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Abstract

Staphylococcus aureus is a Gram-positive coccus that interacts with human hosts on a spectrum
from quiet commensal to deadly pathogen. S. aureus is capable of infecting nearly every tissue in
the body resulting in cellulitis, pneumonia, osteomyelitis, endocarditis, brain abscesses,
bacteremia and more. S. aureus has a wide range factors that promote infection and each site of
infection triggers a different response in the human host. In particular, the different patterns of
inflammasome activation mediate tissue-specific pathogenesis in S. aureus infection. Although
still a nascent field, understanding the unique host-pathogen interactions in each infection and the
role of inflammasomes in mediating pathogenesis may lead to novel strategies for treating S.
aureus infections. Reviews addressing S. aureus virulence and pathogenesis (Thammavongsa et al.
2015), as well as epidemiology and pathophysiology (Tong et al. 2015), have recently been
published. This review will focus on S. aureus factors that activate inflammasomes and their
impact on innate immune signaling and bacterial survival.
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1. Introduction

S. aureus has numerous mechanisms to evade and subvert the immune system allowing it to
produce infection broadly in immune-competent hosts. Many virulence factors, such as
pore-forming toxins (PFTs) and phenol-soluble modulins (PSMs), activate inflammasomes
and will be discussed here (Fig. 1). Most S. aureus PFTs (i.e., alpha-hemolysin [Hla],
gamma-hemolysin [HIgAB, HIgCB], leukocidin AB [LukAB, also known as LUkGH],
leukocidin ED [LUKED], and Panton-Valentine leukocidin [PVL, also known as LUkFS]) are
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two-component toxins that initiate attack when one component binds a toxin-specific cell
surface receptor and inserts itself into the host cell membrane. This is followed by
recruitment of the second component then additional pairs to complete a hexameric beta-
barrel pore (Badarau et al. 2015; Yamashita et al. 2011; Pedelacq et al. 1999; Guillet et al.
2004). The notable exception to this pattern is Hla which forms a pore by binding to its
receptor then forming a heptameric beta-barrel pore made up of only a single component
(Sugawara et al. 2015; Gouaux et al. 1997).

Each of these toxins is cytotoxic to a range of cell types based on expression of the toxins'
cognate receptors: Hla and A Disintegrin And Metalloprotease 10 (ADAM10) (Wilke and
Bubeck Wardenburg 2010); HIgAB and CXCR1, CXCR2 and CCR2; HIgCB and C5aR and
C5L2 (Spaan et al. 2014); LukAB and CD11b (DuMont et al. 2013a), LUKED and CCR5
(Alonzo et al. 2013), CXCR1 and CXCR2 (Reyes-Robles et al. 2013); and PVL and C5aR
(Spaan et al. 2013). Many of these toxin-receptor pairs lend a level of species specificity as
well. In primary human monocytes, the rank order potency of the PFTs is LUKAB and PVL
(tied), Hla and HIgCB (tied), HIgAB, then LUKED (Melehani et al. 2015). The /JukAB
operon promoter is preferentially activated when USA300 strain S. aureus is exposed to
human polymorphonuclear leukocytes (PMNSs) (DuMont et al. 2013b). Despite these hints at
a prominent role for LUKAB in S. aureus pathogenesis, the role of LUKAB in infections has
largely been overlooked because of its lack of effect in mice. LUkAB binds to human CD11b
with 1000-fold higher affinity than murine CD11b, rendering mouse leukocytes resistant to
LukAB (DuMont et al. 2013a). Murine neutrophils are also completely resistant to HIgCB
and are also partially resistant to HIJAB because CCR2 is the only compatible HIgAB
murine receptor (Spaan et al. 2014). Both rabbit and human neutrophils are susceptible to
PVL while murine and java monkey neutrophils are resistant (Loffler et al. 2010). As
predicted by this susceptibility pattern, HEK cells exogenously expressing rabbit and human
C5aR both bind the LukS component of PVVL while cells expressing mouse or macaque
C5aR do not bind LukS (Spaan et al. 2013). Thus, S. aureus PFTs have the potential to play
varying roles depending on the site of S. aureus infection and species of the host.

Like alpha-hemolysin (Hla), beta hemolysin (HIb) and delta hemolysin (HId) are named for
their ability to lyse red blood cells /n vitro. However, they are functionally distinct toxins
that do not form a beta-barrel pore like Hla. Hlb is a hemolytic and cytotoxic
sphingomyelinase (Walev et al. 1996; Huseby et al. 2007). Delta-hemolysin is a 26-amino
acid membrane-damaging peptide that is classified as a phenol-soluble modulin (Fitton et al.
1980).

Phenol-soluble modulins (PSMs — reviewed (Peschel and Otto 2013)) are cytotoxic and pro-
inflammatory peptides produced by S. aureus (Wang et al. 2007). S. aureus produces four
PSMa peptides (PSMa1-PSMa4), two PSMp peptides (PSMpB1 and PSMpB2), and delta-
hemolysin (HId). All seven PSMs are sensed by formyl peptide receptor 2 (FPR2) in human
neutrophils. Activation of FPR2 by PSMs promotes chemotaxis of neutrophils into a site of
infection in response to S. aureus (Kretschmer et al. 2010). PSMs also have demonstrated
roles in cytolysis, biofilm development, and immunomodulation and are thought to be
partially responsible for the increased virulence of community-acquired S. aureus over
hospital-acquired strains (reviewed (Otto 2010)).
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Lipoteichoic acid (LTA) is a component of the bacterial wall in Gram-positive bacteria that
is essential for bacterial growth, cell division and survival (Grundling and Schneewind
2007). The innate immune system has evolved multiple strategies for detecting and
responding to LTA, including Toll-like receptor 2 (TLR2), Scavenger Receptor A (Dunne et
al. 1994; Greenberg et al. 1996), CD36 (Hoebe et al. 2005), CD14 and soluble CD14
(Hermann et al. 2002; Han et al. 2003), Surfactant Protein D (van de Wetering et al. 2001),
Paired Ig-like Receptor B (Nakayama et al. 2012), and L-ficolin (Lynch et al. 2004)
(reviewed (Weidenmaier and Peschel 2008)). Having multiple methods for sensing LTA is
probably important to fine tune the immune response to infections. For example, LTA
binding to TLR2 upregulates cytokine production through NF-xB signaling, while LTA
binding to Paired 1g-like receptor B suppresses IL-6 and IL-1f secretion (Nakayama et al.
2012). LTA is not unique to S. aureus and is also found in other Firmicutes, such as Bacillus
subtilisand Listeria monocytogenes (Percy and Grundling 2014). Because these bacteria last
shared a common ancestor approximately 1.5 billion years ago (Hedges et al. 2006; Kumar
and Hedges 2011), the utilization of LTA likely evolved well before the establishment of
multicellular life. This suggests that LTA sensing in humans is the result of selective
pressures favoring LTA detection by the host rather than evolution of LTA to manipulate
immune signaling.

