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Abstract 

Staphylococcus aureus is a major human pathogen capable of causing various 

diseases, from skin infections to life-threatening pneumonia and toxic shock syndrome 

(TSS). S. aureus exoproteins contribute significantly to S. aureus pathogenesis via 

causing inflammation, tissue disruption, and immune evasion. Antibiotics treat S. aureus 

disease by eliminating bacteria, but provide no protection from S. aureus exoproteins, 

once released. With the emergence of antibiotic-resistant S. aureus, new therapeutic 

options to treat/prevent S. aureus-associated disease are critical. Given most S. aureus 

diseases initiate locally on mucosal surfaces or the skin, it was hypothesized that S. 

aureus exoproteins that have pro-inflammatory and/or cytotoxic effects on epithelial 

cells, contributing directly to S. aureus pathogenesis. Therefore, anti-staphylococcal 

therapies that inhibit toxin production and/or prevent toxin effects on host cells could 

reduce or prevent S. aureus infections. 

A global approach was taken to characterize pro-inflammatory properties of 

exoproteins from two genetically close TSS S. aureus isolates, a pulmonary TSS isolate 

(MNPE) and a menstrual TSS isolate (CDC587), on epithelial cells. Cytolysins, α- and 

γ-toxins, superantigens (SAgs), and staphopain (protease) were determined as the most 

pro-inflammatory (via interleukin-8 [IL-8]) to epithelial cells. MNPE, originating from 

skin, produced large amounts of α-toxin and SAgs, but little other virulence factors, 

whereas CDC587, a mucosal strain, produced γ-toxin, small amounts of α-toxin, and 

large numbers of secreted virulence factors. These findings implied that 

pro-inflammatory S. aureus exoproteins play key roles in environmental selection and 
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disease severity. 

As proof of principle, glycerol monolaurate (GML), a lauric acid monoester 

known to inhibit S. aureus exoprotein production and to have anti-inflammatory effects, 

was compared with its monoether, dodecylglycerol (DDG), as local anti-virulence agents 

to prevent S. aureus disease using a rabbit wiffleball abscess/TSS model. GML, but not 

DDG, significantly decreased TSST-1 and local inflammation (via tumor necrosis 

factor-α [TNF-α]) in the wiffleball and prevented rabbit death from TSS.  

In summary, these studies identified key exoproteins important in S. aureus 

mucosal pathogenesis and determined the potential for anti-toxin agents, such as GML, 

to treat and/or prevent S. aureus diseases. These studies also suggest the addition of 

anti-virulence (toxin) components will improve the effectiveness of antistaphylococcal 

vaccines and immunotherapies. 
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1.1. Overview  

Staphylococcus aureus is a Gram-positive bacterium capable of infecting 

virtually every tissue of the body and causing infections ranging from minor skin 

infections to life threatening infections such as bacteremia, endocarditis, necrotizing 

pneumonia, and toxic shock syndrome (TSS). S. aureus is a major cause of 

healthcare-associated infections accounting for about 500,000 infections in all 

hospitalized patients in U.S. hospitals every year (62% of total hospitalized patients) 

being associated with S. aureus infections [1]. The increasing prevalence of 

antibiotic-resistant S. aureus, most well-known as methicillin-resistant S. aureus 

(MRSA), have emerged as a serious public health issue both in the hospital and 

community settings. MRSA isolates account for more than 60% of nosocomial S. aureus 

infections in the intensive care units [2] and more than 70% of S. aureus skin and 

soft-tissue infections in the community [3]. Patients infected with MRSA are likely to 

have longer durations of hospital stays, higher hospital charges, and higher mortality 

rates than patients infected with methicillin-susceptible S. aureus (MSSA) [4,5]. 

Invasive (severe) MRSA infections alone are estimated to cause approximately 19,000 

deaths in the U.S. annually, which is similar to the total number of deaths due to 

acquired immune deficiency syndrome (AIDS), tuberculosis, and viral hepatitis 

combined [6,7].  

S. aureus produces an array of virulence factors to facilitate its pathogenesis (Fig 

1.1). In particular, a group of S. aureus exoproteins known as superantigens mediate 

toxic shock syndrome (TSS). However, only recently have researchers started to 

recognize the overall importance of staphylococcal exoproteins such as cytolysins and 
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superantigens in the initiation and progression of infections via direct tissue damage to 

mucosal membranes and skin [8,9]. Antibiotics of choice for treating S. aureus-related 

illnesses, β-lactams for MSSA and vancomycin for MRSA, kill the organism by lysis of 

the cell wall or inhibit cell wall biosynthesis, but are not able to inhibit S. aureus 

exoprotein production or neutralize the existing toxins’ effects on host cells. In fact, 

β-lactams may even induce production of cytolysins and other virulence-related 

exoproteins when inadequately used for treating MRSA, which potentially worsens 

clinical outcomes [10]. 

Given the emergence of MRSA and the high mortality associated with S. aureus 

infections, there is a demand for novel antistaphylococcal approaches to manage the 

increasing burden of S. aureus on human health. Due to the important roles of S. aureus 

exotoxins in pathogenesis, a strategy of targeting S. aureus virulence factors (exotoxins) 

to prevent and/or decrease the morbidity and mortality associated with S. aureus 

diseases was proposed. The approach of my thesis research included characterizing the S. 

aureus exoproteins that were most pro-inflammatory and cytotoxic to host epithelial 

cells, to determine the biologically important exotoxins to target, and then determine the 

effects of a fatty acid monoester and monoether on exotoxin production and/or the 

corresponding host inflammatory responses on the progression of S. aureus diseases 

using an in vivo animal model.  

Current knowledge of the relationship between S. aureus disease and secreted 

virulence factors as well as antistaphylococcal treatments, both currently available and 

experimental, are reviewed below. 
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Figure 1.1 Staphylococcus aureus virulence factors. S. aureus cell wall-associated 

virulence factors, including microbial surface components recognizing adhesive matrix 

molecules (MSCRAMMs), capsule, pigment, and protein A, mainly contribute to 

bacterial cell attachment to host tissues and help avoid phagocytosis by host immune 

cells. Secreted virulence factors such as cytolysins, enzymes, and superantigens are 

responsible for damaging host tissues and altering host immune defense. 

 

 

 

Modified from figure 12-3 from Medical Microbiology, 4th Edition by Samuel Baron 
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1.2. Staphylococcus aureus-Associated Diseases 

1.2.1. Healthcare-associated and community-associated S. aureus infections 

S. aureus is the most prevalent cause of nosocomial infections in the U.S., 

accounting for approximately 20% of infections in the hospitals [11]. Due to the frequent 

exposure to antibiotics in the health care setting, the proportion of methicillin-resistant S. 

aureus (MRSA) in the hospitals steadily increased, from about 36% in 1992 to more 

than 60% in 2003 in intensive care unit (ICU) patients [2]. Healthcare-associated MRSA 

(HA-MRSA) primarily affects people who have a compromised immune system and 

people with prior surgery or implanted medical devices, and typically cause septicemia, 

pneumonia, and device-associated infections. HA-MRSA isolates are most frequently 

identified as pulsed-filed gel electrophoresis (PFGE) USA100 and USA200, and most of 

them carry staphylococcal chromosomal cassettes (SCCmec) type I to III, which contain 

mecA, the methicillin-resistant gene that encodes penicillin-binding protein 2a (PBP2a), 

and multiple other antibiotic resistance genes [12]. These HA-MRSA isolates are 

typically resistant to multiple antibiotics, including penicillins, β-lactams, erythromycin, 

clindamycin, fluoroquinolones, and sometimes aminoglycosides.  

