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ABSTRACT

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

INTRODUCTION TO STAPHYLOCOCCUS AUREUS

AND NEUTROPHILS

Staphylococcus aureus

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium that causes a
wide range of disease in humans. The Scottish surgeon Alexander Ogston is credited for
coining the term Staphylococcus originating from the Greek words staphyle and kokkos,
meaning “bunch of grapes” and “berry”, respectively (Licitra, 2013; Ogston, 1882b).
Shortly after in 1884, the German physician Friedrich Julius Rosenbach coined the term
aureus from the Latin word aurum meaning “gold” due to the color of the bacterial
colonies on nutrient rich agar (Licitra, 2013). Indeed, early drawings by Ogston clearly
displayed clusters of grape-shaped bacteria isolated from surgical abscesses and resemble
recent scanning electron micrographs of S. aureus [Figure 1].

Early on while trying to determine the cause of “blood poisoning” in patients’
abscesses, the observation that “micrococci” were also present on the skin of healthy
individuals did not escape Ogston (Ogston, 1882a).

It is therefore, it seems to me, permissible to formulate what we know, in words

like those of WolfY, viz., micro-organisms do not exist in the blood and tissues of

healthy men. But if they do not exist within, they are present in enormous

numbers without. They not only rest, but develop on the surfaces of the human
body.

Once again, Ogston correctly interpreted his observations since S. aureus
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is a commensal organism that asymptomatically and persistently colonizes about 30% of
the human population (with up to 60% of the human population intermittently colonized)
primarily in the anterior nares but also found in the pharynx and external sites like the
neck, forearm, hands, genital area, and ankles (Graham et al., 2006; Sollid et al., 2014;
Wertheim et al., 2005). Colonization occurs in healthy individuals but a complex
interaction of factors appears to influence human susceptibility to S. aureus colonization,
which include ethnicity, age, gender, and medical conditions such as diabetes, HIV, and
liver disease (Wertheim et al., 2005). Asymptomatic colonizers can be a reservoir for
infection, as shown by studies that identified S. aureus nasal colonizing isolates identical
to isolates in patients with furunculosis and bacteremia (Valentine and Hall-Smith, 1952;
von Eiff et al., 2001). Yet, studies have questioned whether nasal
colonization is a risk factor for infection since decolonization with antibiotics

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

AccV SpotMagn 'Det WD I——-———'——l 1'
30'0kV 20 20000x SE 81 Staph97 11-52

5’.

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



the rates of infection following decolonization (Coates et al., 2009). The effectiveness of
S. aureus decolonization is also questioned by high rates of nasal recolonization.
Additionally, while the anterior nares are the most common site for detection of S.
aureus, studies have also failed to link nasal colonization with predisposition to skin
infection (Miller et al., 2009). The failure to reduce S. aureus infection rates as a result of
nasal decolonization could be attributed to differences in the strains of S. aureus used
between studies. For example, only 6% of individuals are colonized with healthcare-
associated and methicillin-sensitive S. aureus strains at a site other than the anterior
nares. This is in contrast to 25% of individuals colonized with community-associated
methicillin-resistant strains in non-nasal sites (Yang et al., 2010). Thus, different strains
are likely to inhabit different body sites likely influencing subsequent infection.
Furthermore, decolonization strategies are hindered by the ability of S. aureus to acquire
resistance to antibiotics like mupirocin, which is used for elimination of nasal carriage
(Antonov et al., 2015; Poovelikunnel et al., 2015). Collectively, colonization plays an
important role in S. aureus pathogenesis but more studies are needed to identify better
methods to eliminate carriage and to determine if indeed decolonization will prevent

disease.

Antibiotic Resistance

Staphylococcus aureus is the epitome of antibiotic resistance. In 1928, Dr.
Alexander Fleming discovered the antibiotic penicillin in agar plates inoculated with S.
aureus that were allowed to air dry (Fleming, 1929). These plates were contaminated

with a mold that was first misidentified by Fleming as Penicillium rubrum but later
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corrected by Charles Thom to Penicillium notatum (Gaynes, 2017). Remarkably, the
Penicillium mold inhibited the growth of S. aureus and other bacteria by producing
penicillin [Figure 2]. However, it was not until 1940 when a group from the University of
Oxford published the first in vivo experiments showing the efficacy of penicillin in
treating S. aureus infections in mice (Chain et al., 1940). With the advent of the Second
World War, a furious undertaking to mass-produce penicillin began with the help of the
United States government. Penicillium chrysogenum was chosen as the strain for mass
production since it produced six times more penicillin than P. notatum. By the end of
1943, enough penicillin was available to treat all of the Allied Forces; in contrast, the
United States had enough penicillin in 1942 to treat fewer than 100 patients (Gaynes,

2017).

Penicillinm colony.

S i STAPHYLOCOCCUS
Staphylococei under- e

going lysis. R Tae
sadad STREPTOCOCCUS
(HAMOLYTIC)

PENICILLIN |
IMBEDDED
IN CULTURE
MEDIUM PNEUMOCOCCUS

Normal staphylococca

GONOTOCCUS
colony.
—

S e i
B.DIPHTHERIA

B. INFLUENZA

Figure 2. The discovery of penicillin by Dr. Alexander Fleming. A) Original
photograph showing a zone of S. aureus growth inhibition originating from a
Penicillium colony observed by Fleming. B) The broth from the cultured Penicillium
mold showed inhibitory action to S. aureus and other bacteria. Images adapted from
(Fleming, 1929).



Penicillin was viewed as a “magic bullet” to treat bacterial infections, but this
sentiment was short-lived. In his 1945 Nobel Lecture, just three years after the mass
production of penicillin, Alexander Fleming warned the world about the potential of S.
aureus to develop resistance to penicillin (Fleming, 1945).

But I would like to sound one note of warning. Penicillin is to all intents and

purposes non-poisonous so there is no need to worry about giving an overdose

and poisoning the patient. There may be a danger, though, in underdosage. It is
not difficult to make microbes resistant to penicillin in the laboratory by exposing
them to concentrations not sufficient to kill them, and the same thing has
occasionally happened in the body. The time may come when penicillin can be
bought by anyone in the shops. Then there is the danger that the ignorant man
may easily underdose himself and by exposing his microbes to non-lethal
quantities of the drug make them resistant.

By the end of 1944, S. aureus resistance to penicillin was described in the
literature (Kirby, 1944). By the mid-1950s, penicillin resistant S. aureus strains were
pandemic (Chambers and Deleo, 2009). To combat the increase in penicillin resistance,
new penicillin derivatives were synthesized that were immune to the beta-lactamase
which conferred resistance to penicillin. In 1959, the antibiotic “celbenin”, later called by
its most common name methicillin, was first introduced and showed bactericidal activity
towards penicillin-resistant S. aureus (Knox, 1960). By the end of 1960, methicillin-
resistant S .aureus (MRSA) were isolated from England hospitals (Jevons, 1961). To
date, S. aureus has gained resistance to every antibiotic used against it and the
mechanisms of resistance to select antibiotics are summarized in Table 1 (Foster, 2017).

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

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

(Ventola, 2015).

Epidemiology

The most recent epidemiological statistics show S. aureus is a leading cause of
human infectious disease. Annually, S. aureus is responsible for about 600,000
hospitalizations in the United States (Klein et al., 2017). A multi-state survey of
healthcare-associated infections, which defined healthcare-associated infections as 1.
“infections not present or incubating on admission to the survey hospital” or 2. infection
present on admission due to a surgical procedure performed at the hospital within the
previous 28 days or 1 year in the case of an implant, identified S. aureus as the second
leading cause of infection behind Clostridium difficile (C. difficile) (Magill et al., 2014).
However, while C. difficile infections were strictly limited to gastrointestinal infections,
S. aureus was the leading cause of healthcare-associated pneumonia and surgical-site
infections and was also a causative agent of gastrointestinal, urinary tract, and

bloodstream infections [Figure 3].



Table 1. Select antibiotics used against S. aureus and mechanisms used by S.
aureus to gain antibiotic resistance.

Antibiotic

Mechanism of action
against S. aureus

Mechanism conferring S.
aureus antibiotic
resistance

Penicillin

Inhibits cell wall
synthesis

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

Methicillin

Inhibits PBP2, enzyme
involved in cell wall
synthesis

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

Vancomycin

Inhibits cell wall
synthesis

1. Full resistance:
Acquisition of van gene,
enzyme able to use D-
lactate instead of D-
alanine in cell wall
synthesis

2. Intermediate resistance:
Single step mutations
leading to increased
thickness of cell wall
preventing antibiotic from
reaching its lethal target

Daptomycin

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

1. gain-of-function
mutation in mrpF leading to
increased production of
positively charged lysyl-
phosphatidylglycerol to
repel daptomycin and
reduce amount of
negatively charged
phosphatidylglycerol

2. Mutations in the Agr
global regulator lead to
increased release of
phospholipids to intercept
daptomycin before reaching
its target
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Antibiotic Mechanism of action Mechanism conferring S.
against S. aureus aureus antibiotic
resistance
Mupirocin TNNIDIts protein Syntnesis T, MUtations feading to
by preventing charging of  decrease binding to Ile-
the isoleucyl tRNA tRNA synthetase

2. Acquisition of insensitive
[le-tRNA synthetase

Infections caused by S. aureus are not limited to a hospital setting. Community-
associated S. aureus infections, roughly defined as an infection acquired outside of a
hospital setting or not due to recent medical or surgical procedures, are estimated to be
four times less likely than hospital-associated infections (Centers for Disease Control and
Prevention, 2015). Community-associated methicillin-susceptible S. aureus (CA-MSSA)
infections gradually increased from the 1960s to the 1980s, although exact rates of
community-associated infections were difficult to determine due to lack of surveillance
(Chambers, 2001). MRSA infections were largely limited to healthcare settings until the
1990s when cases of hypervirulent community-associated methicillin-resistant S. aureus
(CA-MRSA) infecting children and leading to death were first reported in the United
States (Centers for Disease Control and Prevention (CDC), 1999; Herold et al., 1998).
The pathology of CA-MRSA infections is most commonly presented as skin and soft-
tissue infections, but can also cause severe invasive infections including necrotizing
fasciitis, necrotizing pneumonia, osteomyelitis, and thrombosis (Chambers and Deleo,

2009; Gonzalez et al., 2005a, 2005b; Miller et al., 2005; Nourse et al., 2007).
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Figure 3. Top causative agents of healthcare-associated infections. C. difficile
caused 12.1% of all healthcare-associated infections but were all limited to
gastrointestinal (GI) infections. S. aureus caused 10.7% of all healthcare-associated
infections, only behind C. difficile, but is able to cause a wide range of diseases
(Magill et al., 2014). UTIs, urinary tract infections; coag-neg., coagulase-negative.

Analysis of the S. aureus strains causing community-associated infections
suggested a separate clonal lineage from hospital-associated strains (Herold et al., 1998).
The first wave of CA-MRSA infections in the United States were caused by the USA400
(MW?2) clone, which was the strain responsible for the lethal infection of the children
mentioned above, and USA300 as determined by pulsed-field gel electrophoresis (PFGE)

typing (McDougal et al., 2003). In the United States, USA300 is the predominant cause
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of CA-MRSA infections (Centers for Disease Control and Prevention, 2015) [Figure 4].
The factors responsible for increased pathogenicity by CA-MRSA strains have not been
fully characterized. In animal models, community-associated S. aureus strains show
enhanced survival and increased killing of mice compared to hospital-associated strains
(Li et al., 2009; Voyich et al., 2005). In addition, community-associated strains show a
propensity for increased survival following neutrophil phagocytosis and increased ability
to kill neutrophils (Voyich et al., 2005). Several studies have focused on USA300 for its
enhanced production of virulence factors that target neutrophils for destruction (Li et al.,
2009; Montgomery et al., 2008). Of these secreted virulence factors, the Panton-
Valentine Leukocidin (PVL), covered in more detail in Chapter 4, has garnered attention
for its positive correlation in severe CA-MRSA infections like necrotizing pneumonia
(Gillet et al., 2002, 2007). However, studies have questioned its role in causing severe
infection due to a lack of clear phenotype in mutant PVL S. aureus strains using animal
models (Bubeck Wardenburg et al., 2007, 2008; Voyich et al., 2006). The identification
of the C5a receptor as the target for PVL and its specificity for the human receptor in
comparison to the mouse ortholog C5a receptor may explain the lack of phenotype of S.
aureus PVL mutant strains in animal models (Spaan et al., 2013). Nonetheless, clear
determinants for the increase in CA-MRSA infections and their enhanced pathogenicity

remain elusive.
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100+

Bl USA100
B3 USA300
1 USAS500/Iberian

% infection causing strain

Classification of S. aureus infection

Figure 4. S. aureus clones causing infection. The S. aureus USA300 clone causes the
majority of CA-MRSA infections. In contrast, multiple S. aureus clones cause similar
nosocomial infection rates.

Economic Impact

S. aureus infections are a tremendous economic burden on the United States
healthcare system. MRSA infections are estimated to cost the healthcare system up to
$9.7 billion annually (Klein et al., 2007). The excess cost of treating a MRSA infection
compared to a MSSA infection is estimated to be up to $35,000 (Klein et al., 2007). A
study focused on CA-MRSA infections estimated a $2.2 billion annual burden to the
healthcare system and up to $13.8 billion to society (Lee et al., 2013). These dollar

amounts do not take into account the human suffering component and the emotional toll
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on families. A better understanding of the mechanisms used by S. aureus to cause disease

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

Neutrophils

One of the overarching hypotheses behind the enhanced virulence of USA300 and
other CA-MRSA strains of S. aureus is the ability to circumvent killing by
polymorphonuclear leukocytes (also known as PMNs or neutrophils). Neutrophils are the
most abundant leukocytes in the bloodstream of healthy individuals, constituting between
50-60% of leukocytes (Hsieh et al., 2007). They are characterized by a multi-lobed
nucleus, hence the name polymorphonuclear, and an abundancy of granules in their
cytoplasm. They mature from myeloblasts in the bone marrow producing up to 2 x 10!!
cells per day (Borregaard, 2010). Under steady state conditions, the post-mitotic
maturation phase from metamyelocyte to entrance into the bloodstream (as a neutrophil)
is estimated to take six days (Dancey et al., 1976). Once exiting the bone marrow,
neutrophils are estimated to patrol the bloodstream for 13-19 hours before being ingested
by macrophages (Lahoz-Beneytez et al., 2016; McCracken and Allen, 2014). The proper
maintenance of neutrophil circulation to health is exemplified by neutropenia, which
increases susceptibility to infection, and neutrophilia, which causes dyspnea and hypoxia

(McCracken and Allen, 2014).
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Microbial Clearance

Recruitment. Neutrophils are the first line of defense following breach of
epithelial barriers by pathogens such as S. aureus. Studies using mice have shown
increased neutrophil recruitment near a site of S. aureus infection within 30 minutes
(Harding et al., 2014). Endothelial cells or resident tissue cells near a site of infection
recognize foreign organisms through pattern recognition receptors and initiate an acute
inflammatory cascade that recruits neutrophils. Circulating neutrophils in the bloodstream
follow a chemokine gradient established on the surface of endothelial cells in a heparan
sulfate dependent mechanism to hone near the site of infection (Massena et al., 2010).
Activated endothelial cells express P- and E-selectins to increase neutrophil recruitment
and bind to glycosylated ligands (for example, P-selectin glycoprotein ligand 1) on the
neutrophil effectively tethering the neutrophil to the endothelial cells resulting in
neutrophil rolling. Subsequently, neutrophil movement through the blood vessels is
arrested by attachment to integrins (Kolaczkowska and Kubes, 2013). Near the site of
arrest, neutrophils extravasate from the blood vessels through the tight junctions between
endothelial cells and pericytes arriving closer to the infected tissue (Kolaczkowska and
Kubes, 2013). During chemotaxis and extravasation, neutrophil surface receptors are
engaged and signals are relayed in both “inside-out” and “outside-in” signaling pathways
that initiate and prepare the neutrophil for engagement of a pathogen (Springer and

Dustin, 2012).

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

through immunoglobulin and complement receptors to initiate bacterial ingestion, a
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process known as phagocytosis (van Kesse et al., 2014). The peptidoglycan cell wall of S.
aureus is a major site of immunoglobulin binding and complement deposition. Neutrophil
Fey receptors bind to immunoglobulins while complement receptor 1 and 3 bind to
deposited C3b and iC3b on the staphylococcal surface. Opsonins on the surface of S.
aureus enhance neutrophil engagement leading to phagocytosis and initiate specific
signaling pathways that mobilize neutrophil granules to the forming phagosome
containing S. aureus. Immunoglobulin- and complement-independent phagocytic
pathways exist but these are less defined in relation to S. aureus uptake (Gordon, 2016).
S. aureus employs mechanisms to inhibit neutrophil phagocytosis and these are covered

in detail in Chapter 2.

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

dependent and independent antimicrobial mechanisms (Nauseef, 2007; Segal, 2005). The
susceptibility of bacteria to oxidant dependent or independent killing mechanisms
appears to be species specific. For example, Escherichia coli and Pseudomonas
aeruginosa are highly susceptible to non-oxidative killing mechanisms while S. aureus is
overwhelmingly susceptible to oxidative killing and resistant to non-oxidative
mechanisms (Becker et al., 2017; Edwards et al., 1987; McGovern et al., 2011). These
differences in killing susceptibility are exemplified in the detrimental clinical outcomes
in patients suffering from chronic granulomatous disease (CGD), which have defective
production of neutrophil reactive oxygen species (Assari, 2006; Lekstrom-Himes and
Gallin, 2000; Roos and de Boer, 2014). Patients with CGD suffer from recurring bacterial

and fungal infections like S. aureus and Aspergillus fumigatus, both highly susceptible to
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oxidant killing, but not from P. aeruginosa or E. coli (Ben-Ari et al., 2012; Gazendam et
al., 2016).

The production of neutrophil reactive oxygen species (ROS) is controlled by
complex pathways that involve membrane and cytoplasmic proteins, lipid metabolism,
phosphorylation events, ion fluxes, and short-lived radicals; all requiring temporal and
spatial accuracy to ensure proper pathogen killing and prevent self-harm from toxic
oxygen metabolites. The core protein machinery in neutrophils that initiates the formation
of the superoxide anion from molecular oxygen is the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (Segal, 2008). In resting neutrophils, NADPH oxidase
components are separated in the membrane, cytoplasm, and granules. The membrane
bound gp91P"* and p22Phox, collectively termed flavocytochrome b558, are found on the
neutrophil membrane and the membranes of specific, secretory, and gelatinase granules
(Borregaard et al., 2007). The trimeric complex of p40P"°X, p47Phox "and p67P"°%, as well as
the inactivate GDP-bound Rac2, are found in the cytoplasm (Nunes et al., 2013).
Recognition of S. aureus, as well as other pathogens, through the engagement of
immunoglobulin and complement on the surface of S. aureus by Fc receptors and
complement receptors, respectively, initiates a signaling cascade that recruits the
cytoplasmic NADPH oxidase components to the membrane bound gp91Pi°* and p22Phox,
Notably, pathogens are not the only activators of NADPH oxidase since cytokines like
tumor necrosis factor alpha (TNF-a) can also stimulate ROS production (Gao et al.,

2007).
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The assembled NADPH oxidase components and the active GTP-bound Rac2 are
localized to the phagosome containing S. aureus. Cytoplasmic NADPH donates a pair of
electrons that are shuttled through flavin adenine dinucleotide (FAD) and heme groups in
gp91Phox to molecular oxygen creating superoxide (Winterbourn and Kettle, 2013).
Superoxide can spontaneously dismutate or react with myeloperoxidase (MPO) to form
hydrogen peroxide (Kettle et al., 2007). Then, myeloperoxidase catalyzes the conversion
of hydrogen peroxide to the highly bactericidal hypochlorous acid (HOCI) in the presence
of chloride (Klebanoff et al., 2013). Computational modeling has estimated HOCI to
reach the millimolar concentration range in a phagosome devoid of granule proteins
(Winterbourn et al., 2006). However, the diffusion of HOCI is limited by the proximity to
MPO and the majority of HOCI is expected to react with host protein methionine and
cysteine amino acids. Even so, chlorination of S. aureus proteins by human neutrophils is
detected in vitro suggesting that HOCI has phagosomal bactericidal activity (Chapman et
al., 2002; Green et al., 2014). The mechanisms by which neutrophil ROS production is
terminated remain largely unknown but recent studies have characterized oxidant sensing
proteins that modulate neutrophil function after ROS production and present an
interesting avenue to investigate termination mechanisms (DeCoursey and Ligeti, 2005;
Syed Mortadza et al., 2015; Wang et al., 2016). In addition, neutrophil ROS production is
involved in modulating apoptosis but ROS contribution following phagocytosis-induced

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

S. aureus is by no means a bystander when neutrophils engage and commence
their antimicrobial program. Protein sensors in the staphylococcal membrane recognize
host components that allow S. aureus to mount a survival response (Ji et al., 2015; Yang
et al., 2012, 2013; Zurek et al., 2014). Among these sensory systems, the S. aureus
exoprotein expression regulator/sensor (SaeR/S) system stands out for its control of
virulence factors that are essential to survive neutrophil killing (Voyich et al., 2009). The
SaeR/S gene regulatory system operon is composed of four genes, saeP, saeQ, saeR, and
saeS, and was first identified for its regulation of secreted toxins that destroy human
immune cells (Giraudo et al., 1994, 1996, 1997). SaeR/S is erroneously referred to as a
two-component system (TCS) since SaeR and SaeS are sufficient for activation of
downstream gene targets while the roles of SaeP and SaeQ remain unknown (Giraudo et
al., 1999; Novick, 2003). The SaeS histidine kinase intramembrane sensor is activated by
human neutrophils and individual neutrophil components including a-defensin and
hydrogen peroxide (Flack et al., 2014; Geiger et al., 2008; Liu et al., 2015; Zurek et al.,
2014). Based on preliminary studies of SaeS and studies of other regulatory systems, it is
hypothesized that activation leads to autophosphorylation of SaeS at a conserved
histidine residue in the C-terminal cytoplasmic domain. The activation signal is relayed
via phosphorylation from SaeS to SaeR at an aspartate residue. Phosphorylated SaeR
likely forms a monomer that contains a winged helix-turn-helix module and binds DNA
at the 5’-TTAAN;TTAA-3’ consensus binding sequence upstream of target genes and

initiates transcription (Fan et al., 2015; Ko et al., 2016; Liu et al., 2016; Nygaard et al.,
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2010; Sun et al., 2010). Thus, environmental cues signal through the staphylococcal
membrane via SaeS and SaeR to initiate a response against neutrophils.

The SaeR/S regulon controls expression of ~8% of the S. aureus genome (Voyich
et al., 2009). Gene ontology suggests SaeR/S targets are involved in virulence,
immunomodulation, metabolism, protein translation and post-translational modifications,
amino acid and ion transport, proteolysis, and hypothetical proteins. The function of
many SaeR/S targets remain undefined. However, SaeR/S-regulated factors involved in
immune modulation and cell lysis have been the most studied and are covered in more
detail in Chapter 2 and Chapter 4, respectively.

SaeR/S is vital for S. aureus to survive neutrophil killing. Previous studies have
shown that S. aureus have a survival defect upon neutrophil challenge in an SaeR/S-
dependent mechanism (Sward et al., 2018; Voyich et al., 2009). These studies utilized
isogenic saeR/S mutants in both the USA300 and USA400 CA-MRSA strains.
Interestingly, wild-type S. aureus shows increased resistance to neutrophil killing within
30 minutes of exposure compared to the saeR/S mutant. This temporal factor is important
because neutrophils are still intact at this early time point and thus SaeR/S-regulated
leukocidins are not expected to play a role in the increased survival. As mentioned
earlier, S. aureus is especially sensitive to killing by neutrophil reactive oxygen species.
Yet, the role of S. aureus SaeR/S-regulated factors in modulating neutrophil reactive
oxygen species production has not been investigated. S. aureus is equipped antioxidant
mechanisms that include superoxide dismutase, catalase, staphyloxanthin, and

methionine reductases, but these are not regulated by SaeR/S (Ballal and Manna, 2009;
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Clauditz et al., 2006; Cosgrove et al., 2007; Hall et al., 2017; Pang et al., 2014). The
unique SaeR/S-dependent mechanisms used by S. aureus to disrupt neutrophil reactive

oxygen species production is explored in this dissertation.

Hypothesis

Neutrophils produce ROS to kill S. aureus, but S. aureus is resistant to human
neutrophil killing in a SaeR/S-dependent mechanism. The SaeR/S-dependent
mechanisms used by S. aureus to survive neutrophil killing following phagocytosis are
unknown. Herein, we tested the hypothesis that SaeR/S-regulated factors disrupt
neutrophil reactive oxygen species production to increase S. aureus survival. In Chapter
3, we show that S. aureus reduces the production of neutrophil hydrogen peroxide and
hypochlorous acid in a SaeR/S-dependent mechanism. Through an international
collaboration (Appendix A), we helped characterize the Staphylococcal Peroxidase
Inhibitor, SPIN, a novel SaeR/S-regulated human specific virulence factor that binds
human myeloperoxidase and inhibits the conversion of hydrogen peroxide to
hypochlorous acid.

To further explore SaeR/S-dependent mechanisms that may impact reactive
oxygen species production we next investigated the role of leukocidins. The production
of leukocidins by S. aureus to lyse immune cells is a hallmark mechanism of
staphylococcal immune evasion and significantly influenced by SaeR/S. The last ten
years have greatly advanced our knowledge of leukotoxin-neutrophil interactions by

identifying the host receptors targeted to cause neutrophil lysis. However, our
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understanding of the effects of S. aureus leukotoxins on neutrophils outside of lytic
activity is understudied. In Chapter 4, we hypothesized that leukotoxins regulated by
SaeR/S induce “outside-in” signaling in neutrophils to disrupt signaling pathways. We
focused on the production of neutrophil reactive oxygen species in response to secreted
leukocidins. Our studies show that the S. aureus SaeR/S-regulated secretome induces
neutrophil reactive oxygen species production in leukotoxin GH- and Panton-Valentine
Leukocidin-dependent mechanisms. Unexpectedly, leukotoxin GH induced neutrophil
reactive oxygen species extracellularly while Panton-Valentine Leukocidin induced
intracellular and extracellular reactive oxygen species production. Data in Chapter 4
identifies that the signaling pathways dictating the spatial differences in neutrophil
oxidant production are specific to the type of intoxication. These data define novel
SaeR/S-dependent mechanisms used by S. aureus to disrupt neutrophil reactive oxygen
species production. Collectively, studies suggest that SaeR/S-regulated factors are active
in disrupting every step of neutrophil interaction with S. aureus — initial recognition,
internalization, reactive oxygen species mediated killing, neutrophil death, and escape

from within the neutrophil.
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Epic Immune Battles of History:
Neutrophils vs. Staphylococcus
aureus
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Neutrophils are the most abundant leukocytes in human blood and the first line of defense
after bacteria have breached the epithelial barriers. After migration to a site of infection,
neutrophils engage and expose invading microorganisms to antimicrobial peptides and
proteins, as well as reactive oxygen species, as part of their bactericidal arsenal. Ideally,
neutrophils ingest bacteria to prevent damage to surrounding cells and tissues, kil
invading microorganisms with antimicrobial mechanisms, undergo programmed cell
death to minimize inflammation, and are cleared away by macrophages. Staphylococcus
aureus (S. aureus) is a prevalent Gram-positive bacterium that is a common commensal
and causes a wide range of diseases from skin infections to endocarditis. Since its
discovery, S. aureus has been a formidable neutrophil foe that has challenged the efficacy
of this professional assassin. Indeed, proper clearance of S. aureus by neutrophils
is essential to positive infection outcome, and S. aureus has developed mechanisms
to evade neutrophil killing. Herein, we will review mechanisms used by S. aureus to
modulate and evade neutrophil bactericidal mechanisms including priming, activation,
chemotaxis, production of reactive oxygen species, and resolution of infection. We will
also highlight how S. aureus uses sensory/regulatory systems to tailor production of
virulence factors specifically to the triggering signal, e.g., neutrophils and defensins. To
conclude, we will provide an overview of therapeutic approaches that may potentially
enhance neutrophil antimicrobial functions.

Ki host.

y innate i ity, i i host is,
chemotaxis, Staphylococcus aureus

INTRODUCTION

Polymorphonuclear leukocytes (PMNs or neutrophils) are the first line of defense against bacterial
pathogens that have breached epithelial barriers. Within minutes of bacterial invasion, neutrophils
respond to soluble factors including chemokines and cytokines and are recruited to the site
of infection where they ingest microbes. Subsequently, neutrophils expose microorganisms to
antimicrobial proteins, peptides, and reactive oxygen species to kill the invading pathogen. This
is a delicate process that must eliminate the pathogen while controlling excessive inflammation.
Concurrently, neutrophils secrete cytokines and chemokines to continue to recruit neutrophils
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and enhance other host responses to infection. Finally, neutrophil
death is essential for proper resolution of infection and must
be regulated to minimize bystander damage while continuing
to signal if more immune response is needed or if tissue
repair should begin. These potent mechanisms are effective at
eliminating most fungal and bacterial microorganisms. However,
successful pathogens have developed strategies to disrupt various
neutrophil functions to cause infection.

S. aureus is a highly-adaptable Gram-positive pathogen
estimated to colonize 50-60% of the population (Wertheim
et al, 2005; Gorwitz et al, 2008). It is also a leading
cause of infections ranging from superficial skin abscesses to
life-threatening diseases, including septicemia and necrotizing
pneumonia (Klevens et al., 2007; Kobayashi et al., 2015). The
ability of S. aureus to cause human disease is based in part
on its ability to evade the innate immune response, thereby
circumventing rapid elimination. Many factors contribute to
S. aureus pathogenesis. These include production of numerous
toxins, such as the barrel forming two-component toxins capable
of directly lysing host immune cells (Menestrina et al., 2003),
and tissue destroying enzymes including protease, lipase, and
hyaluronidase, as well as many surface proteins and adhesins
linked to virulence (Lowy, 1998). In this review, we will focus
on evasion strategies used by S. aureus to disrupt neutrophil
functions essential for bacterial clearance. First, we will highlight
virulence factors produced by S. aureus to alter neutrophil
priming, activation, chemotaxis, and adhesion. Then, we will
discuss strategies used by S. aureus to subvert neutrophil
killing by antimicrobial peptides and proteins and reactive
oxygen species. Additionally, we will examine recent literature
investigating mechanisms used by S. aureus to modulate
neutrophil cell death programs. Finally, we will highlight the
reciprocal communication between S. aureus and the neutrophil
emphasizing sensing and adaptive responses used by S. aureus to
recognize and respond to neutrophil challenge. The review will
conclude with an overview of potential therapeutic approaches
aimed at disrupting bacterial sensing and signaling to decrease
production of virulence factors during neutrophil interaction and
discuss putative immunotherapies to boost immune responses
to S. aureus while limiting inflammatory damage caused by
neutrophils.

STRATEGIES USED BY S. AUREUS TO
DISRUPT NEUTROPHIL PRIMING,
ACTIVATION, CHEMOTAXIS AND
ADHESION

Neutrophils are initially recruited to a site of infection by
following chemokine gradients in a process termed chemotaxis.
Taking cues from activated endothelium, neutrophils slow
their movement through blood vessels by selectin-mediated
tethering to the endothelium followed by complete movement
arrest through interaction with integrins on the endothelium.
Extravasation from the blood vessels through the endothelial
barrier is required for neutrophils to access interstitial fluid
and migrate via a chemotactic gradient to the site of infection
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where ingestion of bacteria can take place. For detailed reviews
of neutrophil chemotaxis, adhesion to the epithelium, and
transmigration, please refer to (Kolaczkowska and Kubes, 2013;
de Oliveira et al., 2016). Herein, we will focus on virulence factors
produced by S. aureus to inhibit specific neutrophil receptors
from binding host and bacterial derived ligands, which results
in impaired neutrophil priming, activation, chemotaxis, and
adhesion to the endothelium.

