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ABSTRACT 

Lungs are the first organ to encounter aspirated pathogens and have many lines of defense 

against these diverse invaders. For the most part, these immunological barriers to infection 

comprised of resident epithelial cells, mucus clearance, and patrolling immune cells are successful 

in defending the host from infection. Only in cases of viral infections where such a barrier is 

breached, is an infectious agent more likely to establish an infection. Staphylococcus aureus (S. 

aureus), found in the anterior nares of more than 20% of the population, is known for causing 

bacterial lung pneumonia after viral infections like influenza. Previous studies have observed a 

different pattern of virulence factor gene expression in S. aureus following influenza A virus 

compared to S. aureus infection only. We hypothesized that either a diseased lung environment 

triggers S. aureus to be more virulent or the healthy lung naturally suppresses S. aureus 

colonization. Previous studies have shown that influenza A targets cells producing lung surfactant. 

In the current study we investigate the influence of surfactant on S. aureus virulence. By assessing 

S. aureus cytotoxicity against immune cells in the presence of lung surfactant, we discovered that 

lung surfactant protects host immune cells from S. aureus toxins. To uncover the mechanism 

behind this protection, we demonstrated that surfactant down-regulated virulence genes regulated 

by the SaeR/S two-component gene regulatory system. We also investigated one of the more 

common fatty acids found in lung surfactant, palmitate, for how it impacted S. aureus cytotoxicity 

and virulence transcription. Palmitate recapitulated the protective phenotype of whole surfactant 

and modulated S. aureus virulence as seen by cytotoxicity and transcriptional assays. Palmitate 

was also found to directly act on S. aureus toxins, although the precise mechanism behind this 

needs to be elucidated. This work provides a rationale for why healthy S. aureus carriers are able 

to aspirate the bacterium into the lungs and not get primary S. aureus pneumonia. Furthermore, 

these studies reinforce the potential of surfactant replacement therapy as a treatment or prevention 

strategy for secondary bacterial pneumonia.  
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CHAPTER ONE 

INTRODUCTION TO STAPHYLOCOCCUS AUREUS AND 

LUNG PATHOGENESIS 

Staphylococcus aureus 

Staphylococcus aureus, also known as S. aureus, is a bacterium that colonizes between 20-

50% of the human population, and staphylococcal diseases affect around 500,000 individuals every 

year in the US (Gorwitz et al. 2008; Wertheim et al. 2005; Mashruwala et al. 2017; King et al. 

2016). Historically, this pathogen was first isolated in 1884 by Friedrich Rosenbach and was named 

due to its golden color attributed to carotenoid pigments (Adhikari 2021). One hundred-fifty years 

ago, this skin-inhabiting pathogen was overshadowed by more lethal infective agents behind 

cholera, smallpox, typhus, yellow fever, and scarlet fever. Yet today, S. aureus is on the forefront 

of global healthcare concern as the organism can infect nearly all tissues ranging from bone, joints, 

muscle, heart and lung and can effectively spread through the bloodstream leading to morbid 

clinical consequences. The recognition that S. aureus was not only a commensal organism but also 

a pathogen started in mid-1900s when antibiotics were beginning to be used in hospitals. 

Throughout the 1960s, methicillin-resistant strains of this bacteria emerged, albeit their sparce 

incidences were localized to hospitals. Methicillin resistant S. aureus, also known as MRSA, 

spread rapidly in the early 2000s as community-acquired MRSA strains passed between family 

members and close connections dominated the healthcare scene. One of these more common 

strains in North America known as USA300 or LAC originating from Los Angeles is a 

hypervirulent and cytotoxic strain that causes severe skin and soft tissue infections (King et al. 

https://journals.asm.org/doi/10.1128/msphere.00071-16?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed
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2016). Furthermore, resistance also expanded to other antibiotics like lincosamides, macrolides, 

aminoglycosides, fluoroquinolones, and their various combinations by horizontal gene transfer 

(von Eiff et al. 2001). Now, there are even VRSA (Vancomycin-resistant S. aureus) strains of S. 

aureus which are resistant to the last-line antibiotic, vancomycin, although they are not as common 

due to growth cost. These multi-drug resistant strains have especially been taxing in the context of 

hospital acquired infections, with MRSA being one of the leading causes of death (Harper et al. 

2018). Globally, other strains like USA100, USA200, USA400, and USA600 continue to cause 

many lethal conditions like bacteremia, endocarditis, pneumonia and toxic shock syndrome (King 

et al. 2016). Worldwide, S. aureus causes 940,000 deaths annually in individuals older than fifteen 

(GBD 2022). It is estimated that by 2050, antibiotic resistant bacteria may claim 10 million lives 

annually (OôNeil 2016), and S. aureus will be on the forefront of this global catastrophe. 

S. aureus is a pathogen that is very accustomed to inhabiting the human body, surviving in 

many different environments in both healthy and compromised individuals. It can be found on 

skin, mucosa, perineum, pharynx, gastrointestinal tract, vagina, axillae, and other diverse bodily 

systems (Wertheim et al. 2005). Most commonly, S. aureus is found in the anterior nares. About 

20% of the human population are persistent carriers of this bacterium (Chmielowiec-

Korzeniowska et al. 2020). This subpopulation not only carries higher loads of S. aureus but is 

also more prone to S. aureus infections, especially since the endogenous S. aureus strain found on 

the skin or the nares is usually the strain that causes the infection (Wertheim et al. 2005; Harper et 

al. 2018). Furthermore, nasal carriage increases the chances of infection post-surgery or in patients 

receiving dialysis (von Eiff et al. 2001). For the 60% of the human population that are intermittent 

carriers, this bacterium is found in the nares transiently and for various durations. Finally, 20% of 

https://www.nejm.org/doi/10.1056/NEJM200101043440102?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200www.ncbi.nlm.nih.gov
https://journals.asm.org/doi/full/10.1128/mbio.02272-17?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org
https://journals.asm.org/doi/10.1128/msphere.00071-16?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed
https://www.sciencedirect.com/science/article/pii/S1473309905702954?via%3Dihub
https://journals.asm.org/doi/full/10.1128/mbio.02272-17?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org
https://www.nejm.org/doi/10.1056/NEJM200101043440102?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200www.ncbi.nlm.nih.gov
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the population are noncarriers who never get colonized by S. aureus. Although the exact reasons 

behind noncarriage are unknown, there are suggestions about incumbent bacterial flora and genetic 

determinants (Sollid et al. 2014).  

This pathogen can cause a variety of disease manifestations such as bloodstream infections, 

pneumonia, bone and joint infections, endocarditis, necrotizing fasciitis, and skin and soft tissue 

infections due to its wide array of virulence factors. Unlike other pathogens which rely on only a 

few toxins, this pathogen is able to colonize a variety of host niches due to its virulence arsenal 

composed of adhesion factors, cytotoxins (hemolysins, cytolytic peptides, and leucocidins), 

immunomodulatory proteins (superantigens, superantigen-like proteins, and complement-

inhibitory proteins), proteases, and factors that interfere with immune cell recognition all of which 

donate to morbidity and mortality (Spaulding et al. 2014; Cheung et al. 2021; Alonzo et al. 2014). 

Exotoxins like the cytolytic biocomponent pore-forming leukocidins target a whole range of 

immune cells like macrophages, monocytes, neutrophils, dendritic cells, B and T cells, and NK 

cells (Alonzo et al. 2014). Because S. aureus can avoid both the innate and adaptive immune 

systems, many therapeutic and vaccine strategies against this bacterium have been rendered 

ineffective (Alonzo et al. 2014).  

Because these diverse virulence factors are so potent, S. aureus tightly regulates their 

expression under specific contexts through the use of two component systems. The bacterium is 

able to make the switch between persisting in its current niche or switching to a more virulent 

phenotype by measuring bacterial density through quorum sensing two component system Agr and 

reading environmental stimuli by other systems. While there is low bacterial density, S. aureus is 

able to survive asymptomatically for long periods of time and cause chronic infection in the host 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4038136/
file:///E:/Documents/Voyich%20Lab/Dissertation/Cheung
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4054254/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4054254/
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by down-regulating virulence factors until there is a change in the local environment. This chronic 

phenotype is characterized by a biofilm lifestyle, surviving in various host cells, and developing a 

silent small-colony variant phenotype with inactive metabolism (Cheung et al. 2021). Once there 

are enough bacteria, S. aureus switches to a hypervirulent pathogenic profile with heavy 

production of toxins and colonization factors. One of the more prominent virulence two component 

systems important for successful infections is SaeRS, responsible for regulating major virulence 

factors such as hemolysins, leucocidins, superantigens, surface proteins, and proteases (Voyich et 

al. 2009; Nygaard et al. 2010; Liu et al. 2014; Montgomery et al. 2010). These factors help 

establish a severe infection in the current location and escape to other niches. Not only can S. 

aureus survive and travel in the blood by utilizing host nutrients by itself, but also the organism 

has a Trojan-like ability to live in neutrophils allowing it to travel undetected and spread to other 

locations (Gresham et al. 2000). The contexts under which S. aureus uses its potent toxins and 

various virulence factors should be studied in order to thwart the infections process early on.  

S. aureus Pneumonia 

Pneumonia is a bacterial or viral infection of the lungs where air sacs fill up with pus and 

are inflamed. There are 24 bacterial pneumonia cases per 10,000 patients every year in the US 

(Regunath et al. 2024). The usual pneumonia bacterial agents are Streptococcus pneumoniae, 

Haemophilus influenzae and Staphylococcus aureus (Kosai et al. 2004). Historically, 

staphylococcal pneumonia has been common for infants (Prince 2013). Pneumonia caused by 

USA300 strains of S. aureus has been on a steady rise since 2000s, and staphylococcal pneumonia 

is associated with increased morbidity and mortality in up to 37% of cases (Parker et al. 2012; 

Prince 2013).  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7872022/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2384112/
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A secondary pneumonia (i.e. a bacterial pneumonia following a primary viral infection) or 

mixed bacterial pneumonia (i.e. bacterial pneumonia that develops simultaneously with a viral 

infection) is more common than a primary pneumonia (i.e. bacterial or viral pneumonia that 

develops by itself) and usually is observed in the later course of disease (Kosai et al. 2004). 

Influenza is one of the viral infections where secondary pneumonias are common. About 65% of 

influenza cases are followed by a bacterial co-infection (Klein et al. 2016), and it is the co-infection 

that increases mortality by 10-15 times compared to just an influenza infection (Xu et al. 2016; 

Heron 2016; Kochanek et al. 2019). Hence, in the 1918 Spanish flu which caused 40 million deaths 

worldwide (Weinheimer et al. 2012), up to 95% of the mortalities were linked to the bacterial 

pneumonia that emerged and not actually due to the initial viral infection (Borgogna et al. 2022). 

Even now, there are between 3,000-49,000 annual deaths from influenza A infections (Weinheimer 

et al. 2012). Of these, many deaths are caused by bacterial pneumonia complications. The health 

burden of bacterial pneumonia is not only limited to influenza. Bacterial pneumonias are common 

in cases of other respiratory viral infections like human parainfluenza virus, adenovirus, human 

metapneumovirus, measles, respiratory syncytial virus, human rhinovirus, and coronavirus 

(Sharov 2020; Prasso et al. 2017).  

It is important to understand the disease progression of bacterial lung infections. S. aureus, 

using clumping factor B to attach to nasal epithelial cells, inhabits the anterior nares (Parker et al. 

