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Abstract

Staphylococcus aureus strains that cause human diseases produce a large family of pyrogenic

toxin superantigens (SAgs). These include toxic shock syndrome toxin-1 (TSST-1), the

staphylococcal enterotoxins (SEs), and the SE-like proteins; to date 23 staphylococcal SAgs have

been described. Among the SAgs, three have been highly associated with human diseases

(TSST-1, SEB, and SEC), likely because they are produced in high concentrations compared to

other SAgs. Another major family of exotoxins produced by S. aureus is the cytolysins,

particularly α-, β-, γ- and δ-toxins, phenol soluble modulins, and leukocidins. This review

discusses the association of SAgs with human diseases, and particularly the “outside-in” signaling

mechanism that leads to SAg-associated diseases. We discuss SAg interactions with three host

immune cell receptors, including variable regions of the β-chain of the T cell receptor, MHC II α-

and/or β-chains, and an epithelial/endothelial cell receptor that may include CD40. To a lesser

extent we discuss the role of cytolysins in facilitating disease production by SAgs.
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Introduction

Staphylococcus aureus is a gram-positive, non-motile bacterium. It has the classical coccus

shape, forming into “grape-like” clusters. S. aureus has been shown to play a role in various

relatively mild diseases including superficial skin and soft tissue infections, such as

furuncles, and food poisoning, and multiple life-threatening diseases such as, toxic shock

syndrome (TSS), pneumonia, infective endocarditis (IE), and sepsis [1–8]. Antibiotic

resistance has become a major problem in managing S. aureus infections, with the high

occurrence of methicillin-resistant S. aureus (MRSA).

A wide variety of virulence factors are produced by S. aureus contributing to disease

causation [1]. During exponential-phase growth, the organism produces cell surface

virulence factors such as protein A, fibronectin-binding protein, clumping factor, as well as

Contact Information: Patrick M. Schlievert, Department of Microbiology, Carver College of Medicine, University of Iowa, 51 Newton
Road, Iowa City, IA 52242, Patrick-schlievert@uiowa.edu, Phone: 319-335-7807.

NIH Public Access
Author Manuscript
Immunol Res. Author manuscript; available in PMC 2015 August 01.

Published in final edited form as:
Immunol Res. 2014 August ; 59(0): 177–181. doi:10.1007/s12026-014-8539-7.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



other microbial surface components recognizing adhesive matrix molecules [9]. These

factors facilitate microbial colonization of the host and contribute to immune evasion.

During post-exponential and early stationary phase, the cell-surface factors are no longer

produced, but instead, secreted virulence factors are produced, including the major

superantigens (SAgs), cytolysins, and other exoenzymes. This complex array of virulence

factors has allowed S. aureus to become the leading cause of both healthcare- and

community- associated serious, life-threatening infections in the U.S. and around the world

[10].

This review will focus on research performed in our laboratory related to the mechanisms by

which S. aureus uses its secreted virulence factors, notably SAgs and cytolysins, to cause

serious human diseases. These infections typically begin at skin and mucosal surfaces with

colonization of up to 40% of humans [1]. Subsequent to colonization, the organism uses its

SAg and cytolysin secreted virulence factors to induce mucosal or skin inflammation,

followed by SAg barrier penetration and massive activation of T-cells and antigen-

presenting cells (APCs) to cause overt disease.

Families of Secreted Virulence Factors Causing Immune Dysfunction

Superantigens

SAgs are a family of secreted virulence factors that formerly were categorized as pyrogenic

toxins until renamed [11]. All pathogenic strains of S. aureus secrete SAgs. These non-

glycosylated, exoproteins are relatively low molecular weight, ranging from 19,000–30,000

daltons [5]. SAgs are highly resistant to heat denaturation, proteolysis, acid denaturation,

and desiccation [5, 12]. Twenty-three serologically distinct S. aureus SAgs exist including:

TSS toxin-1 (TSST-1), staphylococcal enterotoxins (SEs), and SE-like (SE-l) superantigens

