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Abstract

Staphylococcus aureus is a Gram-positive bacterium that causes significant human morbidity
and mortality. The capacity of S. aureus to cause disease is primarily attributed to an array
of virulence factors produced by this pathogen that collectively overcome immune defenses
and promote survival in a variety of host tissues. These include an arsenal of different cyto-
toxins that compromise plasma membrane integrity, with the specificity of each dependent
upon the host organism and cell type. S. aureus encounters a variety of peripheral blood cell
types during infection that play important roles in maintaining homeostasis and defending
against microbial invasion, namely erythrocytes, thrombocytes, and leukocytes. S. aureus
targets each of these cell types with specific cytotoxins to successfully establish disease.
This review summarizes our current understanding of the susceptibility of different human
peripheral blood cell types to each of these cytotoxins.

Keywords: Staphylococcus aureus; peripheral blood cell; cytotoxin; bicomponent leukocidin;
neutrophils; erythrocytes; platelets; T cells; B cells; monocytes

1. Introduction

Staphylococcus aureus (S. aureus) is a common Gram-positive bacterium that can col-
onize and infect a wide range of hosts. Though generally a benign commensal found in
the anterior nares of approximately one third of the human population [1], this bacterium
can also cause a spectrum of infections that range from superficial skin abscesses to life-
threatening systemic disease [2]. Our capacity to treat these infections is complicated by
the widespread acquisition of antibiotic resistance mechanisms. In addition, a vaccine to
prevent S. aureus disease has been unsuccessful despite extensive efforts [3-5]. S. aureus re-
mains a significant source of human morbidity and mortality worldwide [6], underscoring
the need to further our understanding of S. aureus virulence to advance novel therapeutic
strategies that limit pathogenesis.

The ability of S. aureus to infect numerous host tissues in a variety of organisms is
largely attributed to an arsenal of diverse virulence factors that include multiple cytotoxins,
host immunomodulatory proteins, and adhesins. Cytotoxins target host cells in a receptor-
dependent or receptor-independent manner, compromising plasma membrane integrity to
cause loss of function and lysis. Many excellent reviews detail the structure and function of
each of these cytotoxins [7-14]. However, there have been no reviews that have focused
on the susceptibility of human peripheral blood cells to these cytotoxins. Defining these
susceptibility profiles will expand our understanding of how S. aureus specifically targets
host cells to advance bacterial survival and pathogenesis.
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Clinical S. aureus isolates express multiple cytotoxins known to be active against
a variety of human cell types (Table 1). Perhaps the most characterized of these is «-
hemolysin (Hla), which has been shown to recognize ADAMI10 [15] and form a hep-
tameric (3-barrel pore composed of monomeric subunits on a wide range of target cells.
The bicomponent leukocidins are a group of pore-forming cytotoxins that bind different
host cell receptors and form an octameric 3-barrel pore composed of dimeric subunits.
These include y-hemolysin A /B (HIgAB) that recognizes CCR2, CXCR1, CXCR2, and the
Dulffy antigen receptor for chemokines (DARC) [16,17]; y-hemolysin C/B (HlgCB) that
recognizes C5aR1, C5aR2 [16]; leukocidin E/D (LukED) that recognizes CCR5, CXCR1,
CXCR2, and DARC [17-19]; leukocidin G/H (LukGH [20], also known as LukAB [21])
that recognizes CD11b and the voltage-gated hydrogen channel 1 (HVCN1) [22,23]; and
the Panton-Valentine leukocidin (PVL) that recognizes C5aR1, C5aR2, and CD45 [24,25].
The phenol-soluble modulin peptides (PSMs) are small amphipathic peptides thought
to act like detergents and interact with host cell membranes in a receptor-independent
manner [14,26,27]. These include $-toxin (HId), the phenol-soluble modulin-a (PSM«)
peptides, and the phenol-soluble modulin-f (PSMf3) peptides. Like the PSMs, 3-toxin
(HIb) degrades plasma membranes but does not generate a true pore on susceptible host
cells [7,28]. Membrane damage is generated by the sphingomyelinase activity of Hlb and
may be mediated through a specific host cell receptor, though none have been identified
to date [7]. Notably, the majority of S. aureus strains associated with humans have the
Sa3Int prophage integrated into the gene encoding Hlb that deactivates expression of this
cytotoxin [29-45]. The number and apparent redundancy of these cytotoxins has made
it difficult to parse out the relative importance of each during different facets of human
disease. Further, host specificity [7,8,10,13,46-54] has limited the utility of non-human cell
lines and animal models of infection to understand the contribution of each cytotoxin to S.
aureus pathogenesis in humans.

