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ABSTRACT

Staphylococcus aureus (S. aureus) is a highly adaptable pathogen that can cause
endocarditis, skin abscesses, tissue necrosis, and sepsis. S. aureus success can be partially
attributed to its ability to colonize and subsequently infect a wide variety of host tissues.
This capacity is dependent on elaborate two-component gene-regulatory systems that
control expression of virulence and immunomodulatory factors. The S. aureus exoprotein
expression (SaeR/S) system is recognized as a major regulator of virulence that
significantly contributes to the pathogen’s ability to evade killing by the human
neutrophil. However, it is unclear how this system becomes activated and how the
SaeR/S system modulates neutrophil function. In this study, we elucidated how S. aureus
evades neutrophil killing by studying the reciprocal communication between the host and
pathogen. We demonstrated that only select SaeR/S-regulated genes (as opposed to all
targets) were transcriptionally up-regulated in response to stimulation by neutrophils as
well as a-defensin and show that the mouse skin environment (that lacks alpha-defensin)
promoted transcription of specific saeR/S-targets, different from the expression profile
elicited following neutrophil interaction or a-defensin. These results were unexpected and
demonstrated differential activation of saeR/S targets was dependent on specific stimuli.
Furthermore, we studied the influence of SaeR/S on neutrophil function and showed that
this system promoted accelerated cell death by decreasing NF-kB activity, and in-turn IL-
8 production, to promote neutrophil lysis. These findings underscored the importance of
neutrophil signaling demonstrating that neutrophil-derived production of IL-8 was
necessary for this cell to kill S. aureus effectively. It follows that treatment of human
neutrophils with recombinant IL-8 significantly increased neutrophil staphylocidal
activity. Finally, we propose that both timing and magnitude of inflammation in
neutrophils play major roles in dictating the outcome of staphylococcal disease and that
alteration in the innate ability of neutrophils to produce IL-8 may increase susceptibility
to S. aureus infections. Taken together, the findings define novel pathogen- and host-
derived factors that play pivotal roles in the course of S. aureus infection.
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CHAPTER ONE

INTRODUCTION

Background

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium that can cause a
variety of infections ranging from endocarditis, sepsis, necrotizing fasciitis to skin and
soft tissue infections. S. aureus is the leading cause of hospital acquired infections
including both native valve and prosthetic valve infective endocarditis and is associated
with higher mortality rates relative to other microbes (1-4). In the United States, S.
aureus contributes to 12 million annual outpatient visits for skin and soft-tissue
infections (5). Despite its pathogenic capabilities, approximately 30% of the population
is colonized with S. aureus with the primary anatomical site being the anterior nares,
followed by the skin (6). S. aureus is such a successful colonizer that it is estimated that
nearly every individual is a carrier at some point during one’s lifespan (7). These
observations underline the importance of the host immune system in determining
susceptibility to staphylococcal infections as well as the remarkable ability of S. aureus
to tightly regulate its virulence.

S. aureus has been recognized as a human pathogen for centuries. The first
reported case of S. aureus infection, described by Sir Alexander Ogston dates back to
1882; however, the biblical description of “incurable boils” in the sixth Egyptian plague
along with Job’s boils might be the first documented reference of staphylococcal disease

(8,9). The advent of mass production of penicillin in 1941 marked the beginning of the
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emergence of strains with resistance to antibiotics. Within one year of its introduction, S.
aureus strains emerged resistant to penicillin and today, 90% of the strains are resistant
to penicillin (10). It follows, within one year of the use of methicillin, methicillin
resistant S. aureus (MRSA) emerged making strains resistant to the entire class of beta-
lactam antibiotics. Currently, ~65% of the strains are MRSA (8). The glycopeptide
antibiotic vancomycin is considered a last-line antimicrobial for the treatment of drug-
resistant S. aureus. As expected, vancomycin resistant S. aureus (VRSA) strains
emerged in the early 2000s (8), but the strains seem to have an unexplained fitness
defect and fortunately the VRSA strains, to date, have not increased at the rate
previously observed with MRSA (8,11).

Community-Associated Methicillin Resistant
Staphylococcus aureus (CA-MRSA) USA300

Besides being a paradigm for the development of drug-resistance, S. aureus is a
major health threat because of its ability to infect immunocompromised as well as
immunocompetent patients in hospital and community settings. The emergence of the
community-associated (CA) strains in the 1990s redefined the epidemiology of S. aureus
infections and demonstrated that all individuals were at risk of contracting a S. aureus
infection (12). USA300 (LAC) is currently the predominant strain responsible for
majority of skin and soft tissue infections (12,13). While the prevalence of USA300 over
other CA-S. aureus strains has not been attributed to single virulence factors, differences
in the genetic makeup and transcriptional regulation leading to the so-called hyper-

virulence have been proposed to be the key contributors (14-16).



SaeR/S Two Component System

S. aureus success in hospitals and the community can be partially attributed to
its ability to colonize and subsequently infect a wide variety of host tissues. This
capacity is dependent on elaborate two-component (TC) gene-regulatory systems that
tightly control expression of virulence and immuno-modulatory factors in response to
different stimuli (1,17-20). The S. aureus exoprotein expression (SaeR/S) system, first
identified by Dr. Rose Nagel’s team in 1994 (21), is among 16 TC systems and has been
identified as a major regulator of S. aureus virulence factors that are essential for innate
immune evasion (22-36). This system directly activates the expression of genes
encoding many virulence factors, including o and B-hemolysins (kla, hib), two-
component leukotoxins (hlgBC, lukAB/GH) and adhesins such as coagulase, fibronectin-
binding protein A, extracellular adherence protein, and extracellular matrix—binding
protein (29,37,38). Moreover, the SaeR recognition sequence has been identified within
virulence gene promoters that are transcriptionally regulated by saeR/S (29,39-42).

The system is under the regulation of two promoters (P1 and P3) and consists of
four open reading frames (ORFs): saeP, saeQ, saeR, saeS. P3 is constitutively expressed
and transcribes saeS and saeR while P1 is an inducible promoter with two SaeR binding
regions that can transcribe the entire sae operon (43,44). The genes saeR and saeS code
for a response regulator and a histidine kinase, respectively, while saeP is predicted to
be a lipoprotein and saeQ is a putative membrane protein (45,46). It is hypothesized
that upon S. aureus encounter with an external stimuli, SaeS a member of the EnvZ

family of histidine protein kinases becomes autophosphorylated at the histidine residue
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followed by the phosphate group transfer to asparyl group on the response regulator
SaeR (43). SaeR, a member of the OmpR family of response regulators (43), resides in
the cytoplasm and upon phosphorylation SaeR binds promoter regions containing the
SaeR binding site and promotes transcription of its targets (29,40). However, the site of
phosphorylation and abundance on SaeR has not been determined and the role of SaeP
and Q in regulating virulence is poorly understood. Studies suggest these accessory
genes play a role in dephosphorylating SaeS and thus negatively regulating the Sae
system. This observation was further supported by an increase in SaeR/S-regulated
transcript levels in the absence of P1 promoter (45). Still, many questions remain as to
the precise molecular function of each of the genes of the Sae system.

In addition to regulating staphylococcal virulence factors, the SaeR/S system
modulates host responses to promote infection. SaeR/S contributes to a robust pro-
inflammatory response characterized by production of TNF-a, IFN-y, IL-1p and IL-6
that correlates with higher bacterial burdens and mortality in a mouse model of invasive
disease (27). These results were confirmed in human whole blood assays that showed
reduced production of TNF-a, [FN-y, IL-6 and IL-2 in blood treated with secreted
factors from AsaeR/S versus wild-type S. aureus (27) and in a mouse model of
peritonitis that demonstrated saeR/S promoted IFNy production in neutrophils. This
same study correlated IFNy production by neutrophils with exacerbated disease (47). In
addition, the SaeR/S system has been shown to be essential for pathogenesis in multiple
mouse and/or rabbit models of skin infection, osteomyelitis, infective endocarditis and

pneumonia (26,29,30,35,48). In conclusion, the SaeR/S TC system is an essential
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regulatory network that S. aureus employs to detect the host environment and activate its
virulence factors accordingly. A complete understanding of the system’s activation and
role in vivo will be essential to developing novel drug targets against staphylococcal

disease.

Neutrophil Granulopoiesis

The neutrophil (polymorphonuclear leukocyte or PMN) is the most abundant
white blood cell and serves as the first line of defense against bacterial and fungal
infections. The timing and magnitude of neutrophil influx to the sites of injury are some
of the key determining factors of the infection outcome, making granulopoiesis an
essential and tightly regulated process. Granulopoiesis takes place in the bone marrow
where myeloblasts undergo differentiation into neutrophilic promyelocytes which
develop into myelocytes and eventually become mature neutrophils (51). Approximately
10”11 neutrophils are derived from myeloid progenitors daily. While only ~2% of PMN
reserves enter blood circulation, this number fluctuates depending on cytokines and
growth factors present in the bone marrow and peripheral tissues (52). During steady
state granulopoiesis, CXCR4 and CXCR2 ligands, stromal-cell-derived factor-1 (SDF-1)
and CXCL2, are the primary determinants of neutrophil retention and release from the
bone marrow, respectively (53). SDF-1 is primarily produced by the stromal cells while
CXCL2 comes from the endothelial cells (52).

Neutrophil production is strongly linked to granulocyte colony stimulating factor
(G-CSF) as it controls CXC4-CXC2 axis and its synthesis is dictated by tissue resident

cell-derived IL-17 and IL-23 which are elevated during PMN depletion (54). The
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importance of G-CSF in granulopoiesis is further demonstrated in patients with G-CSF
receptor mutations who are neutropenic (55). Given its vast influence on PMN
production, recombinant G-CSF has been successfully used for treatment of cyclic and
chemotherapy-induced neutropenia over the past 30 years (56). Moreover, G-CSF-
mediated PMN production is dependent on TLR4 and TRIFF signaling suggesting
pathogen pattern recognition (PPR) signaling is critical for granulopoiesis (57). The
influence of PPR on steady-state PMN development is further supported by studies with
germ-free mice and rats that observed significantly lower baseline PMN levels
compared to animals with conventional microbiome (58,59).

Emergency granulopoiesis, defined as de novo production of neutrophils during a
pathogen invasion, can be induced directly when myeloid progenitors recognize
pathogen-derived components and subsequently proliferate. Indirect emergency
granulopoiesis is elicited by mature hematopoietic and non- hematopoietic cells that
secrete G-CSF and GM-CSF which enhance PMN precursor production in the bone
marrow (52). Interestingly, in mice, PMN progenitors have been shown to mature at the
site of S. aureus skin infection suggesting the bone marrow might not be the only
location for PMN development (60). Further studies are necessary to determine if human
PMNss can also mature in peripheral tissues during an infection.

While stages of PMN maturation are similar between steady-state and emergency
granulopoiesis, the transcription factors involved in neutrophil development are vastly
different and thus highlight the role of inflammation during an infection (61). IL-6 and

myeloid-derived reactive oxygen species (ROS) are two recently identified
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inflammatory agents that regulate emergency granulopoiesis (62,63). These findings
support the observation that even in the absence of the three major myeloid growth
factors (G-CSF, GM-CSF, M-CSF), emergency granulopoiesis can still occur (64).

In addition to de novo synthesis, there are studies that suggest mature PMNs that
reside in the lung might be a source of mature neutrophils during an injury. However,
the role of the pulmonary marginated PMN pool remains to be determined since there
are limited studies investigating the role of this population (65-67). For example, it has
been shown that the PMN reserve in the lung is released during epinephrine spikes while
other studies suggest that PMN presence in the lung is an artifact of the adjacent cardiac

output (68,69).

Neutrophils in Staphylococcal Disease

Neutrophils (polymorphonuclear leukocytes or PMNSs) are essential for clearance
of staphylococcal infections as patients with neutrophil defects are highly susceptible to
S. aureus disease (70-74). Furthermore, studies in mice demonstrate that in addition to
PMNss being essential to clearance of S. aureus, the number of PMNs recruited to the
site of S. aureus infection is important since complete depletion or too many PMNs can
have a detrimental outcome (75,76). Thus, there is a fine balance between PMNs
causing damage to the host, frequently linked to elevated pro-inflammatory responses
(77,78), and a response causing clearance of the pathogen. What triggers an appropriate
PMN response i.e. activation state of cells and communication within the immune

system, to resolve a S. aureus infection, is not completely defined. To address this, the
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host factors that contribute to susceptibility to S. aureus as well as the mechanisms used
by the pathogen to disrupt PMN responses at different stages of infection need to be

taken into consideration and are discussed below.

Neutrophil Recruitment to the Site of Infection

Upon interaction with S. aureus in the tissue, resident cells and endothelium
become activated and secrete a variety of cytokines and chemokines, such as TNF-alpha,
IL-1B, IL-17, Gro-a, Gro-f, IL-8, C3b, and leukoterine B4 (LTB4), which guide
neutrophils to the site of infection (51,67). Activation of the endothelium induces,
expression of selectins facilitating interaction with the circulating neutrophils. Briefly,
P-selectin binds PSGL-1 on the neutrophil while E-selectin associates with three
primary ligands on circulating neutrophils, L-selectin, CD44 and ESL-1, causing the
cells to slow down and tether to the endothelium for initial leukocyte capture. As
neutrophils come in contact with endothelium, their secretory vesicles fuse with the
outer cell membrane resulting in immediate expression of chemotactic receptors as well
as f2-integrins that bind ICAM on the endothelium for firm adherence (51,79,80).
Subsequently, neutrophils extravasate (enter the tissue directly through or between
endothelial cells) and infiltrate to the site of infection upon detection of several
chemoattractants including C5a, S. aureus-derived N-formylated peptides (fMLPs) and
phenol soluble molecules (PSMs) that bind neutrophil’s C5a, FP1 and FP2 receptors,
respectively (67,81). How neutrophils discriminate between the different
chemoattractants is quite intricate and dependent on several factors, including the

concentration and type of chemoattractants present. For example, C5a and fMLPs are
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the dominant (i.e preferred) chemoattractants that signal via p38 MAPK pathway while
the intermediate IL-8 and LTB4 chemokines require PI3K signaling (82). In the
presence of C5a and fMLPs, IL-8 and LTB4 signaling is masked by PI3K antagonist
phosphate and tensin homolog (PTEN) which inhibits PI3K signaling and results in
PMNss preferential chemotaxis towards C5a and fMLPs. (82,83). Although receptor
desensitization does not play a role in PMNs ability to differentiate between the
aforementioned chemotactic factors (82), this process along with cross-desensitization is
essential for cells’ navigation through chemotactic gradients that have been shown to
vary depending on the tissue type (67,84,85).