Additionally, other integral bacterial components such as bacterial RNA (Sha et al. 2014;
Eigenbrod et al. 2012), lipoproteins (Munoz-Planillo et al. 2009), and peptidoglycan (Muller
et al. 2015; Shimada et al. 2010) are important molecular patterns detected by the immune
system through inflammasomes. However, due to space limitations, these will not be
discussed here.

2. Inflammasomes that are activated by S. aureus

Multiple inflammasomes are activated during S. aureus infections. The first demonstration
of inflammasome activation by S. aureuswas the observation that NLRP3 deficient
macrophages were dramatically impaired in secretion of IL-1p after exposure to live S.
aureus (Mariathasan et al. 2006). Activation of the NLRP3 inflammasome involves two
steps: (1) a priming step that involves NF-xB-mediated upregulation of pro-1L-1p
transcription and post-translational modifications of inflammasome components and (2)
NLRP3 inflammasome oligomerization leading to Caspase 1 activation and secretion of
mature IL-1p and IL-18 and pyroptosis (Figure 2).

In the case of an S. aureus infection, TLR2 detects LTA to provide an initial priming signal
(Schwandner et al. 1999; Yoshimura et al. 1999). In experimental systems, cells are often
primed by the addition of purified LTA (Melehani et al. 2015) or heat-killed S. aureus
(HKSA) (Craven et al. 2009), or other TLR-ligand such as LPS.

Numerous studies have since delineated the contribution of various S. aureus virulence
factors to NLRP3 inflammasome activation. All six PFTs from S. aureus activate the NLRP3
inflammasome in THP1 cells and primary human monocytes, leading to canonical cytokine
processing and cell death (Melehani et al. 2015; Holzinger et al. 2012; Craven et al. 2009;
Munoz-Planillo et al. 2009).
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Caspase 1 is critical for processing IL-1p and IL-18 for secretion and is required for a type
of necraotic cell death termed pyroptosis. However, Hla-, PVL- or LukAB-triggered cell
death is not blocked in human cells pre-treated with Caspase 1 inhibitors (Craven et al.
2009; Melehani et al. 2015; Holzinger et al. 2012). Additionally, Casp1/ Casp11 knockout
mouse macrophages are killed by treatment with Hla just as Caspase-1/Caspase 11 sufficient
macrophages (Craven et al. 2009; Melehani et al. 2015; Holzinger et al. 2012). However,
loss of NLRP3 protects cells against PFT-induced cell death. Therefore, S. aureus PFTs
seem to trigger a host cell death pathway with an incompletely described molecular
mechanism through NLRP3 inflammasome activation that abrogates a requirement for the
classical Caspase 1 dependent pathway.

S. aureus activation of the NLRP3 inflammasome with PFTs, Hla (Craven et al. 2009),
LukAB (Melehani et al. 2015), and PVL (Holzinger et al. 2012), is blocked by
supraphysiologic concentrations of extracellular potassium suggesting a requirement for
potassium efflux. PVL also causes activation of Cathepsin B (CTSB) and inhibition of
CTSB protease activity by CA-074, a CTSB inhibitor, blocks PVL-induced cell death
(Holzinger et al. 2012). CTSB is a lysosomal cysteine protease required for NLRP3
activation by disruption of lysophagosomes after ingestion of inflammation inducing
particulate matter like silica (Hornung et al. 2008). CTSB is thought to spill into to the
cytoplasm after lysophagosomal disruption, but the mechanism by which CTSB activates
NLRP3 is unknown. It is also not known whether the requirement for CTSB in PVL-induced
NLRP3 activation is toxin specific or common to all S. aureus PFTs. One possible
explanation for how CTSB is liberated from lysophagosomes is that S. aureus PFTs can bind
to their cognate receptor on phagosomal membranes. This binding promotes S. aureus
escape from phagocytosis to enable survival (DuMont et al. 2013b). Interestingly, the route
of exposure (i.e., extracellular versus within a phagocytic vacuole) also seems to influence
signaling in response to LUkAB (Melehani et al. 2015). When LukAB interacts with CD11b
at the plasma membrane, NLRP3 is activated, driving IL-1p and IL-18 secretion and cell
death. Alternatively, when LukAB expressed from phagocytosed S. aureus interact with
CD11b on the phagocytic vacuole membrane, cell death becomes independent of NLRP3
activation. Phagosomal delivery of LukAB does not generate an alternative Caspase 1
activating pathway as NLRP3 is still required for IL-1p and IL-18 secretion. It is not clear
whether this separate cell death mechanism engaged by phagosome-localized LukAB is
activated in addition to NLRP3-dependent pathways or if the NLRP3-dependent pathways
activated by extracellular toxin are not activated by toxin in this setting (Melehani et al.
2015).