Table 1. The prevalence and specificity of S. aureus cytotoxins against human peripheral blood
cell types.

Cytotoxin

Prevalence (%strains) Cytotoxin Target

Susceptible Human Peripheral
Blood Cell Types

o-toxin (Hla)

Platelets [56-58],
Neutrophils [59-61], T
95% [9,12,55] ADAMI10 [15] cells [62-67], B cells [62,63,65],
Monocytes [62,63,68], and
Eosinophils [69]

[3-toxin (HIb)

Deactivated in 87-96% of
human isolates [43,45,71]

99% overall [10,70] Receptor independent [7],  Erythrocytes [72], Monocytes [73],

binds sphingomyelin [28] proliferating T cells [28]

d-toxin (Hld)

100% [27] Receptor independent [14] Erythrocytes [74]

Erythrocytes [17,54,75-78],

y—hezrliﬁly:g)A/B 99% [13] CXCEXE&( ?11221’7? CR2, Neutrophils [16,79-83], and
& ’ Monocytes [16,75]
Y-hemolysin C/B N Neutrophils [16,79-84], and
(HIgCB) 99% [13] CbhaR1, C5aR2 [16] Monocytes [16,75]
- Erythrocytes [17,54],
Leukocidin E/D o CCR5, CXCR1, CXCR2, .
(LukED) 70-80% [13,85] DARC [17-19] Neutrophils [18,79-81], T

cells [19], and Monocytes [19]
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Table 1. Cont.

Susceptible Human Peripheral

Cytotoxin Prevalence (%strains) Cytotoxin Target Blood Cell Types
. Neutrophils
&fﬁéﬁﬁi&%) 100% [20] CD11b, HVCN1 [22,23] [20-22,22,23,51,59,79-81,86-89]

and Monocytes [23,90]

Panton-Valentine
Leukocidin (PVL)

2-3% overall [13]
36% clinical human
isolates [91]

Neutrophils [20,24,25,51,52,79-
84,86,87,92-100] and
Monocytes [24,75,83,92,93,101]

C5aR1, C5aR2,
CD45 [24,25]

Phenol-soluble

Erythrocytes [60,74,102] and

modulin-« (PSMx) 100% [27] Receptor independent [14] Neutrophils [27,59,60,95,103]
peptides p o
Phenol soluble
modulin-f3 (PSMf3) 100% [27] Receptor independent [14] Erythrocytes [74]
peptides

Legend: DARC: Duffy antigen receptor for chemokines; HVCN1: Voltage-gated hydrogen channel 1.

S. aureus gene expression in vivo is largely dictated by the concerted influence of
16 two-component regulatory systems that recognize environmental stimuli and alter
gene expression in response [104-106]. Two of these, the accessory gene regulator (Agr)
two-component system and the S. aureus exoprotein (Sae) two-component system, are
recognized as major regulators of cytotoxin production. Agr is a quorum-sensing sys-
tem that increases expression of all cytotoxins at high bacterial concentrations [107,108].
This two-component system primarily regulates gene expression in a post-transcriptional
manner via the action of RNAIII [109,110] but also through transcriptional regulation of
PSMs [111]. In contrast, Sae is thought to recognize neutrophil-associated stimuli and re-
spond by upregulating the transcription of almost all the cytotoxins but not PSMs [112-118].
As the activity of two-component regulatory systems is largely driven by environmental
cues, exclusive examination of cytotoxicity caused by purified proteins or S. aureus during
in vitro growth may not accurately reflect the relative contribution of each cytotoxin to S.
aureus virulence in vivo.

S. aureus encounters a variety of circulating peripheral blood cell types during infec-
tion, namely erythrocytes (red blood cells) that primarily maintain host tissue perfusion,
thrombocytes (platelets) that play a key role in tissue repair, and leukocytes (neutrophils,
T cells, B cells, monocytes, eosinophils, and basophils) that are a vital defense against
microbial infection. The ability of S. aureus cytotoxins to compromise these cell types is
essential for bacterial survival and dissemination in the healthy human host. This review
summarizes our current understanding of the importance of each of these cytotoxins in
causing lysis of different peripheral blood cells in humans.

