sociodemographic factors and co-morbidities, one study did not find a significant 

correlation between MRSA colonization and death (Mendy, Vieira, Albatineh, & Gasana, 2016). 

The widespread population colonization of such a virulent pathogen is remarkable and speaks to 

the ability of S. aureus to interact with the host immune response.   

From the host point of view, the innate immune cell that is most critical for controlling S. 

aureus infections is the neutrophil, otherwise known as a polymorphonuclear leukocyte or PMN. 

One study demonstrated that in a cutaneous infection model, neutrophil-depleted mice developed 

severe skin lesions which lead to bacteremia and necrotizing ulcers not seen in control mice 

(Mölne, Verdrengh, & Tarkowski, 2000). Even when neutrophils are at normal levels, they still 

must contend with a virulence arsenal. By looking at differences in gene expression of community-

associated (CA) MRSA strains and healthcare-associated (HA) strains during neutrophil 

challenge, it is seen that CA-MRSA strains are more virulent (J. M. Voyich et al., 2005). In 
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addition, CA-MRSA are not only better at avoiding neutrophil-mediated killing compared to HA-

MRSA, but cause more widespread tissue destruction in a mouse model (J. M. Voyich et al., 2005).  

There are many examples of strategies used by S. aureus and neutrophils to kill each other in their 

quest for dominance. In brief, these are some of the mechanisms used by neutrophils. The first 

interactions of neutrophils and S. aureus are those of recognition. Neutrophils will recognize 

pathogen associated molecular patterns (PAMPs) through pattern recognition receptors (PRRs). 

An example of a PRR is Toll Like Receptor (TLR) 1/2, which recognizes the PAMPs of 

lipopeptides (Pandey, Kawai, & Akira, 2015). This process starts an inflammatory cascade 

resulting in the production cytokines that attract more neutrophils to a site of infection. This 

process will be explained in greater detail further in this chapter. Another way neutrophils 

recognize S. aureus is through Fc-mediated phagocytosis. The bacteria of interest, in this case S. 

aureus, becomes coated with opsonins from human serum. These opsonins include 

immunoglobulins (Igs) and complement, which are recognized respectively by Fc receptors (FcRs) 

and complement receptors (CRs) (Y. Wang & Jönsson, 2019). S. aureus, when coated in IgG, is 

recognized by an FcγR, which triggers receptor mediated phagocytosis (Guerra, Borgogna, Patel, 

Sward, & Voyich, 2017).   

During the process of phagocytosis, many events happen in short order. First, there is the 

assembly of the NADPH oxidase complex, which leads to the production of superoxide and 

subsequent reactive oxygen species (ROS), such as hydrogen peroxide (DeLeo, Lee-Ann, Michael, 

& Nauseef, 1999). ROS reacts with an enzyme called myeloperoxidase (MPO), which converts it 

to HOCl, the active component in bleach (Nauseef, 2014). If bombardment with bleach is not 

enough to kill a pathogen in a phagosome, the neutrophil plies the phagosome with an assortment 
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of antimicrobial peptides and proteins. Examples of these include serine proteases like elastase, 

and peptides like α-defensins (Othman, Sekheri, & Filep, 2021). Combined, this creates a hostile 

environment meant to kill invading pathogens, all while protecting the host tissue.  

S. aureus does not go down without a fight and has its own arsenal to combat neutrophil 

killing. Like how neutrophils use TLR1/2 to sense the presence of S. aureus, S. aureus uses the 

SaeR/S two component system to sense outside stimuli and respond with a wide range of produced 

exoproteins (J. M. M. Voyich et al., 2009). SaeR/S controls many well-known virulence factors. 

For example, while neutrophils phagocytose microbes opsonized in IgG, S. aureus created Protein 

A will bind to Fcγ of IgG, inhibiting the FcγR from binding and inhibiting Fc-mediated 

phagocytosis (Guerra et al., 2017). In another example, to prevent the production of hypochlorous 

acid, a SaeR/S controlled protein called SPIN will bind to MPO, preventing the hydrogen peroxide 

from reaching the MPO active site (de Jong et al., 2017). To further inhibit the use of ROS, S. 

aureus produces a catalase (not controlled by SaeR/S) that converts hydrogen peroxide back to 

oxygen and water (Mandell, 1975), which increases S. aureus survival in the phagosome. The 

SaeR/S system does more than just inhibit neutrophil microbicidal activity, as it encodes a number 

of leukotoxins that attack neutrophils in return. One example is LukGH, a bi-component toxin that 

binds to the neutrophil cell surface marker CD11b, and thus specialized to kill neutrophils (Janesch 

et al., 2017).  

S. aureus is infamous for its ability to secrete proteins that modulate the innate and adaptive 

immune responses.  Staphylococcal superantigens (SAgs) are a group of proteins that dysregulate 

T-cell proliferation which result in some of S. aureus’ most infamous disease manifestations, such 

as necrotizing pneumonia and toxic shock syndrome (Fraser & Proft, 2008; Tuffs et al., 2017). The 
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staphylococcal superantigen-like proteins (SSLs), like SAgs, are secreted, but unlike SAgs do not 

cause Vβ-specific T-cell proliferation, but do have unique and overlapping immunomodulatory 

abilities (Benson, Lilo, Nygaard, Voyich, & Torres, 2012; Fraser & Proft, 2008; Tuffs et al., 2017). 

The majority of the SSL genes are synergistically controlled by the SaeR/S TCS, and the 

transcription factor regulator of toxins (Rot), which is indirectly controlled by the Agr system 

(Benson et al., 2012). The dual nature of this regulation may be important so the SSL genes are 

expressed during specific circumstances, such as early infection, and the nature of specific SSLs 

will be explored in greater depth later.  

 There are also examples of mechanisms S. aureus uses to modulate inflammation to 

promote infection. The SaeR/S two component system of USA400 has been shown to promote 

IFN-γ, TNF-α, IL-6, and IL-2 production in mouse models (Watkins, Pallister, & Voyich, 2011). 

In human monocytes, SaeR/S mediated factors are able to decrease production of TNF-α, and in a 

co-culture model with neutrophils, this causes a decrease in bactericidal activity (Sward et al., 

2018). SaeR/S mediated factors can also decrease the ability of neutrophils to recruit other 

neutrophils by blocking IL-8 production. The is done through the inhibition of NF-κB signaling, 

which is also linked to enhanced neutrophil cell death (Zurek et al., 2015). By both inhibiting 

neutrophils’ ability to recruit more immune cells, and by accelerating the death of neutrophils 

present, the SaeR/S two component system allows S. aureus to shape its microenvironment during 

early stages of infection.  

Although neutrophil cell death is necessary to maintain inflammatory homeostasis, 

neutrophils have many different modes of cell death, not all of which are beneficial to the host. 

The antimicrobial proteins, peptides, and ROS contained in neutrophils and mentioned above, must 
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be dealt with in a controlled manner, or else leak into host tissues causing inflammation and tissue 

damage. Therefore, neutrophils have several modes of cell death, all situationally linked. In brief, 

as this topic will be explored in depth later, neutrophils apoptose and are subsequently removed 

by macrophages in a process called efferocytosis.  This process is beneficial for maintaining tissue 

homeostasis (summarized in (Kobayashi, Malachowa, & DeLeo, 2017)). Other modes of 

neutrophil cell death are much more pro-inflammatory. For instance, while combating a pathogen, 

neutrophils may create a neutrophil extracellular trap (NET), which coats the pathogen in a web 

of DNA, ROS, and antimicrobial enzymes like histones. This mode of death is coined NETosis 

(Brinkmann et al., 2004; Fuchs et al., 2007; Nauseef & Kubes, 2016). Another mode of cell death 

is necroptosis, which as the name implies, is a messy cell death where neutrophil components spill 

into the extracellular space (reviewed in (Grootjans, Vanden Berghe, & Vandenabeele, 2017)). 

Interestingly, virulent strains of S. aureus have been shown to induce both of these modes of 

neutrophil cell death (Bhattacharya et al., 2018; Greenlee-Wacker et al., 2014), modulating 

immune cells to its own advantage. As two of these death modes, apoptosis and necroptosis, 

intersect at the transcription factor NF-κB, it is prudent to take a closer look at this complicated 

protein in more depth.    

The Role of NF-κB, the Double-Edged Sword, an Overview 

At the cornerstone of inflammation, innate and adaptive immune responses, cellular 

development, cancer, cell survival and death, lies the nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) transcription factors. These five transcription factors are p50, p52, p65 

(RelA), RelB, and c-Rel. By forming homo or heterodimers (Hayden & Ghosh, 2011; Pahl, 1999), 

they form a number of viable combinations which result in specific gene expression patterns (A. 
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Hoffmann, Natoli, & Ghosh, 2006; Mitchell, Vargas, & Hoffmann, 2016; Verstrepen et al., 2008). 

These homo- and heterodimers bind to κB sites on DNA to promote the transcription of over 150 

genes as a mediator of stress responses (Pahl, 1999). The signaling pathway that results in NF-κB 

transcription is complex, starting at a variety of pattern recognition receptors (PRRs) that initiate 

signaling when bound to PAMPs (Pandey et al., 2015).  

This chapter will focus on the instigation of the NF-κB signaling pathway, and the resulting 

cell death in the context of a Staphylococcus aureus infection. Two important PRRs here are 

TLR1/2 and IL-1R. There are many ways PMNs recognize S. aureus (for example, receptor 

mediated, complement, etc.), but these are more relevant to phagocytosis. It has been shown 

through the work of several groups, including Chekabab et al. and Zurek et al., that NF-κB 

signaling can be mediated by S. aureus. Therefore, we will focus on the pattern recognition 

receptors (PRRs) toll-like receptor 1/2 (TLR1/2) and interleukin-1 receptor (IL-1R), as these 

activate immediate antimicrobial activities on the cellular level, in both neutrophils and other cell 

types. TLR signaling can lead to MyD88-dependent pathways that result in NF-κB activation, and 

TRIF-dependent pathways that result in IRF3 activation with some NF-κB signaling (Hayden & 

Ghosh, 2011). For the purposes of the research in this dissertation, we will tour canonical MyD88-

dependent NF-κB activation.  

Upon TLR1/2 activation, signaling will go through the MyD88-like adaptor protein (MAL 

or TIRAP) and MyD88 complex, to the IRAK1/4/ TRAF6 complex, to the TAK1/TAB complex, 

and finally to the IκB Kinase (IKK) complex (Verstrepen et al., 2008). Stimulation by IL-1R is 

similar except IL-1R directly interacts with the MyD88/IRAK1/4/ TRAF6 complex, which directly 

interacts with the TAK1/TAB complex (Verstrepen et al., 2008). The details of these signaling 
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complexes are beyond the scope of this review and are summarized in Verstrepen et al., 2008. The 

inhibitor of κB Kinase (IKK) subsists of two catalytic units, the IKKα and IKKβ, along with the 

regulatory protein NF-κB essential modulator (NEMO) (Verstrepen et al., 2008). In homeostasis, 

NF-κB sits in an inactivated state in the cytosol, bound to IκB. Upon signaling pathway activation, 

IKK phosphorylates IκB, marking it for degradation, and allowing NF-κB to translocate to the 

nucleus for transcription (Hayden & Ghosh, 2011; Verstrepen et al., 2008). Different varieties of 

IκB, such as IκBα provide more of a NF-κB override off function, while IκBβ and IκBε prevent 

NF-κB positive oscillation during drawn out times of stimulation (Alexander Hoffmann, 

Levchenko, Scott, & Baltimore, 2002).  

