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ABSTRACT

Invasive Staphylococcus aureus infections are a leading cause of morbidity and mortality in both hospital and community
settings, especially with the widespread emergence of virulent and multi-drug resistant methicillin-resistant S. aureus
strains. There is an urgent and unmet clinical need for non-antibiotic immune-based approaches to treat these infections
as the increasing antibiotic resistance is creating a serious threat to public health. However, all vaccination attempts aimed
at preventing S. aureus invasive infections have failed in human trials, especially all vaccines aimed at generating high titers
of opsonic antibodies against S. aureus surface antigens to facilitate antibody-mediated bacterial clearance. In this review,
we summarize the data from humans regarding the immune responses that protect against invasive S. aureus infections as
well as host genetic factors and bacterial evasion mechanisms, which are important to consider for the future development
of effective and successful vaccines and immunotherapies against invasive S. aureus infections in humans. The evidence
presented form the basis for a hypothesis that staphylococcal toxins (including superantigens and pore-forming toxins) are
important virulence factors, and targeting the neutralization of these toxins are more likely to provide a therapeutic benefit
in contrast to prior vaccine attempts to generate antibodies to facilitate opsonophagocytosis.
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INTRODUCTION

The mortality of Staphylococcus aureus invasive infections has
fallen from ~80% in the pre-antibiotic era (Smith and Vickers
1960) to 16%-30% over the past two decades (van Hal et al. 2012;
Nambiar et al. 2018; Kourtis et al. 2019). Further reductions in
mortality below 20% have remained elusive despite the intro-
duction of new antibiotics to address antibiotic-resistant iso-
lates, rapid diagnostic and susceptibility testing, widespread
antibiotic stewardship programs and improvements in thera-
peutic supportive care (Holland, Arnold and Fowler 2014; Tong
et al. 2015). While vaccine development has lowered the mortal-
ity of other bacterial infections, all vaccination attempts aimed
at preventing S. aureus invasive infections have failed in human
trials, especially all vaccines aimed at generating high titers of
opsonic antibodies against S. aureus surface antigens to facil-
itate antibody-mediated bacterial clearance (Daum and Spell-
berg 2012; Fowler and Proctor 2014; Proctor 2015; Giersing et al.
2016; Missiakas and Schneewind 2016; Mohamed et al. 2017;
Proctor 2019). A major impediment to the development of a
successful vaccine against S. aureus is an incomplete under-
standing of protective immune mechanisms and biomarkers
that clearly indicate durable and long-term protective immunity
against S. aureus infections in humans. This impediment stems
in part from relatively limited information about the specific
immune responses in humans that protect against invasive S.
aureus infections (Miller and Cho 2011; Fowler and Proctor 2014;
Montgomery, David and Daum 2015; Proctor 2019).

The development of human vaccines against S. aureus infec-
tions has relied primarily on data from preclinical animal mod-
els. Unfortunately, animal models in general, and murine mod-
els in particular, have failed to translate into successful S. aureus
vaccines in humans (Proctor 2012; Proctor 2012). For example,
none of the 15 S. aureus antigenic targets identified to date from
initial efficacy studies in murine models were ultimately shown
to be effective vaccine targets in 12 human clinical trials (in both
active and passive immunization approaches) (Fowler and Proc-
tor 2014; Yeaman et al. 2014; Redi et al. 2018). This is likely in
part due to the attenuated activity of many S. aureus superanti-
gens (SAgs) and pore-forming toxins (PFTs) in murine and other
animal models of infection (Bubeck Wardenburg et al. 2008; Diep
et al. 2010; Loffler et al. 2010; Salgado-Pabon and Schlievert 2014).
All of these trials have shared a common approach of inducing
opsonophagocytosis of S. aureus by eliciting antibodies that bind

to the bacterial surface and promote bacterial killing. Unfor-
tunately, none of these opsonic antibody-based vaccine candi-
dates were protective in clinical trials, and some were harm-
ful when a S. aureus infection ultimately did occur (Fowler et al.
2013).

In this review, we propose a paradigm for S. aureus vac-
cine development based upon the latest available evidence in
humans. This paradigm can be categorized into three main
areas: (i) What can we learn about immunity to invasive S. aureus
infections from humans with congenital or acquired immune
defects that lead to an increased susceptibility to or reduced
clearance of S. aureus infections? (ii) What can we learn from
the human antibody, cytokine and immune cell profiles during
invasive S. aureus infections to provide a greater understand-
ing of protective versus deleterious immune responses in other-
wise healthy humans? and (iii) Which specific human immune
responses and human genetic makeups reduce the severity of
invasive S. aureus infections?

While the reasons for the lack of progress in developing suc-
cessful vaccines against S. aureus invasive infections are multi-
factorial, this review will include the most recent evolving evi-
dence regarding human immunity against S. aureus and provide
suggestions for how this information could help guide future
vaccine development efforts. In addition, clinical data regard-
ing the association of certain deleterious immune responses
and poor clinical outcomes in patients with invasive S. aureus
infections (especially S. aureus bacteremia [SAB]) will also be
described. Finally, we will examine the role of anti-toxin anti-
bodies in modulating the severity of S. aureus infections. Based
upon these data, we propose a hypothesis that S. aureus vaccines
aimed at neutralizing the activity of S. aureus toxins are more
likely to provide a therapeutic benefit in humans than those tar-
geting opsonophagocytosis.

IMMUNE CELLS, CYTOKINES AND SIGNALING
PATHWAYS IMPLICATED IN PROTECTION
AGAINST S. aureus INFECTIONS AND
EVASION MECHANISMS THAT COUNTERACT
THESE RESPONSES

In this section, the early innate immune mechanisms mediated
by keratinocytes and mucosal epithelial cells as well as phago-
cytic cells (including neutrophils, monocytes/macrophages and
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Table 1. Host Defense Peptides (HDPs) in human skin with activity against S. aureus.

Host Defense Peptide Cellular expression in skin

Mechanisms of activity

S. aureus immune evasion
mechanisms

Antimicrobial activity, chemotaxis
of T cells and DCs
Antimicrobial activity, chemotaxis

dItABCD operon, MprF,

dItABCD operon

of T cells and DCs

HBD2 Keratinocytes,
monocytes/macrophages and DCs

HBD3 Keratinocytes

Cathelicidin (LL-37) Keratinocytes,

monocytes/macrophages,

Antimicrobial activity, chemotaxis
of neutrophils, monocytes and T
neutrophils, adipocytes cells

dItABCD operon, MprF, IsdA and
aureolysin

Dermcidin Eccrine sweat glands Antimicrobial activity dItABCD operon, extracellular
proteases

RNase 7 Keratinocytes Antimicrobial activity dItABCD operon

RELMa Keratinocytes Antimicrobial activity staphyloxanthin

dendritic cells) will be reviewed. This will also include a thor-
ough analysis of adaptive immune responses, mediated primar-
ily by B and T cells as well as immune responses mediated
by unconventional T cells, including y§ T cells and mucosal-
associated invariant T (MAIT) cells. For each of these cellular
immune responses, the evasion mechanisms that S. aureus uti-
lizes to counteract these host immune responses will be dis-
cussed. Importantly, the findings from humans with genetic
mutations and polymorphisms in cytokines, receptors and sig-
naling molecules that have shed light on the host responses
implicated in mediating protective immunity against S. aureus
infections will be described.

Keratinocytes in innate immunity against S. aureus

Staphylococcus aureus causes the vast majority of skin and soft
tissue infections and consequently our first line of defense
against S. aureus occurs at our skin and mucosal surfaces. More-
over, S. aureus nasal mucosal colonization is a known risk fac-
tor for the development of ensuing bacteremia (von Eiff et al.
2001; Marzec and Bessesen 2016). At these epithelial sites, ker-
atinocytes and mucosal epithelial cells produce host defense
peptides (HDPs) that provide innate antimicrobial activity (bac-
teriostatic and bactericidal) against S. aureus (Table 1) (Miller and
Cho 2011; Liu, Mazhar and Miller 2018). Several HDPs have been
shown to be produced by human keratinocytes and other cells
in the skin and promote bacteriostatic and bactericidal activity
against S. aureus at the epithelial interface, including human g-
defensins (HBDs) 1-4, cathelicidin (LL-37) and RNase 7, derm-
cidin, REG3A and resistin-like molecule « (RELMa«) (Braff et al.
2005; Rieg et al. 2005; Minegishi et al. 2009; Gallo and Hooper 2012;
Lai et al. 2012; Ommori et al. 2013; Harris et al. 2019). In particu-
lar, HBD3 has strong in vitro bactericidal activity against S. aureus
(Harder et al. 2001) and human cathelicidin induced by vitamin
D also has been shown to have potent antimicrobial activity
against S. aureus (Braff et al. 2005; Schauber et al. 2007). Increased
HBD3 expression in human skin and nasal mucosa, which can
be induced by the T cell cytokines IFNy as well as IL-174, is
associated with decreased nasal and skin S. aureus coloniza-
tion (Nurjadi et al. 2016). Interestingly, if S. aureus invades into
the subcutis, adipocytes can produce cathelicidin to help con-
trol the infection and prevent invasive spread (Zhang et al. 2015).
HBD2 and cathelicidin also promote proinflammatory immune
responses via their chemotactic activity for other immune cells
by triggering CCR6 (expressed on T cells) and formyl peptide
receptor-like 1 (FPRL1) (expressed on neutrophils, monocytes
and T cells), respectively (Yang et al. 1999; De et al. 2000). Most

recently, vitamin A was shown to increase keratinocyte expres-
sion of RELM«, which had antimicrobial activity against S. aureus
(Harris et al. 2019). Perhaps the best evidence for a role of HDPs
in immunity against S. aureus at the skin interface is that the
affected skin of patients with atopic dermatitis, which is asso-
ciated with high S. aureus skin colonization and skin superin-
fection by S. aureus (Kong et al. 2012; Byrd et al. 2017), has sub-
stantially reduced levels of HDPs (especially HBD2, HBD3, and
LL-37) (Ong et al. 2002; Minegishi et al. 2009; Rangel and Paller
2018; Kim et al. 2019). Further evidence of the role of HDPs in
immune protection against S. aureus is suggested by the pres-
ence of mechanisms that S. aureus utilizes to evade HDPs. For
example, S. aureus-derived products of the dItABCD operon fos-
ters D-alanylation of wall teichoic acid (WTA) resulting in a more
positively charged cell wall and bacterial surface (Peschel et al.
1999) and Multiple peptide resistance Factor (MprF) is respon-
sible for lysinylating phosphatidylglycerol and flipping it to the
outer membrane to produce a relatively more positively charged
cell membrane (Peschel et al. 2001), which inhibits the cationic-
mediated activities of HDPs. Consequently, a mutant S. aureus
strain deficient in D-alanylated teichoic acids (dItA mutant) was
more susceptible to the antimicrobial activity of HBD2, HBD3,
cathelicidin, RNase 7 and dermcidin (Simanski et al. 2013). S.
aureus also produces iron surface determinant A (IsdA) that
enhances its cellular hydrophobicity, which renders the S. aureus
bacteria resistant to HBD2 and cathelicidin (Clarke et al. 2007).
In addition, S. aureus produces aureolysin that inhibits catheli-
cidin antimicrobial activity (Sieprawska-Lupa et al. 2004). Finally,
S. aureus secretes extracellular proteases that degrade and neu-
tralize the activity of dermcidin (Lai et al. 2007).

Human keratinocytes also express the pattern recognition
receptor (PRR) Toll-like receptor 2 (TLR2), which heterodimer-
izes with TLR1 or TLR6 in host cell membranes, to recognize
triacyl or diacyl lipopeptides, respectively (Fig. 1). TLR2 on ker-
atinocytes can be activated by S. aureus lipopeptides and lipote-
ichoic acid (LTA) (which is diacylated), and this can result in
increased production of proinflammatory cytokines such as IL-
18,1L-8 and TNF as well as HDPs (Mempel et al. 2003; Menzies and
Kenoyer 2006). In addition to TLR2, nucleotide-binding oligomer-
ization domain 2 (NOD2) is found in the cytosol of keratinocytes
(and other cell types) where it can detect muramyl dipeptide, a
breakdown product of peptidoglycan (PGN) from S. aureus (and
other bacteria). Activation of NOD2 likely occurs when S. aureus
muramyl dipeptide enters the cytoplasm of keratinocytes and
results in activation of signaling pathways that promote pro-
duction of proinflammatory cytokines, including IL-18, TNF, IL-
6 and IL-17C to promote host defense against S. aureus skin
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Figure 1. Host cell signaling pathways implicated in immunity against S. aureus infections. Toll-like receptor 2 (TLR2) (which heterodimerizes with TLR1 or TLR6
and the TLR2/6 heterodimer is activated by Staphylococcus aureus lipopeptides and LTA [lipoteichoic acid]) and interleukin-1 receptor 1 (IL-1R1) (which is activated
by IL-1a and IL-18) both signal through MyD88 (myeloid differentiation primary response protein 88) and IRAK4 (IL-1R-associated kinase 4) to trigger activation of
NF-«B (nuclear factor-«B) and MAPK (mitogen-activated protein kinase) (including p38, ERK [extracellular signal-regulated kinase] and JNK [JUN N-terminal kinase])
signaling. An additional signaling adapter protein, TIRAP (Toll/interleukin-1 receptor [TIR] domain- containing adapter protein), is required for TLR2 signaling, and the
IL-1 receptor accessory protein (IL-1RAcP), is required for IL-1R signaling. S. aureus also induces production of NGFg (nerve growth factor g) that binds to its receptor
TRKA (tyrosine kinase receptor A) to promote RAS/RAF/MEK and PI3K (phosphatidylinositol 3-kinase)/AKT (protein kinase B) signaling. Finally, IL-6, which binds to
its receptor comprised of gp130 and the IL-6Rx activates JAK (Janus kinase) and STAT3 (signal transducer and activator of transcription 3) signaling. Each of these
signaling pathways leads to transcription and translation of proinflammatory cytokines, chemokines, adhesion molecules and host defense peptides against S. aureus
infections. Red arrows: The specific inflammatory mediators and signaling molecules in which loss-of-function mutations have been identified in humans that result

in an increased susceptibility to S. aureus infections.

infections and prevent invasive spread of the bacteria (Muller-
Anstett et al. 2010; Roth et al. 2014). Evidence for a potential
role of both TLR2 and NOD2 in host defense against S. aureus
infections has been further suggested by the identification of
loss-of-function polymorphisms in TLR2 and NOD2 in patients
with atopic dermatitis who have increased S. aureus skin colo-
nization and impetiginization (Kabesch et al. 2003; Ahmad-Nejad
et al. 2004; Potaczek et al. 2011). In addition, as an immune eva-
sion mechanism, S. aureus produces SAg-like protein 3 (SSL3)
and staphylococcal Toll/Interleukin-1 receptor (TIR) domain pro-
tein (TirS), which both interfere with the ability of TLR2 on ker-
atinocytes to recognize a S. aureus infection and initiate innate
immune mechanisms (Bardoel et al. 2012; Askarian et al. 2014).