2012). The pathogen is inhaled and transported through the trachea, bronchus, and tiny airways 

into the alveolar lumens. In this space, the bacteria are exposed to pulmonary surfactant which 

coats alveolar surfaces (Ishii et al. 2014). Here, S. aureus modifies its virulence factors as it senses 

that the lung environment is different from that of the nose. For example, the lung environment is 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7107318/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7107318/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3993393/
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low in nutrients such as iron and is coated in mucus composed of mucin (Pivard et al. 2021). Once 

itôs in the lungs, S. aureus coordinates expression of surface proteins like microbial surface 

components recognizing adhesive matrix molecules for colonization, iron acquisition systems, and 

factors to evade the immune system (Parker et al. 2012). S. aureus uses fibronectin binding 

proteins to adhere to airway epithelial cells and get internalized (Parker et al. 2012). In airway 

epithelial cells, Hla toxin is known to affect calcium fluxes, pro-inflammatory signaling, change 

of ciliary beat frequency, increased vascular leakage, and permeabilization of epithelial cells 

(Parker et al. 2012; Bubeck Wardenburg et al. 2008). After adhering and impairing epithelial and 

mucosal lining, S. aureus evades the complement system with Protein A, Sbi, SCIN, and CHIPS 

(Prince 2013). It is also in this space that S. aureus confronts or evades neutrophil and alveolar 

macrophages and shifts the cytokine responses (Prasso et al. 2017). S. aureus two component 

system Agr up-regulates prominent damaging virulence factors such as Hla, phenol-soluble 

modulins, and LukAB (Kitur et al. 2015). Hla toxin targets ADAM10 in the lungs, enabling 

systemic dissemination and increased pathology, as well as stimulates production of highly 

inflammatory cytokines in the lung (Kitur et al. 2015). S. aureus uses PVL toxin to target alveolar 

macrophages, and PVL aids in increased colonization of alveolar airspaces (Prince et al. 2017). S. 

aureus also uses its wide array of cytolytic toxins to combat neutrophils, as neutrophils are critical 

for S. aureus clearance from the lung (Prince 2013). S. aureus can persist intracellularly in 

epithelial cells, macrophages, and neutrophils, and with the help of Agr, the organism can escape 

and continue to colonize (Parker et al. 2012). Other than Agr system, the SaeRS two-component 

system has also been found particularly important for a severe lung infection, and its responsible 

for regulating many of the virulence factors mentioned above. Influenza has been shown to 

https://journals.asm.org/doi/10.1128/msphere.00059-21?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed
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modulate the lung environment to then up-regulate S. aureus virulence through the SaeRS system 

which controls Hla, HlgABC, LukAB, and PVL (Borgogna et al. 2018; Montgomery et al. 2010). 

Once S. aureus determines there is enough bacteria with Agr quorum sensing, it then proceeds 

further with dissemination and colonization of other niches (Pivard et al. 2021). Due to the 

numerous virulence factors detailed above, USA300 strains of S. aureus are known to cause highly 

inflammatory necrotizing pneumonia, with fatal MRSA pneumonia cases characterized by lack of 

alveolar architecture, extensive fluid accumulation, hemorrhage, and lung parenchyma 

consolidation (Kitur et al. 2015; Parker et al. 2012; Prince 2013). 

Lung Surfactant in the Context of Infections 

To successfully launch a bacterial lung infection, bacteria must first reach the lungs and 

dominate the primary interactions that happen between the bacteria and the host. In the case of S. 

aureus, it has an ease of passage since it already inhabits the anterior nares. Although both 

intermittent carriers and persistent carriers of nasal S. aureus breathe the bacteria into their lungs 

daily, we do not see many primary S. aureus pneumonias because the host defenses successfully 

clear the pathogens. However, by studying when this defense is breached (i.e. bacterial pneumonia 

after a primary viral infection), we can elucidate the critical defenses of the host. In order to do 

this, we must investigate the changes in the lung environment that are moderated by the viral 

infection. For example, influenza is known to infect and replicate in type II pneumocytes to then 

release virions (Weinheimer et al. 2012). The primary role of type II pneumocytes in the lungs is 

to produce lung surfactant. Without these cells, less surfactant is made, and it is not regulated 

properly. Abnormal levels of lung surfactant are observed in lung diseases like ARDS, pulmonary 

fibrosis, emphysema, cystic fibrosis, COPD, and RDS in neonates (Chroneos et al. 2010). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6057542/
https://journals.asm.org/doi/10.1128/msphere.00059-21?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7107318/
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Furthermore, drastic changes in pulmonary surfactant are related to inflammation in RSV 

pneumonias (Shan et al. 2018). SARS-CoV-2 infections are similarly characterized by damage to 

type II pneumocytes and loss of surfactant followed by deadly bacterial pneumonia (Mirastschijski 

et al. 2020; Ji et al. 2021). 

 

 

Figure 1. Composition of lung surfactant. A) Obtained from bronchoalveolar lavages of 

mammalian lungs. PL: phospholipids; PC: phosphatidylcholine; DPPC: dipalmitoyl 

phosphatidylcholine; PG: phosphatidylglycerol; Chol: cholesterol; NL: neutral lipids; SP-

A/B/C/D: surfactant protein A/B/C/D. Taken from Parra Ortiz 2013. B) Structure of DPPC. 

This aforementioned lung surfactant is a lipid-protein complex composed of 90% lipids 

and 10% proteins (Huck et al. 2021). Most lipids are phospholipids, of which 

dipalmitoylphosphatidylcholine or DPPC is the most abundant, as seen in Figure 1A. There are 

four surfactant proteins, SP-A, SP-B, SP-C, SP-D, that are responsible for the structure and 

functionality of the surfactant. DPPC enriched with bilayer lipids and proteins forms a monolayer 

surface film which reduces surface tension and prevents collapse of the lungs during exhalation. 

This is due to DPPC supporting high order states during compression and surfactant proteins 

https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2021.730022/full
https://onlinelibrary.wiley.com/doi/full/10.1002/smsc.202100067
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facilitating interfacial spreading and absorption (Huck et al. 2021). Although surfactant is 

produced and maintained by type II pneumocytes, it is also taken up again, processed, and re-

secreted as recycled material by the same cells (Andreeva et al. 2007). Otherwise, surfactant is 

cleared by internalization by epithelial cells or alveolar macrophages (Wright 1990). Hence, there 

is constant maintenance and screening of the surfactant for pathogens. A lack of lung surfactant 

during a primary viral infection may be the reason behind the establishment of a secondary 

bacterial infection. It has also been suggested that bacteria damage the lung surfactant by 

producing free radicals that cause lipid peroxidation, and this furthers the progression of 

pneumonia (Bouhafs et al. 1999). Given the involvement of this liquid during infections, this work 

aimed to see if lung surfactant itself has a protective role against lung pathogens. 

In lung surfactant, there are several lipid groups, with DPPC being the most abundant at 

about 40% of the surfactant composition (Figure 1A). DPPC itself is composed of two groups of 

palmitic acid attached to phosphatidylcholine headgroup (Figure 1B). Thus, this palmitic acid, also 

known as palmitate, is the most abundant free fatty acid in pulmonary surfactant, making up about 

80% of total fatty acid in lung surfactant (Ishii et al. 2014; Schmidt et al. 2002). This is one of the 

reasons we chose to investigate this compound, with the other reason being a plethora of research 

into how fatty acids have antibacterial effects. This is unsurprising, as S. aureus often comes in 

contact with fatty acids in the host, not only in the lungs, but also in the blood and plasma, nasal 

mucosa, and other tissues (Kengmo Tchoupa et al. 2020; Kuiack et al. 2023). Skin specifically 

secretes fatty acids in a lipid mixture for their antimicrobial activity, and there is enough research 

about how S. aureus, a commensal skin organism, develops resistance to one of the more potent 

unsaturated fatty acids, sapienic acid (Arsic et al. 2012; Neumann et al. 2015). In the anterior nares, 

https://onlinelibrary.wiley.com/doi/full/10.1002/smsc.202100067
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3993393/
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S. aureus comes in contact with sapienic and linoleic unsaturated fatty acids in nasal secretions 

(Arsic et al. 2012). Monoglycerides and fatty acids have been regarded as antibacterial lipids due 

to their ability to destabilize bacterial cell membranes, induce cellular component leakage, disrupt 

respiration, and inactivate membrane-bound proteins (Yoon et al. 2018; Kuiack et al. 2023; 

DeMars et al. 2021). Although, not all fatty acids have the same effectiveness: with unsaturated 

fatty acids being more potent than saturated acids and medium chain sized fatty acids being able 

to impact the fluidity and compactness of the bacterial membrane the most (DeMars et al. 2021). 

Particularly, unsaturated fatty acids like linoleic acid, palmitoleic, and sapienic acid have been 

reported to have the greatest antibacterial effects (Kengmo Tchoupa et al. 2020; Arsic et al. 2012). 

Palmitate, a saturated fatty acid, inhibits many different bacterial species like Staphylococcus sp., 

Pneumococci, and Streptococcus group A and D among many others (Yoon et al. 2018). To combat 

toxic effects of fatty acids, S. aureus can incorporate fatty acids from the host into phospholipids 

via fatty acid phosphorylation with the help of fatty acid kinase (Kengmo Tchoupa et al. 2020; 

Ridder et al. 2020; DeMars et al. 2020). Fatty acids have also been involved with SaeRS two 

component system. In particular, an overabundance of fatty acids shuts down the SaeRS system 

through an interplay between respiratory activity, redox balance, and SaeRS activity during growth 

in fatty acids (DeMars et al. 2021). Hence, fatty acid kinase maintains a low fatty acid pool by 

incorporating the inhibitory molecules into phospholipids to be inserted in its own membrane, 

which indirectly activates the production of virulence factors by SaeRS (Ericson et al. 2017). Thus, 

the presence of host fatty acids like palmitate stimulates S. aureus pathogenesis. 
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Hypothesis 

Staphylococcus aureus (S. aureus) is a common pathogen living in the anterior nares that 

gets aspirated into the lungs daily. Although S. aureus is a frequent cause of secondary bacterial 

infections after a primary viral infection, primary bacterial pneumonia is uncommon in healthy 

hosts. It remains a question whether aspirated S. aureus is repressed by a healthy lung environment.   

Nitric oxide has been postulated to inhibit S. aureus virulence in the nasal space (Urbano et al. 

2018) so repression of virulence in the lung is a possibility. Alternatively, a diseased lung 

environment may trigger S. aureus virulence. To begin to answer this question, the key is to 

examine existing lung defenses and the changes that convert a normal healthy lung into a diseased 

one. Previous research heavily focused on the host response to infections, such as influenza A and 

the followings immune response including type I interferon induction (Lee et al. 2010; Parker et 

al. 2012). However, the bacterial pathogen that is capable of sensing and responding to changes in 

environments also dictates the outcome under superinfection conditions (e.g. influenza A followed 

by S. aureus) (Guerra et al. 2017). Currently, there is a gap in understanding of how S. aureus 

senses and responds to a diseased lung state. Several prior observations led to investigation into 

this area. Earlier studies by our group observed that an influenza A virus lung infection prior to a 

S. aureus lung infection changed the virulence profile of S. aureus (Borgogna et al. 2018). There 

are reports on how a primary viral infection (including those caused by influenza A virus) 

destabilizes the lung by affecting lung surfactant production (Mirastschijski et al. 2020; Ji et al. 

2021), specifically influenza A virus targets type II pneumocytes that produce lung surfactant 

(Weinheimer et al. 2012). Hence, we thought to investigate the role of surfactant in modulating S. 

aureus virulence. The overarching hypothesis of this work is that pulmonary surfactant protects 

https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2021.730022/full
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7107318/
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the host from S. aureus lung infection by modulating virulence and interaction with immune 

cells.  

Chapter Two directly tests this hypothesis by assessing how lung surfactants from mouse, 

rat and a commercially available surfactant (of bovine origin) impact S. aureus virulence and 

cytotoxicity against immune cells. Data from this work confirm that lung surfactants have a 

protective role against S. aureus by down-regulating SaeRS-dependent virulence factors. Lung 

surfactant interferes with the cytotoxicity of these factors against neutrophils and other immune 

cells. To determine the mechanism, Chapter Three of this work investigates a major component 

found in lung surfactant, palmitate, and whether the effects observed in Chapter Two are due to 

this component. Palmitate was able to recapitulate a lot of the phenotype observed in whole 

surfactant, establishing that lipid components in lung surfactant suppress S. aureus virulence. 