NEUTROPHIL PRIMING: A POTENTIAL
TARGET OF S. AUREUS?

Priming refers to the ability of a primary agonist to enhance
a neutrophil’s response to a secondary stimulus (Swain et al.,
2002). There are many known neutrophil priming agents
including: complement components C3a and C5a (Skjeflo et al.,
2014), interferon-y (IFN-y) (Edwards et al., 1988), interleukin-
8 (IL-8) (Mitchell et al, 2003), and tumor-necrosis factor-
a (TNF-a; Rainard et al., 2000). Bacterial derived products
such as N-formyl methionyl peptide, formyl-methionyl-leucyl
phenylalanine (fMLF), peptidoglycan, and S. aureus cytolytic
toxins also demonstrate an ability to prime neutrophils (Elbim
etal., 1994; El-Benna et al., 2008; Clarke et al., 2010; Malachowa
et al,, 2012). The ability of these agents to prime neutrophils
is typically not universal in that concentration and neutrophil
response can vary drastically (Swain et al, 2002). Primed
neutrophil responses influence many neutrophil functions
including increases in adhesion, phagocytosis, superoxide
production, and degranulation (Ellis and Beaman, 2004). It can
also influence neutrophil apoptosis (Wright et al., 2013). Thus,
priming can set the stage for subsequent neutrophil-pathogen
interactions and influences outcome of this interaction.

Not much is known about the impact of S. aureus
on neutrophil priming. Earlier studies investigated priming
of neutrophils with conditioned medium from peripheral
blood mononuclear cells (PBMC) challenged with killed S.
aureus (Ferrante et al., 1989; Bates et al, 1991). These
studies demonstrated increased neutrophil staphylocidal activity
following priming with conditioned media from PBMCs
challenged with killed S. aureus vs. priming with medium from
unstimulated PBMCs. This enhanced bactericidal activity was
shown to be dependent on TNF-a produced by PBMCs in
response to killed S. aureus (Ferrante et al., 1989, 1993; Bates
et al.,, 1991). These studies suggest that the response of PBMCs
and resident cells to S. aureus may strongly impact the outcome
of neutrophil-S. aureus interactions. Supporting this idea are
studies demonstrating that S. aureus promotes production of
IFN-y and this production has been linked to poorer outcome
of infection in mouse models (Watkins et al., 2011, 2013).
IFN-y impacts neutrophil function in many ways, including
priming of oxidative burst and degranulation mechanisms (Ellis
and Beaman, 2004). Using a murine wound model of S. aureus
infection, IFN-y-mediated CXC chemokine production by T cells
promoted a robust recruitment of neutrophils that resulted in
elevated S. aureus burdens at the infectious foci (McLoughlin
et al,, 2008). Subsequent studies using a mouse peritonitis model
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also demonstrated IFN-y was associated with higher bacterial
burdens but that the source of IFN-y was neutrophils (Watkins
et al., 2013). Potentially, priming by IFN-y causes overactivation
and inflammation in neutrophils making them less effective at
clearing S. aureus. The role of IFN-y and neutrophil bactericidal
activity against S. aureus warrants further investigation especially
considering that IFN-y is used to treat patients with chronic
granulomatous disease (Gallin et al, 1991). CGD patients
receiving recombinant IFN-y show a decrease in S. aureus
infections (Gallin et al., 1991). Furthermore, in vitro studies
have demonstrated that priming of human neutrophils with
IFN-y increased bactericidal activity against S. aureus (Edwards
et al., 1988). Thus, more studies are needed to determine under
what conditions IFN-y promotes an effective neutrophil response
against clinically relevant strains of S. aureus. Clearly, source,
timing and amount of IFN-y play an important role in outcome
of S. aureus-neutrophil interactions.

S. aureus produces hemolysins, and bi-component
leukocidins that directly impact immune cell function (Seilie and
Bubeck Wardenburg, 2017). Many of these toxins act by forming
pores in the membrane of immune cells causing lysis. Among
these, the bi-component toxins leukotoxin GH (LukGH, also
known as LukAB) and Panton-Valentine leukocidin (PVL) have
the ability to cause neutrophil pore-formation when present at
high concentrations. However, at sublytic concentrations, these
factors can promote enhanced binding, uptake and killing of S.
aureus through priming of neutrophils (Graves et al., 2012). This
is also consistent with reports that have demonstrated the ability
of PVL to enhance neutrophil superoxide, granule exocytosis,
and release of leukotriene B4 and IL-8 (K6nig et al., 1995; Colin
and Monteil, 2003). In addition, low doses of alpha-toxin, a single
component toxin encoded by hla, has been shown to promote
transcriptional activity leading to production of inflammatory
mediators that can prime neutrophils including IL-8 (Dragneva
etal., 2001).

As mentioned above, most of the studies thus far have
not directly investigated how modulation of known neutrophil
priming agents (such as cytokines and chemokines) by S. aureus
actually influences neutrophil function. Also, the impact of S.
aureus toxins and immunomodulatory proteins on neutrophil
priming has not been thoroughly investigated. Taken together,
targeting neutrophil priming may be very important for S. aureus
to gain an edge on evading the neutrophil. However, additional
studies are needed to understand the impact of S. aureus on
neutrophil priming.

KEY FACTORS USED BY S. AUREUS TO
DISRUPT NEUTROPHIL ACTIVATION,
CHEMOTAXIS AND ADHESION

In contrast to our understanding of how S. aureus may impact
priming, there is an abundance of data that highlight how specific
S. aureus factors impact neutrophil activation, chemotaxis and
adhesion. In this section, we highlight individual virulence
factors that have been studied for their ability to disrupt these key
mechanisms (Figure 1).
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CHIPS

The chemotaxis inhibitory protein of S. aureus (CHIPS) is a 14.1-
kDa exoprotein that inhibits neutrophil migration and activation
(De Haas et al, 2004). CHIPS prevents neutrophils from
responding to both host- and bacteria-derived chemoattractants.
Neutrophil activation by host-derived C5a is inhibited by CHIPS
binding to the C5a receptor (C5aR). Similarly, neutrophil
detection of bacteria-derived formylated peptides is inhibited by
CHIPS binding to the formyl peptide receptor (FPR). CHIPS
shows high affinity to both C5aR and FPR with Kp-values of
1.1 + 0.2 and 35.4 £ 7.7 nM, respectively; the affinity of C5aR
and FPR for their natural ligands is within the CHIPS binding
affinity to C5aR and FPR (Falk et al., 1982; Huey and Hugli, 1985;
Postma et al., 2004). While C5aR and FPR are G-protein coupled
receptors (GPCRs), the active blocking domain in CHIPS is
distinct for inhibiting C5aR and FPR (Haas et al., 2005). By using
FITC-labeled CHIPS, Postma et al. demonstrated that CHIPS is
not internalized following binding to neutrophil C5aR and FPR
and its activity is ATP and cell-signaling independent (Postma
et al., 2004). It has also been demonstrated that CHIPS binds
to C5aR and FPR extracellularly and does not act as an agonist
since receptor binding does not induce calcium mobilization (De
Haas et al., 2004). It was further demonstrated that intravenously
administered CHIPS was able to inhibit mouse neutrophil influx
following intraperitoneal administration of C5a despite a 30-fold
lower affinity of CHIPS for mouse C5aR (De Haas et al., 2004).
Finally, neutralizing antibodies to CHIPS have been observed
in human sera isolated from both normal donor controls and
S. aureus infected samples, implying CHIPS plays an active role
during staphylococcal infection (Wright et al., 2007).

FLIPR AND FLIPR-LIKE

Neutrophils express formyl peptide receptor-like-1 (FPRL1).
This receptor is activated by diverse peptides and proteins
including: the synthetic peptides Trp-Lys-Tyr-Met-Val-D-Met-
NH2 (WKYMVm), and L-conformer WKYMVM, lipoxin Ay, the
T21/DP107 leucine zipper-like domain of the HIV-1 envelope
protein gp4l, serum amyloid A, the mitochondrial peptide
fragment MYFINILTL, the antimicrobial peptide LL-37, and
prion peptide fragments (Fiore et al., 1994; Su et al., 1999a,b;
Chiang et al,, 2000; De Yang et al., 2000; Christophe et al.,
2001; Le et al, 2001). Activation of FPRL1 on neutrophils
leads to intracellular calcium mobilization and chemotaxis, while
superoxide production through FPRLI is ligand dependent (Bae
et al,, 2003). S. aureus produces two proteins that bind FPRL1
and inhibit its activation. FPRLI inhibitory protein (FLIPr) is
a secreted protein that binds and antagonizes both FPRL1 and
FPR, but FPRLI1 antagonism by FLIPr is much stronger than
on FPR (Prat et al., 2006). Similarly, a second FPRLI antagonist
termed FLIPr-like shares 73% overall homology with FLIPr (Prat
etal,, 2009). FLIPr and FLIPr-like show similar inhibitory activity
toward FPRLI1 following stimulation with the FPRL1 agonist
MMK-1; however, FLIPr-like antagonism toward FPR is 100-
fold stronger than that of FLIPr following stimulation with fMLF
(Prat et al,, 2009). As expected, neutrophil exposure to purified
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FIGURE 1| S. aureus has an arsenal of virulence factors to inhibit neutrophil activation, chemotaxis, and phagocytosis. Multiple virulence factors produced by S.
aureus target key host effector proteins, for example, Efb, Sbi, and SCIN target the complement protein C3 convertase to prevent formation of C3a and C3b. Further
studies are needed to determine if the production of these virulence factors are truly redundant or if they have multiple host targets as is the case with Sbi, which also
targets immunoglobulins. Bacterial components indicated in red. PLG, plasminogen; SAK, staphylokinase; SspP, staphopain A.

FLIPr and FLIPr-like completely inhibits neutrophil chemotaxis
toward the FPRL1 agonist MMK-1 (Prat et al., 2006, 2009).

FLIPr and FLIPr-like have also been shown to bind different
FcyR isoforms to block IgG binding (Stemerding et al., 2013).
Stemerding et al. showed that FLIPr preferentially binds to Fcy R
class IT receptors while FLIPr-like can bind to Fcy R cla ss I, I, and
III receptors. As expected, neutrophil pretreatment with FLIPr
or FLIPr-like significantly reduced phagocytosis of S. aureus
opsonized with purified IgG (Stemerding et al., 2013). However,
it should be noted that phagocytic inhibition of neutrophils
toward S. aureus opsonized with human serum by FLIPr and
FLIPr-like was only observed at low serum concentrations (<1%
serum). At higher serum concentrations (1-10% serum), FLIPr
and FLIPr-like do not inhibit neutrophil-mediated phagocytosis
of opsonized S. aureus. Under these higher serum conditions,
neutrophil phagocytosis of opsonized S. aureus is likely mediated
by complement receptors, which are not antagonized by FLIPr
and FLIPr-like proteins. It follows that experiments using
neutrophils treated with FLIPr and FLIPr-like had reduced
uptake of S. aureus only when opsonized with complement
inactivated serum thus showing the specific inhibition of FLIPr
and FLIPr-like toward serum immunoglobulins (Stemerding
etal., 2013).

STAPHOPAIN A

The CXCR2 chemokine receptor (also known as IL8RB) is highly
expressed on human neutrophils and has high specificity for
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the potent neutrophil chemoattractants CXCL1, CXCL2, and
CXCL7, as well as CXCL8 (IL-8, which can also bind to CXCR1)
(Yoshimura et al., 1987; Baggiolini et al., 1989; Ben-Baruch et al.,
1997; Ritzman et al., 2010). S. aureus infection induces CXCL1,
CXCL2, CXCL8 production resulting in neutrophil recruitment
(Mempel et al., 2003; Sasaki et al., 2003; Olaru and Jensen, 2010).
To prevent neutrophil recruitment induced by CXCR2 ligands, S.
aureus secretes the cysteine protease staphopain A which cleaves
the N-terminus of CXCR2 required for ligand binding (Laarman
et al., 2012). Neutrophils pretreated with staphopain A blocked
calcium mobilization following stimulation with CXCL1 and
CXCL7. Importantly, these chemokines only bind CXCR2 (and
not CXCR1). In contrast, staphopain A did not inhibit neutrophil
calcium mobilization following stimulation with CXCL8 since it
can also signal through CXCR1. The impacts of staphopain A in
vivo are lacking since staphopain A is specific for human CXCR2
and does not cleave murine CXCR2 (Laarman et al., 2012).

SEIX AND SSL5

Neutrophils express P-selectin glycoprotein ligand 1 (PSGL-
1) on the cellular surface to bind P- and E-selectin on
activated endothelial cells or platelets and L-selectin expressed
on leukocytes (Moore et al.,, 1995; Guyer et al., 1996; Hidalgo
et al., 2007; Huo and Xia, 2009; Stadtmann et al., 2013). PSGL-1
binding to selectins tethers neutrophils to activated endothelial
cells and is a first step in the process of transmigration. S.
aureus secretes two proteins that inhibit PSGL-1 binding to
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selectins. The staphylococcal enterotoxin-like toxin X (SEIX) is a
highly conserved superantigen that binds glycosylated PSGL-1 on
neutrophils and inhibits binding to P-selectin (Wilson et al., 2011;
Fevre etal., 2014). Similarly, the staphylococcal superantigen-like
5 (SSL5) protein directly binds PSGL-1 on neutrophils inhibiting
rolling on endothelial cells (Bestebroer et al., 2007). In addition
to binding PSGL-1, SSL5 also binds to other GPCRs but only
inhibits the ligands that require the N-terminal domain of their
respective receptors for activation (Bestebroer et al., 2009). Thus,
SSL5 pretreatment of neutrophils inhibited activation induced by
C3a, C5a, CXCL1, and CXCLS8 (Bestebroer et al., 2009).

SSL3

Toll-like receptor 2 (TLR2) recognizes staphylococcal
peptidoglycan-associated lipoproteins (Fournier and Philpott,
2005; Kurokawa et al., 2009). TLR2 can also discriminate
between diacylated and triacylated lipoproteins by associating
with TLR6 or TLRI, respectively (Takeuchi et al, 2001,
2002). The recognition of staphylococcal lipoproteins such as
the staphylococcal iron transporter C (SitC) are exclusively
dependent on TLR2 to induce immune activation (Stoll et al.,
2005; Kurokawa et al., 2009; Miiller et al., 2010). The importance
of TLR2 during S. aureus infection is highlighted by TLR2~/~
mice that show increased susceptibility and nasal colonization
to S. aureus compared to wild-type mice (Takeuchi et al., 2000;
Gonzilez-Zorn et al., 2005; Hoebe et al., 2005). In addition,
TLR27/~ mice infected with S. aureus show alterations in
cytokines that modulate neutrophil function including TNF-a
and IL-1p (Knuefermann et al., 2004). Engagement of TLR2
influences many neutrophil functions including: adhesion
molecule expression, reactive oxygen species production
(following stimulation with fMLF), and modulates CXCLS,
and chemokine receptor expression (Sabroe et al, 2003). S.
aureus produces the staphylococcal superantigen-like 3 protein
that binds TLR2 to inhibit activation in neutrophils and other
cell types expressing TLR2 (Bardoel et al., 2012; Yokoyama
et al, 2012). Crystal structures showed that SSL3 binding to
TLR2 reduced the lipopeptide binding pocket by ~50%, which
inhibited binding of the TLR2 agonist Pam;CSKy (Koymans
et al, 2015). The same study demonstrated SSL3 can bind a
preformed TLR2- Pam;CSK, complex and this blocked TLR2-
TLR1 and TLR2-TLR6 heterodimerization thereby inhibiting
downstream signaling.

STRATEGIES USED BY S. AUREUS TO
INHIBIT NEUTROPHIL PHAGOCYTOSIS

Phagocytosis is a process by which neutrophils, and other
phagocytes, ingest particles from their extracellular environment
including bacteria and host cells. In neutrophils, this
sequestration results in the formation of an intracellular
compartment termed the phagosome following invagination
of the cellular membrane. Neutrophil granules fuse with the
phagosome to release antimicrobial peptides and proteins,
as well as produce reactive oxygen species to kill invading
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microorganisms. Neutrophils bind to pathogen-associated
molecular patterns on the S. aureus surface to initiate the
phagocytic process. Furthermore, binding of immunoglobulins
to S. aureus and complement activation enhances phagocytosis,
as well as engages different neutrophil receptors resulting
in branching downstream signaling. S. aureus employs
strategies and produces a wide range of virulence factors to
disrupt neutrophil phagocytosis. Herein, we will highlight
select strategies used by S. aureus to disrupt neutrophil
phagocytosis. Since a complete review on the strategies used
by S. aureus to avoid phagocytosis is outside the scope of this
publication, we recommend previous detailed reviews focusing
on immunoglobulin and complement evasion by S. aureus to
inhibit phagocytosis (Lambris et al., 2008; Serruto et al., 2010;
van Kesse et al., 2014).

CAPSULE SYNTHESIS

The production of capsular polysaccharide by S. aureus has been
proposed as an antiphagocytic evasion strategy but its actual
role in inhibiting neutrophil phagocytosis remains controversial.
Indeed, previous studies have shown that S. aureus strains
producing high levels of capsular polysaccharide withstand
neutrophil killing better than microencapsulated strains (Xu
et al., 1992; Thakker et al., 1998). However, it should be noted
that under these experimental conditions neutrophil killing of S.
aureus was correlated to the ability of neutrophils to associate
with bacteria without clearly showing ingestion. Furthermore,
the experimental conditions used suspended instead of adherent
neutrophils which can greatly influence neutrophil ingestion of
S. aureus (Lu et al, 2014). Also, an intraperitoneal S. aureus
infection model showed no differences in neutrophil intracellular
staphylococcal survival between a highly and microencapsulated
strain (Gresham et al., 2000). Notably, the predominant clinical
isolate USA300 is unencapsulated, further questioning the role of
capsule synthesis in S. aureus pathogenicity (Montgomery et al.,
2008; Carrel et al., 2015).

COMPLEMENT INHIBITION

Human pathogens have developed strategies to evade
complement, thus inhibiting immune recognition, cytokine
production, and neutrophil uptake (Lambris et al., 2008; Serruto
et al, 2010). S. aureus produces several virulence factors that
target different machinery in the complement system. The
staphylococcal complement inhibitor (SCIN), is a 9.8-kDa
exoprotein that specifically binds and inhibits human C3
convertases (Rooijakkers et al., 2005a, 2006). SCIN binding to
C3 convertases does not prevent C3 binding but completely
inhibits generation of C3b and thus opsonization of S. aureus by
C3b (Rooijakkers et al., 2005a; Ricklin et al., 2009; Garcia et al.,
2010). In addition, SCIN stabilizes C3 convertases by competing
with factor H which accelerates decay of C3 convertases (Ricklin
et al.,, 2009). In vitro, recombinant SCIN can significantly inhibit
neutrophil phagocytosis of human serum opsonized S. aureus
resulting in increased bacterial survival (Rooijakkers et al.,
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2005a). In vivo studies with SCIN are lacking since it is human
specific, but SCIN is immunogenic since a limited study with 80
healthy people and 20 individuals with recurring staphylococcal
infections showed all produced antibodies to SCIN (Rooijakkers
et al., 2005a).

S. aureus is also equipped with virulence factors that
target complement without direct binding to C3 convertase.
Staphylokinase is a secreted protein that binds human
plasminogen converting it into its active form plasmin (Parry
et al,, 2000; Molkinen et al., 2002; Rooijakkers et al., 2005b).
Plasmin, a serine protease, is bound to the S. aureus surface and
degrades C3 convertase-dependent C3b to prevent deposition
on the bacterial surface. Human neutrophils show decreased
phagocytic activity toward human serum opsonized S. aureus
(depleted of IgG and IgM to rule out immunoglobulin mediated
phagocytosis) and pretreated with recombinant staphylokinase
(Rooijakkers et al., 2005b). In addition, S. aureus secretes the
extracellular fibrinogen-binding (Efb) protein that binds to C3 to
prevent cleavage to C3b and can also directly bind C3b deposited
on the extracellular bacterial membrane (Lee et al., 2004; Ko
et al,, 2013). As its name implies, the extracellular fibrinogen-
binding protein also contains a fibrinogen binding domain
that recruits fibrinogen and inhibits neutrophil phagocytosis
(Ko et al, 2013). Complement receptor recognition of C3b
is blocked by a thick layer of fibrinogen linked by Efb on
the bacterial surface (Ko et al, 2013). Ex vivo studies with
human blood exposed to Efb and S. aureus showed a significant
reduction in neutrophil phagocytosis compared to S. aureus
alone. Similarly, supernatants from wild-type S. aureus reduced
neutrophil phagocytosis of opsonized S. aureus compared to
supernatants from Efb-deficient S. aureus in the presence of
fibrinogen. Finally, neutrophils from mice intraperitoneally
infected with GFP-expressing wild-type S. aureus or an Efb-
deficient mutant showed significantly higher ingestion of the Efb
mutant compared to the wild-type (Ko et al,, 2013). While this
observation suggests that sufficient levels of Efb are produced
by S. aureus to have an in vivo effect, it should be noted that
intraperitoneal injection was performed with S. aureus grown
to late exponential phase without washing culture toxins. Thus,
increased and unknown levels of Efb were likely present from the
beginning giving an advantage to S. aureus to prevent neutrophil
phagocytosis.

INHIBITION OF IMMUNOGLOBULIN
RECOGNITION

Complement and immunoglobulins function as opsonins to
enhance S. aureus recognition and ingestion by neutrophils.
While S. aureus produces virulence factors that inhibit
complement activation and deposition on the bacterial surface,
the efficacy of these virulence factors in vivo is controversial
since immunoglobulin opsonization plays a redundant role
in opsonophagocytosis. In fact, opsonophagocytosis assays
investigating the role of S. aureus virulence factors that disrupt
complement must be done in the absence of immunoglobulins
to observe an inhibitory effect on phagocytosis because S.
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aureus produces virulence factors that inhibit opsonization by
immunoglobulins. Protein A, encoded by the spa gene, is one of
the better characterized virulence factors produced by S. aureus
that inhibits neutrophil phagocytosis. Protein A is a 42-kDa
secreted and membrane bound protein that binds the constant
Fcy region of IgG thus preventing proper engagement of Fcy
receptors on neutrophils and antigen recognition (Forsgren
and Sjoquist, 1966; Kronvall et al., 1970; Sjodahl, 1977). Indeed,
early studies clearly showed that purified protein A inhibited
neutrophil phagocytosis of S. aureus independent of capsule
polysaccharide on the bacterial surface (Dossett et al., 1969; King
and Wilkinson, 1981). More recent studies have demonstrated
protein A induces B cell proliferation and production of Vg3
serum IgG and IgM (Pauli et al., 2014; Kim et al., 2016). Although
abundant, these antibodies do not provide protection against
S. aureus. Generation of protein A variants that were unable to
bind immunoglobulin induce a protective antibody response
presumably via allowing Fc mediated uptake of opsonized S.
aureus (Falugi et al,, 2013). These data suggest that mechanisms
of neutrophil recognition and uptake of S. aureus are likely
critical to resolution of infection.

S. aureus produces a second binding protein of
immunoglobulin (termed Sbi) that also binds IgG to inhibit
neutrophil phagocytosis (Jacobsson and Frykberg, 1995; Zhang
et al,, 1998, 1999; Smith et al., 2011). Human neutrophils can
phagocytose significantly more opsonized Sbi-deficient S. aureus
compared to wild-type, and Sbi plays a protective role in ex
vivo whole human blood killing assays (Smith et al., 2011).
Interestingly, Sbi binds to lipoteichoic acid in the bacterial cell
surface to remain anchored, while it can also exist in a secreted
form that binds complement protein C3 to induce its degradation
away from the bacterial surface (Burman et al., 2008; Upadhyay
et al., 2008). Sbi also plays another immunomodulatory role that
was demonstrated to impact neutrophil function. In a mouse
model of peritonitis Sbi induced production of IL-6 and CXCL-1,
which resulted in neutrophil recruitment and subsequently an
exacerbated inflammatory response (Gonzalez et al., 2015).

In addition to Sbi, S. aureus secretes other proteins that
bind both immunoglobulins and complement proteins to
disrupt neutrophil phagocytosis. The 23-kDa staphylococcal
superantigen-like 7 (SSL7) exoprotein binds to human IgA with
high affinity (Kp of 1.1nM) and inhibits FcaR binding on the
neutrophil surface (Langley et al., 2005). Using an ex vivo whole
blood infection model it was demonstrated that binding of IgA
by SSL7 reduced neutrophil phagocytosis of S. aureus (Bestebroer
etal., 2010). SSL7 also binds to the C5 complement protein (Kp of
18 nM) and inhibits C5a generation in an IgA binding-dependent
manner, as well as formation of the C5b-9 membrane attack
complex (Langley et al., 2005; Bestebroer et al., 2010; Laursen
etal,, 2010; Lorenz et al., 2013). In vivo mouse studies showed that
administration of purified SSL7 inhibited neutrophil recruitment
following exposure to heat-killed S. aureus. Thus, SSL7 serves
diverse functions that include inhibiting neutrophil phagocytosis,
recruitment, and complement activation (Bestebroer et al., 2010;
Lorenz et al., 2013). Another staphylococcal superantigen-like
protein termed SSL10 also binds to IgG (Kp of 220 nM) and to the
complement protein Clq (Itoh et al., 2010). SSL10 significantly
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inhibited neutrophil ingestion of IgG-opsonized S. aureus by
blocking binding of FcyR (Patel et al., 2010).

Taken together, it is clear that S. aureus produces virulence
factors that decrease neutrophil phagocytosis via production
of physical barriers (capsule polysaccharide), inhibition of
complement activation leading to decreased deposition of
opsonins, and disruption of immunoglobulin binding to bacterial
antigens. However, the efficacy of these virulence factors has been
difficult to determine. Neutrophil-mediated phagocytosis of S.
aureus is efficient in the absence of opsonins. In vitro studies have
shown that adherent neutrophils rapidly ingest both opsonized
and unopsonized S. aureus (Lu et al., 2014). Thus, neutrophils
contain pattern-recognition receptors that are sufficient for
phagocytosis of S. aureus independent of opsonins. Clearly,
the redundancy in neutrophil receptor-mediated phagocytosis
mechanisms compounds studies and strongly suggests the
combination of S. aureus virulence factors are needed to thwart
the innate ability of neutrophils to recognize this pathogen.

EVASION STRATEGIES USED BY S.
AUREUS TO SURVIVE NEUTROPHIL
KILLING

S. aureus is clearly decorated to avoid ingestion by neutrophils.
Additionally, S. aureus is loaded with mechanisms to disarm
potent neutrophil bactericidal mechanisms. Soon after initiation
of the phagocytic process, and possibly before complete sealing
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of the phagosome, neutrophil granules mobilize to fuse and
release antimicrobial agents into the phagosome containing
S. aureus (Flannagan et al, 2009). Following phagocytosis,
neutrophils expose S. aureus to antimicrobial peptides, proteins,
and reactive oxygen species to degrade essential bacterial proteins
and disrupt homeostasis resulting in bacterial death (Figure 2).
In this section, we will highlight strategies used by S. aureus
to avoid oxidative and non-oxidative mechanisms of neutrophil
killing. Although we separate S. aureus evasion of oxidative and
non-oxidative killing, it is important to remember that these
mechanisms likely have synergistic antimicrobial activity in a
physiological setting.

S. AUREUS EVASION OF NON-OXIDATIVE
KILLING

The dit operon in S. aureus, containing genes dItABCD is
involved in activation and transfer of D-alanine, and increases
tolerance to cationic antimicrobial peptides (AMPs), including
human neutrophil peptide-1 (HNP-1, also known as alpha-
defensin), by incorporation of positively charged D-alanine into
teichoic acids (Peschel et al., 1999; Collins et al., 2002). Teichoic
acids are highly negatively charged by deprotonized phosphate
groups that electrostatically interact with cationic peptides. Thus,
aS. aureus dit mutant strain retains a negatively charged teichoic
acid backbone and is significantly more susceptible to killing
by cationic peptides (Peschel et al., 1999). In vitro, S. aureus

FIGURE 2| S. aureus produces virulence factors that target different neutrophil bactericidal mechanisms following phagocytosis. Cationic antimicrobial peptides are
ineffective toward S. aureus due to the presence of positive charges on the bacterial surface transferred by MprF and DItB. S. aureus secretes virulence factors that
degrade antimicrobial proteins and enzymes released into the neutrophil phagosome. In addition, neutrophil reactive oxygen species production is decreased by S.
aureus virulence factors that degrade intermediate reactive oxygen species like superoxide and hydrogen peroxide to reduce the formation of the highly bactericidal
chemical agent hypochlorous acid. Bacterial components indicated in red. Aur, aureolysin; PRTN3, proteinase 3; CTSG, cathepsin G; SAK, staphylokinase.
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dit mutants are highly susceptible to neutrophil non-oxidative
killing mechanisms whereas wild-type S. aureus is resistant and
mainly susceptible to neutrophil oxidative killing (Collins et al.,
2002). The importance of the dlt operon to increase S. aureus
survival was observed in an in vivo mouse model of sepsis,
which showed increased host mortality infected with wild-type
S. aureus compared to the non-lethal S. aureus dlt mutant
(Collins et al., 2002). Similarly, the mprF gene in S. aureus
encoding lysylphosphatidylglycerol (LPG) synthetase confers
resistance to cationic AMPs by transferring the positively charged
L-lysine to the negatively charged lipid phosphatidylglycerol
creating LPG (Peschel et al, 2001; Oku et al., 2004; Ernst
et al,, 2009). Electrostatic repulsion between cationic AMPs
and the attached lysine prevents binding of cationic AMPs
and disruption of the bacterial membrane. Wild-type S. aureus
is more resistant to killing by human neutrophils compared
to a S. aureus mprF mutant (Peschel et al, 2001). Thus,
S. aureus modifies its cell surface as an evasion strategy by
increasing electrostatic repulsion of neutrophil antimicrobial
peptides leading to decreased bacterial killing.

In addition to cell membrane modifications to decrease
efficacy of antimicrobial peptides by electrostatic repulsion,
S. aureus produces proteins that directly bind, inhibit, and
degrade antimicrobial peptides. Staphylokinase, which activates
plasminogen to the active serine protease plasmin leading to
degradation of IgG and C3b (Rooijakkers et al., 2005b), also binds
HNP-1 and inhibits its bactericidal activity (Jin et al., 2004). The
cathelicidin LL-37, which has potent staphylococcal bactericidal
activity, is degraded by the S. aureus secreted metalloprotenaise
aureolysin (Sieprawska-Lupa et al., 2004). Thus, S. aureus strains
producing aureolysin are significantly more resistant to LL-37
than aureolysin-negative strains. Furthermore, the extracellular
adherence protein (Eap) and the Eap-homologs 1 and 2 (EapH1
and EapH2) are neutrophil serine protease inhibitors (Harraghy
et al,, 2005). Purified Eap, EapH1, or EapH2 inhibit the activity
of neutrophil elastase, proteinase 3, and cathepsin G which are
found in neutrophil azurophilic granules and are bactericidal to
S. aureus (Papayannopoulos et al., 2010; Stapels et al., 2014).