Neutrophils and monocytes/macrophages in innate
immunity against S. aureus

The important role of phagocytic cells such as neu-
trophils (polymorphonuclear leukocytes [PMNs]) and mono-
cytes/macrophages in providing host defense against S. aureus
infections is demonstrated in patients with congenital defects
in neutrophil number or function, who are highly susceptible to

skin, soft tissue and invasive S. aureus infections. Neutrophils
and monocytes/macrophages are recruited from the blood-
stream where they provide the initial host defense response
against S. aureus by forming an abscess to surround and
wall-off the infection to prevent invasive spread (Kobayashi,
Malachowa and Deleo 2015). Specific patients with identi-
fied congenital genetic mutations that result in defective
phagocytosis, rendering these patients highly susceptible to
S. aureus infections, including severe congenital neutropenia,
patients with defective reactive oxygen species-mediated
killing (e.g. chronic granulomatous disease, myeloperoxidase
deficiency and glucose-6-phosphate dehydrogenase [G6PD]
deficiency), patients with defective neutrophil chemotaxis
from the bloodstream to the site of infection (e.g. leukocyte
adhesion deficiencies, Wiskott-Aldrich syndrome and RAC2
deficiency), neutrophil granule disorders (e.g. neutrophil-
specific granule deficiency and Chediak-Higashi syndrome)
(Lakshman and Finn 2001; Andrews and Sullivan 2003; Bouma
et al. 2010; Miller and Cho 2011) (Table 2). Moreover, humans
with acquired defects in neutrophil number or function are
also highly susceptible to invasive S. aureus infections, such
as chemotherapy-induced neutropenia or patients with renal
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Table 2. Congenital and acquired diseases with impaired neutrophil number or function that are characterized by increased susceptibility to

S. aureus infections.

Neutrophil immune defect

Diseases

Neutropenia

Impaired reactive oxygen species
(oxidative burst)

Impaired neutrophil chemotaxis
and recruitment to the site of
infection

Defective neutrophil granules
Multiple defects in neutrophil

function patients

Severe congenital neutropenia and acquired neutropenia in chemotherapy patients
Chronic granulomatous disease (mutations in NADPH oxidase), myeloperoxidase (MPO)
deficiency and glucose-6-phosphage dehydrogenase (G6PD) deficiency

Leukocyte adhesion deficiencies I, II and III, Wiskott-Aldrich syndrome, RAC2
deficiency, MyD88-deficiency, IRAK4-deficiency and TIRAP-deficiency

Neutrophil-specific granule deficiency and Chediak-Higashi Syndrome
Type [ or II diabetes mellitus, renal failure patients on hemodialysis and cystic fibrosis

Note: Defective signaling pathways and molecules involved in the function of neutrophils, macrophages and T cells that increase susceptibility to S. aureus infections

in humans are also shown in Figs. 1 and 2 (as indicated by red arrows).

failure or diabetes that have multiple impairments in neutrophil
function (Gonzalez-Barca et al. 2001; Chonchol 2006; Smit et al.
2016). Importantly, S. aureus possesses many different virulence
factors against neutrophil-mediated killing. For example, S.
aureus produces staphylokinase that binds to neutrophil «-
defensins to inhibit and evade their antimicrobial activity (Jin
et al. 2004). S. aureus also produces a number of factors such
as extracellular fibrinogen-binding protein (Efb), extracellular
complement-binding (Ecb) and complement 4 binding pro-
tein (C4BP), which all inhibit C3b-mediated opsonization and
ensuing complement-mediated phagocytosis (Hair et al. 2012;
Kuipers et al. 2016; Amdahl et al. 2017). Staphylokinase also
inhibits C3b and IgG opsonization of S. aureus and subsequent
phagocytosis by converting plasminogen into plasmin on the
bacterial surface (Rooijakkers et al. 2005). Finally, S. aureus
produces superoxide dismutase enzymes and the golden
carotenoid pigment, staphyloxanthin, as potent antioxidants
that inhibit reactive oxygen species (ROS) mediated neutrophil
killing (Karavolos et al. 2003; Liu et al. 2005; Liu et al. 2008).
There are many additional mechanisms that neutrophils and
monocytes/macrophages utilize to provide antimicrobial activ-
ity in the innate immunes response against S. aureus, includ-
ing recognition of S. aureus by various different PRRs, including
TLR2 and NOD2 (similar to keratinocytes, as mentioned above)
(Fig. 1). S. aureus also activates the inflammasome (which has
been shown to be in part mediated by S. aureus-derived ATP, «-
toxin, g-hemolysin, y-hemolysin and PVL) that results in prote-
olytic processing and cellular release of IL-18, which activates
the IL-1R to induce production of proinflammatory and antimi-
crobial immune responses against S. aureus (Mariathasan et al.
2006; Franchi et al. 2007; Miller et al. 2007; Craven et al. 2009;
Munoz-Planillo et al. 2009; Holzinger et al. 2012). The impor-
tance of TLRs and IL-1Rs in host defense against S. aureus is fur-
ther supported by the identification of individuals with genetic
defects in TLR/IL-1R signaling molecules that increase the sus-
ceptibility to S. aureus skin, mucosal as well as invasive infec-
tions (Table 2, Fig. 1). TLRs and IL-1R family members signal
through MyD88 and IRAK4 signaling molecules to subsequently
activate many downstream innate immune signaling path-
ways, including NF-kB and mitogen-activated protein kinases
(MAPKs) to promote production of HDPs, cytokines, chemokines
and other proinflammatory mediators (Casanova, Abel and
Quintana-Murci 2011). In humans, pediatric patients with loss-
of-function mutations in MyD88 or IRAK4 are highly predisposed
to pyogenic (pus-forming bacterial infections), especially Strep-

tococcus pneumoniae lung and systemic infections, S. aureus skin
and mucosal infections and P. aeruginosa infections (von Bernuth
et al. 2008; Picard et al. 2010; von Bernuth et al. 2012). Although
these patients have defective TLR and IL-1R family signaling in
many cell types, these patients have markedly impaired neu-
trophil migration to the site of infection and defective neutrophil
phagocytosis (Bouma et al. 2009). As mentioned above, TLR2 is
particularly important in the recognition of S. aureus lipopep-
tides and LTA (Casanova, Abel and Quintana-Murci 2011). How-
ever, TLR2 requires an additional adapter molecule TIRAP (also
known as Mal = MyD88-adaptor-like) to initiate MyD88/IRAK4-
signaling. Patients with loss-of-function mutations in TIRAP are
highly predisposed to S. aureus infections (Israel et al. 2017).
Interestingly, although about half of the pediatric patients with
MyD88 or IRAK4 succumb to severe Streptococcus pneumoniae
infections, those who survive into adulthood lose their suscepti-
bility to pyogenic infections (Picard et al. 2010; Picard et al. 2011).
The precise explanation for this clinical observation is unclear
but can be attributed to compensatory immune responses that
develop in these patients, including the markedly high titers of
anti-S. aureus LTA antibodies in humans with loss-of-function
mutations in TIRAP (that enhance macrophage function) (Israel
etal. 2017) and the markedly expanded circulating V§2+* y§ T cells
(the produce IFNy and TNF to promote neutrophil recruitment)
in humans with loss-of-function mutations in IRAK4 (Dillen et al.
2018).

Further support for the important role of TLR2 in
host defense mechanisms of neutrophils and mono-
cytes/macrophages against S. aureus is that the S. aureus-
derived factors SSL3 and TirS interfere with TLR2 function
to prevent the recognition and activation of neutrophils and
monocytes/macrophages (similar to keratinocytes, above)
during S. aureus infections (Bardoel et al. 2012; Askarian et al.
2014). Staphylococcus aureus also secretes cytolytic PFTs that
damage the membranes of host cells, especially neutrophils
and monocytes/macrophages, as an immune evasion mecha-
nism to counter the activity of these phagocytic cells (Aman
and Adhikari 2014; Spaan, van Strijp and Torres 2017). There
are two main families of S. aureus PFTs: (1) single-component
a-toxin (also called «-hemolysin or Hla) (Berube and Bubeck
Wardenburg 2013) and (2) bicomponent leukotoxins, including
Panton-Valentine Leukocidin (PVL), LukED, HIgAB and HlgCB
(that comprise y-hemolysin) and the more distantly related
LukAB (also called LukGH) (Aman and Adhikari 2014; Seilie and
Bubeck Wardenburg 2017; Spaan, van Strijp and Torres 2017).
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«-toxin is produced by nearly all S. aureus strains. Secreted as a
monomer, it oligomerizes on the host cell surface upon interac-
tion with its receptor the metalloproteinase ADAM10, resulting
in pore formation (Inoshima et al. 2011). a-toxin promotes
inflammatory responses and has cytolytic responses against a
wide range of immune cells, such as monocytes/macrophages,
T and B cells (Nygaard et al. 2012) and nonimmune cells such
as epithelial and endothelial cells (Powers et al. 2012; Hermann
et al. 2015). Also, a-toxin affects platelet activation and induces
neutrophil inflammatory pathways to result in severe sepsis
(Powers et al. 2015). Platelets possess diverse innate immune
functions, so this further contributes to immune dysfunction
(Deppermann and Kubes 2018). In addition, bicomponent
leukocidins consist of two subunits: the receptor binding ‘S’
subunit and the oligomerization subunit ‘F’ (Aman and Adhikari
2014; Spaan, van Strijp and Torres 2017). For all these toxins
(except for LukAB), the subunits are produced and released as
monomers. The S subunit first binds to its cellular receptor and
subsequently the F subunit binds to S and initiates octameriza-
tion and host membrane pore formation (Aman and Adhikari
2014; Spaan, van Strijp and Torres 2017). LukAB is produced as
a dimer that upon binding to its receptor octamerizes to form a
functional pore (Dumont et al. 2011). The toxins facilitate lysis of
host cells, especially neutrophils and monocytes/macrophages,
by interacting and binding to specific receptor targets that are
present on the host cells, many of which have been recently
discovered. PVL and HIgCB utilize C5aR1 and C5aR2 (Spaan
et al. 2013a), LukED uses CCRS5, CXCR1, and CXCR2 (Alonzo
et al. 2013; Reyes-Robles et al. 2013), HIgAB and LukED share
CXCR1 and CXCR2 as receptors but can also utilize CCR2
(Spaan et al. 2014), whereas LukAB binds to CD11b (DuMont
et al. 2013). All bicomponent leukocidin lyse neutrophils and
monocytes/macrophages and the specificity of LukED for CCR5
allows this toxin to also have cytolytic activity against dendritic
cells (DCs), T cells, and NK cells (Spaan, van Strijp and Torres
2017). Finally, S. aureus possesses phenol soluble modulins
(PSMs), including four PSMa peptides (PSMa1-PSM «4), PSMB1,
PSMB2, and PSMs (§-toxin), which have the ability to lyse human
erythrocytes and leukocytes, including neutrophils and mono-
cytes/macrophages (Peschel and Otto 2013). Several different
S. aureus PSMs at high concentrations have been shown to be
recognized by human formyl peptide receptor 2 (FPR2) and
this interaction inhibits neutrophil recruitment as a possible
evasion mechanism (Kretschmer et al. 2010).