S. aureus can also trigger necroptosis, cell death dependent on RIPK1, RIPK3, and MLKL
that can be blocked by necrostatin-1 and necrosulfonamide (NSA). Pretreatment of THP1
cells with NSA prior to exposure to S. aureus or purified Hla decreased cell death. NSA
shifted the potency of Hla and at higher doses of Hla cells still died suggesting that Hla is
able to engage additional cell death pathways at these doses. NSA diminished S. aureus-
induced IL-1p secretion suggesting this agent or the necroptotic pathway may tie in with
inflammasome activation (Kitur et al. 2015).
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While the cytotoxicity of PFTs has been demonstrated widely in primary human monocytes,
macrophages, neutrophils and dendritic cells, most studies of PFTs and inflammasome
activation have been carried out in THP1 cells, mouse macrophages, or human peripheral
blood monocytes. The prevailing assumption is that the cytotoxicity of these toxins depends
on host NLRP3 across all susceptible human cell types, though this has not been
demonstrated directly (Dumont et al. 2011; Holzinger et al. 2012; Ventura et al. 2010).

Few other mechanistic details between PFT exposure and NLRP3 inflammasome activation
have been determined. Many other host proteins have been implicated along the NLRP3
inflammasome signaling cascade with other triggers, but have yet to be confirmed for S.
aureus.

Like the pore-forming Hla, purified HIb also triggers human monocytes to secrete IL-1p
(Walev et al. 1996). Though these studies preceded the discovery of the NLRP3
inflammasome, HIb-induced IL-1p secretion was suppressed by extracellular potassium,
which strongly suggests a role for the NLRP3 inflammasome. Despite purified toxin being
sufficient to induce IL-1p secretion, S. aureus Hib-deficient mutants had no observable
defect in inducing IL-1p and IL-18 secretion in mouse macrophages. S. aureus lacking the
combination of Hla, Hib, and Hlg caused very little IL-18 and IL-18 secretion when
compared to S. aureus lacking any pair of these hemolysins (Munoz-Planillo et al. 2009).
These studies suggest that all three hemolysins in S. aureus have redundant capacity to
activate the NLRP3 inflammasome. It is also possible that hemolysin production is context
dependent and different hemolysins (or combinations of hemolysins) may be required in
infection of separate tissues, which has not been recapitulated in /n vitro cell culture of
immune cells to date. Hlb also limits production of IL-8, a potent neutrophil
chemoattractant, by human endothelial cells (Tajima et al. 2009) and as such, may play a
dual role in establishing and promoting infection.

Other NLR proteins may interact with NLRP3 to enhance inflammasome signaling. In one
instance, NLRC5 was shown to co-immunoprecipitate with NLRP3 and knockdown of
NLRCS5 in THP1 cells by shRNA led to dramatic reduction in IL-1f secretion in response to
live S. aureus (Davis et al. 2011). The S. aureus factors that might contribute to activation of
NLRCS in this context have not been identified.

In addition to NLRP3, NLRP7, a sensor of acylated lipopeptides, leads to signaling in
response to S. aureus. Knockdown of NLRP7 in THP1 cells resulted in decreased S. aureus-
induced IL-1p secretion and increased intracellular bacteria following infection (Khare et al.
2012). NLRP7 function requires ATP binding and hydrolysis. Overexpression of wildtype
myc-tagged NLRP7, but not myc-tagged ATPase-deficient NLRP7, by lentiviral
transduction led to an increase in S. gureusinduced IL-1p secretion as compared to
transduction of myc alone (Radian et al. 2015). The role of NLRP7 in cell death is unclear.
Depletion of NLRP7 by siRNA did not impact S. aureus-induced cell death as measured by
LDH release (Khare et al. 2012) but viral transduction of THP1 cells to overexpress NLRP7
enhanced S. aureus-induced cell death as measured by Pl uptake (Radian et al. 2015). More
work is needed on endogenous NLRP7 to better understand its role in S. aureus induced cell
death.
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AIM2, a sensor responsible for inflammasome formation in response to cytoplasmic DNA,
may also detect S. aureus. Mice lacking AIM2 demonstrated reduced IL-1p recovered from
central nervous system abscesses resulting from intracranial injection of S. aureus. Asc-/-
mice, but not M/rp3-/- mice, exhibited the same defect in IL-1f production during
intracranial abscess formation. Interestingly, mice lacking AIM2 or ASC also demonstrated
dramatically decreased production of non-inflammasome dependent cytokines including:
IL-6, CXCL1 and CXCL10 production in this model. This suggests either production of
these cytokines is influenced by production of IL-1f or that there are non-inflammasome
dependent signaling pathways activated by AIM2 and ASC. Because no studies of S. aureus-
exposed AIM2 deficient cultured immune cells, including CNS microglia, have been
published, it is not clear whether the defect in IL-1p production observed in infected brain
tissues of AIM2 deficient mice is the result of a failure to sense a component of S. aureus or
to sense a host factor produced as a result of S. aureus infection (Hanamsagar et al. 2014).

Inflammasome-like or non-canonical inflammasome responses may also initiate an immune
response against S. aureus. When purified, each of the seven S. aureus PSMs are sufficient to
induce 1L-18 secretion from human keratinocytes. S. aureus with all seven PSMs deleted
induced lower levels of IL-18 and IL-1p secretion from keratinocytes. Unexpectedly,
secretion of 1L-18 or IL-1p from keratinocytes in response to live S. aureus could not be
blocked by a panel of Caspase inhibitors (Syed et al. 2015). These data suggest that
keratinocytes may rely upon a non-Caspase protease for processing and secretion of IL-1p
and IL-18 in response to PSMs.

While many studies of inflammasome activation by S. aureus have been conducted in /n
vitro cell culture using primary human monocytes as well as other cell types (THP1 cells,
mouse macrophages, etc.), in natural infections, S. aureusand its secreted toxins interact
with multiple cell types each with a unique capacity to sense and respond to the bacteria.
This leads to the possibility that a variety of inflammasomes may be activated in different
cell types over the course of an infection with variable effects on infection outcomes. To
understand the role of inflammasome activation in the natural course of infection, we turn
our review to studies of S. aureus infection in animal models, primarily in mice. In most
cases, mouse studies were carried out using only the C57BL/6 strain in which
inflammasome components have been genetically deleted. Mice as a model for S. aureus
infections have serious limitations as mice are relatively naturally resistant to S. aureus and
non-responsive to many virulence factors that act specifically on human cells. These studies
would benefit from incorporating more genetic diversity.