S. AUREUS EVASION OF OXIDATIVE
KILLING

Neutrophil activation leads to assembly of the NADPH
oxidase resulting in production of reactive oxygen species
(ROS; DeLeo and Quinn, 1996; DeLeo et al., 1999; Bréchard
and Tschirhart, 2008; Nunes et al., 2013). Assembly of the
membrane and cytoplasmic NADPH oxidase components results
in electrons shuttled from NADPH to oxygen producing
superoxide. Spontaneous and myeloperoxidase (MPO) catalyzed
dismutation of superoxide produces hydrogen peroxide, which
in the presence of MPO and chloride results in the highly
bactericidal agent hypochlorous acid/hypochlorite anion (Kettle
et al,, 2007; Klebanoff et al., 2013). Neutrophil ingestion exposes
S. aureus to concentrated ROS in the phagosome resulting
in oxidation and chlorination of bacterial and host proteins
(Green et al., 2014). Inhibition of neutrophil ROS production by

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

Neutrophils vs. Staphylococcus aureus

diphenyleneiodonium significantly increases S. aureus survival
following neutrophil phagocytosis even with functioning non-
oxidative killing mechanisms (Hampton and Winterbourn, 1995;
Hampton et al., 1996). Individuals with chronic granulomatous
disease carry mutations in components of NADPH oxidase
preventing formation of superoxide and hydrogen peroxide
and suffer from recurring bacterial infections including .
aureus (Lekstrom-Himes and Gallin, 2000; Assari, 2006). Thus,
uninhibited neutrophil ROS production is essential for S. aureus
clearance.

Bacterial pathogens have developed strategies to inhibit
ROS killing (Flannagan et al, 2009). S. aureus produces
several enzymes in response to neutrophils to degrade and
detoxify ROS. The ROS chain of production begins with the
formation of superoxide from oxygen. S. aureus produces
two superoxide dismutases, encoded by sodA and sodM, that
convert superoxide into hydrogen peroxide and molecular
oxygen (Karavolos et al., 2003). Superoxide dismutase activity
assessed on nondenaturing polyacrylamide gel electrophoresis
from the S. aureus cytoplasm shows three distinct bands
consisting of SodA and SodM homodimers, and a SodA-
SodM hybrid (Clements et al., 1999; Valderas and Hart, 2001).
Wild-type S. aureus is more resistant to superoxide stress
compared to isogenic sodA, or sodM, or sodAsodM-deficient
strains (Karavolos et al., 2003). In a mouse subcutaneous
model of infection, significantly higher wild-type S. aureus
colony forming units were recovered from the site of infection
compared to single or double sod mutant strains suggesting
a role for superoxide dismutase in virulence (Karavolos et al.,
2003). The expression of sodA and sodM is increased under
oxidative stress and regulated by the transcriptional regulator
SarA (Ballal and Manna, 2009). Interestingly, S. aureus uses
multiple regulatory systems to respond to oxidative stress. KatA,
the only catalase encoded by S. aureus that degrades hydrogen
peroxide to water and oxygen, is co-regulated by the ferric uptake
repressor (Fur) and the peroxide response regulator (Horsburgh
et al., 2001b). As expected, katA deficient S. aureus is more
sensitive to killing by hydrogen peroxide compared to wild-
type S. aureus (Horsburgh et al., 2001a). Furthermore, the alkyl
hydroperoxide reductase (AhpC) increases S. aureus resistance
to the organic-hydroperoxide cumene hydroperoxide and its
absence increases S. aureus resistance to hydrogen peroxide
by a compensatory increase in katA expression (Cosgrove
et al,, 2007). However, the significance of KatA in surviving
neutrophil ROS production is unclear since studies have shown
no significant differences in neutrophil killing of wild-type S.
aureus compared to an isogenic katA deficient strain (Cosgrove
etal., 2007).

Superoxide dismutase and catalase protect S. aureus
from ROS through enzymatic degradation. S. aureus also
produces virulence factors that inhibit ROS killing by
different mechanisms. The iconic yellow-golden pigment of
S. aureus is a result of the antioxidant carotenoid named
staphyloxanthin and synthesized by genes encoding crtM and
crtN (Wieland et al,, 1994; Pelz et al., 2005). The production
of staphyloxanthin increases S. aureus resistance to killing by
hydrogen peroxide and singlet oxygen (Liu et al, 2005). In
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addition, staphyloxanthin increases S. aureus survival during
exposure to neutrophil ROS; in contrast, staphyloxanthin does
not confer protection during exposure to neutrophils from
patients with chronic granulomatous disease or neutrophils
pretreated with diphenyleneiodonium which have deficiencies
in ROS production (Liu et al., 2005). Following exposure to
neutrophil ROS, surviving bacteria undergo repair of oxidized
proteins to maintain homeostasis. S. aureus encodes four
methionine sulfoxide reductases that play a role in reducing
oxidized methionine residues (Singh, 2003; Schoneich, 2005;
Singh et al, 2015). Deletion of the methionine sulfoxide
reductases msrAl and msrB increases S. aureus susceptibility
to exogenous hydrogen peroxide and hypochlorous acid.
Furthermore, a msrAl and msrB double mutant strain of S.
aureus is more susceptible to neutrophil killing compared to
wild-type (Pang et al., 2014). Finally, the SaeR/S TCS also plays
a role in regulating virulence factors that decrease neutrophil
hydrogen peroxide and hypochlorous acid production following
S. aureus phagocytosis (Guerra et al, 2016). The SaeR/S-
regulated virulence factors that decrease neutrophil ROS
remain unknown and are an active area of research, but are
independent of superoxide dismutase and catalase activity
since their expression is not regulated by SaeR/S (Rogasch
et al., 2006; Voyich et al., 2009; Nygaard et al., 2010; Sun et al.,
2010).

Human neutrophils extrude DNA decorated with
antimicrobial proteins termed neutrophil extracellular traps
(NETs) to ensnare and kill bacteria as a terminal cell fate
pathway that has been named NETosis and is dependent on
ROS (Brinkmann et al., 2004; Fuchs et al., 2007; Galluzzi et al.,
2012). Neutrophil exposure to S. aureus is a potent inducer
of NETs (Pilsczek et al., 2010). However, S. aureus escapes
NETs by secreting nuclease (nuc), an SaeR/S-regulated factor
(Berends et al., 2010; Olson et al., 2013). Furthermore, the
nuclease products from DNA degradation 2'-deoxyadenosine-
3’-monophosphate and 2’-deoxyadenosine-5-monophosphate
are converted by the S. aureus exoprotein adenosine synthase
(adsA) into 2'-deoxyadenosine (dAdo), which induces caspase-
3-mediated apoptosis in macrophages (Thammavongsa
et al, 2013). A murine intravenous infection model showed
macrophages are unable to diffuse into kidney abscesses
containing neutrophils and wild-type S. aureus; however,
infection with a nuc or adsA deficient S. aureus strain allowed
macrophages to efficiently infiltrate the neutrophil abscess
(Thammavongsa et al., 2013).

S. AUREUS MODULATION OF
NEUTROPHIL FATE

Neutrophils undergo an apoptotic differentiation program in
response to bacterial pathogens to limit host damage caused by
a prolonged inflammatory response (Kobayashi et al., 2003). For
excellent reviews on the mechanisms of neutrophil apoptosis
and how bacterial pathogens modulate neutrophil fate, we
recommend (Kennedy and Deleo, 2009; Rigby and DeLeo,
2012; Kobayashi et al., 2017). S. aureus produces pore-forming
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toxins that lyse neutrophils, other leukocytes, and red blood
cells and this lytic activity promotes an intense inflammatory
response. While these toxins clearly play a role in lysing
neutrophils and other immune cells, their role if any beyond
neutrophil cytolysis is unknown. Notable exceptions include
Panton-Valentine Leukocidin (PVL) and LukGH which have
been shown to prime neutrophils at sublytic concentrations and
promote neutrophil extracellular trap formation, respectively
(Graves et al., 2012; Malachowa et al, 2013). In addition,
neutrophils exposed to S. aureus have been shown to undergo
cell death with intact phagosomes undermining the role of
cytolytic toxins in S. aureus escape from neutrophils (Kobayashi
et al,, 2010). For reviews on the lytic properties of these toxins
and their targets, please refer to (DuMont and Torres, 2014;
Reyes-Robles and Torres, 2016). Herein, we will highlight recent
studies suggesting S. aureus modulates neutrophil fate to disrupt
proper neutrophil clearance following phagocytosis of S. aureus
independent of lytic activity.

Following phagocytosis, neutrophils are ingested by
macrophages in a process called efferocytosis to remove
spent neutrophils and limit inflammation (Martin et al., 2014).
S. aureus inhibits macrophage efferocytosis of S. aureus laden
neutrophils by upregulating the “don’t eat me” signal CD47
(Greenlee-Wacker et al, 2014). Interestingly, macrophage
production of cytokines that modulate neutrophil fate was
altered and inflammasome activation was reduced in response
to neutrophils harboring S. aureus compared to S. aureus
alone. In vitro, human neutrophils containing S. aureus do
not undergo the classical apoptotic death pathway as they fail
to activate caspase-3, as well as caspase-2, -8, and -9. Instead,
neutrophil death in this in vitro model in response to S. aureus
is dependent on receptor-interacting protein 1 (RIP-1) which
is a hallmark of programmed cell death or necroptosis. Studies
by Zurek et al. showed that the SaeR/S TCS plays a role in
modulating neutrophil fate by inhibiting IL-8 production and
NF-kB activation (Greenlee-Wacker et al., 2014; Zurek et al.,
2015). Programmed neutrophil death in response to wild-type
S. aureus was accelerated compared to exposure to a saeR/S
deletion mutant.

In addition, ROS production is implicated in programmed
neutrophil death leading to NET formation (NETosis) and as
discussed above S. aureus inhibits neutrophil ROS production
(Fuchs et al., 2007; Akong-Moore et al., 2012). Interestingly,
Pilsczek et al. described a NET forming mechanism that did
not require neutrophil lysis and is ROS independent. Instead,
DNA-containing vesicles budding from the nuclear membrane
are released while maintaining neutrophil plasma membrane
integrity (Pilsczek et al., 2010). Thus, these anuclear neutrophils
may still retain phagocytic and chemotactic activity, as previously
observed (Malawista et al., 1989). Further studies are needed
to determine if inhibition of neutrophil ROS production by
S. aureus modulates NETosis and to better elucidate ROS
independent and dependent NET formation and NETosis.
However, it is clear that S. aureus alters the neutrophil death
program through a variety of mechanisms that impact not
only cellular signaling by the neutrophil but clearance via
efferocytosis.
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THE OTHER SIDE OF THE EQUATION: THE  sae-target genes. Residue M31 is essential to the activation of
ABILITY OF S. AUREUS TO SENSE sae regulon and plays an important role in sensing neutrophil-
NEUTROPHILS derived stimuli including HNP-1. Strains with mutations in
aromatic residues W32 and F33 have disrupted normal basal
As reviewed above, the neutrophil has many mechanisms to  signaling of SaeS in the absence of inducing signals, yet both
sense and respond to S. aureus and likewise individual S. aureus ~ mutant kinases have appropriate activation of effector genes
factors have evolved to disrupt every step of the neutrophil following exposure to neutrophil-derived stimuli (Flack et al.,
response to the invading pathogen. However, the ability of S.  2014). This posits that response regulators turn-on only subsets
aureus to sense the host has been underestimated. The S. aureus  of genes based on the host stimulus. Such observations support
genome consists of 16 two-component systems (TCS) that sense ~ a unique hypothesis that emerging strains of bacteria are
environmental stimuli and regulate gene expression accordingly ~ not more virulent because they harbor new virulence factors
(Kawada-Matsuo et al., 2011). Of these 16 TCSs, SaeR/S is  but are better able to sense and respond to their human
recognized as a major contributor to S. aureus pathogenesis and ~ hosts.
neutrophil evasion (Voyich et al., 2009; Figure 3). Geiger et al. SaeR/S is the best studied for its role in sensing the
was the first to demonstrate that the TCS SaeR/S contained  neutrophil but additional studies are needed to understand just
an upstream promoter element that could be activated by  how S. aureus senses the neutrophil in vivo. Certainly other
human neutrophil products H,O and alpha-defensin (Geiger  regulatory systems play a role either directly or potentially by
et al, 2008). SaeR/S target genes are differentially regulated in  responding to the activation of SaeR/S, however, these studies
response to whole blood, neutrophils and neutrophil components  are currently limited. Considering HNP-1 is recognized early
(H,0,, alpha-defensin, and calprotectin; Voyich et al., 2005;  following phagocytosis, the recognition of HNP-1 is likely
Palazzolo-Ballance et al., 2007; Malachowa et al,, 2011; Flack  very important for S. aureus adaptation to the neutrophil
et al, 2014; Zurek et al, 2014; Cho et al, 2015). The nine  environment. Interestingly, the recognition of HNP-1 by Sae$
amino acid extracellular loop of SaeS plays an important role  has not been demonstrated to influence the genes in S. aureus
in sensing different neutrophil-derived stimuli (Flack et al,  directly correlated with combating the antimicrobial capacity of
2014; Liu et al, 2015). Highly conserved residues M31, W32,  antimicrobial peptides [e.g., dIt and mprF are regulated by the
and F33 on Sae$ are essential to the appropriate activation of ~ GraRS two-component system (Yang et al., 2012)] but instead

SaeR/S regulates ~8% of S. aureus genome
stimulus including genes involved in:
dependent | . petabolism
[esponse *  Leukocidins
* Nucleotide transport
*  Phagocytosis inhibition
.
.

-

—=

Complement inhibition
Capsule synthesis
Hypothetical proteins

SaeR Binding Sequence

FIGURE 3 | The S. aureus SaeR/S two-component system senses neutrophils and neutrophil components to activate an anti-host immune response. Activation of
the SaeS histidine kinase results in autophosphorylation which is subsequently transferred to the SaeR response regulator. A promoter binding region recognized by
phosphorylated SaeR (SaeR binding sequence) initiates gene transcription of SaeR/S-regulated virulence factors that target neutrophil antimicrobial mechanisms, cell
fate and cellular signaling. The immediate genes transcribed by SaeR/S are dependent on the stimulus, i.e., the SaeR/S transcriptional profile is dynamic and specific
to the stimulus. Since bacterial sensory-regulatory systems activate multiple virulence factors, therapeutic approaches to inhibit bacterial sensing, and activation is an
active area of research. CP, calprotectin.
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appears to ready S. aureus for combating neutrophil reactive
oxygen species and for producing cytolytic toxins. Additionally,
the GraRS system recognizes cationic peptides including LL-37,
and polymyxin B but does not recognize HNP-1 implying a
complex interplay of sensory systems to combat the neutrophil
(Yang et al, 2012). Another interesting two-component gene
regulatory system is WalK/R. Studies have demonstrated this
system is essential for S. aureus viability (Dubrac and Msadek,
2004; Dubrac et al., 2007). However, studies using a strain of
S. aureus with a constitutively active WalR response regulator
demonstrated constitutive expression caused up-regulation of
virulence genes that are known to be SaeR-regulated including
coa, hla higA, higB, hlgC, and sbi (Delauné et al., 2012). Although
the exact mechanism of communication between WalR and
SaeR/S is unknown data suggest WalR influences the SaeR/S
system indirectly. This is inferred since deletion of saeR/S in
a strain that constitutively expressed WalR showed the impact
of WalR on the virulence factors during growth in vitro was
through SaeR/S (Delauné et al, 2012). However, in mouse
models of infection constitutive expression of WalR in S.
aureus caused increased neutrophil recruitment and enhanced
bacterial clearance compared to wild-type S. aureus. Constitutive
expression of WalR decreasing virulence in vivo was independent
of SaeR/S and linked to WalR dependent peptidoglycan
release promoting an inflammatory environment that recruited
neutrophils (Delaune et al). Currently the stimulus recognized
by WalK is unknown. Understanding what stimulus(i) activates
this system may reveal how WalK/R and SaeR/S regulation of
virulence are linked. Additionally, the fatty acid kinase VfrB,
that lacks any traditional DNA-binding domain, has been shown
to influence gene expression of well-defined SaeR/S-dependent
genes (Bose et al., 2014; Krute et al., 2017). However, when a vfrB
mutant strain was exposed to the known SaeS-activation stimulus
HNP-1, this kinase no longer impacted virulence genes regulated
by SaeR/S (Krute et al., 2017). These data further emphasize the
importance of defining virulence regulation in physiologically
relevant environments and highlight the complexity of virulence
gene regulation in S. aureus.

THE CHALLENGE OF INVESTIGATING
NEUTROPHIL—S. AUREUS
INTERACTIONS IN VIVO

Investigating the neutrophil-S. aureus interactions in vivo has
been challenging. The relevance of using the murine immune
system to mimic interactions between S. aureus and the human
immune system is heavily debated (Buer and Balling, 2003;
Kim et al., 2014; Montgomery et al., 2014; Reizner et al., 2014;
Tseng et al., 2015). Interestingly, though HNP-1 is recognized
as the most prominent trigger of saeR/S, murine neutrophils
are deficient in its production (Inaba et al., 2010). Not only do
they differ in the production of HNP-1 but notable differences
are observed in chemokine production, cell trafficking, and
susceptibility to secreted toxins (Johnston et al., 1990; Singer
and Sansonetti, 2004; Parker and Prince, 2012; Tseng et al.,
2015). Often the importance of single S. aureus virulence genes is
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highlighted in models of infection; however, canonical S. aureus
toxins such as HIgA, HIgC, and LukF-PVL have extremely limited
Iytic activity on murine cells (Liu, 2009; Baba-Moussa et al.,
2011; Parker and Prince, 2012; Vandenesch et al., 2012). While
deficiencies in the murine model are apparent it remains the most
prominent and cost effective method to explore relationships in
vivo between S. aureus and the host immune system. To that
end, advances are being made toward creating more effective
murine models that retain benefits such as availability of working
with immune-deficient lines while displaying similar disease
characteristics as observed in human hosts (Montgomery et al.,
2014; Tseng et al., 2015). Tseng et al. developed a “humanized”
murine model wherein NOD/SCID/IL2ry™! mice are engrafted
with human CD34" umbilical cord blood cells leading to the
production of human immune cells within mice (Tseng et al.,
2015). These mice demonstrated susceptibility to S. aureus
infections at concentrations similar to what is observed in
humans as well as increased susceptibility to LukF-PVL. In future
efforts, humanized murine models such as this may be key to
understanding how S. aureus regulates its pathogenesis in the
context of a more relevant host environment and may be critical
to advance research into effective therapeutics.

POTENTIAL OF THERAPEUTICS TO
AUGMENT NEUTROPHIL FUNCTION
AGAINST S. AUREUS

Vaccine development to prevent or reduce S. aureus infections
has not been successful (Fowler and Proctor, 2014). Antibody
based vaccines targeting individual virulence factors have
not conferred significant protection against S. aureus, and
in some cases have even increased mortality (Fowler et al.,
2013). As discussed above, S. aureus produces virulence
factors that target specific neutrophil receptors to inhibit
neutrophil functions. However, S. aureus virulence factors
show redundancy in the neutrophil functions they inhibit.
For example, multiple virulence factors target the complement
pathway and immunoglobulin recognition to inhibit neutrophil
phagocytosis and neutralizing one of these virulence factors is not
likely to have a significant effect in vivo. Thus, vaccine approaches
that simultaneously target multiple S. aureus virulence factors are
needed and encouragingly some are in the pipeline (Torre et al.,
2015; Frenck et al., 2016).

Targeting S. aureus sensory/regulatory systems has
great potential for therapeutic and vaccine development.
Theoretically, chemical inhibitors and neutralizing antibodies of
sensory/regulatory systems could inhibit S. aureus from sensing
its environment and producing virulence factors that disrupt
host antimicrobial functions. The SaeR/S TCS is an attractive
candidate for vaccine development since SaeR/S-regulated
factors disrupt key neutrophil functions that include production
of ROS, cytokine expression, and cell fate (Watkins et al., 2011,
2013; Nygaard et al.,, 2013; Zurek et al, 2014; Guerra et al,,
2016). Many of the best studied immunomodulatory factors and
cytolytic proteins that target neutrophil function are regulated
by SaeR/S including Sbi, Efb, HIgABC, Hla, LukG/H (LukA/B),
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and PVL (Nygaard et al, 2010). Thus, inhibiting SaeS from
sensing its environment has the potential to prevent expression
of multiple virulence factors in response to host signals. In
this line of thinking, targeting S. aureus quorum sensing via
inhibition of Agr has been proposed as a therapeutic approach
to inhibit production of virulence of factors (Clatworthy et al.,
2007; Park et al., 2007; Cegelski et al., 2008; Kaufmann et al.,
2008; Njoroge and Sperandio, 2009; Rutherford and Bassler,
2012). For a review on the S. aureus Agr regulatory system please
refer to (Painter et al., 2014). In brief, findings have identified
synthetic peptides, small molecules, and antibodies that disrupt
S. aureus Agr-dependent quorum sensing either by blocking the
sensor histidine kinase AgrC from recognizing its cognate signal
autoinducing peptide (AIP), by inhibiting the AgrA response
regulator from binding DNA, or by antibody interference of AIP
(Park et al., 2007; Kaufmann et al., 2008; Kirchdoerfer et al., 2011;
Tal-Gan et al., 2013; Broderick et al., 2014; Murray et al., 2014;
Sully et al,, 2014). Using this approach, reductions in mouse
dermonecrosis following infection with S. aureus, increased
bacterial clearance, and reduced hemolytic activity have been
reported (Tal-Gan et al,, 2013; Sully et al., 2014). In addition,
the development of materials with quorum sensing inhibitors to
apply during a skin infection is an active area of research and
showing promising results (Broderick et al., 2014; Kratochvil
et al,, 2017). However, studies are needed to fully elucidate the
effects of inhibiting sensory/regulatory systems since this can
also increase the production of negatively regulated virulence
factors and the impact on cross talk between regulatory systems
that might result in compensation by one system at the loss of
another, is not known.

Modulation of the inflammatory response may be another
attractive target for therapeutics that might increase the
likelihood of an effective neutrophil response. However,
additional research is needed to identify key inflammatory
mediators that resolve S. aureus infection and to understand
those that exacerbate disease. Studies have identified IL-17
as a key determinant of proper host defense during S. aureus
cutaneous infection (Cho et al., 2010). Murphy et al. identified
v T cells as the major source of IL-17 during peritonitis caused
by S. aureus and identified a subset of memory y3 T cells
that enhanced IL-17 production to protect the host during
subsequent S. aureus infection (Murphy et al, 2014). Thus,
immunotherapies that enhance host bactericidal functions by
neutralizing detrimental inflammatory responses, increasing
beneficial cytokines at the site of infection, or stimulating the
expansion of protective T cell subpopulations in response to
S. aureus show therapeutic potential. Further research is also
needed to understand site-specific cytokine requirements to
mount an effective host response to S. aureus infection.
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Lastly, as discussed above, the use of mouse models has
undeniably increased our understanding of S. aureus-host
interactions. However, due to the specificity of many of the S.
aureus virulence factors toward human cells, improved models
of disease are needed like the “humanized” mouse as discussed
above. With improved models and advances in understanding
neutrophil-S. aureus interactions, perhaps future reviews will be
able to document neutrophils as the clear winner in this epic
immune battle.

In conclusion, the ability of S. aureus to survive a neutrophil
encounter is thought to contribute significantly to the virulence
of this pathogen. This is exemplified by the observed increase
in susceptibility to S. aureus infections in individuals suffering
from defects that alter normal neutrophil function, such as
chronic granulomatous disease, leukocyte adhesion deficiency,
and neutropenia (Bodey et al., 1966; Pincus et al., 1976; Dale
et al., 1979; Lekstrom-Himes and Gallin, 2000). It is clear
that neutrophil antimicrobial activity is essential to eliminate .
aureus. However, studies have also demonstrated that increased
neutrophil numbers at the site of infection can exacerbate
disease (Gresham et al., 2000; McLoughlin et al., 2008) and
that modulation of the neutrophil inflammatory response can
significantly impact outcome of infection (Watkins et al., 2013;
Zurek et al,, 2015). Clearly more studies are needed to define the
neutrophil responses that resolve a S. aureus infection. Finding
the right balance of controlling inflammation while maintaining
an effective neutrophil antimicrobial response will be key to the
design of an effective therapeutic.
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ABSTRACT

Neutrophils are the first line of defense after a pathogen
has breached the epithelial barriers, and unimpaired
neutrophil functions are essential to clear infections.
Staphylococcus aureus is a prevalent human pathogen
that is able to withstand neutrophil killing, yet the mech-
anisms used by S. aureus to inhibit neutrophil clearance
remain incompletely defined. The production of reactive
oxygen species (ROS) is a vital neutrophil antimicrobial
mechanism. Herein, we test the hypothesis that S. aureus
uses the SaeR/S two-component gene regulatory system
to produce virulence factors that reduce neutrophil ROS
production. With the use of ROS probes, the temporal and
overall production of neutrophil ROS was assessed during
exposure to the clinically relevant S. aureus USA300
(strain LAC) and its isogenic mutant LACAsaeR/S. Our
results demonstrated that SaeR/S-regulated factors do
not inhibit neutrophil superoxide (O2 ") production. How-
ever, subsequent neutrophil ROS production was signifi-
cantly reduced during exposure to LAC compared with
LACAsaeR/S. In addition, neutrophil H>O, production was
reduced significantly by SaeR/S-regulated factors by a
mechanism independent of catalase. Consequently, the
reduction in neutrophil H>O. resulted in decreased pro-
duction of the highly antimicrobial agent hypochlorous
acid/hypochlorite anion (HOCI/ OCI). These findings sug-
gest a new evasion strategy used by S. aureus to diminish
a vital neutrophil antimicrobial mechanism.

J. Leukoc. Biol. 100: 1005-1010; 2016.

Introduction
PMNs (leukocytes or neutrophils) are the most abundant WBC in
the human body and the first line of defense during bacterial

Abbreviations: CA-MRSA = community-associated methicilin-resistant
Staphylococcus aureus, DPBS = Dulbecco's PBS, HOCI/~OCI = hypochlo-
rous acid/hypochlorite anion, LAC HK = heat-kiled LAC, MPO = myeloper-
oxidase, O,~ = superoxide, PMN = polymorphonuclear leukocyte, ROS =
reactive oxygen species, SOD = superoxide dismutase, WT = wild-type

The oniine version of this paper, found at wwwijleukbio.org, includes
supplermental information.

0741-5400/16/0100-1005 © Society for Leukocyte Biology

infection [1]. Following migration to the site of infection and
phagocytosis, neutrophils expose pathogens to an abundance of
microbicidal components, including cationic peptides, proteases,
and potent ROS [2, 3]. Assembly and activation of the NADPH
oxidase system result in the production of Oy
Oy, followed by dismutation to HyOs and to the formation of the
highly bactericidal agent HOCI/~ OCl, catalyzed by the enzyme
MPO [4-6].The production of neutrophil ROS is highly effective
at killing many pathogens, including the Gram-positive pathogen
S. aureus [7, 8]. Microbicidal capacity of ROS against S. aureus is
exemplified further by the observed increase in susceptibility to
infections in individuals with genetic defects in any of the 5

from molecular

structural components of the NADPH oxidase complex, resulting
in chronic granulomatous disease [9, 10]. Collectively, neutro-
phil microbicidal systems are very efficient at killing ingested
bacteria and limiting inflammation.

Despite the neutrophil’s capacity to contain most bacterial
pathogens, its antimicrobial mechanisms are not fully effective in
killing S. aureus, and bacterial survival following neutrophil
phagocytosis has been proposed as a virulence strategy used by
this bacterium [11, 12]. This is best exemplified by the epidemic
of CA-MRSA that began in the late 1990s [13]. CA-MRSA can
cause uncomplicated skin and soft-tissue infections, as well as
invasive, life-threatening illnesses in otherwise healthy individuals
[13-15], and its emergence has fostered research investigating
the ability of S. aureus to survive after neutrophil phagocytosis.

Survival of S. aureus following neutrophil phagocytosis is
dependent on the concerted effort of multiple virulence factors
[11, 12, 16-18]. The S. aureus SaeR/S two-component system
regulates virulence genes essential for evasion of neutrophil
killing [12, 19, 20]. In brief, the sae locus consists of 4 open-
reading frames (saePQRS). SaeS and saeR code for the two-
component module of the SaeR/S system, where SaeS is the
histidine kinase, and SaeR is the cognate response regulator.
SaeR/S-regulated genes are up-regulated in response to

pondence: Dept. of Microbiology and Immunology, Montana S
ity, 109 Lewis Hall, Cooley 223, Bozeman, MT 59718, USA. E-mail:
Jjovanka@montana.edu
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neutrophil-derived components, including human a-defensin-1
and HyO, [19, 21, 22]. Studies using isogenic saeR/S deletion
mutants have shown that neutrophil lysis is reduced, and S. aureus
has significantly reduced survival following neutrophil phagocy-
tosis in the absence of SaeR/S [11, 12]. SaeR also controls the
expression of secreted virulence factors, including those that
contribute to neutrophil lysis, such as leukocidin G/H (lukG/H
also known as lukA/B), y hemolysins (higA, B, ), and Panton-
Valentine leukocidin (lukF/S-PV) [12, 23]. Additionally, SaeR-
regulated factors influence neutrophil cell fate contributing to
pathogen survival [22].

In this study, we investigate further the role of S. aureus SaeR/S
in modulating neutrophil function by examining its influence
on ROS production. Our results demonstrate that SaeR/
S-regulated factors decrease neutrophil-derived HyOy and HOCI
production by a mechanism independent of catalase activity.

MATERIALS AND METHODS

Bacterial strains and culture

WT S. aureus pulsed-field gel electrophoresis-type USA300 (strain LAC) [24]
and its previously generated isogenic saeR/S mutant strain (LACAsaeR/S) [23]
were grown in tryptic soy broth containing 0.5% glucose and harvested at
midexponential growth, as described previously [11, 22, 23].

Neutrophil and ROS assays

Human neutrophils were isolated from heparinized venous blood of healthy
volunteer donors in accordance with a protocol approved by the Institutional
Review Board for Human Subjects at Montana State University. Human
neutrophils were isolated as described previously [11, 12]. For all ROS assays,
1x 10° neutrophils (loaded with various probes, described below) were
exposed to 1 X 107 bacteria (10:1 bacteria:PMN ratio) in 96-well serum-coated
plates in duplicate. Neutrophils were also exposed to LAC HK (5 min at 99°C),
500 ng/ml PMA, or RPMI, and phagocytosis was synchronized [11]. All
measurements were done using a SpectraMax Paradigm Multi-Mode Micro-
plate Reader (Molecular Devices, Sunnyvale, CA, USA).

Luminol. Neutrophil-derived ROS detection by the oxidation of cell-
permeable luminol, resulting in chemiluminescence, was measured as
described previously [25]. Neutrophils were stained with 100 uM luminol
for 15 min in the dark at 4°C. Chemiluminescence was measured in 1 min

intervals. The final concentrations of SOD and catalase were 50 and
2000 U/ml, respectively.

Isoluminol. Neutrophil-derived O, production by the oxidation of cell-
impermeable isoluminol, resulting in chemiluminescence, was measured as
described previously [25]. Neutrophils were stained with 100 pM isoluminol
for 15 min in the dark at 4°C. Chemiluminescence was measured in 1 min
intervals.

Amplex Red. Neutrophil-derived extracellular HyO, production was
measured using the Amplex Red Hydrogen Peroxide/Peroxidase Kit
(Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s
instructions. Amplex Red oxidation was measured in 1 min intervals with 535/
595 nm excitation/emission wavelengths.