Soon after the neutrophilic response, mono-
cytes/macrophages and DCs are recruited to the site of
infection to contribute to the early innate immune response
against S. aureus. Monocytes/macrophages, like neutrophils,
are phagocytic cells that engulf S. aureus bacteria and mediate
bacterial killing (Spaan et al. 2013b; Foster et al. 2014) (Fig. 1).
Neutrophil- and monocyte/macrophage-mediated phagocytosis
of S. aureus is facilitated by the expression of Fc and comple-
ment receptors on their cell membranes, which recognize S.
aureus bacteria opsonized with immunoglobulin (e.g. IgG) and
complement component C3b, respectively (Spaan et al. 2013b;
Foster et al. 2014). The important role of phagocytosis in host
defense against S. aureus is supported by the numerous evasion
mechanisms that S. aureus possesses to evade this critical
host defense response (Foster et al. 2014). Specifically, S. aureus
expresses protein A (SpA) and Sbi (second immunoglobulin-
binding protein) that bind immunoglobulins (especially IgG) in
the incorrect orientation so they can no longer be detected by Fc
receptors on neutrophils and monocytes/macrophages (Atkins
et al. 2008). Sbi also binds to and blocks the activity of the

complement factor C3, as another evasion mechanism against
C3b-mediated phagocytosis (Burman et al. 2008). In addition,
S. aureus produces fibrinogen binding proteins and clumping
factor A (CIfA), which bind fibrinogen and impair neutrophil
and monocyte/macrophage phagocytosis (Palmqvist et al. 2004;
Higgins et al. 2006).

An additional a role of neutrophils and mono-
cytes/macrophages in innate immunity against S. aureus
was identified in a study that uncovered nerve growth factor g
(NGFB) as a key mediator of host defense (Hepburn et al. 2014)
(Fig. 1). S. aureus PGN, protein A, a-toxin and PSMs lead to pro-
duction and release of NGFp that binds to its receptor TRKA to
mediate autocrine activity on macrophages and paracrine activ-
ity on neutrophils, which subsequently promoted enhanced
phagocytosis, reactive oxygen species-dependent killing,
increased proinflammatory cytokine production, and calcium-
dependent neutrophil recruitment (Hepburn et al. 2014). Indeed,
humans with loss-of-function mutations in the genes encoding
NGFg or TRKA are highly susceptible to recurrent and severe S.
aureus infections of skin, teeth, joints and bone (Hepburn et al.
2014).

Dendritic cells (DCs) in innate immunity against
S. aureus

DCs primarily function as professional antigen presenting cells
(APCs) in which MHC molecules on the DCs present antigens
to TCRs on T cells in adaptive immunity. For example, antigen
delivery to DCs shapes human CD4" and CD8" T cell memory
responses against S. aureus (Uebele et al. 2017). DCs can also
directly mediate host defense against different bacterial insults
to the skin, including S. aureus (Janela et al. 2019). In particular,
conventional DC1 cells in the dermis of mouse and human skin
in response to various different bacterial insults produced vas-
cular endothelial growth factor-o (VEGF-«), which was critical for
mediating neutrophil recruitment and host defense (Janela et al.
2019). Thus, cDC1s in the skin and potentially at other epithelial
sites are essential regulators of neutrophil recruitment in the
innate immune response to S. aureus (and other bacteria), pro-
viding evidence of a role for DCs beyond classical antigen pre-
sentation.

B cells in adaptive immunity against S. aureus

The adaptive immune response to S. aureus is mediated by B
and T cells. The B-cell mediated immune response to S. aureus
involves the production of specific antibodies against compo-
nents of S. aureus, including differences in antibody titers in
superficial versus deep-seated skin infections (Kumar et al. 2005,
Holtfreter, Kolata and Broker 2010). The entire S. aureus anti-
body proteome includes antibodies against SAgs, PFTs, capsu-
lar polysaccharides, LTA and PGN, among many other antigens
(Holtfreter, Kolata and Broker 2010). Studies using various ani-
mal models of S. aureus infection have suggested that anti-
bodies against specific S. aureus components can provide vary-
ing degrees of immune protection (Spellberg and Daum 2012;
Fowler and Proctor 2014). As mentioned above, these antibod-
ies play an important role in opsonizing S. aureus and facilitat-
ing antibody-mediated phagocytosis by neutrophils and mono-
cytes/macrophages or by neutralizing S. aureus toxins and other
virulence factors (Spaan et al. 2013b; Foster et al. 2014). It should
be noted that antibody-based vaccination strategies targeting
capsular polysaccharides 5 and 8 (Shinefield et al. 2002), clump-
ing factor A (CIfA) (Bloom et al. 2005; DeJonge et al. 2007), or a



combination of capsular polysaccharides 5 and 8, CIfA plus the
manganese ABC transporter (MntC) (Inoue et al. 2018) as well
as iron surface determinant B (IsdB) (Fowler et al. 2013) have all
failed in clinical trials. In particular, the IsdB vaccine aimed at
preventing S. aureus infections following cardiothoracic surgery
had the opposite effect, as patients who received the vaccine
and developed an invasive S. aureus infection were five times
more likely to die than patients who received a placebo vaccine
(Fowler et al. 2013). Since the failed IsdB vaccine study was pub-
lished, increased levels of IsdB antibodies in patients with ortho-
pedic infections was found to correlate with increased mortal-
ity (Nishitani et al. 2015). Thus, some antibody-based immune
responses may be detrimental to the host.

Protective immunity mediated by antibodies has been sug-
gested by patients who have received commercial preparations
of intravenous immunoglobulin (IVIG) in which older studies
have indicated that IVIG preparations possess opsonic antibod-
ies against S. aureus (Hiemstra, Brands-Tajouiti and van Furth
1994; Ono et al. 2004). However, more recent studies have indi-
cated that the activity of IVIG preparations against S. aureus
infections is more likely due to the high levels of antibodies
that neutralize S. aureus secreted toxins, such as PVL and LukAB
(Gauduchon et al. 2004; Wood et al. 2017). Indeed, the high titers
of antibodies against PVL in IVIG improved survival in a S. aureus
rabbit pneumonia model (Diep et al. 2016).

The importance of the antibody response against S. aureus
infections is supported by the existence of S. aureus-derived
SpA and Sbi, which bind antibodies and prevent immunoglob-
ulin and complement mediated phagocytosis, as mentioned
above (Atkins et al. 2008). Interestingly, a study in children found
that high natural antibody titers against «-toxin but not PVL
correlated with protection against a subsequent S. aureus skin
infection (Fritz et al. 2013), providing the rationale for targeting
antibody neutralization of S. aureus «-toxin in future vaccina-
tion strategies. With relevance to complement activation and
C3b-mediated opsonization of S. aureus, humans with loss-of-
function mutations in the gene that encodes mannose-binding
lectin (MBL) (which activates the alternative complement path-
way), suffer from recurrent S. aureus infections (Carlsson et al.
2005). However these studies should be interpreted with cau-
tion as humans with primary or secondary immunodeficiencies
characterized by selective deficiencies in B cells or antibodies
(including agammaglobulinemia) are not highly susceptible to
S. aureus infections, and accordingly there are no clinical guide-
line recommendations to provide coverage for S. aureus infec-
tions in these patients (Hoernes, Seger and Reichenbach 2011,
Dhalla and Misbah 2015). Rather, patients with deficiencies in
B cells or antibodies primarily suffer from infections caused
by encapsulated bacteria such as Streptococcus pneumoniae and
Haemophilus influenzae (Hoernes, Seger and Reichenbach 2011).

T cells in adaptive immunity against S. aureus

There are several subsets of CD4" T helper (Th) cells, such as
Th1 cells that produce IFNy, Th17 cells that produce IL-17A, IL-
17F and often IL-22, Th22 cells that produce IL-22 (but not IL-
17A/F) and T regulatory cells (Tregs) that downregulate immune
responses by producing anti-inflammatory cytokines such as
TGFp and IL-10. There is increasing evidence that the CD4" Th
cell responses are critical to human immunity against S. aureus
infections (Fig. 2). First, HIV' patients with low circulating CD4+
Th cell counts are highly susceptible to S. aureus skin and more
invasive infections, including bacteremia (Manfredi et al. 1993;
Manfredi, Calza and Chiodo 2002; Crum-Cianflone et al. 2010).
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Notably, the rates of SAB in HIV* patients is 1960/100 000/year,
which is 50 times greater than the rate of SAB in the general
population (20-38/100000/year) (Tong et al. 2015). Recently, the
impaired immunity to S. aureus skin and soft tissue infections
in HIV* patients was linked to decreased IFN-y-producing Thl
cells rather than IL-17-producing Th17 cells (Utay et al. 2016).

Second, as mentioned above, patients with the inflamma-
tory skin disease atopic dermatitis have increased skin coloniza-
tion and superinfection (impetiginization) with S. aureus (Kong
et al. 2012; Byrd et al. 2017) and this disease is driven by a Th2
cytokines especially IL-4 and IL-13 in the affected skin of these
patients (Weidinger et al. 2018). The Th2 cytokine environment
in atopic dermatitis is thought to contribute to a defective skin
barrier, decreased HDP expression and enhanced binding of S.
aureus to the skin surface (Kim et al. 2019). Notably, the Th2 envi-
ronment (and specifically IL-4) can increase host keratinocyte
expression of fibronectin and fibrinogen receptors on the cell
surface, facilitating S. aureus factors such as fibronectin-binding
protein (FnBP) and clumping factors (e.g. CIfA) to bind more effi-
ciently to the affected skin (Cho et al. 2001a; Cho et al. 2001b). Also
in atopic dermatitis, S. aureus produces SAgs such as staphylo-
coccal enterotoxins A-D (e.g. SEA, SEB, SEC and SED) and toxic
shock syndrome toxin-1 (TSST-1) that can non-specifically acti-
vate T cells by binding to the Vg chain of the T cell recep-
tor (TCR) and contribute to aberrant skin inflammation (Fig. 3)
(Bunikowski et al. 2000; Schlievert et al. 2008; Geoghegan, Irvine
and Foster 2018). In addition, S. aureus SAgs appear to prefer-
entially induce Th2 cytokine responses, further contributing to
atopic dermatitis pathogenesis (Laouini et al. 2003). In human
mast cell cultures, PSM« and §-toxin have been shown to induce
mast cell degranulation, which could contribute to inflamma-
tion and itching behavior in humans (Hodille et al. 2016). Con-
sistent with this finding in human mast cells, in an epicuta-
neous exposure to S. aureus in mice, §-toxin induced mast cell
degranulation and PSMa-mediated release of IL-36« from the
keratinocytes that contributed to increased atopic dermatitis-
like skin inflammation (Nakamura et al. 2013; Liu et al. 2017,
Nakagawa et al. 2017). Therefore, the Th2 cytokine environment
can promote S. aureus colonization and superinfection and SAgs
and cytolytic toxins of S. aureus also contribute to inducing Th2-
mediated skin inflammation.

Third, human Th17 cells and IL-17A/F responses likely con-
tribute to protective immunity against S. aureus infections, espe-
cially against S. aureus skin, mucosal and soft tissue infections
(Miller and Cho 2011) (Fig. 2). Th17 cells are induced to differen-
tiate and expand following stimulation of naive T cells with a
combination of cytokines (e.g. IL-6, IL-21 and IL-23, which signal
via STAT3, as well as TGFg and IL-1p) to induce the key transcrip-
tion factor RORyt (Patel and Kuchroo 2015). With respect to S.
aureus skin infections, there have been several primary immun-
odeficiency disorders with reduced numbers of Th17 cells and/or
impaired IL-17A/F responses that are characterized by recurrent
S. aureus skin infections (and in some cases, increased S. aureus
lung infections), including patients with defects in IL-6 recep-
tor « (IL-6Ra) or antibodies against IL-6 (Puel et al. 2008; Spencer
et al. 2019), defects in GP130 (the IL-6 co-receptor) (Schwerd et al.
2017), patients with autosomal dominant hyper-IgE syndrome
with dominant-negative mutations in STAT3 (Ma et al. 2008; Mil-
ner et al. 2008; Renner et al. 2008) as well as patients with IL-
17RA or IL-17F deficiency (Puel et al. 2011; Levy et al. 2016). How-
ever, in the patients with specific deficiency in IL-17RA or IL-
17F, they primarily suffer from mucocutaneous candidiasis to
a much greater extent than S. aureus skin infections (Puel et al.
2011; Levy et al. 2016). The primary mechanism by which IL-17A
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Figure 2. T cells in immunity against S. aureus infections. In response to S. aureus infection, naive «p CD4" T cells can differentiate into different T helper (Th) cell
subsets. These include Th17 cells (induced by IL-6, IL-21 and IL-23) that express the transcription factors RORyt (retinoic acid-related-orphan receptor y) and STAT3
(signal transducer and activator of transcription 3) and produce IL-17A and IL-17F, which activate their receptor comprised of IL-17RA (IL-17 receptor A) and IL-17RC
(IL-17 receptor C) to promote phagocyte (neutrophil and monocyte) recruitment from the bloodstream to form an abscess at the site of infection. Similarly, Th1 cells
(induced by IFNy, IL-12 and IL-18) that express the transcription factor T-bet (T-box-containing protein expressed in T cells) and produce IFNy and TNF, which also
promote phagocyte (neutrophil and monocyte) recruitment from the bloodstream to form an abscess at the site of infection. In addition, Th2 cells (induced by IL-4 and
IL-33) express the transcription factor GATA3 and promote antibody production by B cells. Finally, Tregs (T regulatory cells) (induced by TGFg and IL-2) that express the
transcription factor FoxP3 (forkhead box P3) downregulate immune responses by producing the anti-inflammatory cytokines TGFg and IL-10. Unconventional T cells
such as y3§ T cells (induced by IL-18, TLR2 and IL-23) and MAIT (mucosa-associated invariant T cells) (induced by IL-7, IL-12, IL-18 and IL-23) produce IL-17A, IL-17F, IFNy
and TNF, which also promote phagocyte recruitment and host defense against S. aureus infections. Red arrows: The specific inflammatory mediators and signaling
molecules in which loss-of-function mutations have been identified in humans that result in an increased susceptibility of S. aureus infections.

and IL-17F promote host defense against S. aureus skin infections
involves the recruitment of neutrophils to the site of infection
as well as enhancing increased expression of HDPs (Minegishi
et al. 2009). In normal humans without these genetic diseases,
the mechanisms by which S. aureus antigen-specific Th17 cells
are generated is an active area of investigation. In humans, IL-
18, IL-6 and IL-23 have been shown to promote the differentia-
tion of S. aureus-specific Th17 cells isolated from human blood
(Zielinski et al. 2012). In mice, S. aureus infection of mouse skin
triggered Langerhans cells from the epidermis of mouse skin
to produce IL-6, IL-18, and IL-23, which promoted Th17 differ-
entiation (Igyarto et al. 2011). Human langerin (CD207), which
is specifically expressed on human Langerhans cells that nor-
mally reside in the epidermis, recognizes WTA of S. aureus to
promote proinflammatory immune responses (van Dalen et al.
2019). The importance of the Th cell response against S. aureus is
further supported by an immune evasion mechanism in which
O-acetylation of cell wall S. aureus PGN limits the induction of
pro-inflammatory signals that were required for optimal Th17
(and Th1) polarization to provide host defense against a sub-
sequent SAB challenge in mice (Sanchez et al. 2017). A similar
mechanism might also occur in humans.