Upon release of NF-κB from its inhibitors, it will translocate to the nucleus and bind to 

various κB sites, instigating translation of numerous context dependent genes (A. Hoffmann et al., 

2006). In the case of stimulation by S. aureus, these will include IL-8 (also known as CXCL1 in 

humans and KC in mice) and IL-1β, to attract neutrophils to the site of infection, and spur 

inflammatory activity in surrounding tissues (Coeshott et al., 1999; E. Hoffmann, Dittrich‐

Breiholz, Holtmann, & Kracht, 2002). The resulting proinflammatory microenvironment 

predisposes cells for accelerated cell death. Although there are some cases where specific stimuli 

will cause NF-κB to turn into a repressor of anti-apoptotic genes, leading to cell death (Dutta, Fan, 

Gupta, Fan, & Gélinas, 2006), overwhelmingly NF-κB is the gateway factor inhibiting cell death, 

specifically by preventing apoptosis (Kettritz et al., 1998). In the event of NF-κB pathway 

inhibition some other main players (caspase-8, caspase-1) can direct the mode of cell death (X. 

Wang, Yousefi, & Simon, 2018).  
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 Resolution of inflammation is critical for maintaining homeostasis, and apoptosis is one 

way to contain inflammation. In the context of aged neutrophils heading towards apoptosis, gene 

expression shifts and amongst other things, genes reducing oxidative stress are expressed 

(Kobayashi et al., 2003). This is hypothesized to reduce local tissue damage. In support of this 

anti-inflammatory hypothesis, macrophages that undergo efferocytosis of apoptotic neutrophils 

not only do not produce pro-inflammatory cytokines themselves, but can secrete anti-inflammatory 

cytokines to keep the surrounding area of neutrophil cell death in homeostasis (Fadok et al., 1998). 

Acute inflammation is necessary part of wound healing and begins either from sensing PAMPs or 

damage associated molecular patterns (DAMPs). This inflammation is associated with NF-κB 

being ‘on,’ resulting in production of cytokines like IL-8, and the induction of an antiapoptotic 

state (Kettritz et al., 1998). Initially, neutrophils are needed in the wound site to summon other 

immune cells and to phagocytose invading pathogens. However, chronic inflammation, or 

inflammation well beyond the acute infiltration of immune cells, leads to protracted wound healing 

and an increase in inflammation (discussed in Selders, Fetz, Radic, & Bowlin, 2017)). This can be 

due to delayed clean up by macrophages, followed by necrotic cell lysis, and leakage of neutrophil 

components that can directly damage tissues. In order to expedite healing, and aid in the return of 

homeostasis, there are different therapies to target and inhibit NF-κB activity, which could induce 

the apoptotic state and allow for macrophage efferocytosis (Kebir & Filep, 2013). Targeting 

neutrophils to undergo apoptosis could relieve uncontrolled inflammation in more settings than 

just wound healing. For example, rheumatoid arthritis is marked by chronic NF-κB activity and 

irresolvable inflammation (Makarov, 2001). Classic anti-inflammatory drugs like aspirin and 
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glucocorticoids are used to treat rheumatoid arthritis, and they work in-part by inhibiting NF-κB 

activation (Makarov, 2001).   

NF-κB transcription is more than just a ‘central switch’ of inflammation (Pahl, 1999). Its 

activity is a double-edged sword as pathogen control is dependent on its ability to function, and 

excessive or under promotion can be detrimental to the host and clearance. It is also important to 

keep in mind that the role of NF-κB in neutrophils is cell type specific. NF-κB signaling can play 

a more inflammatory role in immune cells, while this pathway is more focused on maintaining 

tissue homeostasis in non-immune cells, such as the epithelium (Pasparakis, 2009). In addition, 

human neutrophils naturally lack p52 and RelB which target genes in lymphocytes associated with 

longevity (Hayden & Ghosh, 2011; McDonald, Bald, & Cassatella, 1997). Therefore, there are 

less NF-κB homo- and heterodimer combinations available to human neutrophils. Neutrophils 

contain abundant amounts of c-Rel, p50/NF-κB1, and p65/RelA (McDonald et al., 1997), which 

reflects the genes they express during infection-specific inflammation. 

S. aureus Modulation of NF-κB Signaling  

S. aureus has a complicated but understudied relationship with NF-κB.  When comparing 

S. aureus and its relationships to inflammation, it is relatively understudied compared to other 

pathogens including Yersinia pestis and multidrug-resistant Mycobacterium tuberculosis, both of 

which have various redundant mechanisms to suppress inflammation during early colonization 

(Deng et al., 2014; Faridgohar & Nikoueinejad, 2017; Huang, Wang, Lin, & Kuo, 2014; Pathak et 

al., 2007; Sweet, Conlon, Golenbock, Goguen, & Silverman, 2007; Vagima et al., 2015; Zhou et 

al., 2005). That being said, S. aureus does have a number of methods to navigate its relationship 

with inflammation. It is likely that S. aureus has a different relationship with NF-κB depending on 
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the context of the infection model and the strain of S. aureus. For example, the strain USA300, 

using live pathogen, and in a neutrophil infection model saw NF-kB inhibition and decreased IL-

8 expression through a SaeR/S mediated factor (Zurek et al., 2015). A study using supernatants 

from ATCC29213 also saw that when incubated with airway epithelial cells, there was a decrease 

in NF-κB activity and IL-8 production (Chekabab et al., 2015). In a model with 16HBE cells, 

supernatant from the strains MSSA NCTC 6571, MSSA Newman, MSSA209, MRSA41, and 

MRSA USA400 all repressed IL-8 expression, while MSSA SH1000 and MSSA RN4220 

activated IL-8 expression (Ji, Bolhuis, & Watson, 2019). The suppressive factor in question was 

seen to be heat stable and less than 3kDa in size. Another study using S. aureus strain ATCC25923 

and RAW264.7 macrophages demonstrated activation of NF-κB and expression of various 

cytokines (Ma et al., 2019). Suppression of inflammation in the form of IL-8 has shown to be 

conserved between virulent S. aureus strains, while missing from avirulent strains (Tajima, Seki, 

Shinji, & Masuda, 2007). Another unique suppressive factor has been defined in the strain S. 

aureus MSSA476. This protein is a homologue of human TIR, and therefore called staphylococcal 

TIR domain protein (TirS), which inhibits signaling through both TLR2 activated NF-κB signaling 

and MAPK pathways (Askarian et al., 2014). All of these studies showed different outcomes, 

likely due to the strains used and the specific contexts of the infection models, making it hard to 

draw cross-study conclusions due to the inconsistencies, and this will be explored later. These 

differences have also made it difficult to identify the S. aureus factors influencing NF-κB.   

The protein factors that are most published on in the context of S. aureus repression of NF-

κB would be SSL3 and SSL4.The SaeR/S two-component system, discussed earlier, is known to 

regulate the SSLs, including 3 and 4 (Tuffs et al., 2017). SSL3 is able to specifically bind and 
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inhibit TLR2 activity in both human and murine PMNs and macrophages, which has been shown 

to inhibit IL-8 secretion in HEK cells (Bardoel et al., 2012). SSL3-mediated IL-8 inhibition is 

specific to the TLR2 pathway, and not seen when cells are stimulated with IL-1β (Bardoel et al., 

2012). This does not mean that inhibiting TLR2 will not later inhibit the IL-1R mediated IL-1β 

response, just that SSL3 is specific for TLR2, as both TLR1/2 and TLR2/6 heterodimers. Mice 

deficient in TLR2 have an 80% reduction in IL-1β protein compared to WT, and a 53% decrease 

in MPO activity compared to WT mice (Cho et al., 2012). We also posit that there may be yet 

undefined inhibitors specific to the IL-1R signaling pathway. SSL3 mediated inhibition of TLR2 

activity works in two stages, where first the protein binds to the staphylococcal lipopeptides, and 

second, when a lipopeptide has been bound by TLR2, SSL3 will prevent heterodimer formation 

with either TLR1 or TLR6 (Koymans, Feitsma, Brondijk, et al., 2015). SSL4 shares sequence 

homology with SSL3, and has been shown to also bind to TLR2, although with less potency as an 

inhibitor (Koymans, Feitsma, Brondijk, et al., 2015).  

Now that how S. aureus may be modulating NF-κB has been explored, it is important to 

review how the context of neutrophil and S. aureus recognition can alter neutrophil responses. 

Engagement of different receptors impacts the activation of NF-κB.  For example, S. aureus 

supernatant is recognized by through TLR1/2 (Chekabab et al., 2015).  While live pathogen is 

recognized by IL-1R (Miller et al., 2006, 2007) and TLR1/2. This is relevant as initially, 

neutrophils may come into contact with the debris caused by previous neutrophil and S. aureus 

interactions, along with S. aureus supernatant, before they interact with a whole pathogen. These 

interactions may prime the neutrophils to act differently upon initial contact with the live 

bacterium, as the TLR1/2 response differs from the IL-1R response at the gene level (Cho et al., 
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2012; Miller et al., 2006). S. aureus can also be recognized by TLR2 ultimately resulting in the 

production of pro-IL1β. Caspase-1 causes the formation of the mature cytokine as IL-1β, which is 

recognized by IL-1R, starting a new signaling pathway. This effect was observed in a mouse 

subcutaneous inoculation model with S. aureus strain SH1000 (Cho et al., 2012). At four hours 

post infection RNA was extracted from skin biopsies and upregulated genes included CXCL1 

(KC), IL-1β, and inflammasome related NLRP3 (Cho et al., 2012). Genes involved in the 

inflammatory response, cell growth and proliferation, cell death, and cell movement, expressed by 

neutrophils were also shown to be significantly upregulated (Cho et al., 2012). In a different 

experiment described in the same paper, after 6 hours IL-1β production was increased in 

neutrophils corresponding with an increase in MOI of MRSA strain USA300 LAC, and was likely 

dependent on TLR2, NOD2, and FPR1 signaling in an overlapping and redundant manner (Cho et 

al., 2012). Another study saw that macrophages exposed to USA300 produced significant levels 

of IL-1β compared to a control, although levels were reduced when the macrophages were exposed 

to PMNs+USA300 (Greenlee-Wacker et al., 2014) suggesting a predominant role for PMNs in 

NF-κB signaling following interaction with S. aureus. As the neutrophil is the foremost cell for 

both controlling S. aureus and secreting IL-1β, this relationship merits further study.  