S. aureus has multiple mechanisms by which it can inhibit PMN recruitment.
Superantigen-like protein 5 (SSL5) can hinder PMN rolling by binding PSGL-1 (86) and
Sae-regulated extracellular adhesion protein (Eap) interrupts PMN adhesion by engaging
ICAM-1 on the endothelium (87,88). Unlike fMLPs that attract PMNSs, staphylococcal
chemotaxis inhibitory protein (CHiP) blocks neutrophil’s FP and C5a receptors while
SSL7 hinders C5a synthesis and staphopain A cleaves CXCR2 receptors (89-91).
Nonetheless, clinical manifestations of S. aureus abscesses associated with PMNs
suggest neutrophils overcome the aforementioned inhibitions. The initial hindrance
and/or delay of the PMN influx, however, might be a strategy employed by S. aureus to
aid the establishment of infection.

The phenotype of tissue neutrophils is quite different from that of the circulating
PMN:ss. It is estimated that PMN lifespan is less than 24 hours in the blood, although

recent studies suggest ~ 5 days, and in the tissues PMN lifespan can be extended up-to
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several days (92,93). The process of diapedesis itself and engagement of neutrophil
pathogen recognition receptors (PRRs) such as TLR, NOD and peptidoglycan
recognition protein (PGRP) with pathogen-derived factors contribute to neutrophil
activation that facilitates degranulation, oxidative burst, cytokine release and prolong
neutrophil lifespan (94,95).

Neutrophil Phagocytosis and
Antimicrobial Defense Mechanisms

PMN:ss readily phagocytose opsonized S. aureus by engaging complement and
Fc receptors (CR, FcR) with complement particles and immunoglobulins deposited on
the microbe, respectively. Immunoglobulins not only opsonize the pathogen but can
neutralize toxins and activate the classical complement cascade (96). As in the case of
neutrophil recruitment, phagocytosis can be inhibited by S. aureus virulence factors that
have anti-phagocytic properties. Protein A, SSL10, formyl peptide receptor-like 1
inhibitor (FLIPr), FLIPr-like and SaeR/S-regulated IgG-binding protein (Sbi) bind to the
Fc portion of the IgG and thus inhibit neutrophils’ FcR binding (97-99). Furthermore,
Sae-regulated extracellular fibrinogen binding (Efb), Eap, staphylococcal complement
inhibitor (SCIN), and aureolysin can prevent C3b synthesis and/or deposition (100-104)
while staphylokinase converts plasminogen into plasmin that subsequently cleaves IgG
and C3b from the pathogen’s surface (105).

Collectively, S. aureus is decorated in its ability to disrupt phagocytosis,
however, the efficacy of phagocytosis in vitro and in vivo is incompletely defined. This

is in part due to the difficulty of measuring phagocytosis in vivo along with the different
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methodology, sites of infection studied, and strains employed. For example,
synchronized phagocytosis via centrifugation induces rapid ingestion of majority of
USA300 by PMNs within 15 minutes (48). Such high efficacy has been also observed at
24 hours post-infection in a model of S. aureus bacteremia (75). In contrast, Sae-
dependent vWBP and coa virulence factors have been shown to prevent PMN
phagocytosis via formation of pseudocapsules by Newman S. aureus strain in the
presence of fibrinogen (106). In addition, Sae-regulated Efb factor can inhibit PMN
phagocytosis in vitro and in vivo model of bacteremia with heat-killed S. aureus (103).

Despite the discrepancies in data pertaining phagocytosis, the ability of S. aureus
to survive PMN phagocytosis is a recognized virulence mechanism (30,48,75,107).
Inside the neutrophil, S. aureus is enclosed within a phagosome which fuses with
granule-containing vesicles, a process known as degranulation. Granules are subdivided
into primary (azurophilic or alpha), secondary (specific or beta) and tertiary (gamma)
vesicles and released in the reverse order of formation sequence in the bone marrow
(51,108). In addition to storing antimicrobial peptides and enzymes ranging from alpha-
defensin, LL-37, elastase, gelatinase, lactoferrin to myeloperoxidase (MPO) and
proteases, they also contain receptors (i.e. CD11b/CD18, CD66, CD67) and NADPH-
oxidase subunits (Gp91phox/p22phox) known as flavocytochrome bsgg(51,108,109). The
oxidative burst takes place when phagosome- or cell membrane bound flavocytochrome
bses assembles with cytosolic p67phox/p40phox/p42phox/Rac subunits to facilitate
electron transfer resulting in reduction of oxygen to superoxide (O,") anions. Superoxide

anion rapidly dismutates to H,O, which is an essential substrate for OH and MPO-
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catalyzed hypochlorous acid (HOCI) production (109). HOCI is a potent antimicrobial
agent that can also react with amines to form toxic mono- and di-chloramines (110). In
addition to direct antimicrobial properties, ROS has been shown to promote killing in an
indirect manner. Reeves et al. proposed that the charge generated by O, production
within phagosomes is counterbalanced by influx of K which results in optimal
conditions for protease activation and release implying ROS contributes to pathogen
killing indirectly (111). This observation is further supported by the observation that
patients with Chronic Granulomatous Disease (CGD), whose cells cannot produce Oy’
due to having defects in the NADPH complex, are highly susceptible to fungal and
bacterial infections. In contrast, patients with MPO deficiency, which still permits O,
and H,0, production and thus K'-mediated protease activation proposed to directly kill
bacteria, are susceptible to Candida albicans but are healthy otherwise (112).

Given that S. aureus survives the neutrophil evasion, it is no surprise that it can
counteract the toxic ROS response. S. aureus can scavenge oxygen radicals and
neutralize H,O, with the aid of catalase, superoxide dismutase, yellow carotenoid
pigment and iron-regulating surface proteins (113-115). Staphylokinase and aurolysin
reduce the antimicrobial properties of the granule-containing phagosomes by cleaving
alpha-defensin and LL-37, respectively (116,117). In addition, a four-component
staphylococcal dltABCD operon serves to substitute additional D-alanines onto the
techoic acids within peptidoglycan in order to reduce the negative charge of the cell
surface and to decrease attraction of antimicrobial peptides (118). A similar mechanism

is elicited by the multiple peptide resistance factor (mprF) that modifies membrane
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lipids with L-lysine to oppose antimicrobial agents (119).

Neutrophil Extracellular Traps

Neutrophil extracellular trap (NET) formation is an additional antimicrobial
mechanism employed by neutrophils during infection. The mechanism consists of DNA
ejection along with histones and antimicrobial peptides (120). NET induction can be
induced by PMN exposure to phorbol myristate acetate (PMA) and has been shown to
be dependent on Raf-MEK-ERK pathway and NADPH oxidase suggesting it is a
programmed mechanism (121,122). In the case of S. aureus-mediated NET formation,
Thammavongsa et al., has shown that S. aureus nuclease (Nuc), controlled by Sae, and
adenosine synthase (AdsA) can utilize human NETs to synthesize 2’-deoxyadenosine
which kills macrophages (123). This observation was further supported in vivo
bacteremia model where wild-type infection caused macrophage depletion in the
infected kidney in nuc and adsA dependent manner (123). Human NETs can be also
elicited by LukGH/LukAB toxin regulated by the Sae system, but they do not have
bactericidal effects towards S. aureus. In the same report, NETs were induced by
electroporation suggesting that NET formation can also take place in a nonspecific
manner (124). MPO-deficient neutrophils cannot make NETs which supports the
observation that NETs are not essential to killing S. aureus in a clinical setting since
MPO-deficient patients are not highly susceptible to bacterial infections (125). In
contrast, murine NET formation was not only beneficial for inhibition of S. aureus
dispersal, but also required for enhanced bacterial killing in a model of staphylococcal

sepsis (126). Given the discrepancies, ranging from beneficial to detrimental (123,126),
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the role of NETs in S. aureus pathogenesis is most likely to be dependent on multiple
factors, including the infection type, animal model employed as well as the host’s health

status.

S. aureus-induced Neutrophil Cell Death

Neutrophil cell death, although a final process, has a major influence on the
progression of a staphylococcal infection. In an ideal scenario, infected neutrophils are
cleared from the infection site by resident macrophages that then inhibit PMN influx via
IL-17/IL-23/G-CSF axis (50) (discussed under “Neutrophil Granulopoiesis”). If
neutrophils lyse abruptly, undergo accelerated or delayed apoptosis or NETosis
macrophage efferocytosis can be inhibited. This dysfunction leads to increased
inflammation and tissue damage which can delay or prevent resolution of infection
(126). Indeed, the clinically relevant strains of S. aureus have been shown to have the
ability to modulate PMN lifespan and this is a major strategy by which S. aureus can
evade the microbicidal effects of the neutrophil. (30,104,127-129).

Despite having morphology of apoptotic cells, such as membrane blebbing and
condensed chromatin, S. aureus-infected neutrophils undergo abrupt lysis without
involvement of caspases in SaeR/S-dependent manner suggesting that S. aureus-infected
PMNss undergo programmed necrosis, or necroptosis (127,129-131). This has been
supported by a recent finding that USA300-infected neutrophils undergo cell death in a
receptor-interacting-protein 1-dependent manner associated with necroptosis cell death
(130). In the same study, macrophages did not engulf infected PMNs preventing proper

detoxication of spent PMNs pathway demonstrating a mechanism by which USA300
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clearance is inhibited (130). Furthermore, we have shown that SaeR/S system inhibits
NF-kB activity necessary for neutrophil survival highlighting a unique mechanism used
by this pathogen to evade the neutrophil. Which SaeR/S-regulated factors modulate
PMN responses is not completely defined. However, Eap has been shown to hinder NF-
kB DNA binding in THP-1 cells (86) and a number of studies have demonstrated that
SaeR/S-regulated two-component toxins (LukAB/GH, LukED, HigABC, LukSF)
contribute to PMN damage and/or lysis (132-136) highlighting the importance of the Sae

system in PMN evasion.

Hypothesis

Herein, we have tested the hypothesis that differential regulation of the SaeR/S
system is induced by specific host-derived stimuli (Chapter 2) resulting in evasion and
destruction of the neutrophil (Chapter 3). In Chapter 2, we investigated the specificity of
SaeR/S activation by examining the influence of the external SaeS loop on subsequent
transcription of SaeR/S-regulated virulence factors (38,128). We demonstrated that the
SaeR/S system is essential for transcription of virulence factors in the presence of
human polymorphonuclear leukocytes (PMNs or neutrophils) as well as during murine
skin infection (38). These observations confirmed previously published data that
demonstrated up-regulation of saeR and saeS during neutrophil phagocytosis (104).
These studies suggested that activation of the SaeR/S TC system and subsequent

transcription of its virulence factors are dependent on the external environment as
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neutrophil-derived alpha-defensin promoted SaeR/S activation while other host peptides,
even at lethal doses, did not influence SaeR/S-mediated transcription (38).

In Chapter 3, we studied the host side and defined the pathogen- and host-
derived mechanisms that contribute to altered PMN fate following S. aureus
phagocytosis (129). We showed that the SaeR/S system influences PMN cell-fate by
promoting plasma membrane damage, lysis and accelerating programmed cell death in
accordance with previous reports (30,129). On the host side, this phenotype was linked
to suppression of NF-kB phosphorylation by the SaeR/S system, followed by decreased
IL-8 production which were necessary for neutrophils to survive and clear the pathogen
successfully (129). Inhibition of NF-kB with parthenolide resulted in neutrophils’
inability to clear USA300 or AsaeR/S mutant strain highlighting the importance of the
NF-kB to S. aureus clearance during neutrophil interaction.

Ongoing studies focus on defining the effect of neutrophil density and function
on clearance of S. aureus infection. Preliminary studies demonstrate subcutaneous skin
infection with USA300 was associated with higher levels of neutrophils in the abscess
which was also reflected by higher expression of chemokines, cytokines and growth
factors that play indirect or direct roles in neutrophil influx when compared to that of the
AsaeR/S mutant-infected mice. Given that neutrophil concentration at the infection site
plays an essential role to pathogen clearance, we are currently assessing the influence of
the neutrophil density on PMN function and S. aureus survival. Herein, we report that
neutrophil antimicrobial properties as well as cell death rate are altered at low density

during interaction with S. aureus. Furthermore, neutrophils at low density are not
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capable of killing S. aureus underlying the importance of an adequate concentration of
neutrophils necessary to clear the infection. These findings not only apply to neutropenic
patients who are highly susceptible to fungal and bacterial infections but also provide
new insight into susceptibility of healthy individuals to staphylococcal infections
implying that inadequate neutrophil density at the site of S. aureus insult may result in
infection. In conclusion, our studies focus on defining the intricate roles between
neutrophils and S. aureus that play a significant role in dictating the outcome of

infection.
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Abstract

The ability of Staphylococcus aureus to infect tissues is de-
pendent on precise control of virulence through gene-regu-
latory systems. While the SaeR/S two-component system has
been shown to be a major regulator of S. aureus virulence,
the influence of the host environment on SaeR/S-regulated
genes (saeR/S targets) remains incompletely defined. Using
QuantiGene 2.0 transcriptional assays, we examined expres-
sion of genes with the SaeR binding site in USA300 exposed
to human and mouse neutrophils and host-derived peptides
and during subcutaneous skin infection. We found that only
some of the saeR/S targets, as opposed to the entire SaeR/S
virulon, were activated within 5 and 10 min of interacting
with human neutrophils as well as a-defensin. Furthermore,
mouse neutrophils promoted transcription of saeR/S targets
despite lacking a-defensin, and the murine skin environ-
ment elicited a distinctive expression profile of saeR/S tar-
gets. These findings indicate that saeR/S-mediated transcrip-
tion is unique to and dependent on specific host stimuli. By

using isogenic USA300AsaeR/S and USA300Aagr knockout
strains, we also determined that SaeR/S is the major regulator
of virulence factors, while Agr, a quorum-sensing two-com-
ponent system, has moderate influence on transcription of
the saeR/S targets under the tested physiological conditions.