3. Role of inflammasome activation in infection models

3.1 The NLRP3 inflammasome responds to hemolysins to control S. aureus dermal

infections

S. aureus is the number one cause of skin infections. These infections range in severity from
pimples and boils to abscesses and cellulitis. A mouse model for S. aureus skin infections
has been developed (Miller et al. 2006) and adapted to study the role of inflammasomes in
this setting (Miller et al. 2007; Cho et al. 2012; Soong et al. 2015).
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Tissue biopsies were collected from mice injected subcutaneously with a variety of isogenic
hemolysin knockout S. aureus strains. When A/a, hib, and hlg genes were deleted together,
secretion of IL-1p and IL-18 was almost completely eliminated whereas only minor
reductions were observed with any single or double hemolysin knockout as compared to the
parental S. aureus strain. Subcutaneous injection of mice with individual deletions of N/rp3,
Asc, or Caspl, did not elicit I1L-18 secretion, demonstrating a role for the NLRP3
inflammasome in this setting (Munoz-Planillo et al. 2009).

Mice deficient in IL-1p (//1b-/-) develop larger lesions with higher bacterial burdens and
reduced neutrophil recruitment following subcutaneous injection of S. aureus as compared to
parental strain mice (Miller et al. 2007). Adoptive transfer of //16-/- bone marrow into
irradiated parental strain mice mirrored the defect seen in wholly //16-/- mice, suggesting
that immune cells are a critical source of IL-1p in this model skin infection. In //26-/- mice,
recombinant active IL-1f helped to control infections and promote bacterial clearance
(Miller et al. 2007). In the same subcutaneous injection model, multispectral noninvasive
imaging during infection was used to localize different types of phagocytes and fluorescent
staining of IL-1p revealed a stronger spatial correlation between neutrophils and IL-1f than
between macrophages and IL-1(. Adoptive transfer of IL-1p-expressing neutrophils into an
111b6-/- host was sufficient to restore the impaired neutrophil abscess formation, suggesting
neutrophils are the critical source of immune cell-derived IL-1f in this model. S. aureus
induced IL-1B production during subcutaneous injection in mice in a Hla-dependent manner
that required intact genes encoding 7/r2, Noad2, Fprl, Asc, Caspl, and N/rp3 (Cho et al.
2012). In humans, neutrophils are an important component of controlling cutaneous S.
aureus infections (Borregaard 2010) as neutrophil functional defects, such as chronic
granulomatous disease, result in susceptibility to invasive S. aureus cutaneous infections
(Miller and Cho 2011). The importance of neutrophils during subcutaneous infection of
mice suggests that the mouse model is appropriately recapitulating this feature of the human
infection.

Although these studies of S. aureus skin infection in mice have been done with direct
inoculation of bacteria through the epidermal barrier, S. aureus can cause infection by
invading through a human keratinocyte barrier. In an organotypic culture of human
keratinocytes grown at an air-liquid interface on a dermal substitute matrix, S. aureus can be
seen by microscopy to disrupt the apical keratinocyte layer. Hla triggers Caspase 1 and
Calpain (Ca(2+)-dependent intracellular protease) activation leading to IL-1p secretion and
cell death. If Caspase 1 or Calpain are inhibited during this process, invasion efficiency is
partially decreased (Soong et al. 2012).

Patients with atopic dermatitis and psoriasis are commonly colonized with S. aureus,
however, only those with atopic dermatitis suffer from increased risk of bacterial
superinfections. Expression of NLRP3 and Caspase 1 by immunohistochemistry was
reduced in skin in a cohort of patients with lesional atopic dermatitis as compared to patients
with psoriatic or healthy skin. Primary human keratinocytes from healthy skin and primary
human monocytes have been found to downregulate NLRP3 and ASC expression in
response to I1L-4, IL-5 and IL-13 (cytokines abundant in atopic dermatitis). Accordingly,
Hla-induced IL-1p secretion was diminished in monocytes from patients with atopic
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dermatitis compared to patients with psoriasis and healthy controls (Niebuhr et al. 2014).
These data suggest that the Th2 dominant immunologic milieu of patients with atopic
dermatitis leads to defects in inflammasome signaling promoting susceptibility to S. aureus
infection. It is also possible that the Th2 dominant immunologic milieu associated with
asthma and other atopic diseases opposition of NLRP3 inflammasome activation explains
epidemiologic data showing patients with these conditions have increased risk of S. aureus
infection (Juhn 2014).

PSMs also play a role in pathogenesis of S. aureus-induced skin inflammation. Primary
human keratinocytes exposed to S. aureus with genes encoding all seven PSMs knocked out
by allelic replacement or start codon disruption secreted significantly less IL-1p, IL-18, and
LDH, a marker of cell death, than keratinocytes exposed to wild type S. aureus.
Keratinocytes exposed to any purified PSM secreted 1L-18 but only the four PSMas and
delta-toxin were cytotoxic. Interestingly, caspase inhibitors and extracellular potassium were
unable to block cytokine secretion or cytotoxicity, suggesting that this combination of cell
death and cytokine secretion that is normally associated with inflammasome activation of
Caspase 1 is triggered by a Caspase 1-independent process in keratinocytes that remains
unidentified. In mice challenged epicutaneously with S. aureus and an isogenic mutant
lacking PSM, the parental S. aureus strain triggered a predominantly neutrophil infiltrate and
the PSM-deficient S. aureus did not. This difference in host neutrophil recruitment to
infection site persisted in mice lacking IL-18, suggesting that PSM-mediated killing of
keratinocytes led to release of chemoattractive factors or that PSM themselves are
chemoattractive (Syed et al. 2015). Previous research has shown that blocking formyl
peptide receptor 2, the receptor for S. aureus PSMs, blocked PSM-mediated leukocyte
infiltration in a mouse air pouch and mouse peritoneal infection model, suggesting that
PSMs themselves are chemoattractive or trigger a chemoattractive cascade (Kretschmer et
al. 2010).