S. aureus is also a common cause of skin and soft-tissue infections (SSTIs) in the 

community. MRSA has been traditionally associated with hospitals; however, since the 

late 1990s there have been increasing reports of MRSA infections in people with no 

contact with the health care system or pre-defined risk factors for HA-MRSA. These 

MRSA isolates were therefore referred to as community-associated MRSA (CA-MRSA). 

The prevalence of MRSA in the community is only approximately 1% according to a 

national nasal colonization survey by Center for Disease Control and Prevention (CDC) 
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[13]. However, CA-MRSA strains are virulent and emerging as a major cause of severe 

SSTIs and necrotizing pneumonia (less frequent) in the community [12]. A study by 

Moran and colleagues where cultures from adult patients with purulent SSTIs were 

collected in 11 emergency departments across the U.S. in 2004 indicated that S. aureus 

was responsible for 76% of the SSTIs and 78% of these S. aureus isolated were MRSA 

(about 60% of all infections) [14]. Epidemiological evidence indicated that CA-MRSA 

isolates are distinct from HA-MRSA isolates in many ways [12]. CA-MRSA isolates are 

most frequently identified as PFGE USA300 and USA400. Most of them carry SCCmec 

type IV or V and are susceptible to most antibiotics except β-lactams and erythromycin 

[12]. However, these CA-MRSA isolates have started to spread into hospital settings; 

therefore, USA300 and USA400 are emerging as major causes of HA-MRSA infections 

[1,6,15,16]. Furthermore, it is no surprise that the SCCmec pattern difference in 

HA-MRSA and CA-MRSA are also becoming less distinct due to the clonal blending 

[16,17]. 

In addition to the difference in demographic distribution and antibiotic 

susceptibilities, HA-MRSA and CA-MRSA isolates have distinct exotoxin profiles, 

which have been associated with their genetic backgrounds. For example, 

Paton-Valentine leukocidin (PVL) is epidemiologically associated with CA-MRSA 

isolates [17]. Certain superantigens, i.e. staphylococcal enterotoxin B (SEB) and SEC, 

have also been associated with CA-MRSA; however, there are large variations in the 

prevalence of these superantigens in the epidemiological studies [12,17,18].  

The differences between HA-MRSA and CA-MRSA are summarized in Table 1.1. 

Generally speaking, MRSA strains are not considered to be more virulent than their 
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methicillin susceptible S. aureus (MSSA) counterparts. However, it is possible that the 

acquisition of antibiotic resistant mechanisms indirectly influences the secretion of 

toxins in certain strains, which may result in more virulent MRSA isolates.  
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Table 1.1 General differences between healthcare-acquired and 

community-associated methicillin resistant S. aureus (A historical perspective) 

 
Healthcare-associated 

 

Community-associated 

 

Genotypes a 

 

USA100, USA200e 

 

USA300, USA400 
 

SCCmec b 

 

I-III (34-67 kbp) 
 

IV, V (21-24kbp) 
 

 

Antimicrobial 

Resistance c 

 

 
 

multi-drug resistant (penicillins, 

β-lactams, erythromycin, 

clindamycin, and fluoroquinolones 

resistance; ± aminoglycosides) 

only resistant to penicillins, 

β-lactams, erythromycin; ± 

fluoroquinolones and 

clindamycin (inducible) 

PVL d - + 
 

Risk factors 

 

 

 
 

People who have had surgery or 

medical devices; elderly; people 

with weakened immune system; 

and patients undergoing kidney 

dialysis 

 

close person-to-person 

contact 

 

 
 

Infections 

 

Urinary tract infection; surgical site 

infection; pneumonia 

Skin and soft-tissue 

infections; necrotizing 

pneumonia (rare) 

References: [12,17] 
a Genotyping based on PFGE pattern is a method developed by Center for Disease Control and 

Prevention (CDC) [19]. 
b Staphylococcal chromosomal cassette, which contains the methicillin-resistant gene, mecA. 
c <80% susceptible to the antibiotic are considered as resistant; 80-90% susceptible are 

considered “±” 
d Panton-Valentine leukocidin 
e USA200 is also the most common (methicillin sensitive) S. aureus in the community. 
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1.2.2. Staphylococcal Toxic Shock Syndrome (TSS) 

Superantigens (SAgs) are a group of S. aureus exotoxins capable of inducing 

human diseases independent of the presence of the organism at that specific anatomical 

location. Greater than 20 different SAgs have been identified from S. aureus isolates, 

including staphylococcal enterotoxins (SEs), enterotoxin-like proteins (SE-ls), and 

TSST-1. More than 60% of clinical S. aureus isolates carry at least one superantigen 

[20,21]. These SAgs are able to activate T lymphocytes and antigen presenting cells 

(APCs) such as macrophages or dendritic cells nonspecifically, by cross-linking Vβ 

regions of the T-cell receptor (TCR) and major histocompatibility complex (MHC) class 

II molecules of the APCs in a non-antigen specific manner (Figure 1.2) [22]. As a result, 

SAg are able to activate 5-30% of T-cells (compared to 0.01% by a normal antigen), 

which induces a massive release of cytokines and chemokines from both T cells and 

APCs and causes the symptoms observed in staphylococcal TSS [22]. Clinical features 

of TSS include fever (≥38.9˚C), rash, late desquamation of the palms of the hands and 

feet (1-2 weeks after disease onset), hypotension, and multi-organ dysfunction, which is 

acute and potentially life-threatening (Table 1.2).  

Based on the site of infection, TSS can be divided into two categories, menstrual 

and non-menstrual TSS. Menstrual TSS usually occurs within 2 days after the initiation 

of menstruation or within 2 days after menstruation, and it is associated with tampon 

usage in women vaginally colonized by SAg-producing S. aureus. TSST-1 is responsible 

for more than 90% of menstrual TSS [23]. Non-menstrual TSS occurs as a complication 

of S. aureus infections after surgical procedures, burns, or post-influenza pneumonia. 

TSST-1 is responsible for approximately half of non-menstrual TSS cases, and 
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staphylococcal enterotoxin C (SEC) and SEB are responsible for the majority of the 

remaining cases [9,23]. The prevalence of the TSST-1 gene (tst) is about 25% in all 

clinical isolates, but is carried by more than 80% of USA200 isolates, where as, the 

prevalence of SEB and SEC is only about 10% in clinical isolates, with USA400 isolates 

producing either SEB or SEC [24].  

Absence or an insufficient amount of neutralizing antibodies is a risk factor for 

TSS; therefore, children and young women are especially at risk of developing TSS. The 

incidence of menstrual TSS is estimated to be approximately 1 per 100,000 women of 

menstrual ages (15-44 years old) in the U.S. [25]. A surveillance study conducted by 

Schlievert and colleagues in the Minneapolis-St. Paul area during 2000-2003 suggested a 

local increase of TSS (including both menstrual and non-menstrual TSS), which rose 

from 0.9 (in 2000) to 3.4 (in 2003) cases per 100,000 women of menstrual age per year 

[26]. Based on a study comparing SAg profiles of S. aureus vaginal colonizing isolates 

from 1980 and 1981 to 2003-2005 in the Minneapolis-St. Paul area, the increased 

incidence of TSS in the above study was most likely due to the increase in the 

prevalence of vaginal S. aureus (from 12% to 23%) or non-menstrual associated TSS 

cases, instead of an increasing proportion of TSST-1+ isolates in vaginal colonization 

strains [21]. A French surveillance study collecting of 55 TSS cases over 30 months 

during 2003 to 2006 suggested that non-menstrual staphylococcal TSS are associated 

with more severe neurological disorders and higher mortality rates, and non-menstrual 

staphylococcal TSS may be more prevalent than menstrual TSS [27]. Since the diagnosis 

of TSS relies on clinical symptoms, which may vary due to patient sensitivity and/or 

other under underlying conditions, the prevalence of TSS may be under-reported. 
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Figure 1.2 Superantigen mechanism of action.  Superantigens bind to major histocompatibility complex (MHC) class II molecules 

of antigen presenting cells (i.e. macrophages) and Vβ region of T-cell receptor in a non-antigen specific manner, which leads to 

massive release of cytokines and chemokines, as well as, the clonal expansion of certain clonal types of T-cells. 
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Table 1.2 CDC case definition of staphylococcal toxic shock syndrome (TSS)  