Finally, IFNy produced by Th1 cells has also been implicated
in immunity against various different types of S. aureus infec-
tions (Fig. 2). For example, in humans, several studies have also
indicated that IFNy correlated with protection against S. aureus
skin infections and bacteremia (Brown et al. 2015, Utay et al. 2016;
Uebele et al. 2017; Dillen et al. 2018). Similarly, in mouse models of
surgical site infection or bacteremia, IFNy was found to promote
host defense by promoting neutrophil recruitment (McLough-
lin et al. 2006; McLoughlin et al. 2008; Lin et al. 2009). Another
study in mice found that IFNy produced by Th1 cells resulted in
increased lethality in the setting of vaccine-induced immunity
against a SAB infection (Karauzum et al. 2017). Whether Th1 cells
cause a similar deleterious response during vaccine-induced
immunity against invasive S. aureus infections in humans is not
entirely clear but this possibility should be taken into account in
future clinical trials of S. aureus vaccines.

Unconventional T cells in immunity against S. aureus

There is emerging evidence that unconventional T cells such
as y8 T cells and mucosa-associated invariant T (MAIT) cells
contribute to host defense against S. aureus (Fig. 2) (Lalor and
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Figure 3. S. aureus superantigens (SAgs) and pore-forming toxins (PFTs). S. aureus produces SAgs (including Toxic shock syndrome toxin 1 [TSST-1] and Staphylococcal
enterotoxins [SE]) that crosslink the VB chain of T cell receptors (TCRs) from tissue resident and recruited T cells to MHCII molecules on antigen-presenting cells
(APCs), leading to antigen-independent stimulation of T cells and APCs with massive production and release of many different cytokines. The activity of SAgsis a S.
aureus immune evasion mechanism of T cell responses as it leads to altered and skewed T cells responses and exhaustion. Staphylococcus aureus also produce single
component «-toxin, bicomponent leukocidins (luk) and phenol soluble modulins (PSMs) that result in host cell lysis and inflammatory activation. The activity of PFTs
is a S. aureus immune evasion mechanism to counter the host defense activity of epithelial, stromal and immune cells.

McLoughlin 2016; O’Brien and McLoughlin 2019). For example, in
mouse models of S. aureus skin or peritonitis infection, a popula-
tion of Vy67Vs§4+ T cells (IMGT nomenclature) expanded in the
lymph nodes and trafficked back to the site of infection where
they produced IL-17 to promote neutrophil recruitment and bac-
terial clearance (Murphy et al. 2014; Dillen et al. 2018; Marchitto
et al. 2019). In the peritonitis model, the Vy6*tVs§4* T cells had
memory-like function as they protected against subsequent S.
aureus peritonitis challenges (Murphy et al. 2014). Interestingly,
in IL-18-deficient mice, the Vy67V§4™ T cells that expanded were
clonal (expressing a single TCRy§ complementarity determin-
ing region [CDR3] amino acid sequence) and induced long-term
protection (lasting at least 140 days) against a subsequent S.
aureus infection by producing increased TNF and IFNy (rather
than IL-17) and induced neutrophil recruitment mediated clear-
ance (Dillen et al. 2018). Similar to IL-18-deficient mice, indi-
viduals with loss-of-function mutations in IRAK4 who previ-
ously suffered recurrent S. aureus skin infections in childhood,
there was an expansion of circulating V§2* y§ T cells that pro-
duced more TNF and IFNy than V§2* y§ T cells from normal
individuals (Dillen et al. 2018). These results suggest that TNF
and IFNy produced by Vé§2* y§ T cells might provide protection
against S. aureus skin infections (and potentially other sites of
infection) in humans. Consistent with this possibility, a prior
report found that mice with severe combined immunodeficency

(i.e. SCID mice that lack T and B cells), adoptively transferred
human V§2* y§ T cells (expanded with pamidronate treatment)
were able to protect against lethality during a S. aureus sys-
temic infection (Wang et al. 2001). Taken together, these stud-
ies in mice and humans suggest that y§ T cells and their
production of IL-17, TNF and/or IENy could provide durable
and long-term immunity against S. aureus skin and systemic
infections.

In addition to y§ T cells, mouse and human MAIT cells are
abundant T cells in the liver (up to 40% of resident cells), mucosal
sites such as the lung and gut and represent up to 10% of circu-
lating T cells (Downey, Kaplonek and Seeberger 2019; Godfrey
et al. 2019). MAIT cells possess a restricted set of V8 TCR chains
and recognize vitamin B2 (riboflavin) derivatives presented by
the MHC-I related protein, MR1. Importantly, MAIT cells are
a substantial source of IL-17, TNF and IFNy in inflammatory,
autoimmune and infectious diseases, suggesting a potential role
in host defense against S. aureus, especially at mucosal sites
(Fig. 2) (Dias et al. 2018). A previous report found that mouse and
human MAIT cells are uniquely hyper-responsive to S. aureus
SAgs (especially SEB) and induced a cytokine storm with high
production of IFNy, TNF and IL-2 to a much greater extent than
conventional T cells, NK T cells or y§ T cells (Shaler et al. 2017).
Interestingly, the SAg-stimulated MAIT cells acquired a molecu-
lar signature of exhaustion, which rendered them anergic and



132 | FEMS Microbiology Reviews, 2020, Vol. 44, No. 1

unable to mediate effective host defense (Shaler et al. 2017).
Indeed, ICU patients that showed MAIT cell exhaustion were
then more prone to infections from other bacteria during their
ICU stay (Grimaldi et al. 2014; Kim and Oldham 2019). Therefore,
S. aureus SAgs provide an immune evasion mechanism against
the protective immune responses of MAIT cells.

Cystic fibrosis: a mucosal immunodeficiency disease
with an increased susceptibility to S. aureus
infection

Cystic fibrosis (CF) is an autosomal recessive disease with muta-
tions in the transmembrane conductance regulator (CFTR) gene.
The gene product CFTR forms a channel for chloride and water,
and mutations of CFTR in CF leads to improper movement of
water across the lung epithelium, leading to the production to
thick mucus and frequent pulmonary infections usually caused
by S. aureus and Pseudomonas aeruginosa. In CF patients, S. aureus
lung infections are associated with decreased survival (Dasen-
brook et al. 2010; Pillarisetti et al. 2011; Junge et al. 2016). There
is emerging evidence that CFTR dysfunction in CF leads to a pri-
mary defect in lung mucosal immunity that is associated with
multiple impairments in neutrophil function (Table 2) (Cohen
and Prince 2012). For example, the lungs of CF patients have
increased levels of IL-8 and TNF that promote excessive neu-
trophil recruitment and activation (Bonfield et al. 1995; Schuster,
Haarmann and Wahn 1995; Berger 2002). In addition, neutrophil-
derived reactive oxygen species (ROS) damage the lung epithe-
lium because they are not neutralized by host antioxidants (such
as glutathione and thiocyanate), which are normally transported
to the epithelial-lining by functional CFTR channels (Gao et al.
1999; Xu et al. 2009). Neutrophil-derived proteases in lungs of
CF patients can also cleave macrophage surface receptors that
impairs their phagocytic and bacterial killing capabilities (Van-
divier et al. 2002). The lungs of CF patients also have Th17 cell
dysfunction with overproduction of IL-17, which also increases
neutrophilic inflammation and tissue damage (McAllister et al.
2005; Decraene et al. 2010; Tan et al. 2011). Finally, there are
increased neutrophil extracellular traps (NETs) in the lungs of
CF patients that contain proteases and HDPs, which facilitate
bacterial killing but also exacerbate tissue injury (Law and Gray
2017; Gray et al. 2018). Taken together, the aberrant neutrophil
function in CF patients contributes to the increased susceptibil-
ity to chronic S. aureus infections.

The predisposition to S. aureus infections that is associ-
ated with the impaired mucosal immunity in the lungs of CF
patients is supported by the identification of S. aureus adapta-
tion mechanisms that promote bacterial survival and persistent
infections. In the chronically infected lungs of CF patients, S.
aureus strains have been isolated that have a mucoid pheno-
type that resist neutrophil-mediated killing (Schwartbeck et al.
2016; Lennartz et al. 2019). Staphylococcus aureus strains isolated
from lungs of CF patients also develop a small colony variant
(SCV) phenotype (with defective electron transport) that permits
survival within biofilms and host respiratory epithelial cells,
shielding the S. aureus bacteria from antibiotics and immune
defenses (Kahl et al. 1998; von Eiff, Peters and Becker 2006; Besier
et al. 2007; Mitchell et al. 2011; Akil and Muhlebach 2018). Of
note, neutrophil uptake of SCVs is reduced compared with nor-
mal S. aureus strains (Ruotsalainen et al. 2008). Most recently,
whole genome sequencing of S. aureus isolates from CF patients
revealed that S. aureus undergoes substantial metabolic adap-
tation to generate ATP, produce biofilms and evade immune

responses in this unique airway environment (Gabryszewski
et al. 2019).

Conclusions based on the findings in humans
susceptible to S. aureus infections

In summary, a pattern of emerges wherein increased incidence
and severity of S. aureus infections occurs in humans who have
specific impairments in immune cell function. These protec-
tive immune cell types mainly include cells that function in
innate immunity such as keratinocytes, neutrophils and mono-
cytes/macrophages. In addition, adaptive immune cells such as
T cells can influence the balance between protective (e.g. Thl
and Th17 cells) and deleterious (e.g. Th2 cell) cytokine immune
responses. Although B cell antibody responses might contribute
to host defense against S. aureus infections through opsoniza-
tion or neutralizing S. aureus toxins, it is striking that patients
with primary or secondary immunodeficiencies with defective
antibody production are not characterized by an increased sus-
ceptibility to S. aureus infections. Hence, the evidence to develop
of vaccines based upon opsonic antibodies is not fully supported
by the clinical findings in humans with an increased susceptibil-
ity to S. aureus infections.

DIFFERENTIAL CYTOKINE LEVELS CORRELATE
WITH CLINICAL OUTCOME IN S. aureus
BACTEREMIA

The serum levels cytokines in patients with invasive S. aureus
infections are summarized in Table 3 and Fig. 4. Nine of the
ten studies examined patients with SAB, and most of the stud-
ies measured cytokine levels early (day of first positive cul-
ture) and later in the course (34 days after the first culture)
(Rose et al. 2012; Fowler et al. 2013; McNeely et al. 2014; McNi-
cholas et al. 2014; Minejima et al. 2016; Chantratita et al. 2017;
Rose et al. 2017; Greenberg et al. 2018; Guimaraes et al. 2019;
Volk et al. 2019). Since patients can be enrolled into a clinical
study at different times during the infectious course with vari-
able antibiotic treatment and because blood samples are not
drawn at the exactly the same time, there is inherent variation
among the results of the different studies. Nevertheless, sev-
eral trends have become apparent. Survival and/or a less com-
plicated course of SAB infection correlated with early rises in the
pro-inflammatory cytokines IL-18, IL-2, IL-6, TNF, glutamine and
decreased levels of IL-IRA, IL-6, IL-8, IL-10 and IL-27. Although
reported in only one study, the correlation of low IL-27 levels
with improved outcome (Guimaraes et al. 2019) is compatible
with the low IL-10 levels as IL-27 induces IL-10 production by
CD4" T cells (Yoshida and Hunter 2015). Conversely, a more
severe and complicated course (including persistent bacteremia
and death) correlated with high early levels of IL-6, IL-8, IL-10
and CCR2, high late levels of TNF and low levels of IL-18, IL-1RA,
IL-2, IFNy and glutamine.

Regarding the specific role of T cell subsets and cytokines, the
low serum levels of IL-2 (which induces proliferation and activa-
tion of both pro-inflammatory and anti-inflammatory T cell sub-
sets) in patients who received the IsdB vaccine were associated
with mortality when they developed an invasive S. aureus infec-
tion (McNeely et al. 2014). Therefore, the low levels of IL-2 might
have predisposed the patients to a poor outcome following
vaccination, suggesting that the baseline and post-vaccination
cytokine levels of patients should be evaluated in future vaccine



Table 3. Serum cytokines levels and correlations with clinical outcomes in SAB.
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Study

Type of infection

Survival or less complicated
course

Death or complicated course
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(Rose et al. 2012); (Rose 59 patients with SAB113; 133
et al. 2017); (Volk et al. patients with SAB; 59 patients
2019) with SAB, respectively
(Fowler et al. 2013); IsdB vaccine trial: invasive S.