Currently though, the translatability of these models to the human condition remains an open
question. There is limited published evidence for the role of IL-1p or inflammasome
activation in cellulitis and other skin infections in humans. In clinical trials of IL-1
antagonists, a trend towards increased risk of serious infections was observed in patients
with inflammatory conditions treated with these agents (Galloway et al. 2011). There are no
reports regarding the use of these agents and specific risk of S. aureus infection of the skin.
Experimental models in mice offer an opportunity to study this but face major limitations in
their relevance. Mouse skin differs significantly from human skin. Mouse epidermis is made
up of only three cell layers and is less than 25 micrometers thick whereas human epidermis
is usually 6-10 cell layers and is greater than 50 micrometers thick. The epithelial turnover
in mouse skin is faster and mouse skin regenerates without significant scarring. These
differences and more are reviewed in Gudjonsson et al. (2007).

Considerable interest exists in humanized mouse models of skin infections and these have
been deployed to study the human specific pathogen Neisseria meningitides (Melican et al.
2013). While human skin grafting on mice may eventually be a useful model for studying S.
aureus skin infections, this methodology has yet to be deployed in this arena. Humanized
NSG mice with humanized immune systems have been used in S. aureus skin infection
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models. A S. aureus inoculum one to two log lower induced consistent skin lesions as
compared with non-humanized mice. This model aided in studying the role of PVL in
dermonecrosis. Blocking the PVL receptor, human C5aR, with PMX53 or an anti-C5aR
antibody eliminated the enhanced cytotoxicity of PVL-positive S. aureus but also reduced
recruitment of neutrophils and exacerbated the infection (Tseng et al. 2015). Caution must
be taken in interpreting results, however, given changes observed in skin grafts over time
(Kappes et al. 2004). Additionally, mice with human skin grafts still carry myeloid-derived
cells from mice, which may be a significant cause of differences seen in S. aureus
susceptibility between human and mice.

With those caveats in mind, current evidence suggests that S. aureus activates
inflammasomes in keratinocytes to promote invasion and establish infection. PSMs that
induce NLRP3-independent cell death in keratinocytes may provide a redundant mechanism
to support invasion. Once infection is established, neutrophils are recruited and secrete
IL-1pB, probably through NLRP3 inflammasome activation, to promote clearance of S.
aureus infections (Figure 3, top panels). If this holds true, therapeutic intervention to
suppress inflammasome signaling may have a desirable effect in preventing invasion through
keratinocytes but may unduly hinder clearance of already invaded S. aureus.

3.2 IL-1B signaling is critical for combating soft tissue infections

Staphylococcus aureus is a common culprit in soft tissue and medical device infections.
Patients with ulcers, commonly resulting from advanced complications of diabetes, deep
injuries, recent surgery, or indwelling medical devices are particularly at risk. Recent work
has demonstrated a differential effect of S. aureus strains in inducing inflammasome
activation and IL-1p secretion in surgical site infections, with strain PS80 leading to
substantially more I1L-1f than SH1000. In this study, loss of NLRP3 did not completely
diminish IL-1p secretion, suggesting a coordinated role with other inflammasomes.
However, deletion of NIrp3 or IL-1 receptor (111r) compromised control of bacterial burden
in infected surgical wounds (Maher et al. 2013). Little else has been done to characterize the
role of inflammasome signaling in soft tissue infections, though it is tempting to assume
these would be similar to dermal infections once S. aureus crosses the keratinocyte barrier.

3.3 S. aureus hijacks the NLRP3 inflammasome to exacerbate lung infection pathology

S. aureus pneumonia is a difficult disease to effectively treat. Even with proper antimicrobial
therapy, S. aureustriggers a massive immune response that causes significant tissue
destruction with substantial lethality.

Hla is an essential virulence factor in mouse models of severe pneumonia. S. aureus lacking
Hla have reduced bacterial burden and causes less lung pathology and host death when
delivered intranasally or intratracheally to the mouse lung when compared to S. aureus with
an intact Hla gene (Bubeck Wardenburg and Schneewind 2008). Blocking Hla with an
antibody also promotes bacterial clearance from the lung, indicating that expression of Hla
is important in the ability of the bacteria to cause lung infection in this model (Bubeck
Wardenburg and Schneewind 2008; Ragle and Bubeck Wardenburg 2009). Highly purified
recombinant Hla, alone or in conjunction with HKSA, delivered intratracheally causes a
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clinical syndrome resembling S. aureus pulmonary infection in mice. Pathologic changes in
the lung including destruction of normal alveolar architecture, tissue necrosis, hemorrhage,
and inflammation are consistent with pathologic findings in human lungs with severe S.
aureus pneumonia. This syndrome is largely abrogated when Hla is administered to mice
lacking NLRP3 (Kebaier et al. 2012). There was no difference in bacterial burdens between
mice with and without NLRP3 inoculated with intratracheal S. aureus. Thus, unlike the skin
where signaling from the NLRP3 inflammasome contributes to host elimination of the
bacteria, NLRP3 inflammasome signaling is not essential for clearing S. aureus from the
mouse lung. There was no difference in bacterial burden or lung inflammation between wild
type and NLRP3 null mice that were infected with S. aureus lacking Hla, suggesting Hla—
induced activation of NLRP3 is a major cause of pneumonia pathology in this model of S.
aureus infection (Figure 3, bottom panels). IL-1 receptor deficient mice exhibited severe
inflammatory responses to pulmonary delivery of Hla, thus tissue destruction mediated by
this toxin in the lung did not depend on IL-1p signaling (Kebaier et al. 2012). These findings
suggest that cell death and/or other Caspasel-dependent cytokines downstream of NLRP3
activation were sufficient to cause severe lung pathology in the setting of S. aureus infection.