Copyright © 2013 S. Karger AG, Basel

Introduction

Staphylococcus aureus is a pathogen of major medical
concern that can cause infections ranging from mild skin
abscesses to necrotizing pneumonia and sepsis in immu-
nocompromised and healthy individuals. It contributes
to 12 million annual outpatient visits for skin and soft tis-
sue infections and is the leading cause of infective endo-
carditis worldwide [1, 2]. The pathogen’s success in hos-
pital and community settings can be partially attributed
to elaborate two-component gene-regulatory systems
that tightly control expression of virulence and immuno-
modulatory factors in response to environmental stimuli.
The SaeR/S system is recognized as a major regulator of
S. aureus virulence and is required for successful estab-
lishment of skin and invasive infections as well as sur-
vival following human neutrophil phagocytosis [3-6].
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Upon activation of the histidine kinase SaeS, the cytosol-
ic response regulator SaeR promotes expression of genes
with the SaeR binding site which include leukotoxins, he-
molysins, adhesins and proteases that are responsible for
saeR/S-mediated virulence [3-5, 7]. While expression of
genes with the consensus SaeR binding site was shown to
be dependent on the SaeR/S system in vitro, rot and arIR
transcription was unaffected by the absence of saeR/S,
suggesting that expression of genes with the SaeR binding
site might be influenced by other regulatory networks
and/or environmental conditions [3]. Furthermore, the
SaeR/S system has 2 membrane proteins, SaeP and SaeQ,
that most likely serve to negatively control the system’s
activity [8]. Despite the essential role of the SaeR/S system
in evading innate immunity, the conditions under which
SaeR/S becomes activated as well as the subsequent tran-
scription of genes with SaeR binding sites have not been
completely defined.

To this end, we designed QuantiGene 2.0 assays with
S. aureus genes that contain the SaeR recognition se-
quence in the promoter region (referred to as saeR/S tar-
gets) and control targets that do not have the SaeR bind-
ing site (agrA, mecA and dItA) [3, 7]. Using this tech-
nique, we were able to measure gene expression changes
in S. aureus during initial interactions with human and
mouse neutrophils and host-derived peptides as well as
during subcutaneous skin infection. We also began to
elucidate the influence of the quorum-sensing gene reg-
ulator Agr on SaeR/S regulon expression, as agr controls
the expression of a number of virulence factors, includ-
ing those with SaeR binding sites, depending on the
growth conditions [9]. By measuring transcript levels of
saeR/S targets in saeR/S and agr isogenic mutants, we
found that saeR/S is the predominant regulator of genes
containing the SaeR binding domain while agr has a
moderate impact on saeR/S target transcription during
initial interactions with human neutrophils and in vivo
during murine skin infection. Furthermore, we demon-
strate that while saeR/S regulates expression of a num-
ber of virulence factors under physiologically relevant
conditions, only a subset of these effectors is transcrip-
tionally upregulated in the presence of neutrophils as
well as a-defensin. Supporting this finding, we show
that the mouse skin environment promotes transcrip-
tion of specific saeR/S targets, differing from the expres-
sion profile elicited following neutrophil interaction or
a-defensin, further emphasizing that activation of this
two-component system and the subsequent down-
stream regulation are dependent on the stimuli sensed
by S. aureus.

2 J Innate Immun
DOI: 10.1159/000351200

Materials and Methods

Bacterial Strains and Culture

Wild-type USA300 (LAC) was used to generate USA300AsaeR/S,
USA300AsaeR/S+Comp (complemented with a plasmid encoding
saeR and saeS) and USA300Aagr (isogenic knockout of agrBDCA),
as previously described [3, 4, 10]. Bacteria used in the studies were
cultured in tryptic soy broth with 0.5% glucose and harvested at
midexponential growth phase (optical density at 600 nm = 1.5) [11].

Neutrophil and Purified Peptide Assays

Human neutrophils (polymorphonuclear leukocytes, PMNs)
were isolated from heparinized venous blood of healthy donors 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. Erythrocytes
were removed by dextran sedimentation, and PMNs were separated
from peripheral blood mononuclear cells using Histopaque-1077®
(Sigma Aldrich) followed by water lysis of remaining erythrocytes
under endotoxin-free conditions (<25.0 pg/ml) as described else-
where [11]. Bone marrow-derived mouse neutrophils were isolated
from BALB/c mice using a Percoll gradient and resuspended in
RPMI plus 5 mM HEPES media [12]. PMN phagocytosis was syn-
chronized by centrifuging PMNs and bacteria at 380 g for 8 min at
4°C [11]. For activation assays with host-derived components,
USA300 [5 x 107 colony-forming units (CFUs)] was treated with
water or a sublethal dose (confirmed by CFU assays) of either hu-
man a-defensin (HNP-1, Millipore), B-defensin (hBD-3, AnaSpec),
LL-37 (AnaSpec) or dermcidin (DCD, AnaSpec), all resuspended in
water and tested at 0.48 uM, apart from H,0,, which was tested at
0.55 mM (AMRESCO). Strains were incubated at 37°C with shaking
(250 rpm) for 10 and 30 min (as indicated). The control experiment
with lethal doses (determined using CFU assays) was performed by
exposing USA300 to a-defensin (4.8 uM) or LL-37 (9.6 um) for 30
min. At designated time points, samples were lysed with RLT-p-
mercaptoethanol buffer and homogenized using FastPrep, and S.
aureus RNA was isolated using the RNeasy method (Qiagen) [11,
13].

Mouse Studies

Mouse studies performed for this investigation conformed to the
NIH guidelines and were approved by the Institutional Animal Care
and Use Committee at Montana State University. Crl:SKH1-hrBR
mice (Charles River) were inoculated subcutaneously with 2 x 107
CFUs of USA300, USA300AsaeR/S or USA300Aagr in 50 pl of PBS
[3, 14]. Eight hours after infection, mice were sacrificed, and skin
biopsies were harvested with a 9-mm punch, homogenized and cen-
trifuged. The supernatants were removed, the remaining bacteria
pellets were lysed with RLT-B-mercaptoethanol buffer (Qiagen),
and S. aureus RNA was harvested as described above [11, 13].

QuantiGene 2.0 Assays

QuantiGene 2.0 assays (Affymetrix) were performed on 2 bio-
logical replicates of the aforementioned experiments [15]. In brief,
purified RNA samples were captured by microsphere beads unique
to each gene of interest and hybridized overnight to target-specif-
ic DNA probes with biotinylated sites, which were recognized by
addition of streptavidin-conjugated R-phycoerythrin. The ampli-
fied signal was detected together with the capture bead specific to
each gene of interest using a Luminex flow cytometer (BioRad).

Zurek/Nygaard/Watkins/Pallister/
Torres/Horswill/Voyich
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Quality control of QuantiGene 2.0 was assessed in preliminary ex-
periments using varied doses of RNA to determine the optimum
amount of RNA for subsequent assays. Each S. aureus RNA sample
(50-100 ng) was assayed in duplicate, and transcript abundance of
15 genes with the SaeR recognition sequence and 3 genes (agrA,
mecA and ditA) without the SaeR binding site was detected as the
mean fluorescent signal normalized to gyrB expression levels. This
endogenous control was constitutively expressed in S. aureus un-
der the tested conditions. Changes in S. aureus gene expression in
response to host stimuli were determined by comparing transcript
levels in S. aureus strain(s) treated with the described stimulus to
those in the same strain grown in media (time-matched) (fig. 1, 2).
To define the influence of saeR/S and agr on gene expression, tran-
script levels in the wild-type strain treated with the relevant host
component were compared to gene expression in mutant strains
exposed to the same stimulus (fig. 3, 5). Samples that consisted of
host RNA alone demonstrated that the probes were S. aureus RNA
specific (data not shown). QuantiGene 2.0 results were confirmed
using TagMan quantitative RT-PCR (qRT-PCR) as previously de-
scribed [3, 11], demonstrating that this assay is a suitable alterna-
tive to global gene expression assessment methods.

Results

A Subset of saeR/S-Regulated Genes Is Activated

during Early Human Neutrophil Interactions

While promoter activity and transcript levels of saeR/S
have been shown to be affected by PMN phagocytosis,
individual PMN components and pH changes [9, 11, 16,
17], the effect of host-derived components on saeR/S tar-
gets has not been completely defined. To this end, we
employed QuantiGene 2.0 assays to measure expression
changes of 15 genes with the SaeR binding site [3, 7] in a
USA300 wild-type strain (LAC) during initial interac-
tions with human neutrophils (fig. 1a). By comparing
transcript levels in neutrophil-treated USA300 to those
in USA300 grown in media, we identified targets that
were immediately activated and thus may be essential to
successful initiation of infection by S. aureus. Five and 10
min after interaction, transcription of a specific subset of
genes, namely higA, higB, higC (y-hemolysins), lukA
(leukotoxin A/B or G/H) and sbi (immunoglobulin-
binding protein), was strongly upregulated in USA300
(fig. 1a; online suppl. table 1; for all online suppl. mate-
rial, see www.karger.com/doi/10.1159/000351200). In
contrast, lukD (leukotoxin E/D), lukF-PVL (Panton-Val-
entine leukocidin), hla (a-hemolysin), ssI7 (superanti-
gen-like protein) and splA (serine protease) expression
did not increase despite the presence of the SaeR binding
region (fig. 1a; online suppl. table 1). Although saeS tran-
script levels were unaffected by the treatment, the tran-
scriptional activity of saeP and saeR increased slightly

Host Influence on saeR/S Targets

after interaction with neutrophils while agrA and arlR
expression did not increase (fig. 1a; online suppl. table 1).
To confirm the validity of the QuantiGene 2.0 assay, we
used TagMan qRT-PCR to measure changes in the gene
expression of USA300 in the presence of neutrophils. In
congruence with the QuantiGene 2.0 data, after 10 min,
lukA transcript was upregulated while lukF-PVL and hla
expression did not change significantly (fig. 1b). Togeth-
er, these findings suggest that only a subset of saeR/S-
regulated genes is transcriptionally activated during ini-
tial interactions with human neutrophils.

Specific Host Stimuli Promote Transcription of

saeR/S-Regulated Genes

Unlike LL-37, which does not promote activation of
the sae promoter, a-defensin and H,O, have been shown
to increase saeR/S transcript levels [16]. However, the ef-
fect of neutrophil-derived components on saeR/S-regu-
lated genes has not been completely defined. To address
this, we treated USA300 with a-defensin, LL-37 and H,O,
for 10 min and investigated changes in transcript levels of
saeR/S targets. Human a-defensin had the most robust
effect on saeR/S targets, relatively similar to that of
USA300 treated with neutrophils (fig. 1a; online suppl.
table 1). Expression of y-hemolysins (higA, higB, higC),
leukotoxin AB/GH (lukA) and genes of the SaeR/S system
was increased, while changes in expression of the remain-
ing target genes were minimal. Despite their antimicro-
bial properties, LL-37 and H,0O, had no effect on tran-
script abundance of saeR/S targets (fig. 1a; online suppl.
table 1).

We next wanted to determine whether peptide-medi-
ated killing could promote transcription of saeR/S targets
to test if cell death is a prominent activator of the SaeR/S
system. We measured expression of saeR/S targets in S.
aureus subjected to a lethal dose of a-defensin or LL-37
for 30 min. Even at a higher dosage, LL-37 did not elicit a
transcriptional change in saeR/S targets, while a-defensin
triggered a similar response to that of the sublethal dose
(data not shown), suggesting that the transcriptional ac-
tivation of saeR/S targets noted in our studies is due to
specific host-derived components as opposed to any an-
timicrobial insult.

While the expression profiles of saeR/S targets were
similar between neutrophil- and a-defensin-treated
groups (fig. 1a), the difference in the magnitude of ex-
pression suggested that a-defensin might contribute only
partially to activating saeR/S targets in USA300 following
neutrophil interaction. To address this, we examined
gene expression in saeR/S targets after 30-min exposure

J Innate Immun 3
DOI: 10.1159/000351200



to purified human a-defensin, human neutrophils and
bone marrow-derived mouse neutrophils that do not
produce a-defensins [18] (fig. 2a, b; online suppl. table 2).
Despite the absence of a-defensins, saeR/S-regulated gene
expression increased substantially in response to mouse
PMNes (fig. 2a, b; online suppl. table 2). Transcript levels
of hlgA, higB, hlgC, lukA, sbi, hla, splA, saeP, saeR and
saeS were upregulated, suggesting that, in addition to
a-defensin, there are other neutrophil-specific signals
that promote activation of saeR/S targets (fig 2a). Also,
lukF-PVL was only upregulated in the presence of
a-defensin and human neutrophils, while a-hemolysin
(hla) and immunoglobulin-binding protein (sbi) were
increased due to a-defensin and mouse PMNs, further
highlighting the dependence of saeR/S target expression
on the external environment (fig. 2a). We next compared
the magnitude of responses among the 3 treatment groups
and found that hlgABC transcript levels were the highest
in the mouse neutrophil-treated group, while a-defensin
promoted strong transcription of JukA and sbi when
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compared to transcript levels in USA300 treated with hu-
man or mouse neutrophils (fig. 2b). In addition, expres-
sion of saeR, saeS and saeP was above the limit of detec-
tion in USA300 treated with human neutrophils. To con-
firm that the regulatory system becomes activated by
human neutrophils at 30 min, as reported previously [11],
we employed TagMan qRT-PCR to measure saeR levels
under the same conditions (data not shown). Transcript
levels of saeR were increased 10-fold, demonstrating that
human neutrophils promote SaeR/S activation 30 min
after interaction. These findings suggest that the down-
stream activation of saeR/S targets is independent of saeR
transcript levels and specific to the host-derived signal.