(McNeely et al. 2014)

(McNicholas et al. 2014)
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(Scott et al. 2018)
(Greenberg et al. 2018)

(Guimaraes et al. 2019)
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Figure 4. Serum cytokines levels in patients with S. aureus bacteremia (SAB) and their correlation with clinical outcome. 1 (up arrow) = relatively increased cytokine
level. | (down arrow) = relatively decreased cytokine level. Green text = protective clinical outcome. Red text = deleterious clinical outcome. Early = the cytokine level
within the first 3 days following the diagnosis of SAB. Late = the cytokine level after the first 3 days following the diagnosis of SAB. IL = interleukin. IL-1RA = interleukin-1
receptor antagonist. TNF = tumor necrosis factor. IFN-y = interferon y. CCR2 = C-C chemokine receptor type 2.

trials. Another study found that an increased neutrophil count-
to-lymphocyte count ratio along with increased Th17 cells rel-
ative to Thil cells or Tregs were each independently associ-
ated with increased mortality during an S. aureus SAB infection
(Greenberg et al. 2018). The serum levels of IL-17A and how they
correlate with disease outcome following a SAB infection are
somewhat controversial but most studies have suggested that
early high levels of IL-17A and late lower levels of IL-17A are
associated with a better outcome whereas high late levels of IL-
17A and early lower levels of IL-17A are associated with a more
severe or complicated course (McNeely et al. 2014; Greenberg
et al. 2018; Guimaraes et al. 2019). As mentioned above in human
and mouse studies, IL-17 responses likely play a more important
role in host defense against S. aureus skin infections rather than
host defense against bacteremia (Cho et al. 2010; Puel et al. 2011,
Montgomery et al. 2014; Chan et al. 2015; Marchitto et al. 2019).
The most dramatic conclusions that can be drawn from these
studies is that a more complicated clinical course and death

from S. aureus SAB relates to profound cytokine imbalances.
With SAB, monocytes/macrophages likely contribute to host
defense against the S. aureus infection, yet levels of IL-18 were
typically not increased (Rose et al. 2012), which was clearly to the
detriment of these patients. However, in SAB patients treated
with antibiotics, high levels of IL-10 but not IL-18 predicted mor-
tality (Volk et al. 2019). In ex vivo blood samples, blockade of IL-
18 with a synthetic IL-1RA (Anakinra) resulted in enhanced S.
aureus killing, supporting a host defense role for IL-18 in bacte-
rial clearance (Volk et al. 2019). Similarly, blockade of IL-18 with
Anakinra worsened S. aureus pneumonia by slowing bacterial
clearance (Labrousse et al. 2014). Interestingly, S. aureus isolates
that developed decreased susceptibility to vancomycin, the pri-
mary agent to treat MRSA, reduced NF-«B activation and TNF
and IL-18 expression ex vivo (Howden et al. 2008). This same phe-
nomenon was displayed in a mouse sepsis model where reduced
vancomycin susceptibility attenuated IL-6 responses resulting
in higher organism burdens and persistent infection (Cameron
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et al. 2017). Regarding TNF, another important pro-inflammatory
cytokine, a single report found that persistently elevated TNF
levels later in the course of S. aureus SAB predicted a worse out-
come (Minejima et al. 2016). Collectively, these results suggest
that there are significant innate host-pathogen interactions, and
it is critical to have a pro-inflammatory cytokine response early
on during the bacteremia (e.g. IL-18, IL-2, IL-6, TNF and glu-
tamine). However, persistently high levels of some of these same
cytokines (e.g. IL-6 and TNF) as well as IL-8, IL-10, IL-17 and CCR2
are detrimental, as they might contribute to systemic inflamma-
tory response syndrome and death.

ROLE OF S. aureus ANTI-TOXIN ANTIBODIES
IN REDUCING DISEASE SEVERITY

Data from human subjects predisposed to S. aureus infections
(Table 2, Figs. 1 and 2) and the serum cytokine levels from clin-
ical studies of patients with SAB (Table 3) suggest that innate
immune cells, T cells and differential cytokine levels contribute
to protection against S. aureus infections. However, given that
S. aureus toxins have profound cytolytic and proinflammatory
effects on cells and cause tissue damage and injury during S.
aureus infections, it is important to consider their pathogenic
role during infection as well as the therapeutic potential of
toxin neutralization. In this section, the role of the S. aureus SAg
TSST-1 as well as S. aureus PFTs that damage host membranes
often resulting in lysis, including (i) -toxin and (ii) bicomponent
leukotoxins, such as PVL, LukED, HIgAB and HIgCB (that com-
prise y-hemolysin) and LukAB (Aman and Adhikari 2014; Spaan,
van Strijp and Torres 2017) in human S. aureus infections will be
reviewed. The role of SAgs and PFTs in increasing the severity
of S. aureus infections is summarized in Table 4 and Fig. 3. In
addition, the role of cytokine levels in SAB and how they corre-
late with disease severity and clinical outcome is summarized in
Table 3 and Fig. 4. Lastly, the impact of anti-S. aureus toxin neu-
tralizing antibodies on the disease severity of various S. aureus
infections are summarized in Table 5 and Fig. 5.

TSST-1is a S. aureus SAg that crosslinks the V8 chain of TCRs
to MHCII molecules on APCs in the absence of antigen, thus lead-
ing to nonspecific stimulation of T cells and APCs with mas-
sive production and release of many different cytokines (Fig. 3)
(Spaulding et al. 2013; Stach, Herrera and Schlievert 2014). In
general, SAgs have activity against 30%-70% of an individual’s
aB T cell repertoire, providing an immune evasion mechanism
to counter S. aureus antigen-specific T cell responses by induc-
ing non-specific inflammation (Spaulding et al. 2013; Stach, Her-
rera and Schlievert 2014). Over 25 years ago, antibody levels
against S. aureus TSST-1 were found to correlate with protec-
tion and fewer deaths from tampon-associated toxic shock syn-
drome (TSS) (Bonventre et al. 1984; Stolz et al. 1985). In addition,
nearly half of non-menstrual associated S. aureus-induced TSS
has been associated with the activity of TSST-1 (Davis et al. 1980;
Schlievert 1986). On a population level, 80% of individuals in the
USA develop antibodies against TSST-1 early in life and anti-
TSST-1 titers plateau by age 40 whereas 20% of individuals do not
develop antibodies against TSST-1 (Vergeront et al. 1983). Thus,
there is a relatively large subpopulation of individuals that will
be susceptible to developing TSS.

S. aureus «-toxin is a single component small g-barrel PFT
that recognizes its receptor ADAM10 that is expressed on the
cell membrane of a variety of human epithelial, endothelial and
immune cells, such as neutrophils, monocytes/macrophages,
T cells and platelets (Fig. 3) (Berube and Bubeck Wardenburg

2013). Antibodies against «-toxin have been associated with pro-
tection against human S. aureus skin infections (Table 4) (Fritz
et al. 2013). However, natural high antibody titers against «-toxin
are generated following S. aureus invasive infections, includ-
ing SAB and pneumonia (Holtfreter, Kolata and Broker 2010; Yu
et al. 2016; Sharma-Kuinkel et al. 2019). In addition, lower anti-
«-toxin antibody titers were associated with a poor prognosis in
SAB (Adhikari et al. 2012), suggesting that neutralizing «-toxin
might have a therapeutic benefit in SAB. No correlation between
toxin gene presence and outcome was identified in patients
with hospital associated pneumonia (HAP) (Sharma-Kuinkel
et al. 2019).

The role of PVL (which is comprised of components LukS-PV
and LukF-PV) (Fig. 3) in contributing to S. aureus disease sever-
ity and anti-PVL antibodies reducing severity has been contro-
versial. As shown in Table 4, clinical studies are summarized
that have found that the presence of PVL-positive isolates have
had divergent impact on disease severity. With respect to SAB,
several studies have linked a more severe outcome to the pres-
ence of PVL-positive S. aureus strains. For example, in pediatric
patients, vancomycin associated treatment failures of SAB were
associated PVL-positive isolates (Welsh et al. 2010). One study
found that the expression of PVL in SAB was not associated
with infections at other sites, length of hospital stay or mortality
but the presence of PVL-positive isolates in colonized patients
decreased the time to develop SAB (Blaine et al. 2010). On the
contrary, other studies have found the PVL-positive strains were
associated with a better clinical outcome with a less likeli-
hood of developing persistent SAB (Lalani et al. 2008). In cancer
patients, the presence of PVL-positive strains had no difference
in response to treatment, even in cases of neutropenia (Campo
et al. 2011). There are probably several reasons for different out-
comes. First, S. aureus has multiple virulence factors and find-
ing a single factor that produces a worse outcome in all studies
seems unlikely. Second, the human populations being compared
are quite heterogeneous geographically and in terms of age.
Third, murine models for studying PVL pathogenicity are not
representative of human S. aureus infections because PVL has
no activity against murine cells (Bubeck Wardenburg et al. 2008;
Diep et al. 2010; Loffler et al. 2010). Fourth PVL-positive strains are
more associated with community-derived S. aureus infections,
which may be overall more susceptible to multiple antibiotics
and this likely affected the clinical outcome (David and Daum
2010). Fifth, in many cases with PVL-positive SAB, these patients
were much younger than the patients with PVL-negative strains,
and this would bias the outcomes against PVL being important
as older age is the most important predictor of outcome with
SAB (van Hal et al. 2012). PVL has activity against human (and
rabbit) cells because PVL binds to its receptors C5aR and C5L2 in
these species (Spaan et al. 2013b) and PVL activity requires the
presence of human CD45 (Tromp et al. 2018). Furthermore, the
primary receptor for the binding of PVL is C5aR, which explains
why PVL targets neutrophils, monocytes and macrophages but
not lymphocytes (Spaan et al. 2013b). Overall, there is evidence
from human data that PVL plays a role in the pathogenesis of
SAB, pneumonia, osteomyelitis and skin and soft tissue infec-
tions (including tropical pyomyositis).

Severe S. aureus pneumonia has been linked to the expres-
sion of PVL (Gillet et al. 2002). These were young French patients
most of whom had a preceding viral (e.g. influenza) infection
that deteriorated into a hemorrhagic pneumonia with very high,
early mortality (Table 4). Further studies from across the globe
reported similar events (Zhanget al. 2009; Gijon et al. 2016; Zhang
et al. 2016). Interestingly, a study of 114 cases found that the
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Table 4. Summary of worldwide studies on the impact of S. aureus toxins on disease severity. The bolded text indicates the type of S. aureus

infection.

Disease

Study details

Comment

Reference

S. aureus Bacteremia (SAB)
Increased disease
severity

Possible impact on
disease severity

No impact on disease
severity

Pneumonia
Increased disease
severity

80 patients with SAB (19 with
septic shock and 61 with
bacteremia only) (retrospective)
22 pediatric patients with MRSA
bacteremia (retrospective)

266 patients colonized with S.
aureus and 46 of these patients
that developed (retrospective)

230 patients (141 MSSA and 80
MRSA) in North America and
Europe (prospective)

113 adult patients (retrospective)

52 patients (retrospective and
prospective)

14 adolescent patients with severe
(septic) community-acquired
infections (retrospective)

113 pediatric patients with
community-acquired MRSA or
MSSA with pulmonary
involvement (prospective)

17 cases S. aureus
community-acquired pneumonia
with influenza-type symptoms
(case series)

10 cases of severe MRSA
community-acquired pneumonia
associated with an influenza-like
illness (case series)

50 patients (retrospective)

40 patients with newly acquired
MRSA lung isolates (all children
with cystic fibrosis) (prospective)

51 cases of community-acquired S.

aureus pneumonia =+ influenza-like
illness (case series)

114 patients (retrospective)

SEA-positive strains highly correlated
with sepsis.

PVL-positive isolates were associated
with vancomyecin treatment failure.
PVL-positive strains correlated with a
decrease time to develop SAB, but was
not associated with infections at other
sites, length of hospital stay or mortality.
PVL-positive strains had better outcome
and less persistent bacteremia; Patients
with USA300 PVL-positive strains were
more likely to be intravenous drug users
(IVDU).

PVL-positive isolates were not
associated with a relapse of infection

PVL-positive (16 patients) in France with
more rapid hemorrhagic, necrotizing
pneumonia in otherwise healthy
children and young adults often with
preceding influenza compared with
PVL-negative cases (36 patients).
Pulmonary and/or bone involvement
was found in 13 of 14 cases. 100% were
caused by PVL-positive isolates and
these were associated with 21%
mortality.

PVL-positive infections had abnormal
findings on pulmonary imaging in 64%
of cases compared with PVL-negative
cases of only 9%

PVL, staphylococcal enterotoxins or
TSST-1 were found in all infecting
isolates. However, PVL was the only
toxin found in 85% of these isolates. 71%
had laboratory evidence of influenza
infection. Overall, there was mortality of
29%.

100% of the MRSA isolates were
PVL-positive and there was a high
mortality (60%) with 60%
laboratory-confirmed influenza.