Secreted catalase. The Amplex Red Catalase As
Scientific) was used following the manufacturer’s suggs
tants from PMN and/or bacterial incubations were collected following 90 min

Kit (Thermo Fisher
sted protocol. Superna-

exposure at 37°C and sterile filtered with 0.22 pm syringe filters.

R19-S. Neutrophil-derived HOCI production was measured using R19-S
(FutureChem, Seoul, South Korea) [26, 27]. Oxidation of R19-S was measured
in 1 min intervals with 485/535 nm excitation/emission wavelengths.
Alternatively, neutrophil intracellular HOCI production at 90 min was
measured by flow cytometry with a BD FACSCalibur (BD Biosciences, San
Jose, CA, USA) using 488/530 nm emission/excitation wavelengths.
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Neutrophil phagocytosis assay

Phagocytosis of S. aureus by human neutrophils was determined with
fluorescence microscopy, as described previously [11]. FITC-labeled bacteria
were added (10:1 bacteria:neutrophil ratio), and phagocytosis was synchro-
nized as above. To counterstain uningested bacteria, samples were stained
with anti-FITC conjugated to Alexa Fluor 594 (Thermo Fisher Scientific), and
mounted coverslips were evaluated using fluorescence microscopy. The
number of S. aureus bound and/or ingested was evaluated in 25 or 50
neutrophils per experiment from separate fields of view, and percent
phagocytosis was calculated as (number of ingested bacteria per cell/total
number of PMN-associated bacteria per cell, bound or ingested) X 100.

HOCI killing

A mixture of HOCI/~OCI was generated by mixing 10 ml commercially
available Clorox, 5 ml DPBS, and 160 ul 36.5-38.0% hydrochloric acid. After
overnight incubation in the dark, the concentration of HOCI/ ™~ OCI was
calculated using Beer’s Law [28]. The average pH of the solution was 7.51 =
0.09, similar to the acid ociation constant for HOCl/~OCI (pKa = 7.44)
[28, 29]. Bacteria (1 X 107), resuspended in DPBS, were mixed with HOCl/~OClI,
diluted in DPBS to desired working concentrations and incubated at 37°C for

30 min. Bacteria were enumerated following overnight incubation at 37°C.
Bacterial survival was calculated relative to bacterial concentration following
exposure to DPBS only.

Statistical procedures

Statistical analyses were performed using GraphPad Prism version 6.0a
(GraphPad Software, La Jolla, CA, USA) with ¢ tests and ANOVA as indicated,
and error bars represent the Sgm.

RESULTS AND DISCUSSION

SaeR/S-regulated factors decrease human neutrophil
ROS production

Previous studies have shown that human neutrophils fail to kill
S. aureus completely after phagocytosis, and SaeR/S-regulated
factors are at least partially responsible for reduced bactericidal
activity [11, 12]. However, the mechanisms affected by SacR/
S-regulated factors leading to reduced neutrophil staphylococcal
killing have yet to be elucidated fully. To this end, neutrophil
ROS production in response to WT S. aureus strain LAC and its
isogenic AsaeR/S mutant strain (LACAsaeR/S) was analyzed using
probes to measure different ROS. First, intracellular neutrophil
ROS production was measured with luminol. Whereas there were
no significant differences in the time to maximum neutrophil
ROS production, total neutrophil ROS production was reduced
significantly in response to the S. aureus LAC compared with
LACAsaeR/S (Fig. 1A and B). To determine if extracellular ROS
contributed to abundance of intracellular ROS, neutrophils were
exposed to LAC or LACAsaeR/S, including SOD or catalase.

As expected and in congruence with published findings, the
addition of exogenous SOD reduced total neutrophil ROS
production in response to LAC and LACAsaeR/S (Fig. 1C)

[30, 31]. In the presence of SOD, significant differences remained
in total neutrophil intracellular ROS production during
exposure to LAC and LACAsaeR/S (Fig. 1D). The addition of
exogenous catalase also reduced total neutrophil intracellular ROS
production in response to LAC and LACAsaeR/S compared with
untreated neutrophils exposed to bacteria (Fig. 1E). However,
neutrophils produced similar amounts of intracellular ROS in
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Figure 1. SaeR/S-regulated factors decrease intracellular ROS. Human PMNs were preloaded with luminol, as described in Materials and Methods,
and exposed to LAC, LACAsaeR/S, or RPMI, and chemiluminescence was measured. (A) Time-dependent neutrophil intracellular ROS production
following exposure to S. aureus LAC or LACAsaeR/S. (B) Total relative neutrophil ROS production determined by calculating the area under the
curve (AUC) from A. (C) Time-dependent neutrophil intracellular ROS production following exposure to S. aureus LAC or LACAsaeR/S in the
presence of exogenous SOD. (D) Total relative neutrophil ROS production determined by calculating the area under the curve from C. (E) Time-
dependent neutrophil intracellular ROS production following exposure to S. aureus LAC or LACAsaeR/S in the presence of exogenous catalase. (F)
Total relative neutrophil ROS production determined by calculating the area under the curve from E. Data represent 5 separate experiments, using
5 different neutrophil donors; *P = 0.05, **P = (.01, as determined by two-way ANOVA (A, C, and E) and one-way ANOVA (B, D, and F). RLUs,
Relative luminescence units.

response to LAC and LACAsaeR/S in the presence of
exogenous catalase (Fig. 1F). Collectively, these results suggest
that S. aureus SaeR/S-regulated factors reduce intracellular
ROS production. Additionally, neutrophils exposed to LAC HK
produced similar amounts of intracellular ROS as those
exposed to LACAsaeR/S (Fig. 1B and D), confirming that

production of neutrophil-derived HyOy, leading to a reduction
in overall ROS production. Of note, neutrophil propidium
iodide uptake was not significantly different between neutro-
phils exposed to LAC or LACAsaeR/S after 90 min, confirming
that differences in ROS production were not a result of
differences in neutrophil membrane damage (data not shown).

reduction of neutrophil ROS by S. aureus is an active process
that requires a viable organism and SaeR/S. Importantly, the
neutralization of extracellular HoOs with exogenous catalase
eliminated differences in intracellular neutrophil ROS pro-
duction in response to LAC and LACAsaeR/S. These results
suggest that S. aureus SaeR/S-regulated factors reduce the
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As differences in uptake of LAC and LACAsaeR/S could
influence ROS abundance, we assessed neutrophil phagocytosis
using fluorescence microscopy. There were no differences in
neutrophil ingestion of WT LAC compared with the LACAsaeR/
S mutant (Supplemental Fig. 1), which is in agreement with
previous findings [12].

Figure 2. Human neutrophil extracellular Oy~
production following exp e to WT S. aureus
LAC and LACAsaeR/S using isoluminol. (A) Time-
dependent neutrophil extracellular Oy~ produc-
tion following exposure to S. aureus LAC or
LACAsaeR/S. (B) Total relative neutrophil Oy~
production determined by calculating the area
under the curve from A. Data represent 4 separate
experiments, using 4 different neutrophil donors;
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Time (min.)

LACAsaeR/S
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#P = (.01, as determined by two-way ANOVA
(A) and one-way ANOVA (B).
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Figure 3. H neutrophil llular HyO, pr

Catalase [(mU/mL) *10]

is significantly reduced by SaeR/S-regulated S. aureus factors. (A) Time-dependent

neutrophil extracellular HyOy production was measured using Amplex Red, following exposure S. aureus LAC or LACAsaeR/S or RPMI as a control.
(B) Neutrophil-derived extracellular HoO» production calculated from an HyO, standard curve. (C) Secreted catalase following S. aureus exposure
to human neutrophils. Bacteria exposed (+) or not exposed (—) to neutrophils. Data represent 4 separate experiments (A and C) and 5 separate
experiments (B), with *P = 0.05, as determined by two-way ANOVA (A) and paired ¢ test (B).

SaeR/S-regulated factors reduce the production of
neutrophil-derived HyOo

Luminol measures overall intracellular ROS production. As our
results showed that extracellular ROS played a significant role in
enhancing intracellular neutrophil ROS production (Fig. 1A-F)
and suggested that SaeR/S-regulated factors reduce the pro-
duction of neutrophil-derived HyOs, we used isoluminol and
Amplex Red probes to measure specifically Oy~ and HyOg,
respectively. Cell-impermeable isoluminol was used to measure
neutrophil extracellular Oy~ production in response to LAC and
LACAsaeR/S. We hypothesized that neutrophil Oy~ production
would not be reduced by SaeR/S-regulated factors, as significant
differences remained in overall neutrophil intracellular ROS
production during exposure to LAC and LACAsaeR/S in the
presence of exogenous SOD (Fig. 1C and D). The neutrophil Oy~
burst occurred within 10 min after recording luminescence
(Fig. 2A). Consistent with results shown in Fig. 1C and D, there
were no significant differences in neutrophil Oy~ production
during exposure to LAC or LACAsaeR/S (Fig. 2B). This suggests
that activation and assembly of the NADPH oxidase complex are
not affected by SaeR/S-regulated factors. Exposure to LAC HK
did result in significantly increased Oy~ production compared
with LAC and LACAsaeR/S. This is expected, as S. aureus

Figure 4. Human neutrophil intracellular hypo-

chlorite production is reduced significantly by
SaeR/S-regulated S. aureus factors. HOCI pro- A
duction was measured in human neutrophils

produces SOD to neutralize Oy~ via sodA and sodM, but these
genes are not regulated by SaeR/S [12, 23, 32, 33].

As the measurement of neutrophil intracellular ROS with
luminol in the presence of catalase suggested that SaeR/
S-regulated factors reduce production of extracellular HyOo
(Fig. 1C and D), we used the HyoOg-specific probe Amplex Red
to measure neutrophil extracellular HyOy production in
response to S. aureus LAC and LACAsaeR/S. Detectable
neutrophil-derived HoOs was observed within 20 min of
exposure to LAC and LACAsaeR/S (Fig. 3A). Significant
differences in extracellular HyOy production between neutro-
phils exposed to LAC and LACAsaeR/S were observed, starting
at 43 min. In addition, there were significant increases in molar
amounts of HyOy produced by neutrophils in response to
LACAsaeR/Sversus LAC at the end of the 90 min assay (Fig. 3B).
Differences in extracellular HyOs production by neutrophils
confirmed results showing overall reduction in ROS—and no
significant differences between neutrophils exposed to LAC
and LACAsaeR/S—when the cell-impermeable catalase was
present (Fig. 1E and F). Importantly, there were no differences
in the secreted catalase that could degrade extracellular HyOo
(Fig. 3C), confirming that SaeR/S does not regulate catalase
following neutrophil phagocytosis.

w
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SaeR/S-regulated factors reduce the production of
neutrophil-derived HOCI

HOCI is present in neutrophil phagosomes and is highly
bactericidal. HyOs is a precursor to the production of MPO-
catalyzed HOCI. Therefore, we measured intracellular HOCI
production using the cell-permeable R19-S probe to assess how
SaeR/S-regulated factors affect HOCI production (Fig. 4A).
Consistent with our results showing that SaeR/S reduced HyOy
production, SaeR/S-regulated factors significantly decreased
neutrophil HOCI production (Fig. 4B and C). Production of
neutrophil HoOs and HOCI was detected at ~20 min, with the
maximum HyOs burst occurring earlier than the HOCI burst
(Supplemental Fig. 2).

The formation of HyOs from Oy~ can occur spontaneously or
is catalyzed by SOD or MPO [34, 35]. Based on our observations,
we propose that unidentified SaeR/S-regulated factor(s) in-
terfere with the enzymatic reactions catalyzed by MPO to
produce HyoOy and HOCI. Inasmuch as there are no differences
in secreted catalase between neutrophils exposed to S. aureus
LAC and LACAsaeR/S (Fig. 3C), we propose that the significant
decrease in HyOy produced by neutrophils exposed to LAC
compared with LACAsaeR/S is a result of SaeR/S-regulated
factors inhibiting the SOD activity of MPO to produce HyO,. In
addition, SaeR/S-regulated factors may interfere with the
chlorination activity of MPO, resulting in decreased production
of HOCI. Ongoing studies are determining if decreased HOCI
production is a direct result of lower HyO9 production or if
SaeR/S-regulated factors directly interfere with both the dis-
mutase and chlorination activity of MPO.

WT 8. aureus LAC and LACAsaeR/S are equally
susceptible to reagent HOCI

S. aureus SaeR/S-regulated factors significantly decreased
neutrophil-derived HOCI production in response to WT LAC
versus LACAsaeR/S (Fig. 4). To determine if the WT and mutant
were differentially susceptible to HOCI, we exposed LAC and
LACAsaeR/S to varied concentrations of HOCL. As shown in Fig.
5, LAC and LACAsaeR/S were equally susceptible to HOCI

- LAC
-~ LACAsaeR/S

% Survival

0 5 10 s 20
[HOCI] uM

Figure 5. S. aureus LAC and LACAsaeR/S are equally susceptible to
killing by HOCL. Bacteria (1 X 107) were exposed to different
concentrations of HOCI for 30 min at 37°C. Subsequently, bacteria
were serially diluted and plated on trypticase soy agar plates, and CFUs
were enumerated following overnight incubation at 37°C. Data repre-
sent 5 separate experiments.
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exposure. HOCI concentrations below 5 pM did not kill S. aureus.
However, there was a precipitous decrease in S. aureus survival
following exposure between 5 and 15 uM HOCI. These data are
in agreement with previously published findings [36]. Future
studies will investigate the physiologically relevant question as to
whether reduction in ROS makes WT S. aureus more resistant to
neutrophil killing reflective of clinical syndromes, demonstrating
the importance of ROS in controlling S. aureus [9, 10]. It is
possible that a SacR/S-mediated reduction in ROS makes the
ROS amount insufficient to kill S. awreus, as in vitro studies have
demonstrated a fine line between ROS amounts that are effective
versus amounts that the pathogen can tolerate (Fig. 5 and

ref. [21]).

The importance of detoxifying ROS is demonstrated by the
many mechanisms used by S. aureus that include scavenging and
neutralizing ROS, such as Oy~ and HyOs, with SODs (SodA and
SodM) and catalase (KatA), respectively [37, 38]. In addition, the
iron-regulated surface-determinant proteins IsdA and IsdB have
been implicated in increasing S. aureus resistance to killing by Ho
Oy [21], as well as methionine sulfoxide reductases to reduce
oxidized methionine residues following oxidative stress that
increase S. aureus resistance to ROS [39]. Unlike previously
described mechanisms to neutralize ROS, our data suggest that
S. aureus can directly inhibit HyOs and HOCI production,
resulting in increased S. aureus survival. Future studies will focus
on identifying specific SaeR/S-regulated factors that inhibit
neutrophil ROS production.
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Supplemental Figure 1. Phagocytosis by human neutrophils is not influenced by SaeR/S-
regulated factors. Percentage of LAC and LACsaeR/S strains ingested by human PMNs
was calculated using the equation: [(number of ingested bacteria per cell / total number of
PMN-associated bacteria, bound or ingested)*100]. Results are from 3 separate donors.
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Supplemental Figure 2. ROS production by S. aureus LAC or LACAsaeR/S during
exposure to human neutrophils. Superoxide (O,—), hydrogen peroxide (H>0) and
hypohclorous acid (HOCI) production by human neutrophils was measured isoluminol,
Amplex® Red, and R19-S, respectively. Results are shown as the average change over
time in 5-minute intervals for each ROS measured and normalized to neutrophils exposed
to LACAsaeR/S.
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INTRODUCTION

Staphylococcus aureus (S. aureus) is a Gram-positive commensal pathogen that
causes a wide range of infections in humans, from superficial skin and soft-tissue
infections to invasive endocarditis, necrotizing fasciitis, and necrotizing pneumonia
(Miller et al., 2005; Tong et al., 2015). Over the last twenty years, an epidemiological
transition in staphylococcal disease occurred, characterized by the emergence of
community-associated methicillin-resistant S. aureus (CA-MRSA) strains causing
infections in healthy individuals without predisposing conditions (Centers for Disease
Control and Prevention (CDC), 1999; Chambers, 2001; Herold et al., 1998). S. aureus
pulsed-field gel electrophoresis type USA300 emerged as the predominant cause of CA-
MRSA infections in the United States and has also become a leading cause of healthcare-
associated MRSA infections (Centers for Disease Control and Prevention, 2015; Nimmo,
2012). The factors contributing to the increased incidence of S. aureus USA300
infections remain unknown. Vaccine development against S. aureus has yet to prove
successful, and our ability to treat infections is alarmingly limited by the ability of S.
aureus to rapidly acquire antibiotic resistance (Foster, 2017; Fowler and Proctor, 2014).

S. aureus is equipped with an arsenal of virulence factors to evade host immune
responses and destroy immune cells (Guerra et al., 2017; Yoong and Torres, 2013).
Polymorphonuclear leukocytes, also known as PMNs or neutrophils, are the first line of
host defense once S. aureus breaches the epithelial barriers and are quickly recruited to
the site infection (Harding et al., 2014; Kolaczkowska and Kubes, 2013). Neutrophil

surface receptors engage S. aureus and initiate the process of internalizing the bacterial
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pathogen in a process termed phagocytosis (van Kesse et al., 2014). Phagocytosis leads to
the enclosure of S. aureus within a membrane bound structure called the phagosome,
wherein S. aureus is exposed to an array of antimicrobial peptides, proteins, and reactive
oxygen species (ROS). For most pathogens, production of these antimicrobial factors
results in disruption of the bacterial membrane and oxidation and chlorination of essential
proteins (Green et al., 2014; Winterbourn and Kettle, 2013). However, S. aureus mounts
a rapid counterattack that initiates with transcriptional upregulation and secretion of
leukocidins that form pores through the neutrophil plasma membrane, as well as secretion
of proteins that inhibit neutrophil ROS production (Guerra et al., 2016; Voyich et al.,
2005; Zurek et al., 2014).

Staphylococcal bi-component leukocidins are essential to neutrophil evasion and
upregulated by the SaeR/S and Agr regulatory systems within minutes in response to
human neutrophils (Flack et al., 2014; Gordon et al., 2013; Voyich et al., 2009; Zurek et
al., 2014). Each bi-component leukocidin contains an S subunit that recognizes the host
receptor and subsequently binds the F subunit, which induces pore formation on the host
cell membrane. Clinically relevant S. aureus strains produce up to five bi-component
leukocidins: hlgAB, higCB, lukSF-PV, lukED, and lukGH (also known as lukAB). The
mechanism of LukGH binding to its host receptor differs from the other bi-component
leukotoxins since LukG and LukH heterodimers form in solution before binding to its
host receptor (Badarau et al., 2015). Each host receptor binding S component shows
affinity for multiple chemokine or complement receptors (with the exception of LukH) on

the surface of neutrophils, albeit each S subunit shows preferential binding to one
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receptor based on binding affinity. On the neutrophil surface, HIgA preferentially binds
the chemokine receptor CXCR1 (Spaan et al., 2014); HlgC binds the complement
receptor C5aR (Spaan et al., 2014); LukS-PV preferentially binds C5aR (Spaan et al.,
2013); LukE binds CXCR1 and CXCR2 (Reyes-Robles et al., 2013); LukGH binds to the
CD11b subunit of complement receptor 3 (DuMont et al., 2013). The bi-component
leukocidins show high specificity for their human receptor counterparts, with the
exception of LukED, and has hindered in vivo animal studies to determine the
contribution of each leukotoxin to staphylococcal pathogenesis.

While the identification of S. aureus bi-component leukocidin host receptors and
the mechanisms inducing pore formation have garnered the most attention, less is known
about the effects leukocidin binding has on host cell signaling. S. aureus bi-component
leukocidins bind G protein-coupled receptors (GPCRs; CXCR1, CXCR2, and C5aR) and
the B2 integrin family through binding complement receptor 3, which is a heterodimer
composed of CD11b/CD18 (Podolnikova et al., 2015; Raghuwanshi et al., 2012; Sarma
and Ward, 2012). Host-derived ligand binding to these receptors induces signaling
pathways involved in neutrophil recruitment, priming, bactericidal mechanisms through
recognition of pathogens and ROS production, and cell death (Fu et al., 2004; Ibrahim et
al., 2004; Mitchell et al., 2003; Raghuwanshi et al., 2012; Rajagopalan and Rajarathnam,
2004; Rubel et al., 2001; Zurek et al., 2015). Previous studies have shown NADPH
oxidase activation downstream of GPCRs and integrin signaling resulting in the
production of human neutrophil ROS. For example, the CXCR1/CXCR?2 ligand

interleukin-8 (IL-8) induces superoxide production, as well as C5a binding to its cognate
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C5a receptor (Fu et al., 2004; Ibrahim et al., 2004). CD11b/CD18 is a promiscuous
receptor with many known ligands binding to the I-domain of CD11b (Balsam et al.,
1998; Mesri et al., 1998; Podolnikova et al., 2015). CD11b ligands have been shown to
modulate neutrophil ROS production in cooperation with cytokine receptors, and the Src-
family kinases (SFKs) and Syk tyrosine kinases are involved in integrin-mediated
signaling (Berton et al., 2005; Futosi et al., 2013; Lau et al., 2005; Zhao et al., 2003;
Zhou et al., 2013).

Since multiple S. aureus leukocidins bind human neutrophil surface receptors to
induce pore formation, targeting multiple receptors on the neutrophil surface to induce
lysis seems like a redundant virulence mechanism. Since GPCR signaling leads to
activation of phosphoinositide 3-kinase (PI3K) and phospholipases (Futosi et al., 2013),
leukocidins upregulated in response to neutrophils and neutrophil components may play a
critical role in neutrophil signaling that leads to ROS production. In neutrophils, PI3K is
critical to nicotinamide adenine dinucleotide phosphate (NAPDH) oxidase activation by
regulating the attachment of the cytosolic oxidase components to the plasma or
phagosome membrane. In resting neutrophils, NADPH oxidase components are separated
in the membrane, cytoplasm, and granules. The membrane bound gp91Ph°* and p22°Phox,
collectively termed flavocytochrome b558, are found on the neutrophil membrane and the
membranes of specific, secretory, and gelatinase granules (Borregaard et al., 2007). The
trimeric complex of p40Pho%, p47Phox and p67Pt°x, as well as the inactivate GDP-bound
Rac2, are found in the cytoplasm (Nunes et al., 2013). Recognition of S. aureus, as well

as other pathogens, through the engagement of immunoglobulin and complement on the
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surface of S. aureus by Fc receptors and complement receptors, respectively, initiates a
signaling cascade that recruits the cytoplasmic NADPH oxidase components to the
membrane bound gp91Ph°x and p22P"°*, Notably, pathogens are not the only activators of
NADPH oxidase since cytokines like tumor necrosis factor alpha (TNF-a)) can also
stimulate ROS production (Gao et al., 2007).

Several lines of evidence suggest neutrophil ROS production is crucial for
clearance of S. aureus. In the clinical setting, the dependence on oxidative killing
mechanisms to protect against S. aureus is exemplified in patients with chronic
granulomatous disease (CGD) who have a mutation in one of the NADPH oxidase
components required for ROS production. Neutrophils from individuals with CGD have
significant decreases in ROS production and suffer from recurring life-threatening
infections with S. aureus the leading causative agent (Ben-Ari et al., 2012; Roos and de
Boer, 2014).

In the current study, we investigate the impact of leukocidins on human
neutrophil ROS production. We identify that S. aureus spatially modulates neutrophil
ROS production and uses LukGH and PVL to disrupt signaling pathways that dysregulate
extracellular and intracellular ROS production. Surprisingly, we demonstrate that PI3K is
required for LukGH stimulation of extracellular neutrophil superoxide production, but
that extracellular ROS induced by PVL primarily utilized a PI3K-independent
mechanism. Unlike LukGH, PVL also induced robust neutrophil intracellular ROS
production that was PI3K and Src-family kinases dependent. The implications of PVL, a

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

neutrophil function.

RESULTS

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

To determine if S. aureus SaeR/S-regulated secreted factors modulate human
neutrophil ROS production, we exposed neutrophils to S. aureus culture supernatants and
measured extracellular superoxide and intracellular ROS. Neutrophils exposed to
supernatants from wildtype S. aureus USA300 produced extracellular superoxide and
intracellular ROS, while neutrophils exposed to supernatants from a saeR/S isogenic
knockout mutant (USA300AsaeR/S) lacked a ROS response above the baseline ROS
[Figure 1A-D]. These results suggested SaeR/S-regulated secreted factors induced both
an extracellular and intracellular ROS response. To determine the role of secreted S.
aureus bi-component leukocidins in inducing neutrophil ROS production, we also
exposed neutrophils to supernatants from three different leukocidin isogenic mutants,
which have previously been shown to be at least partially regulated by SaeR/S (Zurek et
al., 2014). Neutrophil extracellular superoxide production was significantly reduced by
supernatants from USA300A/ukGH to a similar extent as neutrophils exposed to the
supernatants from USA300AsaeR/S, suggesting that neutrophil extracellular superoxide
was primarily induced by LukGH. In contrast, neutrophils exposed to supernatants from
USA300ApvI showed increased extracellular superoxide, suggesting that the presence of

PVL decreases extracellular superoxide. Interestingly, supernatants lacking Hlg
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(USA300AKIgABC), which like PVL targets C5aR (Spaan et al., 2015), did not
differentially influence neutrophil ROS production compared to USA300. Supernatants
from the recently identified human myeloperoxidase inhibitor, the staphylococcal
peroxidase inhibitor (SPIN; spn), also did not impact neutrophil ROS production
compared to USA300 (de Jong et al., 2017).

These results were inversed when examining neutrophil intracellular ROS
production. Neutrophils exposed to supernatants from USA300A/ukGH showed increased
intracellular ROS production, whereas they showed decreased extracellular superoxide
production [Figure 1A-D]. Thus, the presence of LukGH appeared to stimulate neutrophil
extracellular superoxide while decreasing intracellular ROS. Likewise, supernatants from
USA300ApvI decreased neutrophil intracellular ROS while increasing extracellular
superoxide compared to the wildtype USA300 supernatant. Thus, PVL appeared to
increase neutrophil intracellular ROS and decrease extracellular superoxide. These results
were not due to differences in the ability of supernatants to cause neutrophil pore
formation since they caused equal membrane permeability compared to the wildtype
[Figure 1E]. However, the role of SaeR/S in modulating leukocidins was clear since it did

not cause membrane permeability above the baseline.
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Figure 1. S. aureus SaeR/S-regulated secreted factors differentially modulate human
neutrophil ROS production. A) Representative plot of human neutrophil extracellular
superoxide production in response to supernatants from USA300 and isogenic
mutants. B) Area under the neutrophil superoxide peak from 7 neutrophil donors
normalized to the area from the superoxide response to supernatant from USA300. C)
Representative plot of human neutrophil intracellular ROS production in response to
supernatants from USA300 and isogenic mutants. D) Area under the curve from
neutrophil intracellular ROS production from 8 neutrophil donors and normalized to
the area under the curve to supernatant from USA300. E) Propidium iodide uptake by
neutrophils exposed to supernatants from S. aureus from 7 donors. * p <0.05, ** p <
0.01, as determined by one-way ANOVA with Dunnett’s multiple comparisons test.
Column bars display average with standard error of the mean. RLUs, relative light
units; %PI+, % propidium iodide positive.

Neutrophil ROS production is distinctly modulated by LukGH and PVL

Exposure to S. aureus supernatants suggested that LukGH and PVL preferentially
induced neutrophil extracellular and intracellular ROS, respectively. To test these
findings, we exposed neutrophils to purified recombinant LukGH (rLukGH) or PVL
(rPVL) and measured neutrophil extracellular superoxide and intracellular ROS.
Neutrophils exposed to purified rLukGH showed pronounced extracellular superoxide
production [Figure 2A,E]. In contrast, neutrophil intracellular ROS production in
response to LukGH was minimal [Figure 2C,E]. Similarly, neutrophils exposed to PVL
produced extracellular superoxide [Figure 2B,F], but also produced significant
intracellular ROS [Figure 2D,F]. By comparing the relative amount of neutrophil
extracellular superoxide and intracellular ROS during exposure to rLukGH or rPVL from
the same blood donors, it is evident that LukGH induced more neutrophil extracellular
superoxide than PVL; however, only PVL induced neutrophil intracellular ROS
production [Figure 2E-F]. We confirmed these findings by using an intracellular ROS

fluorescent probe, dihydroethidium, and analyzing neutrophils by flow cytometry [Figure
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S1]. Again, only neutrophils exposed to rPVL showed increased intracellular ROS, and
the concentration of rLukGH that induced the highest neutrophil extracellular superoxide
production did not induce intracellular ROS. The exposure to rLukGH or rPVL also
induced neutrophil pore formation, as shown by uptake in propidium iodide and with
similar EC50 as previously reported [Figure 2G-H] (Janesch et al., 2017). To our
knowledge, this is the first evidence for a preferential induction of neutrophil intracellular

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

Physiological ligands do not induce the same neutrophil ROS response through the

receptors targeted by LukGH and PVL

The complement C5 fragment has previously been reported to induce neutrophil
ROS production through interaction with the C5aR (Ibrahim et al., 2004). Thus, we
wanted to determine whether the PVL intracellular ROS response was a general
mechanism through the C5a receptor, which is also the target receptor for PVL (Spaan et
al., 2013). Human neutrophils exposed to purified recombinant C5a showed only
prolonged extracellular superoxide production and lacked intracellular ROS production,
as opposed to neutrophils exposed to PVL that displayed extracellular superoxide and
robust intracellular ROS production [Figure 3]. It should be noted that neutrophils
exposed to rPVL show initial superoxide production that then is quickly halted [Figure
S2]. Similarly, we decided to determine if physiological ligands of CD11b induced a
similar neutrophil ROS response as rLukGH. Neutrophils exposed to iC3b or fibrinogen,
known CD11b ligands that also interact with the I-domain of CD11b required for binding
of LukGH, did not induce neutrophil extracellular or intracellular ROS [Figure 3]

(DuMont et al., 2013; Lishko et al., 2004; Ueda et al., 1994). In contrast, rLukGH
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induced robust neutrophil extracellular superoxide production but not intracellular ROS
[Figure 3]. Even though iC3b, fibrinogen, and LukGH require the I-domain for binding to
CD11b, iC3b or fibrinogen did not inhibit rLukGH pore formation [Figure S3]. Human
MPO, which is suggested to be a CD11b ligand, also did not prevent rLukGH plasma
membrane damage (Johansson et al., 1997; Lau et al., 2005; Podolnikova et al., 2015).
Prevention of LukGH pore formation by anti-CD11b monoclonal antibodies was epitope

specific and only partial, as previously shown (DuMont et al., 2013) [Figure S3].
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PI3K is required for LukGH and C5a stimulation of neutrophil superoxide production but

only partially required for PVL-induced neutrophil ROS production

Since the PI3K phosphorylated lipid products have an important role in regulating
neutrophil ROS production partially by recruiting p47P"°* and p40P"** to membranes
through their PX domains, we tested the effect of the general PI3K inhibitor wortmannin
on neutrophil ROS production in response to rLukGH, rPVL, and rhC5a (Hawkins and
Stephens, 2015; Kanai et al., 2001; Nunes et al., 2013; Wymann et al., 1996; Zhan et al.,
2002). The neutrophil extracellular superoxide production induced by rLukGH and rhC5a
was >80% percent inhibited by wortmannin [Figure 4A-B]. However, the neutrophil
extracellular superoxide production induced by rPVL was only partially inhibited by
wortmannin, suggesting a significant role for PI3K-independent mechanisms in
modulating neutrophil superoxide production specifically to PVL. The neutrophil
intracellular ROS production induced by rPVL was largely dependent on PI3K with
~90% inhibition in the presence of wortmannin [Figure 4C-D].