The SaeR/S Two-Component System Is the Major

Regulator of Virulence Factors during Neutrophil

Interaction

Although extensive in vitro studies have identified
genes regulated by the SaeR/S system [3, 4, 7], we wanted
to determine if expression of the relevant targets was also
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Fig. 1. Differential transcription of saeR/S targets is dependent on
the host stimulus. a QuantiGene 2.0 assays were used to assess
transcript levels of the listed saeR/S targets in USA300 exposed to
human neutrophils (10:1, bacteria to PMN), a-defensin (0.48 pum),
LL-37(0.48 uM) or H,0, (0.55 mM). Data are reported as the mean
fold change of 2 separate experiments as shown in online supple-
mentary table 1. Transcript levels in S. aureus exposed to the stim-
ulus were normalized to gyrB and calibrated to those from S. au-
reus strains grown in media only (time-matched). b TagMan qRT-
PCR confirmation of QuantiGene 2.0 data. The fold change is the
relative gene expression of lukA, lukF-PVL and hla measured in
USA300 calibrated to gyrB levels after 10-min interaction with hu-
man neutrophils (10:1, bacteria to PMN) and normalized to base-
line gene expression of USA300 grown in media (indicated by the
dotted line).
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saeR/S-dependent under physiologically relevant condi-
tions. We addressed this by investigating gene expression
in USA300AsaeR/S and USA300Aagr, following early in-
teraction with human neutrophils. USA300Aagr was in-
cluded because previous studies have shown agr to have
an influence on expression of saeR/S targets [9]. By com-
paring transcript levels of USA300 to those in the mutant
strains in the presence of neutrophils, we identified that
genes triggered in USA300 (higA, higB, higC, lukA and
sbi) were abolished in USA300AsaeR/S (fig. 3). Although
expression of saeP, hla, lukF-PVL and splA was not up-
regulated in USA300 treated with neutrophils (fig. 1a),
their transcript levels were substantially downregulated
in USA300AsaeR/S (fig. 3). In contrast, expression of rot
and arlR was similar in USA300 and USA300AsaeR/S,
suggesting that these targets are not solely regulated by
saeR/S under the conditions tested, an observation sup-
ported by in vitro studies (fig. 3) [3]. By assessing the fold
change between USA300 and USA300Aagr gene expres-
sion in response to neutrophils, we found that transcrip-
tion of higA, higB, higC, lukF-PVL and splA was slightly
reduced in the absence of agr (fig. 3). Furthermore, to
confirm that the noted changes were specific to saeR/S,
we also assessed gene expression during neutrophil inter-
action using a USA300AsaeR/S strain complemented
with a plasmid containing saeR/S (online suppl. fig. 1).
Complementation restored the wild-type gene expres-
sion levels, confirming that transcriptional changes in re-
sponse to neutrophils are saeR/S-mediated (online suppl.
fig. 1). These findings suggest that while the SaeR/S sys-
tem is the major regulator of the relevant genes, Agr has
moderate influence over saeR/S-regulated gene expres-
sion in the presence of human neutrophils.

Fig. 2. a-Defensin is not required for neutrophil-mediated activa-
tion of the SaeR/S system. USA300 was exposed to a-defensin (0.48
uM), human neutrophils and mouse neutrophils (10:1, bacteria to
PMN) for 30 min, and changes in expression were measured using
the QuantiGene 2.0 platform. a Fold change of saeR/S targets.
b Quantitative comparison of saeR/S targets (from a) substantially
affected by a-defensin, human neutrophils and mouse neutro-
phils. Data are shown as the mean fold change of 2 separate ex-
periments calculated as stated in figure 1 and listed in online sup-
plementary table 2. Asterisks indicate gene targets with expression
above the limit of detection.
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saeR/S Targets Are Activated following Murine Skin

Infection

Next, we expanded on the aforementioned findings
by investigating expression of saeR/S-regulated genes in
vivo. Since saeR/S and agr are essential to successful ini-
tiation of S. aureus skin infection [3, 19, 20], we hypoth-
esized that the skin environment will activate saeR/S tar-
gets. To this end, we isolated S. aureus RNA from skin
abscesses of mice 8 h following infection with USA300,
USA300AsaeR/S or USA300Aagr and measured gene ex-
pression using the QuantiGene 2.0 assay. To assess chang-
esin saeR/S target expression elicited by the skin environ-
ment, we compared gene transcription in S. aureus strains
from the abscess to transcript levels in corresponding
strains at midexponential growth, representing the initial
inoculum. With the exception of sbi, saeR/S targets higA,
higB, hlgC and lukA, previously shown to be activated by
mouse neutrophils (fig. 2a, b), were also highly expressed
in USA300 and USA300Aagr but abolished in the
USA300AsaeR/S strain (fig. 4a; online suppl. table 3). On
the other hand, only the skin environment triggered ro-
bust transcription (fold change in parentheses) of hla
(6.4), spIA (7.65) and ss17(3.95) in USA300 (fig. 4b; online
suppl. table 3) when compared to mouse neutrophil-in-
duced expression of hla (1.52), splA (2.43) and ssI7 (1.16)
(fig. 2a, b; online suppl. table 2), further emphasizing that
the specificity of the transcriptional response in S. aureus
is dependent on the external environment. Our results
also confirm previous studies that showed the saeR/S mu-
tant to have increased levels of mecA expression, which
are likely due to an indirect effect since mecA does not
have the SaeR binding site [3].

In order to determine the influence of saeR/S and agr
on expression of the relevant targets, we compared tran-
script levels of the wild type to those in the mutant strains
8 h after skin infection. Genes that were downregulated
in USA300AsaeR/S during neutrophil interaction (fig. 3)
were also substantially repressed in USA300AsaeR/S in
the skin, and lukF-PVL and splA were downregulated in
USA300Aagr (fig. 5). Surprisingly, hlgA, higB, hlgC and
ssl7, which were repressed in the presence of neutrophils
in USA300Aagr (fig. 3), were upregulated during skin in-
fection (fig. 5). While higher transcript levels of the vir-
ulence factors in USA300Aagr were unexpected, they
correlate with increased expression of saeR/S in the
USA300Aagr strain during skin infection (fig. 5). Addi-
tionally, increased transcription of agrA in the saeR/S
mutant during skin infection implies that saeR/S and agr
might compensate for each other’s absence to promote
transcription of essential virulence factors (fig. 5).
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USA300 vs. USA300 vs.

USA300AsaeR/S | USA300Aagr

Genes regulated by:
[ SaeR/S
CAgr
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Fig. 3. USA300 genes regulated by saeR/S and agr following interac-
tion with human neutrophils. QuantiGene 2.0 assays were used to
assess transcript levels of the listed saeR/S-regulated genes in
USA300, USA300AsaeR/S or USA300Aagr exposed to human neu-
trophils (10:1, bacteria to PMN). The mean fold change of 2 separate
experiments was calculated by comparing gyrB-calibrated transcript
levels in wild-type USA300 to those in USA300AsaeR/S and
USA300Aagr isogenic knockout strains 10 min after neutrophil in-
teraction. Blue and yellow depict genes regulated by saeR/S and agr,
respectively, and genes influenced by both systems are shaded green.

Discussion

The ability of S. aureus to evade neutrophils as well as
establish invasive and skin infections has been linked to
the two-component system SaeR/S that regulates expres-
sion of virulence factors and immunomodulatory proteins
[3-5, 7,20]. In this investigation, we studied physiological
triggers of SaeR/S and how host stimuli affect saeR/S-reg-
ulated gene expression. We found that a robust transcrip-
tional response of genes with the SaeR binding site in
USA300 takes place as early as 5 min after human neutro-
phil interaction. The immediate activation of the specific
saeR/S targets higA, higB, higC, lukA and sbi in response to
human PMNs suggests that these effectors might be re-
quired for initiation of infection in humans. Our findings
correspond with previous reports that showed higABC,
lukAB/lukGH and sbi promote neutrophil cell death and/
or S. aureus survival during neutrophil phagocytosis [21-
24]. Lack of pronounced transcription of hla during early
neutrophil interaction also coincides with studies that
demonstrated Hla does not promote cell death of human
neutrophils; however, this toxin plays an important role in
targeting lymphocyte populations [25]. Given that the
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Fig. 4. The skin environment promotes saeR/S target transcription.
QuantiGene 2.0 assays were used to assess transcript levels of the
genes shown in skin abscesses 8 h after subcutaneous inoculation
with USA300, USA300AsaeR/S or USA300Aagr. a Genes previ-
ously shown to be activated by other stimuli (fig. 1, 2). b Addi-

SaeR/S system promotes PMN damage and is required for
S. aureus survival following phagocytosis [4], our findings
imply that saeR/S activation triggers a PMN-specific tran-
scriptional response facilitating upregulation of virulence
factors essential to evade neutrophil killing. This idea is
supported by the observation that not all genes containing
the SaeR binding site were activated in response to neutro-
phils even though their transcription is dependent on the
SaeR/S system [3, 7]. While the quorum system Agr had
influence over several saeR/S targets, its impact on expres-
sion of the virulence factors during early interaction with
the neutrophils was not as robust. This finding was ex-
pected as transcription of agr is not stimulated by the neu-
trophil environment at the multiplicities of infection test-
ed [11; this study] and is not essential to USA300 survival
during PMN interaction [10]. Collectively, these findings
highlight the specificity of the saeR/S-mediated transcrip-
tional response to neutrophils.

Another goal of our study was to define expression
of saeR/S targets during the initial interactions with neu-
trophil-derived components. We found that human
a-defensin elicited transcriptional changes of saeR/S tar-
gets 10 and 30 min after treatment, in accordance with
previous reports [8, 16, 17]. While we cannot rule out that
a-defensin-mediated cell membrane disruption pro-
motes activation of SaeS, especially since antimicrobial
peptides elicit cell damage through various mechanisms
[26], LL-37 did not activate saeR/S at sublethal nor at le-
thal concentrations. This further emphasizes that SaeR/S
activation is dependent on particular stimuli as opposed
to any type of microbial damage.

Host Influence on saeR/S Targets

tional targets activated by the skin environment. Transcript levels
were normalized to gyrB and calibrated to those from correspond-
ing S. aureus strains at midexponential growth phase. Data are
reported as the mean fold change of 2 separate experiments with 2
mice per group (values shown in online suppl. table 3).

L USA300 vs. USA300 vs.
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agl’A " - Genes regulated by:
arlR . 5
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Fig. 5. USA300 genes regulated by saeR/S and agr during subcuta-
neous skin infection. The mean fold change of 2 separate experi-
ments, described in figure 4, was calculated by comparing gyrB-
calibrated transcript levels in wild-type USA300 to those in
USA300AsaeR/S and USA300Aagr 8 h after inoculation. ULD =
Under the limit of detection. Blue and yellow depict genes regu-
lated by saeR/S and agr, respectively, and genes influenced by both
systems are shaded green.

a-Defensin, contained within primary azurophilic
granules of the human PMN, has been suggested to be the
molecular trigger of SaeR/S [8, 16, 17]; however, the ex-
pression profile elicited by a-defensin was relatively dif-
ferent in magnitude from that of the human neutrophil.
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This observation prompted us to determine whether neu-
trophils had to contain a-defensin to promote saeR/S
target activation by exposing S. aureus to mouse neutro-
phils. We chose mouse PMNss because they are similar in
function to the human neutrophil but do not contain
a-defensin [18]. Surprisingly, mouse PMNs upregulated
transcription of saeR/S targets even more robustly than
human neutrophils. Based on these observations, we pro-
pose that while a-defensin is an essential activator of the
SaeR/S system, there are other neutrophil-derived com-
ponents and processes such as phagocytosis, reactive oxy-
gen species production and/or degranulation that might
promote transcription of saeR/S targets.

Next, we wanted to define transcript changes of saeR/S
targets in vivo. As expected, the skin environment pro-
moted a robust transcription of saeR/S targets with
y-hemolysins and leukotoxin AB/GH transcript levels
being substantially high 8 h after inoculation. Interest-
ingly, lukAB and higABC have been shown to be dispens-
able for abscess formation during skin infection in rabbits
and mice, respectively [27, 28]. This could be due to the
redundancy of various toxins produced by S. aureus that
might compensate for the lack of HIgABC or LukAB/GH.
It remains to be determined whether these toxins play a
role in modulating immune responses that could be im-
portant for the progression of infection.

The specificity of the saeR/S-mediated response dur-
ing skin infection was further highlighted by increased
expression of a-hemolysin transcript, which is essential
to dermonecrosis formation [19, 27]. Given that skin ab-
scesses are composed of various cell types, including lym-
phocytes that are susceptible to Hla, our results suggest
there are additional skin-derived triggers of the SaeR/S
system. To begin to address this, we measured mRNA
levels of saeR/S targets following exposure to skin-derived
peptides B-defensin and dermicidin; however, neither of
the stimuli promoted SaeR/S activation (data not shown).
While the infiltrated neutrophils at the site of infection
and the long exposure to the skin environment likely con-
tribute to the observed expression profile, future investi-
gations are needed to identify triggers of the SaeR/S sys-
tem in the skin.

To confirm the impact of SaeR/S on gene expression
in vivo, we examined saeR/S target expression in
USA300AsaeR/S and USA300Aagr. As in the case of hu-
man neutrophils, expression of the majority of the genes
with the SaeR binding site was dependent on the SaeR/S
system during skin infection. Although deletion of agr
results in reduced pathogenesis of S. aureus in the skin
[20, 29], the transcript levels of several virulence factors,
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including a-hemolysin, which contributes to dermone-
crosis, were either equal or substantially higher in the agr
mutant when compared to the wild-type strain. This dis-
crepancy can be explained by the role of Agr in posttran-
scriptional regulation of toxins such as a-hemolysin
which translation is dependent on agr [30]. Furthermore,
genes that were upregulated in the agr mutant in the skin
were downregulated in the same mutant during neutro-
phil interaction. The biphasic regulation could be due to
a variety of factors including the difference in external
stimuli, bacteria growth phase and/or timing (10 min
with neutrophils vs. 8 h in the skin). These findings fur-
ther underscore that regulation of transcription mediated
by two-component systems is complex and highly spe-
cific to the environment sensed by S. aureus.