Ongoing work, delineated in Chapter Four, assesses the bacterial response to palmitate. Of the 

virulence factors secreted by S. aureus in response to palmitate, cysteine protease SspB was 

identified by SDS-PAGE experiments and evaluated for its capacity to modulate S. aureus 

virulence following exposure to palmitate. Collectively, this work underscores the importance of 

lung surfactant in protecting the host from S. aureus pathogenesis by affecting the toxins regulated 

by the SaeRS system and provides rationale for lung surfactant therapy for treating secondary 

bacterial infections.     
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Abstract 

Staphylococcus aureus (S. aureus) is an opportunistic pathogen commonly found in 

anterior nares of more than 20% of the population. The bacterium gets aspired daily into lungs, 

however, healthy nasal carriers of S. aureus do not typically manifest lung disease. In a previous 

study we identified that lung surfactant repressed S. aureus toxin production and reduced transcript 

abundance of virulence genes. This study chose to investigate the role of palmitate, the most 

predominant free fatty acid in lung surfactant and a component of one of the most common lipids 

in lung surfactant, DPPC. Herein, we tested the hypothesis that palmitate reduces S. aureus 

virulence during interaction with human neutrophils. We found that palmitate down-regulated the 

S. aureus two-component system SaeRS responsible for production of virulence factors important 

in neutrophil evasion and lung infection. Cytotoxicity assays also revealed that palmitate protected 

human neutrophils by reducing the membrane damage to PMNs caused by S. aureus secreted 

factors. Palmitate also exhibited a direct, inhibitory effect on S. aureus secreted toxins themselves. 

Moreover, in the presence of both palmitate and neutrophils, S. aureus virulence gene expression 

was further repressed by palmitate. Collectively, this work identifies palmitate as a fatty acid of 

surfactant that can directly modulate S. aureus virulence gene expression and toxin production.  
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Introduction 

Staphylococcus aureus (S. aureus) is a pathogen that can colonize a variety of host tissues, 

ranging from skin, bones, joints, muscles, heart, and lungs. It is also commonly found in the 

anterior nares of 20-50% of the human population (Mashruwala et al. 2017). Although nasal 

carriers of S. aureus breathe in the pathogen daily, primary bacterial pneumonia is uncommon in 

healthy carriers. However, S. aureus is a prevalent cause of devastating secondary bacterial 

pneumonia after a primary influenza A infection (Borgogna et al. 2022). The isolate from the nares 

is usually identical to the one at the diseased site (von Eiff et al. 2001). To understand the reason 

behind the higher incidence of S. aureus secondary bacterial pneumonia, it is worthwhile to 

investigate the lung environment and the changes that influenza A virus inflicts to make the lung 

space susceptible to bacterial colonization. There are several known protective barriers in the lungs 

that bacteria must overcome to cause an infection such as frequent mucus clearance (Quie 1986), 

opsonizing SP-A and SP-D lung surfactant proteins, and patrolling alveolar macrophages and 

neutrophils (Wu et al. 2003). Other than these more well-known protective barriers, it is also 

known that defect or deficiency of lung surfactant is associated with respiratory dysfunction 

(Tonks et al. 2005; Chroneos et al. 2010). Moreover, there are several reports linking secondary 

bacterial infections after respiratory illnesses like influenza A and SARS-CoV-2 with a decrease 

in the amount of lung surfactant present (Mirastschijski et al. 2020; Ji et al. 2021; Woods et al. 

2016). Therefore, pulmonary surfactant is of key importance as S. aureus encounters it first upon 

aspiration into the lungs.  

Lung surfactant is a lipid-protein complex that lowers surface tension to facilitate 

breathing. It is made up of 90% lipid and 10% protein. The majority of the lipid is phospholipid, 
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and in this group DPPC or dipalmitoylphosphatidylcholine is the most abundant (Huck et al. 

2021). DPPC is made up of two groups of palmitic acid attached to a phosphatidylcholine head 

group. Palmitic acid, also known as palmitate, is the most abundant free fatty acid in lung 

surfactant, making up 80% of total fatty acids (Ishii et al. 2014; Ding et al. 2001; Schmidt et al. 

2002). Palmitate has been shown to interact with both host cells as well as with bacteria. In the 

host, palmitate has anti-angiogenic effects (Zhang et al. 2017) and can induce reactive oxygen 

production in neutrophils (Wanten et al. 2002). There are a variety of reports showing free fatty 

acids like palmitate having bactericidal effects through destabilization of the bacterial membrane 

(Arsic et al. 2012; Bouhafs et al. 1999; Yoon et al. 2018). Palmitate at high doses inhibits growth 

of Bacillus sp., Staphylococcus sp., Micrococcus sp., Streptococcus pneumoniae, Streptococcus 

pyogenes, Streptococcus bovis, Listeria monocytogenes, and Helicobacter pylori among others 

(Yoon et al. 2018).  

Given this evidence, we thought palmitate may play an important, protective role in the 

context of lung infections. Preliminary studies done by our group demonstrated that palmitate has 

potential to protect human neutrophils from S. aureus cytolytic toxins (Borgogna 2019). We 

hypothesized that palmitate found in lung surfactant modulates S. aureus virulence and protects 

host immune cells. In this work, we provide evidence that palmitate at sub-bactericidal 

concentrations down-regulates key S. aureus virulence genes by repressing the SaeRS system. This 

study uncovers that palmitate not only acts transcriptionally but also can interact directly with S. 

aureus toxins. Experiments show that the presence of palmitate reduces cytotoxicity of S. aureus 

supernatants towards human immune cells. Taken together, our data highlight that key components 

in lung surfactant have a protective role against bacterial pathogens, and this underlies why healthy 
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carriers of nasal S. aureus do not get primary pneumonia. While this work explores palmitateôs 

antibacterial effect and its physiological relevance during lung infections, further work is needed 

to determine the exact mechanisms of action of lung surfactant components like palmitate or DPPC 

on bacterial pathogens.  

Materials and Methods 

Bacteria Strains and Culture Conditions 

Staphylococcus aureus PFGE-type USA300 strain LAC (Diep et al. 2006) was used in all 

experiments. Unless noted otherwise, overnight and sub-cultured bacterial cultures were grown in 

20 mL of tryptic soy broth (TSB; EMD Millipore) supplemented with 0.5% glucose (1:100 

dilution) with shaking (250 rpm) at 37ÁC. Optical density at 600 nm (OD600) was measured using 

a NanoDrop 2000c Spectrophotometer (ThermoFisher Scientific) and colony forming units 

(CFUs) were determined by plating diluted samples on tryptic soy agar (TSA; EMD Millipore) 

and enumerated the following day. 

Reagents and Preparations 

Palmitate (sodium palmitate) was purchased from TCI (CAS: 408-35-5). Before each 

experiment, palmitate was dissolved in 1 mL of 50:50 ethanol and DPBS at 60ÁC to a final 

concentration of 0.18 M. Subsequent dilutions were dissolved in DPBS. 

For detergent study, palmitate was prepared as described above. For preparation of saponin, 

sodium dodecyl sulfate (SDS), and Tween 80 dilutions, critical micelle concentration (1 x CMC) 

was dissolved in DPBS at 60ÁC and further diluted in DPBS. The critical micelle concentration for 



48 

 

palmitate, saponin, SDS, and Tween 80 are as follows: 0.74 mM, 39 mM, 0.693 mM, and 0.012 

mM, respectively. 

For gel experiments, samples were resuspended with 30 ml of SDS-Laemmli buffer and 

boiled at 95ÁC for 10 min. Proteins were separated using 15% SDS-PAGE gels and stained with 

Silver stain (BioRad). 

Growth Assays 

For experiments investigating growth in 180 ÕM palmitate, 0.5 mL of DPBS or 1,800 ÕM 

palmitate was added to 4.5 mLs of TSB pre-warmed to 37ÁC and inoculated with 50 ɛL of 

overnight culture. Samples were incubated for five hours at 37ÁC with shaking (250 rpm).  

For experiments with pre-incubation, supernatants from S. aureus sub-cultured for 5 h in TSB with 

glucose were sterile-filtered (0.22 ɛm, Avantor) and diluted in DPBS. Then, supernatants were 

incubated with various compounds for varied time periods at 37ÁC. 

Relative Quantitative Real Time RT-PCR 

Transcription of S. aureus genes was assessed using TaqManÈ real time reverse 

transcriptase-PCR (RT-PCR) as previously described previously (Nygaard et al. 2010; Voyich et 

al. 2005; Voyich et al. 2009). Briefly, sub-cultured strains were harvested at mid-exponential (ME; 

OD600 = 1.5) or early stationary (ES; OD600 = 3.0) phase of growth, mechanically disrupted using 

a FastPrep FP120 cell disrupter (ThermoFisher Scientific), and RNA purified using RNeasy Kit 

(Qiagen). TaqManÈ real-time RT-PCR was performed using primer and probe sets listed in Table 

1 below and fold-change was analyzed using the nalyzed via the 2^(-ȹȹCt) method as described 

previously (Nygaard et al. 2010; Voyich et al. 2005; Voyich et al. 2009). 
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Table 1. qRT-PCR primers and probe sequences from Borgogna et al. 2018. 

RT-PCR Primers 

and Probes 

 Sequence 

gyrB fwd 5ô - CAAATGATCACAGCTTTGGTACAG - 3ô 

gyrB rvs 5ô - CGGCATCAGTCATAATGACGAT - 3ô 

gyrB probe 5ô - AATCGGTGGCGACTTTGATCTAGCGAAAG - 3ô 

hla fwd 5ô - CAACAACACTATTGCTAGGTTCCATATT - 3ô 

hla rvs 5ô - CCTGTTTTTACTGTAGTATTGCTTCCA - 3ô 

hla probe 5ô - ATGAATCCTGTCGCTAATGCCGCAGA - 3ô 

hlgA fwd 5ô - ACTTATTTGACAAGACCCAACTG - 3ô 

hlgA rvs 5ô - CCACTTTGAATTAAAGGAGGTAATTGAT - 3ô 

hlgA probe 5ô - CAGCAGCAAGAGACTATTTCGTCCCAG - 3ô 

lukA fwd 5ô - GCGTCATCATTATCATGTGCAA - 3ô  

lukA rvs 5ô - TCTTTCTTATTTTGGTVTTGAGAGTCTT - 3ô 

lukA probe 5ô - CAGCAACGACTCAAGCAAATTCAGCTCA - 3ô  

lukF-PVL fwd 5ô - TTGCTTTTGCTATCCAATACAGTTG - 3ô 

lukF-PVL rvs 5ô - TCGGAATCTGATGTTGCAGTTG - 3ô 

lukF-PVL probe 5ô - TGCAGCTCAACATATCACACCTGTAAGT - 3ô  

 

Human PMN or PBMC Plasma Membrane Integrity Assays 

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 
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donors provided written consent to participate in the study. Human polymorphonuclear leukocytes 

(neutrophils or PMNs) and/or peripheral blood mononuclear cells (PBMCs) were isolated under 

endotoxin-free conditions (< 25.0 pg/mL) and cell viability and purity of preparations were 

assessed using a FACSCalibur Flow cytometer (BD Biosciences) as described previously 

(Nygaard et al. 2010; Voyich et al. 2005). Assays intoxicating PMNs with extracellular S. aureus 

proteins were performed as previously described (Nygaad et al. 2012; Flack et al. 2014). Briefly, 

supernatants from S. aureus sub-cultured for 5 h in TSB with glucose were sterile-filtered (0.22 

ɛm, Avantor) and diluted in DPBS. PMNs or PBMCs (1x106) were exposed to varied dilutions of 

S. aureus supernatant. Samples were incubated at 37ÁC for 60 min then stained with propidium 

iodide (PI; ThermoFisher Scientific) following the manufacturerôs protocol and then analyzed with 

a FACSCalibur Flow cytometer.  

Results and Discussion 

Palmitate Protects Human PMNs from S. aureus Toxin-

Mediated Killing 

In a previous study (Predtechenskaya et al. submitted, Chapter Two) we demonstrated that 

supernatants harvested from S. aureus grown in natural surfactants from mouse and rat lungs had 

significantly reduced toxicity to human neutrophils and peripheral blood mononuclear cells 

(PBMCs). In the current study we aimed to determine if palmitate could recapitulate the 

phenotypes seen with whole surfactants. When grown to early stationary phase in the presence of 

180 mM palmitate, there was approximately a two-fold reduction of colony forming units (CFU) 

(Figure 1A). As such, for all additional assays described below, CFU matching was performed to 

adjust for the lesser amount of starting S. aureus cells when grown in palmitate. This observation 
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is not novel as fatty acids have been shown to have detrimental effects on bacterial viability (Arsic 

et al. 2012). Supernatants of stationary phase S. aureus significantly reduced the membrane 

damage of human polymorphonuclear neutrophils (PMNs) compared to the control (Figure 1B). 