[4, 5, 12]. SAgs contain an amino-terminal oligosaccharide/oligonucleotide binding (OB)

fold and a carboxy-terminal β-grasp domain (Figure 1). In a groove between these folds, on

the top front (standard view) for most SAgs, and the top back (for TSST-1) lies a variable

region, β-chain T cell receptor (Vβ-TCR) binding motif, and in the OB fold lies a low-

affinity major histocompatibility complex class II (MHC II) binding site. In addition, a

higher-affinity MHC II site may be located in the β-grasp domain in many SAgs. A

dodecapeptide region is also present, usually on the backside of the central α-helix domain,

thought to be important for epithelial and endothelial cell binding. This site has been

suggested to bind to immune co-stimulatory molecules CD28 and CD40, as well as one or

more unknown host receptors [13, 14]. SEs, which are known to cause vomiting and

diarrhea and thus staphylococcal food poisoning, also have a cystine loop structure in the top

of the OB fold which is responsible for emetic activity [15]. Depending on which of these

host cell binding sites are present, staphylococcal SAgs are classified into four groups [12].

SAgs, except SE-l X, are encoded on variable genetic DNA elements. Their expression is

controlled by global regulatory systems including multiple staphylococcal two-component

and quorum sensing systems. The major regulator systems include SrrA/B, AgrA/B, and

SaeR/S [16–18, 14].
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In addition to being pyrogenic by inducing production of interleukin (IL) 1β and IL-6 from

APCs, combined with direct action on the fever response control center of the

hypothalamus, all SAgs enhance susceptibility to gram-negative lipopolysaccharide (LPS)

up to 106-fold [19, 20]. This mechanism, although incompletely proven, has been suggested

to explain TSS development in humans but not in mice and non-human primates [14].

Humans have many more LPS-containing gram-negative bacteria in their mucosal

microbiomes than do mice and non-human primates [21]. It has been hypothesized that

TSST-1 (and other SAgs) inactivation of liver LPS clearance function, combined with small

amounts of LPS leakage across the gastrointestinal tract and vagina in women, leads to

synergy in immune cell production of tumor necrosis factor (TNF) α and β [22, 14]. These

latter two factors cause capillary leak, the severest symptom of TSS.

Today, the most well-known activity of SAgs is their superantigenicity. SAgs massively

activate T-cells and APCs. For example in TSS patients, Vβ2-TCR+ T-cells may expand

from being 10% rising up to 70% of all T-cells during acute infection with TSST-1

producing S. aureus. This superantigenicity is achieved with by cross-bridging Vβ-TCRs

with α- and/or β-chains of MHCII molecules on APCs [5, 23, 24]. Each SAg interacts with a

relatively unique set of Vβ-TCRs. The interactions induce significant activation and

proliferation of T-cells and APC activation. A typical antigen stimulates approximately

1/10,000 T-cells, whereas SAgs stimulate up to 50% of T-cells. The massive production of

cytokines by the T-cells and APCs results in the cytokine storm that typifies TSS.

Cytolysins and PSMs

Another group of secreted S. aureus virulence factors are the cytolysins, which damage host

plasma membranes. The cytolysins include the sphingomyelinase, β-toxin, phenol soluble

modulins (PSMs), and the pore-forming toxins: α-toxin, γ-toxin, Panton Valentine

leukocidin (PVL), LukED, and LukGH/AB [25]. These toxins are known to be hemolytic to

red blood cells, with susceptibility depending on the source of the blood cells. However, this

probably is not their main functions, but instead, they function to kill immune cells influxing

into sites of infection. All pathogenic S. aureus strains encode for one or more cytolysins

[25]; it appears that pathogenic strains must produce at least one major SAg and one major

cytolysin to colonize and cause disease in humans [9].