There is significant debate as to whether PVL is a critical virulence factor in pneumonia.
Mice infected intranasally with PVL-expressing S. aureus experienced substantial neutrophil
recruitment, inflammation in the lung parenchyma, bronchial epithelial damage, tissue
necrosis and hemorrhage. These same effects were seen upon administration of both
components of the purified PVL toxin but were absent in isogenic PVL-negative S. aureus or
upon administration of a single component of the PVL toxin (Labandeira-Rey et al. 2007). A
second report replicated these findings, demonstrating that deletion of PVL from the LAC S.
aureus strain improves Balb/c mouse survival following intranasal inoculation. Additionally,
immunization against PVVL showed a trend towards protection in subsequent S. aureus
challenge by intranasal infection (Brown et al. 2009). These results are in contrast to
separate findings that deletion of PVL from the LAC S. aureus strain actually enhances
virulence and decreases survival of Balb/c mice infected using the same protocol (Bubeck
Wardenburg et al. 2008; Villaruz et al. 2009). Given the general resistance of mouse
neutrophils to S. aureus PVL (Loffler et al. 2010), the differences in these studies may result
from differences in susceptibility of non-immune cells to PVL. However, the use of Balb/c
mice in both groups of studies suggests the difference is not strain-intrinsic. In general,
because of the species specificity of S. aureus PFTs, humanized mice may be required to
more fully appreciate the impact of PVVL in S. aureus pneumonia as was seen when applied
to the humanized mouse cellulitis model (Tseng et al. 2015).

In primary human monocyte-derived macrophages, HKSA followed by administration of
recombinant PVL induced secretion of high levels of IL-1p. IL-1p secretion was enhanced
by co-administration PVL and the PSMs HId and PSMalpha3, the PFTs HIlg and LUKED,
and HlIb, greater than the sum of their parts (Perret et al. 2012). PVL also triggered IL-1p
secretion in human alveolar macrophages that goes on to stimulate the secretion of
neutrophil attracting chemokines I1L-8 and MCP-1 by A549 human lung epithelial cells in a
mixed culture model. Blocking the IL-1 receptor with IL-1R antagonist abolishes PVL-
induced secretion of 1L-8 and MCP-1 (Perret et al. 2012). These data suggest that blockade
of IL-1p signaling may diminish pathology in S. aureus pulmonary infection. However, a
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subsequent study in rabbits demonstrated that Anakinra, an IL-1 receptor antagonist, could
block pathology induced by treatment with recombinant PVL and HKSA but not in live S.
aureus infection. Furthermore, treatment of infected rabbits with Anakinra led to increased
bacterial burden in the lungs (Labrousse et al. 2014). These data demonstrate that IL-1f
secretion triggered by PVL plays a protective role in S. aureus pneumonia in rabbits, where
the toxin is active. While these findings seem at odds with the apparent pathologic role of
NLRP3 inflammasome activation in mice with S. aureus pneumonia, the studies in 1L-1
receptor deficient mice demonstrate that toxin mediated activation of NLRP3 drove
pathogenic findings in the lung and clinical severity of disease independently of IL-1p
production. Additionally, because mice are deficient from NLRP3 through the entire course
of the model pneumonia, there is no way to separate effects of NLRP3 on the ability of S.
aureusto initiate infection from the effects of NLRP3 on the response to ongoing infection.

Recently, S. aureustoxins were shown to induce necroptosis in the lung through RIPK1/
RIPK3/MLKL signaling. In primary human macrophage co-culture with S. aureus,
inhibitors of necroptosis, including necrostatin-1 and necrosulfonamide (NSA), or siRNA-
mediated knockdown of RIPK3 or MLKL blocked S. aureus-induced cell death. NSA also
decreased purified Hla-induced THP1 cell death. In murine S. aureus pneumonia, blocking
necroptosis with NSA or knockout of RIPK3 improved bacterial clearance. RIPK3 deficient
mice had improved lung architecture and less disruption of the pulmonary barrier, resulting
in less protein in bronchoalveolar lavage fluid. Interestingly, NSA pretreatment of THP1
cells exposed to S. aureus supernatants in culture or RIPK3 knockout in S. aureus
pneumonia led to decreased IL-1p secretion, suggesting a possible link between necroptosis
and inflammasome activation (Kitur et al. 2015).

Currently, there is strong evidence supporting the use of systemic corticosteroids in
hospitalized patients with severe community acquired pneumonia (Siemieniuk et al. 2015).
Interestingly, a glucocorticosteroid-responsive negative regulatory element has been
identified just upstream of the IL-1p transcription start site (Zhang et al. 1997) and, as such,
suppression of IL-1pB production might be contributing to improved outcomes in these
patients. However, conflicting results as to whether IL-1 signaling enhances or diminishes
lung pathology will be important to clarify before targeted therapeutic immunosuppression
is used clinically in the setting of severe S. aureus pneumonia. Clinical trials of anakinra
suggest patients with asthma or other pulmonary comorbidities might be at increased risk of
infectious complications, though results were not statistically significant (Schiff et al. 2004;
Fleischmann et al. 2003). Suppression of necroptosis through RIPK3 inhibition may also be
a viable strategy but understanding the contributions of necroptosis and NLRP3
inflammasome-mediated cell death to pathology and bacterial clearance is still in its infancy.
Finally, activation of IL-1 independent effects of NLRP3, particularly inflammatory cell
death, by S. aureus virulence factors may be sufficient to drive severe lung pathology even in
the setting of neutralizing IL-1. Better animal models of S. aureus pneumonia that are
responsive to the major PFT and other S. aureus virulence factors are needed to propel this
field forward.
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3.4 Microglia activate NLRP3 in vitro but depend on AIM2 to clear S. aureus central
nervous system infections
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S. aureus can also cause brain abscesses usually as a complication of surgery, trauma or
bacteremia. Microglia are immunologically competent cells in the brain activated early in
the process of S. aureus abscess formation (Kielian 2004). Exposure of primary microglia
isolated from C57BL/6 mice to live S. aureus strain USA300 induced both IL-1p and IL-18
secretion. Microglia from mice lacking NLRP3 or ASC were deficient in IL-1p secretion but
responded to live S. aureus with similar levels of IL-18 as wild type mice. Deletion of Hla or
Hlg, but not LUkAB or LUKED reduced Newman strain S. aureus-induced IL-1p secretion
from mouse-derived microglia (Hanamsagar et al. 2011). However, this is not surprising
given the general resistance of mouse to LUkAB (DuMont et al. 2013a) and the low level of
expression of LUKED (DuMont et al. 2013b) under the conditions the bacteria were cultured.
Caspasel and CTSB inhibitors blocked S. aureus-induced microglial IL-1p secretion in
these in vitro cell culture experiments. Consistent with a second pathway controlling IL-18
secretion in this setting, the CTSB inhibitor had no effect on IL-18 secretion (Hanamsagar et
al. 2011).