Next, we wanted to assess if palmitate had the same effect on PBMCs. Contrary to our 

expectations, preliminary experiments suggested that the presence of palmitate during S. aureus 

growth did not have a protective effect on PBMCs (Figure 1C). However, more replicates are 

needed to make the conclusion that PBMCs are less sensitive to S. aureus cytotoxins than PMNs.   

 

  

Figure 1. Growth in palmitate influences S. aureus cytotoxicity against PMNs. S. aureus was 

grown to early stationary phase in TSB with (+) or without (-) 180 ÕM palmitate. A) Bacterial 

concentration of LAC cultured with (+) and without (-) 180 ɛM palmitate at early stationary 

growth phase. Supernatants were harvested, diluted to 1:50 final concentration, and incubated with 

human B) polymorphonuclear neutrophils (PMNs) or C) peripheral blood mononuclear cells 

(PBMCs) for one hour. Plasma membrane damage was assessed using propidium iodide (PI) 

uptake and analyzed by flow cytometry. Graphs displayed show mean ° SEM of 3 biological 

replicates for A), B), and C). *P <0.05 and **P < 0.005 paired t-test for A), B), and C).  
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Palmitate Modulates S. aureus Virulence Gene Expression 

To investigate the reason behind palmitateôs protective effect on PMNs, we assessed if 

palmitate is modulating the virulence gene expression of S. aureus during growth. Our chosen 

target, the SaeRS system, is a two-component system of S. aureus that senses neutrophils and 

controls virulence gene expression of toxins that target immune cells. This system is also important 

for S. aureus lung infection (Borgogna et al. 2018). We used TaqManÓ relative RT-PCR to 

determine saeR gene regulation at various growth phases. The presence of palmitate during S. 

aureus growth down-regulated expression of saeR transcripts in mid-exponential phase-grown 

cell, but not in early stationary phase-grown cells (Figure 2A), demonstrating that palmitate affects 

the SaeRS system early on in growth. These results are confirmed by another group which also 

found that at the concentration of palmitate used in this work, Sae activity is inhibited (DeMars et 

al. 2021). Earlier literature has also noted other fatty acids inhibiting SaeRS system and proposed 

several mechanisms including: membrane curvature elastic stress altering SaeS conformation, 

bilayer net negative charge response by SaeS, or direct inactivation of SaeS by fatty acids (Ericson 

et al. 2017). This finding is not exclusive to palmitate, as other fatty acids like sapienic and oleic 

acid have been found to down-regulate expression of SaeRS transcripts (DeMars et al. 2021; 

Neumann et al. 2015). It has been even further suggested that fatty acids may interfere with SaeR 

and other regulatory proteins from binding to target DNA (DeMars et al. 2021). This is further 

complicated if we consider internalized palmitate versus palmitate in the supernatant (DeMars et 

al. 2020). While we did not attempt to narrow down the exact mechanism of palmitateôs effect on 

transcription with our experiments, we confirm that palmitate down-regulates transcription of 

saeR.  
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We then wanted to validate this finding by exploring how palmitate impacts a specific set 

of cytolytic toxins controlled by the SaeRS system (Rogasch et al. 2006, Voyich et al. 2009). 

Transcriptional analysis was performed on genes encoding leukocidins LukAB (lukAB), HlgAB 

(hlgA), and PVL (lukF-PV). We observed that at mid-exponential phase, palmitate significantly 

down-regulated lukAB and lukF-PV while hlgA was only slightly down-regulated (Figure 2B). 

Interestingly, by early stationary phase lukAB and lukF-PV were up-regulated in the presence of 

palmitate compared to mid-logarithmic control while hlgA again showed modest transcriptional 

responses to the presence of palmitate (Figure 2B). This data recapitulated what we have seen with 

saeR, where palmitateôs effect repressed the expression of genes at mid-exponential phase and 

showed no change by early stationary phase. It makes sense that the expression of hlgA, lukAB, 

and lukF-PV reflected saeR since these toxins are controlled by the SaeRS system (Nygaard et al. 

2010).  

To advance these findings we have started to investigate the influence of palmitate on 

transcription of S. aureus using RNA sequencing (RNAseq).  To date we have only done these 

experiments at early stationary phase. RNAseq showed the following: saeR, hlgA, lukB were not 

significantly modulated at early stationary, but that lukF-PV was significantly up-regulated by 

early stationary phase. RNAseq needs to be conducted at mid-exponential to confirm our 

TaqManÓ findings. All these results fall in line with context of lung colonization ï at first only a 

few bacteria reach the lungs and sense the environment. This low bacterial density is read by 

quorum sensing systems which then repress virulence factors until a larger bacterial density is 

observed (Pivard et al. 2021). So, we may potentially be observing repression at mid-exponential 
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phase by palmitate which is overpowered by a large bacterial density at early stationary phase 

when the bacterium is trying to spread and infect other tissues. 

 

 

Figure 2. Palmitate down-regulates gene expression of S. aureus saeR and select toxins in 

mid-exponential growth phase. S. aureus was grown with (+) or without (-) 180 ÕM palmitate to 

mid-exponential (ME) phase and to early stationary (ES) phase, and RNA was harvested and 

subjected to TaqManÊ real-time RT-PCR. Gene transcripts were normalized to gyrB. Data 

displayed are the mean fold-change (Log10) of indicated gene relative to treatment with S. aureus 

only at respective grow th phase for A) and compared to mid-exponential phase for B). Data 

displayed show mean ° SEM of 3 biological replicates. 

Having demonstrated that palmitate modulates the virulence gene expression of S. aureus 

early on during growth, we wanted to assess how palmitate would impact S. aureus and neutrophil 

interactions that would normally occur early on in lung pathogenesis. So, for the next set of 

experiments S. aureus was grown to mid-exponential phase and then exposed simultaneously to 

neutrophils and varied concentrations of palmitate. We assayed hlgA, hla, lukF-PV, and lukAB 

virulence genes using real-time RT-PCR as above.  We also assessed essC which is part of the Type 

VII Secretion System, a virulence secretion system up-regulated in the presence of human serum 
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and pulmonary surfactant (Lopez et al. 2017). Additionally, we investigated fakA which is a fatty 

acid kinase necessary for incorporation of fatty acids like palmitate into S. aureus lipid membranes 

(Ridder et al. 2020). For this set of experiments, S. aureus grown to mid-exponential phase was 

exposed simultaneously to varied concentrations of palmitate and neutrophils. The presence of 

PMNs up-regulated the expression of this gene as we have shown previously (Flack et al. 2014). 

Despite the strong expression of this gene due to presence of neutrophils, palmitate reduced 

expression compared to when there was just bacteria and neutrophils present in a dose dependent 

manner (Figure 3). For hla, exposure to palmitate or PMNs immediately down-regulated this gene 

(Figure 3). Both lukF-PV and lukAB behaved similarly in this assay. Unlike in palmitate growth 

experiments where we observed significant down-regulation of both of these toxins at mid-

exponential phase (Figure 2B), one hour of incubation with palmitate did not impact expression of 

these two toxins (Figure 3). Both were potently expressed in the presence of PMNs, but as 

concentrations of palmitate increased, this signal was repressed. Hence, for hlgA, lukF-PV, and 

lukAB, but not hla, palmitate repressed the strong expression signal induced by presence of PMNs. 

In context of infection, when bacteria enter the lipid-rich environment of the lungs where palmitate 

is the most abundant free fatty acid, bacteria may respond distinctly to this specific environment. 

For the essC gene, only the presence of both PMNs and palmitate up-regulated this gene (Figure 

3). Finally, for fakA, there was up-regulation in both presence of palmitate and PMNs (Figure 3). 

Fatty acid kinase (FakA) indirectly modulates the signaling of the SaeRS system by keeping a low 

fatty acid intracellular pool (Ericson et al. 2017) due to this relationship FakA has been shown to 

be important for S. aureus virulence (Lopez et al. 2017). Overall, this assay displayed that the 

transcriptional response differs between just palmitate, PMNs, or both. Palmitate has a repressive 
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effect on S. aureus virulence gene expression which would normally be up-regulated in the 

presence of PMNs. This is physiologically relevant for the lung environment where S. aureus 

encounters neutrophils but also senses the presence of palmitate in lung surfactant.  
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Figure 3. Palmitate modulates relative gene expression of various S. aureus genes of interest 

in the presence of neutrophils. S. aureus was grown to mid-exponential phase and exposed to 

varied palmitate concentrations and PMNs for 1 hour at 37ÁC. RNA was harvested and subjected 

to TaqManÊ real-time RT-PCR. Gene transcripts were normalized to gyrB. Data displayed are the 

mean fold-change (Log10) of indicated gene relative to treatment with S. aureus only. Data 

displayed show mean ° SEM of 3 biological replicates. 

Palmitate Interacts Directly with S. aureus Toxins 

Although we identified that palmitate modulates S. aureus transcription and toxin 

production, providing an explanation for how growth in palmitate can protect PMNs, a question 

we wanted to tackle was if palmitate could directly interact with the toxins in the supernatant. To 

investigate this, S. aureus was grown to early stationary phase, supernatants extracted and 

preincubated for varied timepoints with 180 ÕM palmitate. PMN membrane damage was assessed 

after one hour of incubation. While palmitate did not have an instant effect, a 30 minute or an hour-

long preincubation of toxins with palmitate lowered their cytotoxicity against PMNs (Figure 4A). 

This indicates that palmitate has a direct effect on toxins but requires some time to act on the 

toxins. Given that palmitate could interact with toxins, another question of interest to us was 

whether palmitate could directly protect PMNs. In these assays, PMNs were pre-incubated with 

palmitate for varied timepoints and then exposed to supernatants. Palmitate had a slight toxic effect 

on PMNs, but not comparable to PMNs exposed to supernatants (Supplemental Figure 2). 

Regardless of the preincubation time, palmitate did not seem to have a direct protective effect on 

PMNs as there were no differences compared to the controls (Supplemental Figure 2).  

To understand the direct interaction between palmitate and toxins, we hypothesized that 

palmitate was degrading toxins during the preincubation.  To test this hypothesis early stationary 

toxins were incubated with palmitate for 60 minutes and used SDS-PAGE to compare profile of 

toxins only to toxins treated with palmitate. Lighter bands were observed at 35 kDa, 27 kDa, 25 
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kDa, 15 kDa and 13 kDa (Figure 4B). Although other methods are needed to determine the exact 

identity of the secreted factors seen on the gel, the 35 kDa band may be lukH or lukB (consult 

Supplemental Table 1). Several additional experiments are needed to determine what virulence 

factors are impacted by palmitate. Ultimately, experiments will include utilizing 2D gel 

electrophoresis followed by mass spectrometry.  

  

 

Figure 4. Preincubation of S. aureus supernatants with palmitate reduces cytotoxicity against 

PMNs. A) S. aureus was grown to early stationary phase. S. aureus supernatants were harvested, 

diluted to 1:50 final concentration, and preincubated with (+) or without (-) 180 ÕM palmitate at 

37ÁC for 1 hour, then incubated with human PMNs for one hour. Plasma membrane damage was 

assessed using propidium iodide (PI) uptake and analyzed by flow cytometry. Data are from 4 

biological replicates for A) with error bars showing mean ° SEM. *P <0.05 Two-way ANOVA 

followed by Tukeyôs multiple comparison test. B) SDS-PAGE gel of S. aureus supernatants pre-

incubated with palmitate. LAC was sub-cultured to early stationary phase. Supernatants were 

preincubated with or without 180 ÕM palmitate at 37ÁC for 1 hour, and samples were then silver 

stained on 15% SDS-PAGE gel. Arrows indicate differences in band intensity. 
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Supplemental Table 1. Protein sizes of various S. aureus toxins.  