Criteria Definition 

Clinical  

Fever Temperature greater than or equal to 102.0°F (≥ 38.9°C) 

Rash Diffuse macular erythroderma 

Desquamation 
1-2 weeks after onset of illness, particularly on the palms and 

soles 

Hypotension 

 

 

 

Systolic blood pressure ≤ 90 mm Hg for adults or < 5th percentile 

by age for children aged < 16 years; orthostatic drop in diastolic 

blood pressure ≥15 mm Hg from lying to sitting, orthostatic 

syncope, or orthostatic dizziness 

Multisystem involvement ( ≥ 3 organ systems) 

Gastrointestina

l 
Vomiting or diarrhea at onset of illness 

Muscular 

 

Severe myalgia or creatine phosphokinase level at least twice the 

upper limit of normal 

Mucosal  

 

Mucous membrane: vaginal, oropharyngeal, or conjunctival 

hyperemia  

Renal 

 

 

 

Blood urea nitrogen or creatinine at least twice the upper limit of 

normal for laboratory or urinary sediment with pyuria (≥ 5 

leukocytes per high-power field) in the absence of urinary tract 

infection 

Hepatic 

 

 

Total bilirubin, alanine aminotransferase enzyme, or spirate 

aminotransferase enzyme levels at least twice the upper limit of 

normal for laboratory  

Hematologic Platelets < 100,000/mm3 

Central nervous 

system 

Disorientation or alterations in consciousness without focal 

neurologic signs when fever and hypotension are absent 

(cont’d next page) 
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Table 1.2 CDC case definition of Staphylococcal toxic shock syndrome (TSS) 

(Cont’d) 

Criteria Definition 

Laboratory 

Culture 
If obtained, negative results on blood, throat, or cerebrospinal fluid 

cultures (blood culture may be positive for Staphylococcus aureus)

Titer 
If obtained, no rise in titer to Rocky Mountain spotted fever, 

leptospirosis, or measles  

Case 

classification 
 

Probable 

 

A case which meets the laboratory criteria and in which four of the 

five clinical findings described above are present 

Confirmed 

 

 

A case which meets the laboratory criteria and in which all five of 

the clinical findings described above are present, including 

desquamation, unless the patient dies before desquamation occurs  

Source: http://www.cdc.gov/ncphi/disss/nndss/print/toxic_shock_syndrome_current.htm 
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1.3. S. aureus Pathogenesis 

S. aureus is equipped with an array of functional, diverse and redundant cell 

wall-associated and secreted virulence factors to facilitate its pathogenesis, mainly by 

attaching to host tissue, avoidance of host immune clearance, and invading or destroying 

host cells to gain access to nutrients and to disseminate. Most S. aureus infections 

initiate at mucosal surfaces or skin, which proceed to invasive diseases, the exception 

being those seeded into the blood stream by invasive medical devices. Therefore, 

mucosal surfaces and the skin are where most S. aureus virulence factors are produced. 

The biological functions and putative roles of these staphylococcal virulence factors in S. 

aureus pathogenesis are discussed below. 

 

1.3.1. Cell wall-associated virulence factors 

S. aureus cell wall-associated virulence factors include capsular polysaccharides 

(CP), staphyloxanthin (carotenoid pigment), and a group of proteins known as microbial 

surface components recognizing adhesive matrix molecules (MSCRAMMs). 

CP are produced by about 90% of clinical isolates, and two serotypes, CP5 and 

CP8, account for approximately 75% of isolates recovered from humans [28]. The main 

function of capsules in staphylococcal virulence is to impede phagocytosis by 

neutrophils, but it has also being shown to enhance bacterial colonization and 

persistence on mucosal surfaces [28]. S. aureus golden pigment, staphyloxanthin, also 

functions to resist killing by neutrophils (reactive oxidant-based phagocytosis) [29]. 

Inhibition of staphyloxanthin biosynthesis allows S. aureus to become more vulnerable 
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to the innate immune clearance, and resulted in a significant reduction of S. aureus 

bacterial load in the kidney in a mouse model with intraperitoneal bacteria challenge 

[29]. 

MSCRAMMs such as clumping factors (Clf), fibronectin-binding proteins 

(FnBP), collagen adhesin, and protein A play important roles in microbial adhesion to 

host proteins (i.e. fibronectin, fibrinogen, and collagen) and establish the first step of an 

infection. These proteins also prevent the organism from recognition by the host immune 

system [24]. For example, Clf and FnBP are able to cause platelet activation, which 

results in clotting. Protein A binds to the Fc portion of immunoglobulin to prevent 

opsonization.  

 

1.3.2. Secreted virulence factors 

In contrast to the protective/passive role of cell wall-associated virulence factors, 

secreted S. aureus virulence factors play active roles in disarming host immunity by 

interfering with host immune system and disrupting host cells and tissues to release 

nutrients and facilitate bacteria dissemination. The secreted virulence factors are 

comprised of four main categories: SAgs, pore-forming toxins, various exoenzymes, and 

miscellaneous proteins. Table 1.3 lists S. aureus secreted virulence factors that may play 

important roles in S. aureus pathogenesis. 

The global characterization and determination of the key secreted virulence 

factors important to the initiation and dissemination of S. aureus mucosal infections is a 

key focus of this thesis.  
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Table 1.3 Secreted S. aureus virulence factors 

Secreted virulence factor Putative function 

Toxic shock syndrome toxin 1 (TSST-1); Staphylococcal 

enterotoxins (SEs); SE-like toxins (SEls) 
 

Activate T-cells and macrophages 

Cytolysins (α-, β-, γ-, δ-toxins); Phenol-soluble modulin-like 

peptides (PSMs); Leukocidins (PVL, LukD/E) 
 

Induce apoptosis (at low conc.) and lysis of various cell types, 

including erythrocytes, lymphocytes, monocytes, epithelial cells, 

etc.; target specificity varies 

Lipase 
 

Inactivate fatty acids 

Hyaluronidase 
 

Degradation of hyaluronic acid 

Serine proteases; Cysteine proteases (including staphopain); 

Aureolysin 
 

Inactivate neutrophil proteolytic activity; inactivate antimicrobial 

peptides 

Staphylokinase (Sak) 
 

Plasminogen activation; Inactivate antimicrobial peptides 

Exfoliative toxins (ETs) 
 

Act as serine proteases; Activate T-cells 

Chemotaxis inhibitory protein of S. aureus (CHIPS); 

Staphylococcal inhibitor of complement (SCIN) 
 

Inhibit complement 

Staphylococcal superantigen-like proteins (SSLs); 

Exotoxins; Extracellular adherence protein (Eap) 

Inhibit complement C5 and IgA; Inhibit neutrophil migration 
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1.3.2.1. Superantigens (SAgs) 

As mentioned previously, SAgs are a large family of toxins, capable of activating 

T-cells and APCs in a non-antigen specific manner, resulting the secretion of high levels 

of cytokines and chemokines. Each SAg activates different T-cell Vβ subtypes, and 

some of them are naturally low in abundance. The skewed distribution of T-cell subtypes 

induced by SAgs may alter immune tolerance status and trigger autoimmune disorders 

[30]. SAgs can also serve as allergens to stimulate IgE production (via T-cell dependent 

B-cell activation), mast cell activation, and local inflammation [31]. Additionally, SAgs 

have also been shown to induce steroid resistance via activating mitogen-activated 

protein kinase cascades and inducing expression of glucocorticoid receptor GRβ [32,33]. 