It is important to note that although NF-κB targets so many genes, the actual gene 

expression is specific to the stimulatory context (Pahl, 1999).The dependence of TLR2, NOD2, 

and FPR1 on neutrophil recruitment and IL-1β show that there are multiple stages of neutrophil 

and S. aureus interaction, where the first neutrophils are initially activated by PRRs such as TLR2. 

This induces NF-κB signaling, and secrete chemokines and cytokines such as IL-8/KC and pro-

IL-1β. What could be considered a second wave of activation, denoted by the transformation of 
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pro-IL-1β into IL-1β, its subsequent recognition by IL-1R, results in the eventual secretion of other 

factors such as IL-6, IL-8, and GM-CSF (Verstrepen et al., 2008). It has been shown in long term 

infection mouse models with S. aureus strain SH1000, the second wave, or responses controlled 

by the IL-1R response, are more critical for resolution in a necrotic wound model compared to the 

early responses by TLR2 (A. Hoffmann et al., 2006). The majority of IL-1β is produced upon 

inflammasome interaction, and not cleaved by neutrophil serine proteases. These ultimately attract 

another wave of neutrophils that produce large amounts of IL-1β (Cho et al., 2012), which may, 

themselves be necrotic as IL-1β secretion is RIPK-3 dependent (Wicki et al., 2016), and will be 

discussed more in a later section.  Even though the TLR2 mediated signaling, or wave one, and 

the IL-1R mediated signaling, or wave two, both converge on NF-κB, they differ in their 

transcriptional output. This could be for a variety of reasons (A. Hoffmann et al., 2006; Miller et 

al., 2006; Verstrepen et al., 2008), such as differences in the IκB proteins that respond, the different 

protein combinations of the NF-κB unit, and more, but the discussion as to why TLR2 responses 

differ from IL-1R responses is beyond the scope of this paper.  

NF-κB Modulation as a Way to Promote S. aureus Colonization 

NF-κB modulation by S. aureus and by other pathogens has largely been looked at in the 

framework of pathogenic factors, but as mentioned above, NF-κB activity and subsequent cytokine 

and chemokine production is largely context dependent, with some groups demonstrating 

activation, and some inhibition. By inhibiting NF-κB during resolution of inflammation, healing 

can be prevented and inflammation is maintained (mentioned in (Hayden & Ghosh, 2011)), which 

is detrimental for the host, and propagates the idea that the ultimate goal of S. aureus is to cause 

immune activation. This is not necessarily true, as despite its formidable arsenal of virulence 
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factors, and as described earlier, S. aureus is known to colonize the anterior nares of the nose in 

30% of humans, without necessarily causing overt inflammation(Wertheim et al., 2005).  This 

suggests that large amounts of inflammation may not be ideal for the pathogen. Early subtle 

inhibition of NF-κB, on the other hand, may prevent inflammation and the subsequent waves of 

immune cells through the lack of IL-8 then IL-1β, therefore making a more welcoming home for 

S. aureus. TLR2 is critical to early stages of colonization, as TLR2 deficiencies are linked to nasal 

colonization in mice (González-Zorn et al., 2005). Thus, the modulation of NF-κB by S. aureus 

could be useful in the staged preceding interaction with the innate immune system. Some groups 

have speculated that modulation of NF-κB is useful in the context of early colonization, and not 

necessarily an active infection. For example, activities that inhibit IL-8 (Zurek et al., 2015), are in 

conflict with the ability of the leukotoxins PVL and HLA to induce NF-κB dependent IL-8 

expression and release (Dragneva et al., 2001; König, Prévost, Piémont, & König, 1995).  It was 

shown early on that S. aureus actively represses certain virulence factors during the colonization 

stage, while activating those factors during infection (Reviewed in (Novick, 2003)). So although 

NF-κB modulation has been studied in the context of an active infection, there is a right time and 

place for these activities, and the relevance of NF-κB modulation has not been thoroughly 

examined for the function of colonization.  

The idea that suppression of the NF-κB pathway is for initial temporary colonization is 

supported by MyD88 deficient mice showing decreased IL-1β and KC (IL-8) at 6 hours after S. 

aureus inoculation, and this trend was resolving by 24 hours (Miller et al., 2006).  Increases in 

these cytokines later could be due to RIPK-1 mediated cell death and NF-κB activation down the 

line (Grootjans et al., 2017). Additionally, in the subcutaneous inoculation model with S. aureus 
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strain SH1000, TLR2 deficient mice were able to heal their skin lesions at similar rates to their 

WT counterparts, while IL-1R deficient mice experienced both larger lesions and decreased 

neutrophil recruitment (Miller et al., 2006). This is in contrast to a model using various clinically 

relevant strains, bacterial supernatant, and airway epithelial cells, where the predominant mode of 

NF-κB recognition came through TLR1/2 signaling (Chekabab et al., 2015).  Both IL-1R and 

TLR1/2 mediated activation of the NF-κB pathway signal through MyD88 (Bernthal et al., 2011), 

therefore it may be beneficial for S. aureus to have redundant methods for inhibiting the NF-κB 

pathway. TLR2 mediated recognition happens when gram positive bacterial cell walls have 

degraded, therefore, pre-mediated inhibition of this signaling pathway would be advantageous to 

a bacteria in the early stages of colonization, before innate immune cells are summoned. The 

production of IL-1β is dependent on first the production of pro-IL-1β from TLR2 and NOD2 

activation, and later a second signal from the activation of the NLRP3 inflammasome which causes 

caspase-1 to activate, cleave pro-IL-1β, and secrete it (Cho et al., 2012). IL-1R is activated through 

the ligands IL-1α and IL-1β, which are expressed constitutively by epithelial cells, and by activated 

innate immune cells, respectively (Miller et al., 2007). In a subcutaneous skin infection, IL-1β has 

been shown to be the ligand needed to induce effective immune control, and the addition of 

recombinant IL-1β to IL-1β deficient mice is able to rescue the host's ability to resolve lesions 

(Miller et al., 2007). The activation of pro-IL1β comes in the form of cleavage by caspase-1, which 

is dependent on an active inflammasome in an ongoing infection (Bernthal et al., 2011; 

Opdenbosch & Lamkanfi, 2019). Therefore, the IL-1β response and subsequent activation of NF-

κB is also more relevant in a situation where there is active damage and immune cell recruitment, 

making repression of this pathway helpful for early colonization of the host.  The initial NF-κB 
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response is critical to defining the host's relationship with S. aureus, in an either inflammatory or 

tolerogenic manner. S. aureus immunomodulation may very well turn this versatile transcription 

factor into a double-edged sword that leads to an inappropriate response, or a finely-tuned tool that 

allows the body to make room for a commensal factor.  

The Impact of NF-κB on Cell Fate  

Upon inhibition of the NF-κB signaling pathway, either by host or pathogen factors, cells 

default to caspase-mediated apoptosis (X. Wang et al., 2018), which is generally beneficial for the 

host. In brief, there are two main modes of apoptosis, the extrinsic (death receptor pathway) and 

the intrinsic (mitochondrial pathways). The extrinsic pathway begins the apoptosis process by 

initial recognition of a signal by a ‘death domain,’ for example, TNF-α is recognized by TNFR1, 

or FasL is recognized by FasR (Jan & Chaudhry, 2019). This starts a signaling cascade culminating 

in the activation of procaspase 8. The activation of caspase 8 leads to the execution phase, leading 

to the physiological hallmarks of apoptosis (Elmore, 2007). While the extrinsic pathway is 

dependent on explicit recognition of a death signal, the intrinsic pathway is more associated with 

the loss of factors that prevent cell death programs, which induces apoptosis. For example, 

inhibition of NF-κB, an anti-apoptotic factor, could induce the intrinsic pathway (X. Wang et al., 

2018). In addition, positive triggers for the intrinsic pathway could involve shocking stimuli like 

hypoxia or radiation. The intrinsic pathway revolves around instability induced in the 

mitochondria, where membrane potential is lost, and ultimately caspase 9 is activated, leading to 

the execution phase and the physiological hallmarks of apoptosis (Elmore, 2007). The execution 

pathway involves many proteins, including caspases 3, 6, 7, and 10 (Jan & Chaudhry, 2019). For 
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more on the differences between extrinsic and intrinsic apoptosis, and the final execution pathway, 

refer to the reviews by Susan Elmore, 2007, and Rehmat Jan and Gul-e-Saba Chaudhry, 2019.  

Apoptosis of infected cells may lead to pathogen death either upon autophagy (Bai, 

Feldman, Chmura, Ovrutsky, & Su, 2013), or through macrophage induced killing after 

efferocytosis (Behar & Briken, 2019). Upon inhibition of Caspase-8, cells will progress to other 

cell death pathways, including necroptosis, with the role of RIPK-3 being dependent on the 

original stimuli (X. Wang et al., 2018). RIPK-1 is involved in both the apoptosis and necroptosis 

pathways (Peterson et al., 2017). Although the physiological relevance of these different cell death 

pathways are still under investigation, it is widely known that certain pathogens activate or 

inactivate different cell death pathways to their own advantage. For example, S. aureus has been 

documented in neutrophils inducing accelerated apoptosis (Zurek et al., 2015), vital NETosis 

(Brinkmann et al., 2004; Pilsczek et al., 2010), and necroptosis (Greenlee-Wacker et al., 2014), 

depending on the model and time point examined. Changing the amount of NF-κB activation in a 

cell has consequences for cell fate outcome. In the context of S. aureus mediated NF-κB 

modulation, there is still work to be done to discover the exact mechanism of modulation, which 

death pathways may be involved, and what is the overall ramification for the host tissue.  

As indicated above, the studies of the influence of NF-κB on cell fate in S. aureus are 

incomplete. Zurek et al., 2015, demonstrated that inhibition of NF-κB signaling by S. aureus 

resulted in accelerated apoptosis (Zurek et al., 2015). Other studies demonstrate that S. aureus 

infection causes diversion from the canonical apoptosis pathway in favor of more inflammatory 

options (Greenlee-Wacker et al., 2014). Under normal conditions, a cell will first opt for activation 

of the NF-κB signaling pathway and an inflammatory response. Under suppression of NF-κB, the 
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cell will direct towards caspase-8 mediated apoptosis. When this option too fails, the cell will 

undergo formation of either the ripoptosome or necrosome complexes, which can lead to 

necroptosis, or regulated necrosis (reviewed in (Pasparakis & Vandenabeele, 2015; X. Wang et 

al., 2018)). The relationship between S. aureus and necroptosis is understudied, and this 

relationship has been hotly contested. One study showed that neutrophil necroptosis is beneficial 

for S. aureus clearance, as it inhibits excessive IL-1β release in mlkl deficient mice (Kitur et al., 

2016). That being said, it has been shown that human PMNs stimulated with S. aureus undergo 

necroptosis in a MLKL independent manner (Greenlee-Wacker, Kremserová, & Nauseef, 2017), 

therefore the aforementioned study may not have been looking at true necroptosis. On the other 

hand, it has been shown that 15-50% of ingested S. aureus can survive inside of neutrophils, and 

these neutrophils undergo RIPK-3 mediated necroptosis (Greenlee-Wacker et al., 2017). For this 

reason, we suggest that the initial inhibition of NF-κB is a mechanism to drive neutrophils towards 

an inflammatory death pathway, like NETosis or necroptosis, that will increase S. aureus chances 

of survival. For example, this necroptotic state can prevent efferocytosis by macrophages, 

proliferating pathogenic spread (Behar & Briken, 2019; Greenlee-Wacker et al., 2017). Of note, 

PMNs were seen to undergo necroptosis at high S. aureus MOI (10:1), but necroptosis at a low 

MOI (1:1) required additional caspase inhibitors (Greenlee-Wacker et al., 2014). It is unclear if 

this is due to a lack of contribution on the pathogen side, or if at a low MOI, the S. aureus respond 

differently to the PMNs. Additionally, most necroptosis occurs in a RIPK-1, MLKL, and RIPK-3 

dependent manner (X. Wang et al., 2018). Necroptosis induced by USA300 is RIPK-3 dependent, 

while independent of RIPK-1 and MLKL (Greenlee-Wacker et al., 2017; X. Wang et al., 2018), 

raising questions as to the nature of this necrotic death, and the ability of USA300 to fast-track 
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neutrophils to this inflammatory death. that IL-1β secretion was linked to pyroptosis instead of 

necroptosis (Kitur et al., 2016).  