Gene Protein Size Source 

hla 33 kDa Bhakdi et al., 1991 

hlgA 32 kDa Staali et al., 2021 

lukED LukE 32 kDa, LukD 34.3 kDa Du et al., 2018 

lukAB LukA 37 kDa, LukB 35 kDa DuMont et al., 2014 

lukFS LukS 33 kDa, LukF 34 kDa  Kaneko et al., 2004 

 

Common Chemical Surfactants do not Reduce Cytotoxicity 

of S. aureus Secreted Toxins 

All detergents, including those consisting of fatty acids, have a critical micelle 

concentration (CMC), which is the concentration at which micelles, or aggregates of surfactant 

molecules, begin to form. In order to test this, S. aureus supernatants were exposed to palmitate 

and chemical detergents saponin, sodium dodecyl sulfate (SDS), and Tween 80 at varied 

concentrations. For this assay, we exposed early stationary S. aureus supernatants to a detergent of 

choice and PMNs for 1 hour. Palmitate had a protective effect at 1/10th dilution of its CMC (Figure 

5). For reference, the 180 ÕM palmitate concentration used for all previous assays is representative 

of the 1/4th of the CMC. Among the different chemical detergents, no concentrations were able to 

recapitulate the effect of the biological detergent palmitate implying that the physical formation of 

micelles may not be the mechanism behind the protective effect of palmitate. Further tests with 

other biological detergents remain to be done to rule out a micellular effect. 
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Figure 5. Palmitateôs protective effect is not recapitulated by other chemical surfactants. 

LAC was sub-cultured until early stationary phase, supernatants were harvested, diluted to 1:50 

final concentration, and added to detergents at varied concentrations and PMNs at 37ÁC for 1 hour. 

The critical micelle concentration (CMC) for the following detergents palmitate, saponin, SDS, 

Tween80 are as follows: 0.74 mM, 39 mM, 0.693 mM, 0.012 mM, respectively. Detergents were 

dissolved in DPBS. Plasma membrane damage was assessed using propidium iodide (PI) uptake 

and analyzed by flow cytometry. Data are from 3 biological replicates for all detergents with error 

bars showing mean ° SEM. *P <0.05 One-way ANOVA followed by Bonferroniôs multiple 

comparison test. 

Conclusions 

S. aureus is a common pathogen behind bacterial pneumonia that dramatically increases 

morbidity and mortality. Inasmuch as it is an adept lung colonizer, primary S. aureus pneumonia 
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is not common. Previous work highlighted the importance of lung environment in context of S. 

aureus infection (Borgogna et al. 2018, Predtechenskaya et al. submitted Chapter Two). To further 

elucidate the mechanism behind how lung surfactant protects the host from bacterial infection, this 

study investigated the influence of palmitate, a common lung surfactant fatty acid, on S. aureus 

virulence. We showed that palmitate reduced cytotoxicity of S. aureus secreted factors against 

human neutrophils. Palmitate down-regulated the S. aureus two component system SaeRS along 

with key toxins it regulates. Palmitate further repressed transcript abundance of select S. aureus 

virulence factors when incubated with neutrophils. Palmitate also had a direct effect on S. aureus 

secreted toxins although this observation was not shared by chemical detergents.  

Literature has previously noted a potential for interaction between toxins and lipids. It has 

been suggested before that fatty acids may bind toxins to membranes of cells (Kapral 1976). 

Similarly, delta toxin of S. aureus is known to bind to phospholipids (Alouf et al. 1989), while 

alpha toxin is known to bind to lipids (F¿ssle et al. 1981). This direct binding may be competitively 

interfering with toxins binding to actual immune membranes or receptors. Further studies need to 

be done to elucidate the mechanism behind the protective effect of palmitate. In context of lung 

infections, the effect of palmitate on other common lung pathogens such as Streptococcus 

pneumoniae and Haemophilus influenzae remains to be determined. Next steps of this work would 

be to assess the protective effect of palmitate on PMNs from supernatants of other lung bacterial 

pathogens. This work underscores the importance of a protective lung environment against 

bacterial pathogens like S. aureus and demonstrates that components of lung surfactants modulate 

bacterial pathogenesis.   
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Supplemental Data 

 

Supplemental Figure 1. Analysis of RNAseq data of S. aureus grown in palmitate. RNAseq 

was performed on samples sub-cultured for 5 hours in TSB with glucose with and without 180 ÕM 

palmitate, with three samples in each group.   

 

 

Supplemental Figure 2. Pre-incubation of palmitate with PMNs has no effect on cytotoxicity. 

Human PMNs preincubated with or without 180 ÕM palmitate at 37ÁC for varied incubations. S. 

aureus was grown to early stationary phase, supernatants were harvested, diluted to 1:50 final 

concentration, and added to samples for incubation at 37ÁC for 1 hour. Plasma membrane damage 

was assessed using propidium iodide (PI) uptake and analyzed by flow cytometry. Data are from 

3 biological replicates with error bars showing mean ° SEM. *P <0.05 Two-way ANOVA followed 

by Tukeyôs multiple comparison test. 
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Abstract 

Pneumonia is the sixth leading cause of death in the United States (Pahal et al. 2023). 

Usually, bacterial pneumonia complicates an initial viral infection. Even though bacterial 

pneumonia occurs as a co-infection or a secondary infection, it is the colonization of the lung space 

by bacteria which determines the severity of lung infection leading to morbidity and mortality. In 

the early lung colonization stages, pathogens like Staphylococcus aureus (S. aureus) secrete 

virulence factors that initiate an infection and help escape detection by immune cells. Although 

lung surfactant and specific surfactant components such as palmitate are known to suppress 

virulence of S. aureus and protect host immune cells from bacterial toxins, during infection these 

natural defenses are weakened. There is a gap in knowledge about how S. aureus initially responds 

to presence of lung surfactant. Herein, we studied the response of S. aureus to the surfactant 

component palmitate to understand early pathogen response to the lung environment. In the current 

study, S. aureus grown in palmitate was shown to secrete SspB, which encodes a cysteine protease 

shown to cleave fibronectin, fibrinogen, kininogen, and phagocyte surface proteins. An isogenic 

mutant strain, LACæsspB, demonstrated reduced cytotoxicity against PMNs and aided in blood 

lysis. Experiments were done to study sspB expression following incubation in palmitate and 

surfactant.  Additional experiments were conducted to determine if SspB digested S. aureus toxins, 

directly interacted with palmitate, or cleaved neutrophil chemokines, but results were inconclusive. 

Further studies will need to establish the role that SspB has in the context of lung infections and 

how it interacts with lung surfactant components to promote a successful S. aureus infection. 
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Introduction 

Pneumonia is a common cause for hospital admission in developed countries, and one of 

the main causes of death of children in developing countries (Shann 2001). Furthermore, bacterial 

pneumonia is a major cause of morbidity and mortality after an initial viral infection. 

Staphylococcus aureus (S. aureus) is a concerning antibiotic-resistant pathogen and a common 

cause of secondary bacterial pneumonia (Borgogna et al. 2018). Previous studies (Chapter Two, 

Chapter Three) demonstrate that lung surfactant and palmitate, a predominant component of lung 

surfactant, reduce S. aureus virulence.  

Data collected in Chapter Two identified up-regulation of the gene encoding the cysteine 

protease SspB following growth in palmitate. This observation was intriguing because S. aureus 

extracellular proteases have been shown to impair immunity of the lung and promote tissue 

damage (Paharik et al. 2016; Kantyka et al. 2013). S. aureus has fifteen extracellular proteases, of 

which five are exfoliative toxins responsible for cell-to-cell adhesion and produced only by 5% of 

S. aureus strains (Ramirez et al. 2020). The remaining ten proteases, produced by almost every 

strain (Gimza et al. 2019) consist of six serine protease-like proteins (encoded by splABCDEF), 

zinc metalloprotease aureolysin (aur), cysteine proteases staphopain A (scpA) and staphopain B 

(sspB), and serine protease (sspA, also known as V8) (Ramirez et al. 2020). Protease production 

usually happens during post-exponential phase after the synthesis of cell wall proteins is completed 

(Karlsson et al. 2001). Although there are many protease regulators, SarA, Agr and SaeRS systems 

play an important role in quorum sensing-dependent lung colonization (Pivard et al. 2021). Agr is 

a positive regulator of proteases also responsible for migration factors while SarA is a negative 
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regulator responsible for adhesins, so the switch from one system to the other may reflect the 

change from early colonization to late invasive stage (Karlsson et al. 2001; Zhang et al. 2015).  

The four major proteases, aureolysin, serine protease V8, staphopain A and B, are important 

for bacterial infection and survival in host (Zhang et al. 2015). These secreted proteases have a 

variety of different functions to promote lung colonization: they can degrade proteins like 

fibrinogen, evade the immune system by inhibiting the complement system (Gimza et al. 2019; 

Jusko et al. 2014), aid in nutrient acquisition (Ramirez et al. 2020), damage the extracellular 

matrix, inhibit neutrophil chemotaxis, and induce apoptosis of neutrophils (Hall et al. 2015). While 

secreted proteases are known to cleave host proteins, they also can degrade the bacteriumôs own 

proteins such as surface protein A and fibrinogen-binding proteins (Gimza et al. 2019). It has been 

suggested that this role of extracellular proteases in cleaving the pathogenôs own surface proteins 

represents a transition from adhesive to invasive phenotype (Kolar et al. 2013).  

Since secreted proteases are potent, in order for their activity to be strictly controlled, the 

four main proteases (aureolysin, V8, SspB and ScpA) are produced as zymogens that need to be 

pre-processed (Pietrocola et al. 2017). The protease explored in this work, SspB, is a cysteine 

protease part of the transcriptional unit sspABC controlled by one promoter. For maturation of 

SspB, aureolysin matures serine protease SspA, which then matures SspB into its active mature 

form (Shaw et al. 2005). However, this is not a strict requirement as aureolysin mutants are still 

able to produce SspA and SspB (Ramirez et al. 2020). Finally, as another regulator of SspB activity, 

SspC works as the inhibitor of SspB (Shaw et al. 2005; Hall et al. 2015). SspB can cleave 

fibronectin, fibrinogen (Massimi et al. 2002), and kininogen in the host (Burlak et al. 2007), which 

aids in translocation of the pathogen. SspB can work in tandem with staphopain A to promote 
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vascular leakage and induce septic shock (Burlak et al. 2007). SspB also has an important role in 

S. aureus avoiding immune cells by digesting opsonins (Hall et al. 2015). SspB can also bind to 

monocytes, repressing its ability to chemotax (Singh et al. 2019). To further divert immune cells 

away from S. aureus activity, SspB can cleave CD11b and CD31 on phagocytes. Cleavage of these 

receptors can result in apoptosis or efferocytosis by macrophages (Smagur et al. 2009; Tam et al. 

2019).  

This study found that cysteine protease SspB was secreted upon growth in palmitate. This 

observation prompted us to form the hypothesis that SspB may play an important role in promoting 

S. aureus lung pathogenesis. SspB reduced cytotoxicity of S. aureus toxins against neutrophils and 

affected blood lysis. We hypothesized that SspB may be lowering cytotoxicity through cleaving S. 

aureus toxins, however, whether the protease cleaves toxins or neutrophil chemokines could not 

be determined. Furthermore, SspBôs cleavage efficiency of various lung surfactant proteins 

remains to be established, and future studies will need to investigate the direct role of this cysteine 

protease in lung infections.  

Materials and Methods 

Bacteria Strains and Culture Conditions 

Staphylococcus aureus PFGE-type USA300 strain LAC (Diep et al. 2006) was used in 

experiments. S. aureus strain JE2 was also used (Fey et al. 2013). LAC mutants used for this study 

have been generated previously, and LACȹsspB and JE2ȹsspB (Fey et al. 2013) mutants were 

generated through methods described before (Nygaard et al. 2018). For all experiments except 

ones with normal human serum, overnight and sub-cultured bacteria cultures were grown in 20 

mL of tryptic soy broth (TSB; EMD Millipore) supplemented with 0.5% glucose (1:100 dilution) 
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with shaking (250 rpm) at 37ÁC. Optical density at 600 nm (OD600) was measured using a 

NanoDrop 2000c Spectrophotometer (ThermoFisher Scientific) and colony forming units (CFUs) 

were determined by plating diluted samples on tryptic soy agar (TSA; EMD Millipore) and 

enumerated the following day. 