All PVL-positive patients in France.
Airway bleeding, erythroderma and
leukopenia were associated with fatal
outcome from necrotizing pneumonia.
Cystic fibrosis patients with MRSA
isolates that were PVL-positive were
more likely to have invasive lung
infections, including lung abscesses.
79% of isolates were due to MRSA. Of the
17 MRSA and 1 MSSA isolates examined
for PVL genes, all but one were
PVL-positive. Overall, there was a high
(51%) mortality and an associated
influenza-like infection in 47%.
Previous PVL-positive skin infection
(furuncle) in the Netherlands was
associated with less death and severity
of PVL-positive pneumonia.

(Ferry et al. 2005)

(Welsh et al. 2010)

(Blaine et al. 2010)

(Lalani et al. 2008)

(Welsh et al. 2011)

(Gillet et al. 2002)

(Gonzalez et al. 2005b)

(Gonzalez et al. 2005a)

(Hageman et al. 2006)

(Pogue et al. 2007)

(Gillet et al. 2007)

(Elizur et al. 2007)

(Kallen et al. 2009)

(Rasigade et al. 2011)
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Table 4. Continued

Disease

Study details

Comment

Reference

Possible impact on
disease severity

No impact on disease
severity

133 patients (retrospective)

10 cases with MRSA
community-acquired pneumonia
(case series)

50 patients (all children with cystic
fibrosis) (prospective)

152 patients (all children)
(prospective)

100 patients (observational,
retrospective study)

22 patients (prospective,
case-control study)

117 patients (all children)
(retrospective)

55 patients (all children)

(retrospective)

30 patients (retrospective)

34 patients (all children with cystic
fibrosis) (prospective)

12 patients (prospective,
observational)

109 patients (retrospective,
observational)

All PVL-positive S. aureus
community-acquired pneumonia
patients (104 MSSA and 29 MRSA) in
France with high lethality of 39% of all
PVL-positive cases regardless of the
presence or absence of methicillin
resistance.

PVL-positive in 80% of cases and there
was 20% mortality, 70% empyema and
22.5-day length of hospital stay.

In cystic fibrosis patients, LukAB,
«-toxin and PVL antigen titers were all
increased if S. aureus was detected at the
time of the pulmonary exacerbation.
PVL-positive S. aureus pneumonia in
Spain was associated with invasive
infection leading to death or admission
to intensive care due to hemodynamic
instability or respiratory failure
compared with PVL-negative cases,
irrespective of MSSA or MRSA.
Hospital-acquired and
ventilator-associated pneumonia due to
MRSA were compared in China.
PVL-positive infections had a shorter
interval between diagnosis and death
than PVL-negative infections.

Trend towards more severe infection
with requirement of intensive care unit
admission and longer duration of
hospital stay with PVL-positive versus
than PVL-negative cases. PVL-positive
cases were also younger in age.

Most infections of community-acquired
S. aureus pneumonia were due to
USA300 MRSA strains that were
PVL-positive in 95.5%. 88% improved
with treatment, 5% recurred, 6%
respiratory sequelae and 1% mortality.
Community-acquired S. aureus
pneumonia in China. PVL-positive
strains (not USA300) were not associated
with more severe or necrotic disease.
Hospital-acquired S. aureus pneumonia
in Singapore. Only 5% of cases were
PVL-positive (not USA300).

In cystic fibrosis patients, isolation of
PVL-positive MRSA strains were not
associated with pulmonary
exacerbation, including necrotizing
pneumonia or lung abscesses.
Community-acquired pneumonia in
Thailand (not USA300) with higher
all-cause mortality associated with
MRSA but PVL-positive strains had lower
all-cause mortality compared with
PVL-negative strains.

Hospital-acquired
pneumonia/ventilator-associated
pneumonia infected with MRSA in
U.S.A. (33% USA300) in which the clinical
outcome was not influenced by the
presence or absence of PVL (mortality
was 10% in both).

(Sicot et al. 2013)

(Toro et al. 2014)

(Chadha et al. 2016)

(Gijon et al. 2016)

(Zhang et al. 2016)

(Wehrhahn et al. 2010)

(Carrillo-Marquez et al.
2011)

(Geng et al. 2010)

(Hsu et al. 2005)

(Glikman et al. 2008)

(Nickerson et al. 2009)

(Peyrani et al. 2011)
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Disease

Study details

Comment

Reference

Skin Infection
Increased disease
severity

287 S. aureus isolates from patients
with S. aureus hospital-acquired
pneumonia (retrospective)

98 pediatric patients (prospective)

Enrolled 59 skin and soft tissue
infections from children with
gentamicin-susceptible MRSA in
Australia (prospective)

204 skin and soft tissue infections
(96 PVL-positive and 98
PVL-negative) (prospective)

384 MRSA isolates and 192
matches MSSA isolates

57 patients with S. aureus skin
abscesses (prospective)

526 of CA-MRSA isolates from a
Finland population study
(retrospective)

522 patients. International study.
(retrospective)

134 MSSA isolates from paitents in
New Zealand (retrospective)

239 CA-MRSA isolates collected in
Australia (prospective)

25 patients with furuncles versus
30 patients with infected
dermatitis (HIV-positive and
HIV-negative patients)
(prospective)

101 S. aureus skin and soft tissue
infection isolates (retrospective)

473 patients with S. aureus skin
and soft tissue infections.
International study. (retrospective)

PVL and 30 other virulence genes were
screened, and there was no correlation
with clinical outcomes with the
presence of any of the 30 genes,
including PVL, o-toxin, §-toxin.

Exfoliative toxin b (ETB)-positive strains
were associated with more severe
impetigo.

PVL-positive in 86% of skin and soft
tissue isolates. PVL-positive and
PVL-negative strains had no difference
in length of hospital stay. 40% of
PVL-positive strains whereas only 13%
of PVL-negative strains required surgery.
PVL-positive isolates caused more
abscesses (73% versus 27%) and surgical
intervention (81% versus 53%) versus
PVL-negative isolates.

PVL-positive strains were more
commonly associated with furunculosis
(59% versus 10%) and required surgical
treatment (67% versus 44%) versus
PVL-negative strains.

Primary skin abscesses are mainily
caused by PVL-positive S. aureus strains
as PVL-positive strains were detected in
38 of 41 primary infections and only 2 of
16 secndary infections.

PVL-positive strains were more
commonly associated with an infection
(90% verus 52%) and surgery (57% versus
32%) versus PVL-negative strains.

83% USA300 and 89% PVL-positive
strains. PVL-positive strains were more
likely to be in young patients, from
North America and presented with
larger abscesses.

PVL-positive strains were associated
with younger age, had a community
onset infection and skin and soft tissue
infections required surgical treatment
more often (60% versus 28%) versus
PVL-negative strains.

PVL-positive strains were associated
with community-acquired disease,
younger age, presentation with sepsis
and presence of an abscess (50% versus
7%) compared with PVL-negative strains.
PVL-positive isolates were found in 96%
of S. aureus isolates from HIV-positive
patients versus only 10% of S. aureus
isolates from infected dermatitis.

PVL-positive strains were MRSA (77%)
and MSSA (36%). Incision and drainage
was higher for PVL-positive than
PVL-negative MSSA strains (81% versus
57%).

PVL-positive strains were associated
with larger abscess size. Cure rates of
PVL-positive and PVL-negative strains
were similar.

(Sharma-Kuinkel et al.
2012)

(Koning et al. 2003)

(Gubbay et al. 2008)

(Jahamy et al. 2008)

(Munckhof et al. 2008)

(del Giudice et al. 2009)

(Kanerva et al. 2009)

(Bae et al. 2009)

(Muttaiyah et al. 2010)

(Tong et al. 2010)

(Baba-Moussa et al.

2011)

(Kaltsas et al. 2011)

(Tong et al. 2012)
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Table 4. Continued

Disease

Study details

Comment

Reference

No impact on disease
severity

Pyomyositis
Increased disease
severity

Osteomyelitis
Increased disease
severity

96 S. aureus isolates from skin and
soft tissue infections and
bacteremia infections (adults and
children) (retrospective)

10 patients from Japan with
CA-MRSA PVL-positive infection
(case report)

207 S. aureus isolates collected
from ulcerative upper-extremity
infections in Greece

90 isolates from FAST II trial of S.
aureus skin infections

24 patients with pyomyositis and
myositis (all children in Houston,
TX) (retrospective)

Nasal and pharyngeal swabs from
141 patients with HIV and 206
healthy controls from patients in
Sub-Saharan Africa (retrospective)

101 patients with pyomyositis
versus 417 children with
asymptomatic S. aureus nasal
carriage (all children from
Cambodia) (retrospective)

100 patients with S. aureus nasal
colonization and 86 patients with
S. aureus infection from the
Democratic Republic of the Congo
(prospective)

59 patients with musculoskeletal
infections (all children)
(retrospective)

89 patients with osteomyelitis (all
children) (prospective)

14 patients with PVL-positive
strains versus 14 PVL-negative
strains with osteomyelitis and
septic arthritis infections
(retrospective)

98 patients (all children)
(prospective)

139 S. aureus isolates from
ostemyelitis infections
(retrospective)

Expression levels of the genes (lukS-PV
mRNA) for PVL were higher among skin
and soft tissue isolates versus with
blood isolates, community-acquired
versus hospital-acquired isolates and
children versus adults.

PVL-positive CA-MRSA strains in Japan
and 8 of the 10 cases involved severe
skin infections.

PVL-positive strains increased over the 4
year study but no increase in
hospitalizations during that time period
(most isolates belonged to the ST-80
clone)

High prevelance of PVL-positive strains,
but PVL were more associated with a
cure than strains from patients that
failed or had an inderminant outcome.

PVL-positive strains required more
surgical draining procedures (81%)
versus PVL-negative strains (38%).
PVL-positive strain colonization were
more commonly seen in HIV positive
patients and had more frequent skin
and soft tissue infections and patients
with PVL-negative strain colonization.
The presence of a PVL-positive S. aureus
strain increased the odds of developing
pyomyositis by 130-fold.

PVL-positive strains (and strains that
were positive for f-hemolysin) were
more commonly associated with skin
and soft tissue infections and recurrent
disease than PVL-negative strains.
PVL-positive strains had more
complications than PVL-negative
strains.
PVL-positive isolates (66%) associated
with higher erythrocyte sedimentation
rate (ESR) and C-reactive protein (CRP)
levels and were more likely to have
positive blood cultures and concomitant
myositis or pyomyositis versus
PVL-negative isolates.
PVL-positive bone and joint infections
were more severe infections with sepsis,
more deep-seated infections, prolonged
treatment and longer hospital stays.

PVL-positive (87.1%) of total isolates and
85% (68/81) of PVL-positive cases (all
USA300) versus 47% (8/17) of
PVL-negative cases required surgical
intervention.

lukSF-PV, bbp, sei genes were associated
with longer duration of osteomyelitis
and more serious inflammatory
responses.

(Yu et al. 2013)

(Nakaminami et al.
2017)

(Dailiana et al. 2008)

(Campbell et al. 2008)

(Pannaraj et al. 2006)

(Kraef et al. 2015)

(Young et al. 2019)

(Lebughe et al. 2017)

(Martinez-Aguilar et al.
2004)

(Bocchini et al. 2006)

(Dohin et al. 2007)

(Abdel-Hagq et al. 2009)

(Jiang et al. 2017)
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Disease Study details

Comment

Reference

Studies with inclusion of different types of S. aureus infections

Increased disease 346 isolates from skin infections,

severity septicemia and symptomatic
nasal carriers (prospective)

172 PVL-positive strains collected
from of different types of S. aureus
infections (retrospective)

1321 hospitalized patients with
various infections
community-associated and
hospital-associated MRSA and
MSSA strains (retrospective)

78 intensive care unit (ICU)
patients with different types of S.
aureus infections (case control
study)

173 cancer patients with different
MRSA invasive infections

Possible impact on
disease severity

No impact on disease
severity

162 MSSA isolates from patients
with skin and soft tissue
infections (SSTI), hospital-aquired
pneumonia and infective
endocarditis (IE) (retrospective)

Decreased disease
severity

270 patients with different types
of invasive S. aureus infections in
Thailand (prospective)

58 isolates were PVL-positive and 86% of
these were associated with skin
infections (primarily furuncles).
PVL-positive strains were not associated
with septicemia or nasal carriage.
PVL-positive strains were associated in
93% of skin infections (furunculosis,
cellulitis and cutaneous abscesses) and
in 85% of severe necrotizing pneumonia.
No association of PVL-positive strains
with endocarditis, mediastinitis,
hospital-acquired pneumonia, urinary
tract infection, enterocolitis or toxic
shock syndrome.

The presence of PVL-positive strains
was associated with double the odds of
sepsis.

The detection of plasma SAgs (SEA, SEB,
SEC or TSST-1) were found in 42% of
patients with septic shock and 31% of
patients with sepsis but without shock.
There was no difference in response to
treatment (including in neutropenic
patients) between infections caused
PVL-positive and PVL-negative strains.
There was no associations between
PSMa1-4 and clincial outcome among
any of the different infections. Isolates
from SSTI had highest levels of PSMa1-4
as compared with IE. PSMa1-4-positive
strains had larger SSTI lesions.
PVL-positive strains were associated
with less mortality (11% versus 39%).
Mortality was associated with older
patients, underlying cardiac disease,
repiratory infection. Patients that had
one or more abscesses as the presenting
source of infection were associated with
survival.