2. Erythrocytes

Erythrocytes are considerably more abundant than other peripheral blood cell types,
with approximately 4 to 6 million cells per microliter of adult human blood [119]. These
anucleated cells are specialized to transport oxygen from the lungs to host tissue using
hemoglobin and each contains approximately 270 million copies of this protein. Reversible
binding of oxygen by hemoglobin is enabled by four iron-containing heme molecules. Iron
is an essential metabolite for nearly all organisms and failure of bacteria to obtain iron in
the host limits pathogenesis [120,121]. S. aureus acquires this important metabolite during
infection following hemolysis of host erythrocytes and sequestration of released heme using
the iron-regulated surface determinant (Isd) system [122,123]. Thus, a clear understanding
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of the specific cytotoxins produced by S. aureus that cause significant hemolysis of human
erythrocytes will underscore virulence factors that are important for iron acquisition and
consequent pathogenesis in humans.

Traditionally, hemolysis produced by S. aureus has been measured using sheep blood
agar and rabbit erythrocyte lysis assays. However, it has been shown that the suscep-
tibility of animal erythrocytes to S. aureus cytotoxins differs significantly from human
erythrocytes [46,48-50] and agar is known to limit the hemolytic activity of HlgAB [48].
Recent investigations have helped to clarify which cytotoxins target human erythrocytes
using assays that examine these cell types in solution. These studies have measured the
hemolytic activity of purified proteins, extracellular factors produced by S. aureus dele-
tion mutants during in vitro growth, and the effects of co-culturing these mutants with
human erythrocytes.

Using purified proteins, it has been shown that strong hemolysis of human erythro-
cytes is caused by HIgAB and LukED, while HIgCB, Hla, PVL and LukGH produce limited
or no hemolysis [17,75,77,78,124]. Interestingly, noncanonical pairing of purified HlgA with
LukD was shown to exhibit more potent hemolytic activity than other bicomponent leuko-
cidin pairs [54]. It has also been demonstrated that hemolysis of both HlgAB and LukED
require erythrocyte expression of the Duffy antigen receptor for chemokines (DARC) [17],
a chemokine receptor also used by Plasmodium vivax and Plasmodium knowlesi to invade
erythrocytes during malarial pathogenesis [125,126]. DARC is not expressed by many indi-
viduals of African descent, reducing susceptibility to malaria as well as hemolysis caused
by HIgAB and LukED. Others have also shown that purified PSM«1, PSM«2, PSMa3,
PSM1, and Hld exhibit pronounced hemolytic activity against human erythrocytes while
PSMa4 and PSM32 are also hemolytic but to a lesser extent [74,127]. In addition, synergy
between purified PSMs and HIb has been shown to enhance hemolysis, whereas all but one
study indicate that Hlb alone is not hemolytic against human erythrocytes [72,74,102,128].

Research examining hemolysis of human erythrocytes in suspension by cytotoxins
produced by S. aureus during growth has been more limited. A study using extracellular
factors produced by S. aureus laboratory strain Newman during in vitro growth has shown
that HIgA plays a major role in hemolysis of human erythrocytes [76]. However, this same
study indicated that hemolysis caused by extracellular factors produced by the clinically
relevant S. aureus strain USA300 was largely independent of HIgAB. This discrepancy can
be explained by a point mutation in the histidine kinase sensor Sae$S in strain Newman
that induces constitutive activation of the Sae two-component system and consequent
overexpression of numerous secreted virulence factors [117,129]. Others have demonstrated
that transcription of hIgAB is highly upregulated following exposure of USA300 to human
blood, suggesting that specific in vivo environmental stimuli are needed to trigger HIgAB
mediated cytotoxicity caused by this strain. Indeed, it was shown that USA300 grown in the
presence of human erythrocytes expressing DARC caused hemolysis that was dependent
upon HIgA [17]. In contrast, others have used extracellular factors produced by S. aureus
lacking PSMo to show that these peptides are a dominant factor causing hemolysis of
human erythrocytes [60,102]. Collectively, these studies indicate that HIgAB, LukED, and
PSMu peptides play major roles in causing hemolysis during S. aureus infection in humans.
However, a comprehensive analysis directly comparing the contribution of these cytotoxins
in causing hemolysis of human erythrocytes has not been performed.