Reagents and Preparations 

Palmitate (sodium palmitate) was purchased from TCI (CAS: 408-35-5). Before each 

experiment, palmitate was dissolved in 1 mL of 50:50 ethanol and DPBS at 60ÁC to a final 

concentration of 0.18 M. Subsequent dilutions were dissolved in DPBS. 

S. aureus recombinant SspB protein (Aviva, CAT: OPCA04162) was at 100 Õg/mL stock 

concentration. Purified S. aureus recombinant LukAB (IBT Bioservices, CAT: 0510-001) was at 

1.812 mg/mL. Purified S. aureus PVL protein (AntibodySystem, CAT: YXX09801) was at 0.1 

mg/mL.  

E-64 protease inhibitor was purchased from Sigma-Aldrich (CAS:66701-25-5). Pierce 

Protease Inhibitor Tablets (ThermoFisher, CAT: A32963) were diluted in 1 mL DPBS to make 

protease inhibitor cocktail. 

Surfactant Extraction 

Pulmonary surfactant isolation was performed using an adaptation of the method described 

previously (Inselman et al. 2004). Briefly, murine (C57BL/6) or rat (F344BN) lung tissue (0.2 g) 

was homogenized in 3 mL of ice-cold Dulbeccoôs phosphate buffered saline (DPBS) using a tissue 

grinder. Homogenate slurry was passed through a 70 ɛM cell strainer followed by centrifugation 

at 300 x g for 10 minutes at 4ÁC. The supernatant was collected and placed in microcentrifuge 

tubes for centrifugation at 18,000 x g for 30 minutes at 4ÁC. The resulting supernatant was 
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aspirated and discarded leaving a pellet. The surfactant pellet was resuspended in 1 mL of DPBS 

at 60ÁC. For experiments, this was considered 100% surfactant. Research grade InfasurfÈ was 

purchased from Onybiotech. For experiments investigating growth in surfactant, 1 mL of 

surfactant (at varied concentrations) was added to 4 mL of TSB pre-warmed to 37ÁC and inoculated 

with 50 ɛL of overnight culture. Samples were incubated for five hours at 37ÁC with shaking (250 

rpm).  

Gels  

For gel experiments, samples were resuspended with 30 ÕL of SDS-Laemmli buffer and 

boiled at 95ÁC for 10 min. Proteins were separated using 15% SDS-PAGE gels and stained with 

Silver stain (BioRad). 

For liquid chromatography-mass spectrometry (LC-MS/MS) identification of gel band, the 

supernatants were separated by SDS-PAGE, band was excised and sent to Stanford University 

Mass Spectrometry facility. 

Growth Assays 

For experiments investigating growth in 180 ÕM palmitate, 0.5 mL of DPBS or 1,800 ÕM 

palmitate was added to 4.5 mLs of TSB pre-warmed to 37ÁC. Growth in surfactants were done in 

10% mouse surfactant, 2% rat surfactant, or 1% Infasurf. Sub-cultures were inoculated with 50 ɛL 

of overnight culture. Samples were incubated for five hours at 37ÁC with shaking (250 rpm).  

For experiments with resuspension, supernatants from S. aureus sub-cultured for 5 h in TSB with 

glucose were sterile-filtered (0.22 ɛm, Avantor) and diluted in DPBS. Then, supernatants were 

incubated with various compounds and PMNs for 1 hour at 37ÁC. 
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Relative Quantitative Real Time RT-PCR 

Transcription of S. aureus genes was assessed using TaqManÊ real time reverse 

transcriptase-PCR (RT-PCR) as previously described previously (Nygaard et al. 2010; Voyich et 

al. 2005; Voyich et al. 2009). Briefly, sub-cultured strains were harvested at mid-exponential (ME; 

OD600 = 1.5) or early stationary (ES; OD600 = 3.0) phase of growth, mechanically disrupted using 

a FastPrep FP120 cell disrupter (ThermoFisher Scientific), and RNA purified using RNeasy Kit 

(Qiagen). TaqManÊ real-time RT-PCR was performed. Primers and probes of sarA, sarR, and 

sspB are listed in Table 1 below.  

Table 1. Primer and Probe sequences of sarR, sarA, and sspB. 

Gene & Probe/Primer Sequence 

sarR Forward Primer ACTTGAAATGTTGCGTTGACTA 

sarR Reverse Primer CATGTGAACCTTGCTACAACA 

sarR Probe AAACCACTCCTCTGATGCACATCT 

sarA Forward Primer CGTTGTTTGCTTCAGTGATTCGTTTA 

sarA Reverse Primer CGAGCAAGATGCATCAAATAGGGAGG 

sarA Probe CTTTCTCTTTGTTTTCGCTGATGTATGTC 

sspB Forward Primer CTGTATCCCAAGGATTCCAGTAAA 

sspB Reverse Primer TCCTTGCACAAAGTGTATCTCA 

sspB Probe AGCGCATGTCCTAAATGTGGGTCA 
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Human PMN or PBMC Plasma Membrane Integrity Assays 

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 polymorphonuclear leukocytes 

(neutrophils or PMNs) and/or peripheral blood mononuclear cells (PBMCs) were isolated under 

endotoxin-free conditions (<25.0 pg/ml) and cell viability and purity of preparations were assessed 

using a FACSCalibur Flow cytometer (BD Biosciences) as described previously (Nygaard et al. 

2010; Voyich et al. 2005). Assays intoxicating PMNs with extracellular S. aureus proteins were 

performed as previously described (Nygaard et al. 2012; Flack et al. 2014). Briefly, supernatants 

from S. aureus sub-cultured for 5 h in TSB with glucose were sterile-filtered (0.22 ɛm, Avantor) 

and diluted in DPBS. PMNs or PBMCs (1x106) were exposed to varied dilutions of S. aureus 

supernatant. Samples were incubated at 37ÁC for 60 min then stained with propidium iodide (PI; 

ThermoFisher Scientific) following the manufacturerôs protocol and then analyzed with a 

FACSCalibur Flow cytometer.  

For PMN chemokine experiments, PMNs were isolated and 0.2 mL FMLF (N-

formylmethionine-leucyl-phenylalanine, stock at 0.5 mg/mL in methanol) at 0.005 mg/mL 

concentration in RPMI was added to 2 mLs of PMNs. PMNs were incubated on ice for 20 minutes 

after which 0.2 mL of LPS (stock in water at 5 mg/mL) was added at a concentration of 0.05 

mg/mL and incubated for 2 hours on ice. PMNs were centrifuged at 500 x g and supernatant was 

extracted.  
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Blood Lysis Experiments 

S. aureus was grown as described above with glucose and sub-cultured for 5 hours. 

Sampllees (5 ÕL) were spotted on a sheep blood agar plate (BD Diagnostics) and incubated at 

37ÁC for 24 hours, and then at 4ÁC for 24 hours, after which lysis area was photographed and 

measured with ImageJ. 

Results and Discussion 

Cysteine Protease SspB Regulates S. aureus Pathogenicity 

Since palmitate, a component of lung surfactant, suppressed S. aureus virulence just like 

lung surfactants, we investigated secreted S. aureus proteins in response to the presence of 

palmitate. Among the few proteins secreted by early stationary phase, SDS-PAGE analysis 

demonstrated a band at approximately 20 kDa size (Figure 1), that was seen in supernatants 

exposed to palmitate but not in control samples. LC-MS/MS identified this band as SspB, a S. 

aureus cysteine protease which is 22 kDa in its mature form (Massimi et al. 2002). In its precursor 

form, its size is 40 kDa (Massimi et al. 2002), which we have also observed in other gels when S. 

aureus was grown with palmitate (data not shown). This finding is confirmed by earlier work 

which demonstrated that growth in the presence of fatty acids promotes the production of S. aureus 

proteases like SspA and SspB (Arsic et al. 2012).  

 

https://www.sciencedirect.com/science/article/pii/S0021925819720237?via%3Dihub
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0045952


80 

 

 
Figure 1. Growth in palmitate induced secretion of a protein at ~ 20 kDa. LAC overnight 

cultures were grown in TSB with glucose then sub-cultured to early stationary phase in media with 

or without 180 ɛM palmitate. 15% SDS-PAGE gel with culture with whole bug or with just 

supernatants was stained Silver stain and representative gel shown. 

To investigate why this protease is consistently produced in response to palmitate, SspB 

knock out strains were created in the wildtype S. aureus USA300 background (strain LAC) as well 

as in transposon library JE2 strain which derives from the USA300 background but does not have 

its native plasmids (Miller et al. 2019). Because the plasmids contain some virulence factors like 

PVL toxin (Diep et al. 2006), without the plasmids, JE2 is comparatively less virulent than LAC. 

Comparing LAC and LACȹsspB cytolytic capacity against PMNs at different supernatant 

dilutions demonstrated that LAC supernatants are very cytotoxic, and an effect due to lack of SspB 

could only be discerned at 1:200 (Fig 2A). Yet, because JE2 is less virulent, a higher supernatant 

concentration can be used to see the same effect (Figure 2C). PMNs exhibited more membrane 

damage from supernatants from strains lacking sspB gene, indicating that SspB lowers the 

cytotoxicity of S. aureus (Figure 2B and 2C). It is curious that JE2 without sspB has similar 

cytotoxicity level as LAC without sspB, but this may be explained by differences in strain 

backgrounds. Growth was not influenced by lack of sspB, but due to small inhibitory effect of 
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palmitate at the concentration used, CFU matching was done for all experiments to account for 

this (Figure 2D and 2E). Previously, literature has observed that cysteine protease ScpA promoted 

intracellular cytotoxicity of S. aureus JE2 strain towards epithelial cells whereas SspB had no 

effect on intracellular cytotoxicity (Stelzner et al. 2021). Here, we are finding that SspB may be 

involved in cytotoxicity against immune cells. Since SspB is known to interact with monocytes 

(Singh et al. 2019; Tam et al. 2019), we initially thought that SspB would also affect S. aureus 

cytotoxicity against peripheral blood mononuclear cells (PBMCs). However, we found that sspB 

deletion strain did not induce more membrane damage in PBMCs at 1:5 dilution (data not shown) 

as it does with PMNs.  

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8443034/
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Figure 2. SspB Modulates S. aureus cytotoxicity against PMNs. S. aureus strains LAC and 

LACȹsspB were grown to early stationary phase with and without 180 ÕM palmitate. S. aureus 

supernatants were harvested, diluted to final concentrations for LAC background and JE2 

background, respectively, and incubated with human PMNs for one hour (A). S. aureus strains 

LAC and LACȹsspB for (B) or JE2 and JE2ȹsspB for (C) were grown to early stationary phase. 

S. aureus supernatants were harvested, diluted to 1:200 and 1:25 final concentration for LAC 

background and JE2 background, respectively, and incubated with human PMNs for one hour. 

Plasma membrane damage was assessed using propidium iodide uptake and analyzed by flow 

cytometry for A, B, and C. CFUs collected after growth for LAC strains (D) and JE2 strains (E). 

Data are from 3 biological replicates for A, B, C, D, and E. *P <0.05, **P < 0.005 Paired t-test for 

B and C. 

To continue investigating the impact of SspB on S. aureus pathogenesis, blood lysis of 

various protease mutants was assessed using sheep blood agar plates.  Wildtype and mutant strains 

were grown for five hours and then plated on sheep blood plates to see if there was an effect on 

blood lysis. While the lysis areas of LAC and protease mutants spl and aur mutants were similar, 

the lysis area of sspB mutant in LAC background compared to other protease mutants was 

consistently smaller (Figure 3), indicating that SspB may play a role in blood cell lysis. Indeed, 
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there have been reports hinting at a relationship between fatty acid kinase, Hla, and SspB (Ridder 

et al. 2020). More experiments are needed to understand the interaction between SspB and blood 

lysis. 