The dichotomous findings in the role of PI3K regulating neutrophil extracellular
and intracellular ROS production in response to rPVL led us to investigate the role of
specific class I PI3K isoforms and class III PI3K in neutrophil ROS production. We
treated neutrophils with specific PI3K isoform inhibitors prior to stimulation with
rLukGH, rPVL, and rhC5a. As shown in Figure 4E, neutrophil extracellular superoxide
induced by rLukGH was largely dependent on the class I isoforms PI3K[3 and PI3KYy.
Comparatively, PI3K5 showed a reduced impact and PI3Ka appears to only minimally

impact extracellular superoxide production induced by rLukGH. The neutrophil
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extracellular superoxide production induced by rhC5a was also largely dependent on
PI3Kf and PI3Ky, but PI3K was equally important in response to rhC5a. Additionally,
PI3Ka was partially required for the rhC5a-induced neutrophil extracellular superoxide.
In contrast, neutrophil superoxide oxide production in response to rPVL was only
partially dependent on any of the class I PI3K isoforms, which is in congruence with the
partial effect of wortmannin on PVL-induced neutrophil superoxide production [Figure
4A-B]. Neutrophil intracellular ROS production induced by rPVL was significantly more
dependent on class I PI3Kf3 than the a., d, or y isoforms [Figure 4F].

Since previous studies have shown the lone class III PI3K, Vps34, is important
for intracellular phagosome ROS production in response to S. aureus (Anderson et al.,
2008), we used a Vps34 inhibitor to determine its role inducing neutrophil extracellular
superoxide and rPVL-induced neutrophil intracellular ROS. As shown in Figure 4G,
Vps34 did not have a significant role in regulating neutrophil extracellular ROS
production in response to rLukGH, rPVL, or rhC5a. Likewise, the Vps34 inhibitor

reduced neutrophil intracellular ROS by only ~20% in response to rPVL [Figure 4H].
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Figure 4. Involvement of PI3K in human neutrophil ROS production to S. aureus
LukGH, PVL, and C5a. A) Representative plot of neutrophil extracellular ROS
production and the effect of the PI3K general inhibitor wortmannin. B) The
inhibitory effect of wortmannin on neutrophil extracellular superoxide in response to
rLukGH, rPVL, and rhC5a from 4 donors. C) Representative plot of neutrophil
intracellular ROS production and the effect of wortmannin. D) Percent inhibition of
wortmannin on neutrophil intracellular ROS in response to rPVL from 4 donors. E)
Percent inhibition of specific PI3K class I isoform inhibitors on neutrophil
extracellular superoxide in response to rLukGH, rPVL, and rhC5a from 5 donors. F)
Percent inhibition of specific PI3K class I isoform inhibitors on neutrophil
intracellular ROS in response to rPVL from 6 donors. G) Percent inhibition of the
PI3K class III isoform Vps34 on neutrophil extracellular superoxide production in
response to rLukGH, rPVL, and rhC5a. H) Percent inhibition of intracellular ROS
production in response to PVL from 4 donors. * p < 0.05, ** p < 0.01, *** p <0.001
as determined by one-way ANOVA with Tukey’s multiple comparisons test. Column
bars display average with standard error of the mean.

Modulation of neutrophil ROS by Src family kinases and Syk in response to LukGH,

PVL. and C5a

Neutrophil integrin signaling is dependent on Src family kinases (SFKs) and Syk
while the reliance of GPCRs on SFKs and Syk is less defined (Futosi et al., 2013; Mdcsai
et al., 2003). To further elucidate the signaling pathways required for neutrophil ROS
production in response to LukGH, PVL, and C5a, we used chemical inhibitors of SFKs
and Syk. The neutrophil extracellular superoxide response induced by rLukGH and rhC5a
was highly dependent on SFKs, while the rPVL-induced neutrophil extracellular
superoxide was unaffected by inhibition of SFKs [Figure 5A]. In contrast, rPVL-induced
neutrophil extracellular superoxide production was completely dependent on Syk with
>90% inhibition in the presence of the specific Syk inhibitor PRT-060-318. Syk
inhibition partially inhibited rLukGH and rhC5a induced neutrophil extracellular

superoxide. While SFKs were not required for neutrophil extracellular superoxide
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production in response to rPVL, SFKs were essential for rPVL-induced neutrophil
intracellular ROS [Figure 5B]. On the other hand, Syk was only partially required for

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

Recent studies have identified the inhibition of neutrophil ROS production as a
virulence mechanism used by S. aureus to survive neutrophil killing (de Jong et al., 2017;
Guerra et al., 2016; Sward et al., 2018). S. aureus killing by neutrophils is highly
dependent on oxidant production, as opposed to other organisms like Pseudomonas
aeruginosa and Escherichia coli that are susceptible to non-oxidative killing (Becker et
al., 2017; McGovern et al., 2011). In addition, S. aureus employs strategies to limit
damage by neutrophil ROS including catalase and superoxide dismutase, as well as the
antioxidant staphyloxanthin that gives S. aureus its iconic golden pigment (Ballal and
Manna, 2009; Clauditz et al., 2006; Cosgrove et al., 2007; Hall et al., 2017; Pelz et al.,
2005). Thus, the inhibition and dysregulation of neutrophil ROS production by S. aureus
is a virulence strategy to circumvent the neutrophil killing mechanisms with most
efficacy against S. aureus.

The production of neutrophil reactive oxygen species (ROS) is controlled by
complex pathways that involve membrane and cytoplasmic proteins, lipid metabolism,
phosphorylation events, ion fluxes, short-lived radicals, requiring temporal and spatial
accuracy to ensure proper pathogen killing and prevent self-harm from toxic oxygen
metabolites. Class I PI3Ks phosphorylate the membrane lipid phosphatidylinositol-4,5-
disphosphate (PtdIns(4,5)P2)) to phosphatidylinositol-3,4,5-trisphosphate
(PtdIns(3,4,5)P3)). Phosphatase activity converts PtdIns(3,4,5)P3 into PtdIns(3,4)P2 (Luo
and Mondal, 2015). The PX domain of the p47P"°* subunit of NADPH oxidase contains

two binding pockets involved in attachment to the membrane; one pocket preferentially
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binds PtdIns(3,4)P2 and the second pocket can bind phosphatidylserine or phosphatidic
acid (Karathanassis et al., 2002; Nunes et al., 2013). In contrast, the PX domain of the
p40PPox subunit preferentially binds to phosphatidylinositol-3-phosphate (PtdIns(3)P)
through the class III PI3K Vps34 on phagosomes and this binding is essential for
intracellular superoxide production in response to phagocytosed S. aureus (Ellson et al.,
2006; Karathanassis et al., 2002; Suh et al., 2006). Activation through GPCRs also
activates phospholipase C to hydrolyze PtdIns(4,5)P2 into diacylglycerol and inositol-
1,4,5-trisphosphate (Ins(1,4,5)P3). Diacylglycerol is the physiological activator of protein
kinase C and its phosphorylation on p47Ph* activates NADPH oxidase activity (El Benna
et al., 1996; Madani et al., 2001; Nguyen et al., 2017; Suh and Hille, 2005). Ins(1,4,5)P3
induces the release of intracellular calcium stores and intake of extracellular calcium,
which is required protein kinase C activation, assembly of NADPH oxidase and sustained
superoxide production (El Chemaly et al., 2010; Lipp and Reither, 2011; Nunes et al.,
2013).

Few studies have shown that S. aureus secreted products have activating
properties towards neutrophils including upregulation of CD11b, priming, neutrophil
extracellular trap formation, ROS production, and calcium mobilization (Colin and
Monteil, 2003; Konig et al., 1995; Malachowa et al., 2013; Schmitz et al., 1997; Spaan et
al., 2013; Veldkamp et al., 1997). Since S. aureus is sensitive to neutrophil ROS
production, we hypothesized leukocidins secreted by S. aureus could directly activate
neutrophil ROS production as a virulence strategy. Indeed, we demonstrated that

exposure of neutrophils to S. aureus secreted products stimulated neutrophil ROS
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production in a SaeR/S-dependent mechanism. Exposure of neutrophils to supernatants
from specific isogenic mutants suggested the neutrophil ROS response was differentially
modulated by LukGH and PVL. Neutrophils exposed to purified LukGH produced
extracellular superoxide but no detectable intracellular ROS. The inhibition of PI3Ks by
wortmannin showed that phosphatidylinositol lipid signaling was required for neutrophil
extracellular superoxide in response to LukGH. Since “outside-in” signaling through
integrins requires Src-family kinases (SFKs) and Syk tyrosine kinase, we used chemical
inhibitors of these kinases to further elucidate the signaling pathways downstream of
LukGH binding to the CD11b/CD18 integrin (Futosi et al., 2013; Mdcsai et al., 2006).
The neutrophil extracellular superoxide induced by LukGH required SFKs and to a lesser
extent Syk (Figure 6). Importantly, the stimulation through CD11b was specific to
LukGH since the physiological ligands fibrinogen and iC3b did not induce extracellular
superoxide.

Surprisingly, purified PVL induced both neutrophil extracellular superoxide and
intracellular ROS (Figure 3). In contrast to LukGH, neutrophil extracellular superoxide
production induced by PVL was largely PI3K-independent since PI3K inhibition with
wortmannin did not abolish extracellular superoxide. Furthermore, neutrophil
extracellular superoxide did not require SFKs but fully required Syk activity. The
magnitude of extracellular superoxide induced by LukGH is consistently greater than that
induced by PVL. Our data suggest LukGH uses two diverging signaling pathways, an
SFK-Syk-dependent and SFK-dependent/Syk-independent, to induce extracellular

superoxide. The combinatorial effect of these two pathways could explain the higher
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extracellular superoxide induced by LukGH compared to PVL, which only depends on a
Syk-dependent pathway. Unlike LukGH, PVL induced robust neutrophil intracellular
ROS production, which was unexpected since PVL is a soluble protein and intracellular
ROS is associated with particulate phagosome formation. Interestingly, the signaling
pathway required for PVL-induced neutrophil intracellular ROS production mimicked
that of LukGH-induced extracellular superoxide formation; that is, SFKs and PI3K
(primarily through the PI3Kf} isoform) were required while Syk was partially required.
This latter finding is interesting since GPCR activation through Syk is a controversial
area of study (Mocsai et al., 2003). Even though C5a and PVL signal through C5aR, they
elicit spatially different ROS production in neutrophils. Neutrophil stimulation with C5a
only induced extracellular superoxide production, which similar to LukGH required
SFKs and to a lesser extent Syk. This further supports a novel role for Syk in human
neutrophil GPCR signaling through C5aR.

Our results begin to unravel additional effects of S. aureus leukocidins on human
neutrophils. S. aureus leukocidins display redundancy in neutrophil pore-formation, but
they do not show redundancy inducing neutrophil signaling pathways. LukGH induction
of neutrophil extracellular ROS production directly through the aMf2 integrin
(CD11b/CD18) opposes the activity of physiological CD11b/CD18 ligands, which are
shown to inhibit NADPH oxidase activation in the absence of a co-stimulatory signal
(Zhao et al., 2003). We were able to confirm that the physiological CD11b/CD18 ligand
fibrinogen inhibits spontaneous neutrophil superoxide production (data not shown). To

our knowledge, only myeloperoxidase (MPO) has previously been shown to induce
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neutrophil extracellular superoxide production directly through CD11b (Lau et al., 2005).
In our studies, MPO did not inhibit LukGH pore formation in neutrophils suggesting that
MPO and LukGH bind different sites on CD11b or that LukGH can displace MPO from
CDI11b (Figure S3). Future studies will determine if MPO induces neutrophil
extracellular superoxide production under our assay conditions. Additionally, our data
does not rule out the possibility of LukGH using other receptors to induce signaling or
pore formation since anti-CD11b antibodies and CD11b physiological ligands showed
poor ability to inhibit LukGH pore formation (Figure S3).

The neutrophil non-phagosomal intracellular ROS induced by PVL is of particular
interest since the signaling pathway differs from that of C5a, even though PVL and C5a
share the same binding receptor. This suggests that other receptors are involved in PVL-
neutrophil interaction. A recent study using a CRISPR-Cas9 library screen in U937 cells
confirmed C5aR is needed for PVL-induced cytotoxicity (Tromp et al., 2018).
Surprisingly, PTPRC (CD45) was a higher cytotoxic hit than C5aR. CD45 is a leukocyte
specific receptor-like protein phosphatase better known for its role in T and B cell
activation. Interestingly, CD45 can activate SFKs that subsequently activate Syk. Thus,
the signal crosstalk by PVL-C5aR(GPCR)-CD45(SFKs/Syk) will be further investigated
since SFK activity is essential for PVL-induced intracellular ROS.

Collectively, non-phagosomal intracellular ROS production induced in
neutrophils by a S. aureus secreted toxin may be an ideal mechanism to prevent proper
staphylococcal clearance. By secreting PVL, S. aureus potentially “short-circuits”

neutrophil signaling to prematurely activate the NADPH oxidase components
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intracellularly before phagocytosis of S. aureus. The extracellular superoxide production
induced by PVL is potentially a general mechanism induced through C5aR signaling
since C5a also induces neutrophil extracellular superoxide production. But, why
preferential induction of intracellular and not extracellular ROS? Under our assay
conditions, neutrophil intracellular ROS production is luminol-based, which is dependent
on MPO. Azurophilic (primary) granules contain MPO and are spatially separated from
secondary granules that contain gp91Ph°%/p22°Pho% Our results suggest PVL induces
primary and secondary granule fusion expending cellular antimicrobial resources prior to
S. aureus phagocytosis, thus potentially reprogramming neutrophil fate to favor pathogen
survival. Current studies using immunofluorescence are underway to analyze neutrophil
granule localization in response to PVL. The robust neutrophil intracellular ROS induced
by PVL is also likely to activate antioxidant mechanisms. This is supported by published
data showing upregulation of the nuclear factor erythroid 2-related factor (Nrf2) related
genes in response to PVL (Graves et al., 2012). Nrf2 is a cytoplasmic redox sensing
transcription factor activated by oxidative stress, and ongoing studies are investigating its
role in altering neutrophil cell death during PVL-induced intracellular ROS production
(Ma, 2013).

In conclusion, S. aureus secreted leukocidins not only bind neutrophil surface
receptors to induce pore formation but also to induce distinct signaling pathways that
differ from signaling pathways induced by physiological ligands (Figure 6). The
signaling pathways induced by S. aureus leukocidins are likely a virulence mechanism to

prematurely activate neutrophil antimicrobial mechanisms prior to phagocytosis. Thus,
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neutrophil reactive oxygen species production, which is the primary bactericidal
mechanism used by neutrophils to kill S. aureus, is disrupted and likely contributes to

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

Extracellular

Plasma membrane |

Intracellular

Figure 6. LukGH, PVL, and C5a neutrophil signaling leading to ROS production. The
color of the arrows corresponds to the ligand. For example, LukGH (colored blue)
requires PI3K and Src-family kinases (SFKs) to induce extracellular ROS (eROS).

Question marks signify unknown mechanisms and future studies. iROS, intracellular
ROS.
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MATERIALS AND METHODS

Bacterial strains and supernatants

Wildtype S. aureus pulsed-field gel electrophoresis-type USA300 (Diep et al.,
2006), and isogenic mutant USA300AsaeR/S, USA300Apvl, were generated previously
(Voyich et al., 2006, 2009). USA300A/ukGH, USA300AhigABC, USA300Aspn, and the
USA300A/ukGH with a lukGH complemented plasmid (USA300A/ukGH comp.) were
generated for this study using previously published methods (Nygaard et al., 2012). All
strains were grown in tryptic soy broth supplemented with 0.5% glucose and harvested at
mid-exponential growth, as described previously (Nygaard et al., 2010; Voyich et al.,
2005; Zurek et al., 2014). Bacteria were opsonized in Dulbecco’s phosphate buffered
saline (DPBS) containing 50% human serum for 30 minutes, 37°C, with intermittent
shaking. Human serum was removed after centrifugation, bacteria were washed once
with DPBS by centrifugation, and the remaining opsonized bacterial pellets were
resuspended in RPMI 1640. Opsonized bacteria were diluted to 1x107 CFUs/mL in 600
pL RPMI final volume in 24-well serum-coated plates. Bacterial cultures were collected
after incubating for 5 hours, 37°C, 5% CO», and supernatants were harvested by sterile-
filtration (0.2 um). Sterile-filtered supernatants were diluted 1:3 and were used

immediately or stored undiluted at -80°C until use.
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Human neutrophil isolation and ROS assays

Heparinized venous blood from healthy volunteers was collected in accordance
with a protocol approved by the Institutional Review Board for Human Subjects at
Montana State University. All donors provided written consent to participate in the study.
Neutrophils were isolated under endotoxin-free conditions (< 25 pg/mL) by erythrocyte
sedimentation with dextran and neutrophil sedimentation with Ficoll-Paque PLUS, as
previously described, and resuspended in RPMI at 1x107 neutrophils/mL (Voyich et al.,
2005, 2009). For all neutrophil ROS assays, the same ROS probe staining procedures
were followed as described below. Neutrophil extracellular superoxide production was
measured with cell-impermeable, superoxide dismutase-inhibitable Diogenes (National
Diagnostics, Atlanta, GA, USA) following the manufacturer’s protocol. Briefly, purified
neutrophils were diluted 1:2 with Diogenes for 15 minutes, 4°C, in the dark. For
intracellular ROS production, neutrophils were diluted 1:2 with 400 uM luminol (Sigma-
Aldrich, St. Louis, MO, USA) for 15 minutes, 4°C, in the dark. For intracellular ROS
detection with dihydroethidium (DHE; Thermo Fisher Scientific, Waltham, MA, USA),
purified neutrophils were diluted 1:2 with 40 uM DHE for 15 minutes, 4°C, in the dark.
After staining, 100 pL (5x10° neutrophils) of stained neutrophils were loaded into
plasma-coated 96-well plates. For intracellular ROS detection with luminol and DHE,
neutrophils were supplemented with 500 U/mL each of superoxide dismutase (Sigma-
Aldrich) and catalase (MilliporeSigma, Burlington, MA, USA) to neutralize extracellular
superoxide and hydrogen peroxide, respectively. After adding inhibitors and stimulants,

as described below, Diogenes or luminol stained neutrophils were placed in a 37°C
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heated SpectraMax Paradigm Multi-Mode Microplate Reader (Molecular Devices,
Sunnyvale, CA, USA) and chemiluminescence was measured in 30 second or minute
intervals for specified times. For DHE intracellular ROS detection, neutrophils were
analyzed by flow cytometry in a BD FACSCalibur (BD Biosciences, San Jose, CA, USA)

at the specified time.

Neutrophil intoxication

Neutrophils stained with Diogenes and luminol as described above were
stimulated with sterile-filtered bacterial supernatants (diluted 1:3). Neutrophil ROS
production by chemiluminescence was measured every 30 seconds for 30 minutes.
Purified recombinant LukGH and the PVL subunits LukF-PV and LukS-PV were
acquired from IBT Bioservices (Rockville, MD, USA). Equimolar concentrations of
LukF-PV and LukS-PV were mixed to form functional LukSF-PV leukocidin (PVL).
LukGH, PVL, fibrinogen (MilliporeSigma, Burlington, MA, USA), iC3b (Quidel, San
Diego, CA, USA), recombinant human C5a (R&D Systems), or saponin
(MilliporeSigma, Burlington, MA, USA) were added to probe stained neutrophils and
chemiluminescence was measured in 1-minute intervals for 90 minutes. The area under
the curve for each condition was integrated to calculate total ROS production.
Neutrophils were exposed to propidium iodide and analyzed by flow cytometry to

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

Neutrophils were incubated with monoclonal anti-CD11b clone LM2/1 (Thermo
Fisher Scientific), clone ICRF44 (BioLegend, San Diego, CA, USA), isotype control
(BioLegend), iC3b, fibrinogen, or human myeloperoxidase (R&D Systems, Minneapolis,
MN, USA) at specified concentrations for 30 minutes at 4°C. Then, neutrophils were
exposed to 5 nM LukGH for 1 hour at 37°C, 5% CO.. Following incubation, neutrophil
cell permeability was analyzed by propidium iodide uptake with flow cytometry (Flack et

al., 2014).

Neutrophil inhibition of PI3K, Src family kinases, and Syk

Following loading with Diogenes or luminol, neutrophils were incubated for 15
minutes at 4°C, in the dark with 100 nM wortmannin, or 500 nM A-66, or 500 nM TGX-
221, or 100 nM PI-3065, or 500 nM AS-605240, or 1 uM SAR405 (all from Cayman
Chemical Company, Ann Arbor, MI, USA). Amount and exposure time was based on
concentrations used in published studies that demonstrated inhibition of PI3K and
specific isoforms (Anderson et al., 2008; Essig et al., 2017; Jamieson et al., 2011;
Kobayashi et al., 2011; Pittini et al., 2016). To inhibit Src family kinases or Syk activity,
neutrophils were preincubated with 10 uM PP2 or 1 uM PRT-060318, respectively (both
from Selleckchem, Houston, TX, USA) for 15 minutes at 4°C, in the dark (Fumagalli et

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

ROS production.

Statistical procedures

Statistical analyses were performed using GraphPad Prism version 7.0a
(GraphPad Software, La Jolla, CA, USA) with ¢ tests and ANOVA as indicated. Error

bars represent the standard error of the mean.



99

SUPPLEMENTAL FIGURES

Geometric mean

Figure S1. Neutrophil intracellular ROS production detected with
dihydroethidium. Only neutrophils exposed to rPVL produce intracellular
ROS. Lower concentrations of rPVL (0.313 nM) induce extracellular
superoxide production, which under our conditions does not leak into the
neutrophil to react intracellularly. Data is from 4 donors. * p < 0.05, as
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Figure S2. Magnification of Figure 3A to show extracellular superoxide
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CHAPTER FIVE

CONCLUSIONS AND FUTURE STUDIES

S. aureus continues to be a major cause of human infectious disease. Neutrophils
are quickly recruited to a site of S. aureus infection and equipped with an arsenal of
antimicrobial mechanisms. Yet, S. aureus survives neutrophil killing. The mechanisms
used by S. aureus to circumvent neutrophil killing remain unknown, but our work has
defined specific strategies used by S. aureus to disrupt neutrophil bactericidal
mechanisms.

S. aureus SaeR/S-regulated factors are rapidly upregulated in response to
neutrophils. We showed SaeR/S-regulated factors reduce neutrophil reactive oxygen
species production to decrease neutrophil killing (Guerra et al., 2016). Furthermore, a
collaborative study identified the staphylococcal peroxidase inhibitor, SPIN, as a SaeR/S-
regulated factor that binds human myeloperoxidase to inhibit formation of the highly
bactericidal agent hypochlorous acid (de Jong et al., 2017). In Chapter 4, we began to
unravel the signaling pathways induced by S. aureus secreted leukocidins to induce
neutrophil ROS production. These latter studies challenge the assumption that neutrophil
pore formation by leukocidins is a dead-end pathway through cell lysis. Instead, we show
that leukocidins manipulate neutrophil signaling pathways to induce ROS production.
The ability of soluble agonists like the S. aureus Panton-Valentine leukocidin (PVL) to
induce neutrophil extracellular and intracellular ROS production is likely a virulence

mechanism to disrupt proper neutrophil bactericidal mechanisms. Thus, S. aureus inhibits
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and disrupts neutrophil ROS production, which is the most effective bactericidal
mechanism against S. aureus.

The model in Figure 1 summarizes the work in this dissertation supporting the
hypothesis that S. aureus uses SaeR/S-dependent mechanisms to reduce neutrophil
bactericidal mechanisms. Once the initial wave of neutrophils reaches the site of
infection, S. aureus senses the host through SaeR/S and mounts a quick response to
survive the initial engagement. In this first round, S. aureus relies on SaeR/S-regulated
factors like SPIN to survive the neutrophil phagosome. During this initial engagement, S.
aureus also starts to secrete leukocidins and other factors to disrupt phagosome integrity
and escape the neutrophil. S. aureus survival of the initial neutrophil encounter is critical
since it prevents proper clearance and induces S. aureus to secrete leukocidins. Thus,
incoming waves of neutrophils will encounter leukocidins secreted by S. aureus and
induce premature neutrophil ROS production. Essentially, leukocidins may act as a S.
aureus soluble shield to disrupt neutrophil signaling involved in antimicrobial

mechanisms.
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Premature
neutrophil
stimulation

Figure 1. Model schematic of S. aureus survival during neutrophil encounter. A) S. aureus
senses neutrophils using SaeR/S to amount a quick response to survive phagosome
bactericidal activity. B) Inhibiting neutrophil ROS production allows S. aureus to rupture
the phagosome using leukocidins. C) The production of leukocidins by S. aureus creates a
soluble shield to induce neutrophil ROS production before reaching bacteria.
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Future studies will continue to focus on the aberrant neutrophil signaling

pathways induced by S. aureus leukocidins. In regard to PVL induced neutrophil ROS

production, the following will be investigated:

1.

Determine the contribution of canonical GPCR signaling in neutrophil
extracellular and intracellular ROS production. We will use specific inhibitors
of GPCR signaling, like pertussis toxin and gallein, to identify the
contribution of PVL-C5aR signaling in neutrophil ROS production.
Determine the contribution of CD45 in PVL signaling. The PVL-CD45
interaction is likely to activate Src-family kinases (SFKs) and downstream
Syk. Our studies suggest SFKs and Syk play essential roles in modulating
neutrophil ROS production in response to PVL. A small chemical inhibitor of
CD45 phosphatase activity has been described recently (Perron et al., 2014).
Anti-CD45 antibodies are also available to determine the specific contribution
of CD45-dependent neutrophil ROS production induced by PVL.

Elucidate neutrophil granule localization in response PVL. Our results suggest
azurophilic granules containing MPO and secondary and tertiary granules
containing the membrane bound gp91Ph°* and p22Ph* NADPH oxidase
components are co-localizing to induce luminol-based chemiluminescence.
We will utilize confocal microscopy with anti-MPO and anti-gp91phox
antibodies to determine granule localization following exposure to PVL.
Determine the consequences of neutrophil intracellular ROS production in

response to PVL. To begin, we will focus on the activation of the Nrf2
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transcription factor since previous studies suggest Nrf2-activated genes are
upregulated in response to PVL (Graves et al., 2012). We will use
immunoblotting to determine Nrf2 activation. A particular question of interest
will be whether Nrf2 is activated to rescue neutrophils from oxidative stress or
as a dead-end signaling pathway to attenuate neutrophil inflammatory

responses during cell death.

As for neutrophil extracellular ROS induced by LukGH, our future experiments

will focus to:

1.

Determine the SFK-dependent but Syk-independent signaling pathway
contributing to neutrophil extracellular ROS production. Current studies
suggest SFKs are essential for integrin signaling through adapter proteins
(DAP12, FcRy, and uncharacterized proteins), which then activate Syk (Futosi
et al., 2013). While SFKs are required for neutrophil extracellular ROS
production induced by LukGH through the CD11b/CD18 integrin, Syk
inhibition only partially attenuates the ROS response. This suggests a
diverging signaling pathway between SFKs and Syk that affects neutrophil
extracellular ROS production. SFKs have previously been shown to directly
activate p47P"°* through phosphorylation of tyrosine residues (Chowdhury et
al., 2005). Thus, it is possible that p47P"* phosphorylation by SFKs bypasses
Syk to directly activate NADPH oxidase. We will begin to tease apart this
puzzle by determining the extent of p47°"°* phosphorylation during neutrophil

stimulation by LukGH and how SFKs inhibition changes this phosphorylation.
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Finally, our most frequently used in vitro neutrophil-S. aureus interaction model
gives the host an advantage since neutrophils can phagocytose S. aureus within 10
minutes. This is likely too rapid for S. aureus to mount a quick response to disrupt the
initial neutrophil engagement, especially as it relates to the secretion of leukocidins.
Thus, future experimental conditions will allow S. aureus to incubate and secrete
leukocidins before exposure to neutrophils. We will monitor neutrophil ROS production
to determine if leukocidins induce neutrophil ROS production before phagocytosis.
Clearly, much remains to be determined regarding how S. aureus disrupts neutrophil
function.

“Carry on.”
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Staphylococcus aureus is highly adapted to its host and has evolved
many strategies to resist opsonization and phagocytosis. Even after
uptake by neutrophils, S. aureus shows resistance to killing, which
suggests the presence of phagosomal immune evasion molecules.
With the aid of secretome phage display, we identified a highly
conserved protein that specifically binds and inhibits human myelo-
peroxidase (MPO), a major player in the oxidative defense of neutro-
phils. We have named this protein “staphylococcal peroxidase inhibitor”
(SPIN). To gain insight into inhibition of MPO by SPIN, we solved the
cocrystal structure of SPIN bound to a recombinant form of human MPO
at 2.4-A resolution. This structure reveals that SPIN acts as a molecular
plug that prevents H,0, substrate access to the MPO active site. In
subsequent experiments, we observed that SPIN expression increases
inside the neutrophil phagosome, where MPO is located, compared
with outside the neutrophil. Moreover, bacteria with a deleted gene
encoding SPIN showed decreased survival compared with WT bacteria
after phagocytosis by neutrophils. Taken together, our results dem-
onstrate that S. aureus secretes a unique proteinaceous MPO inhibitor
to enhance survival by interfering with MPO-mediated killing.

immune evasion | myeloperoxidase | neutrophil | phagocytosis |
Staphylococcus aureus

he bacterium Staphylococcus aureus is a rising threat to human

health. Thirty percent of healthy adults are colonized with this
bacterium, resulting in an increased risk for infections ranging
from abscesses to endocarditis (1). Neutrophils play a prominent
role in fighting staphylococcal infections (2), as their intracellular
granules contain numerous antimicrobial proteins and compo-
nents for generating bactericidal reactive oxygen species (ROS).
After S. aureus is phagocytosed, neutrophils’ azurophilic granules
fuse with the phagosome and release their contents (3). The five
essential components of NADPH oxidase then assemble in the
phagosomal membrane and become active (4). Active NADPH
oxidase produces superoxide from O,, which converts to hydrogen
peroxide (H,0,) either spontanecously or by the action of super-
oxide dismutase. Myeloperoxidase (MPO) catalyses the reaction of
H,0, with chloride to generate hypochlorous acid (HOCI), which
is a major effector in the oxidative defense of neutrophils (5).
MPO also forms radicals by oxidizing a wide range of substrates,
such as tyrosine, nitrite, nitric oxide, and phenols (6).

While the pathogen is taken up rapidly by phagocytes, mainly
neutrophils and macrophages, not all bacteria are killed and these
phagocytes can therefore act as so called “Trojan Horses” and dis-
tribute a pathogen away from the initial site of infection (7). To
counteract the manifold antimicrobial defenses of neutrophils,
S. aureus has evolved specific evasion molecules to inhibit intra-
cellular killing (8). For example, the golden pigment staphyloxanthin
serves as an antioxidant and is known to protect S. aureus against
ROS (9). Catalase is yet another enzyme important for resistance
against oxidative stress. This enzyme converts H,O, into H,O and
O, and is considered to be a virulence factor. S. aureus also ex-
presses an alkyl hydroperoxide reductase (ahpC) that contributes

www.pnas.org/cgi/doi/10.1073/pnas.1707032114

catalase-like activity. Whereas AhpC is believed to detoxify endog-
enously produced hydrogen peroxide, catalase appears more im-
portant for protection against external oxidative stress (10). Finally,
S. aureus produces specific evasion proteins that disrupt phagosomal
membranes, such as phenol-soluble modulins, hemolysin-«, and
leukocidin AB (8). Together, these evasion molecules are believed
to contribute to bacterial survival following phagocytosis.