3. Thrombocytes

Thrombocytes, or platelets, are essential for maintaining vascular integrity following
host tissue injury. Platelets are anucleated cell fragments shed from megakaryocyte exten-
sions in the bone marrow and are abundant in circulation, with approximately 150,000
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to 450,000 platelets per microliter of adult human blood [119]. Platelets play a major role
in primary hemostasis by adhering to the site of vascular injury, forming aggregates that
plug the damaged vessel, and releasing factors that trigger thrombosis. In addition to
maintaining vascular integrity, platelets also have important roles in limiting infection
that include alerting the immune system to invading microbes, performing antimicrobial
functions, and enhancing the adaptive immune response [130-134].

Clinical evidence that thrombocytopenia in patients with S. aureus bacteremia corre-
sponds to increased mortality [58,135,136] indicates that platelets are an important defense
against systemic S. aureus infection in humans. Platelets have been shown to bind and trap
different bacteria including S. aureus to promote neutrophil phagocytosis [137], and antimi-
crobial peptides produced by human platelets kill S. aureus and induce extracellular trap
formation by neutrophils [58,137,138]. However, S. aureus produces numerous virulence
factors that enhance platelet aggregation and activation, including CIfA, CIfB, SpA, FnBPA,
FnBPB, SSL5, and Hla [56,139-145], suggesting this pathogen manipulates platelet function
to enhance survival in vivo [146]. In addition, S. aureus produces at least one cytotoxin,
Hla, that lyses human platelets.

Investigations have demonstrated that purified Hla compromises the viability of
human platelets [56-58] and S. aureus expression of this cytotoxin enhances platelet de-
struction during ex vivo infection [58]. Evidence also indicates Hla triggers apoptosis of
human platelets [57]. In contrast, purified LukGH, LukED, or PVL did not influence platelet
activation or viability [57]. These results are supported by the observation that resting
platelets express ADAM10, the host cell receptor recognized by Hla, but not other host cell
receptors recognized by S. aureus cytotoxins [147,148]. However, activated platelets can
express both CD11b [149] and C5aR [150-152], indicating that certain in vivo conditions
can induce platelet susceptibility to LukGH, HlgCB, and PVL. In addition, the impact of
PSMs on human platelet integrity has not been examined. Collectively, these findings
indicate that Hla plays a prominent role in causing lysis of human platelets, but further in-
vestigations are needed to conclusively determine the influence of other S. aureus cytotoxins
on platelet viability.

4. Neutrophils

Neutrophils are the most common circulating leukocytes, with approximately 2500
to 8000 cells per microliter of adult human blood [119]. These granulocytes are relatively
short-lived, with a half-life of around 7 hours in circulation. Neutrophils are a major
defense against microbial invasion and play a particularly important role in preventing
S. aureus disease [41,153]. Neutrophils in circulation are primed following detection of
host- and/or microbe-derived signaling molecules released during infection and migrate
to the site of distressed host tissue through a process referred to as extravasation [154].
Phagocytosis of invading microbes is primarily mediated by various Fc receptors on the
neutrophil cell membrane that bind to immunoglobulins and complement components that
have opsonized the microbial cell surface. Following phagocytosis, bacteria are normally
terminated by an array of antimicrobial peptides and reactive oxygen species released
within the phagosome.

In contrast to most bacteria, S. aureus can not only survive phagocytosis by expressing
factors such as superoxide dismutase [155], catalase [156], and SPIN [157,158], but can
also subsequently compromise neutrophil integrity and function via the production of
cytotoxins [159,160]. When a substantial number of S. aureus is present in host tissue,
such as an established S. aureus abscess, high concentrations of secreted cytotoxins can
also preemptively strike incoming neutrophils to impede direct engagement with this
pathogen. Neutrophils express all the receptors recognized by the receptor-dependent
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cytotoxins produced by S. aureus [161-163] and numerous investigations have shown
these cells are susceptible to each. These studies have tested the susceptibility of human
neutrophils to purified proteins, intoxication by extracellular factors produced by S. aureus
cytotoxin deletion mutants, and cell destruction following exposure to these deletion
mutants. However, the relative importance of each cytotoxin in the lysis of these important
immune cells following initial inoculation, dissemination through the lymphatic and
circulatory systems, and colonization of distal host tissue is not entirely understood.