 

 

Figure 3. sspB may be involved in S. aureus blood lysis. S. aureus mutants were sub-cultured 

for 5 hours in TSB with or without 180 ɛM palmitate. Cultures were spotted onto sheep blood agar 

which was incubated for 24 hours in 37ÁC and then 24 hours in 4ÁC. Lysis area was measured and 

normalized to LAC. Data are from 3 biological replicates with error bars showing mean ° SEM. 

*P <0.05, **P < 0.005 and ****P < 0.0001 one-way ANOVA followed by Tukeyôs multiple 

comparison test. NS = not significant. 

sspB Transcript is Increased in the Presence of Palmitate and 

Natural Lung Surfactants  

A variety of elements regulate protease production: including RNAIII SarS, SarR, SarA, 

SarV, SarX, SarZ, ArlRS, CodY, Rot, MgrA, and SaeRS (Gimza et al. 2019). Among these, SarA 

is a prominent protease regulator which down-regulates production of proteases, while SarR is a 

repressor of SarA. To investigate how sspB and protease transcription factors sarA and sarR would 

be affected upon exposure to PMNs compared to palmitate, S. aureus strains were exposed to 

PMNs or palmitate. Exposure to just PMNs only slightly modulated expression of sarR, sarA, or 
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sspB (Figure 4). Exposure to palmitate increased expression of these genes. Only in the case of 

sspB, the expression was upregulated after exposure to palmitate but downregulated when exposed 

to PMNs. 

 

 

Figure 4. Modulation of sarA, sarR, sspB in presence of palmitate or PMNs. S. aureus was 

grown to mid-exponential phase and exposed to 180 ɛM palmitate or PMNs for 1 hour at 37ÁC. 

RNA was harvested and subjected to TaqManÈ RT-PCR. Gene transcripts were normalized to 

gyrB. Data displayed are the mean fold-change of indicated gene relative to treatment with S. 

aureus only. Data displayed show mean ° SEM of 3 biological replicates. 

To understand the relevance of SspB in context of lung infections, transcriptional responses 

of sspB were investigated in the presence of palmitate or lung surfactants. During growth in 

palmitate, sspB was slightly up-regulated by mid-logarithmic phase and strongly induced by early 

stationary phase (Figure 5A). This is to be expected as SarA regulates transcription most 

profoundly during later growth phases. However, mouse, rat, and the commercially available 

surfactant InfasurfÈ promoted sspB up-regulation earlier at mid-logarithmic phase and down-

regulated sspB by early stationary phase (Figure 5B and 5C). The difference between sspB 

regulation in the presence of lung surfactant versus palmitate may point to different roles of SspB 
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under the conditions tested or different concentrations of palmitate (as well as other molecules that 

may influence sspB) in the lung surfactants. 

 

 

 
Figure 5. Gene expression of sspB in various surfactants. S. aureus was grown in 180 ÕM 

palmitate (A), or 10% mouse surfactant, 2% rat surfactant, and 1% InfasurfÈ to mid-logarithmic 

(B) or early stationary phase (C). RNA was harvested and subjected to TaqManÊ RT-PCR. Gene 

transcripts were normalized to gyrB. Data shown are the mean fold-change of S. aureus sspB 

relative to treatment with S. aureus only. Error bars indicate mean ° SEM of 3 biological replicates 

for A, B, and C. 

 

Investigating if SspB Digests Bacterial or Host Proteins 

SspB was involved in reducing S. aureus cytotoxicity against PMNs (Figure 2). Studies 

have suggested that proteases may cleave secreted toxins to regulate virulence in specific niche 

environments (Kolar et al. 2013; Shaw et al. 2004). Upon full deletion of proteases, an increase in 

abundance of toxins, such as alpha-toxin, PSMs, LukAB, PVL, and gamma-hemolysin have been 

observed (Kolar et al. 2013). A serine protease was suggested to degrade alpha toxin (Lindsay et 

https://pubmed.ncbi.nlm.nih.gov/23233325/


86 

 

al. 1999), and aureolysin is known to control the stability of PSMs and alpha toxin (Gimza et al. 

2019). Also, cysteine proteases in other bacteria like the Streptococcal pyrogenic exotoxin B 

produced by Streptococcus pyogenes can cleave its own secreted virulence factors (Carroll et al. 

2011).  

Given this background, we hypothesized that presence of palmitate induces protease 

secretion, specifically SspB, to reduce viable toxins in the supernatant. Supernatants from LAC, 

JE2 and respective mutant strains showed no difference in secretion patterns when analyzed by 

SDS-PAGE (data not shown). Addition of purified SspB protease to supernatants produced by 

strains also did not show any differences (data not shown). Next, we tested if purified SspB was 

able to cleave purified toxins of interest, LukAB and PVL. A previous study demonstrated that 

SspB activity happened within 16 minutes for some of its known substrates (Ohbayashi et al. 

2011). Neither an instantaneous combination of SspB with the two toxins or a two-hour pre-

incubation of the cysteine protease with each toxin did anything to either of the toxins (Figure 6).  

Many other experiments were conducted to determine if SspB was directly impacting toxin 

production, e.g. LAC and LACȹsspB were grown in palmitate and surfactants (no data shown), 

purified SspB was incubated with palmitate (Supplemental Figure 1), and assays were done to 

inhibit cysteine protease activity (Supplemental Figure 2). However, no mechanism was identified.  

https://pubmed.ncbi.nlm.nih.gov/31645429/
https://pubmed.ncbi.nlm.nih.gov/21707787/
https://pubmed.ncbi.nlm.nih.gov/21081759/
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Figure 6. Purified SspB does not interact with LukAB or PVL. Purified SspB (1:20 dilution) 

was incubated with LukAB or PVL (at 1:40 dilution) for 2 hours at 37ÁC or samples were run 

without incubation instantaneously. Silver stain was performed on the 15% SDS-PAGE gel. N=1. 

Given we could not find how SspB interacts with S. aureus toxins, we were then interested 

in seeing if it cleaves any host proteins. Based on previous reports, there are many host targets of  

SspB. SspB cleaves CD31 receptor which has an antagonistic effect on neutrophils, and staphopain 

A can cleave the CXCR2 chemokine receptor on neutrophils (Pietrocola et al. 2017). Similarly, a 

Streptococcus pyogenes protease can cleave CXCL8 (Kurupati et al. 2019). This prompted us to 

test if SspB may also be cleaving cytokines produced by neutrophils themselves. Unfortunately, 

we could not see conclusive differences between PMN secreted factors which have been incubated 

with or without purified SspB, although there are slight differences in 15-25 kDa sized proteins 

which are around sizes of several chemokines (Figure 7).  

https://www.frontiersin.org/articles/10.3389/fcimb.2017.00166/full
https://pubmed.ncbi.nlm.nih.gov/20158613/
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Figure 7. Purified SspB may cleave chemokines produced by PMNs. Human PMNs were 

exposed to FMLF for 20 minutes on ice, stimulated for 2 hours on ice with LPS. PMN supernatant 

was extracted and incubated with purified SspB at 1/10 or 1/100 concentrations for 2 hours at 

37ÁC. Silver stain was performed on the 15% SDS-PAGE gel. 

One final thought was that if palmitate signals to S. aureus that it is in the lung environment, 

it is possible that SspB is produced to cleave something in the lung surfactant itself. Degradation 

of lung surfactant proteins is not well studied but may have implications for pathogenesis since 

degradation of SP-A allows S. aureus to aggregate and attach to pulmonary epithelium (Pivard et 

al. 2021). Previous literature identified that SspB cleaves SP-A partially (Kantyka et al. 2013), and 

a cysteine protease has been indicated to cut SP-D (Zhang et al. 2015). Lung surfactant is 

composed of 4 proteins, which are SP-A, SP-B, SP-C, and SP-D, which are 26-36, 14, 6, and 43 

kDa in size, respectively (Possmayer 1988; Kishore et al. 2006; Crouch et al. 1994). They are able 

to form various multimers (Rubio et al. 2004). To investigate if SspB can cleave proteins from 

lung surfactant, purified SspB was incubated with mouse and rat surfactants. However, any 

changes were difficult to notice due to the amount of bands present (Figure 8). There seem to be 

https://journals.asm.org/doi/10.1128/msphere.00059-21?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed


89 

 

lighter bands for lanes with purified SspB on mouse surfactant at about 27 kDa which may be SP-

A, on rat surfactant at 43 kDa which may be SP-D, 35 kDa which may be SP-A, and between 15-

25 kDa which may be SP-B or SP-C (Figure 8). Additional methods are necessary to determine 

SspB activity against lung surfactant proteins starting with investigating activity of SspB on 

purified SP-B, SP-C, and SP-D. 

 

 

Figure 8. Purified SspB may be cleaving lung surfactant proteins. Purified SspB (1:10) was 

incubated in TSB, TSB with 10% mouse surfactant, 2% rat surfactant, or 1% surfactant for 5 hours 

at 37ÁC. Silver stain was performed on the 15% SDS-PAGE gel. 

Conclusions 

Bacterial pneumonia is a severe infectious disease in terms of incidence, morbidity and 

mortality, and impact on quality of life. S. aureus is a prominent lung colonizer known for causing 

pneumonia. From its normal presence in the anterior nares, S. aureus gets trafficked into the lungs 

where it encounters lung surfactant. Although lung surfactant and its components possess 

antibacterial properties which suppress S. aureus virulence, S. aureus still produces some factors 
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which ensure its survival in the lung. Upon investigating palmitate, a component found in lung 

surfactant, we discovered that palmitate stimulated S. aureus to secrete cysteine protease SspB. 

While SspB was not involved in managing to survive in palmitate, this cysteine protease reduced 

the potency of S. aureus supernatants against PMNs. Potentially, S. aureus uses SspB to lower its 

own virulence to avoid being found by patrolling immune cells until there is enough bacteria in 

the lung. SspB was also found to have a role in blood lysis which could be a reflection of how S. 

aureus gains nutrients or travels in the bloodstream. Future studies will investigate sspB mutant 

strains in mouse models, including sepsis and pneumonia models, to further understand its impact 

on pathogenesis.    

Data demonstrated SspB was up-regulated early during growth in lung surfactants which 

points to its role in early lung pathogenesis. To further elucidate how SspB impacts S. aureus-

neutrophil interactions by reducing cytotoxicity, we investigated if SspB was degrading S. aureus 

toxins. Our methods did not give conclusive results. Although SspB did not cleave LukAB or PVL, 

we were unable to completely rule out that SspB cleaves S. aureus toxins. It may be that only 

aureolysin plays a role in cleaving key S. aureus toxins as it has been shown to reduce alpha toxin 

quantity and overall cytotoxicity (Ramirez et al. 2020). Since SspB has been shown to work with 

other proteases (Burlak et al. 2007), it is also possible that more complex protease interactions 

need to be investigated to determine a mechanism.  

Finally, we could not determine if SspB affects neutrophil signaling by cleaving cytokines. 

Given past literature findings and suggestions that bacterial proteases or phospholipases may 

degrade lung surfactant during pneumonia (Bouhafs et al. 1999), we. also investigated if SspB 

cleaved various lung surfactant proteins. Our methods were not able to pinpoint exactly which 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2064037/
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lung surfactant proteins SspB can digest. However, we suspect that one of the reasons why SspB 

is produced during lung infection is that SspB can impact the integrity of lung surfactant by 

digesting the proteins which maintain the structure or provide antimicrobial activity. Future studies 

will continue to investigate SspB to identify a mechanism. 

Supplemental Data 

 

Supplemental Figure 1. Purified SspB pre-incubated with palmitate has no effect on 

cytotoxicity. Purified SspB (final dilution of 1:100) was preincubated with or without 180 ÕM 

palmitate for 1 hour at 37ÁC. S. aureus was grown to early stationary phase. Supernatants were 

harvested and diluted into pre-incubated samples to final dilution of 1:50. Following this, samples 

were incubated with human PMNs for one hour. Plasma membrane damage was assessed using 

propidium iodide uptake and analyzed by flow cytometry. Data are from 3 biological replicates. 