The finding that only select saeR/S-regulated genes, as
opposed to all targets with the SaeR recognition sequence,
were transcriptionally upregulated in response to saeR/S-
activating stimuli was unexpected. We suggest that dif-
ferential activation of saeR/S targets is dependent on spe-
cific stimuli, most likely in concert with other regulatory
systems, RNA decay mechanisms [31] and/or transcrip-
tion factors such as negative regulator of toxins, which
has been shown to repress saeR/S-regulated genes [32].
In addition, the temporal expression of targets such as
lukA and sbi, which declined over the 30-min exposure
to human neutrophils, as opposed to hlgABC mRNA lev-
els that increased over time, suggests that the transcrip-
tion kinetics of saeR/S targets is important and should be
investigated in respect to S. aureus pathogenesis. Finally,
previous studies proposed that the availability of phos-
phorylated SaeR (SaeR-P) and arrangement of the SaeR
binding sites influence the differential regulation of the
saeR/S targets [33, 34]. While some genes might require
low levels of SaeR-P to be transcriptionally active, others
will be activated in the presence of high SaeR-P concen-
trations [33]. Since transcript levels of saeR/S do not cor-
relate with the robustness of the downstream gene ex-
pression [33; this study], it is likely that SaeR-P levels
might dictate the magnitude of the gene transcription
downstream of the SaeR/S system. Thus, future studies
are needed to determine the effect of external stimuli on
SaeR-P levels along with the influence of differences
within the SaeR binding site sequence on differential
transcription of saeR/S targets.

To our knowledge, this is the first study to identify
genes that are regulated by saeR/S and agr under physio-
logically relevant conditions and determine the effects of
host-derived stimuli including skin on saeR/S target gene
expression. Our findings suggest that the SaeR/S system is
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Fig. 6. A model representing the dependence of saeR/S-mediated
transcription on host-derived signals. Depending on the source of
SaeR/S system activation, only specific subsets of genes with the
SaeR binding site are activated during early interactions with host
components and subcutaneous skin infection. In the presence of
neutrophils and a-defensin (signal 1), activation of the SaeR/S sys-
tem leads to promotion of gene transcription necessary to evade
neutrophils. When stimulated by the skin environment (signal 2),
specific saeR/S targets, including genes that promote skin abscess
formation, are transcriptionally activated and vary in type and ro-

a major regulator of virulence factors in the initial stages
of S. aureus interaction with the innate immune system,
while the Agr system has a partial influence on saeR/S tar-
get expression. Given that SaeR/S is required for success-
ful establishment of skin and invasive S. aureus infections,
subsequent studies are necessary to determine which of
the saeR/S targets are responsible for saeR/S-mediated
pathogenesis. Moreover, with the recent findings that the
WalKR system potentially influences SaeR/S activity [35],
future analyses will include the contribution of additional
regulatory networks to gene expression of saeR/S targets.

Collectively, our findings provide insight into gene
regulation in S. aureus and highlight the importance of
examining downstream events of gene-regulatory sys-
tems upon their stimulation. To that end, we hypothesize
that activation of SaeR targets depends on the stimulus
and that only specific subsets of genes respond on a tran-
scriptional level, depending on the environment (fig. 6).
This viable strategy allows the pathogen to tailor its re-
sponse by expending energy only on factors necessary to
survive the pending host challenge.

Host Influence on saeR/S Targets

bustness of response from those stimulated by signal 1. Given that
mouse neutrophils promote SaeR/S activation despite lacking
a-defensin, there are additional host-derived components (signal
3) that can activate the SaeR/S system and potentially stimulate
other gene-regulatory networks promoting pathogen survival. Ad-
ditionally, activation of the SaeR/S system is highly specific to the
external environment since not all host-derived factors (signal 4)
promote transcription of SaeR/S targets. HK = Histidine kinase;
RR = response regulator.
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Online Suppl. Fig. 1. Transcription of genes stimulated by neutrophils in
USA300 is dependent on saeR/S expression. QuantiGene 2.0 assays were
used to measure transcript levels of higA, higB, higC, lukA and sbiin USA300,
USA300AsaeR/S or USA300AsaeR/S + Comp subjected to human neutrophils
for 10 minutes (10:1 bacteria to PMN). Gene expression in PMN-treated S.
aureus strains was normalized to gyrB and calibrated to transcript levels in
corresponding strains grown in media. Besides USA300AsaeR/S that was
assessed once, data are shown as mean fold change of two separate
experiments.
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Online Suppl. Table 1. Host-factors ditferentially regulate saeR/S targets

Human PMNs | Human PMNs a-Defensin LL-37 H,O,
5 min 10 min 10 min 10 min 10 min

ID Locus USA300 USA300 USA300 USA300 USA300
SAUSA300_1992 | agrA 0.61 +/-0.4 0.86 +/- 0.16 0.92 +/-0.12 0.93 +/- 0.04 1.21 +/- 0.06
SAUSA300_1308 | ariR 0.76 +/- 0.23 0.59 +/- 0.01 0.97 +/- 0.01 0.79 +/- 0.04 1.09 +/- 0.2
SAUSA300_0835 | dItA 1.3 +/-0.79 0.56 +/- 0.13 1.12 +/- 0.08 1.28 +/-0.2 1.08 +/- 0.31
SAUSA300_1058 | hla 0.77 +/- 0.37 1.15 4/- 0.13 0.94 +/- 0.02 0.71 +/- 0.11 1.1 +/- 0.41
SAUSA300 2365 | higA 24.65 +/-12.98 | 71.86 +/- 19.15 | 17.32 +/-5.23 | 0.69 +/- 0.09 1.05 +/- 0.17
SAUSA300_2366 | higB 23.33 +/-9.2 40.1 +/- 6.8 10.08 +/- 3.9 0.83 +/- 0.22 1.31+/-0.4
SAUSA300 2367 | higC 7.08 +/- 1.11 14.39 +/- 3.19 7.51+/-25 0.7 +/-0.14 1.03 +/- 0.16
SAUSA300_1974 | lukA 4.35 +/-2.96 17.59 +/-0.28 | 4.46 +/- 0.66 0.78 +/- 0.55 1.03 +/- 0.59
SAUSA300_1768 | lukD 0.58 +/- 0.34 0.75 +/- 0.14 0+/-0 0+/-0 0+/-0
SAUSA300_1381 gl\’/(l’.: 0.7 +/-0.13 0.94 +/- 0.23 1.53 +/- 0.11 0.88 +/- 0.07 1.12 +/- 0.23
SAUSA300_0032 | mecA 0.73 +/- 0.25 0.68 +/- 0.03 0.91 +/- 0.08 0.97 +/- 0.1 1.16 +/- 0.11
SAUSA300_1708 | rot 0.66 +/- 0.19 0.49 +/- 0.16 0.85 +/- 0.04 0.87 +/- 0.05 1 +/-0.04
SAUSA300_0693 | saeP 2.65 +/-1.22 0.8 +/-0.13 1.27 +/-0.38 0.6 +/- 0.06 1.17 +/- 0.23
SAUSA300_0691 | saeR 2+/-0.21 1.78 +/- 0.35 2.17 +/-1.05 0.63 +/- 0.03 1.1+/-0.3
SAUSA300_0690 | saeS 1.02 +/- 0.35 1.09 +/- 0.25 1.74 +/-0.76 0.67 +/- 0.01 1.18 +/- 0.3
SAUSA300 2364 | sbi 7.73 +/-2.43 3.02 +/- 0.45 1.31 +/- 0.34 0.68 +/- 0.04 1.26 +/- 0.27
SAUSA300_1758 | splA 0.86 +/- 0.12 1.59 +/- 0.75 1.96 +/- 0.31 0.85 +/- 0.03 1.13 +/- 0.28
SAUSA300_0401 | ssl7 0.4 +/- 0.06 0.56 +/- 0.08 1.27 +/-0.01 0.91 +/- 0.07 1.18 +/- 0.09

Gene expression in USA300 treated with the depicted stimulus was measured by QuantiGene 2.0 assays and
normalized to gyrB transcript levels. Ratio of gene expression in stimulus-treated vs untreated S. aureus (time-
matched) is shown as mean fold change +/- standard deviation of two separate experiments. 0 = Gene expression
under limit of detection.
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a-Defensin Human PMNs Mouse PMNs
30 min 30 min 30 min

ID Locus USA300 USA300 USA300
SAUSA300_1992 agrA 1.23 +/- 0.28 0.38 +/- 0.01 1.03 +/- 0.47
SAUSA300_1308 arlR 1.58 +/- 0.46 0.4 +/-0.08 0.92 +/-0.2
SAUSA300_0835 ditA 2.16 +/- 0.64 0.36 +/- 0.1 0.6 +/-0.12
SAUSA300_1058 hla 1.98 +/- 1.34 0.74 +/-0.17 1.52 +/- 0.49
SAUSA300_2365 higA 61.41 +/-19.07 103.94 +/- 28.11 187.88 +/- 25.04
SAUSA300_2366 higB 21.53 +/-12.88 73.01 +/- 15.32 130.23 +/- 17.07
SAUSA300_2367 higC 12.04 +/- 7.41 35.06 +/- 3.57 72.6 +/-10.73
SAUSA300_1974 lukA 24.03 +/- 16.01 1.7 +/-0.01 4.06 +/- 0.55
SAUSA300_1768 lukD 0+/-0 0.71 +/- 0.02 1.16 +/- 0.13
SAUSA300_1381 lukF-PVL 3.74 +/- 0.21 1.82 +/- 0.46 1.37 +/-0.14
SAUSA300_0032 mecA 1.33 +/-0.33 0.63 +/- 0.04 1.03 +/-0.19
SAUSA300_1708 rot 1.37 +/- 0.57 0.89 +/- 0.46 0.97 +/- 0.04
SAUSA300_0693 saeP 3.04 +/-2.11 * 2.09 +/- 0.46
SAUSA300_0691 saeR 5.85 +/- 3.85 * 2.33+/-0.6
SAUSA300_0690 saeS 3.6 +/-1.97 * 1.67 +/-0.12
SAUSA300_2364 sbi 7.15 +/- 3.66 1.39 +/- 0.45 2.42 +/- 0.63
SAUSA300_1758 splA 3.82 +/-2.38 1.52 +/- 0.95 243 +/-041
SAUSA300_0401 ssl7 2.65 +/- 0.58 1.1 +/-0.93 1.16 +/- 0.09

Gene expression in USA300 treated with the depicted stimulus was measured by QuantiGene 2.0 assays and
normalized to gyrB transcript levels. Ratio of gene expression in stimulus-treated vs untreated S. aureus (time-
matched) is shown as mean fold change +/- standard deviation of two separate experiments. 0 = Gene expression

under the limit of detection; *Gene expression above limit of detection.




46

Online Suppl. Table 3. Skin environment promotes transcription of saeR/S targets

ID Locus USA300 USA300AsaeR/S USA300Aagr
SAUSA300_1992 agrA 1.25 +/- 0.37 1.84 +/- 0.14 0+/-0
SAUSA300_1308 arlR 1.67 +/-0.8 1.46 +/- 0.56 0.95 +/- 0.04
SAUSA300_0835 ditA 1.21 +/-0.36 0.78 +/- 0.3 0.51 +/- 0.25
SAUSA300_1058 hla 6.4 +/-4.19 0.79 +/- 1.11 5.08 +/- 1.44
SAUSA300_2365 higA 37.32 +/- 13.37 0.54 +/-0.77 124.68 +/- 45.88
SAUSA300_2366 higB 18.39 +/- 2.14 0+/-0 115.78 +/- 6.72
SAUSA300_2367 higC 18.21 +/- 3.14 0.67 +/- 0.94 101.37 +/- 9.21
SAUSA300_1974 lukA 7.86 +/- 4.68 1.81 +/- 0.17 9.96 +/- 5.44
SAUSA300_1768 lukD 0+/-0 0+/-0 0+/-0
SAUSA300_1381 lukF-PVL 2.84 +/-0.28 211 +/-0.13 3.01 +/- 0.52
SAUSA300_0032 mecA 0.63 +/- 0.05 2.26 +/- 0.23 1.08 +/- 0.04
SAUSA300_1708 rot 3.45 +/- 0.46 2.82 +/-1.38 0.47 +/- 0.17
SAUSA300_0693 saeP 1.52 +/-0.18 3.12 +/-1.85 4.13 +/-1.1
SAUSA300_0691 saeR 1.35 +/- 0.63 0+/-0 2.36 +/- 0.52
SAUSA300_0690 saeS 1.28 +/- 0.26 0+/-0 1.99 +/- 0.23
SAUSA300_2364 sbi 0.82 +/- 0.37 0.4 +/-0.57 2.14 +/- 0.23
SAUSA300_1758 splA 7.65 +/- 0.98 1.09 +/- 1.53 3.2 +/-0.58
SAUSA300_0401 ssl7 3.95 +/- 1.67 2.5 +/- 0.93 6.41 +/-4.24

Gene expression in USA300, USA300AsaeR/S and USA300Aagr was measured by QuantiGene 2.0 assays and
normalized to gyrB transcript levels. Ratio of gene expression in strains from the skin abscess 8 hours post-infection
vs bacteria grown at mid-exponential phase (strain-matched) is shown as mean fold change +/- standard

deviation of two separate experiments. 0 = Gene expression under the limit of detection.
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Staphylococcus aureus Inhibits
Neutrophil-derived IL-8 to Promote
Cell Death

Oliwia W. Zurek, Kyler B. Pallister, and Jovanka M. Voyich

Department of Microbiology and Immunology, Montana State University, Bozeman

While Staphylococcus aureus accelerates human neutrophil
cell death, the underlying host- and pathogen-derived mech-
anisms remain incompletely defined. Previous studies demon-
strated that the S. aureus SaeR/S sensory system is essential
for pathogen survival following neutrophil phagocytosis.
Herein, we demonstrate that the SaeR/S system promoted ac-
celerated cell death, suppressed phosphorylation of nuclear
factor-xB, and reduced interleukin-8 (IL-8) production in
human neutrophils. Treatment of neutrophils with recom-
binant IL-8 significantly reduced bacterial burden and apo-
ptosis. Our findings demonstrate a mechanism by which
S. aureus suppresses the early neutrophil-derived IL-8 re-
sponse to disrupt cell fate and promote disease.