Purified HlgAB, HlgCB, LukED, LukGH, PVL, and PSM« peptides have been
shown to cause plasma membrane permeability of primary human neutrophils [16,18,21-
25,27,51,52,79-81,83,84,86,92-100]. Of these, purified HlgCB, LukGH, and PVL appear to
have the most potent activity against these cell types [79,81]. Interestingly, non-canonical
pairing of HIgCB and PVL appears to exhibit enhanced cytotoxicity [81]. Intoxication by
extracellular proteins produced by S. aureus deletion mutants has indicated that secreted
LukGH, HIgAB and/or HlgCB, PVL, and the PSM« peptides all play a role in compromis-
ing neutrophil plasma membrane permeability, with in vitro culture conditions and type
of S. aureus strain largely dictating the relative importance of each [20,21,27,52,82,87,94].
Alternatively, studies measuring neutrophil integrity following exposure to live S. aureus
have also shown that Hla, LukGH, PVL, and PSM« peptides all contribute to destruction
of these immune cells to varying degrees that appear to be dependent upon the S. aureus
strain examined [20-22,52,59-61,80,82,86-88,103]. Taken together, these studies indicate
that most cytotoxins produced by S. aureus have the capacity to destroy human neutrophils
and the context of intoxication influences their potency (Figure 1).

HIgAB::CCR2
N

HIgCB::C5aR1| —»
HIgCB::C5aR2| —»

/v
PVL::C5aR1

Ty

HIgAB::CXCR1 S \<
HIgAB::CXCR2 \

PVL::CD45 /
e |LukED::CXCR1| T > |LukED::CCR5|

[LukGH::HVCN1| [LukGH::CD11b| "

LukGH::HVCN1 LukGH::CD11b

| LukED::CXCR2 | -

Figure 1. Susceptibility of human neutrophils to S. aureus cytotoxins. Diagram illustrating the S.
aureus cytotoxins that target human neutrophils before and after phagocytosis, detailing the host cell
receptors recognized by each cytotoxin (cytotoxin::host cell receptor). Image created in BioRender.
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Though numerous cytotoxins have been shown to target human neutrophils, which of
these are most important for causing lysis of these important innate immune cells is not
clear. To clarify the relative contribution of each cytotoxin to human neutrophil destruction,
we recently used a library of deletion mutants in S. aureus strain USA300 to examine neu-
trophil lysis following intoxication by extracellular proteins and after phagocytosis [89].
We found that PVL played a dominant role in initially compromising neutrophil integrity
caused by extracellular proteins produced by USA300 during growth in a variety of media.
In contrast, LukGH was the primary cytotoxin causing neutrophil destruction immediately
following phagocytosis. The different context-dependent cytotoxicity exhibited by these
two apparently redundant bicomponent leukocidins can be explained by the unique loca-
tion and structure of LukGH. There is only 26—40% sequence homology between LukGH
and the other bicomponent leukocidins [20,21,164]. Unlike other cytotoxins, LukGH is
expressed at high levels on the surface of S. aureus [20,165] and is preassembled in its acti-
vated form prior to engagement with neutrophils [166,167]. In conjunction with our results,
and as previously speculated by others [7], this suggests that LukGH is poised on the
surface of S. aureus to immediately engage with phagocytes upon direct contact. Thus, PVL
appears to play a major role in lysing incoming neutrophils when S. aureus is established in
host tissue and producing high concentrations of cytotoxins, while LukGH is the primary
cause of lysis following direct contact with neutrophils and may be important for survival
following initial inoculation or dissemination of this pathogen when the concentration of
other cytotoxins is relatively low.