Error bars indicate mean ° SEM. *P <0.05 one-way ANOVA followed by Dunnettôs multiple 

comparison test. NS = not significant.  
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Supplemental Figure 2. LAC grown in palmitate with and without protease inhibitors. S. 

aureus was grown to early stationary phase with palmitate, E64 at varied concentrations which 

have been used for inhibiting SspB previously (Karlsson et al. 2001, Zhang et al. 2015), and 

protease inhibitor cocktail. E64 works against general cysteine proteases and protease cocktail 

inhibitor blocks all action of serine proteases, cysteine proteases, aspartic acid proteases, and 

aminopeptidases. CFUs were collected the next day. Data are from 3 biological replicates with 

error bars showing mean ° SEM. *P <0.05, **P < 0.005 one-way ANOVA followed by Tukeyôs 

multiple comparison test. NS = not significant.  

 

 

https://pubmed.ncbi.nlm.nih.gov/11447146/
https://pubmed.ncbi.nlm.nih.gov/26398197/
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE STUDIES 

Conclusions 

Bacterial pneumonia continues to complicate many respiratory illnesses and claims four 

million lives globally (Sattar et al. 2024). The situation is further worsened by the decreasing 

susceptibility of lung pathogens like MRSA to antibiotics which comprise the treatment available, 

highlighting the need to study lung infections to come up with more effective treatment strategies. 

This work investigates preventative lung defenses and establishes the importance of endogenous 

pulmonary surfactant in protecting the host from bacterial pathogens. The studies give insight into 

the mechanisms behind the protective action, identified that surfactant and its components repress 

bacterial virulence, and give merit to further explore exogenous surfactant as a therapeutic 

approach. 

While it was previously known that lung surfactant proteins have opsonization and 

antibacterial properties, not many reports assessed the impact of whole lung surfactant on bacterial 

pathogenesis. In Chapter 2, we demonstrated that lung surfactants protect the host by suppressing 

S. aureus virulence and cytotoxicity against immune cells. This is achieved by pulmonary 

surfactant repressing SaeRS-regulated virulence factors. Data demonstrated that rat and mouse 

surfactants and a commercially available bovine-derived surfactant, reduced S. aureus cytotoxicity 

against human neutrophils and PBMCs. 

In Chapter 3, we identified one of the potential effectors in lung surfactant behind the 

protective effect of whole surfactants. We used the same methods to assess if a common fatty acid 
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found in lung surfactants, palmitate, was able to recapitulate the protective phenotype shown by 

lung surfactants. Similar to surfactants, palmitate was also able to down-regulate key toxins and 

protect neutrophils from S. aureus cytotoxicity. Although previous reports have assessed fatty acids 

(palmitate included) for antibacterial properties and their effect on SaeRS system, our work 

demonstrates transcriptional effects of palmitate on S. aureus virulence and further elucidates how 

this action impacts host-pathogen interactions. Palmitate was also shown to have a direct effect on 

S. aureus supernatants which is a novel finding that should be further studied. 

The finding of the bacterial suppression by palmitate in Chapter Three prompted us to study 

the pathogenôs response to palmitate. This research expanded into identification of a cysteine 

protease SspB produced by S. aureus in response to the presence of palmitate. This protease 

appears to be important in the context of lung infections and host-pathogen interactions, as it was 

also able to reduce cytotoxicity of S. aureus. Although tested, it is not clear whether this protease 

is able to digest S. aureus toxins, however, it appears to be important in digesting host surfactant 

proteins. Further research is needed to expand which host and pathogen substrates are digested by 

SspB. 

All in all, this data combines to create a model behind the interaction between lung 

surfactant and S. aureus. Figure 1 shows how the presence of pulmonary surfactant suppresses 

bacterial virulence by influencing the SaeRS system and this is observed in whole lung surfactants 

and in lung surfactant components like palmitate. In response to the lung environment, S. aureus 

produces virulence factors like SspB that may aid in lowering virulence or affecting the lung 

surfactant. Collectively, this data underscores the importance of lung surfactant and helps 
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understand why secondary bacterial pneumonias emerge once initial viral infections alter 

surfactant composition and abundance. 

 

 

Figure 1. Lung surfactant suppresses S. aureus virulence. Lungs have several natural protective 

defenses against bacterial pathogens. In this work we define a protective role of lung surfactant 

which coats alveoli and is produced by type II pneumocytes. Chapter 2 establishes that lung 

surfactant reduced cytotoxicity of S. aureus toxins by impacting the regulation of toxins (A). To 

find which part of pulmonary surfactant achieves this, Chapter 3 investigated palmitate, a 

component of lung surfactant, and determined that it is also able to reduce cytotoxicity as well and 

directly impact toxins (B). Finally, Chapter 4 explores how a S. aureus cysteine protease SspB 

secreted in response to the presence of palmitate may have a function for lung colonization (C). 

Future Studies 

Having discovered that lung surfactant plays a critical role in protecting the host from lung 

infections, there are several avenues to expand in this research. 
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Determining the Active Components in Lung Surfactant 

Responsible for the Protection 

Although we have identified palmitateôs capability to mirror the protective effect of lung 

surfactant, the goal to narrow down the components of lung surfactant responsible for the 

protective action still remains. As reviewed in Chapter One, lung surfactant is composed of various 

lipid components as well as proteins. Previously, we hypothesized that it is a lipid component 

behind surfactantsô protective effect as observed in Chapter Two and demonstrated in Chapter 

Three that palmitate was a component of lung surfactant able to reduce S. aureus toxicity. 

However, surfactant is complex, and data presented did not investigate other fatty acids and 

proteins of lung surfactant.  To begin to identify more components of surfactant that may impact 

S. aureus virulence we inactivated the surfactant proteins by treating surfactants with heat before 

adding the surfactant to growth media. Inactivating the proteins did not change the effectiveness 

of the protection of PMNs from S. aureus supernatants by lung surfactants (Figure 2), indicating 

that it is the non-protein compounds in lung surfactants that are able to protect the immune cells. 

Another group that has previously shown that surfactant fraction of rat alveolar lining material had 

anti-pneumococcal activity used trypsin and found that the antibacterial effects they observed were 

due to lipids rather than proteins (Coonrod et al. 1983), corroborating our findings.  
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Figure 2. Heat inactivation of the proteins in surfactants does not reduce surfactant 

protectivity. To heat-inactivate the proteins in surfactants, 10% mouse, 2% rat surfactant, or 1% 

Infasurf were incubated at 56ÁC for 30 minutes. S. aureus was grown to early stationary phase in 

TSB with untreated or heat-treated 10% mouse, 2% rat surfactant, or 1% Infasurf. S. aureus 

supernatants were harvested, diluted to 1:50 final dilution, and incubated with human PMNs for 

one hour at 37ÁC. Plasma membrane damage was assessed by PI staining and flow cytometry. Data 

are from 3 biological replicates. Error bars indicate mean ° SEM. *P <0.05 one-way ANOVA 

followed by Tukeyôs multiple comparison test. NS = not significant. 

Having established that it is not due to proteins, we would like to investigate if there are 

other major effectors in the lung surfactant behind the protective effect. In Chapter Three, we 

investigated palmitate for this role due to its abundance in lung surfactant. Although palmitate 

showed similar effects as lung surfactants themselves, there may be more and better effectors 
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behind this effect. To determine possible lipid targets, previous work investigated lipid components 

of mice following influenza A viral infection (Borgogna 2019). Herein, we analyzed the raw data 

to find which lipids were affected by an influenza A viral infection with the help of BioPAN, which 

is a web-based tool to explore lipidome metabolic pathways on LIPID MAPS (OôDonnell et al. 

2019). With this tool, we have gathered the molecular species which were affected by influenza A 

virus (Figure 3A). We have found major trends such as alkyl ether linkage change to (1Z)-alkenyl 

ether (Figure 3B) and glycerophosphocholines being majorly converted to diradylglycerolipids 

(Figure 3C). In other words, in major species affected by influenza A virus, the phosphate and 

choline heads were detached. Choline is important for growth and function in the lungs and lipids 

with choline serve central roles in membrane structuring and reduction of surface tension 

(Bernhard et al. 2022). Although this may just be a trend of influenza A virus lung infection, it is 

possible that species with choline heads have important antibacterial properties as well. This 

method had significant limitations as not all lipid species were identified and only a group of 

molecular species were actually processed by the bioinformatic workflow.  
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Figure 3. BioPAN lipidomic trends of mock and IAV infected murine lungs. Mock and IAV 

infected lungs were harvested 6-days post infection and snap frozen (n=3 mice per treatment 

group). Whole lungs were provided to Avanti Polar Lipids, Inc. (Alabaster, AL) and subjected to a 

modified Bligh Dyer extraction followed by LC-MS/MS analysis and separation by HILIC 

(Borgogna 2019). Raw data was processed through BioPAN. Of 1040 total molecular species, 177 

molecular species were processed. Circles represent glycerolipids or glycerophospholipids. Clear 

circles have no status while those in teal are changed. Purple edges have a negative Z-score 

whereas teal have positive Z-score. A shows trends across the 177 species processed. B and C 

show main trends. 

While palmitate is a free fatty acid, lung surfactant is mostly composed of more complex 

lipid structures. It is possible that these protective properties may be held by most if not all lipids 

that have palmitate. Furthermore, there are other lipids like cholesterol and other major 

phospholipids in lung surfactants which may be even more effective. A previous group also 

demonstrated that diacylphospholipids including dipalmitoyl phosphatidylcholine (DPPC), 

phosphatidylglycerol, phosphatidylinositol, and phosphatidylethanolamine did not have 
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antibacterial effects while lysophospholipids like palmitoyl lysophosphatidylcholine, myristoyl 

lysophosphatidylcholine, and palmitoyl lysophosphatidylethanolamine had dose-dependent 

antibacterial activity which the authors attributed to bacterial permeability (Coonrod et al. 1983). 

Hence, fatty acids and lysophospholipids found in lung surfactant appear to be prime targets. For 

future studies, to determine if there are multiple various effectors in lung surfactant, in-vivo murine 

models of secondary S. aureus infection post influenza A virus infection will help identify lipid 

species as targets potentially responsible for the protective effect. For this, lipidomic analysis 

comparing healthy mouse lung to influenza-infected lungs, to S. aureus infected lungs, to 

influenza-and-S. aureus-infected lungs will help identify lipid species responding to type of 

infection. From this list, we would then be able to test these various components for their activity 

against S. aureus. 

Understanding the Mechanism(s) of Protection 

Although we had seen that virulence genes were down-regulated in the presence of lung 

surfactants and palmitate, we must understand by which mechanisms lung surfactants and their 

components affect S. aureus. It may be that lipids interact with S. aureus membrane, or they are a 

signal for a two-component sensory system. It is also of interest to determine what surfactants do 

to the secreted factors. Palmitate was shown to have a direct effect of secreted virulence factors of 

S. aureus in Chapter Three. It is unknown if this interaction also happens with natural surfactants 

and what the nature of this interaction is.  

Establish if Exogenous Surfactant can be used as Therapy 

It still needs to be determined if commercially available surfactants currently used for 

neonates with respiratory distress syndrome may serve as a treatment or preventative measure 
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against bacterial lung infections. Data presented suggest surfactant could be used as a treatment. 

In Chapter Two, Infasurf was shown to reduce S. aureus cytotoxicity against PMNs and PBMCs 

when the bacterium was grown in the surfactant. Although we observed a lesser protective effect 

by Infasurf compared to natural surfactants, other commercially available surfactants may have a 

greater effect and should be investigated. Hence, it remains to be seen whether this is a viable 

treatment option. For these experiments, mice with a secondary bacterial infection will be given 

commercially available surfactants at different stages of infection to see if the surfactant addition 

can prevent or even treat the bacterial infection.  

Overall, this work broadens our understanding of how lung surfactant protects the host. 

The protective effects of lung surfactants that we have observed may be extrapolated to other lung 

pathogens, such as Streptococcus pneumoniae and Haemophilus influenzae and should be 

investigated in future studies. Regardless data in this dissertation help explain how lungs become 

susceptible to bacterial pneumonia and introduce lung surfactant therapy as a potential treatment 

option. Thus, we hope to prompt future studies that will bring us to a world with better treatments 

for bacterial pneumonia. 
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