It has been shown that deficits in TLR2 correlated with decreased IL-1β production and 

larger lesions in mice, compared to WT (Cho et al., 2012), demonstrating the importance of TLR2 

in initiating an inflammatory response to infection. And so, the question becomes, how does IL-

1β relate to cell death in neutrophils, and later, does S. aureus prevent NF-κB signaling, and IL-

1β production to its own advantage. Secretion of IL-1β involves the NLRP3/ASC/caspase-1 

inflammasome, which is activated in response to staphylococcal pore forming toxins or NOD 

(Holzinger et al., 2012; Mankan, Dau, Jenne, & Hornung, 2012; Melehani, James, DuMont, 

Torres, & Duncan, 2015).  Pro-IL-1β becomes the mature form through cleavage, the majority of 

which is done by caspase-1, and it has been shown that cleavage is possible by neutrophil proteases 

and caspase-8 (Coeshott et al., 1999; Guma et al., 2010; Vince et al., 2012). IL-1β lacks a secretion 

motif, and therefore the two prime mechanisms of IL-1β secretion are through pyroptosis and 

necroptosis, which also cause the secretion of different DAMPs (reviewed in (Opdenbosch & 

Lamkanfi, 2019)). One study suggested that NF-κB regulated genes act to negatively regulated 

caspase-1-dependent IL-1β secretion (Greten et al., 2007), which makes sense as NF-κB genes are 

pro-survival and anti-apoptotic, gatekeeping further inflammatory death pathways. Upon 

stimulation by monosodium urate (MSU) crystals or LPS, IL-8 production leads to the production 

of IL-1β, which in turn is necessary for second wave production of IL-8 for maximum neutrophil 

recruitment (Martinez et al., 2004; Matsukawa et al., 1998). This is interesting in that MSU crystals 

are associated with inducing neutrophil necroptosis (X. Wang et al., 2018). Together, this suggests 

that in the event of NF-κB failure, or pathogen mediated inhibition, the cell is able to proceed to 
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death pathways that are more immune signaling in nature by secreting DAMPs and IL-1β, and 

neutrophils are more predisposed to this mode of death due to the large number of staphylococcal 

pore-forming toxins that activate NLRP3, such as PVL and LukGH (Holzinger et al., 2012; 

Melehani et al., 2015). Therefore, between the combination of TLR2 mediated NF-κB inhibition, 

and the bombardment of pore-forming toxins, is the necrotic cell death outcome beneficial to the 

host for clearance, or an escape mechanism for the S. aureus. By encouraging cell death in a 

necrotic fashion, it could be that the pathogen does not have to contend with potentially more 

bactericidal ROS mediated killing methods. 

Study Caveats 

As alluded to in previous sections, the context of these host and pathogen studies can highly 

influence not just the overall experimental outcome, but the subtleties of which pathways are 

activated over others. Overall, at later time points during an active S. aureus infection, the NF-κB 

pathway is highly active and the local environment is inflammatory, which is critical for resolution 

of the infection. The activity of the S. aureus stimulated NF-κB pathway is likely dependent on a 

number of factors, including the time point, the MOI, and the strain used. When NF-κB is 

promoted, it could be due to MOI or a time point that overwhelms initial attempts to inhibit the 

pro-inflammatory response. Of note, one study using LAC saw a 15 to 100 fold reduction in IL-

1β production compared to studies using other MOIs, culture conditions, and strains (Cho et al., 

2012). The timing of inflammatory events is relevant as it has been shown that inhibition of NF-

κB signaling during the resolution of infection extends the duration of inflammation, and prevents 

apoptosis in a mouse model (Lawrence, Gilroy, Colville-Nash, & Willoughby, 2001). As 

preventing NF-κB signaling, and the subsequent infiltration of neutrophils, is beneficial for S. 
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aureus survival, it makes sense that this selective pressure has resulted in several different NF-κB 

mechanisms, with others likely still to be discovered.   

I present these considerations as there have been many papers published on the subject of 

S. aureus SSL3 and SSL4 proteins repressing the NF-κB pathway in neutrophils. As I move into 

the hypothesis and chapters of this thesis, keep in mind the caveats I have mentioned as they are 

likely the source of any discrepancies between the previously published studies, and my work.   

Hypothesis 

S. aureus is a ubiquitous colonizer and pathogen among the human population. The duality 

of how this bacterium can both live in harmony with a human host and be the cause of fatal 

infection is of great scientific interest. The work of this dissertation focuses on host-pathogen 

interactions. Specifically, experiments on early interactions of S. aureus and neutrophils are 

conducted, in order to better understand how initial recognition of the pathogen influences 

inflammatory outcomes. Many studies have described S. aureus manipulation of inflammation in 

the host, although these studies describing NF-κB repression often do not identify a mechanism of 

inhibition. As described earlier, it is possible to see inhibitory effects from supernatant alone, 

potent enough to mask the presence of S. aureus in a polymicrobial infection model (Chekabab et 

al., 2015). It has also been shown that in the presence of live USA300, the repressive effects are 

controlled by the SaeR/S two component system (Zurek et al., 2015). Chapter Two will highlight 

the overarching methodology for how neutrophils are extracted from whole human blood, and 

describe the use of an assay to quantify neutrophil cytotoxicity.  These methodologies set the stage 

for the experiments described in Chapter Three. The overarching hypothesis for this work is that 

S. aureus modulates NF-κB to impact neutrophil function and promote pathogen survival. Data 
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indicate that S. aureus represses NF-κB expression in neutrophils through a secreted protein, 

30kDa to 50kDa in size that is regulated primarily by the SaeR/S system. These studies pave the 

way for future studies, described in Chapter 4, to identify the exact SaeR/S-regulated proteins 

responsible for repression of NF-κB and for examining the molecular mechanisms of NF-κB 

modulation and how this impacts neutrophil cell fate. 
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Abstract 

Staphylococcus aureus (S. aureus) is a ubiquitous bacterium that induces a spectrum of 

disease, from existing as a commensal microbe to being the causative agent of necrotic lung 

infections. The ability of S. aureus to exist on this spectrum can be largely attributed to the 

exquisite regulation of numerous adhesins, immunomodulatory proteins, and toxins.  In this study, 

we examined the ability of S. aureus to inhibit NF-κB signaling, and subsequent IL-8 production, 

in human neutrophils. Through a combination of techniques, we show that NF-κB repression is 

caused by secreted proteins regulated by both the SaeR/S and Agr systems. The factor(s) that 

decrease NF-κB-p65 is between 30kDa and 50kDa in size. The ability of secreted proteins to 

decrease NF-κB was maintained in the presence of the canonical NF-κB trigger, 

lipopolysaccharide (LPS).  Surprisingly, this observation was only observed in S. aureus PFGE-

type USA300 strain LAC but was not conserved in PFGE-type USA400 strain MW2.  Collectively, 

these data identify another mechanism used by S. aureus to modulate inflammation by reducing 

NF-κB-p65.   

Importance 

The relationship between initial Staphylococcus aureus (S. aureus) infections and 

inflammation triggered by the innate immune system is an understudied area with conflicting 

publications. Here we show that the S. aureus PFGE type USA300 strain LAC secretes proteins 

that reduces NF-κB-p65. Although the mechanism behind this repression needs to be further 

defined, our study adds to previous observations and highlight that S. aureus targets NF-κB to 

impact the host inflammatory response to infection.     
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Introduction 

Staphylococcus aureus (S. aureus) colonizes the anterior nares of approximately 30-50% 

of the population (Gorwitz et al., 2008; Wertheim et al., 2005). Although S. aureus generally exists 

as a commensal organism, this bacterium can cause disease ranging from benign soft-tissue 

abscesses to lethal infections such as necrotizing fasciitis. Through the acquisition of antibiotic 

resistance, S. aureus is increasingly more difficult to treat in community and hospital settings. The 

front line of defense against S. aureus infections is the human neutrophil, a highly inflammatory 

leukocyte that produces different antimicrobial proteins, peptides, and reactive oxygen species 

(ROS) when activated  (Guerra et al., 2017; Rigby & Deleo, 2011). Neutrophils are also capable 

of producing cytokines, such as IL-8, that prime and attract more neutrophils as well as prevent 

premature apoptosis (Kettritz et al., 1998; Wozniak, Betts, Murphy, & Rokicinski, 1993). This 

ability is critical for controlling early bacterial infections (Yoshio Hirao, Tsugiyasu Kanda, 

Yoshimasa Aso, Masato Mitsuhashi, & Isao Kobayashi, 2000). In turn, S. aureus produces 

cytolytic toxins, superantigens, and immunomodulatory proteins that manipulate the host immune 

response (Guerra et al., 2017).  Manipulation of the inflammatory environment likely gives S. 

aureus an edge when establishing infection in a new host.  

The cornerstone of neutrophil inflammation is the pro-inflammatory transcription factor, 

nuclear factor kappa-light chain enhancer of activated B cells (NF-κB). NF-κB is activated through 

the recognition of pathogen-associated molecular patterns (PAMPs), often through toll-like 

receptors (TLRs). This recognition starts a signaling cascade that results in the activation of NF-

κB, translocation into the nucleus, and the transcription of anti-apoptosis and pro-inflammatory 

products including IL-8 (Hayden & Ghosh, 2011). These inflammatory responses, although 
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potentially damaging to the host if uncontrolled, are necessary to summon other immunological 

factors and control infections. We have previously demonstrated that S. aureus, through the action 

of the S. aureus exoprotein secretion system SaeR/S, represses NF-κB expression and subsequent 

cytokine production (Zurek et al., 2015). In this study, we advanced our previous observations and 

those made by others (Zurek, Ji, Bolhuis, and Watson 2019a; Koymans et al. 2017; Chekabab et 

al. 2015) to demonstrate that the prominent S. aureus isolate identified as PFGE type USA300 

strain LAC can repress NF-κB-p65 expression by a SaeR/S-regulated secreted protein between 

30kDa and 50kDa. To our surprise, this mechanism was not observed in the clinically relevant 

isolate PFGE-type USA400 strain MW2, suggesting that this mechanism of NF-κB repression is 

not conserved across clinically relevant strains.  