However, there are several caveats to our study. Cytotoxicity was only examined using
S. aureus strain USA300 and substantial genetic diversity is found between different S. aureus
isolates [168]. Notably, a single point mutation in the 5" untranslated region of the higCB
operon of USA300 minimizes translation of HlgC relative to HIgB [169]. Although neu-
trophil phagocytosis triggers significant alterations in S. aureus gene expression [159], other
stimuli associated with infection of host tissue were largely lacking from this study [170].
For example, it has been shown that transcription of the higABC operon is immediately
upregulated following exposure to human blood [82,171] and transcription of the higABC
operon, hla, lukED, and pvl are upregulated during cutaneous infection in humans [172,173].
In addition, the activation state of neutrophils influences the expression levels of host cell
receptors that are recognized by cytotoxins [162], suggesting the potency of these cytotoxins
can vary in vivo under different conditions. Future studies that incorporate these factors
may elucidate more profound roles for other cytotoxins in causing human neutrophil lysis.

5. T Cells

T cells are the most common circulating lymphocytes, with approximately 800 to
2500 cells per microliter of adult human blood [119], and are the primary constituents of
the adaptive cellular immune response. T cells have been broadly classified as CD4" helper
T cells (Th cells) that direct the immune response through cytokine expression or CD8"
cytotoxic T cells that eliminate diseased host cells. Each T cell expresses a unique T cell
receptor that induces cell activation and proliferation upon binding a specific antigen in
conjunction with additional signals provided during antigen presentation. The distinct
antigen-binding capacity of each T cell receptor on Th cells elicits a discrete cytokine expres-
sion profile directed towards specifically eliminating the source of that antigen [174]. Given
the consistent failure to produce a S. aureus vaccine, the importance of T cells in protecting
against S. aureus infection has gained appreciation in the last several decades [175-178].

S. aureus produces numerous virulence factors that specifically target T cell integrity
and function, namely superantigenic proteins and cytotoxins. Superantigenic proteins bind
directly to the T cell receptor on T cells and MHC Class II on antigen presenting cells to gen-
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erate antigen-independent activation of approximately 20% of T cells, roughly 25,000-fold
greater than a normal T cell response [179-183]. This produces robust inflammation and is
thought to drown out an effective Th cell response that would otherwise limit pathogenesis.
In addition to superantigens that manipulate T cell function, there are several S. aureus
cytotoxins known to compromise T cell plasma membrane integrity.

Primary human T cells appear to be more resistant to S. aureus cytotoxicity than human
neutrophils or monocytes [63,68]. T cells can express ADAM10 [184], CCR2 [185-187],
CCR5 [185,187], CD11b [188,189], CD45 [190], CXCR1 [191-193], and C5aR [194,195] to
varying degrees in vivo, indicating these lymphocytes are susceptible to intoxication by
Hla, HigAB, HlgCB, LukED, LukGH, and PVL. However, studies using purified proteins
have shown that primary human T cells are susceptible to Hla [62-67] and LukED [19],
but resistant to PVL [24,93] and other bicomponent leukocidins [79]. Others have shown
that purified HIb is cytotoxic against proliferating [28] but not resting human T cells [73].
Intoxication of human T cells with extracellular factors produced by an isogenic deletion
mutant of Hla in S. aureus strain USA300 and incubation of this isolate with human T
cells further demonstrated the importance of this pore-forming toxin for lysis of these
lymphocytes [63]. Evidence indicates that T cells exposed to low concentrations of Hla
form small pores that only allow passage of monovalent ions and trigger programmed cell
death while high concentrations of Hla result in plasma membrane permeability of larger
molecules and immediate cell lysis [63,66]. Other investigations using an antibody that
neutralizes LukGH-mediated cytotoxicity indicated this bicomponent leukocidin does not
target human T cells [80]. T cell expression of CCR2 [186,187], CCR5 [187], CD11b [188,189],
CXCR1 [191,193], and C5aR [194] is influenced by activation state, suggesting that the
potency of HIgAB, HlgCB, LukED, LukGH, and PVL against these cells may vary under
different in vivo conditions. Though evidence indicates that Hla and LukED are the
primary factors produced by S. aureus that cause human T cell lysis, a comprehensive
analysis examining the relative contribution of these and other cytotoxins towards the
destruction of these lymphocytes has not been performed.

6. B Cells

B cells produce immunoglobulins, or antibodies, that are the foundation of the adaptive
humoral immune response. These lymphocytes are less abundant than T cells, with
approximately 100 to 450 B cells per microliter of adult human blood [119]. Akin to T cells,
each B cell possesses a unique B cell receptor that is composed of an immunoglobulin
anchored to the cell membrane and associated with embedded accessory proteins. B cell
activation, proliferation, and differentiation into antibody-producing plasma cells requires
antigen binding to the B cell receptor and secondary signals generally provided by Th
cells. Circulating antibodies not only bind to microbes to promote phagocytosis and inhibit
adhesion but also bind to secreted microbial virulence factors to neutralize their activity.
As such, B cells play an essential role in adaptive immunity against microbes.