Proteomic studies have shown that between 100 and 200 pro-
teins are secreted from S. aureus, many with unknown functions
(11). Consequently, known evasion molecules are likely to repre-
sent only a small fraction of the total repertoire. Therefore, we
recently developed a phage display approach (12) as a nonbiased
high-throughput method to screen for new potential staphylococcal
immune evasion molecules. Since S. aureus can survive within the
phagosome, but also because recent work suggests that SaeR/S
regulated factors exist that inhibit neutrophil ROS production (13),
we screened this staphylococcal phage library against several in-
tracellular proteins of neutrophils.

Through this approach, we identified the hypothetical protein
NWMN_0402 as an evasion factor. We have named this protein
“staphylococcal peroxidase inhibitor” (SPIN), as it is able to bind
and inhibit MPO. Here, we characterize SPIN and detail the
structural basis for MPO inhibition by SPIN. We further show that
the production of SPIN is up-regulated after phagocytosis of
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S. aureus by human neutrophils and that SPIN protects S. aureus
from MPO-mediated killing.

Results

Identification of SPIN. We designed a secretome phage display
strategy to screen for unidentified evasion molecules that target
neutrophil granule proteins, as described previously (12, 14). Iso-
lated DNA of S. aureus strain Newman was randomly sheared and
the resulting fragments were cloned in the pDJO1 phagemid vector
for specific display of secretome proteins. Phages were produced
upon addition of the VCSM13 helper phage. Screening was performed
against total degranulate from TNF-primed, formylmethionine-
leucyl-phenylalanine-stimulated neutrophils. After four rounds of
selection, 48 clones were sequenced. The major hit was enriched in
36 clones and corresponded to the hypothetical ORF NWMN_0402
(accession no. BAF66674 strain Newman) (Fig. S14). We named
this protein SPIN due to its ability to inhibit MPO, as described in
SPIN Binds and Inhibits MPO.

The gene encoding SPIN, denoted as spn, is located on genomic
island «, also known as vSaa. This island is found in all S. aureus
genomes and contains a cluster of genes encoding known evasion
molecules, most notably the staphylococcal superantigen-like (ss/)
proteins (8). spn is located downstream of the ss/ cluster with the
coding sequence oriented in the reverse direction (Fig. S1B). The
genes in vSax are often variable and each S. aureus lineage has a
unique combination of gene variants (15). However, spn is located
in the conserved region of vSax (Fig. SI1C). It was present in 83 of
84 clinical strains isolated from intensive care unit patients as well
as in all completed S. aureus genomes included in our analysis (15).

The amino acid sequence of SPIN is highly conserved among
almost all S. aureus clonal lineages, both human- and animal-associated
strains, with 92.4% of residues conserved (Fig. S1D). Only two
strains of clonal complex (CC)5 lineage, Mu3 and Mu50, encoded
a truncated version of SPIN, lacking 35 amino acids at the C termi-
nus. To determine if SPIN is produced in vivo during colonization or
infection of the human host, sera from 20 healthy individuals were
tested for the presence of antibodies against SPIN. These sera showed
substantial amounts of antibody, and elicited values comparable to
CHIPS (chemotaxis inhibitory protein of S. aureus) (Fig. SIE).
CHIPS is a known S. aureus immune evasion molecule (16) that
yielded a mean fluorescence intensity value in a previous multiplex
assay indicative of high IgG levels, whereas the superantigens (e.g.,
SEI) did not (17). Because SPIN is highly conserved in S. aureus
strains, has a high prevalence, and is expressed in vivo, we further
investigated this protein as a potential evasion molecule acting on
one of the granular proteins of neutrophils.

SPIN Binds and Inhibits MPO. Since we identified SPIN as a potential
evasion protein, recombinant SPIN was coupled to CNBr-activated
Sepharose beads and used for affinity chromatography to probe
neutrophil degranulate for its binding partner. Eluted proteins
were visualized by silver-stained PAGE and identified by mass spec-
trometry. Although elastase, proteinase 3, cathepsin G, azurocidin,
lactoferrin, and MPO were all identified as potential binding partners,
a subsequent SPIN capture ELISA against these potential targets
only showed evidence for SPIN binding to MPO (Fig. 14). Next,
we used conventional surface plasmon resonance (SPR) (Fig. 1B)
as well as AlphaScreen equilibrium competitive binding assays
(Fig. S2) to validate our ELISA result. Both SPR and AlphaScreen
were consistent with low nanomolar affinity binding between SPIN
and MPO, and yielded comparable K, values of 10 + 0.6 nM and
2.0 + 0.07 nM, respectively.

Since SPIN forms a high-affinity complex with MPO, we hy-
pothesized that SPIN disrupts MPO function. Indeed, a colori-
metric MPO activity assay demonstrated that SPIN inhibits MPO
in a dose-dependent manner (Fig. 1C) with an apparent ICsy of
~7 nM. Subsequently, we investigated whether SPIN was secreted
as a functional protein in staphylococcal culture supernatant. Both
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Fig. 1. SPIN binds and inhibits MPO. (A) An ELISA-type binding assay of C-His
SPIN to all candidate proteins. AZU, azurocidin; CG, cathepsin G; LF, lactoferrin;
MPO, myeloperoxidase; NE, neutrophil elastase; PR3, proteinase 3. (B) Charac-
terization of SPIN binding to MPO by SPR, where SPIN was injected over a
surface of native MPO. (C and D) Recombinant SPIN and S. aureus supernatant
inhibit MPO in a dose-dependent manner. ON is overnight culture. Bars express
SD with n = 3 for B-D.

WT strains Newman and USA300 accumulated increasing levels of
MPO inhibitory activity in conditioned culture medium over time.
Moreover, we also found that strain Newman supernatant showed a
higher degree of inhibition compared with USA300. To determine
whether this MPO inhibitory activity was caused by the SPIN pro-
tein, we generated isogenic KOs of the SPIN gene in both Newman
and USA300 backgrounds. Conditioned culture medium from both
KOs was completely devoid of MPO inhibitory activity (Fig. 1D).
We also performed a titration analysis on samples of conditioned
culture supernatant from WT S. awreus strains Newman and
USA300 (Fig. S3 4 and B). The ICs of these samples was 0.12%
and 0.30% supernatant for Newman and USA300, respectively. By
comparing this to the ICsy from recombinant SPIN (Fig. 1C), the
amount of SPIN present in the overnight supernatant could be
estimated. This appeared to be 5.9 pM for Newman and 2.4 pM for
USA300. Interestingly, the supernatant from the MuS0 strain,
which contains a truncated version of spn (Fig. S1D), showed no
detectable MPO inhibitory activity in its supernatant (Fig. S3C),
indicating a nonfunctional SPIN-variant. The slight inhibitory effect
observed at low dilutions of the conditioned media is due to the
inhibitory color of Todd Hewitt Broth (THB) itself (Fig. S3C).

Structural Basis for MPO Inhibition by SPIN. SPIN shares no signifi-
cant sequence homology to other characterized proteins. Thus, we
sought structural information to better understand the physical
basis for SPIN binding to and inhibition of MPO. We succeeded
in crystallizing a complex of SPIN bound to a recombinant form
of MPO, collected X-ray diffraction data to 2.4-A Bragg-limiting
resolution, and solved the structure by molecular replacement
(Table SI). Electron density maps calculated after the initial
placement of a model for human MPO revealed a strong, contig-
uous feature that could not be explained by the presence of MPO
(Fig. 24). A model of the SPIN polypeptide was completed through
a combination of automated chain tracing and manual building,
and the structure of the complex was refined to final Ryor/Riree
values of 18.4% and 24.1%, respectively (Table S1). The SPIN
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protein consists of the common «-helix bundle fold found in other
staphylococcal evasion proteins, with a unique addition of a pro-
minent B-hairpin at its N terminus (Fig. 2B). As there are no bio-
chemical features that would promote stability of this p-hairpin in
the absence of ligand (e.g., a disulfide bond), we suspect that this
region of SPIN is disordered in the unbound state.

The interaction between SPIN and MPO buries 1,633 A? from
the bacterial inhibitor and is comprised of two conceptually distinct
interfaces (Fig. 2C). The first interface lies at the side of the per-
oxidase active site entrance, and accounts for 726 A% (~45%)
buried in the complex. Sixteen of the 20 SPIN residues associated
with this site are found on either the first or second helix of the
inhibitor. The sidechains of five such residues form either hydrogen
bonds or salt-bridges with groups donated by MPO, and likely help
impart specificit;/ for this enzyme. The second interface ac-
counts for 907 A’ (~55%) of the area buried in the complex, and is
derived exclusively from residues within the SPIN B-hairpin. All
positions in this region of SPIN form extensive contacts with resi-
dues that line the MPO active site channel. We find the Gly residue
in the B-hairpin turn particularly noteworthy, since it not only allows
the second strand to complete the hairpin but also dictates the
extent to which this hairpin can penetrate the MPO active site. The
overall effect of this structural feature allows SPIN to act as a
molecular plug and thereby prevent access of the H,O, substrate to
the reactive heme located deep within the MPO active site channel
(Fig. 2D).

Production of SPIN by S. aureus Is Up-Regulated After Phagocytosis
by Neutrophils. To better understand the biological context of
SPIN production by S. aureus, we compared SPIN gene expression
and promoter activity in bacteria that had been phagocytosed and
not phagocytosed by neutrophils. We used strain USA300, since
SPIN is constitutively expressed at low levels by strain Newman.
SPIN gene expression over time was monitored using qPCR, ei-
ther with or without phagocytosis. We observed a highly signifi-
cant, eightfold increase in spn expression following phagocytosis
compared with samples without neutrophils (Fig. 34). This out-
come is comparable to our earlier microarray study, where en-
hanced spn expression was detected after exposure to azurophilic
granule proteins (18). Importantly, we did not detect a similar
change in spn expression when we used bacteria lacking SaeR/S,
which regulates production of multiple evasion factors (19). As a
control, we found no significant change in agr4 expression under
any of these conditions (20) (Fig. S4).

Next, we used GFP promoter-reporter USA300 bacteria in
a fibrin-thrombin matrix gel to immobilize cells. Time-lapse
imaging of the bacteria revealed up-regulation of the spn
promoter-driven GFP signal following phagocytosis by neutro-
phils (arrows, Fig. 3B). In contrast, the spn promoter appeared
inactive in those bacteria that had not been phagocytosed
(circles, Fig. 3B); this observation correlates with spn promoter
activity for THB-grown bacteria, which showed activity only
after 2 h of growth (Fig. S5). We further quantified the total GFP

Fig.2. Structural basis for inhibition of MPO by SPIN. (A) Electron density maps (2.4-A resolution) calculated after initial placement of an MPO model (Ree =
28%). 2F,—F. density contoured at 1.5 ¢ (gray cage) is shown for the MPO model (purple wire), and F,~-F. density contoured at 3.0 ¢ (green cage) is attributable
to SPIN. (B) Structure of the SPIN polypeptide depicted as a ribbon diagram. N terminus of the protein is indicated in indigo, the C terminus in red. The
orientation of SPIN has been maintained across A and B for clarity. (C) Representation of the final model for the SPIN/MPO complex. (Upper) SPIN is shown as
a cyan ribbon while MPO is depicted as a molecular surface. Residues comprising the first SPIN binding interface are colored orange, and residues lining the
MPO active site channel are colored gray. (Lower) SPIN is drawn with the residues found at the first interface colored orange, and residues interacting with
the MPO active site channel are colored gray. The sidechains of interfacing residues are depicted in ball-and-stick convention. Note the orientation of SPIN in
the Lower panel is flipped 180° in the viewing plane relative to the Upper panel. (D) Surface representations provide insight into the physical basis for MPO
inhibition by SPIN. (Upper) MPO is shown as a molecular surface with the residues lining the active site channel in gray. (Lower) SPIN is drawn as a cyan
molecular surface according to its position in the final model of the SPIN/MPO complex. The location of the reactive site heme from native human MPO (33) is
shown as a colored ball-and-stick. Note that the SPIN p-hairpin appears to completely occlude access of small molecules to the reactive site heme.
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Fig. 3. Production of SPIN is up-regulated after phagocytosis inside neutrophils.
(A) Analysis of spn expression following exposure to human neutrophils. Bars
express SD with n = 3. Statistical significance was determined using one-way
ANOVA. (B) Time-lapse analysis of SPIN expression shown as GFP fluorescence
promoter-reporter USA300 in a fibrin-thrombin matrix gel. An overlay of bright-
field and GFP (Upper) and GFP alone (Lower) is shown. (Magnification: 40x.) The
time indicates the duration after start of phagocytosis. Arrows indicate bacteria
inside neutrophils and the circle indicates a colony of bacteria growing outside
neutrophils. One representative experiment is shown from three independent
experiments. (C) Quantification of total GFP signal from neutrophil-resident or
free bacteria. Three different experiments with 44 neutrophils and 26 colonies
growing outside neutrophils were analyzed. Bars express SEM. Significance was
determined by two-way ANOVA with Bonferroni posttest correction for multiple
comparison. **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant.

signal for either free or neutrophil-resident bacteria for 2 h, be-
ginning at 20 min. We found that GFP intensity increased more
than twofold over time for phagocytosed, but not free-living bac-
teria (Fig. 3C).

Production of SPIN Promotes Survival Against Neutrophil-Derived
ROS. Since SPIN inhibits MPO and is up-regulated following
phagocytosis, we next investigated the relevance of SPIN to S. aureus
evasion of neutrophil killing mechanisms. First we used an artificial
system that mimics phagosomal ROS production using glucose
oxidase (GO), which forms H,O, in the presence of glucose. We
evaluated bacterial survival after the addition of MPO and NaCl,
which generates the bactericidal reagent HOCI (Fig. 4 A and B).
Excessive quantities of GO result in bactericidal concentrations of
H,0,, which makes it impossible to evaluate MPO-mediated killing.
In limiting concentrations of GO, increasing MPO concentrations
led to killing of S. aureus Newman (Fig. 44, Left) and USA300 (Fig.
4A, Right). Addition of SPIN restored the survival of bacteria (Fig.
4A4). Moreover, adding increasing concentrations of SPIN (Fig. 4B)
resulted in a dose-dependent rescue from HOCI killing for both
Newman and USA300. This demonstrates clearly that the presence
of SPIN is important for protection from MPO-generated HOCI.
SPIN is neither able to bind nor inhibit mouse, horse, cow, or
rabbit MPOs, hampering the development of an in vivo animal
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model system (Fig. S6). We therefore set out to investigate how the
presence or absence of the SPIN gene influences S. aureus survival
following phagocytosis by human neutrophils. First, the contribution
of MPO to staphylococcal killing by neutrophils was investigated
using the membrane-permeable MPO inhibitor AZM198 (21). In-
cubation of intact neutrophils with this inhibitor before washing and
lysis was equally as effective as direct treatment of lysates, indicating
that AZM198 is membrane-permeable and completely inhibits
MPO (Fig. S7). We quantified bacterial killing by neutrophils with
and without AZM198 pretreatment, and observed a difference of
26% between neutrophils with active and inactive MPO. This il-
lustrates the modest extent of MPO-dependent staphylococcal
killing by neutrophils in our experiments (Fig. 4C).
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Fig. 4. SPIN is important for evasion of MPO-dependent neutrophil killing.
(A) S. aureus strains Newman (Left) and USA300 (Right) were killed in a dose-
dependent manner by adding 0.7-7.0 nM MPO in a coupled glucose oxidase-
MPO system. Addition of 120 nM SPIN prevented ROS killing. Statistical
significance was determined by two-way ANOVA with Bonferroni posttest
correction for multiple comparison. (B) SPIN provides dose-dependent pro-
tection from HOCI-mediated killing for strains Newman and USA300 relative
to 0 nM SPIN. Statistical significance was determined by one-way ANOVA with
Bonferroni posttest correction for multiple comparison. (C) Differential
bacterial survival of Newman WT from neutrophils with active or membrane-
permeable AZM198-inactivated MPO. (D) Supernatants of overnight culture of
strains WT PlukM-spn, Aspn PlukM-spn, Aspn PlukM-gfp were diluted, tested
for MPO activity, and compared with Newman WT. Bars express SD with n = 3
(A-D). (E) Effect of S. aureus survival from isolated neutrophils after 60 min of
phagocytosis. Statistical analysis determined by paired Student t test for C and
E. Bars express SEM with n = 6. *P < 0.05, **P < 0.01, ****P < 0.0001; ns, not
significant.
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Given the contribution of MPO in killing of phagocytosed
S. aureus, we used the strong lukM promoter (22) and used the
Newman strain to increase intraphagosomal SPIN production (WT
PlukM-spn), thereby ensuring maximal levels of MPO inhibition in
our bactericidal assays (Fig. 4D). We used the same plasmid to
complement the isogenic spn KO (Aspn PlukM-spn) and prepared
a strain of the spn KO expressing GFP from the same plasmid
(PlukM-gfp) to serve as a negative control. Supernatants from
overnight cultures of these strains were compared with Newman
WT for their ability to inhibit MPO (Fig. 4D). As predicted, the
amount of SPIN produced in the WT PlukM-spn and Aspn PlukM-
spn was increased approximately fivefold relative to Newman WT,
as judged by ICs values. Importantly, these strains grew with similar
kinetics in THB (Fig. S84) and showed comparable phagocytosis by
neutrophils at both 15- and 60-min time points (Fig. S8 B and C).
Therefore, we used these three strains to detect differences in
bacterial survival at 60 min following phagocytosis (Fig. 4E). Indeed,
we observed a spn-dependent, significant difference in killing be-
tween the negative control strain Aspn and the complemented strain
that overexpressed spn. Although the difference between the Aspn
strain and the overexpressing WT strain was not statistically signif-
icant, it nevertheless showed a trend towards increased survival
similar to the complemented strain. Taken together, these data show
that SPIN is an important component to S. aureus survival of
the oxidative killing mechanisms deployed within the neutrophil
phagosome.

Discussion

Here we describe SPIN as a component of the S. aureus immune
evasion arsenal that impairs bacterial killing by neutrophils. The
phagocytosed bacteria must confront numerous antibacterial sys-
tems within the phagosome. Considering this as a potentially im-
portant site for execution of an immune evasion strategy, we set out
to identify any previously unknown S. aureus proteins that inhibit
components within neutrophil granules. By using an innovative
phage-display approach that is limited to S. aureus secreted proteins
(Fig. S1), we discovered that SPIN binds MPO with low nanomolar
affinity and inhibits its activity (Fig. 1). Thus, together with the
recently characterized neutrophil serine protease inhibitors, Eap,
EapH1, and EapH2 (23), SPIN constitutes part of an elaborate
staphylococcal innate immune evasion program that specifically
targets the antibacterial enzymes stored within the azurophilic
granules of neutrophils.

From experiments using promoter-GFP reporter bacteria, we
observed that the promoter of spn is stimulated following uptake of
S. aureus by neutrophils compared with bacteria outside neutrophils
or in the first 2 h of growth in THB (Fig. 3 B and C and Fig. S5).
Thus, SPIN is specifically up-regulated intracellularly, where MPO
is located. A similar result was also observed when looking at
mRNA levels (Fig. 34), where the production of SPIN was in-
creased over eightfold 30 min after phagocytosis. Moreover, there
was no up-regulation observed when bacteria lacking the SacR/S
two-component regulatory system were used. The SaeR/S system
plays an important role in neutrophil evasion (19) and regulates
factors that reduce neutrophil ROS (13). SaeR/S is up-regulated
comparably to spn (~3- to 10-fold 30 min after phagocytosis) (20)
and the promoter of SPIN contains the binding consensus sequence
of SaeR (24). At least two of the 11 ss/ genes (ssI5 and ssi8) are
regulated via the Sae system (25) and are located directly upstream
of the SPIN gene. Thus, we propose that SPIN is largely regulated via
the SaeR/S regulon and likely contributes to the SacR/S-dependent
reduction of neutrophil ROS (13).

By using a simplified system consisting of an enzymatic H>O»-
generating system and CI™ as a substrate for MPO, we found that
SPIN had a clear dose-dependent and statistically significant effect
on S. aureus survival (Fig. 4 A4 and B). However, in the complex and
necessarily redundant process of bacterial killing within neutrophils, a
multitude of oxygen radicals, proteases, and other enzymes must
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work in concert to ensure effective elimination of S. aureus cells.
Although the contribution of MPO and its main product, HOCI, to
S. aureus killing has been studied since the early 1970s (5), we and
others believe this process remains incompletely understood (26).
For example, it was previously believed that MPO is the main
component for killing S. aureus, because neutrophils from MPO-
deficient patients showed a log difference in bacterial survival after
phagocytosis (5). Using the potent and cell-permeable MPO in-
hibitor, AZM198, we found that while untreated neutrophils kill
82 + 5% of bacteria, MPO-depleted neutrophils are still able to
kill 56 + 16% (Fig. 4C). Thus, under the specific test conditions in
our assays, roughly one-fourth of the staphylococcal killing is due
to MPO. Nevertheless, when a strain of S. aureus overexpressing
spn was compared with a spn-deleted counterpart (22) (Fig. 4D),
we observed a statistically significant difference in bacterial sur-
vival dependent on SPIN (Fig. 4E). This not only confirms the
relevance of SPIN-mediated inhibition of MPO in the physiolog-
ical context, it also provides a starting point for reanalysis of
previous studies where the presence of SPIN may have adversely
affected data interpretation.

SPIN consists of a three a-helix bundle fold, which is commonly
found among S. aureus innate immune evasion proteins, including
Efb, Ecb (also called Ehp), Sbi, and SCINs (27). The triple-helix
motif is a thermodynamically stable structure which can accom-
modate high sequence diversity and adapt to binding a wide variety
of targets (28). However, this simple structural motif is typically
modified by an N-terminal extension that imparts specific function
to the protein in question (27). Indeed, this appears to be the case
for SPIN as well, as is suggested by the cocrystal structure of SPIN/
MPO (Fig. 2). To our knowledge, SPIN is unique as an example of
a pathogen-derived protein whose role is to specifically bind and
inhibit MPO. SPIN is not the only known inhibitor of MPO,
however, as it has previously been shown that the host serum
protein ceruloplasmin (CP) binds MPO with a Kp, of ~30 nM (29)
and also blocks MPO activity (30). Examination of the crystal
structure of CP bound to MPO (31) indicates that the mechanism
through which CP inhibits MPO is conceptually distinct from that
of SPIN. Indeed, even though the MPO active site appears to re-
main partly solvent accessible in the CP/MPO complex, CP atten-
uates MPO activity by disturbing essential transitions between the
redox states of the peroxidase catalytic heme (32). In contrast, our
structure of SPIN/MPO shows that SPIN forms a molecular plug
that is likely to completely occlude access of substrates to the MPO
active site (Fig. 2). Separately, while CP and SPIN share partial
overlap in their binding sites on MPO and recognize their target
with similar affinities, they display no obvious homology to one
another at the sequence or structural levels. This suggests that the
MPO-inhibitory capacity of SPIN has arisen through independent
evolutionary processes from that of CP.

In conclusion, we identified an evasion protein called SPIN
which is able to bind and inhibit human MPO. By solving the
cocrystal structure of SPIN/MPO, we demonstrate the molecular
mechanism of inhibition, via insertion of an N-terminal hairpin
into the active site of MPO to block substrate access. We further
show the expression of SPIN is up-regulated inside the neutrophil,
where MPO is located, and that its presence helps in evading
MPO-mediated killing. Various proteins secreted by S. aureus are
known to be human-specific, which leads to restrictions in in-
vestigating this pathogen in animal models (8, 16). This seems to
account for SPIN as well since it inhibits only human MPO and
not MPO of other animals we have tested (Fig. S6). By adding this
evasion molecule to the arsenal of previously identified evasion
molecules, we can better understand the elaborate mechanism by
which S. aureus evades killing through a multifaceted strategy that
acts within the phagosomal compartment.
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Materials and Methods

Bacterial Strains and Constructs. The bacterial strains and constructs used in
this study are described in detail in S/ Materials and Methods.

Identification, Expression, and Purification of SPIN. SPIN was subsequently
produced in Escherichia coli and purified according to procedures described in
SI Materials and Methods. Primers used in this study are listed in Table S2.

Binding Studies. Detailed procedures about ELISAs, SPR, and the AlphaScreen
assay are described in S/ Materials and Methods.

MPO Activity Assay. SPIN activity was determined by measuring the MPO ac-
tivity via the redox indicator o-Dianisidine. For detailed procedures, see S/
Materials and Methods.

Crystallization, Structure Determination, Refinement, and Analysis. A description
of crystal cell constants, diffraction data quality, and properties of the final
model for the SPIN/MPO complex can be found in Table S1. See S/ Materials and
Methods for detailed information about the SPIN/MPO crystal structure.

Analysis of spn and agrA Expression Following Exp to Human
Gene expression was assessed using TagMan RNA-to-C; 1-Step Kit (Life Tech-
nologies). Informed consent for blood draw was obtained from all subjects, in
accordance with the Declaration of Helsinki. Approval from the medical ethics
committee of the University Medical Center Utrecht was attained (METC-
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ABSTRACT Studies of the human pathogen group A Streptococcus (GAS) define the
carrier phenotype to be an increased ability to adhere to and persist on epithelial
surfaces and a decreased ability to cause disease. We tested the hypothesis that a
single amino acid change (Arg135Gly) in a highly conserved sensor kinase (LiaS) of a
poorly defined GAS regulatory system contributes to a carrier phenotype through in-
creased pilus production. When introduced into an emm serotype-matched invasive
strain, the carrier allele (the gene encoding the LiaS protein with an arginine-to-
glycine change at position 135 [/iaSR'3C]) recapitulated a carrier phenotype defined
by an increased ability to adhere to mucosal surfaces and a decreased ability to
cause disease. Gene transcript analyses revealed that the /iaS mutation significantly
altered transcription of the genes encoding pilus in the presence of bacitracin. Elimi-
nation of pilus production in the isogenic carrier mutant decreased its ability to col-
onize the mouse nasopharynx and to adhere to and be internalized by cultured
human epithelial cells and restored the virulence phenotype in a mouse model of
necrotizing fasciitis. We also observed significantly reduced survival of the isogenic
carrier mutant compared to that of the parental invasive strain after exposure to hu-
man neutrophils. Elimination of pilus in the isogenic carrier mutant increased the
level of survival after exposure to human neutrophils to that for the parental inva-
sive strain. Together, our data demonstrate that the carrier mutation (/iaSR'35%) af-
fects pilus expression. Our data suggest new mechanisms of pilus gene regulation in
GAS and that the invasiveness associated with pilus gene regulation in GAS differs
from the enhanced invasiveness associated with increased pilus production in other
bacterial pathogens.

KEYWORDS group A Streptococcus, carrier, sensor kinase, pilus, colonization,
asymptomatic carriage

olonization of a susceptible host is a critical first step in the infection cycle of all

bacterial pathogens. Upon contact with a host, a complex interplay between host
immune and clearance mechanisms and the ability of a pathogen to subvert host
defenses ensues. The result is a continuum ranging from asymptomatic carriage
(henceforth referred to simply as carriage) to the breach of host barriers, dissemination,
and a multitude of disease manifestations (1). Currently, the vast majority of research
and, hence, our understanding of infectious disease pathogenesis are based on the
ability of a bacterial pathogen to cause disease. However, the rates of carriage of many
bacterial pathogens, such as Neisseria meningitidis (2-4), Streptococcus pneumoniae (5),
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Staphylococcus aureus (6), Streptococcus agalactiae (group B Streptococcus [GBS]) (7-9),
and Streptococcus pyogenes (group A Streptococcus [GAS]) (10), far exceed the rates of
disease caused by these pathogens. Thus, study of the bacterial molecular mechanisms
that contribute to carriage is critical to identifying enhanced strategies to prevent
disease.

GAS is an ideal model organism for the study of bacterial carriage. The diseases
caused by GAS range from relatively benign superficial diseases (e.g., impetigo, phar-
yngitis) to severe and life-threatening conditions (e.g., toxic shock syndrome, necrotiz-
ing fasciitis). In the United States, the annual rate of occurrence of serious invasive
disease caused by GAS is very low at approximately 3 cases/100,000 population (11).
GAS is also carried in the throats of healthy individuals in the absence of symptoms. The
rate of GAS carriage among children ranges from 5 to 15% (10), a rate that far exceeds
that of any disease caused by GAS. The mechanisms by which GAS causes disease have
been intensely investigated and have been the subject of several reviews (12). On the
other hand, the GAS carrier state has been described as an enigma for decades, with
few efforts being made to explore the underlying bacterial or host mechanisms of GAS
carriage (13, 14). Improving our understanding of the bacterial molecular mechanisms
contributing to GAS carriage may enhance our understanding of the basic biology of
this important human pathogen and facilitate the development of an effective vaccine.

Control of gene expression by regulatory systems along with mutational adaptation
may favor bacterial persistence after disease resolution. Comparison of the whole
genomes of carriage and disease-causing strains of GAS has identified mutations
unique to carrier strains that contribute to GAS carriage (15-18). A recurring theme that
has emerged from GAS comparative genomic studies is that mutations affecting
bacterial cell surface molecules alter the host-pathogen interaction and are critical to
the development of carriage and a carrier phenotype. Gene regulation in GAS, similar
to that in other bacteria, uses several two-component systems (TCS) that consist of a
membrane-anchored histidine kinase (HK) for sensing environmental stimuli that, upon
activation, phosphorylates a cytoplasmic response regulator (RR), leading to altered
gene transcription (19). GAS genomes have up to 13 TCS, and the functions of many
remain poorly understood (20). Recently, a GAS carrier strain with a mutation leading
to a single amino acid change in a sensor kinase (LiaS) of the three-component system
(3CS) LiaFSR was identified (17). Importantly, this was the first mutation in a human GAS
carrier strain found to alter global gene regulation. The carrier mutation in /ia$S (causing
an arginine-to-glycine change at position 135 of the LiaS protein [/iaS?'35%)) alters the
transcription of genes encoding several virulence factors (17). The relative contribution
of individual differential gene expression to the carrier phenotype has not been further
explored.

Pili are long filamentous surface structures made by GAS and other bacterial pathogens
that have received increased attention, especially in Gram-positive organisms. The GAS
pilus was first identified in 2005 (21), and it is now known to be a heteropolymeric
structure consisting of a backbone protein (BP) and ancillary proteins (AP) (22) and is
the antigenic target for serologic T typing first described by Lancefield (21). Studies
suggest that the presence of pilus on the GAS cell surface may simultaneously promote
epithelial cell colonization and reduce virulence (23, 24), phenotypes consistent with a
carrier state. Regulation of GAS pilus gene expression occurs through stand-alone
regulators, including RofA/Nra (25-27) and MsmR (28), and varies by serotype but may
also involve GAS TCS. Studies in S. pneumoniae (29) and GBS (30) suggest that the
LiaFSR three-component system may directly or indirectly regulate pilus gene expression.
However, to date, no studies provide direct evidence of LiaFSR pilus gene regulation in GAS.

In the study described here, we tested the hypothesis that the /iaS®'35C carrier mutation
increases pilus gene transcription and that increased pilus production contributes to
the carrier phenotype. In contrast to previous studies, we show that activation of the
LiaFSR 3CS by bacitracin results in a significant increase in pilus gene transcription in
the isogenic carrier mutant. Elimination of pilus production in the isogenic carrier
mutant decreases its ability to adhere to and persist on epithelial surfaces and restores
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virulence, essentially reversing the carrier phenotype. Our studies are the first to
provide direct evidence that the LiaFSR regulatory system alters pilus gene regulation
and that increased pilus production contributes to carriage.