Therefore, SAgs have also been associated with autoimmune diseases such as Kawasaki 

syndrome, rheumatoid arthritis, psoriasis, and atopic dermatitis, rhinitis, and asthma [31]. 

Table 1.4 is a short list of diseases that have been associated with SAgs. For most of 

these diseases, the mechanism of SAg involvement has not been characterized. However, 

there is no doubt that these toxins function (in many ways) to disturb host immune 

response to ensure the survival and persistence of S. aureus in host niches. 

SAgs may also have direct effects on other cells to facilitate S. aureus 

pathogenesis on mucosal surfaces or skin. TSST-1 was determined to have 

dose-dependent pro-inflammatory and cytotoxic effects on endothelial cells, which may 

facilitate capillary leakage and cause TSS [34]. TSST-1 is also pro-inflammatory to 

epithelial cells, which stimulates recruitment of neutrophils that may lead to tissue 

destruction and increased permeability of the mucosal tissue [35]. Mice respond 
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superantigenicity to TSST-1, yet do not develop TSS [36]. This indicates the importance 

of SAgs in acute S. aureus pathogenesis independent of their superantigenicity. TSST-1 

is responsible for almost all menstrual TSS as it is able to penetrate the vaginal mucosa 

better than other superantigens, and due to it own proinflammatory and cytotoxic effects 

on the vaginal mucosa, which is composed of a thick (10 to 30 cells) epithelial layer.  

SAgs are also pyrogenic and capable of enhancing sensitivity of rabbits to 

endotoxin (lipopolysaccharides). Therefore, they have been suggested to play a role in 

sepsis where a person may become infected with Gram-negative and S. aureus 

organisms [37]. Some SAgs, namely staphylococcal enterotoxins (SEs), can also induce 

emesis and diarrhea when ingested and SEs are a common cause of food poisoning, 

where SE-induced inflammation in abdominal viscera has been suggested to induce the 

symptoms [37]. However, no intestinal epithelial receptor for SEs has been identified.  



 

 19

Table 1.4 Clinical human diseases associated with superantigen(s) 

Disease References

Toxic shock syndrome [38] 

Food poisoning [38] 

Sepsis [38,39] 

Recalcitrant, erythematous, desquamating disorder (in AIDS 
patients) 

[40] 

Neonatal TSS-like exanthematous disease [41] 

Sudden infant death syndrome  [42] 

Kawasaki disease [43,44] 

Purpura Fulminans [45] 

Nasal polyp [46] 

Allergic asthma [47] 

Atopic dermatitis [48,49] 

Psoriasis [50] 

Eczema [47] 
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1.3.2.2. Cytolytic toxins 

S. aureus secrete a large number of cytolytic toxins, including cytolysins (α-, β-, 

γ-, and δ-toxins), leukocidin family toxins (Leukocidin, LukD/E, LukM, and 

Panton-Valentine leukocidin, PVL), and phenol-soluble modulins (PSMs). Although 

these toxins are structurally diverse and have various target specificity (i.e. erythrocytes, 

leukocytes, and epithelial cells), their function on host cells is similar. They form pores 

in the membranes of target cells and cause leakage (osmotic swelling) and inflammation 

of the cells at low doses, and cell lysis at high doses. 

Alpha-toxin (α-toxin) is the most well characterized cytolysin. The gene 

encoding α-toxin, hla, is carried by virtually all clinical isolates; however, some strains, 

mostly vaginal TSS isolates, do not produce grossly detectable α-toxin due to a silencing 

point mutation in the gene structure (pseudogene), which prevents it from being 

translated [37,51,52]. α-Toxin is secreted as a water-soluble monomer by S. aureus and 

engages surface receptors of sensitive host cells (such as erythrocytes, lymphocytes, 

macrophages, and epithelial cells), where they assemble into cylindrical heptamers (1-2 

nm wide) in cell membranes [37]. The structure of the matured β-barrel pore-forming 

toxin is shown in Figure 1.3. α-Toxin has wide-spectrum of activity against various cells, 

including erythrocytes, leukocytes (i.e. monocytes, macrophages and 

polymorphonuclear [PMN] cells), platelets, epithelial cells, and fibroblasts [53]. The 

toxin has been shown to be hemolytic, dermonecrotic, neurotoxic, and lethal when 

injected intravenously. α-Toxin was also indicated to induce apoptosis in various cell 

types, including endothelial cells, peripheral blood mononuclear cells, and T-cells 
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[54-56]. However, the significance of α-toxin in human disease has not been 

conclusively established; α-toxin is highly dermonecrotic in human and is thus linked to 

furuncles [37]. Bubeck Wardenburg and Schneewind [8] successfully demonstrated the 

role of α-toxin in necrotic pneumonia in a murine model. The mortality rate of mice 

challenged with high dose (~108 colony forming units [CFU]) of CA-MRSA isolates 

were shown to be correlated with the concentration of α-toxin secreted by the strains. In 

addition, mice with α-toxin-specific antibodies were protected from lung tissue damage 

and death from pneumonia despite no significant change (~ 1-log decrease) in bacterial 

load in the lung tissues. Brosnahan and colleagues [9] demonstrated that the 

pro-inflammatory activity of low concentrations (5 μg/ml) of α-toxin to epithelial cells 

can increase mucosal permeability and significantly facilitate TSST-1 penetration 

through the multi-layered vaginal mucosa in a porcine vaginal tissue model that 

physiologically resembles human vaginal mucosa [9].  

β-Toxin (sphingomyelinase C) is the only cytolysin with a known enzymatic 

mode of action, which is to specifically hydrolyze its target, sphingomyelin [57,58]. 

Therefore, the sensitivity of human cells to the toxicity of β-toxin depends upon the 

distribution of sphingomyelin on the membrane. β-Toxin is cytotoxic to monocytes, 

erythrocytes, neutrophils, and lymphocytes (especially proliferating T-cells) [57]. 

β-Toxin was shown to be a major factor in S. aureus contributing to toxicity of 

(immortalized) human T-cells [59]. A recent study by Tajima et al. indicates that the 

toxin may also contribute to S. aureus immune invasion by inhibiting the production of 

endothelial interleukin-8 (IL-8), which activates neutrophil transmigration [60]. 
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Cytolysin γ-toxin and the leukocidin family, including PVL, leukocidin E/D, 

leukocidin M/F-PV, are bi-component toxins. Each of these toxins is composed of two 

separately secreted proteins, referred to as fast-eluting (F) and slow-eluting (S) 

components. Amino acid sequences of the S-components (HlgA, HlgC, LukM, LukE, 

LukS-PV) and F-components (HlgB, LukD, LukF-PV) of these bi-component toxins 

share approximately 70% (ranging 55-81%) sequence identity within groups (S or F) 

and 30% between groups (S vs. F) [53,61]. These subcomponents (S or F proteins) alone 

do not have biological activity, but they can assemble with one anther (S+F) to into 

heptamers (with stoichiometry of 3:4 or 4:3) or hexamers (3:3). These β-barrel structures 

are similar to α-toxin (although the pore is up to 10% larger than α-toxin). γ-Toxin 

(composed of HlgA or HlgC, and HlgB) lyses both leukocytes and erythrocytes, while 

PVL (composed of LukS-PV and LukF-PV) is more toxic to leukocytes than red blood 

cells [61]. Other combinations of bi-component toxins have various levels of hemolytic 

and leukocytic activity. These toxins were also shown to induce different levels of 

inflammatory reactions when injected into the rabbit eye vitreous humor [62] and rabbit 

skin [63]. γ-Toxin is produced by more than 90% of clinical isolates, whereas PVL (<5%) 

and other leukocidins such as LukE/D (~30%) are much less prevalent [24]. LukM/F-PV 

is seldom isolated from human clinical isolates [53]. 