β-toxin is a neutral sphingomyelinase, and as a member of the DNase I superfamily, folds

into a four-layer sandwich, at the center of which are two β-sheets [26]. The

sphingomyelinase activity allows it to be a “hot-cold” cytolysin capable of lysing blood cells

when incubated at 4 °C after cleaving sphingomyelin at 37 °C. The toxin cleaves

phosphodiesterase bonds, digesting sphingomyelin into ceramide and phosphorylcholine,

along with causing the release of the chemotactic molecule sphingosine-1-phosphate [25].

The reorganization that β-toxin causes within cell membranes suggests it may be causing

cell death by modifying membrane fluidity, and destabilizing bi-layer structure. A possible

alternative is that the formation of large ceramide-rich signaling platforms results in cell

death. In addition to having sphingomyelinase activity, β-toxin also has a biofilm ligase

activity. The biofilm ligase activity is defined by its ability to cross-link in the presence of

DNA [27]. β-toxin has been shown to affect a variety of cell types and is cytotoxic to
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monocytes, polymorphonuclear leukocytes (PMNs), resting lymphocytes, and proliferating

lymphocytes [25, 26].

The cytolysin, α-toxin, has a molecular weight of 33,000 daltons and is primarily made up

of β-sheets. A prepore α-toxin complex is comprised of a group of monomers that assemble

into a homo-heptamer which then matures into a β-barrel transmembrane pore. Formation of

this pore on host cells leads to necrotic cell death [25]. α-toxin is cytolytic at high

concentrations (microgram amounts) and pro-inflammatory at low concentrations

(nanogram amounts) to a variety of mammalian cells such as erythrocytes, monocytes,

epithelial, and endothelial cells [28]; it is the predominant cytolysin produced by S. aureus.

α-toxin is considered to be a critical virulence factor in skin infections, such as furuncles

and soft tissue abscesses in humans, and has been demonstrated to be a key virulence factor

in mouse skin infection and pneumonia models [29]. α-toxin’s expression is increased upon

interaction with epithelial cells and infection in vivo [30].

γ-toxin and leukocidins are bicomponent toxins, made up of two polypeptides each, slow (S)

and fast (F), so named based on electrophoretic mobility. HlgB, the F component, and either

HlgA or HlgC S components, combined together form γ-toxin. PVL is made from the

combination of LukS-PV and LukF-PV, encoded on a bacteriophage. The mature pore of

these pore forming toxins is formed from four S components alternatively arranged with

four F components, maturing into a hetero-octamer to form a β-barrel transmembrane pore.

Human neutrophils are highly susceptible to the cytotoxic effects of the pore forming

cytolysins, γ-toxin and PVL. However, to be cytotoxic to human neutrophils, LukAB/GH

must be present at 100 times the concentration as γ-toxin or PVL [25].

δ-toxin, like other PSMs, is a small amphipathic peptide with an α-helical structure. Its

cytotoxic effects are thought to occur through the formation of transmembrane pores, plasma

membrane destabilization following binding and aggregation at the host cell surface, or as a

detergent at high concentrations to solubilize membranes [31]. Not only is δ-toxin cytotoxic

to erythrocytes and causes membrane damage to a variety of mammalian cells, but it is also

capable to lysing organelles and bacterial protoplasts and spheroplasts [31, 12].

Additionally, PSMs, have pro-inflammatory and chemotactic activities [32]. PSMs

significantly contribute to the virulence of CA-MRSA, and have been shown to enhance

PVL induced lysis of human neutrophils [29].

Outside-In Mechanism of Disease Production

As noted in the introduction, S. aureus causes human diseases, most often initiating disease

production across mucosal and skin barriers. These two barriers are the most important

immune defense mechanisms to prevent most microbes from causing diseases. Pathogens,

such as S. aureus, have developed complex mechanisms to penetrate these barriers,

mechanisms we collectively refer to as “outside-in signaling”. The principal feature of these

mechanisms is interaction with non-standard immune cells, epithelial cells (outside), which

begin a cascade of cytokine/chemokine signals that attract and activate standard immune

cells (in) to disrupt the permeability barrier and facilitate disease production. This

mechanism will be illustrated across the vaginal mucosal barrier as a model (Figure 2), but
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the same model exists to explain S. aureus disease across any mucosal or skin barrier. It is

important to note that S. aureus strains must produce much higher levels of cytolysins for

disease initiation across the difficult skin barrier, compared amounts of cytolysins for

disease initiation across mucosal surfaces. The important non-immune barrier functions of

mucosae require that they be permeable to an extent not required of highly-impenetrable

skin barriers.