RESULTS

Activation of the LiaFSR 3CS significantly increases pilus gene transcription
and protein expression in the carrier mutant. Previous RNA sequencing (RNA-seq)
analyses assessing the global gene transcriptional impact of the /iaSR'35G mutation
failed to reveal any significant differences in pilus gene transcription (17). In contrast,
deletion of liaS (hk03) in Streptococcus pneumoniae significantly increased pilus gene
transcription (29), whereas deletion of liaR in Streptococcus agalactiae significantly
decreased pilus gene transcription (30). We hypothesized that the absence of signifi-
cant changes in pilus gene transcripts in the isogenic carrier mutant was due to the
relative inactivity of the LiaFSR three-component system under the previous conditions
tested. Activation of LiaFSR- and LiaR-dependent gene activation in response to
bacitracin is well established in Bacillus subtilis (31), S. aureus (32), and S. pneumoniae
(33). We tested our hypothesis by measuring the bacitracin-induced activation of LiaFSR
through gene transcription. Prior to assaying transcript levels, we first assayed the
ability of the parental invasive strain MGAS10870 to grow in the presence of
bacitracin. MGAS10870 was grown to mid-exponential phase and, upon reaching
mid-exponential-phase growth, was treated with bacitracin at concentrations ranging
from the MIC (0.025 pg/ml for MGAS10870 and 0.0125 ug/ml for the isogenic mutant
MGAS10870 liaSR'3>%) to over 100-fold the MIC (5.0 ng/ml). The highest concentration
of bacitracin resulted in a significant reduction in growth beginning at the 60-min time
point (Fig. 1A). No significant differences in growth were observed for the other
concentrations used. Additionally, no significant differences in the numbers of CFU
between treated and untreated cultures were observed up to bacitracin concentrations
of 1.0 ug/ml (Fig. 1A, dashed lines).

We next assayed activation in GAS bacteria harvested at 30-min intervals following
the addition of bacitracin using quantitative real-time PCR to measure the transcript
levels of liaFSR and compared those levels to the transcript levels from untreated cells.
LiaFSR is known to be autoregulated in B. subtilis (31); however, whether autoregulation
occurs in GAS is unknown. Significant increases in liaFSR transcript levels following the
addition of bacitracin occurred at concentrations of =1 pg/ml and =60 min posttreat-
ment (Fig. 1B). To provide further evidence of LiaFSR activation, we also assayed the
transcript levels of spxA2 (spyM3_1799) following the addition of bacitracin. This
gene was assayed because deletion of LiaR in S. agalactiae was found to eliminate
SpxA transcription (30), and more recently, LiaR has been shown to bind to a 25-bp
consensus motif in the promoter of the homologous spxA in Streptococcus mutans (34).
Examination of the spxA2 promoter sequence in a serotype M3 GAS strain revealed a
similar motif with approximately 85% identity (data not shown). Further, spxA2 was the
most highly differentially gene expressed in RNA-seq studies comparing the wild type
and its isogenic carrier (liaS?1356) mutant (17). Consistent with spxA2 gene regulation by
LiaFSR, we observed significantly increased spxA2 transcript levels following the addi-
tion of bacitracin (Fig. 1B, spxA2). The transcription of spxA2 was also concentration and
time dependent. However, at the highest concentration used (5.0 ug/ml), transcript
levels continued to increase at the 90-min time point, coinciding with a significantly
reduced growth rate (Fig. 1B, spxA2). Overall, examination of liaFSR and spxA2 transcript
levels revealed a peak at 60 min following treatment with bacitracin at 1.0 ug/ml,
suggestive of LiaFSR activation.

Having established the in vitro conditions under which the LiaFSR 3CS was activated,
we next tested the hypothesis that the carrier mutation /iaSR'35S significantly alters
pilus gene transcription. The genes necessary for pilus biosynthesis in GAS are contig-
uously located in a chromosomal region with genes encoding fibronectin binding
proteins, collagen binding proteins, and T antigens (FCT) (35). The T antigen is com-
posed of the pilus subunits, including a backbone protein (spyM3_100, tee3) and two
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FIG 1 Activation of LiaFSR by bacitracin (Bac) and effect on gene transcription in the serotype M3
invasive strain MGAS10870. (A) MGAS10870 was grown in rich medium (THY), and bacitracin was added
when the ODy,, was 0.5 (dotted line). Cells were harvested at 30-min intervals (gray arrows) for RNA
extraction and quantitative real-time PCR. Dashed lines, number of CFU during growth in the presence
of bacitracin (5.0 ug/ml; black dashed line) or without bacitracin (red dashed line). (B) Quantitative
real-time PCR of liaf, liaS, liaR, and spxA2 at 30 min (white bars), 60 min (gray bars), and 90 min (black
bars) following the addition of bacitracin. *, P < 0.05 (t test, unpaired, Welch’s correction) compared to
the transcript level at time zero.

ancillary proteins (spyM3_0098 and spyM3_102) (22). Pilus subunits and the associated
sortases necessary for assembly are oriented in a predicted operon (Fig. 2A) under the
control of a single promoter (Database of Prokaryotic Operons, version 2.0; http://
csbl.bmb.uga.edu/DOOR/ [36]). We measured the transcript levels of the genes encod-
ing an ancillary protein (spyM3_0098, cbp) and the backbone protein (spyM3_0100, tee3)
from cells of MGAS10870 and the isogenic carrier mutant (MGAS10870 /iaSR1355)
following treatment with bacitracin (1.0 ug/ml, 60 min) (Fig. 2B). Consistent with our
hypothesis, we observed significantly increased pilus gene transcription in the isogenic
carrier mutant compared to the parental strain following treatment with bacitracin
(Fig. 20).

It is possible that modest but significant increases in transcription do not result in
increased protein expression in the isogenic carrier mutant compared to the invasive
parental strain. We generated an affinity-purified polyclonal antibody against the major
pilus backbone protein, Tee3 (SpyM3_0100), to test the hypothesis that the isogenic
carrier mutant produced more pilus protein than the parental invasive strain did. Cell
wall and secreted proteins were purified after treatment with bacitracin (1.0 ng/ml),
as described above for transcript analyses (Fig. 2B). As predicted following Western
immunoblotting using the anti-Tee3 antibody, the isogenic carrier mutant showed
increased amounts of the Tee3 protein compared to the parental strain in both purified
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FIG 2 Effect of bacitracin treatment on pilus gene transcript levels. (A) FCT region in serotype M3 GAS. The spectinomycin resistance gene, aad9 (gray block),
was used to construct in-frame deletions of the pilus backbone protein (tee3, spyM3_0100). (B) Growth curves for MGAS10870 and MGAS10870 /iaS®'35S in rich
medium with and without bacitracin at 1.0 ug/ml. Bacitracin was added when the OD,, was 0.5, and cells were harvested 60 min after that for RNA extraction
and quantitative real-time PCR. (C) Quantitative real-time PCR for determination of the transcript levels of pilus genes (cbp and tee3), pilus gene regulators (nra
and msmR), and spxA2. *, P < 0.05 (t test, unpaired, Welch's correction) compared to those in parental strain MGAS10870. (D) Western immunoblotting for Tee3
in the parental invasive strain (MGAS10870), an isogenic carrier mutant, and derived pilus-negative mutants. Cells were treated with bacitracin as described in
the legend to panel B, proteins were extracted, and equal amounts of purified cell wall and secreted proteins were probed with an affinity-purified antibody

to Tee3 as described in Materials and Methods.

cell wall and secreted protein extracts (2-fold and 1.7-fold increases, respectively;
Fig. 2D).

Increased pilus gene transcription in the isogenic carrier mutant is not due to
altered gene transcription of known pilus gene regulators. Pilus gene regulation
may occur through a number of transcriptional regulators and appears to be M protein
serotype and FCT type dependent (25-28). Serotype M3 GAS (FCT type 3) strains may
regulate pilus gene expression through regulators that reside within the FCT chromo-
somal region, including Nra (SpyM3_0097) (26) and MsmR (SpyM3_0103) (28). Addi-
tionally, transcriptome analysis following the deletion of the stand-alone regulator Mga
suggests that Mga is an activator of pilus in serotype M1 GAS strains (37). One potential
explanation for the significant increase in pilus gene transcription in the isogenic carrier
mutant relative to the parental strain is alteration of gene transcription in one or more
of the known pilus gene regulators. A previous transcriptome analysis of the isogenic
carrier strain at two time points failed to identify significant differences in either nra or
msmR transcript levels. However, mga transcript levels in the isogenic carrier mutant
decreased approximately 2-fold in early exponential phase (17). To explore the poten-
tial mechanism of altered pilus gene transcription, we assayed transcripts of nra, msmR,
and mga in the isogenic carrier and wild-type parental strains after bacitracin treatment
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(1.0 pg/ml, 60 min). Consistent with previous RNA-seq data (17), we observed an
approximately 2-fold decrease in mga transcription in the isogenic carrier mutant in the
absence or presence of bacitracin (Fig. 2C). Interestingly, we observed a significant
decrease in the transcript levels of both pilus genes and the pilus gene regulator nra
in the parental strain (MGAS10870) after bacitracin exposure (Fig. 2C). No significant
differences in the transcript levels of either nra or msmR were observed between the
isogenic carrier mutant and the parental strain (Fig. 2C). Nra is a positive regulator of
pilus gene transcription in serotype M53 but a negative regulator in serotype M49 (26).
Thus, Nra may act as a positive regulator of pilus gene transcription in serotype M3 GAS
strains, and the decreased transcription observed in the wild-type MGAS10870 strain
may be responsible for the differences in pilus gene expression compared to that in the
isogenic carrier strain. Our data indicate that the increased pilus gene transcription
conferred by the /iaSR135S carrier mutation is not mediated by other known pilus gene
regulators.

Deletion of the major pilus subunit gene in the /iaS?'35S carrier mutant decreases
the ability to colonize the pharynx and adhere to and be internalized by
cultured human epithelial cells. We have defined the carrier phenotype to be one
characterized by an increased ability to adhere to epithelial surfaces and a decreased
ability to cause disease, a definition supported by investigation of independent carrier-
specific mutations and their contribution to the carrier phenotype (15-18). The liaSR1356
carrier mutation causes an increased frequency of mouse colonization in a model of
nasopharyngeal infection (17). Further, in serotype M1 GAS strains, elimination of pilus
decreases adherence to cultured human epithelial cells (23). Inasmuch as induction of
the LiaFSR 3CS by bacitracin in vitro leads to alteration of pilus gene transcription, we
hypothesized that the /iaSR'35¢ mutation results in increased pilus gene transcription
in vivo and contributes to the carrier phenotype, including an increased ability to
colonize the mouse nasopharynx. If this is true, elimination of the GAS pilus would
lead to decreased recovery following mouse nasopharyngeal infection. To test this
hypothesis, we created an in-frame replacement of the major pilus subunit gene
(spyM3_0100, tee3) to generate a pilus-negative carrier mutant (MGAS10870 liaSR1356
Atee3) and a wild-type invasive strain (MGAS10870 Atee3) (Fig. 2A). Both pilus-negative
strains lacked bacterial cell surface pilus expression, as determined by Western immu-
noblotting using an affinity-purified anti-Tee3 polyclonal antibody (Fig. 2D). Mice
infected in the nasopharynx with the parental invasive strain (MGAS10870), isogenic
carrier mutant (MGAS10870 /iaSR'35%), pilus-negative invasive strain (MGAS10870
Atee3), or pilus-negative carrier mutant (MGAS10870 /iaS?'35G Atee3) were swabbed
daily for 14 days to determine the number of bacterial CFU. Elimination of pilus
production significantly reduced the ability of the isogenic carrier strain to colonize the
mouse nasopharynx but had only a modest effect on that of the invasive strain (Fig. 3A).
Consistent with the findings of previous studies, beginning at day 5 bacteria were
significantly more frequently recovered from mice infected with the /iaSR'35S carrier
mutant than from mice infected with the parental strain (Fig. 3A). The pilus-negative
liaSR1356 mutant was recovered from mice significantly less frequently than the
1iaS®135¢ mutant but significantly more frequently than the pilus-negative wild-type
invasive strain (Fig. 3A).

In addition to decreased recovery following mouse nasopharyngeal infection, we
hypothesized that elimination of pilus would also significantly reduce adherence of the
carrier mutant to cultured human epithelial cells. Thus, we performed in vitro adher-
ence assays comparing the pilus-negative mutants to their parental counterparts. We
observed significantly increased adherence of MGAS10870 /iaSR'35¢ to HaCaT cells
compared to the parental strain, MGAS10870 (Fig. 3B, HaCaT). We also assayed adher-
ence to HEp-2 cells and observed a phenotype similar to that for adherence to HaCaT
cells (Fig. 3B, HEp-2). Elimination of the pilus backbone protein had no significant effect
on the adherence of the parental invasive strain to either HaCaT or HEp-2 cells (Fig. 3B).
The pilus-negative carrier mutant had significantly reduced adherence to HEp-2 cells
and a trend toward reduced adherence to HaCaT cells (Fig. 3B). Interestingly, the
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FIG 3 Elimination of pilus in MGAS10870 liaS?'35S decreases recovery following mouse nasopharyngeal infection and in vitro adherence to and internalization
by human epithelial cells. (A) Percentage of mice from which bacteria were recovered following nasopharyngeal infection with the respective GAS strains. **,
P < 0.05 (Kruskal-Wallis repeated-measures ANOVA) relative to mice infected with all other strains after day 5 (dotted line); *, P < 0.05 compared to both the
parental and pilus-negative parental strains after day 5. (B) Adherence to cultured human epithelial cells. Assays of adherence to HaCaT and HEp-2 cells were
performed in replicates of 12 on at least two occasions. Internalization assays were performed using HEp-2 cells. Percent adherence or percent internalization
was calculated by dividing the colony counts following the assay by the input number of bacterial cells and multiplying by 100. P values were determined by

the Mann-Whitney U test. NS, not significant.

pilus-negative carrier mutant maintained significantly increased adherence compared
to that of either the parental or the pilus-negative parental strain (Fig. 3B), suggesting
that additional molecules are involved in adherence in the carrier mutant.

We also assessed the contribution of the GAS pilus to the ability of the parental and
isogenic carrier mutants to be internalized by human epithelial cells. Previous studies
suggest that pilus contributes to the ability of GAS to be internalized by epithelial cells
(24). Thus, we hypothesized that the increased pilus gene transcription conferred by
the carrier mutation would also lead to increased internalization by HEp-2 cells. We
performed gentamicin protection assays to determine the level of internalization of
the parental, isogenic carrier, and pilus-negative strains. The isogenic carrier mutant
had an almost 3-fold increased ability to be internalized by HEp-2 cells compared to the
wild-type, parental strain (Fig. 3B). Elimination of pilus did not significantly alter the
ability of either the parental or the isogenic carrier mutant to be internalized by HEp-2
cells. However, there was a trend toward significance for the pilus-negative isogenic
carrier mutant (P = 0.065). Overall, the data suggest that pilus is a contributor to
epithelial cell adherence and internalization in the isogenic carrier mutant but that
additional factors also contribute to this phenotype.

Deletion of the pilus major subunit gene partially restores virulence in the
liaSR135G carrier ina del of necrotizing fasciitis. It has been
shown that deletion of pilus in serotype M1 GAS strains results in increased virulence
in mouse models of invasive GAS infection (23, 24). Thus, we next hypothesized that if
increased pilus expression is a contributor to the carrier phenotype (i.e., decreased
virulence) conferred by the /iaSR'35S mutation, elimination of pilus would restore
virulence in isogenic carrier mutant MGAS10870 liaSR'35C. Using strains identical to
those used for mouse nasopharyngeal infection, mice were infected intramuscularly
and followed for survival. No significant difference in survival was observed between
mice infected with the isogenic /iaS?'35C carrier mutant strain and mice infected with
the pilus-negative /iaSR'35¢ mutant (MGAS10870 liaSR'35¢ Atee3) (Fig. 4A). However,
consistent with an inverse relationship between pilus expression and virulence, we
observed significantly greater mortality in mice infected with the MGAS10870 Atee3
mutant strain than mice infected with the carrier /iaS®'3¢ mutant strain (Fig. 4A).
Examination of mouse limbs at 72 h postinfection revealed that the pilus-negative
1iaS®135G mutant caused an infection that appeared similar to that caused by the wild
type, with larger areas of devitalized tissue and necrosis that were indistinguishable
from those caused by the parental invasive strain (Fig. 4B). In contrast, the MGAS10870
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FIG 4 Deletion of the pilus backbone gene in MGAS10870 /iaS*'35¢ partially restores virulence and
reverses the carrier phenotype. (A) Kaplan-Meier survival curve of mice following intramuscular infection
with MGAS10870 (parental strain), MGAS10870 Atee3 (parental strain, pilus negative), MGAS10870
liaSR135G (carrier mutant), or MGAS10870 liaS*'35¢ Atee3 (carrier mutant, pilus negative). *, P < 0.05
(log-rank test) relative to both the pilus-positive and pilus-negative carrier mutant. (B) Visual inspection
and histopathology of infected mouse limbs at 72 and 24 h postinfection, respectively. (Top row) White
boxes, areas of abscess-like formation centered at the inoculation site of the limbs; (bottom row) white
arrowheads, areas of marked neutrophil infiltration and necrotic fascial and muscle tissue that extend
beyond the border of the field of view; black oval, a well-circumscribed abscess that is limited to the
fascial plane and surrounded by healthy muscle tissue (magnification, x4). (C) Pathology score for
wild-type, isogenic carrier, and pilus-negative derivatives based on microscopic examination at 24 h
postinfection. *, P < 0.05 (Wilcoxon rank sum) compared to all other strains.

1iaSR1356 strain caused a small isolated area of infection surrounded by healthy tissue
(Fig. 4B), similar to previous observations (17). Using a validated pathology score (38),
the isogenic carrier mutant (MGAS10870 liaSR'35S) produced significantly less tissue
damage than the wild-type or pilus-negative strain (Fig. 4C). Thus, consistent with our
hypothesis, elimination of pilus partially restored virulence in the /iaSR'3>¢ mutant
strain.

The isogenic carrier mutant had decreased survival after exposure to human
neutrophils, a phenotype reversed upon elimination of pilus production. Previ-
ously, an inverse relationship between pilus expression and survival in human blood
was reported for serotype M1 GAS strains (23). The /iaSR'35C carrier mutation is known
to confer a decreased ability to grow in human blood ex vivo (17). We hypothesized that
increased pilus transcription and increased pilus expression in the isogenic carrier
mutant contribute to this phenotype. Further, we hypothesized that, as reported for
serotype M1 GAS strains (23), decreased survival of the isogenic carrier mutant in
human blood would be due to increased pilus expression. To test this hypothesis, we
performed GAS survival assays following exposure to purified human neutrophils.
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FIG 5 Elimination of pilus in MGAS10870 /iaS?'35S increases survival in purified human neutrophils. The
survival of MGAS10870 (parental strain), MGAS10870 Atee3 (parental strain, pilus negative), MGAS10870
liaSR135G (carrier mutant), or MGAS10870 /iaS*135¢ Atee3 (carrier mutant, pilus negative) was assessed 3
h following interaction with human neutrophils. Percent survival was calculated with the equation
(CFU , ppn @t 3 h/CFU p,y at 0 h) X 100. P values were determined by the Mann-Whitney U test.

Consistent with our previous observations in whole blood ex vivo (17), the isogenic
carrier mutant had significantly reduced survival compared to the parental invasive
strain (Fig. 5). The pilus-negative carrier mutant strain (MGAS10870 /iaSR'3>S Atee3) had
significantly increased survival compared to the pilus-positive carrier mutant (Fig. 5).
In contrast, elimination of pilus in the invasive strain did not result in significantly
increased survival (Fig. 5).

DISCUSSION

Neither the bacterial nor the host molecular mechanisms that contribute to the
persistence of bacterial pathogens in the upper respiratory tract of humans are well
understood. Few studies have directly examined the bacterial molecular genetic factors
that lead to the persistence of GAS in humans (15, 16, 18). Our findings substantially
enhance understanding of the molecular mechanism underlying the carrier mutation
(liaSR'35%) and its contribution to the asymptomatic carrier phenotype in GAS. We
demonstrated that the carrier mutation altered pilus gene regulation and that in-
creased pilus gene expression contributed to increased adherence and internalization
by epithelial cells and decreased virulence (i.e., the carrier phenotype). This is the first
report of pilus as a major contributor to a carrier phenotype in GAS and differs strikingly
from the enhanced invasiveness reported for piliated pneumococci (39, 40) and GBS
(41, 42).

Our discovery that a GAS carrier mutation alters expression of bacterial surface
structures and contributes to the GAS carrier phenotype is in concert with previous
findings. We reported a mutation unique to carrier strains in the promoter of the
stand-alone regulator Mga that led to decreased transcription of mga and Mga-
regulated genes, including emm, encoding M protein (18). We also identified a carrier
mutation that restored the function of the GAS surface protein SclA (streptococcal
collagen-like protein A) (16). In addition, we discovered that mutations eliminating GAS
capsule production were the most frequently identified mutations in GAS carrier strains
(15). In the aggregate, our studies have revealed multiple independent pathways to
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a carrier phenotype defined by increased persistence, decreased virulence, and
decreased inflammation, a phenotype that stands in stark contrast to an invasive
disease phenotype. A recurring theme has emerged, in that independent genetic
changes altering cell surface molecules and, potentially, the host-microbe interaction
are critical to the carrier phenotype.

Little is known regarding GAS gene regulation by the three-component system
LiaFSR. We previously showed that the /iaSR'35G carrier mutation significantly altered
the transcript levels of approximately 7% of the genes in serotype M3 GAS strains (17).
Here, we show that gene regulation by LiaFSR and LiaSR'35¢ is affected following
activation by bacitracin. Specifically, we show that, consistent with the findings of
studies with GBS (30) and S. pneumoniae (29), the GAS LiaFSR exerts some level of
control over pilus gene transcription. Targeted gene transcription of known pilus gene
regulators identified nra to be one potential mechanism for the increased pilus gene
transcription in the isogenic carrier mutant. However, the association was indirect, as
the only significant differences in nra transcription following treatment with bacitracin
were in the parental invasive strain (in which nra transcription was decreased 3.6-fold),
suggesting that nra acts as a positive regulator of pilus gene transcription, similar to
the findings for serotype M53 GAS (26). We also observed a 1.9-fold decrease in mga
transcription in the isogenic carrier mutant following treatment with bacitracin. Mga-
deficient mutants of serotype M1 GAS have decreased pilus gene expression (37),
suggesting that Mga is also an activator of pilus gene expression.

It is unknown if the LiaFSR three-component system directly interacts with the
pilus operon or known pilus gene regulators. Serotype M1 GAS strains lacking LiaS
have a reduced ability to grow under acidic conditions (43). Recently, site-directed
mutagenesis suggested that LiaS may contribute to extracellular acidification and
may be activated under acidic conditions, and this directly affected biofilm formation
(44). Further, GAS pili contribute to biofilm formation, and, at least for a subset of FCT
types, a lower environmental pH enhances pilus gene transcription (45). More studies
are needed to further define the precise mechanism of pilus gene regulation by LiaFSR
and the mechanism by which the /iaS?'35C carrier mutation alters pilus gene transcrip-
tion.

Our data strongly support the possibility that pilus expression confers a distinct
advantage to the development of a carrier phenotype. In studies of serotype M1 GAS
strains, mutants lacking pili had a reduced ability to adhere to pharyngeal cells (46),
human tonsillar epithelium, and primary human keratinocytes (47). Pilus-defective
mutants of serotype M1 GAS were also shown to have a decreased ability to adhere
to cultured human epithelial cells and reduced virulence in murine models of
invasive disease (23, 24). Consistent with the findings of previous studies, our data
demonstrate that increased pilus expression contributes to the increased adher-
ence and decreased virulence of the isogenic carrier mutant. Moreover, our findings
echo those of others showing an inverse relationship between expression of
bacterial adhesins and virulence (48-50). The pili of several Gram-positive patho-
gens, including GAS, are under investigation as potential vaccine targets (21, 51).
Our findings that pili influence virulence but also carriage and persistence have
direct implications in vaccine development.

The current study shows that the LiaFSR 3CS is directly involved in GAS pathogen-
esis and the host-pathogen interaction. No previous studies have directly linked the
LiaFSR regulatory system to immune evasion. The /iaSR'35S single amino acid change
results in a significantly decreased ability to survive exposure to human neutrophils. This
finding begins to define a mechanism for the observation that the carrier mutation
decreases survival in whole human blood ex vivo (17). Previous studies of GAS-neutrophil
interactions identified the two-component regulatory system Ihk/Irr to be critical to
GAS survival (52), and irr-negative mutants were more easily killed by neutrophils (53).
RNA-seq analysis of the /iaS®'35¢ mutant at two separate time points in vitro did not
show any significant changes in irr and ihk transcription (17). Further investigation is
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needed to determine the precise mechanism by which the LiaFSR 3CS contributes to
immune evasion.

Our study has several limitations. We performed targeted gene transcript analysis.
It is possible that additional genes are affected by the LiaSR'35C carrier amino acid
substitution upon activation by bacitracin or other cell wall-active agents. It is also
possible that activation of the LiaFSR three-component system by bacitracin remains
incomplete and other LiaFSR-activating factors may further contribute to gene regu-
latory differences. Further, elimination of pilus in the isogenic carrier strain did not fully
restore the invasive phenotype. Previous transcriptome studies comparing the parental
and isogenic carrier strains showed that several virulence factors are affected (17).
Alteration of pilus gene expression contributes to the overall carrier phenotype, but it
is likely that the complete phenotype imparted by the /iaSR'35G carrier mutation is
multifactorial.

In summary, our study adds substantially to the existing framework of the bacterial
molecular mechanisms that contribute to carriage of GAS and other bacterial patho-
gens. The single amino acid change in Lia$S alters the GAS phenotype in favor of
asymptomatic carriage. Rather than alter expression of a single factor, the liaSR'35¢
mutation likely alters expression of multiple surface/secreted factors, such as pilus, that
contribute to the carrier phenotype (Fig. 6). It is reasonable to hypothesize that further
study of the gene regulatory changes associated with the /iaS?'35G carrier mutation will
reveal new mechanisms contributing to the carrier phenotype.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains used in this study are listed in Table S1 in the
supplemental material. MGAS10870 is a serotype M3 GAS invasive strain isolated in 2002 in Ontario,
Canada, and its genome has been sequenced to high quality (54). Strain MGAS10870 /iaSR'35¢ is a
previously described isogenic mutant differing from the parental strain, MGAS10870, only by the carrier
lia$ allele (17). All GAS strains were grown in Todd-Hewitt broth containing 0.2% (wt/vol) yeast extract
(THY; Difco Laboratories), on THY agar, or on Trypticase soy agar containing 5% sheep blood agar (SBA;
Becton Dickinson).

ion of pil gati in strains MGAS10870 and MGAS10870 liaS?35¢, The
plasmids and primers used in this study are listed in Table S2. We used a previously described procedure
(55) for in-frame replacement of the gene encoding the pilus backbone protein tee3 (spyM3_0100) with
a spectinomycin resistance gene (aad9) in strains MGAS10870 and MGAS10870 liaS?'35C. Experimental
details are provided in the supplemental material. Mutants were confirmed and shown, using whole-
genome sequencing, to lack spurious mutations.

Anti-Tee3 ibody production and il bl lysis. Recombinant, purified Tee3
protein was produced using an Impact system (New England BioLabs). Briefly, tee3 (spyM3_0100) was
synthesized, optimized for expression in Escherichia coli, and cloned into pTXB1 (GenScript). Protein
overexpression and purification were carried out as described in the manufacturer’s instructions (New
England BioLabs). Purified Tee3 protein was subjected to mass spectrometry for identification prior to
use in antibody production. Affinity-purified rabbit polyclonal anti-Tee3 antibody was generated by
Covance (Denver, PA). Isolation of bacterial proteins and Western immunoblot analysis were carried out
as previously described (18).

Mouse virulence studies. All mouse experiments were conducted under a protocol approved by the
Houston Medical Research Institute Institutional Animal Care and Use Committee. Mouse intranasal and
intramuscular infections were carried out as previously described (17). For nasopharyngeal infections, a
total of 30, 3- to 4-week-old female CD1 mice (Harlan Laboratories) were intranasally inoculated with 5 X
107 CFU of the appropriate GAS strain in 50 ul phosphate-buffered saline (PBS), after which the mice
were swabbed daily for 14 days. For intramuscular infections, mice (n = 15) were infected in the right
hind limb with 5 X 10% CFU of the appropriate GAS strain in 100 ul PBS. Mice were evaluated at 24 h
postinfection for histopathology. All mice were observed and sacrificed when they reached near
mortality, determined using predefined criteria. For histopathology scoring, a pathologist blind to the
strain treatment groups reviewed each slide (n = 5 per strain) as previously described (38).

Human neutrophil survival assays. Human neutrophils (polymorphonuclear leukocytes [PMNs])
were isolated from heparinized venous blood of healthy volunteer donors (n = 14) in accordance with
a protocol approved by the Institutional Review Board for Human Subjects at Montana State University.
All subjects provided written informed consent. Neutrophils were isolated as previously described (56).
Complete procedural details are provided in the supplemental material. Percent survival was determined
by dividing the number of bacterial CFU after 3 h exposure by the number of bacterial CFU at time zero.

Cultured human epithelial cell adherence and internalization assays. Adherence to cultured
human epithelial cells was carried out as previously described (15). Complete experimental details can
be found in the supplemental material. Percent adherence was calculated by dividing the recovered
number of CFU by the original inoculum. GAS internalization by cultured epithelial cells was carried out
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FIG 6 Schematic hypothetical model of the mechanism by which the carrier single amino acid replacement (LiaSR'355)
leads to altered pilus expression and the carrier phenotype. LiaS (blue) is a histidine kinase with two transmembrane-
spanning domains. Activation signals for LiaS are unknown, but sensing is believed to involve both LiaS and the accessory
membrane protein LiaF (black). Upon activation, LiaS undergoes autophosphorylation at the single conserved histidine (H).
Following phosphorylation (circled P), the cognate response regulator, LiaR (yellow), is phosphorylated by phosphotransfer
from LiaS. However, one hypothesis is that the carrier mutation decreases the autophosphorylation of LiaS, thereby
decreasing phosphotransfer to LiaR and altering gene transcription. Decreased activation of LiaS and LiaR leads to
alterations in global gene transcription, including the transcription of genes encoding pilus proteins. Ultimately, increased
expression of pilus favors increased adherence, decreased immune evasion/inflammation, and decreased virulence, key

characteristics of the carrier phenotype and persistence. WT, wild type.

as previously described (15). Percentage internalization was calculated by dividing the recovered number
of CFU by the original inoculum. All assays were performed in replicates of 12.

RNA isolation and qRT-PCR analysis. GAS strains were grown overnight in THY, diluted 1:50 in
fresh, prewarmed THY, and incubated at 37°C. Growth was monitored hourly using spectrophotometry
(determination of the optical density at 600 nm [ODy,]), and when the strains reached an ODy, of 0.5,
bacitracin (Sigma-Aldrich) was added to achieve the final concentration indicated above. Cells were
harvested at 30, 60, and 90 min following the addition of bacitracin. RNA was isolated and purified with
an RNeasy minikit (Qiagen) as previously described (18). The quantity and quality of RNA were deter-
mined using an Agilent 2100 bioanalyzer and an RNA 6000 Nano kit (Agilent Technologies).