Results 

Secretion of a S. aureus Factor Represses NF-κB and Cytokine Expression  

It is advantageous to S. aureus to repress an inflammatory response while establishing its 

microenvironment. It has been previously shown that S. aureus can suppress NF-κB and 

subsequent IL-8 production in both neutrophils and airway epithelial cells (Chekabab et al., 2015; 

Zurek et al., 2015). We previously demonstrated that type USA300 could repress NF-κB (Zurek 

et al., 2015) and that this repression was regulated by the SaeR/S two-component gene regulatory 

system in S. aureus.  In the current study we investigated if secreted factors from overnight cultures 

reduced NF-κB compared to unstimulated neutrophils (Figure 3.1). By stimulating neutrophils 

with sterile filtered supernatants from the wild type USA300, USA300ΔsaeR/S, and USA300Δagr 

mutant strains, the overall amount of p65 protein was seen to be reduced by wild type supernatant, 

but not the USA300ΔsaeR/S, and USA300Δagr mutant strain supernatant (supplemental Figures 
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3.1A-B). Next, an ELISA was used to compare the amount of NF-κB phosphorylated, and 

therefore active, S536 of the P65 subunit (Figure 3.1A) produced in neutrophils exposed to either 

the USA300 supernatant, or the USA300ΔsaeR/S and USA300Δagr supernatant. Neutrophils 

exposed to USA300ΔsaeR/S and USA300Δagr produced NF-κB similar to unstimulated 

neutrophils while wildtype USA300 significantly reduced activated NF-κB below the resting state 

(Figure 3.1A). We previously demonstrated that the SaeR/S two component system mediated a 

reduction of NF-κB phosphorylation which corresponded to reduced IL-8 production (Zurek et al., 

2015). To determine if USA300 supernatant could reduce IL-8 transcription, neutrophils were 

exposed to S. aureus supernatant and IL-8 transcript abundance was assessed at two-hours post-

exposure (Figure 3.1B). Neutrophils exposed to ΔsaeR/S and Δagr supernatants had increases in 

IL-8 expression relative to resting and wild-type exposed cells.  Exposure to USA300ΔsaeR/S 

supernatant significantly activated NF-κB relative to neutrophils treated with wild type USA300 

supernatant and above a base line of NF-κB activation for neutrophils in a resting state.  The 

secreted factor that influences NF-κB expression is also regulated by agr, however, the Δagr 

supernatant exposed neutrophils did not demonstrate statistically significant differences when 

compared to USA300. To investigate if the secreted factor was conserved in another clinically 

relevant strain, we exposed human neutrophils to USA400 supernatant and corresponding isogenic 

mutants of SaeR/S or Agr in this strain. Surprisingly, USA400 supernatant did not significantly 

alter total amounts of NF-κB between the different mutant supernatant groups (Figure 3.1C). 
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Reduction of NF-κB Expression is Caused by a Secreted Protein and 

Occurs in both Neutrophils and Monocytes  

Proteinase K digestion was used to demonstrate that the factor of interest is a protein. 

Following treatment with proteinase K no significant differences in NF-κB phosphorylation were 

observed between WT, ΔsaeR/S, and Δagr supernatant stimulation (Figure 3.2A). To further 

characterize our protein of interest, size exclusion filters of 0.2μM, 50kDa, or 30kDa were used. 

Reduced NF-κB phosphorylation was seen in WT supernatants following filtration with 0.2uM, 

and 50kDa. Interestingly, the differences in NF-κB phosphorylation was absent in neutrophils 

exposed to supernatants following filtration at 30kDa (Figure 3.2B). This indicates that the protein 

controlled by SaeR/S (and to some degree, Agr), is likely between 30kDa and 50kDa in size. 

Reduced NF-κB phosphorylation was independent of cell death since lysis was significantly 

reduced in neutrophils incubated with supernatants from the 30kDa and 50kDa filters 

(Supplemental Figure 3.2A).  

We next utilized THP1-Blue™ NF-κB monocyte to confirm our observations from Figure 

3.1 and to determine if the S. aureus factor could reduce NF-κB expression following stimulation 

with the canonical NF-κB trigger LPS. We used supernatant that was filtered with the 50kDa filter 

to retain viability at this long time point. When THP1-Blue™ NF-κB monocytes were incubated 

with a combination of WT supernatants and LPS, the WT supernatants were seen to suppress the 

LPS induced activation in a dose dependent manner (Figure 3.2C).  
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Reduced Expression of NF-κB is not Caused by SSL3 or SSL4 

Previous studies have shown that SSL3 and SSL4 are able to bind to TLR2, which could 

inhibit NF-κB signaling (Koymans, Feitsma, Brondijk, et al., 2015; Koymans et al., 2017). As 

shown previously, USA300 can repress NF-κB signaling, both through live pathogen interaction 

(Zurek et al., 2015), and as shown here through a secreted protein(s) (Figure 3.1). This is in contrast 

to USA400, that did not produce a secreted factor that reduces total amount of NF-κB protein 

(Figure 3.1E). These observations led us to believe there may be significant differences between 

the SSLs of the strains, but when aligned by BLAST, SSL3 in USA300 and USA400 are shown 

to be 98% identical, with 12 gaps between the two strains (Supplemental Figure 3.2A). Structural 

analysis demonstrates that a DVID insertion in USA400 is located on the other side of the protein 

from the TLR1/2 binding site and likely does not interfere with binding (data not shown). When 

comparing SSL4 by BLAST, these two strains are 93% identical, with 31 gaps (data not shown). 

To investigate if ssl3 and ssl4 contributed to the reduced NF-κB phosphorylation in neutrophils, 

we first measured ssl3 and ssl4 transcript abundance during S. aureus growth in culture and 

following phagocytosis. ssl3 and ssl4 transcripts were expressed in USA300, USA400 and 

corresponding isogenic ΔsaeR/S strains from overnight (stationary phase) and exponential cultures 

(Figure 3.3A). There was increased expression in ssl3 and ssl4 transcripts during stationary growth 

compared to expression during exponential growth. These data imply that SSL3 and SSL4 are 

likely present in supernatants from both USA300 and USA400 strains and are not responsible for 

the reduced NF-κB phosphorylation observed. When examining USA300 ssl3 and ssl4 following 

phagocytosis by neutrophils, we did observe an increase in transcript abundance of ssl3 and ssl4 

in USA300 that had been phagocytosed by neutrophils that was not observed for USA300ΔsaeR/S 
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(Figure 3.3B), suggesting these genes are under the regulatory control of this two-component 

system. When examining ssl3 and ssl4 expression during exponential growth versus stationary 

growth, it was seen that both of these transcripts were made in abundance in both the wild type 

and ΔsaeR/S strains, indicating that they would be present in the supernatant used for the 

experiment in Figure 3.1C. For phagocytosed USA400, we observed a similar increase ssl4 

transcript abundance but not for ssl3 transcript abundance when USA400 was stimulated by PMNs 

(Figure 3.3D).  

As a first attempt to identify the secreted factors responsible for the reduction in NF-κB 

expression we screened S. aureus supernatants from isogenic mutant strains of genes coding 

proteins within the 30-50kDa range. This included knockouts in the genes ssl3, ssl4, hla, LukGH, 

and pvl, with a ssl11 knockout included which was slightly below 30kDa at 24.98kDa (Table 2). 

These isogenic deletion mutants were selected based on published data demonstrating the 

expression of these genes is regulated by both SaeR/S and Agr (Alonzo, III, & Torres, 2014; 

Benson et al., 2012; Li & Cheung, 2008). The hla mutant strain has been characterized in previous 

studies as indicated in Materials and Methods.  The ssl3/4 and ssl11 strains were generated for this 

study and had no significant defects in growth compared to the parental USA300 strain 

(Supplemental Figure 3.4).  The ssL11 mutant has a predicted protein size of 24.98kDa and was 

used as both a size control, and to explore a possible link to PMN migration which is explained in 

the discussion section. None of the mutant strains investigated demonstrated significant 

differences in phosphorylation state from WT USA300 (Figure 3.4), implying that the proteins 

knocked-out were not responsible for the repression of NF-κB activation.    
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Discussion  

NF-κB and cytokine repression by S. aureus has been described before, but results in this 

study indicate a mechanism that is distinct from these reports (Chekabab et al., 2015; Ji et al., 

2019; Koymans et al., 2017). We previously showed that S. aureus can repress IL-8 production 

through inhibition of NF-κB activity when neutrophils are exposed to live USA300 (Zurek et al., 

2015). Here we show that this effect is mediated by both the SaeR/S and the Agr two-component 

systems and can be induced by proteins in diluted overnight supernatant (Figure 3.1A). These 

potent secreted factors also repressed IL-8 transcription (Figure 3.1B). In addition, we 

demonstrated that this repression is caused by one or more proteins that are between 30kDa to 

50kDa in size (Figure 3.2B). Furthermore, we show that this repressive ability is not conserved in 

the clinically relevant strain, USA400 (Figure 3.1C).  This concurs with a previous study showing 

non-significant differences in IL-8 production in 16HBE cells when stimulated by USA400 versus 

resting, although the IL-8 repressive agent they examined was non-proteinaceous and determined 

to be less than 3kDa in size (Ji et al., 2019). 

Based on previous observations by Bardoel et al, and Koymans et al., we originally 

anticipated that SSL3 and/or SSL4 proteins would be responsible for the inhibited phosphorylation 

of the transcription factor NF-κB.  However, we found that SSL3 and SSL4 were not responsible 

for the measured decrease in NF-κB- p65 in our studies. Both the ΔsaeR/S and Δagr mutants 

produced ssl3 and ssl4 in overnight culture (Figure 3.3A) (Benson et al., 2012), but supernatants 

from these cultures where not able to repress NF-κB activation. In addition, we demonstrate that 

the deletion of ssl3 and ssl4 in USA300 had no influence on NF-κB activation under the conditions 

tested. Previous studies have demonstrated that SSL11 from USA300 disrupts motility in the 



58 

 

neutrophil-like cells, dHL60 by locking the cell into an adhesive state (Chen, Yang, & Barbieri, 

2019). When p65 is lacking in mice, neutrophil migration into infected tissues is attenuated 

(Alcamo et al., 2001), suggesting a potential link between the observed NF-κB inhibition, 

neutrophil migration, and SSL11. However, supernatant produced by USA300 lacking ssl11 did 

not influence NF-κB activation relative to supernatant produced by wild-type USA300, suggesting 

SSL11 is not responsible for the repression of NF-κB phosphorylation observed in these studies.  