Prevost et al. 1995)

(Lina et al. 1999)

(Tong et al. 2009)

(Azuma et al. 2004)

(Campo et al. 2011)

(Qi et al. 2016)

(Nickerson et al. 2009)

patients with pre-existing immunity to PVL (with history of a
prior PVL-positive S. aureus infection) were associated with less
mortality from PVL-positive S. aureus pneumonia than patients
without a prior history of a PVL-positive S. aureus infection (Rasi-
gade et al. 2011), suggesting that anti-PVL immunity resulted in
protection from severe infection and death. However, it is likely
that many of these cases were previously reported in a prior
study (Gillet et al. 2002). The presence of PVL had a trend towards
increased severity of pneumonia in a small study (22 patients)
in which the deaths that occurred in the younger patients
who were infected with PVL-positive strains (Wehrhahn et al.
2010). In another large series of 117 children with community-
acquired pneumonia, the patients had unusually severe infec-
tions (Carrillo-Marquez et al. 2011). However, these infections
were dominated by the highly virulent USA300 strain, making it
difficult to implicate PVL as the only contributor to disease sever-
ity. The clinical data for a role of PVL has also been replicated in
a humanized mouse model of S. aureus pneumonia and in rabbit

models of S. aureus pneumonia (Diep et al. 2010; Diep et al. 2016;
Prince et al. 2017). However, in contrast to these findings, in other
clinical studies, an association between PVL-positive S. aureus
strains and disease severity was not found (Nickerson et al. 2009;
Chen et al. 2010; Li et al. 2011; Peyrani et al. 2011). Thus, while
many reports suggest that PVL-positive S. aureus strains were
associated with more severe cases of pneumonia, this was not
always the case, suggesting that PVL is one of multiple factors
that contribute to the severity of S. aureus pneumonia.

In patients with osteomyelitis, the largest series of 139 S.
aureus osteomyelitis isolates revealed that the presence of pul,
bbp and sei genes were associated with longer osteomyelitis
duration and more serious inflammatory responses (Jiang et al.
2017) (Table 4). This was consistent with earlier reports in which
strains possessing the pul gene were associated with more com-
plications, increased numbers of sepsis, longer hospital stays
and increased need for surgery (Martinez-Aguilar et al. 2004;
Dohin et al. 2007).
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Table 5. Anti-Staphylococcus aureus toxin antibodies associated with reduced disease severity.

Study

Study Design

Anti-toxin antibodies and clinical outcome

(Bergdoll et al. 1981) (Stolz et al.
1985)

(Christensson, Hedstrom and
Kronvall 1983)

(Bonventre et al. 1984)

(Ruotsalainen et al. 2008)

(Jacobsson et al. 2010)

(Rasigade et al. 2011)

(Adhikari et al. 2012)

(Fritz et al. 2013)

(Adhikari et al. 2015)

(Yu et al. 2016)

(Ghasemzadeh-Moghaddam et al.

2018)

(Sharma-Kuinkel et al. 2019)

181 cases of tampon-associated TSS (toxic
shock syndrome). (retrospective)

119 patients with S. aureus sepsis versus 22
patients with non-S. aureus sepsis.
(comparative study)

38 women with TSS versus 70 women
without history of TSS. (retrospective)

430 patients with SAB in which 44 were
intravenous drug users (IVDU) and 44
non-IVDU compared. 98% of isolates were
PVL-positive. (retrospective)

150 patients with invasive S. aureus
infections versus 115 controls. (prospective)

114 cases necrotizing pneumonia.
(retrospective)

100 patients with SAB (27 developed sepsis
versus 73 who did not develop sepsis)
(prospective)

235 children with skin infections.
(prospective)

100 patients with SAB (63 without sepsis
and 27 with sepsis). (prospective)

25 patients with MRSA pneumonia
following an influenza infection, 22
patients with MSSA pneumonia following
an influenza infection and 13 control
patients infected with influenza only.
(prospective)

27 patients with SAB infection (ST239)
versus 31 non-infected controls.
(prospective)

50 patients with S. aureus bacteremic
pneumonia compared with matched
controls with S. aureus bacteremia or
gram-negative bacteremia. (retrospective)

Gradual and low rate (9.5%) developed
acute anti-TSST-1 antibodies and many
had sustained anti-TSST-1 titers 1 year
after TSS (62.7%). Women with anti-TSST-1
antibodies had less TSS and fewer

deaths.

Patients that survived sepsis had higher
anti-Hla («-toxin) Abs compared with the
non-S. aureus sepsis group.

Low anti-TSST-1 antibody titers were
associated with development of

TSS.

IVDU developed high titers of anti-«-toxin
antibodies that were associated with
protection against endocarditis as these
patients had less endocarditis (44%)
compared with the patients that developed
endocarditis (6%).

Antibodies against teichoic acid, SEA, and
lipase had 3-4 fold reduced mortality.
Anti-Hla antibodies had no significant
effect

Death and severity factors (need for
mechanical ventilation and inotropic
support) was less frequent in patients with
prior PVL-associated infection (furuncle)
than in those without, suggesting that
pre-existing immunity to PVL might protect
against a subsequent PVL-positive S. aureus
pneumonia.

High antibody titers against «-toxin (Hla),
Hld, PVL, SEC-1 and PSM-«3 antibodies
had fewer deaths from

sepsis.

Anti-a-toxin (Hla) antibodies but not
anti-PVL antibodies protected from S.
aureus skin reinfections and persisted for
the 12 month study.

Higher titers of anti-LukS, LukF-PV, HlgC,
LukE and LukAB were associated with less
sepsis and death.

9 deaths in patients with MRSA pneumonia
following an influenza infection compared
with no deaths in patients with MSSA
pneumonia following an influenza
infection or influenza infection alone.
Anti-Hla antibodies produced by patients
protected mice in a murine model of MRSA
pneumonia.

Patients with SAB all developed high titers
of anti-SEA antibodies.

Patients with S. aureus bacteremia
pneumonia had higher IgG titers against
a-toxin. Levels of 1gG titers against a-toxin
and IgM titers against CIfA, FnbpA and
SdrC were higher in patients with a clinical
cure than treatment failures.




Protective

M anti-TSST-1 4 anti-Hla (a-toxin)
4 anti-HId (6-toxin)
1 anti-HIgC (y-hemolysin)

 anti-SEA
M anti-SEC1

D anti-SEK M anti-LukAB
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Deleterious

J anti-TSST-1
J anti-SEA

A anti-LukS-PV (PVL)
A anti-LukF-PV (PVL)

Figure 5. Serum antibody titers against S. aureus superantigens (SAgs) and pore-forming toxins (PFTs) in patients with S. aureus bacteremia (SAB) and their correlation
with clinical outcome. 1 (up arrow) = relatively increased antibody titers. | (down arrow) = relatively decreased antibody titers. Green text = protective clinical outcome.
Red text = deleterious clinical outcome. TSST-1 = Toxic shock syndrome toxin 1. SE = Staphylococcal enterotoxin. Hl = hemolysin. PVL = Panton-Valentine leukocidin.

Regarding skin and soft tissue infections, the largest study
of 473 patients with skin and soft tissue infections demon-
strated that PVL-positive S. aureus strains were associated with
larger abscesses (Tong et al. 2012). While some of the increase
in abscess size might be dependent on the virulence of the
S. aureus strain, as these infections were reported during the
USA300 epidemic, it still suggests that PVL-positive strains pro-
duced more severe disease. However, the association of more
severe skin infections has been reported in other locations
in China and Japan where USA300 was not the predominant
strain (Yu et al. 2013; Nakaminami et al. 2017). Taken together,
10 of 11 studies found that patients with PVL-positive strains
had larger abscesses and required more surgical intervention
(Table 4). Notably, more of the PVL-positive strain cases were
in younger patients that sought medical attention sooner than
PVL-negative cases, hence it is not surprising that the presence
of PVL was not associated with a worse outcome. In African and
Cambodian patients with tropical pyomyositis, there is unequiv-
ocal evidence that the pathogenesis of this severe and invasive
soft tissue infection is linked to PVL (Pannaraj et al. 2006; Kraef
et al. 2015; Young et al. 2019). These studies also found that 8-
hemolysin (Hlb) and PVL had synergistic activity in the trop-
ical pyomyositis disease severity (Lebughe et al. 2017). Finally,
in a humanized mouse model of S. aureus skin infection that
possessed human immune cells (especially human neutrophils),
PVL was shown to contribute to dermonecrosis and tissue dam-
age (Tseng et al. 2015). In summary, the collective data indicate
that the presence of PVL is associated with increased disease
severity in SAB and S. aureus infections of the lung, bone, skin
and muscle infections.

As shown in Table 5 and Fig. 5, higher natural antibody
levels against «-toxin, §-hemolysin (HId), PVL, staphylococcal
enterotoxin C-1 (SEC-1) and PSM-a3 might protect against sep-
sis in patients with SAB (Adhikari et al. 2012). Also, antibodies
against some two-component toxins (LukS-PV, LukF-PV, HlgC,
LukE, LukAB) had reduced severity of disease (Adhikari et al.
2015). This occurred in both S. aureus pneumonia and SAB (Rasi-
gade et al. 2011; Adhikari et al. 2012; Adhikari et al. 2015). Simi-
lar results are found with antibodies against ¢-toxin in S. aureus
skin infections (Fritz et al. 2013). Moreover, S-hemolysin seems
to be synergistic with PVL for tropical pyomyositis (Lebughe
et al. 2017). Therefore, neutralizing a single S. aureus toxin

might provide some protection against the activity of another
toxin.

Of note, PVL and other two-component, PFTs, such as LukAB
and other PFTs, synergize with PVL to trigger inflammasome
activation and IL-1p release (Holzinger et al. 2012; Perret et al.
2012; Melehani et al. 2015). After S. aureus infections in humans,
antibodies also develop against LukAB and LukED (Thomsen
et al. 2017; Wood et al. 2017; Tromp et al. 2018; Wood et al. 2019),
which neutralize toxin activities against human cells in vitro,
but their protective value in human S. aureus infections in vivo
have not yet been assessed (Thomsen et al. 2017; Wood et al.
2017; Tromp et al. 2018; Wood et al. 2019). Similarly, it is unclear
whether antibodies directed against y-hemolysins (HIgAB and
HIgCB) are associated with improved clinical outcomes follow-
ing human S. aureus infections.

HYPOTHESIS FOR FUTURE TARGETS FOR
VACCINE THERAPY: TARGETING
NEUTRALIZATION OF S. aureus TOXINS WILL
LEAD TO IMPROVED OUTCOMES

There are three primary lines of evidence that converge to cre-
ate the following hypothesis for future vaccine efforts against S.
aureus invasive infections: Targeting neutralization of S. aureus
toxins will lead to improved clinical outcomes. (i) An increased
incidence of S. aureus infections occurs in patients with defects
in the phagocytic cells, especially neutrophils and mono-
cytes/macrophages, which are highly sensitive to the activity
of S. aureus PFTs, as well as specific T cell responses, which are
impacted by the activity of S. aureus SAgs. (ii) The cytokine profile
of patients with SAB suggest that differential serum cytokines
(especially T cell-derived cytokines) are associated with better or
worse clinical outcomes. (iii) The distinct and synergistic effects
of PFTs on host cells and presence of high titers of serum anti-
bodies against PFTs and SAgs are associated with improved clin-
ical outcomes. These three lines of evidence form the basis for
a hypothesis in which neutralizing the S. aureus SAgs and PFTs
to inhibit the function of these critical S. aureus virulence fac-
tors would thereby allow the combined host immune response
with adjunctive antibiotic therapy to have enhanced activity in
promoting bacterial clearance and improving clinical outcomes.
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This hypothesis is evidence-based on the aforementioned data
from studies of S. aureus infections in human subjects and the
compounded knowledge that every S. aureus vaccine attempted
in human trials that focused solely on the generation of anti-
bodies to facilitate opsonophagocytosis either lacked efficacy or
resulted in increased mortality.

DATA FROM HUMANS THAT TARGETING
NEUTRALIZATION OF S. aureus TOXINS LEAD
TO IMPROVED OUTCOMES

There have been recent studies that have attempted the neu-
tralization of S. aureus toxins in human trials. For example, a
relatively small trial evaluated the adjunctive efficacy of an anti-
a-toxin monoclonal antibody (mAb) (AR-301, Aridis Pharmaceu-
ticals) in which the mAb was administered within 36 hours of
the diagnosis of hospital-acquired bacterial pneumonia (HABP),
ventilator-associated pneumonia (VAP) or community-acquired
pneumonia (CAP) (Francois et al. 2018). In 13 of the 48 enrolled
subjects, only six had pneumonia attributable to MRSA. How-
ever, a post-hoc analysis found that patients who received AR-
301 had shorter ventilation duration and better and faster micro-
biologic eradication at day 28. These findings will need to be con-
firmed with a larger clinical trial.

More recently, another clinical trial used a multivalent anti-
toxin monoclonal antibody (ASN100, Arsanis, Inc.), which had
activity in neutralizing five different S. aureus PFTs («-toxin, PVL,
LukED, HIgAB and HIgCB) due to shared epitopes among these
toxins, in preventing S. aureus VAP in intensive care unit (ICU)
patients (Magyarics et al. 2019a). The trial was ended in futil-
ity, as it did not reach its primary endpoint of a 50% reduction
in occurrence of S. aureus pneumonia in the ASN100 arm when
compared to placebo. A major limitation in this trial was that
S. aureus VAP is very difficult to diagnose because colonization
of the endotracheal tube is only 30%-60% predictive of having S.
aureus VAP (Nair and Niederman 2015; Fan et al. 2016). In addi-
tion, although patients in this study might have had infiltrates
in the lungs by chest X-ray, these infiltrates could have been
from other causes than S. aureus pneumonia such as congestive
heart failure, pulmonary hemorrhage, or lung infections from a
variety of other pathogens (especially gram-negative bacteria).
Detailed information of this trial have not been published, but
since mixed infections with more than one bacterial pathogen
are common in VAP and if this was the case in the ASM100 trial,
this might explain why this clinical trial did not reach the suc-
cess goal of 50% efficacy. Hence, this may have been the correct
vaccine approach for targeting multiple S. aureus PFTs, but the
incorrect disease for which to test it. In addition, the half-life of
this mAb in the ASN100 vaccine was only 3 weeks, which might
not have been enough time for the antibodies to have a benefi-
cial effect in S. aureus VAP (Magyarics et al. 2012b).