TagMan (Life Technologies) quantitative real-time PCR (qRT-PCR) of cDNA produced using Super-
Script Il reverse transcriptase (Invitrogen) was performed with an ABI 7500 Fast real-time system. The
TagMan primers and probes used in the analyses are listed in Table S2. The endogenous control gene
tufA was used for all TagMan analyses. Transcript levels were compared between strains using the AAC,
threshold cycle (C;) method (User Bulletin No. 2, ABI Prism 7700 sequence detection system; Life
Technologies). All reactions were performed in triplicate using RNA purified from at least three biological
replicates.

Statistics. All statistical analyses were performed with Prism (version 6) software (GraphPad Software,
Inc). A Mann-Whitney U test was used to compare survival following exposure to purified human
neutrophils and adherence to or internalization by cultured human epithelial cells for the strains. A
two-tailed t test (unequal variance) was used to compare gene transcript levels. A log rank test was used
to compare survival, and Kruskal-Wallis analysis of variance (ANOVA) was used to compare the rates of
nasopharyngeal GAS recovery from mice. The Wilcoxon rank sum test was used to compare histopa-
thology scores. A P value of <0.05 was considered significant for all tests unless otherwise indicated.
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Background. 'The ability of Staphylococcus aureus to evade killing by human neutrophils significantly contributes to disease
progression. In this study, we characterize an influential role for the S. aureus SaeR/S 2-component gene regulatory system in sup-
pressing monocyte production of tumor necrosis factor alpha (TNF-a) to subsequently influence human neutrophil priming.

Methods. Using flow cytometry and TNF-a specific enzyme-linked immunosorbent assays we identify the primary cellular
source of TNF-a in human blood and in purified peripheral blood mononuclear cells (PBMCs) during interaction with USA300 and
an isogenic saeR/S deletion mutant (USA300AsaeR/S). Assays with conditioned media from USA300 and USA300AsaeR/S exposed
PBMCs were used to investigate priming on neutrophil bactericidal activity.

Results. TNF-a production from monocytes was significantly reduced following challenge with USA300 compared to
USA300AsaeR/S. We observed that priming of neutrophils using conditioned medium from peripheral blood mononuclear cells
stimulated with USA300AsaeR/S significantly increased neutrophil bactericidal activity against USA300 relative to unprimed neu-
trophils and neutrophils primed with USA300 conditioned medium. The increased neutrophil bactericidal activity was associated

with enhanced reactive oxygen species production that was significantly influenced by elevated TNF-a concentrations.

Conclusions.
bactericidal activity.
Keywords.

Our findings identify an immune evasion strategy used by S. aureus to impede neutrophil priming and subsequent

Staphylococcus aureus; neutrophil; SaeR/S; monocyte; TNF-a.

Staphylococcus aureus is a ubiquitous Gram-positive bacte-
rium estimated to permanently colonize 1 of 3 individuals [1].
Staphylococcus aureus typically causes treatable cutaneous
abscesses, but infections can progress into dermonecrotic lesions
and life-threatening infections, including septicemia and necro-
tizing pneumonia [2, 3]. Methicillin-resistant S. aureus (MRSA)
further represents a major public health concern as it is one of
the most common antimicrobial-resistant pathogens to cause
infections in both hospital and community settings [4]. This per-
vasiveness is in part attributed to the ability of S. aureus to circum-
vent protective immune responses, including evasion of human
neutrophil killing (reviewed in [5]). We and others have demon-
strated that factors under the regulation of the S. aureus SaeR/S
2-component gene regulatory system (SaeR/S TCS) contribute
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significantly to this ability [6-9]. However, the molecular mech-
anisms dependent on SaeR/S that promote S. aureus survival fol-
lowing neutrophil interaction are incompletely defined.

The SaeR/S TCS regulates genes that control cytolytic and
immunomodulatory factors that have been shown to significantly
contribute to exacerbated infections in murine models of infection
and ex vivo human models of infection [6, 10-16]. The contribu-
tion of immunomodulation to these negative outcomes has been
exemplified through the ability of SaeR/S-regulated factors to in-
duce specific inflammatory signals that promote a detrimental
immune response 7, 11, 17, 18]. For example, SaeR/S-regulated
staphylococcal binding immunoglobulin protein (Sbi) was shown
to induce robust production of interleukin 6 (IL-6) and modulate
levels of CXCL-1 during invasive infection [19]. This alteration
in cytokine production during the early stages of infection sub-
sequently influenced neutrophil recruitment and contributed to
an overall deleterious inflammatory response. Similarly, we have
demonstrated the ability of SaeR/S-regulated virulence factors to
induce robust production of inflammatory cytokines, including
interferon gamma (IFN-y), tumor necrosis factor alpha (TNF-a),
IL-6, and interleukin 2 (IL-2), that are associated with increased
bacterial survival and host mortality [11, 18]. In line with these
immunomodulatory roles, we further demonstrated that SaeR/S-
regulated factors can suppress phosphorylation of nuclear fac-
tor-kB (NF-kB) and reduce production of interleukin 8 (IL-8) in
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human neutrophils to promote cell death and enhance bacterial
survival [7]. Collectively, these findings highlight immune evasion
strategies by which SaeR/S-regulated factors influence inflam-
matory signaling to exacerbate infection. However, the specific
immune cells that are targeted for immunomodulation by SaeR/S-
regulated factors and the subsequent influence on downstream
immune responses remain incompletely defined.

Peripheral blood mononuclear cells (PBMCs) have been
shown to regulate inflammatory signals that promote neutrophil
recruitment and enhance their antimicrobial mechanisms in re-
sponse to S. aureus infection [20-22]. Many PBMC products
such as monocyte-derived interleukin 1 (IL-1) and TNF-a also
act as neutrophil priming agents [21, 23]. Neutrophil priming is
a mechanism that regulates the level of neutrophil activation to
provide an appropriate response to a secondary stimulus [23].
Despite the importance of inflammatory mediators produced
by PBMC:s that are involved in neutrophil priming, there is a
lack of studies examining the impact of S. aureus on this pro-
cess. Previous studies have investigated the effects of condi-
tioned media (CM) containing inflammatory signals produced
by human PBMCs following exposure to heat-killed S. aureus on
neutrophil functions [24, 25]. These studies observed that neu-
trophil staphylocidal activity was enhanced following priming
with CM and that this effect was dependent on PBMC produc-
tion of TNF-a [25]. While these effects were observed using CM
from heat-killed S. aureus, it remains to be elucidated if CM from
live bacteria elicit a similar response on neutrophil priming.

In the current study, we developed a co-culture model
using human PBMCs and neutrophils, as well as CM assays, to
demonstrate the importance of TNF-a during monocyte-neu-
trophil interactions following challenge with live S. aureus. We
observed that SaeR/S-regulated factors significantly decreased
monocyte production of TNF-a. Diminished TNF-a concentra-
tions significantly influenced neutrophil staphylocidal activity
by limiting neutrophil priming and subsequent production of
reactive oxygen species (ROS). Collectively, this study demon-
strates that the response of PBMCs to S. aureus significantly
impacts the outcome of neutrophil-S. aureus interactions.

METHODS

Bacterial Strains and Cultures

Community-associated MRSA pulsed-field gel electropho-
resis type USA300 (strain LAC), USA400 (strain MW2), and
isogenic saeR/S and hla deletion mutants (USA300AsaeR/S,
USA400AsaeR/S, and USA300Ahla), generated in previous
studies [6, 10, 15], were grown in tryptic soy broth contain-
ing 0.5% glucose and harvested at midexponential growth, as
described previously [6, 10, 12, 15].

A of TNF-c Prod
Heparinized venous blood from healthy donors was collected
in accordance with the protocol approved by the Institutional

From Human Cells

Review Board for Human Subjects at Montana State University.
All donors provided written consent to participate in the study.
For whole-blood experiments, 20 pL of Roswell Park Memorial
Institute medium (RPMI) only or RPMI with 2 x 10°¢ colo-
ny-forming units (CFU) of bacteria was added to 980 pL of freshly
drawn human whole blood in 1.5-mL Eppendorf tubes. Samples
were placed on an end-over-end mixer (20 RPM, 37°C, 5% carbon
dioxide) and, at designated time points, samples were stained with
fluorescein isothiocyanate (FITC) mouse antihuman CD14, phy-
coerythrin mouse anti-human CD3, and allophycocyanin mouse
antihuman TNF or immunoglobulin G1 (IgG1) isotype control
(BD Biosciences). Intracellular staining was performed using a
BD Pharmigen intracellular stain kit following the manufacturer’s
protocol, and all samples were analyzed using a FACSCalibur Flow
Cytometer (BD Bioscience). Alternatively, serum was collected
by centrifugation (524g for 10 minutes), filtered using a 0.2-um
filter (PALL Life Science), and stored at —80°C until quantitation
of TNF-a was performed using a TNF-a-specific enzyme-linked
immunosorbent assay (ELISA, BD Biosciences).

Human neutrophils  (polymorphonuclear  leukocytes
[PMNs]) and peripheral blood mononuclear cells (PBMCs)
were isolated under endotoxin-free conditions (<25 pg/mL)
as previously described [6, 12]. Purity (<1% PBMC con-
tamination) and viability (<2% propidium iodide positive)
of neutrophil preparations were assessed by flow cytometry
(FACSCalibur). For co-culture assays, 7 x 10° neutrophils were
combined with 3 x 10° PBMCs at a physiological ratio and
exposed to 2 x 10° CFUs of S. aureus opsonized with 50% nor-
mal human serum (NHS) in a 96-well NHS-coated plate. After
bacteria were added, phagocytosis was synchronized by centrif-
ugation (524¢ for 7 minutes at 10°C) and then incubated at 37°C
[12]. At designated time points, samples were stained as above
and analyzed using flow cytometry.

For PBMC CM experiments, 5 x 106 PBMCs were challenged
with 1 x 107 opsonized bacteria in a 24-well serum-coated plate
that was then synchronized and incubated at 37°C [12]. At des-
ignated time points, samples were filtered using a 0.2-pm filter
(PALL Life Science), plated to ensure they did not contain live
bacteria, and stored at 4°C for further use as CM or at -80°C for
assessment of intracellular TNF-a production using ELISA as
described above.

TNF-c. Inhibition Assays

Calbiochem TNF-a inhibitor C;;H3,FsN;O, « 2 HCl « 1/2 H,O
(CAS 1049741-03-8; Millipore Sigma) was resuspended accord-
ing to manufacturer protocol and used at the final concentra-
tion of 4.6 puM. TNF-a inhibitor was added to PMNs (10° cells)
only, or PMNs (7 x 10° cells) plus PBMCs (3 x 10° cells) for 10
minutes on ice. After treatment, cells were exposed to 2 x 10°
opsonized bacteria, and phagocytosis was synchronized using
centrifugation (524g for 7 minutes at 10°C), then incubated at
37°C with 5% carbon dioxide [12].
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Bactericidal Assays

PMNSs or PMNs supplemented with PBMCs (co-cultures) were
exposed to opsonized bacteria at a 2:1 multiplicity of infection
(MO, bacteria:cell ratio) in a 96-well serum-coated plate and
phagocytosis was synchronized as described above [12]. At
designated time points, 100 pL of sample was placed in 900 pL
reverse osmosis water, vortexed, and placed on ice for 15 min-
utes. Serial dilutions were performed and CFUs were enumer-
ated by plating on tryptic soy agar as previously described [6, 10,
12]. For PBMC bactericidal assays, 5 x 10¢ PBMCs in a 24-well
serum-coated plate were challenged with 1 x 107 opsonized
bacteria, synchronized using centrifugation (524g for 7 minutes
at 10°C) and incubated at 37°C [12]. At designated time points,
bacterial survival was assessed using serial dilutions in water
and CFUs were enumerated on tryptic soy agar.

Neutrophil Priming With TNF-«. or PBMC Conditioned Media

For ROS assays, neutrophils were loaded at room temperature
with 25 uM 2/,7’-dihydrodiclorofluorescein diacetate (DCF;
Molecular Probes) for 30 minutes in RPMI/4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid [12]. DCF-containing PMNs
(10°) were then added to a 96-well serum-coated plate contain-
ing 50 pL of PBMC CM, RPMI only, or PBMC CM containing
TNF-a inhibitor, for 30 minutes at 37°C. TNF-a inhibitor was
added to CM for a final concentration of 4.5 ng/mL for 10-20
minutes at room temperature prior to addition to PMNs. After
treatment, PMNs were exposed to opsonized bacteria at a ratio
of 1:2 (PMN:bacteria), and phagocytosis was synchronized using
centrifugation (524¢ for 7 minutes at 10°C) [12]. Measurements
were done using a SpectraMax Paradigm Multi-Mode Microplate
Reader (Molecular Devices, Sunnyvale, California) or by flow
cytometry using 488/530 nm emission/excitation wavelengths.

RESULTS

SaeR/S-Regulated Factors D TNF-«. Prod in Human

Whole Blood

To determine if SaeR/S-regulated factors influenced TNF-a
production, viable wild-type S. aureus (USA300) or isogenic
saeR/S-deletion mutant (USA300AsaeR/S) was exposed tohuman
whole blood and TNF-a secretion was quantitated at 1, 3, and 5
hours using ELISA (Figure 1). Production of TNF-a occurred as
early as 1 hour postexposure to S. aureus and, as expected, chal-
lenge with USA300 had significantly increased production com-
pared with USA300AsaeR/S (Figure 1A). However, by 3 hours,
whole blood exposed to USA300AsaeR/S resulted in significant
increase in TNF-a concentrations compared with USA300, and
this trend continued at 5 hours (Figure 1A). We then used flow
cytometry to identify the source of TNF-a in blood following
exposure to S. aureus. CD14* monocytes were identified as the
primary source of TNF-a, and challenge with USA300AsaeR/S
resulted in a significant increase in TNF-a production from
CD14* cells at 3 hours postchallenge compared to challenge with

USA300 (Figure 1B and 1C). Experiments using an isotype con-
trol antibody verified specificity of intracellular TNF-a produc-
tion (data not shown). Additionally, the proportions of CD14*
cells between challenge with USA300 and USA300AsaeR/S were
similar (5%-10% of total cells, Supplementary Figure 1), indi-
cating that these results did not arise from differences in total
monocyte populations. The USA300AsaeR/S strain also demon-
strated increased bacterial survival compared with USA300
at 1 hour, but by 3 hours there were no significant differences
between the strains (Figure 1D). These results reflect previous
observations showing that the USA300AsaeR/S strain does not
have a growth defect in blood at early time points [15].

SaeR/S D TNF-o Prod
As CD14* monocytes were the predominant source of TNF-a
production in human blood exposed to S. aureus, we next
investigated TNF-a production in purified PBMCs. To reduce
the potential influence of bacterial cytolytic activity between
USA300 and USA300AsaeR/S, we used a low MOI of 2:1
(bacteria:PBMC). Similar to observations using whole blood,

CD14* monocytes were identified as the primary producers
of TNF-a, and significant increases in intracellular monocyte
TNF-a expression were observed at 3 hours following challenge
with USA300AsaeR/S compared with USA300 (Figure 2A). To
demonstrate that the observed effects of the SaeR/S TCS on
TNF-a production were not specific to strain USA300, we also
challenged PBMCs with USA400 (strain MW2) and an isogenic
saeR/S-deletion mutant (USA400AsaeR/S). In congruence with
our findings, PBMCs challenged with USA400 showed a sig-
nificant decrease in TNF-a production from CD14* monocytes
compared to challenge with USA400AsaeR/S (Supplementary
Figure 24).

We have previously demonstrated that at high MOIs (10
bacteria:1 monocyte), the SaeR/S-regulated a-toxin (Hla)
significantly increases monocyte programmed cell death
and plasma membrane permeability [15]. To determine if
observed increases in TNF-a at a lower MOI were due to
the impact of SaeR/S-regulated factors on monocyte via-
bility, we investigated TNF-a production and viability of
PBMCs following exposure to USA300, USA300AsaeR/S,
and USA300Ahla. ELISA results demonstrated that
PBMCs exposed to USA300Ahla elicited a similar TNF-a
response to PBMCs challenged with USA300, but a signifi-
cantly lower TNF-a response than PBMCs challenged with
USA300AsaeR/S at 3 and 5 hours postexposure (Figure 2B).
Additionally, PBMCs challenged with USA300 caused sig-
nificant increases in monocyte cell membrane permeability
compared with USA300AsaeR/S and USA300Ahla. However,
there were no significant differences in membrane permea-
bility of CD14* cells following exposure to USA300AsaeR/S
and USA300Ahla (Figure 2C). These results confirm previ-
ous findings demonstrating that Hla significantly contributes
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Figure 1.

TNF >

SaeR/S suppresses tumor necrosis factor alpha (TNF-c) production in human blood from CD14* monocytes. Human whole blood was exposed to USA300,

USA300AsaeR/S, lipopolysaccharide, or RPMI medium for 1, 3, and 5 hours and TNF-at production was measured. A, Serum TNF-a cytokine concentrations were measured
at designated time points using enzyme-linked immunosorbent assay. B, Representative flow cytometry dot plots of human blood stained for monocyte (CD14%), T-cell (CD3*),
and production of TNF-c, at 3 hours postchallenge with USA300 and USA300Asaef/S. C, Compiled flow cytometry results of TNF-a and CD14* positive monocytes of total
CD14* monocyte population. D, Bacterial survival of USA300 and USA300AsaeR/S in human whole blood. Data shown are the mean + standard error of the mean of 10
experiments, and statistics were determined by 1-way analysis of variance followed by Tukey posttest. *P< .05, **P< .01. Abbreviations: CFU, colony-forming units; LPS,

lipopolysaccharide; ns, not significant; TNF-c, tumor necrosis factor alpha.

to monocyte cell membrane damage, but indicate that there
are other SaeR/S-regulated factors and mechanisms respon-
sible for reducing monocyte production of TNF-a [15]. Last,
we also assessed bacterial viability following challenge with
PBMCs (Figure 2D). PBMCs were unable to control chal-
lenge with USA300 and USA300Ahla, but bacterial survival
of USA300AsaeR/S was significantly reduced at 3 and 5 hours
(Figure 2D). Collectively, these results demonstrate that the
SaeR/S TCS is required for bacterial survival following expo-
sure to PBMCs and suggest that reduced monocyte produc-
tion of TNF-a by SaeR/S-regulated factors is independent of
cell lysis.

TNF-q Prodi by PBMCs | PMN B idal Activity

TNF-a has been shown to influence neutrophil bactericidal
activity and ROS production [26-28]. To determine if the
influence of SaeR/S-regulated factors on monocyte-derived
TNF-a could directly influence neutrophil staphylocidal
activity, we developed a co-culture model that combined
isolated human neutrophils and PBMCs at a ratio of 7:3
(PMN:PBMC). The neutrophil bactericidal activity following
challenge with USA300AsaeR/S was not significantly increased
by the addition of PBMCs (Figure 3A). However, we did
demonstrate the importance of TNF-a in these co-cultures by
treating them with a TNF-a-specific inhibitor, which led to
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SaeR/S decreases tumor necrosis factor alpha (TNF-c) production in isolated human peripheral blood mononuclear cells (PBMCs). Isolated human PBMCs were

exposed to RPMI medium, USA300, USA300AsaeR/S, or USA300Ah/a at a multiplicity of infection of 2:1 (bacteria:PBMC) for 1, 3, and 5 hours. A, Representative flow cytom-
etry dot plots of CD14* and CD3* cells producing TNF-c. at 3 hours. B, At designated time points, TNF-c from PBMCs exposed to bacteria was quantified using enzyme-linked
immunosorbent assay. C, CD14* PBMC plasma membrane permeability was assessed by propidium iodide uptake and measured using flow cytometry. D, Bacterial survival
following exposure to PBMCs was assessed at designated time points. Data shown are the mean + standard error of the mean for 10 experiments. Statistics were determined
by 1-way analysis of variance followed by Tukey posttest. *P< .05. Abbreviations: CFU, colony-forming units; ns, not significant; PI, propidium iodide; TNF-ct, tumor necrosis

factor alpha.

significant increases in USA300AsaeR/S survival (Figure 3A).
Inhibition of TNF-a had no significant influence on neutrophil
bactericidal activity in USA300-challenged co-cultures. These
data suggest that the levels of TNF-a following challenge with
USA300 are significantly reduced by SaeR/S-regulated factors
and are insufficient to augment neutrophil bactericidal activity.
ELISA results further demonstrated that co-cultures challenged
with USA300AsaeR/S resulted in significantly increased TNF-a
cytokine production at 3 hours postchallenge compared with
USA300, and also confirmed the specificity of the TNF-a
inhibitor (Figure 3B). Taken together, these results demonstrate

that SaeR/S-regulated factors influence early monocyte

production of TNF-a, which significantly influences neutrophil
bactericidal activity.

Conditioned Media From PBMCs Challenged With USA300AsaeR/S
Primes Neutrophils

To address if PBMCs exposed to S. aureus produce secreted
factors that could prime neutrophils, neutrophils were treated
with filtered (bacteria-free) CM from PBMCs challenged with
USA300 or USA300AsaeR/S for 3 hours. CM-primed neutro-
phils were then challenged with a secondary stimulus of USA300
and subsequent ROS production was measured. Approximately
60 minutes after exposure, USA300-challenged neutrophils
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Figure 3. Tumor necrosis factor alpha (TNF-c) production from peripheral blood mononuclear cells (PBMCs) increases polymorphonuclear leukocyte (PMN) bactericidal
activity. PMNs supplemented with PBMCs only, or pretreated with 4.6 yM TNF-ct inhibitor (iTNF), were challenged with USA300 or USA300AsaeR/S at a multiplicity of infec-
tion of 2:1(bacteria to PMN). A, Bactericidal activity of untreated or iTNF-treated PMNs supplemented with PBMCs was compared to bactericidal activity of PMNs alone at 0,
1, and 3 hours. B, TNF-a cytokine concentrations were quantitated using enzyme-linked immunosorbent assay. Data shown are the mean + standard error of the mean of 10
experiments and statistics were determined by 1-way analysis of variance followed by Tukey posttest. *P< .05, **P< .01, ***P< .001. Abbreviations: CFU, colony-forming
units; iTNF, tumor necrosis factor alpha inhibitor; ns, not significant; PBMC, peripheral blood mononuclear cell; PMN, polymorphonuclear leukocyte; TNF-ct, tumor necrosis

factor alpha.

that were primed with USA300AsaeR/S CM had significantly
increased ROS production compared with infected neutrophils
primed with USA300 CM or unprimed neutrophils (Figure 4A
and 4B). Furthermore, treatment of USA300AsaeR/S CM with
the TNF-a inhibitor, prior to neutrophil priming, significantly
attenuated the enhanced ROS response (Figure 4A and 4B).
In congruence with these findings, neutrophils primed with
USA400AsaeR/S CM also demonstrated significant increases in
ROS production approximately 60 minutes after exposure com-
pared to neutrophils primed with USA400 CM. Additionally,
the increased ROS response in neutrophils primed with
USA400AsaeR/S CM was significantly attenuated by addition of
the TNF-a inhibitor (Supplementary Figure 2B and 2C). These
results indicate that the disruption of neutrophil priming by the
SaeR/S-modulation of TNF-a is conserved between different
strains of S. aureus.

To confirm if CM from USA300AsaeR/S-exposed PBMCs
acted as a priming agent, we exposed DCF-labeled neu-
trophils to USA300 CM or USA300AsaeR/S CM and
subsequently challenged with N-formyl-methionine-leucyl-
phenylalanine (fMLF). fMLF is a bacterial-derived chemo-
tactic peptide that induces a respiratory burst by binding
to formyl peptide receptors that are present on neutrophils
and upregulated following neutrophil priming [29]. In con-
gruence with our previous findings, USA300AsaeR/S CM
significantly enhanced the neutrophil ROS response com-
pared to USA300 CM following fMLF stimulation and the
influence of TNF-a was confirmed using the TNF-a inhibi-
tor (Figure 4C). Additionally, no significant differences were
observed in plasma membrane damage following priming

with CM from USA300 or USA300AsaeR/S (data not shown).
Last, the influence of priming with USA300AsaeR/S CM on
neutrophil bactericidal activity was investigated. Priming
PMNs with USA300AsaeR/S CM significantly enhanced kill-
ing of S. aureus at 30 and 60 minutes and this effect was not
observed following priming with USA300 CM (Figure 4D).
The enhanced bactericidal activity of PMNs primed with
USA300AsaeR/S CM was in part attributed to TNF-a, as
treatment of USA300AsaeR/S CM with the TNF-a inhibitor
significantly reduced the increased neutrophil staphylocidal
activity (Figure 4D). These results demonstrate that factors
regulated by the SaeR/S system reduce PBMC cytokine pro-
duction of TNF-a to subsequently impact the neutrophil
response to a secondary stimulus, including S. aureus and
fMLE. Taken together, these data identify that disruption of
neutrophil priming is a virulence mechanism used by S. aur-
eus to impede an effective neutrophil response.

DISCUSSION

The success of S. aureus as a pathogen is largely attributed to
evasion mechanisms that circumvent killing by neutrophils.
These mechanisms can directly target specific neutrophil func-
tions, including neutrophil recruitment, phagocytosis, and the
generation of ROS (2, 3, 8, 30]. In addition to these strategies,
we observed that SaeR/S-regulated virulence factors impeded
neutrophil priming and ROS production by decreasing mono-
cyte production of TNF-a.

Elevated TNF-a is historically considered to be a biomarker
for predicting severe S. aureus bacteremia, with potentially
fatal outcomes [31, 32]. In agreement, we have demonstrated
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Figure 4. Conditioned media from USA300AsaeR/S-exposed peripheral blood mononuclear cells (PBMCs) increases neutrophil reactive oxygen species (ROS) response
to secondary challenge with USA300 and N-formyl-methionine-leucyl-phenylalanine (fMLF). Conditioned media (CM) from PBMCs exposed to USA300 or USA300AsaeR/S
(multiplicity of infection of 2:1) for 3 hours was used to prime neutrophils for 30 minutes prior to challenge with live USA300 or secondary stimulus, fMLF. A, 2',7'-dihydrod-
iclorofluorescein diacetate (DCF)-labeled neutrophils unprimed or CM-primed were challenged with USA300 or RPMI medium only and ROS production was measured over
120 minutes via spectrometry. B, Data from (A) showing total relative fluorescent units calculated using area under the curve. C, Intracellular ROS production from primed
DCF-labeled neutrophils following challenge with 1 pM fMLF was measured by flow cytometry at 40 minutes post-secondary challenge. D, Bacterial viability at 0, 30, and 60
minutes following interaction with neutrophils primed with USA300 CM, USA300AsaeR/S CM, CM treated with tumor necrosis factor alpha inhibitor, or RPMI and challenged
with USA300. Data shown are the mean + standard error of the mean from 7 experiments for A, B and 0, and 9 experiments for C. Statistics were determined by 1-way
analysis of variance followed by Tukey posttest. *P< .05, **P<.01. Abbreviations: AUC, area under the curve; CFU, colony-forming units; CM, conditioned media; iTNF, tumor
necrosis factor alpha inhibitor; ns, not significant; PMN, polymorphonuclear leukocyte; RFU, relative fluorescent unit; ROS, reactive oxygen species.

in invasive models that induction of TNF-a expression by
SaeR/S-regulated factors was associated with increased bac-
terial burden and mortality [11]. In contrast, findings have
also shown that local production of TNF-a by residential
cells can correlate to a protective immune response [33, 34].
For example, TNF-a production by residential cells has been
shown to significantly influence neutrophil recruitment from
the microvasculature and that inhibition of TNF-a can reduce
neutrophil recruitment by as much as 40%-70% [33, 34]. These
findings highlight the pleiotropic influence of TNF-a during

different immune responses. Herein, our data indicate that
elevated TNF-a concentrations correlate to enhanced neutro-
phil responses that we propose are important during the initial
stages of infection.

TNF-a is a robust priming agent that can enhance the pro-
duction of neutrophil ROS [23] and has been observed to
increase staphylocidal activity in a dose-dependent manner [28,
35]. The importance of ROS in controlling S. aureus infections
is illustrated by the observed increase in susceptibility to infec-
tions in individuals with mutations in components of NADPH
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oxidase, as seen in patients suffering from chronic granuloma-
tous disease [36]. Staphylococcus aureus uses many mechanisms
to detoxify ROS, including superoxide dismutase and catalase
[37, 38]. In previous studies, we demonstrated that SaeR/S-
regulated factors also reduced neutrophil ROS products by
decreasing hydrogen peroxide and hypochlorous acid produc-
tion, likely inhibiting myeloperoxidase [8, 39]. In the current
study, we observed that factors regulated by SaeR/S significantly
impeded TNF-a production by PBMCs to diminish neutrophil
ROS response to secondary challenge with either S. aureus or
fMLE. Collectively, these observations underscore the impor-
tance of ROS production in controlling S. aureus and demon-
strate that inhibition of ROS is a major mechanism used by this
pathogen to survive neutrophil phagocytosis.

TNF-a also impacts neutrophil cell fate by activating NF-kB
[40], a transcription factor that regulates anti-apoptotic sig-
nals, including production of IL-8 and TNF-a [41, 42]. We
have previously demonstrated that SaeR/S-regulated factors
diminished both NF-kB phosphorylation and IL-8 produc-
tion, which accelerated neutrophil cell death and improved
survival of S. aureus [7]. TNF-a has been shown to increase
NF-kB activation and IL-8 production in neutrophils [40].
Therefore, it is possible that reduced production of TNF-a in
PBMCs by SaeR/S-regulated factors suppresses NF-kB activa-
tion and IL-8 production in neutrophils. Alternatively, NF-kB
regulates TNF-a production, and suppression of NF-kB acti-
vation by SaeR/S-regulated factors could impede proper
TNF-a production and subsequent IL-8 production [42].
Future studies will investigate if these S. aureus immunomod-
ulation mechanisms are linked and contribute to accelerated
neutrophil death.

Although we identified that SaeR/S-regulated factors
decreased TNF-a production from human monocytes, the
mechanism responsible for this decrease remains undefined.
As previous studies have shown that Hla is cytolytic toward
human monocytes (43, 44], we used a USA300Ahla strain of
S. aureus to determine if monocyte production of TNF-a was
associated with cell viability. Our data demonstrate that Hla
was not responsible for the observed decrease in TNF-a and
suggest that cell lysis is not the predominant mechanism. The
SaeR/S-regulated factor LukGH (LukAB) has been observed
to target monocytes and contribute to mediating phagosomal
escape from macrophages [10, 45, 46]. Although macrophages
and monocytes are different, it is possible that LukGH is influ-
encing monocyte phagosomal functions to induce variations
in TNF-a cytokine production [47, 48]. Notably, LukGH and
Panton-Valentine leukocidin have also been observed to in-
fluence neutrophil priming [49, 50]. The SaeR/S-regulated
immunomodulatory protein Sbi has been shown to increase
TNF-a production in murine peritoneal macrophages in vivo
during peritonitis [10, 19] and might also account for the dif-
ferences in TNF-a production observed in this study. Focusing

on specific SaeR/S-regulated cytolytic and immunomodulatory
factors responsible for reducing TNF-a will be the topic of fu-
ture research.

In the current study, we developed a co-culture model of
human neutrophils and PBMCs to demonstrate that SaeR/S-
regulated factors significantly reduce early monocyte production
of TNF-a and that this reduction influenced neutrophil responses
to S. aureus, including ROS production and bactericidal activity.
These data identify an immune evasion strategy used by S. aureus
that targets neutrophil priming through SaeR/S-mediated reduc-
tion of monocyte-derived TNF-a to limit the initial inflamma-
tory response and survive neutrophil phagocytosis.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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