Keywords.  cell fate; IL-8; neutrophils; NF-kB; pathogene-
sis; SaeR/S; Staphylococcus aureus.

Staphylococcus aureus is a common pathogen that can infect
immunocompromised as well as healthy individuals. Human
polymorphonuclear leukocytes (PMNs or neutrophils) are the
first line of defense against S. aureus. It follows that the ability
of S. aureus to initiate infection includes survival after PMN
phagocytosis and alteration of PMN cell fate [1-3]. Although
it has been shown that S. aureus alters neutrophil lifespan by
inducing rapid neutrophil death (referred to as programmed ne-
crosis or necroptosis), the host and pathogen mechanisms asso-
ciated with this phenotype have not been fully elucidated [2, 3].
To advance our understanding of how S. aureus influences
PMN cell fate to promote disease, we investigated the role of
the SaeR/S 2-component system (TCS) in PMN cell death.
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The SaeR/S TCS regulates production of virulence factors
that promote evasion and destruction of neutrophils [1, 4, 5].
Moreover, neutrophil components, including o-defensin, trigger
activation of the SaeR/S TCS and induce a transcriptional re-
sponse tailored for its environment [6]. In this study, we demon-
strate that the SaeR/S TCS contributes to accelerated neutrophil
cell death via decreased nuclear factor-xB (NF-kB) phosphory-
lation and reduced interleukin-8 (IL-8) production by human
neutrophils. Furthermore, we identified IL-8 to be an essential
neutrophil-derived cytokine that can prolong PMN survival
and promote bacterial clearance during staphylococcal disease.

MATERIALS AND METHODS

Bacteria Cultures

USA300, USA400, and isogenic USA300AsaeR/S (AsaeR/S) and
USA400AsaeR/S mutant strains were previously generated [4, 7]
and prepared for use in human PMN assays as described in [7].

Human PMN Isolation

Human neutrophils were isolated from heparinized venous blood
obtained from healthy donors [7]. Purity (less than 1% periph-
eral blood mononuclear cell [PBMC] contamination) and viabil-
ity were assessed via flow cytometry (fluorescence-activated cell
sorter [FACS], FACSCalibur, BD Biosciences). PMNs (1 x 10°)
were plated onto serum-coated 96- or 24-well plates and exposed
to 2 x 10° (low multiplicity of infection [MOI], 2:1) or 1 x 107
(high MO, 10:1) colony forming units (CFUs) of USA300 or
AsaeR/S and phagocytosis was synchronized [7].

Cell Death Assays

At designated time points, PMNs exposed to USA300 or AsaeR/S
were subjected to Annexin V (Trevigen) and propidium iodide
(PI) or nuclear condensation or terminal deoxynucleotidyltrans-
ferase dUTP nick-end labeling (TUNEL) assays as described [8].
PMN lysis was quantified using lactate dehydrogenase (LDH) as-
says and calculated as percent lysis compared to maximum LDH
release (USA300 + PMNs at 10:1 ratio) (Promega, [1]). Casp-
GLOW assays (eBioscience) were used to analyze PMN caspase
activity via FACS per manufacturer’s suggestion.

NF-xB Inactivation and IL-8 Assays

Neutrophils (1 x 10°) were plated in duplicate and incubated
with 0.2% dimethyl sulfoxide (DMSO) or 20 uM parthenolide
(Sigma) in DMSO for 30 minutes at 37°C and 5% CO,. USA300
or AsaeR/S were added (low MOI) and phagocytosis was syn-
chronized [7]. At designated time points, samples were either
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subjected to nuclear condensation or TUNEL assays described
above or used to determine PMN bactericidal activity (CFUs
enumerated as described in [7]). To determine the role of IL-
8, neutrophils were treated with recombinant IL-8 (25 ng/mL,
R&D) or with anti-IL-8 (1 ug/mL, R&D) and isotype (1 pg/
mL, R&D) 30 minutes prior to bacterial treatment. At 6
hours postinfection, nuclear condensation of PMNs was as-
sessed along with bacterial survival.

Intracellular Detection of Phosphorylated NF-xB p65

Subunit and IL-8

Heparinized whole blood was treated with Roswell Park Memo-
rial Institute (RPMI) medium or RPMI medium containing
1 x 107 CFUs USA300 or AsaeR/S and incubated with end-
over-end mixing (20 rpm, 37°C with 5% CO,) for 5, 60, and
120 minutes. Using BD Biosciences whole-blood intracellular
stain kit, samples were stained with anti-CD11b (BD Biosciences)
or isotype control for 15 minutes at room temperature (RT). The
optimal intracellular stain with anti-NF-kB-p65(P) (eBioscience)
or corresponding isotype control was achieved after a 30 minute-
incubation at RT. PMNs were determined by forward scatter/side
scatter profile and high CD11b expression. For IL-8 detection, at
3 and 6 hours postexposure, infected PMNs or PMNs in media
were stained with anti-CD11b or isotype control, fixed, and per-
meabilized per manufacture’s recommendation (eBioscience).
Additionally, cells were incubated with anti-IL-8 or correspond-
ing isotope control (BD biosciences) for 30 minutes and analyzed
by FACS.

Cytokine Assays

Supernatants from PMNs (1 x 10°) or PBMCs (1 x 10*) subject-
ed to USA300 or AsaeR/S (low MOI) were collected and sterile
filtered at 6 and 18 hours. Procarta assays (Affymetrix) were
used to detect interferon-y (IFN-y), IL-6, macrophage inflam-
matory protein-1lo. (MIP-1a), IL-1c, IL-1B, IL-8, vascular endo-
thelial growth factor (VEGF), and tumor necrosis factor-a
(TNF-0). The samples were read in duplicate using a Luminex
cytometer (Bio-Rad). Additionally, supernatants from PMNs
(1x 10° or PBMCs (1 x 10*) subjected to USA300 or AsaeR/S
(low MOI) were collected and sterile filtered at 6 and 18 hours
and assayed in duplicate using R&D Quantikine enzyme-linked
immunosorbent assay (ELISA) for IL-8 and VEGF.

Study Approval

Healthy blood donors were informed and gave written consent
prior to participation. All studies were conducted in accordance
with a protocol approved by the Institutional Review Board for
Human Subjects at Montana State University.

RESULTS AND DISCUSSION

To test the hypothesis that the SaeR/S TCS influences PMN cell
fate, we subjected human PMNs to USA300 or USA300AsaeR/S

(AsaeR/S) strains at low MOI and measured cellular features as-
sociated with programmed cell death (Figure 1A, Supplementa-
ry Figure 1A-D). Consistent with published observations [3],
USA300 promoted significant exposure of phosphatidylserine
and plasma membrane damage within 6 hours of interaction
(Supplementary Figure 1A and B). By 9 hours, the majority of
USA300-treated cells were undergoing late apoptosis and/or ne-
crosis, depicted by condensed nuclei (Figure 1A4), fragmented
DNA (Supplementary Figure 1C), and nearly complete PMN
lysis (Supplementary Figure 1D). The aforementioned apoptotic
features were significantly reduced in neutrophils infected with
the AsaeR/S mutant (Figure 1A and Supplementary Figure 1A-D),
demonstrating that SaeR/S contributes to accelerated neutrophil
death following S. aureus phagocytosis.

To determine if SaeR/S interferes with caspase activation,
reported to be inhibited by USA300 [2], we measured active cas-
pases in PMNss following interaction with USA300 and AsaeR/S
at high MOI (Supplementary Figure 1E). The substantial de-
crease in caspase activity in PMNs exposed to USA300 as op-
posed to AsaeR/S demonstrated that caspase inhibition is
dependent on SaeR/S-regulated factors. At low MOI, however,
caspases were neither activated by USA300 nor AsaeR/S mutant
(Supplementary Figure 1F). Given these observations, we aimed
to identify additional host-derived factors that contribute to
SaeR/S-mediated cell death.

Because cytokines play an essential role in modulating neu-
trophil lifespan [9] and because the SaeR/S system has been
shown to influence cytokine levels in whole blood and murine
models of infection [5], we examined the influence of SaeR/S on
secreted cytokine levels in PMNs during infection with USA300
and AsaeR/S at 6 and 18 hours. We identified cytokines predo-
minantly made by neutrophils by comparing cytokine profiles
in purified PMNs to PBMCs representative of the contamina-
tion in the cell preparation (1 x 10* PBMCs was equivalent
to <1.0% contamination in PMN preparations). Based on the
cytokine survey, IFN-v, IL-6, MIP-10, IL-1a, IL-1B, and TNEF-
o were mainly produced by PBMCs (data not shown). However,
IL-8 and VEGF were neutrophil-derived and, therefore, exam-
ined in subsequent experiments. At 6 and 18 hours, USA300-
treated PMNs produced significantly less IL-8 than the AsaeR/S
group (Figure 1B). VEGF levels were higher in USA300-infected
PMNss than the AsaeR/S group at 6 hours and similar between the
2 groups at 18 hours (Supplementary Figure 2A); thus, reduced
IL-8 during USA300 infection was not a result of a general protein
synthesis decline.

To further demonstrate that PMNs were the source of IL-8, we
measured intracellular IL-8 in PMNs by FACS. Infection with the
AsaeR/S mutant promoted a significant increase of IL-8 express-
ing PMN's in contrast to PMNs only at 3 hours (Supplementary
Figure 2B) and when compared to both PMNs only and USA300-
treated PMNs at 6 hours postexposure (Figure 1C). This trend
was also observed during USA400 and USA400AsaeR/S infection
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SaeR/S alters cell fate and suppresses IL-8 production in neutrophils. PMNs were subjected to USA300 or AsaeR/S at low MOI. Percent PMNs

with condensed chromatin assessed via FACS at designated times (A). IL-8 release from PMNs assessed by ELISA (B) and intracellular IL-8 measured in
PMNss at 6 hours postinfection via FACS (C). Whole blood was treated with USA300 or AsaeR/S and percent NF-kB-p65(PJ* cells from CD11b"* population
was quantified by FACS at designated time points (D). Data shown are the means + SEM of 4-10 experiments (4) or 3—4 experiments (B-D). *P< .05
determined by 1-way ANOVA with Tukey's posttest (4, C, and D) comparing USA300 to Asaefi/S groups or paired ¢ test (B). Abbreviations: ANOVA, analysis
of variance; ELISA, enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell sorter; IL-8, interleukin-8; MOI, multiplicity of infection; nuclear
factor-xB, NF-xB; NF-xB-p65(P), phosphorylated NF-xB p65 subunit; PMNs, polymorphonuclear leukocytes; SEM, standard error of the mean.

(Supplementary Figure 2C), confirming the SaeR/S-dependent
inhibition of PMN-derived IL-8. Last, we assessed SaeR/S sys-
tem’s global impact on IL-8 release in whole blood and observed
a significant decrease in IL-8 released in serum samples from the
USA300-treated group when compared to the AsaeR/S-treated
blood at 3 hours postinfection (Supplementary Figure 2D).
VEGF levels were similar between both groups, further highlight-
ing the specificity of SaeR/S-dependent IL-8 suppression (Supple-
mentary Figure 2E).

IL-8 is an essential chemokine that promotes neutrophil re-
cruitment, antimicrobial functions, and prolonged survival in
vitro [9] and during infection with pathogenic microorganisms,
including Anaplasma phagocytophilum, Chlamydophila pneu-
moniae, and Paracoccidioides brasiliensis [10, 11]. Given that
USA300 does not promote de novo IL-8 transcription [3], we
wanted to determine if IL-8 reduction during USA300 infection
is associated with SaeR/S-dependent modulation of NF-kB activ-
ity. To test this, we employed FACS to examine phosphorylation

of the phosphorylated NF-kB p65 subunit (NFxB-p65[P]) in
PMNs from human blood infected with USA300 or AsaeR/S.
At 2 hours, the percentage of PMNs with NF-kB-p65(P) was sig-
nificantly reduced following interaction with USA300 when com-
pared to AsaeR/S-infected cells (Figure 1D).

Our observation that S. aureus suppresses NF-kB is support-
ed by published data linking NF-xB inhibition to accelerated
cell death following infection with Escherichia coli, Yersinia pes-
tis, and Salmonella typhimurium [12]. Given NF-«B’s regulation
of antiapoptotic factors such as myeloid cell leukemia-1 (Mcl-1)
and caspase inhibitors that can extend cell lifespan [11], we
wanted to determine whether functional NF-kB is necessary
for neutrophil survival during infection with S. aureus. To test
this, we measured nuclear condensation and DNA fragmenta-
tion in PMN's pretreated with the NF-xB inhibitor parthenolide.
PMN lifespan was shortened significantly in AsaeR/S-infected
PMNs following parthenolide pretreatment compared to un-
treated neutrophils infected with AsaeR/S (Figure 24, confirmed
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media

RIL-8

IL-8 promotes neutrophil survival and bacterial clearance. PMNs treated with 20 uM parthenolide or DMSO control were infected with USA300

or Asaefl/S at low MOI for 6 hours followed by analysis of PMNs with condensed chromatin (4) and bacterial burden (B). In C-D, PMNs were exposed to
RIL-8 (25 ng/mL) and infected with USA300 or AsaeR/S for 6 hours followed by FACS analysis of condensed chromatin (C) or assessment of USA300
survival. D, Data shown are the means + SEM of 3-5 separate experiments. *P< .05 determined by 1-way ANOVA with Tukey's posttest (4—C) or by paired
t test (D) comparing USA300 to AsaeR/S groups. Abbreviations: ANOVA, analysis of variance; CFU, colony-forming unit; DMSO, dimethyl sulfoxide; FACS,
fluorescence-activated cell sorter; IL-8, interleukin-8; MOI, multiplicity of infection; NS, not significant; PMNs, polymorphonuclear leukocytes; RIL-8, recom-

binant IL-8; SEM, standard error of the mean.

by TUNEL shown in Supplementary Figure 3A). Notably, cell
death of parthenolide-treated PMNs infected with USA300
did not increase significantly when compared to the USA300
group without treatment underpinning the intrinsic ability of
USA300 to inhibit NF-xB in PMNs (Figure 2A4). NF-kB in-
volvement in spontaneous PMN apoptosis [13] was confirmed
by PMNs that underwent accelerated death in the presence of
parthenolide (Figure 2A). Using LDH assays, we showed that
the observed effect of parthenolide was not due to cell poisoning
(Supplementary Figure 3B). Parthenolide treatment also signif-
icantly (P <.05 determined by f test, n=3) abolished IL-8 re-
lease by 95% in USA300-infected PMNs (DMSO 1426 + 94
pg/mL vs parthenolide 75+ 39 pg/mL), but did not alter
VEGF production (DMSO 214 + 52 pg/mL vs parthenolide
215+ 21 pg/mL), further suggesting that NF-xB inhibition
was specific.