The importance of B cells in preventing infections caused by S. aureus is not clear.
Humans with deficiencies in B cell numbers or function are not more susceptible to S.
aureus disease [5,196-198], suggesting that B cells are dispensable for preventing S. aureus
pathogenesis. This might explain why the same strain of S. aureus can cause repeated
infections in humans and vaccine efforts against this bacterium have universally failed.
However, it is also possible that S. aureus is extremely adept at limiting an efficient adap-
tive humoral immune response. Indeed, S. aureus produces virulence factors that not
only manipulate Th cell function to indirectly impede appropriate B cell activation, as
described above, but also directly minimize the function of antibodies and B cells. These
include the Staphylococcal protein A (SpA) and staphylococcal binder of immunoglobulin
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(Sbi) that both bind to human antibodies to inhibit their activity [199-202]. In addition,
SpA is superantigenic against human B cells that express VH3-encoded immunoglobulin,
causing widespread antigen-independent activation and subsequent apoptosis of these
cells [203-206]. S. aureus also expresses cytotoxins that cause human B cell destruction,
though these lymphocytes appear to be more resistant to S. aureus cytotoxicity than other
peripheral blood cell types [63,68].

Given the repeated failures to produce an S. aureus vaccine and that B cell integrity
is critical for an efficient adaptive humoral immune response, it is surprising that there
have been few investigations that have examined the potency of S. aureus cytotoxins
against human B cells. These lymphocytes express ADAM10 [207], CCR2 [186], and
CD45 [190], indicating that they are theoretically susceptible to Hla, HIgAB, and PVL.
However, currently published studies have only demonstrated that primary human B
cells are susceptible to Hla. These have shown that purified Hla targets primary human B
cells [62,63,65]. Further analysis of extracellular factors produced by an isogenic deletion
mutant of Hla in USA300 as well as following infection of B cells with this mutant confirmed
the importance of this cytotoxin for causing B cell lysis [63]. This study also demonstrated
that Hla causes programmed cell death of B cells. However, it was shown that USA300
lacking Hla still causes B cell lysis [63], suggesting that other cytotoxins also contribute
to destruction of these cell types. Other studies have indicated that human B cells are
resistant to cytotoxicity caused by LukGH [80] or PVL [83,93] while the impact of PSMs
on the viability of these lymphocytes has not been addressed. Collectively, these findings
demonstrate that B cells are susceptible to Hla but also indicate that other cytotoxins
produced by S. aureus target these important adaptive immune cells.

7. Monocytes

Monocytes are professional phagocytes that play important roles in both the innate and
adaptive immune responses. These cells are less abundant in peripheral circulation relative
to other leukocytes, with approximately 100 to 700 monocytes per microliter in adult human
blood [119]. Though monocytes were traditionally thought to primarily differentiate into
macrophages and dendritic cells following recruitment to host tissue, current evidence
suggests that these antigen-presenting cells can also remain undifferentiated and exhibit
both pro-inflammatory and anti-inflammatory characteristics [208]. Monocytes play an
important role in limiting infection by recognizing microbial invaders and coordinating an
appropriate immune response through cytokine signaling and antigen presentation.

Though monocytes likely play an important role in the immune response against S. au-
reus and numbers of these cells significantly increase during systemic S. aureus disease [209],
evidence suggests that this pathogen can undermine the function of these leukocytes to fur-
ther bacterial survival and dissemination [210-212]. Studies have shown that S. aureus can
survive phagocytosis by primary human monocytes and monocyte-derived macrophages
and it has been proposed that this furthers dissemination in the host [211-213]. Others have
indicated that the cytokine response to live S. aureus during infection of human blood is
suppressed relative to heat-killed S. aureus [210], S. aureus lacking the Sae two-component
system [210], or S. aureus lacking Hla [68]. The mechanisms by which S. aureus manipu-
lates monocyte function are not entirely clear, but cytotoxins have been implicated in this
process [68,210,211].