None of the individual toxin knockouts screened, i.e., Δhla, ΔlukGH, nor Δpvl, showed a 

difference from the WT suppression (Figure 3.4), which agrees with a previous study showing that 

Hla from USA300 does not influence IL-8 production in whole blood (T. K. Nygaard, Pallister, 

Zurek, & Voyich, 2013).  We decided to screen leukotoxins, based on their sizes, regulation by 

SaeR/S and Agr and also because it is not unheard of for Staphylococcal toxins to have secondary 

effects, as shown by several studies demonstrating that leukotoxins induce neutrophil cell death 

via NETosis (Bhattacharya et al., 2018; Mazzoleni, Zimmermann‐Meisse, Smirnova, Tarassov, & 

Prévost, 2021).  

The identity of the repressive proteins and the mechanism of this repression is beyond the 

scope of this paper, although this method may be linked to the overall reduction in total p65 

protein, as seen in Figure 3.1C. Future studies will investigate additional virulence factors between 

30-50 kD and also generate double and triple knockout strains since we anticipate more than one 

protein is responsible for the significant reduction in NF-κB-p65. Although the physiologic 

relevance of NF- κB-p65 reduction is currently unknown, it is possible S. aureus uses the ability 

to stay hidden during early colonization or to reduce inflammation while the pathogen establishes 

a biofilm.  Regardless, our findings add to previous studies by us and others that indicate NF- κB 
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modulation is a virulence mechanism used by S. aureus. Given the major axis point of NF-κB in 

both cell survival and the entry point for various modes of neutrophil cell death, defining the 

mechanism behind this S. aureus modulation will further illuminate the intricacies of this host and 

pathogen interaction.  
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Materials and Methods 

Bacterial Strains and Culture 

CA-MRSA strains USA300 or USA400 and corresponding isogenic mutants were used in 

this study. Unless otherwise indicated, overnight media consisted of tryptic soy broth (TSB) (EMD 

Millipore; Darmstadt, Germany), with the subculture supplemented with 0.5% (w/v) glucose (as 

described Voyich 2005). When needed, spectinomycin was included in the medium at a 0.5 mg/mL 

concentration. Subcultures were created by inoculating a 1:100 dilution of the overnight culture. 

Overnight cultures had CFUs/mL between 4-15x109 CFUs/mL. Bacteria were harvested by 

centrifugation for 5 minutes at 8,000xg. Supernatants were sterile-filtered and diluted with 1:30 

DPBS. This dilution was empirically determined to maintain the phenotype of reduced NF-κB 

without complete lysis of cells (data not shown).   

Construction of the Δssl3 and Δssl4 double mutant, and Δssl11 deletion mutant was 

preformed using allelic exchange with the plasmid pKOR1 as described previously (Bae & 

Schneewind, 2006; T. K. Nygaard et al., 2018). The primers used to generate these mutants are 

listed in Table 1. Primers containing attb sites were used to amplify proteins of interest from the 

USA300 genome for BP Clonase II (ThermoFisher Scientific) mediated insertion into the pKOR1 

plasmid. For growth curves OD600 reading were measured every half hour by a Nanodrop 2000C 

UV-Vis Spectrophotometer (ThermoFischer Scientific; Wilmington, DE, United States). Colony 

forming units (CFUs) of serially diluted samples were enumerated on TSA after incubation 

overnight at 37°C with 5% CO2 as described (Collins et al., 2020; Dankoff et al., 2020; J. M. 

Voyich et al., 2005). Growth curves for ΔlukGH not shown. The Δpvl mutant was kindly provided 
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by Michael Otto and all other mutants used in this study were generated in previous studies(T. K. 

K. Nygaard et al., 2010; T. K. Nygaard et al., 2012). 

Neutrophil Isolation 

Heparinized venous blood from healthy donors 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. Human neutrophils 

(polymorphonuclear leukocytes, PMNs) were isolated under endotoxin-free conditions (<25 pg 

ml-1) as previously described (Dankoff et al., 2020; J. M. Voyich et al., 2005; J. M. M. Voyich et 

al., 2009). Purity (<1% PBMC contamination) and viability (<2% propidium iodide positivity) of 

neutrophil preparations were assessed by flow cytometry on a FACS Calibur instrument and BD 

Biosciences Cell Quest Pro software (version 0.3.3flb).  

Plasma Membrane Damage 

Propidium iodide (PI) uptake was used as a measure of plasma membrane permeability to 

assess damage of neutrophils by secreted S. aureus proteins as described (Dankoff et al., 2020; T. 

K. Nygaard et al., 2012). Briefly, bacterial strains were cultured overnight at 37°C with shaking 

(250 RPM) in TSB. After, 1mL of bacteria were collected, and centrifuged for 5 minutes at 

8,000xg. Supernatants were sterile-filtered as described above and diluted with DPBS. Neutrophils 

were exposed to supernatants for 1 hour at 37°C with 5% CO2. After incubation, cells were stained 

with 0.5 μL PI (1 mg mL -1 Life Technologies) and analyzed by flow cytometry on a FACS Calibur 

flow cytometer (BD Biosciences; Franklin Lakes, New Jersey).  
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Phosphorylated and Total Protein P65 NF-κB ELISA  

Plates (96-well,Cellstar®, Greiner Bio-one) were prepared by coating the wells with 20% 

normal human serum, and incubated for at least 30 minutes at 37°C. These wells were then flushed 

twice with DPBS. Neutrophils, at a concentration of 106 cells per well, were incubated with 

supernatants (as described above), or E. coli derived lipopolysaccharide (LPS, used as a positive 

control), at indicated concentrations, for two hours. The cells were then processed and analyzed in 

accordance to manufacturer recommendations for the NFκB-p65 (Total/Phospho) Human 

InstantOne™ ELISA Kit (ThermoFisher Scientific; Waltham, MA).  

Western Blot Analysis  

Supernatants from overnight cultures in TSB without glucose were harvested as described 

above. Plates (96-well,Cellstar®, Greiner Bio-one) were prepared by coating the wells with 20% 

normal human serum, and incubated for at least 30 minutes at 37°C. These wells were then flushed 

twice with DPBS. Neutrophils, 1 million cells per well, were stimulated by supernatants for 2 

hours, at 37°C, before being collected and lysed with RIPA Buffer. Samples (20 μL) were resolved 

using 10% SDS-PAGE gels, (150 V for 50 minutes), and transferred onto nitrocellulose (at 

10mAmps overnight). Membranes were washed and blocked in DPBS containing 5% (w/v) milk 

solution for 10 minutes followed by incubation with either rabbit anti-GAPDH primary antibody 

(Cellular Technologies, D16H11), or mouse anti-p65-NF-κB (Santa Cruz Antibodies, sc-8008) at 

the recommended dilution of 1:1,000. The membranes were incubated overnight, with rocking at 

4°C. GAPDH and p65 NF-κB were detected after a 2 hour incubation with goat anti-mouse IgG 

coupled to horseradish peroxidase (at 1:10,000 dilution) (Jackson ImmunoResearch; West Grove, 

PA, United States), or goat anti-rabbit IgG coupled to horseradish peroxidase (at 10,000 dilution) 
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(Jackson ImmunoResearch; West Grove, PA, United States), and then developed using 5 mL 

3,3’,5,5’-tetramethylbenzidine (TMB) substrate. Images were taken with a Gel Doc Imager 

(ProteinSimple; San Jose, CA, United States) and analyzed by ImageJ densitometry software 

(Schindelin et al., 2012), with amounts of p65 NF-κB normalized to amounts of GAPDH per well. 

THP1-Blue™ NF-κB Assay  

THP1-Blue™ NF-κB Monocyte Cells (InvivoGen; San Diego, CA), were cultured in 

accordance to manufacturer recommendations. Supernatants from S. aureus strains were collected 

as described above. THP1-Blue™ cells were suspended in manufacturer provided growth media 

at a concentration of 100,000 cells/well, and were incubated with supernatants for 24 hours at 

37°C. After incubation, samples were incubated with QUANTI-Blue™ Solution, in accordance to 

manufacturer recommendations, and quantified by a 450nm well scan with an Epoch2 Microplate 

Spectrophotometer (BioTek; Winooski, VT). Individual experiments were done in duplicate, with 

averages taken between technical repeats. LPS from E. coli, was used at a concentration of 10ng 

or 1ng per well.  

qRT-PCR 

TaqMan® gene expression experiments were performed as previously described (T. K. K. 

Nygaard et al., 2010; J. M. Voyich et al., 2005). For experiments measuring S. aureus transcription, 

S. aureus strains were cultured as above and grown to an OD600 of 1.5 (mid-exponential) and 

exposed to media only or neutrophils at an MOI of 10:1. After 30 minutes RNA was extracted as 

described (T. K. K. Nygaard et al., 2010). Relative quantification of S. aureus target genes was 

determined using the 2–∆∆Ct method and change in expression of target transcripts were normalized 

to that of the housekeeping gene gyrase B (gryB) and relative to either USA300 (strain LAC) 
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transcript levels or USA400 (strain MW2) grown in TSB only. The gyrB forward sequence is 

CAAATGATCACAGCTTTGGTACAG and the reverse sequence is 

CGGCATCAGTCATAATGACGAT with the probe sequence of 5’ 6FAM 

AATCGGTGGCGACTTTGATCTAGCGAAAG. For experiments measuring human gene 

transcripts, neutrophils were isolated, prepared, and exposed to S. aureus supernatants as described 

above. At a 2 hour timepoint, they underwent an RNA extraction (RNeasy® Mini Kit, QIAGEN), 

as done previously (Kobayashi et al., 2002). Relative quantification of neutrophil gene targets were 

determined using the 2–∆∆Ct method and change in expression of target transcripts were normalized 

to that of the housekeeping gene GAPDH, and relative to neutrophil only transcript levels. 

Primer/probe sequences generated for this study are described in Table 1, and on demand primer 

and probe set included the TaqMan® Gene Expression Assays for GAPDH (Hs02758991_g1) (T. 