In a model of brain abscess, Ascand Casp1/ Casp11 knockout mice had earlier mortality and
diminished detectable IL-1p recovered from abscesses as compared to the parental mouse
strain. Unexpectedly, the survival of AM/rp3knockout mice in this brain abscess model was
identical to the parental strain. Upon further investigation, loss of AIM2 mimicked the
sensitivity to S. aureus infection and diminished IL-1p production seen in ASC deficient
mice, suggesting that AIM2 is the primary upstream sensor for the inflammasome activating
ASC and Caspase 1 in this model. Besides IL-1p, other key inflammatory mediators,
including I1L-6, CXCL1, CXCL10, and CCL2 were significantly reduced in the CNS of
AimZ2and Ascknockout mice (Hanamsagar et al. 2014). Immune cell infiltrates, including
neutrophils and macrophages, and other cytokines, such as IL-10, TNF-a and IFN--y, were
not changed between Asc knockout and the parental strain mice. Also, the bacterial burden
of AimZ2knockout mice and the parental strain were equivalent in the first 18 hours of
infection. Most A/mZ2knockout mice that died were recorded as having died at
approximately 20 hours post infection, leaving us without a satisfying explanation for why
these mice suddenly succumbed to disease given the similarities in bacterial burden and
immune cell infiltrates (Hanamsagar et al. 2014). Previous studies of S. aureus brain
abscesses have demonstrated damage to the blood-brain barrier (Kielian et al. 2001) and
impaired capillary perfusion and parenchymal cell death has been noted in soft tissue
infections (Harding et al. 2014), both explanation that might be worth further investigation
in this setting. The discrepancy between IL-1f production being NLRP3 dependent in
cultured microglia exposed to S. aureus and AIM2-dependent after intracranial inoculation
of S. aureus points to the need to push through additional mechanistic studies to understand
the role of inflammasome activation in brain abscess. Host derived DAMPs, like
extracellular chromatin, arising from cellular injury during inoculation or cytotoxic factors
from the bacteria may be responsible for activating AIM2 in the /n vivo brain abscess model.
Further investigation of AIM2 deficient microglia /n vitrowould be beneficial for
characterizing the response seen /n vivo. Also, study of A/mZ2knockout mice in the context
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of other S. aureus infections would help determine if the role of AIM2 is brain/microglia-
specific or is a general feature of the immune response to S. aureus.

4. How the host inflammasome can affect other inflammatory processes

The Th17 response has emerged as a major focus of studies looking downstream of
inflammasome activation. The most direct hint that 1L-17-driven responses are critical for
defense against S. aureus is seen in patients with hyper IgE syndrome (HIES). In HIES,
mutation in STAT73 causes impaired Th17 cell function and recurrent and severe S. aureus
infections (Milner et al. 2008). Similar impairments have been recapitulated in mouse
models of S. aureus infection.

NLRP3-mediated secretion of IL-1f by bone marrow dendritic cells promotes secretion of
IL-17 by y6-T cells, as loss of the IL-1 receptor limits this response. Importantly, the ability
to control surgical site infections is enhanced by IL-1p stimulated -y&-T cells as bacterial
burden is increased in STCR deficient and IL-17R deficient mice (Maher et al. 2013). In S.
aureus cutaneous infections, loss of y&-T cells led to larger skin lesions with higher bacterial
counts as a result of impaired neutrophil recruitment. IL-17R-deficient mice had a similar
phenotype. Treatment of -y8-T cell-deficient mice with a single dose of recombinant IL-17
rescued the impaired immune response to S. aureus (Cho et al. 2010). A population of
CD44+ CD27- memory -y6-T cells that is expanded upon peritoneal infection of C57BL/6
mice with S. aureus produces high levels of 1L-17 and promotes bacterial clearance during
reinfections. IL-1 signaling was not required for activation or expansion of memory y6-T
cells during reinfection (Murphy et al. 2014). y8-T cells also play a prominent role in
defense against S. aureus pneumonia. y8-T cell-deficient mice had impaired neutrophil
recruitment and an increased bacterial burden in the lung. However, the absence of y6-T
cells decreases lung pathology and improves survival (Cheng et al. 2012), similar to studies
with loss of NLRP3 (Kebaier et al. 2012).

5. Integrating inflammasome studies to improve patient care

Early evidence suggests that vaccines against PFTs may be beneficial in reducing virulence
and severity of infections. In hospitalized patients with S. aureus infections, the risk of
sepsis was significantly lower in those patients with higher levels of 1gG against Hla, Hid,
PVL, staphylococcal enterotoxin C-1 and PSMa3 (Adhikari et al. 2012). Some children
with culture-proven S. aureus infection developed anti-LukAB antibodies that potently
neutralize cytotoxicity /n7 vitro, suggesting that the toxin is produced /7 vivo and that it
elicits a humoral response (Thomsen et al. 2014). Immunization of mice with a mutant form
of Hla that cannot form pores, Hla H35L, generates antigen-specific immunoglobulin G
responses and affords protection against staphylococcal pneumonia. Additionally, transfer of
Hla-specific antibodies or anti-Hla monoclonal antibodies also protects naive animals
against S. aureus challenge and prevents injury of human lung epithelial cells during
infection (Bubeck Wardenburg and Schneewind 2008; Ragle and Bubeck Wardenburg
2009). This is presumably the result of decreased NLRP3 inflammasome activation in this
setting, however, that has not been measured /n vivo directly.
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Therapies targeting specific virulence factors may provide a useful adjuvant to antibiotic
therapy. As recently declared in the Annals of Internal Medicine, many believe it is “time to
change clinical practice” and recommend systemic administration of corticosteroids in
patients with severe community acquired pneumonia. Theoretically, tailoring therapy more
narrowly to reduce virulence and hyperactive immune responses without compromising
bacterial clearance would provide further benefit over this broadly immunosuppressive
therapy.