Another recent clinical trial evaluated a mAb against S. aureus
a-toxin (suvratoxumab, AstraZeneca) (SAATELLITE clinical trial)
to prevent VAP by S. aureus in ICU patients (Francois et al. 2019).
Although the results of this trial should be interpreted with cau-
tion as they did not reach statistical significance, there was an
18% incidence of pneumonia with the anti-a-toxin mAb versus
26% with placebo ( P = 0.166). Of note, the anti-«-toxin mAb
was more effective with lower organism burden in patients < 65
years old, when no previous anti- S. aureus antibiotic was admin-
istered, and when optimal VAP prevention care guidelines were
used. A total of 2% of patients developed an allergic reaction to
the suvratoxumab treatment. It should also be mentioned that

this anti-e-toxin mAb was engineered to have a much longer
half-life of 80-112 days (Yu et al. 2017), which could have con-
tributed to its better efficacy than the study with ASN100. Taken
together, while this trial did not reach statistical significance, it
does provide evidence for a toxin-neutralization approachina S.
aureus vaccine, even with all of the caveats involved in difficulty
diagnosing and treating S. aureus VAP (Nair and Niederman 2015;
Fan et al. 2016).

In addition to these passive mAb-based vaccines, there are
also several active vaccines that involve targeting the neutral-
ization of S. aureus toxins that are in various stages of human
clinical trials. These include IBT-V02 (a heptavalent vaccine tar-
geted against «-toxin, PVL, SEA, SEB and TSST-1) (Integrated
Biotherapeutics) (Aman 2018), a four component S. aureus vac-
cine directed against «-toxin as well as EsxAB (a fusion pro-
tein of 2 ESAT-6-like secreted virulence factors EsxA and EsxB),
FhuD2 (a lipoprotein involved in iron uptake) and CsalA (a puta-
tive lipoprotein) (4C-Staph, GlaxoSmithKline) (Bagnoli et al. 2015;
Mancini et al. 2016), a toxoid vaccine against «-toxin, PVL as
well as capsular polysaccharides 5 and 8 and teichoic acids (Pen-
taStaph, Nabi Pharmaceuticals) and a S. aureus vaccine directed
against «-toxin as well as fibronectin-binding protein A (FnBPA)
(National Natural Science Foundation of China) (Yeaman et al.
2014; Redi et al. 2018). Whether these multivalent vaccines are
effective in improving patient outcomes of S. aureus infections
will be critical to demonstrating the viability of these approaches
in humans.

Consistent with the approach of targeting PFTs, rabbit poly-
clonal antibodies against LukAB, «-toxin, and PVL when com-
bined together nearly completely inhibited their cytolytic effect
against human monocytes and a human monocytic cell line
(THP-1 cells) (Kailasan et al. 2019). Similarly, antibodies gener-
ated against a fusion toxin protein comprised of SEA, SEB and
TSST-1 (TBAyys) neutralized the activity of these toxins and pro-
vided a therapeutic benefit against S. aureus toxic shock in a
mouse model (Venkatasubramaniam et al. 2019).

Finally, it should also be mentioned that in addition to vac-
cines, recently identified centyrins, which are small protein scaf-
folds derived from the fibronectin type IlI-binding domain of
the human protein tenascin-C, have activity in neutralizing PVL,
LukAB, LukED, HIgAB and HlgCB (Chan et al. 2019). These cen-
tyrins represent an alternative to antibody-based approaches to
inhibit the activity of S. aureus PFTs and they have proven effec-
tive in mouse models of systemic S. aureus infection but they
have yet to be evaluated in human S. aureus infections (Chan
et al. 2019).

GENETIC DETERMINANTS OF S. aureus
INFECTIONS IN HUMANS

The data reviewed thus far concerning outcomes of S. aureus
human infections have concentrated upon host immunodefi-
ciencies and the balance between toxins and anti-toxins; how-
ever there is a third major factor in determining outcome and
that is the specific genetic make-up of the host genes for the
receptors for S. aureus toxins and non-toxin virulence factors.
By this we mean that people may have varying response to the
same staphylococcal toxin if they had mutations in the host
receptors for staphylococcal toxins. Support for a host genetic
susceptibility to S. aureus colonization and disease comes from
the variable susceptibility to colonization as supported by epi-
demiological data and the differential ability to neutralize a
multitude of S. aureus virulence factors ranging from adhesion



molecules to necrotizing toxins. Furthermore, variable clinical
outcome has been observed with genetic defects in neutrophils
and T cells despite being infected with genotypically identical
virulent strains. Genes associated with susceptibility to colo-
nization are different from the ones for susceptibility to the dis-
ease processes. However, the repertoire and relative contribu-
tion of host genes governing the immune responses particu-
larly the delicate balance between proinflammatory versus anti-
inflammatory mediators (e.g. interleukins and cytokines) has
not been adequately investigated partly because host genetic
susceptibility to S. aureus diseases is complex as it is likely to
involve genes for a cascade of receptors involved in multiple
stages in a disease process including colonization, transmission
through the epidermidis or bloodstream infection, and geneti-
cally controlled innate and adaptive immune responses (Shukla,
Rose and Schrodi 2015). Indeed, different degrees of resistances
and susceptibility to S. aureus infections has also been reported
in different strains of mice and are driven by virulence pro-
file of the different mouse strains (von Kockritz-Blickwede et al.
2008; Nippe et al. 2011). Preclinical murine models of S. aureus
infections have suggested that the susceptibility to infection
is increased if there are defects in certain chemokines, inter-
leukins and TLRs (Miller and Cho 2011; Kim, Missiakas and
Schneewind 2014; Montgomery, David and Daum 2015).

Patients with SAB experience a wide spectrum of disease
severity, duration and clinical outcomes. SAB could be of het-
erogeneous phenotype, certainly it is the case with respect to its
resolution, short-term bacteremia versus prolonged bacteremia,
for example (Rose et al. 2012; Rose et al. 2017). Variation in
the activity or expression of C5aR has been postulated to be a
cause of variable susceptibility of humans to PVL (Spaan et al.
2013b). This heterogeneity suggests the role of individual varia-
tion in host defense mechanisms, inflammatory responses, and
cytokine signaling. These variable host immune defenses are
expected to be driven, in part, by the variations in host genetic
susceptibility and pathogen’s virulence profile. However, the rel-
ative contributions of host genetics, antibody responses to major
staphylococcal toxins and cytokine signaling are poorly under-
stood, especially as it relates to therapeutic outcome (Shukla,
Rose and Schrodi 2015).

Furthermore, antibiotics might elicit changes in host
immune responses, so understanding the role of traditional
therapies on the host immune signature would help provide
more precision antibiotic therapy at the host level. As pre-
viously discussed, despite several new antibiotics developed
against S. aureus over the last two decades, the mortality rate
remains persistently high. Therefore, new advances in preci-
sion medicine and human SAB biomarkers to combat this issue
could markedly improve survival rates. Little is known about
the relationships involved among host genetic susceptibility
and innate and adaptive immune responses to SAB. Relative
contributions of each of these factors are expected to vary
across individual hosts. There is a lack of systematic studies
into the mechanisms by which host genetic susceptibilities
drive the inadequate, and in some cases, dysregulated host
immune responses that affect the clearance of SAB. In other
words, how subtle host genetic variations impacting immune
function that could potentially be responsible for variable
protective versus deleterious host responses is incompletely
understood and requires further investigation.

The only Genome-wide associated study (GWAS) in humans
to date to have identified a genetic variant associated with sus-
ceptibility to S. aureus infection involved a case:control (1:10
distribution) study of ~50,000 subjects (DeLorenze et al. 2016).
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Of these 50000 subjects, ~4,700 had S. aureus infection, and
~47,000 of matched controls had no S. aureus infection. Two
imputed single nucleotide polymorphisms (SNPs) (P < 5 x 10~%)
in the HLA class Il region (near HLA-DRB1-0401 and HLA-DRB1-
0402) were associated with increased risk for S. aureus infection
at a Genome-wide level of significance (DeLorenze et al. 2016).
Using an Admixture mapping among African Americans with S.
aureus bacteremia, this same region in the European HLA class
region II was again identified at a genome wide level of signifi-
cance to be associated with susceptibility to S. aureus (Cyr et al.
2017). Polymorphisms in HLA-DR, including the genetic vari-
ants identified in the DeLorenze paper were associated with the
increased susceptibility to S. aureus infection (DeLorenze et al.
2016) and were shown to influence the host response to staphy-
lococcal toxic shock toxin in a transgenic mouse model (Krog-
man et al. 2017). Two previous GWAS that had yielded putative
host susceptibility genes (e.g. CDON [which encodes a mem-
ber of the immunoglobulin family], NMRK2 [which encodes an
integrin binding molecule] and DAPK3 [which encodes a ser-
ine/threonine kinase]) for S. aureus infections needs to be fol-
lowed up with targeted gene study approach (Nelson et al. 2014;
Ye et al. 2014). A GWAS approach has its inherent weakness in
identifying true controls that are not susceptible to S. aureus
infections. A more direct interrogation of known infection- and
inflammation-associated genes involved in the pathogenesis of
invasive S. aureus infections should be explored in concert with
immunological markers.

FUTURE PERSPECTIVES

In the future, it will be important to further study and confirm
the specific antibody titers against S. aureus SAgs and PFTs that
correlate with better or worse outcomes following S. aureus SAB
and other invasive infections. For SAB, in particular, it would
be ideal to have correlative data between the cytokine levels
anti-toxin antibody titers to build on the existing data (Tables 3
and 4 and Figs. 4 and 5). Nevertheless, there are clinical data
and human in vitro studies showing that S. aureus SAgs and
PFTs greatly impact immune function, and there are data sug-
gesting that neutralization of these toxins is associated with
better outcomes (Table 5 and Fig. 5). There are a myriad of
studies showing that staphylococcal toxins directly alter neu-
trophil, macrophage and T cell functions and that anti-toxins
can reverse these effects as described herein. Therefore, it is
reasonable to hypothesize that a multivalent anti-toxin vaccine
might reduce the immune dysfunction and improve outcomes
in S. aureus SAB and other invasive infections.

CONCLUSION

It should be emphasized that none of the failed S. aureus vac-
cine trials that targeted the generation of opsonic antibodies had
definitive clinical data that clearly supported the role of target-
ing opsonophagocytosis as a mechanism to improve outcomes
against S. aureus in human infections. In contrast, prior to devel-
oping vaccines against Neisseria meningitidis meningitis, Strep-
tococcus pneumoniae pneumonia or Haemophilus influenzae infec-
tions (e.g. meningitis, pneumonia, pericarditis and bacteremia),
it was well-established that opsonic antibodies against surface
antigens of these bacteria were indeed protective in humans. In
addition, these vaccines were more specifically directed against
an infection in an organ system in which the protection or ben-
eficial effect could be accurately assessed. Thus, it is perhaps
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not surprising, in retrospect, to find that clinical trials against
many staphylococcal surface antigens (e.g. IsdB, CIfA, capsular
polysaccharides 5 and 8, MntC, etc.) failed (Fowler and Proctor
2014).

In this comprehensive review of the scientific evidence based
on the study of S. aureus infections in humans, we believe
that several conclusions can be reached. First, there are protec-
tive and detrimental immune responses in humans that cor-
relate with clinical outcomes. Second, S. aureus toxins, espe-
cially SAgs and PFTs, disrupt host innate and adaptive immune
responses that are important in protective immunity. Third,
specific naturally-generated or vaccine-induced anti-S. aureus
toxin antibodies are associated with improved clinical out-
comes. Fourth, while the preponderance of studies suggest that
toxins make S. aureus infections more severe and anti-toxin anti-
bodies reduce the severity, the correlation is not 100%. Of course,
this is to be expected because there is likely genetic variabil-
ity amongst humans in terms of responses to toxins and in
the expression of the various toxins by the infecting S. aureus
strain. Hence, the complexity of interactions between S. aureus
and the host will be significant when considering multiple tox-
ins, multiple genes involved in the human response, and vari-
able levels of antitoxin antibody production. In addition, the
potential protective role of antitoxin antibodies in conjunction
with traditional antibiotic therapy is not well understood. This
does not mean that an effective vaccine cannot be developed;
however, it strongly emphasizes that the efficacy of a multiva-
lent anti-toxin vaccine will have some variability in compara-
tive outcomes as not every control subject will respond in the
same way. Finally, the host response and toxins are likely differ-
ent among the anatomical sites of infection and future vaccine
effects must take these tissue-specific responses into account.
Ultimately, many factors from human data should be considered
in the future development an effective anti-S. aureus toxin vac-
cine along with measured and reasonable expectations to pro-
vide a better therapeutic approach to combat invasive S. aureus
infections.
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