K. K. Nygaard et al., 2010; J. M. Voyich et al., 2005). 

Statistics 

Statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad 

Software, La Jolla, CA, United States) with t-tests and ANOVA as indicated. Error bars represent 

the standard error of the mean (SEM).  
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Figure 3.1. A USA300, secreted factor, is a potent NF-κB inhibitor. A) Concentrations of 

phosphorylated p65 (P+ S536) as determined by ELISA for 1x106 PMNs incubated with 

supernatant for two hours, and analyzed at OD 450nm. Data are mean ± SEM of four independent 

experiments. B) TaqMan® RT-PCR data of relative IL-8 expression normalized to GAPDH of 

resting human PMNs after a two-hour incubation with supernatant. Data are mean ± SEM of two 

independent experiments. C) Relative concentrations of total p65 in USA300 and USA400 strains 

as measured by ELISA for 1x106 PMNs incubated with supernatant for two hours and analyzed 

at 450nm. Data are mean ± SEM of five independent experiments. –, negative control and +, 

positive control. *p≤0.05 and **p≤0.001 as determined by one-way repeated-measures ANOVA 

with Tukey’s post-test.  
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Figure 3.2. NF-κB expression in PMNs is reduced by a SaeR-regulated protein ~30k to 50kDa in 

size. A) Relative concentrations of phosphorylated p65 (P+ S536) as determined by ELISA for 

1x106 PMNs incubated with supernatant for two hours (A and B). A) following proteinase K 

treatment (PK). Data is a mean ± SEM of five independent experiments. B) Relative concentrations 

of phosphorylated p65 (P+ S536) as determined by ELISA WT and ΔsaeR/S supernatant was 

filtered with either the standard 0.2μM filter, a 50kDa filter, or a 30kDa filter, as described in 

Materials and Methods. Data is a mean ± SEM of six independent experiments. C) THP1-Blue™ 

NF-κB cells were incubated with 50kDa filtered1:30 WT supernatant, LPS 10ng, LPS 1ng, or a 

combination thereof, for 24 hours, then developed at OD 620nm. Data is a mean ± SEM of six 

independent experiments. -, negative control, +, positive control, *p≤0.05, **p≤0.01, *** p≤0.001, 

****p≤0.0001, ns, not significant, as determined by one-way repeated-measures ANOVA with 

Tukey’s post-test.  
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Figure 3.3. ssl3 and ssl4 relative transcript abundance in USA300 and USA400 strains. TaqMan® 

RT-PCR data shown is normalized to gyrB and relative to USA300 WT (A, B) or USA400 WT 

(C, D) at exponential growth (E). A) ssl3 and ssl4 transcript abundance in USA300 during 

exponential growth (E) and stationary growth (S). B) USA300 ssl3 and ssl4 expression during 

exponential growth (E) only or following challenge with 1 x 106 PMNs. C) ssl3 and ssl4 transcript 

abundance in USA400 during exponential growth (E) and stationary growth (S). D) Transcript 

abundance of USA400 ssl3 and ssl4 during exponential growth (E) only or following challenge 

with 1 x 106 PMNs. Samples were analyzed in triplicate and results are from two biological 

replicates, error bars represent mean ± SEM.  
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Figure 3.4. Comparison of USA300 NF-κB phosphorylation in USA300 isogenic mutant strains.  

Total amounts of phosphorylated p65 (P+ S536) as determined by ELISA for 1x106 PMNs 

incubated with supernatant for two hours. Data are mean ± SEM of nine independent experiments. 

-, negative control, and +, positive control. *p≤0.05 as determined by one-way repeated-measures 

ANOVA with Tukey’s post-test.  
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Supplemental Figure 3.1. Wild type supernatants deduce the amount of NF-κB protein. A) 

Representative Western blot of p65 protein from data collected in B. B) Representative Western 

blot of p65 protein from data collected in A. Diluted supernatant (1:30) from late exponential 

cultures from WT USA300 significantly reduces the p65 protein compared to USA300ΔsaeR/S. 

Quantification of p65 using densitometry analysis after 1x106 PMNs were stimulated with diluted 

supernatant for two hours. Data shown are amounts relative to resting PMNs, normalized to 

GAPDH density, and is presented as mean ± SEM of three independent experiments.  
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Supplemental Figure 3.2. Plasma membrane damage in either PMNs or THP1-Blue™ NF-κB cells 

after exposure to S. aureus supernatants. A) PMNs were incubated for two hours with supernatants 

following filtration as described previously. PMNs were then incubated with propidium iodide 

(PI), and examined for plasma membrane permeability via flow cytometry. Data is a mean ± SEM 

of two independent experiments. B) THP1-Blue™ NF-κB cells were incubated for 24 hours with 

supernatants following filtration with, 0.2μ M or 50kDa, or 30kDa then incubated with PI, and 

examined for cell death via flow cytometry. Data is a mean ± SEM of two independent 

experiments. 
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Supplemental Figure 3.3. SSL3 in USA300 and USA400, when aligned by BLAST, are 98% 

identical. Yellow indicates the 12 differences between the two stains.  
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Supplemental Figure 3.4. USA300, USA300Δssl3Δssl4, and USA300Δssl11 demonstrate no 

difference in growth. A) The three aforementioned strains showed no significant difference in 

growth as shown by OD600 measurements taken every half hour for six hours. B) The three 

aforementioned strains showed no significant difference in growth as calculated by CFUs/mL 

every half hour for six hours. Data is a mean ± SEM of three independent experiments.  
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Table 1. Primers and probes used in this study.  
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Table 2. Approximate sizes of proteins knocked out in the strains seen in Figure 3.4.  
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CHAPTER FOUR 

CONCLUSIONS AND FUTURE STUDIES 

 S. aureus is a ubiquitous bacteria known for its role as a pervasive pathogen, and as a 

member of the normal microbiota of the anterior nares and skin. Its ability to incorporate new 

antibiotic resistance mechanisms, and its ability to kill immune cells make it a formidable foe, one 

which, despite ongoing efforts still have not resulted in a vaccine. It is critical to understand how 

S. aureus interacts with its human host, both in colonization and pathogenic contexts in order to 

better understand what is needed to give the human immune system an ‘edge’ and avoid 

pathogenicity.  

Chapter Two of this dissertation described a method for isolating neutrophils from whole 

human blood (Dankoff et al., 2020). This methods manuscript included the description of two 

neutrophil and S. aureus interaction assays. One of the methods described how to evaluate the 

cytotoxicity of S. aureus after phagocytosis by neutrophils. Cytotoxicity is measured by flow 

cytometry examining cell death through propidium iodide uptake. The other method, which is the 

basis for most of the experiments in Chapter Three, also uses neutrophils, but examines S. aureus 

cytotoxicity of extracellular proteins found in S. aureus supernatant. Once again, cell death is 

evaluated by flow cytometry and propidium iodide uptake.  

Chapter Three included data that indicated a SaeR/S-regulated protein inhibits NF-κB 

activation, the findings are summarized in Figure 4.1. The basis of Chapter Three was that of a 

follow up study to Zurek et al., a previous publication from this lab (Zurek et al., 2015). This 

previous study documented a USA300 SaeR/S mediated mechanism of NF-κB repression, which 

led to accelerated apoptosis, along with reduced IL-8 production (Zurek et al., 2015). The main 
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objective of Chapter Three was to further characterize this repressive ability, with the goal of 

identifying the S. aureus factors responsible and to examine the mechanisms NF-κB mediated cell 

death. We hypothesized that the NF-κB mediated repression was caused by a secreted protein, and 

that this repressive activity was independent of the S. aureus mediated cytotoxicity described in 

Chapter Two. To test this, I did a simple experiment incubating neutrophils with diluted S. aureus 

supernatant, then did a Western blot to assess levels of overall NF-κB protein. This showed a 

reduction in overall NF-κB protein in the conditions incubated with wild type supernatant 

compared to the ΔsaeR/S or Δagr supernatant. These data demonstrated that NF-κB repression is 

mediated by SaeR/S, and to some degree Agr. To investigate if a reduction in NF-κB protein 

reduces the overall amount of activated NF-κB, we used the same setup as before, but assessed 

phosphorylated NF-κB with an ELISA, which confirmed that neutrophils incubated with wild type 

supernatant compared to resting, ΔsaeR/S, or Δagr supernatant had less activated NF-κB. To add 

to the findings of Zurek et al., we looked at the ability of wild type supernatant to impede IL-8 

production via qRT-PCR, and saw that the neutrophils incubated with wild type S. aureus had IL-

8 transcript levels at two hours similar to resting, while the ΔsaeR/S and Δagr groups had a twenty 

fold increase in IL-8 transcript abundance over resting neutrophils. The observed phenotype was 

not conserved in the USA400 S. aureus.  Additional experiments identified the S. aureus factor to 

be a secreted protein, approximately 30-50kDa in size. In addition, we saw that the repressive 

ablitity of this factor is very potent and a 1:30 dilution of supernatant could inhibit LPS induced 

NF-κB activation in a human monocyte line.      

As discussed in Chapter 1 it is difficult to compare our results with previously published 

observations due to the differences in experimental designs.  For example, time points analyzed 
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strongly influence NF-kB expression.  Shorter stimulatory time periods, here which would be 

reflective of initial host pathogen interactions, typically result in activation and then suppression 

of NF-κB behaviors, while longer time points reflect robust inflammatory response, increases in 

NF-κB, and extended life spans of neutrophils (Hayden & Ghosh, 2011; Mitchell et al., 2016). 

Other differences in outcomes of experiments reflect cell lines, human donor variation (Janesch et 

al., 2017), or mice strains used to measure an outcome. Many papers, for example, utilize 

C57BL/6J mice, and according to Opdenbosch et al., 2019, they have a ‘differential inflammasome 

response’ due to a mutated Nlrp1b allele (Opdenbosch et al., 2019), therefore potentially skewing 

inflammation results. Additionally, mouse and rat species do not have caspase-10, which plays a 

part in apoptosis (Opdenbosch & Lamkanfi, 2019) and also respond differently to S. aureus toxins 

due to differences in receptors between human and mouse cells.  

Much like how the differences between lab strain K12 E. coli and enterohemorrhagic 

O157:H7 E. coli make them not interchangeable for experiments, S. aureus strains cover such a 

breadth of differences that results from one strain do not necessarily apply to another. The history 

of evolution for hospital-associated (HA) MRSA and community-associated (CA) MRSA is 

covered extensively in a review by Uhlemann et al., but in brief, HA-MRSA infections historically 

were obtained in the hospital by immuno-compromised individuals. Over the last 20 years, there 

have been the emergence of more virulent CA-MRSA strains that infect otherwise healthy 

individuals (Uhlemanne et al., 2014). These CA-MRSA strains are commonly classified by pulsed 

field gel electrophoresis types, into groups such as and not limited to USA400, EMRSA-15, 

MRSA252, and the most common, USA300 (Uhlemann et al., 2014).  Common laboratory strains 

include SH1000, and RN4220.  Strain Newman is often utilized in assays and it has a mutation in 



90 

 

SaeS making the SaeR/S TCS perpetually turned ‘on’. Differences between these strains are vast, 

from phenotypes seen in infections, to prophage encoded virulence factors, preference for host 

species, eccentricities concerning individual regulation of virulence factors, and truncation of 

prominent virulence factors (reviewed in greater depth in (Alonzo et al., 2014; Guerra et al., 2017; 

Turner et al., 2019; Uhlemann et al., 2014)). In addition to strain variability, the media the S. 

aureus is grown in can affect the production of virulence factors. Additionally, growth phase and 

MOI, are factors that can influence how host cells respond to this multifaceted pathogen. It is 

important to keep these considerations in mind when reviewing conflicting studies. 