For understanding tissue-specific pathogenesis, we will need improved infection models that
better recapitulate human tissues and immune cells to overcome the natural resistance of
mice to S. aureus. Tissue-specific knockouts and bone marrow chimeras will also help
differentiate tissue-driven immune responses from those of bone marrow origin. Ultimately,
investigations into inflammasome-mediated responses to S. aureus infections may provide us
with the therapeutic tools we need to push back against this growing threat.

6. Concluding Remarks

The rapid pace of discovery of new S. aureustoxins and other virulence factors has led to a
dramatically improved understanding of the interactions between S. aureus and the innate
immune system during infection. The NLRP3 inflammasome is now recognized as a critical
driver of pro-inflammatory signaling in S. aureus infections. Additional studies provide
evidence that other inflammasomes can also contribute to the pro-inflammatory milieu
during S. aureus infection. However, significant shortcomings in the frequently used mouse
models raise doubts about relative importance of many potential S. aureus virulence factors
as well as the role of host inflammasome activation during infection. Novel approaches in
studying S. aureus in clinical infections would provide much needed insight as to the
relevance of pre-clinical studies of S. aureus pathogenesis. Further clarification of the
protective and pathogenic roles of virulence factor-induced inflammasome signaling in S.
aureus infections is needed to guide the development of novel therapeutics and vaccines to
diminish the virulence of and treat S. aureus infections.
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Fig. 1.
S. aureus PAMPs and virulence factors activate inflammasome signaling. A wide variety of

S. aureus bacterial molecular patterns and virulence factors, including pore-forming toxins
(PFTs), peptidoglycan (PGN), phenol-soluble modulins (PSMs and HId), activate
inflammasome signaling. The NLRP3 inflammasome is depicted as the primary example of
inflammasome signaling in this figure. The PFTs - Hla, LukAB, LUkED, PVL, HIgAB, and
HIgCB - bind cellular receptors, as seen in the center of the figure, to promote pore
formation. Pore formation causes potassium efflux and leads to NLRP3 inflammasome
activation. When activated, NLRP3 binds ASC through PYD-PYD interactions and ASC
binds pro-Caspase 1 through CARD-CARD interactions. Formation of the NLRP3
inflammasome complex causes activation of Caspase 1 that can process pro-1L-1B and pro-
IL-18 for activation and secretion. Beta hemolysin (HIb), a sphingomyelinase, and the PSMs
also activate inflalmmasome-like signaling. Purified HIb and PSMs can trigger 1L-1B and
IL-18 secretion but direct activation of the NLRP3 inflammasome by these virulence factors
has not yet been demonstrated.
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Fig. 2.

NERPS, NLRCS5, NLRP7, AIM2 and other inflammasome-like signaling is activated in
response to S. aureus. Activation of inflammasome signaling typically proceeds in two steps.
First, TLRs engage PAMPS to prime inflammasome signaling. S. aureus lipoteichoic acid
(LTA), a major constituent of the cell wall of Gram-positive bacteria binds TLR2. TLR
signaling activates NF-xB-mediated transcription of pro-1L-1f and also triggers post-
translational modifications of the inflammasome signaling pathway. Activation of the
NLRP3 inflammasome occurs through pore-mediated and phagocytosis-mediated processes.
PFTs and HIb damage the plasma membrane and cause potassium efflux necessary for
inflammasome activation. PVL-induced NLRP3 inflammasome signaling requires CTSB
activation. PVL, Hla and LUkAB also promote Caspase 1-independent cell death. PFTs may
also destabilize lysophagosomes during phagocytosis of S. aureus. In particular, LUKAB has
been shown to bind CD11b on the phagosomal membrane to promote S. aureus escape. This
triggers NLRP3-dependent cytokine secretion and NLRP3-independent cell death.
Lysophagosomal rupture is thought to lead to CTSB leakage into the cytoplasm, though this
has not been shown directly with S. aureus. A variety of other inflammasomes have also
been implicated in sensing S. aureus. NLRC5 binds to NLRP3 and enhances cytokine
secretion. NLRP7 and its ATP-binding activity are required for Caspase 1 activation in
response to S. aureus. AIM2 is activated in response to S. aureus central nervous system
abscess formation, though it isn't clear if AIM2 is sensing S. aureus or a danger-associated
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molecular pattern resulting from S. aureus infection. PSMs also trigger secretion of IL-1p
and IL-18, but through a Caspase 1-independent mechanism.
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Fig. 3.

ng_RPB inflammasome signaling plays unique rolls in skin and lung infections. Skin (top
row) and lung (bottom row) infections are modeled here as an example of the unique effects
of inflammasome signaling during S. aureus infections. In model skin infection (top row), S.
aureus is cocultured with an organotypic culture of human keratinocytes grown at an air-
liquid interface on a dermal substitute matrix, S. aureus utilizes Hla to activate
inflammasome signaling to enhance invasion through the keratinocyte barrier (left). Once
invasion has occurred (experimentally induced by subcutaneous injection), neutrophils are
recruited to the site of infection and activate the NLRP3 inflammasome to promote I1L-1
secretion (center). Neutrophil-derived IL-1p is required for abscess formation and bacterial
clearance (right). In the lung (bottom row), S. aureustriggers alveolar macrophages to
secrete IL-1p that promotes secretion of the neutrophil attracting chemokines, 1L-8 and
MCP-1, from human lung epithelial cells (left). Neutrophil recruitment leads to further
NLRP3 inflammasome activation by Hla (middle) that ultimately destroys the lung tissue
(right), as loss of NLRP3 in mice improves pathology with no change in bacterial burden.
Loss of the IL-1 receptor does not impact the infection suggesting that IL-1 signaling is not
required. Hla, LukAB and PSMs also induce necroptosis, a RIPK1-, RIPK3-, MLKL-
dependent cell death process that hinders clearance of S. aureus, as deletion of RIPK3
improves bacterial control. MLKL also plays a role in IL-1p secretion as loss of MLKL
blocks Caspase 1 activation suggesting an intersection between the necroptosis signaling
pathway and the inflammasome signaling pathway.
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