Although only detected in less than 5 % of clinical isolates, PVL is 

epidemiologically associated with CA-MRSA isolates [64]. However, whether or not 

PVL is responsible for the virulence of CA-MRSA isolates is still in debate due to 

conflicting results in animal models. Labandeira-Rey et al. indicated that PVL is 
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sufficient to cause necrotizing pneumonia by comparing clinical pneumonia strains, 

isogenic PVL-positive and PVL-negative research S. aureus strains, and purified PVL in 

a mouse pneumonia model [65]. Voyich and colleagues, however, concluded that PVL is 

not an important virulence factor based on their observation comparing PVL-positive 

strains to genetically close PVL-negative isolates and their own isogenic PVL knockout 

strains in murine sepsis and abscess models; the PVL-positive and PVL-negative strains 

were comparable at the levels of mortality and skin damage [66]. Given that mouse 

leukocytes are not as sensitive to PVL as rabbits and humans [67], it is possible that the 

discrepancy observed from the above studies was actually due to other functionally 

similar virulence factors produced by the selected strains and not PVL. Presently, 

whether or not PVL, as well as other cytolysins, play clinically relevant roles in S. 

aureus etiology in humans remains to be determined.  

δ-Toxin is a single 26-amino-acid α-helix peptide, which is capable of lysing 

human erythrocytes, neutrophils, as well as various mammalian cells via its amphipathic 

(surfactant) activity [37]. δ-Toxin also serves as the effector protein of the accessory 

gene regulator (Agr), which is a S. aureus global virulence regulatory system (which 

will be discussed below). The toxin is produced by 97% of S. aureus isolates. The role of 

δ-toxin in S. aureus pathogenesis remains unclear. However, a recent study by Wang et 

al. suggested that δ-toxin and other PSMs, may be partially responsible for the virulence 

of CA-MRSA isolates [68]. The authors determined that CA-MRSA isolates produce 

high amounts of PSMs (including δ-toxin) and isogenic PSM deletion strains were less 

virulent than their parental strains in mouse bacteremia and skin infection models [68].  
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Figure 1.3 Ribbon diagrams of the α-toxin heptamer structure (A) Top down view, 

(B) side view. The β-barrel pore-forming structure is the assembly of 7 soluble 

monomer secreted by S. aureus on the cell membranes. The α-toxin is the archetype of 

leukocidin family pore-forming toxins. [Protein data bank (PDB) ID: 7AHL] 
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1.3.2.3. Exoenzymes 

S. aureus secrete multiple extracellular enzymes, including a glycerol ester 

hydrolase (lipase), a nuclease, a hyaluronidase, staphylokinase, and multiple proteases, 

including serine proteases, cysteine proteases, aureolysin (metalloenzymes), and 

staphopain, which presumably function to disrupt host tissues and/or inactivate host 

antimicrobial mechanisms such as lipids, defensins, antibodies, and complement 

mediators and thereby facilitate bacterial dissemination. The clinical significance of 

these enzymes has not been well-characterized. 

Staphylokinase activates plasminogen into plasmin, a broad-spectrum proteolytic 

enzyme, to avoid opsonization (via cleavage of human IgG and C3b from bacterial 

surface) and to facilitate bacterial penetration, and staphylokinase also destroys the 

antibacterial effect of α-defensins (secreted by neutrophils) to avoid host innate immune 

[70,71]. Other multiple extracellular enzymes secreted by S. aureus, including serine-, 

cysteine-proteases and metalloenzymes, also have a wide range of pathogenic potentials. 

These enzymes are insensitive to most human plasma protease inhibitors and are even 

able to inactivate some of them (e.g., staphopain A and V8 protease inactive plasma 

α1-proteinase inhibitor, a potent neutrophil elastase inhibitor, and result in deregulation 

of neutrophil-derived proteolytic activity) [72]. V8 protease (a serine protease) and 

aureolysin can cleave human immunoglobulin, as well as FnBP and other bacterial cell 

surface proteins [73]. Staphopain A possesses elastolytic activity against elastin in 

connective tissues, which is not an observed activity for V8 protease or aureolysin. 

However, these proteases require proteolytical processing by one another to be activated; 
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therefore, it is difficult to demonstrate unambiguously the importance of any particular 

proteases as a virulence factor [72].  

Exfoliative toxins (ETA and ETB) are also a type of serine proteases (although 

not as prevalent as other extracellular proteases). Different from other proteases, ETs 

have been indicated as major toxins responsible for bullous impetigo and staphylococcal 

scalded skin syndrome [74]. These toxins target a particular protein on the skin known 

as desmoglein 1 and results in the separation of epidermal tissues layers.  

 

1.3.2.4. Miscellaneous proteins 

S. aureus also secrete various proteins, including chemotaxis inhibitory protein 

of S. aureus (CHIPS), staphylococcal inhibitor of complement (SCIN), extracellular 

adherence protein (Eap), and staphylococcal superantigen-like (SSL) proteins. 

Biochemical functions of these newly identified proteins indicate that they may play 

some roles in S. aureus pathogenesis, especially innate immune evasion; however, the in 

vivo roles of these proteins during infections are still largely un-characterized. 

SCIN is a C3 convertase (complement) inhibitor, blocking the formation of C3b 

on the surface of the bacterium and inhibiting phagocytosis by human neutrophils [75], 

while CHIPS binds to the C5a receptor and formyl peptide receptor on the neutrophils to 

inhibit complement and neutrophil migration [24]. 

Eap is a MHC class II analogous protein. This protein putatively plays multiple 

roles in S. aureus pathogenesis, including facilitating adherence and internalization of S. 

aureus to epithelial cells, endothelial cells, and fibroblasts, blocking neutrophil 
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recruitment by binding to host adhesion protein intercellular adhesive molecule 1 

(ICAM-1), inducing T-cell apoptosis, and inhibiting T-cell proliferation [76]. 

More than 10 SSLs have been identified, based on their structure similarity to 

SAgs. SSLs do not have superantigenicity but rather display a wide array of activity 

targeting key elements in the innate immune system. For example, SSL7 binds to IgA 

and complement factor C5. SSL5 and SSL11 are inhibitors of neutrophil adherence [77]. 

However, most of them remain to be characterized. 

 

1.3.3. S. aureus virulence regulatory systems 

The diversity and functional redundancy of S. aureus virulence factors play 

important roles in the fitness and disease causation of S. aureus in the host. As a result, 

eliminating one virulence factor does not usually result in a significant reduction of S. 

aureus virulence and thereby makes analysis of the roles of individual virulence factors 

in S. aureus pathogenesis difficult. SAgs (in TSS and food poisoning), exfoliative toxins 

(in staphylococcal scalded skin syndrome) and cytolysins are a few toxins that have been 

determined to be sufficient to provoke staphylococcal disease. To enable S. aureus to 

produce virulence factors only during certain growth or environmental conditions, 

proper regulation of virulence factors is important. Mutations in virulence regulatory 

systems, which coordinate virulence factor production in response to environmental 

signals, results in significantly less virulent strains [78]. 

Most cell wall-associated S. aureus virulence factors are expressed during the 

exponential growth phase in vitro, while secreted S. aureus virulence factors are 
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typically expressed during late-logarithmic to stationary growth phase. The regulation of 

these virulence factors are controlled by multiple global regulator systems, including 

two-component systems, DNA-binding proteins, and quorum-sensing systems based on 

bacterial density and environmental factors such as oxygen and carbon dioxide 

concentrations, temperature, and pH [79].  