Identifying the Protein(s) Involved in NF-κB Suppression 

Many previous studies had described the S. aureus proteins of SSL3 and SSL4 as inhibitors 

of the NF-κB pathway by binding to TLR1/2 (Koymans, Feitsma, Harma Brondijk, et al., 2015; 

Koymans et al., 2017; Yokoyama et al., 2012). When analyzing SSL3 and SSL4 production under 

a variety of conditions, from overnight growth to S. aureus activation by neutrophils, we did show 

SaeR/S mediated control of ssl3 and ssl4 transcript when exposed to neutrophils. What we did not 

see, was SaeR/S mediated production of ssl3 and ssl4 transcript in overnight growth, which was 

the source of the supernatant used in our studies. Additionally, we had not seen the suppressive 

activity conserved in USA400 a strain that also produces ssl3 and ssl4 transcript. Together, this 

evidence indicates that SSL3 and SSL4 are not the primary factors repressing NF-κB in the context 

of our experiments. Additionally, in ELISA experiments using a Δssl3Δssl4 isogenic mutant strain 

NF-κB was not restored to the levels observed in the ΔsaeR/S mutant strain. Other isogenic 

knockout strains tested included Δssl11, Δhla, ΔlukGH, and Δpvl. SSL11 has a history of 

repression neutrophil migration (Chen et al., 2019), which is known to be partially controlled by 
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NF-κB. Additionally, the individual toxins tested have sizes between 30-50kDa. Unfortunately, 

none of the strains tested caused an activation of NF-κB activity, and therefore I did not find the 

mystery SaeR/S mediated repressive protein. Therefore, although we did not identify the protein 

responsible for repressing NF-κB activation and subsequent IL-8 production we demonstrated that 

the NF-κB repression is caused by a secreted protein, 30-50kDa in size, and that it is not conserved 

in the clinically relevant strain USA400. Together, these hints will pave the way for future studies 

to define the mechanism of SaeR/S mediated NF-κB repression.  

Future Studies: Cell Death, Imagestream Work, NETosis: 

 The overarching theme of my research was always about how the context of neutrophil 

interactions with S. aureus leads to different modes of cell death. As briefly discussed in the 

introduction, neutrophils are well-known for their ability to undergo cell death in a variety of 

dramatic ways. There are a number of great reviews available on cell death, and neutrophil cell 

death in specific (Fox, Leitch, Duffin, Haslett, & Rossi, 2010; Grootjans et al., 2017; Kobayashi 

et al., 2017; X. Wang et al., 2018; Yipp & Kubes, 2013), but here I wanted to highlight three mode 

of cell death. These are apoptosis, necroptosis, and NETosis. Apoptosis, or spontaneous cell death, 

can occur after either phagocytosis and killing of a pathogen (PICD), or as a result of the neutrophil 

reaching the end of its short life (Kobayashi et al., 2017). This process is critical to maintaining 

homeostasis in the host as it prevents leakage of inflammatory products into the host tissue. Early 

studies defined apoptosis by several hallmarks, including condensation of chromatin, membrane 

blebbing, phosphatidylserine (PS) on the outer plasma membrane, and gradual disruption in 

membrane integrity (Krysko, Vanden Berghe, D’Herde, & Vandenabeele, 2008; Savill et al., 

1989). Membrane integrity can readily be examined with propidium iodide uptake via flow 
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cytometry (Dankoff et al., 2020), and nuclear condensation can be observed through microscopy 

(Fox et al., 2010; Savill et al., 1989). Another infamous mode of cell death is necroptosis, or 

regulated necrosis, which is dependent on MLKL, RIPK1, and many other mediators (reviewed in 

(Pasparakis & Vandenabeele, 2015)). Hallmarks include rapid swelling of the cytoplasm, intact 

nuclei, and after membrane rupture, secretion of intracellular components {reviewed in (Krysko 

et al., 2008)}. The differences between apoptosis and necroptosis can be leveraged, and examined 

to some degree by traditional flow cytometry, but the differences are even more clear cut when 

using imaging flow cytometry (Krysko et al., 2008; Pietkiewicz, Schmidt, & Lavrik, 2015).  

The majority of this dissertation examined neutrophil cell death in the context of apoptosis, 

and these studies are setting the stage for an investigation into necrosis. The pathways of apoptosis 

and necroptosis intersect at NF-κB. In a closed conformation, RIPK1 activates NF-κB and is 

therefore anti-apoptotic, but in an open conformation, promotes apoptosis and necroptosis 

{reviewed in (Grootjans et al., 2017)}. This relationship is summarized in Figure 4.2, and future 

studies will be geared towards better understanding how host-pathogen interactions influence cell 

death. My research described a mechanism by which S. aureus USA300 uses a secreted SaeR/S 

mediated protein to suppress NF-κB activity in human neutrophils and monocytes, thereby 

inhibiting the production of IL-8. To understand which protein is responsible for the phenotype 

described and how repression of NF-κB affects ultimate cell death, several follow up experiments 

are necessary. 

The original goal of the study was to determine how NF-κB repression is linked to altered 

cell death in neutrophils. Upon confirmation of the identity of the protein and creation of an 

isogenic mutant strain, experiments could then be done to confirm how the factor influences cell 
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death. While a previous study in our lab demonstrated the link between NF-κB repression and 

accelerated apoptosis (Zurek et al., 2015), other papers have demonstrated a link between USA300 

activity and neutrophil necroptosis (Greenlee-Wacker et al., 2017, 2014). There are observations 

by others that support NF-κB repression as a starting point for a necrotic outcome (X. Wang et al., 

2018). Cell death could be assessed using an assay described by Pietkiewicz et al., where apoptosis 

and necroptosis can be distinguished from each other on the single cell level by use of annexin V 

and propidium iodide staining with an Imaging Flow Cytometer (Pietkiewicz et al., 2015). By 

leveraging the differences between the apoptotic and necroptotic cell death pathways, gates 

distinguishing between different nuclear morphologies and key features of the cell membrane can 

differentiate between these different kinds of cell death. Different isogenic S. aureus mutants could 

be screened, to better understand the protein players in inducing necrosis.   

The way in which S. aureus modulates cell death is incompletely understood. By further 

exploring how S. aureus inhibits NF-κB activity, and how this is related to subsequent cell death, 

we will have a better understanding of how the host and this iconic pathogen coexist.    

Role of NETosis in S. aureus Neutrophil Interactions 

As part of my dissertation, I performed preliminary studies on how S. aureus induces 

NETosis in neutrophils. There are several different types of NETosis, all stimuli dependent. These 

include canonical or suicidal NETosis, vital NETosis, and a form of NETosis where only 

mitochondrial DNA is extruded from the cell. These different types of NETosis and their hallmarks 

are reviewed in detail (Delgado-Rizo et al., 2017). S. aureus is able to induce the rapid and ROS-

independent version of NETosis called vital NETosis (Pilsczek et al., 2010), although the 

mechanism of how this is done is still unknown. Additionally, bicomponent leukotoxins, have 



94 

 

been  linked to NET formation (Bhattacharya et al., 2018; Malachowa, Kobayashi, Freedman, 

Dorward, & DeLeo, 2013). The SaeR/S mediated protein EAP has been implicated in NET 

formation, although the mechanism behind this is unclear (Eisenbeis et al., 2018). To examine 

NETosis I developed a method to differentiate between normal neutrophils and pre-vital 

neutrophils by examining cell morphology through imaging flow cytometry. Much like the cell 

death types above could be differentiated by key differences, the differences between NETosis 

types can be leveraged to investigate this understudied cell death pathway (Figure 4.3). By utilizing 

this novel screening method, and through the use of various NET-centric quantification assays, I 

began to examine how S. aureus reprograms neutrophils to induce vital NETosis over suicidal 

NETosis. Specifically, I investigated the hypothesis that the SaeR/S mediated virulence factors 

induced vital NETosis through leukotoxin mediation of ROS and prevent suicidal NETosis 

through SPIN and EAP which may be inhibiting the translocation of MPO and NE, respectively 

(de Jong et al., 2017; Eisenbeis et al., 2018; Nauseef & Kubes, 2016; Pilsczek et al., 2010; Yipp 

et al., 2012). My preliminary studies were inconclusive and additional studies are needed to resolve 

the key players in S. aureus induced NETosis. However, these experiments did identify a technique 

that might be utilized in future experiments to measure translocation and colocalization of 

neutrophil elastase and MPO in response to specific S. aureus virulence factors (Figure 4.4).  

Additional experiments could be designed to examine Vital NETosis phenotypes, both through 

imaging flow cytometry and NET Quantification Assays (PicoGreen reagent Quant-iT™ 

PicoGreen® dsDNA Detection kit, Invitrogen) and histone citrullination (Citrullinated Histone H3 

ELISA Kit™, Cayman Chemical).    
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Figure 4.1. S. aureus USA300 inhibits NF-κB activation through an unknown secreted protein. In 

this model, TLR1/2 is activated by various S. aureus membrane proteins, such as peptidoglycan. 

This activation of TLR1/2 results in the activation of NF-κB and inflammatory responses like IL-

8 production. Top Panel: When neutrophils are exposed to USA300 supernatants, NF-κB 

activation is inhibited by an unknown protein (Protein X). This protein was determined to be 30-

50kDa in mass, and is secreted by USA300 S. aureus. Bottom Panel: USA300ΔsaeR/S does not 

exhibit NF-κB inhibitory properties, and neutrophil exposure to USA300ΔsaeR/S supernatant 

results in robust IL-8 production through NF-κB activation, indicating that Protein X is regulated 

by the SaeR/S two-component system.  
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Figure 4.2. Models of cell death through apoptosis or necroptosis dependent on inhibition of 

the NF-κB pathway. A.  As a well studied pathway, TNF-α recognition starts off a signaling 

pathway triggering NF-κB activation, resulting in an anti-apoptotic state. Through the 

inhibition of this pathway, the apoptotic pathway begins, involving caspases such as Caspase-

8. Upon inhibition of Caspase-8, the necroptotic pathway is activated, involving proteins like 

RIPK3. B.  USA300 has been shown to induce regulated necrosis, along with accelerated 

apoptosis, although the mechanisms behind these altered neutrophil cell death pathways 

remain unknown. We have shown a mechanism by which USA300 can inhibit NF-κB 

activation, which may be the starting point for inducing accelerated apoptosis or regulated 

necrosis described by others (Zurek and Greenlee-Wacker).  
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Figure 4.3. Imaging Flow Cytometry can leverage differences in human neutrophil cell 

morphology to quantify pre-NETosis behavior. A) Representative images demonstrating a 

healthy neutrophil, a pre-vital neutrophil, and a pre-suicidal neutrophil (as indicated). Red 

arrows indicate the main morphological differences between pre-vital and pre-suicidal NETosis. 

B) Morphological differences from A quantified via image analysis indicate neutrophils exposed 

to USA300 S. aureus induce high levels of polarization, indicative of vital NETosis, while 

neutrophils exposed to the USA300ΔsaeR/S S. aureus strain do not.  
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Figure 4.4. SaeR/S mediated factors inhibit pre-suicidal NETosis behavior in human 

neutrophils. A and B) By 180 minutes, neutrophils exposed to USA300ΔsaeR/S has higher 

translocation scores for both MPO and elastase migration into the nucleus compared to 

USA300. C) Representative images used to generate the translocation scores shown in A and 

B. 
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