TSST-1 was first recognized to interact with epithelial cells to elicit a response through the

outside-in signaling mechanism. The SAg binds through its dodecapeptide region to human

vaginal epithelial cells, possible CD40 or another unknown receptor, stimulating the

production of pro-inflammatory chemokines. Small amounts of cytolysins, particularly α-

toxin, are required to facilitate this process through combinations of their cytotoxic and pro-

inflammatory properties [33, 34]. The chemokines, including IL-8 and MIP-3α, then attract

cells of the innate and adaptive immune systems into the submucosa. These immune cells

become highly-activated, further enhance inflammation, and cause barrier disruption. Indeed

in menstrual TSS, the human vaginal mucosal barrier becomes completely disrupted, and

permeable to TSST-1 during menstrual TSS. At the same time, as TSST-1 penetrates the

barrier into the submucosa, the SAg interacts potently with T-cells and macrophages,

generating the cytokine response that manifests as TSS [35]. Our recent studies show,

through use of TSST-1 mutants altered in mucosal permeability, that the SAg must penetrate

the mucosal barrier to cause disease, but it appears likely that submucosal SAg activities,

rather than systemic activities, are sufficient for TSS production. It is also important to note

that epithelial cells interact with TSST-1 less effectively than T-cells and APCs. This

reduced interaction likely explains why TSS does not occur in all persons, but is primarily

restricted to those individuals with a vaginal mucosal epithelial receptor for TSST-1, who

encounter large amounts of TSST-1, and who lack neutralizing antibodies to the SAg [36–

38].

Subsequent to our studies of the outside-in signaling mechanism in development of

staphylococcal TSS, we have proposed a similar mechanism to explain heterosexual

transmission and production of AIDS in women [39]. In this instance, low-level

inflammation induced by HIV and seminal fluid factors leads to chemokine production by

vaginal epithelial cells. This in turn attracts and activates components of the innate and

adaptive immune systems that lead to barrier disruption and HIV transmission. The presence

of attracted and activated CD4+ T-cells in the vaginal submucosa provide the cells that

become infected with HIV.

It is our ultimate hypothesis that all or nearly all pathogens that cause disease across

mucosal and skin barriers must induce some degree of inflammation through inducing

epithelial cells to produce pro-inflammatory chemokines. Thus, these cells should be

considered components of the innate immune system, where their intent may be to slow

disease production, but counterintuitively, are subverted actually by pathogens to participate

in disease production.
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Figure 1.
Three dimensional structure of TSST-1 as representative of the SAg family. Red amino

acids identify two residues within the MHC II contact site; blue amino acids identify three

residues within the Vβ2-TCR contact site; purple amino acids identify the dodecapeptide

epithelial cells binding site.
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Figure 2.
“Outside-In signaling mechanism for S. aureus (purple) to cause menstrual, vaginal TSS. S.

aureus produces TSST-1 and α-toxin (green pacmen) that are pro-inflammatory for human

vaginal epithelial cells, causing them to produce pro-inflammatory chemokines. The

chemokines attract components of the innate and adaptive immune systems into the

submucosa, disrupting mucosal barrier integrity. Barrier disruption allows TSST-1 to

penetrate and massively stimulate CD4+ T cell and macrophage proliferation. This leads to

production of a cytokine storm, including TNF-α and β, IL-1β, IL-2, IL-6, and interferon γ.

These cytokines are critical in producing the defining criteria of TSS (fever, hypotension,

rash, skin peeling upon recovery, and a variable multi-organ component.
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