The accessory gene regulator (Agr) is one of the most well-studied 

staphylococcal virulence regulator systems. Agr is a two compartment quorum sensing 

system, which controls the production of most S. aureus virulence factors. Agr is 

transcribed by two adjacent promoters, promoter 2 (RNAII) and 3 (RNAIII). RNAII 

encodes Agr structural proteins, AgrBDCA, and RNAIII encodes δ-toxin, and RNAIII is 

the effector molecule of Agr. Agr B (a transmembrane protein) and AgrD (a propepetide) 

constitute a quorum-sensing system. AgrC is the transmembrane sensor histidine kinase 

(a receptor for the mature form of AgrD, autoinducing peptide [AIP]) and AgrA function 

as the response regulator. Agr controls the expression of most virulence factors via 

transcriptional and translational regulation. When bacteria reach late logarithmic and 

stationary phases, an accumulation of AIP increases transcription of RNAIII, which in 

turn increases the production of secreted exotoxins and decreases the expression of 

MSCRAMMs [80]. Agr has been indicated to play a role in S. aureus intracellular 

replication and release from epithelial cells [81].  

Another well-characterized pleiotropic virulence regulator is SarA of the 

staphylococcal accessory regulator (sar) family. SarA is a DNA-binding protein, which 

regulates the transcription of agr by binding to agr P2 and P3 promoter. SarA 
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transcriptional regulation is complex, mediated by three promoters: SarA can autoinduce 

its own gene expression by binding to promoter P1, while P3 is dependent on σB, a 

regulator of S. aureus stress response. P2 appears to be silent in vitro but is activated in 

vivo. Environmental factors that affect SarA are not clear yet. Other members in the 

family include Sar R, -T, -U, -S, and Rot (repressor of toxins), which were shown to 

directly or indirectly interact with SarA (and other Sar family members) and agr to 

regulate virulence factors [78].  

Other S. aureus global regulators include the staphylococcal accessory element 

(sae), autolysis related locus (arl), and the staphylococcal respiratory response (srrAB) 

system. Sae activates γ-toxin, and the regulation appears to be independent of agr and 

SarA [82]. Arl down-regulates agr and up-regulates sarA. Arl’s ability to down-regulate 

virulence factors such as α-toxin (hla), serine protease (ssp), and protein A (spa) is agr 

and SarA dependent [83]. SrrAB, on the other hand, inhibits the expression of agr 

RNAIII, TSST-1(tst), and protein A (spa) under microaerobic conditions (1-2% O2) [84]. 

These S. aureus virulence factor regulatory systems orchestrate delicately to control the 

expression of S. aureus virulence factors. 
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1.4. Antistaphylococcal Therapies 

As reviewed above, diseases associated with S. aureus are mostly attributed to 

the accumulation of S. aureus toxic by-products (i.e. toxins) at the infection site or 

throughout the body (systemic). However, current antistaphylococcal regimens 

(antibiotics) focus mainly on the elimination of the infecting organism from the body, 

but not on the bacteria/host interactions (local and/or systemic) as a way to prevent or 

reduce the severity of disease. The section below briefly reviews current 

antistaphylococcal therapies, focusing on their known effects on S. aureus virulence, as 

well as experimental vaccines and immunotherapies under investigation to prevent 

and/or treat S. aureus disease. 

 

1.4.1 Antibiotics 

Antibiotics target multiple pathways that are essential for bacterial survival 

including bacterial cell-wall synthesis (i.e. β-lactams, glycopeptides), folic acid 

metabolism (sulfonamides), and bacterial protein synthesis (i.e. macrolides, 

lincosamides, and aminoglycosides). As an extension of its ability to adapt to ecological 

niches, S. aureus is excellent in developing resistance mechanisms to antibiotics, either 

by acquiring genes encoding enzymes that inactivate the antibiotics (penicillinases and 

aminoglycoside-modification enzymes), altering target molecules (PBP2a of MRSA and 

D-ala-D-Lac of peptidoglycan precursors of vancomycin-resistant S. aureus), limiting 

access of the antibiotics to their targets via thickening of the cell wall structures 

(vancomycin and possibly daptomycin), and/or increasing active efflux of the antibiotic 
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from inside the cell (fluoroquinolones and tetracycline), to ensure its survival [85].  

β-lactams are first-line therapy for S. aureus infections. β-lactam antibiotics bind 

to proteins known as penicillin-binding-proteins (PBP) and inhibit cell wall biosynthesis. 

However, sub-growth inhibitory concentrations of β-lactams were shown to induce 

significantly the expression of α-toxin by S. aureus up to 30-fold in vitro [10]. This 

observation implies that inadequate use of β-lactams, for example in the case of MRSA 

infections, may enhance tissue damage associated with the infection by increased 

production of α-toxin. In contrast, vancomycin, the current drug of choice for MRSA 

infections, has no effect on virulence factors [10]. Vancomycin inhibits bacterial cell 

wall biosynthesis by forming complexes with D-ala-D-ala portion of peptide precursor 

unit to prevent the cross-linking of the cell wall peptidoglycan. Given vancomycin binds 

directly to the cell wall compared to inhibition of cross-linking enzymes β-lactams, there 

is no cross-resistance between the two antibiotics [86]. Both β-lactams and vancomycin 

are more effective in actively growing bacteria. 

Antibiotics that inhibit protein synthesis are known to have some degree of 

anti-virulence effects. Macrolides reversibly bind to 23S ribosomal RNA (rRNA) of the 

50S subunit of bacterial ribosome inhibiting RNA-dependent protein synthesis. Using 

α-toxin expression as a surrogate, clindamycin (a lincosamide) at sub-growth inhibitory 

concentrations was able to inhibit almost completely the translation of α-toxin, while 

subinhibitory concentrations of erythromycin (a macrolide) or aminoglycosides only 

partial reduced α-toxin expression [87,88]. Another study monitoring the expression of 

PVL showed similar conclusions [10]. Linezolid (an oxazolidinone), a new synthetic 
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protein inhibitor that binds to the 50S ribosome to prevent the formation of the 70S 

initiation complex, is also capable of repressing toxin production similar to clindamycin, 

and has been reported to treat a staphylococcal TSS case with good therapeutic outcome 

[10,89]. In addition, tetracyclines and macrolides have been known for their 

anti-inflammatory effects in vitro and in vivo, independent to their antimicrobial effect 

[90,91]. Doxycycline (a tetracycline) was shown to inhibit SAg-induced T-cell 

proliferation and cytokine and chemokine production (by PMNs) in vitro [92]. Therefore, 

these antibiotics, especially tetracyclines, may be beneficial in the treatment of TSS and 

SSTIs caused by CA-MRSA. 

 

1.4.2 Anti-toxin (virulence) Agents 

A few therapeutic agents are known to have anti-toxin effects for S. aureus 

exotoxins, including intravenous immunoglobulin (IVIG), monoester glycerol 

monolaurate (GML) (in development as a topical antimicrobial agent), and soluble Vβ 

peptides that block the binding of SEB on T-cell receptors. 

Intravenous immunoglobulin (IVIG) contains a cocktail of pooled human 

antibodies derived from hundreds of donors, which are able to neutralize various 

bacterial toxins as well as modulate immune responses. IVIG was shown to significantly 

improve clinical manifestations within hours of administration in patients suffering from 

TSS (although most evidence was from group A streptococcal TSS), which was 

presumably due to the combination of its toxin neutralization and immunomodulation 

effects [93-96]. However, no strong evidence supports the benefit of IVIG as adjunctive 
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therapy for severe sepsis and septic shock. Meta-analysis studies indicate that IVIG 

decreases the mortality associated with sepsis and septic shock, but the clinical benefit 

may be minor due to lack of significant clinical improvement, high cost, and limited 

supply [97,98]. 