Finally, bacterial survival of both USA300 and AsaeR/S was
significantly increased in PMNs exposed to parthenolide (Fig-
ure 2B), while parthenolide alone did not promote bacterial
growth (data not shown). The observation that inhibition of
NF-xB in AsaeR/S-treated neutrophils resulted in accelerated
cell death and bacterial survival similar to USA300-treated neu-
trophils emphasizes the importance of the PMN response to
resolution of S. aureus infection. Herein, we demonstrate that
the SaeR/S TCS reduced phosphorylation of NF-kB to promote

evasion of PMN killing. Our results are supported by skin infec-
tion models where lack of MyD88 protein, essential to NF-xB
activation, led to larger abscess formation and S. aureus survival
[14]. Also, patients with NF-kB signaling deficiencies are highly
susceptible to staphylococcal infections [15], further emphasiz-
ing the importance of NF-xB-dependent inflammation during
staphylococcal disease.

To determine the role of IL-8 during S. aureus-neutrophil
interaction, PMNs were replenished with recombinant IL-8
(RIL-8). The percentage of USA300-treated PMNs undergoing
cell death was significantly reduced when compared to PMNs
exposed to USA300 without treatment (Figure 2C). IL-8 can
inhibit PMN apoptosis via the PI3K/Akt pathway, leading to
subsequent activation of NF-xB and antiapoptotic Mcl-1 pro-
duction, needed for neutrophil survival [10]. Therefore, future
studies are necessary to define the precise mechanism of how
SaeR/S-derived IL-8 alters PMN cell fate. In correlation with
improved neutrophil survival, RIL-8 significantly enhanced
PMN bactericidal activity against USA300, demonstrated by a
significant decrease in USA300 survival (Figure 2D). Finally,
the importance of IL-8 in bacterial clearance was underscored
by increased USA300 burden in PMNSs treated with neutralizing
IL-8 antibody (Supplementary Figure 3C).

Taken together, our findings identify a mechanism employed
by S. aureus to evade human neutrophils by which the SaeR/S

4 o JID e BRIEF REPORT
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TCS disrupts PMN cell fate via suppression of NF-xB and IL-8
production to promote bacterial survival. We propose that both
timing and magnitude of inflammation in PMNs play major
roles in dictating the outcome of staphylococcal disease and
that alteration in the innate ability of PMNs to produce IL-8
may increase susceptibility to S. aureus infections.
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Supplementary Figure 1. SaeR/S contributes significantly to accelerated PMN cell

death induced by USA300. Assessment of cell death in human PMNs (grey) subjected

to USA300 (black) and AsaeR/S (red) at low MOI. Results are shown as percent PMNs

positive for PI and Annexin V (A) and plasma membrane damage (B) assessed via FACs

at designated times. Percent PMNs with fragmented DNA was assayed by TUNEL (C).

Cell lysis measured by LDH release at 6 and 9 hours compared to maximum LDH

release as described in methods (D). Median fluorescence of active caspases in PMNs

measured by FACs at high (E) and low MOI (F). Data shown are the means = SEM of 3-

6 experiments. *p<0.05 determined by One-Way ANOV A with Tukey’s posttest

comparing USA300 to AsaeR/S groups.
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Supplementary Figure 2. SaeR/S suppresses IL-8 production. VEGF release from
PMNss interacting with USA300 or AsaeR/S at low MOI was measured by ELISA (A).
In B-C, FACs was employed to analyze IL-8 expression in PMNs (CD11b™") 3 hour
post-interaction with USA300 or AsaeR/S (B) and following 6 hour interaction with
USA400 and USA400AsaeR/S at low MOI (C). IL-8 (D) and VEGF (E) were quantified
by ELISA from filtered supernatants of human blood alone (grey bar) or infected for 3
hours with 1x10” CFUs of USA300 (black bar) or AsaeR/S (red bar). Results are the
mean + SEM of 3-6 (A-C) or 2-3 experiments (D-E) with different blood donors.
*p<0.05 determined by One-Way ANOV A with Tukey’s posttest comparing USA300 to

AsaeR/S groups or paired t-test in (A).
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Supplementary Figure 3. Confirmation of the influence of NF-kB and IL-8 on PMN
cell fate. PMNss treated with 20uM parthenolide or DMSO control were infected with
USA300 or AsaeR/S at low MOI for 6 hours (A-B). Percent PMNs with fragmented
DNA (A). In B, LDH release from PMNs normalized to PMNs in DMSO. Viable
USA300 or AsaeR/S were recovered from anti-IL-8 or isotype control (1ug/ml) treated
PMNss after 6 hours and are shown as CFU/ml (C). Results are the mean = SEM of three
(A-B) and 12 separate experiments (C). *p<0.05 determined by One-Way ANOVA with
Tukey’s posttest comparing DMSO groups to their corresponding parthenolide-treated

groups (A-B) or paired t-test (C).
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CHAPTER FOUR

CO-AUTHORED WORK

SaeR/S System Activation is Depended
on Single Amino Acids in SaeS Histidine Kinase
This original observation demonstrating the specificity of the SaeR/S activation
by external stimuli such as alpha-defensin (Chapter 2) was traced, in a follow-up study,
to a single amino acid in the external loop of SaeS (1). By investigating the putative
extracellular loop of SaeS we demonstrated that recognition of human neutrophil alpha-
defensin was dependent on a methionine residue. Introduction of a point mutation in the
methionine residue of the putative extracellular domain of SaeS resulted in the loss of
virulence factor transcription in the presence of alpha-defensin and PMNs indicating that
this particular amino acid is essential for detecting neutrophil-derived stimulus(i)
responsible for the system’s activation. Additionally, aromatic amino acids in the
extracellular domain appear to be capable of refining the response to host stimuli (1).
Given that mouse neutrophils induce activation of the SaeR/S system despite their
azurophilic granules lacking alpha-defensins (2), these findings strongly suggest
additional neutrophil-derived factors can promote activation of the SaeR/S system
through refinement of the signal via specific amino acids in the sensory system.
Collectively, these data demonstrate virulence regulation in S. aureus by the Sae TC
system is far more sophisticated than the originally hypothesized ‘on-off” paradigm of

transcriptional regulation.
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SaeR/S System and SaeR/S-regulated Factors
Influence the Immune Response during Staphylococcal Infection

Given the essential role of the SaeR/S system in promoting S. aureus disease, we
began to identify SaeR/S-regulated factors that are contributing to SaeR/S-mediated
pathogenesis. In a study by Olson et al, we have shown that SaeR/S-regulated nuclease
(Nuc) was directly regulated by the SaeR/S system in vitro and ex vivo independent of
the Agr quorum sensing system. Nuc was demonstrated to significantly contribute to
pathogenesis during invasive infection in mice highlighting the essential role of the
SaeR/S system to S. aureus pathogenesis (3).

In another study by Nygaard et al., we showed that alpha-toxin, under regulation
of the SaeR/S and Agr systems, promotes cell death of monocytes and modulates an
inflammatory response during whole human blood infection (4). Furthermore, S. aureus
association with monocytes during whole blood human infection correlated with high
expression of zinc-dependent metalloprotease ADAM10 which is targeted by Hla. In
contrast, Hla did not affect PMN integrity which underscored the ability of virulence
factors in targeting specific cell populations for damage thereby promoting disease

based on the particular host challenge.

We also investigated the SaeR/S system’s influence on the host response during

invasive infection (5). While it is well accepted that the SaeR/S system elicits a robust
inflammation during an infection, the contribution of neutrophils to this response has not
been widely investigated. To this end, we identified murine neutrophils to be the major

source of IFN-g during S. aureus infection. IFN-g production by the neutrophils was
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dependent on the SaeR/S system and its role in promoting staphylococcal disease was
highlighted by improved bacterial clearance and survival in mice that are deficient in
IFN-g production. Together, these findings underline intricate roles of the SaeR/S
system and its virulence factors in modulating the host response to promote S. aureus

pathogenesis in human and murine models of infection.
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CHAPTER FIVE

FUTURE STUDIES AND CONCLUSIONS

Defining the Role of Neutrophil
Density on the Outcome of S. aureus Infection

Neutropenia can be caused by a number of factors ranging from cancer, HIV,
chemotherapy, non-chemotherapy drugs and genetics (1,2). Regardless of the cause,
neutropenic patients with PMN blood concentration below 0.5x10° PMNs/L are
susceptible to fungal and bacterial infections (3-5). It has been well accepted that the
low number of neutrophils is the predisposing factor; however, not all neutropenic
patients develop infections and studies suggest neutrophil recruitment and/or density at
the tissue sites, rather than PMN numbers in blood, might better predict susceptibility to

infections (6,7). Furthermore, studies by Li et al. and Malka et al. demonstrate that

neutrophils’ ability to kill is severely inhibited at low PMN concentrations even when

multiplicity of infection (MOI) is low (8,9). These findings suggest that when PMNss are
depleted from the system, establishment of an infection might stem not only from the
low numbers of cells, but also from their dysfunctional activity. The underlying reasons
for PMNs decreased antimicrobial properties at low concentrations are undefined and
are the focus of ongoing and future work.

In our preliminary studies, we aimed to assess the effect of PMN concentration

on the cells’ ability to kill S. aureus. The experimental set up consisted of three different

neutrophil quantities (10°, 10°, and 4x10° cells) that were treated with USA300 (2x10°,



62
2x10° and 8x10° cells) at a constant 2:1 bacteria to neutrophil ratio. We chose the
numbers based on clinical data representative of neutropenic PMN concentration (low
neutrophil number, LN, 10° PMNs/ml), average concentration used in our studies
(medium neutrophil number, MN, 10’ PMNs/ml), as well as a high PMN number (HN,
4x10" PMNs/ml,) to represent a condition of increased neutrophil concentration at the
site of infection (10,11). At 3 hours post-interaction, PMNs from the neutropenic
concentration (LN) group were ineffective at killing USA300 (Figure 1A). Average
(MN) and high neutrophil (HN) groups, in contrast, reduced USA300 burden by 60%
and 87% respectively, suggesting that numbers of neutrophils interacting with the
pathogen can dictate the efficacy of bacterial clearance (Figure 1A). Membrane damage
was also assessed in the same experiments, but there was no difference between LN and
MN groups suggesting neutrophil damage was not significantly increased during
USA300 interaction at low PMN concentration (Figure 1B).

Currently, we are investigating neutrophil functions that are responsible for the
poor killing of S. aureus under low density conditions. Following synchronized
phagocytosis 95% of USA300 associated with 3x10° PMNs (at MOI of 10) is ingested
within 15 minutes (12). To determine whether decreased phagocytosis efficacy might be
contributing to improved S. aureus survival in LN group, we compared USA300 uptake
at MOI of 2 by 10° PMNs (LN) and 10° PMNs (MN) via fluorescent microscopy. Both
groups phagocytosed the majority of PMN-associated USA300 at 15 min post-infection

(data not shown) suggesting that, rather than phagocytosis, antimicrobial strategies
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employed by PMNs after S. aureus uptake are likely to be responsible for the inability of
neutrophils to clear the pathogen at low concentration.

Neutrophil ROS production is essential to controlling S. aureus infection (13).
To determine the effect of PMN concentration on ROS, we labeled LN and MN
neutrophils with 2°7°-dihydrodiclorofluorescein diacetate (DCF), infected them with
USA300 (MOI of 2) and measured ROS production every-minute with a fluorometer
(Figure 2). As expected, 10° PMNs (12,14) exposed to PMA or USA300 induced a
robust oxidative burst within the first 20 minutes of interaction (12,14) (Figure 2A).
However, kinetics of LN ROS production were different and consisted of two prominent
bursts, one of which took place around 100 minutes post-infection (Figure 2B). When
these data were normalized to PMN quantity, surprisingly, LN PMNs produced more
ROS per cell than MN neutrophils in media only (Figure 2C) and during USA300
infection (Figure 2D). These preliminary findings suggest that although low
concentration of neutrophils delayed the oxidative burst, the overall yield was higher
than that of the MN neutrophils.

The high rate of ROS production in PMNs from the LN group was surprising
given their inability to clear S. aureus infection (Figure 1A). One potential explanation
is that a delayed oxidative burst is advantageous to S. aureus. Since in vivo antimicrobial
properties of ROS are still debated (15,16), the high ROS concentration might not be
representative of bactericidal efficacy under these circumstances. Follow-up studies will
serve to confirm these results by measuring ROS production in infected PMNs on a

single-cell level via flow cytometry (described in (17)).
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Since ROS production is linked to cell death in PMNSs, (18), we wanted to
determine the effect of PMN concentration on cell death to determine if increased ROS
in the LN group correlated with cell fate. To this end, we measured chromatin
condensation in the three PMN groups at 6 hours post-USA300 infection. In correlation
with increased bacterial burden (Fig 1), 94% of LN PMNs had condensed chromatin,
indicative of accelerated apoptosis, while only 51% and 30% of PMNs had condensed
chromatin in MN and HN groups, respectively (Figure 3). While bacterial burden
observed at 3 hours is likely to contribute to accelerated death of PMNs from the LN
group, high ROS production might be also responsible for the shortened lifespan (18).
To address this we measured USA300 survival in LN neutrophils treated with ROS
inhibitor diphenyleneiodonium (DPI) (Figure 4). Reduction of ROS in the LN group
resulted in enhanced PMN killing of USA300 suggesting that in the case of neutropenic
PMN levels, high ROS production inhibits their bactericidal efficacy (Figure 4)
potentially due to alteration of cell fate. Given this finding, we predict that ROS
reduction will also aid PMN survival in the LN group which will be addressed in future
studies.