Relative to other human leukocytes, evidence suggests monocytes are highly sus-
ceptible to cytotoxicity caused by S. aureus [63,68]. As with neutrophils, these cell types
express all the receptors recognized by the receptor-dependent cytotoxins [214-218]. In-
deed, studies have shown that purified Hla, Hlb, HIgAB, HIigCB, LukED, LukGH, and
PVL can all cause lysis of primary human monocytes [16,19,23,24,62,63,73,75,83,90,93,101].
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Infection assays using isogenic deletion mutants of LukGH and Hla confirmed the impor-
tance of these cytotoxins for causing monocyte lysis [63,68,90]. Though PSMs have not been
demonstrated to lyse primary human monocytes, it has been shown that PSMa peptides
and Hld can cause lysis of human monocyte-derived dendritic cells [219]. In addition,
assays examining the cytotoxicity of USA300 deletion mutants of Sae that are defective in
producing all cytotoxins except PSMs demonstrated these mutants could still cause lysis
of primary human monocytes, though significantly less so than wild-type USA300 [63,65].
Collectively, these findings indicate that the majority of cytotoxins produced by S. aureus are
capable of lysing human monocytes. However, which of these cytotoxins is most important
for causing lysis of human monocytes during different contexts of intoxication is not clear.

8. Eosinophils and Basophils

Eosinophils and basophils are the least abundant circulating leukocytes, with ap-
proximately 50 to 500 eosinophils and 25 to 100 basophils per microliter of adult human
blood [119]. These granulocytes are known to play important roles in protection against
parasitic infections and in driving allergic responses. In addition, a correlation has been
observed between S. aureus colonization and atopic diseases that include atopic dermatitis,
allergic asthma, and allergic rhinitis [220-226]. Consequently, studies have examined the
influence of S. aureus on eosinophil and basophil function with a primary focus on super-
antigenic proteins produced by this pathogen [227-238]. However, the S. aureus cytotoxins
that target these cell types in humans are almost entirely unknown; a single study has
shown that Hla lyses primary human eosinophils [69], while there are no published reports
on the susceptibility of human basophils to cytotoxins produced by S. aureus. Eosinophils
have been shown to express CCR2 [239], CD11b [228,240], CD45 [241], CXCR2 [242], and
CbaR [243,244] indicating that these cells are susceptible to HigAB, HigCB, LukED, LukGH,
and PVL. Basophils are also theoretically susceptible to these bicomponent leukocidins, as
they have been shown to express CCR2 [245-247], CCR5 [245,246], CD11b [245,248-250],
CD45 [251], CXCR1 [245,246], CXCR2 [246], and C5aR [243,245,250]. Given that eosinophils
and basophils play important roles driving atopic diseases that are associated with S. aureus
colonization, future studies that define the susceptibility or resistance of these cell types to
S. aureus cytotoxins may provide insight into the complex manifestation of these diseases.

9. Conclusions and Future Studies

Our knowledge of S. aureus cytotoxins has made significant advances in the last
two decades. These include the characterization of the previously undescribed LukGH,
PSM« peptides, and PSM peptides, as well as the identification of the host cell receptors
recognized by S. aureus cytotoxins. However, our understanding of the susceptibility of
human peripheral blood cells to each cytotoxin produced by S. aureus remains incomplete.
Though the cytotoxins that target human neutrophils have been largely defined, the relative
susceptibility profiles of other human peripheral blood cell types to these cytotoxins are
incomplete or lacking entirely. In addition, how the activation state of host cells influences
susceptibility to receptor-dependent cytotoxins is not clear and may be important, as
activated host cells alter the expression of cell surface receptors. Though in vitro and ex
vivo studies have measured host cell lysis using live S. aureus, in vivo stimuli that promote
virulence factor expression are absent under these conditions. Moreover, the high genetic
variability of S. aureus dictates the need for studies comparing cytotoxin production and
subsequent host cell lysis caused by different clinical S. aureus lineages. Thus, future
investigations are needed to fully understand the contribution of each cytotoxin to the
lysis of different human peripheral blood cells in vivo by S. aureus. Clearly defining the
susceptibility profiles of human peripheral blood cells to S. aureus cytotoxins will not
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only advance our understanding of how this bacterium causes a diverse range of human
ailments but also lay the foundation for novel therapeutic strategies that limit disease.
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