Glycerol monolaurate (GML) is a naturally derived lauric acid glycerol 

monoester commonly used in the food and cosmetic industries as an emulsifier and 

preservative. GML was originally recognized by its ability to inhibit the growth of S. 

aureus, block the induction of β-lactamases, and delay the production of S. aureus 

exoproteins, such as TSST-1 and α-toxin via interfering with bacterial cell membrane 

signal transduction [99-101]. More recently, studies have shown that GML has 

immunomodulation effects on mammalian cells via membrane stabilization and thereby 

protect these cells and experimental animals from toxic effects (i.e. osmosis change and 

cell lysis) due to various bacterial toxins [102]. GML prevents human and rabbit 

erythrocytes from lysis by bacterial hemolysins including purified α- and β-toxins, 

inhibits superantigen-stimulated proliferation of lymphocytes, and reduces the 

production of proinflammatory cytokines and chemokines by epithelial cells in response 

to S. aureus and purified TSST-1 [102,103]. GML, as vaginal gel, prevents lethality in 

rabbits challenged vaginally with purified TSST-1 [102]. The compound, however, is not 

stable in the presence of S. aureus and can be hydrolyzed by S. aureus esterase (lipase) 

into glycerol and lauric acid [99,101]. In an effort to overcome the limitation of 

inactivation, compounds with ether linkage have been suggested as potential alternatives 

to GML. Fatty ether compounds, such as 1-O-Dodecyl-rac-glycerol (DDG) (Figure 1.4), 



 

 34

inhibit TSST-1 production as well as S. aureus growth, and they are more stable than 

ester compounds (such as GML) to chemical and enzymatic hydrolysis [104,105]; 

however, their anti-toxin effects have not been fully characterized. Given that these 

compounds are inexpensive and easily accessible, they may provide clinical benefit as 

topical applications to prevent S. aureus infections. The characterization of the anti-toxin 

and immunomodulatory effects of GML and DDG is a major focus of this thesis study.  

Based on the concern of SAgs, especially SEB, as bioterror weapons, high 

affinity Vβ antagonists that block the binding of SEB on T-cell receptors have been 

investigated as treatment for SAg intoxication [106]. The engineered protein competes 

with SEB for the particular TCR binding site to prevent SEB-mediated T-cell activation 

and lethality in rabbit intravenously administered with SEB. 
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Figure 1.4 Structures of glycerol monolaurate; GML (A) and dodecylglycerol; DDG 

(B). GML is a monoester of lauric acid (C-12), while DDG is the monoether counterpart 

of GML. 
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1.4.3 Vaccines and immunotherapies 

Currently, there is no U.S. Food and Drug Administration (FDA) approved 

vaccine or immunotherapy to prevent or treat S. aureus disease.  

Antistaphylococcal vaccines and immunotherapies have been focused on the 

elimination of bacterial cells via targeting cell wall-associated staphylococcal 

components (Table 1.5) [107]. In theory, these vaccines would elicit functional 

antibodies that would bind to the target antigen(s) on the bacterial surface and trigger 

complement activation, which in turn augments the process of uptake and killing of 

bacteria by phagocytic cells such as neutrophils and macrophages. Despite promising 

experimental results in animal models (mostly in rodent models), this approach has not 

successfully provided effective clinical outcomes in phase II and phase III human 

clinical trials.  

A later study testing passively immunization with antibodies to CP and ClfA in a 

mouse model of mastitis indicated that administration of either antibody alone 

significantly reduced the bacterial load, but induced the presence of stable 

unencapsulated S. aureus mutants and small colony variants, which are less susceptible 

to antibiotics. The emergence of the mutants was abrogated when both antibodies to 

capsular polysaccharide (CP) and clumping factor (ClfA) were administered together 

[108]. Another study of murine bacteremia and wound infection models indicated the 

expression of CP and ClfA are variable among strains and the in vivo environment [109].  

In contrast, active and passive immunization with α-toxin was shown to prevent 

mice from lethal staphylococcal pneumonia, but did not decrease the bacterial load in 
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the lung tissue [8]. These studies suggested that a multi-antigen approach is likely 

necessary to ensure broad coverage against the versatile pathogen, S. aureus, and future 

approaches should include immunization against secreted virulence factors. One such 

approach is described in the future direction section of this thesis.  
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Table 1.5 Experimental staphylococcal vaccines and immunotherapies in clinical trials. 

Bacterial 

target 

Putative role in 

virulence 

Proposed strategy 

(product/company) 

Trial conclusion 

Active immunization 

(StaphVAX/Nabi) 

Vaccine efficacy (57%) only last up to 40 weeks after 

immunization in end-stage renal disease (ESRD) 

hemodialysis patients (n=1804). However, no significant 

protection was detected against bacteria in a 

confirmatory follow-up trial (n=3600). 
 

Capsule 

polysaccharide 

(CP5 and CP8) 

Avoidance of 

phagocytosis 

Human polyclonal antiserum 

(Altastaph/Nabi) 

No reduction in preventing S. aureus bacteremia in very 

low-birth weight (<1500gm) neonates (n=206). 

No treatment effect in children ≥7 years with S. aureus 

bacteremia and persistent fever (n=40). 
 

selected IVIG (INH-A21; 

Veronate/Inhibitex) 

No prevention in mortality or the rates of late-onset 

sepsis in infants (n=1983). 
 

Clumping 

factor A (ClfA) 

Attachment to 

fibrinogen and 

biomaterial 

surfaces 
Humanized monoclonal antibody 

(Tefibazumab; Aurexis/Inhibitex) 

No difference in composite clinical endpoints (a relapse, 

a complication, or death of bacteria) in hospitalized adult 

patients with bacteremia as an add-on therapy to standard 

therapy (n=63).                     
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Table 1.5 Experimental staphylococcal vaccines and immunotherapies in clinical trials. (Cont’d) 

a There are still active clinical trials investigating the product.  

Reference: [107] 

 

Bacterial 

target 

Putative role in 

virulence 

Proposed strategy 

(product/company) 

Trial conclusion 

ATP-binding 

cassette 

transporter  

Nutrient uptake 

and cell 

attachment 

Human-derived single-chain 

variable antibody fragment 

(Aurograb/NeuTec) 

Lack of efficacy as add-on therapy to vancomycin to 

treat deep-seated MRSA infections in phase II trial 

(Development terminated). 
 

Lipoteichoic 

acid a 

Bacteria cell 

wall component 

Humanized  monoclonal antibody 

(Pagibaximab/Biosynexus) 

Reduced staphylococcal sepsis rate in very low-birth 

weight neonates (n=88). 
 

Iron-regulated 

surface 

determinant B a 

Iron uptake Active immunization 

(V710/Merck) 

Safety and efficacy in prevention of serious S. aureus 

infections in adult patients within 90 days after selective 

cardiothoracic surgery (n=76).  
 
A second trial similar trial in 198 patients with ESRD on 

chronic hemodialysis is in progress. 
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1.5. Summary 

S. aureus secrete an array of virulence factors, including cytolysins, SAgs, 

exoenzymes, and complement inhibitor proteins. Biochemical properties of these toxins 

indicate that most of them damage more than one cell type and directly or indirectly 

impede host immune function. Therefore, there is no doubt that these exoproteins 

secreted by S. aureus play important roles in its pathogenesis. However, only a few of 

them (i.e. SAgs and ETs) have been clearly shown to cause S. aureus disease.  