Finally, ex vivo experiments will be performed using BALB/c mice to determine
whether bactericidal properties of endothelium-activated PMNs are also dependent on
neutrophil concentration. In brief, we will recruit neutrophils to the peritoneal cavity
using thioglycollate (TG) and extract them from the site at 4 hours post-TG injection.
Low and medium PMN concentration will be infected ex vivo with USA300 at 2:1 ratio

followed by assessment of S. aureus survival, ROS production and cell death kinetics.
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For an in vivo model of infection, TG will be used to recruit low and high concentrations
of PMNs (described in (19)) followed by USA300 infection (i.p, MOI of 2) and effect of
PMN concentration on S. aureus survival will be assessed. Based on our in vitro studies,
we predict that the low concentration of PMNs will not be as effective at clearing S.
aureus when compared to the high cell recruitment group. Together, these findings will
not only contribute to identifying factors that promote establishment of infection under
neutropenic conditions but will also provide insight into potential mechanisms by which
healthy individuals might acquire staphylococcal infections.

Defining the SaeR/S-mediated Immune
Response during Subcutaneous Skin Infection

Studies have shown that the SaeR/S system is essential to USA300 pathogenesis
during subcutaneous skin infection (20). While the immune response responsible for
SaeR/S-mediated infection persistence and dermonecrosis has not been defined, alpha-
hemolysin (Hla), regulated by the SaeR/S and Agr systems, has been shown to
contribute to dermonecrosis formation (21,22). On the host side, MyD88, NF-kB, IL-1f,
IL-17 and TLR2 signaling contribute to limiting staphylococcal lesion formations via
impaired PMN recruitment underscoring the influence of the immune response as well
as neutrophils on the outcome of infection (23,24). Other studies suggest that complete
depletion of PMNs causes bacteremia during dermatitis and PMN-derived IL-1p is
essential to limiting S. aureus skin infection (25,26). These findings demonstrate
additional roles of neutrophils that include containing the pathogen at the site of injury

and being a major source of inflammatory agents. Although the aforementioned findings
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significantly contribute to our knowledge of host responses that keep S. aureus infection
in check, host-derived mechanisms that aid S. aureus clearance are not well defined. To

this end, we began to characterize immune responses elicited by USA300 and AsaeR/S

during subcutaneous skin infection to define key factors that facilitate resolution of
staphylococcal disease.

Our published (22) and preliminary data suggest that the SaeR/S system
promotes an altered neutrophil response that contributes to the progression of skin
infection. This observation is based in part on increased expression of the SaeR/S targets
(hlgABC, lukAB, sbi, hla, splA and ssl7), during subcutaneous skin infection, which have
been shown to alter PMN recruitment and integrity in previous studies (27-30). In
addition, when compared to AsaeR/S-treated group, USA300 elicits increased
production of neutrophil chemoattractants (KC, MIP1-a and CXCLY5), proteins
contributing to PMN chemotaxis and granulopoiesis (G-CSF, GM-CSF, IL-17, and IL6)
as well as pro-inflammatory cytokine (TNF-a, IFN-y) at 8 and/or 24 hours post infection
(Figure 5A-I). These findings are in agreement with a peritonitis model of S. aureus
infection that associated up-regulated cytokine production with the SaeR/S system. (31).
Moreover, USA300 infected mice had higher levels of myeloperoxidase (MPO),
indicative of PMN presence, versus the AsaeR/S-treated group at 24 hours post-infection
(Figure 6A). Of note, this was independent of bacterial burden since AsaeR/S CFUs
were higher or equal to USA300 burden at both time points (Figure 6C-D). The strain
lacking the Agr system had a similar effect on the immune response to that of USA300

(Figure 5), even though Aagr has significantly reduced Hla expression required for
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formation of dermonecrosis (21). This observation along with similar MPO levels
between USA300 and Aagr (Figure 6A) suggest that SaeR/S-regulated factors other than
Hla are likely to influence the immune response and PMN influx at the site of skin
infection.

These preliminary findings demonstrate that dermonecrosis and persistent skin
inflammation are associated with increased neutrophil numbers and pronounced pro-
inflammatory responses mediated by SaeR/S-regulated effectors. Future studies will
assess abscess morphology from USA300, AsaeR/S and Aagr infected mice by tissue
histology to assess the proximity of neutrophils to the bacterial burden. This will serve
to determine whether neutrophils are able to reach the site of infection since previous
studies have demonstrated that S. aureus hinders neutrophil migration (32,33). Such
inhibition could potentially explain increased influx of PMNs in the USA300 group
since PMNs may recruit to tissue damage but are prohibited from coming in direct
contact with the pathogen due to formation of fibrin capsules (33). Additional studies
will focus on measuring neutrophil influx and pro-inflammatory cytokines 4 hours post-
infection as PMNs have been shown to arrive at the site of injury early and the first
response may be imperative to the outcome of infection (34). In addition, we are
interested in assessing the contribution of highly expressed virulence factors during
subcutaneous skin infection that we have identified previously (22). While 4/gABC and
lukAB have been shown to have minimal contribution to abscess formation (29,35), the

roles of Sbi, Ssl7 and SplA in skin disease remain to be defined.
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Conclusions

The work described here explores the intricate roles of both S. aureus and
neutrophils that influence the outcome of staphylococcal infection. We have found that
specific antimicrobial and/or stress-inducing host components promote SaeR/S-mediated
virulence that is essential to S. aureus pathogenesis (22). We examined transcription of
wild type, AsaeR/S and Aagr mutants in the presence of human neutrophil and mouse
skin stimuli since, to date, only in vitro studies were performed to compare expression
differences between these strains (20,36-38). We found that while SaeR/S is essential
for transcription of virulence factors, Agr contributes to their transcription depending on
the external stimuli. In addition, we identified S. aureus virulence factors, LukAB/GH,
HIgABC and Sbi, that are immediately expressed in the presence of neutrophils
suggesting they might be essential to initiation of infection (22). This work also led to a
follow-up study by Flack et al. where we identified which of the putative extracellular
residues on the SaeS histidine kinase were responsible for activating SaeR/S-regulated
genes in the presence of alpha-defensin and human neutrophils (39). Together, our
research suggests that S. aureus has a unique ability to sense the environment by
integrating and coordinating specific host-stimuli and refining its virulence accordingly.

In addition to controlling virulence factors during infection, the SaeR/S system
enhances rapid cell death of human neutrophils in a caspase-independent manner. We
have identified host factors such as NF-kB transcription factor and PMN-derived IL-8 to
be essential to withstand USA300 infection (40). Furthermore, depletion of IL-8 resulted

in higher bacterial burden while rIL-8 promoted bacterial clearance in USA300-infected
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neutrophils underscoring the importance of IL-8 to the outcome of S. aureus infection
(40). Which of the SaeR/S-regulated factors are responsible for inhibition of NF-kB
transcription is not known. However, SaeR/S-regulated Eap factor has been shown to
inhibit DNA binding of NF-kB in THP-1 cells in the presence of ICAM integrins
suggesting that Eap might be a potential candidate for the observed suppression of
neutrophil NF-kB and IL-8 by the SaeR/S system (41).

Based on our observations, we propose a model of how S. aureus evades the
human neutrophil (described in Figure 7). Upon neutrophil phagocytosis of USA300,
neutrophil derived alpha-defensin and additional PMN-derived signal(s) activate the
SaeR/S system. This activation is regulated on a single amino acid level of the histidine
kinase sensor (SaeS) which dictates transcription of specific virulence factors such as
lukA, higA and shi as opposed to the entire SaeR/S-regulated transcriptome (22,39).
Subsequently, the SaeR/S system promotes accelerated cell death of the neutrophils
which is attributed to SaeR/S-mediated suppression of NF-kB activity and diminished
IL-8 production. Based on previously published studies, IL-8 production and its ability
to prolong neutrophil lifespan during an infection is likely a result of PI3K/Akt signaling
pathway activation resulting in increased NF-kB-mediated Mcl-1 expression which is a
major anti-apoptotic protein in the neutrophils (42,43). However, exact mechanisms of
how NFkB is being suppressed will be the topic of future studies. Regardless, the
importance of IL-8 and NF-kB activation is demonstrated in this study by the improved
survival of neutrophils and increased USA300 clearance in the presence of exogenous

IL-8.
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In conclusion, the research described herein advances our understanding and
provides mechanistic insight into how S. aureus senses the host and regulates its
virulence to facilitate an infection. We identified neutrophil-derived factors that are
essential to resisting S. aureus and regulation of PMN cell death. Our ongoing studies
will assess the importance of neutrophil interactions representative of clinical conditions
that render patients susceptible to S. aureus disease and define host responses that
initiate or aid clearance of USA300 skin infections. Given that immunocompromised
and otherwise healthy individuals can acquire S. aureus infections, it is essential to
continue defining the key pathogenic and host-derived factors that influence the course
of staphylococcal disease in order to identify novel preventative measures and

therapeutics.



71

A B
400- ._— 100-
°® n
< 300{ o g %07 2 . :
2 ° s 60- o [ AA
e 200 S £ = -
@ o 40- " N
= 1004 ° * . - s
° "y 20-
C T .l. A¢ c T T T
1045 10A6  4x10%6 1075 106  4x106
(LN) (MN) (HN) (LN) (MN) (HN)

Figure 1. USA300 clearance is dependent on neutrophil concentration. Three different
quantities of neutrophils, 10°, 106, and 4x10° cells were treated with 2x10°, 2x10° and
8x10° USA300, respectively (2:1 bacteria to PMN ratio). At 3 hours post-interaction,
samples were serially diluted and enumerated on TSA plates. Results are shown as
percent of USA300 survival compared to the initial dose (A). In the same experiment,
another set of infected neutrophils were stained with propidium iodide (PI) and assessed
on FACs for membrane damage (B). Data shown as mean = SEM from 8-9 separate
experiments. Line depicts statistical significance between groups (p<0.05) determined
by One-Way ANOVA with Tukey’s posttest.
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Figure 2. Neutrophils at low concentration undergo a delayed oxidative burst. 10° PMNs
(A) or 10° PMNss (B) were treated with 25 uM DCF for 20 minutes and infected with
USA300 at 2:1 ratio (black line), 0.2 ng PMA (red line) or media only (gray line). ROS
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was measured every minute up to 180 minutes at 37°C using a fluorometer (ex 485 nm,
em 538 nm). In A-B, ROS production is shown as V.x over 20 minute intervals. ROS
(expressed as fluorescence intensity, FL) normalized to PMN quantity at each time point
is shown in C for PMNs in media only and in D for PMNs infected with USA300. Data
shown as mean + SEM from four separate experiments.
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Figure 3. Neutrophil cell death during infection with USA300 is dependent on PMN
concentration. Three different PMN quantities (10°, 10°, and 4x10°) were treated with
USA300 at a 2:1 ratio (bacteria:PMN). At 6 hours post-infection, samples were collected
and incubated in hypotonic solution with PI overnight and analyzed by FACs. Data are
shown as percent of neutrophils with condensed chromatin expressed as mean = SEM of
three separate experiments. Line depicts statistical significance between groups (p<0.05)
determined by One-Way ANOVA with Tukey’s posttest.
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Figure 4. Inhibition of ROS in PMNs at low concentration enhances USA300 killing.
PMNss (10°) were treated with 10 pM DPI or DMSO for 10 minutes and infected with
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USA300 (2:1bacteria:PMN). At 3 hours post-infection, samples were serially diluted
and plated in duplicate on TSA plates. Data shown as mean = SEM of percent USA300
survival compared to the initial dose, from five separate experiments. Line depicts
statistical significance (p<0.05) determined by paired t-test.
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Figure 5. SaeR/S modulates inflammation at the site of subcutaneous skin infection.
Mice (hairless Crl:SKH1-hrBR) were injected subcutaneously with 1-4 x10’ CFUs of
USA300, USA300AsaeR/S, USA300Aagr or PBS. At 8 and 24 hours post-infection,
9mm skin biopsies were harvested from the abscess and homogenized for cytokine
assessment via Luminex. Data shown as mean + SEM of two separate experiments (3
mice per treatment group per experiment) with the exception of Aagr (n=3). Line depicts

statistical significance (p<0.05) between groups determined by One-Way ANOVA with
Tukey’s posttest.
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Figure 6. SaeR/S-mediated neutrophil influx is not dependent on bacterial burden.
Mice (hairless Crl:SKH1-hrBR) were injected subcutaneously with 1-4 x10” CFUs of
USA300, USA300AsaeR/S, USA300Aagr or PBS. At 8 and 24 hours post infection,
9mm skin biopsies were harvested from the abscess and homogenized for MPO (A-B)
and bacterial burden assessment (C-D). Data shown as mean = SEM of two-three

separate experiments with 3 mice per group/experiment. Line depicts statistical
significance (p<0.05) between groups determined by One-Way ANOV A with Tukey’s

posttest.
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Figure 7. Neutrophil-mediated activation of the SaeR/S system results in accelerated cell
death. Following phagocytosis of S. aureus, release of alpha-defensins contained within
azurophilic granules activate the staphylococcal SaeR/S system resulting in increased
transcription of specific virulence factors (A). Simultaneously, SaeR/S inhibits
phosphorylation of NF-kB p-65 subunit which results in decreased production of IL-8.
Increased expression of the SaeR/S-regulated virulence factors and modulation of the
neutrophil immune response via suppression of IL-8 contribute to accelerated cell death
and increased bacterial burden (A). In the absence of the SaeR/S system (B), USA300
does not sense alpha-defensin and does not express SaeR/S-regulated virulence factors.
It follows that AsaeR/S-infected neutrophils have increased levels of phosphorylated NF-
kB resulting in IL-8 production that can elicit NF-kB activation in an autocrine manner
leading to improved survival and enhanced antimicrobial functions of neutrophils.
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