 The majority of anti-staphylococcal agents have predominately focused on the 

elimination of bacteria cells (antimicrobials). This strategy has neglected the 

contribution of secreted proteins to disease for decades. With the emergence of 

antibiotic-resistant S. aureus possessing multiple secreted virulence factors, the 

development of alternative approaches to ameliorate S. aureus disease is necessary. To 

date, most emphasis has been on vaccine and immunotherapy development targeted at 

cell wall-associated virulence factors. Based on previous successes with other bacterial 

pathogens, most companies have designed their vaccines by targeting one single cell 

wall-associated virulence factor. Their failure has been in part attributed to the functional 

redundancy of S. aureus virulence factors. S. aureus can easily down-regulate the 

targeted virulence factor and compensate its function using other virulence factors so 

that there is no significant change in pathogenicity. Multiple component strategies are 

therefore proposed. Recent studies with S. aureus exotoxins (i.e. α-toxin and 

superantigens) as vaccine targets, have shown promising protection from severe lung 

damage in a mouse pneumonia model, and indicate that secreted S. aureus toxins should 



 

 41

be considered as components of S. aureus vaccines or immunotherapies. However, due 

to the limited understanding of the overall roles these proteins play in S. aureus 

pathogenesis, there is still a debate on which protein(s) would provide clinically 

significant protection against S. aureus infections. 

A few clonal types account for most S. aureus-associated diseases (both MSSA 

and MRSA) in the U.S. and around the world, indicating the fitness of these clonal types 

of S. aureus to their ecological niches. Proteomic studies comparing the differentially 

produced exoproteins by S. aureus USA300 and USA400 strains have provided valuable 

insights on the virulence of these two epidemic CA-MRSA clonal types. However, there 

is no study evaluating USA200 isolates, which are the predominant clonal type 

responsible for TSS. Although many of these proteomic studies determined the 

immunogenicity of S. aureus virulence factors in vivo, it is difficult to evaluate the role 

of these proteins in S. aureus pathogenesis from these studies. 

Most S. aureus diseases initiate from breaches of the skin or mucosal surfaces, 

and secreted S. aureus exoproteins directly or indirectly contribute to a large part of the 

tissue damage, which leads to the dissemination of bacteria and its toxins. Therefore, 

studies on the interactions between S. aureus exoproteins and mucosal membranes 

should largely enhance the understanding of S. aureus pathogenesis. The knowledge 

gained from such studies will contribute significantly to the development of more 

effective antistaphylococcal agents to treat and/or prevent S. aureus-associated diseases.  
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1.6. Aims of This Work 

My hypothesis is that S. aureus exoproteins, such as superantigens and cytolysins, 

play important roles in S. aureus mucosal pathogenesis by having direct 

(pro-inflammatory and/or cytotoxic) effects on epithelial cells, which enhances 

superantigens and/or bacterial cells penetration across mucosa and skin.  

Given TSS is an important S. aureus disease caused by S. aureus and the 

inflammation caused by the cytolysin, α-toxin, has been shown to facilitate TSST-1 

penetration across vaginal mucosa, the specific aims of this work are: 

 To characterize globally the key exoproteins secreted by two TSS S. aureus 

isolates representing two different types of TSS, menstrual and pulmonary TSS, via their 

pro-inflammatory and cytotoxic effects on human vaginal epithelial cells.  

 To assess the relationship between S. aureus toxin production, local 

inflammation, and mortality in a rabbit TSS model by comparing the effects of GML, a 

compound known to block α-toxin and TSST-1 production at sub-growth inhibitory 

concentrations and to modulate host innate immune response to exotoxins, to DDG, the 

lauric acid monoether counterpart of GML.  

There are two short term goals of this work: (1) to identify S. aureus exoproteins 

that are pro-inflammatory and cytotoxic to epithelial cells, and (2) to demonstrate that 

minimizing local pro-inflammatory effects of S. aureus toxins (α-toxin and TSST-1), by 

either inhibiting toxin production or modulating host response, can prevent S. aureus 

TSS pathogenesis. A long term goal is to utilize these characterized proteins as targets to 

design effective prevention and/or treatment strategies for S. aureus disease. 
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Chapter II. 

 

 

Pro-inflammatory exoprotein characterization of toxic shock syndrome 

Staphylococcus aureus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is submitted to Biochemistry for reviewing



 

 44

2.1 Introduction 

Staphylococcus aureus is the most common cause of ventilator-associated 

pneumonia, surgical site infections, and catheter-associated bloodstream infections in the 

healthcare setting as well as a frequent cause of skin and pulmonary infections in the 

community [110]. About 30% of people are colonized by S. aureus in their nose and 

skin, which are the most common sites of colonization, and up to 35% of the colonizing 

strains are methicillin-resistant S. aureus (MRSA) [13]. S. aureus carriers have 

three-fold higher risk for S. aureus infections than non-carriers, with a majority (80%) of 

the infections being caused by the patient’s own endogenous strains on mucosal surfaces 

and skin [111]. Pulsed-field gel electrophoresis (PFGE) clonal type USA200 is the most 

widely disseminated methicillin-sensitive S. aureus (MSSA) colonizer of the nose, a 

cause of invasive nosocomial (healthcare-associated) infections, and the major cause of 

staphylococcal toxic shock syndrome (TSS) [112,113].  

S. aureus initiates illnesses at mucosal surfaces or skin where numerous 

exotoxins and other secreted virulence factors participate. Staphylococcal superantigens 

(SAgs), especially TSS toxin-1 (TSST-1), mediate severe diseases such as TSS, an acute 

onset systemic disease with multiple organ involvement. TSS has been associated with 

vaginal colonization of S. aureus that produce superantigens, especially TSST-1, during 

menstruation, or as a complication of influenza with secondary S. aureus infections. 

Approximately 25% of nasal isolates and 5% of vaginal mucosal isolates possess, tst, the 

gene that encodes TSST-1, and more than 80% of these isolates are USA200 [112,114].  

In addition to superantigens, the cytolysins, notably α-toxin (α-hemolysin; 
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encoded by gene hla), have also been shown to play important roles in S. aureus 

illnesses. α-Toxin was recently determined to cause significant lung tissue damage in a 

murine staphylococcal pneumonia model, a system that does not assess superantigen 

effects [8]. α-Toxin is highly pro-inflammatory and cytolytic to various mammalian 

cells, including erythrocytes, monocytes, endothelial cells, and epithelial cells [115]. Our 

research group has previously demonstrated that α-toxin facilitates TSST-1 penetration 

of porcine vaginal mucosa by induction of pro-inflammatory responses within the 

mucosal barrier [9]. However, 75% of menstrual TSS vaginal isolates are considered 

unable to produce α-toxin due to a defective α-toxin gene, hla-, which has a nonsense 

point mutation (CAG [Glu] to TAG [stop codon]) at codon 113 [52]. These menstrual 

TSS strains were also noted to produce lower quantities of lipase, nuclease, and overall 

hemolysins than isolates from skin [51].  

Proteomic approaches have been used to facilitate our understanding of S. aureus 

pathogenesis and to identify potential targets for therapeutic development. However, 

most proteomic studies to date focused on MRSA strains associated with 

community-associated infections, USA300 and USA400, or laboratory strains [116,117]. 

Although important, these studies mainly focused on identifying proteins differentially 

expressed by strains, but provided limited information about the relative biological 

contribution of these exoproteins to S. aureus pathogenesis. 
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2.2 Objectives 

Given the prior knowledge that inflammation and direct disruption of the mucosa 

facilitates superantigen penetration through mucosal surfaces, we designed this study, 

combining biological testing and proteomic approaches to identify key exoproteins 

produced by S. aureus that are responsible for pro-inflammatory and cytotoxic effects to 

epithelial cells. Two representative S. aureus USA200 isolates, which cause 

distinguishable types of TSS, menstrual TSS and post-influenza pulmonary TSS, were 

selected for characterization of their exotoxin profiles which likely contribute to their 

respective diseases. 
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2.3 Materials and Methods 

Bacteria. Two USA200 isolates, MNPE and CDC587, were used in this study. Both 

strains are methicillin-susceptible S. aureus (MSSA). S. aureus MNPE was isolated from 

a post-influenza pulmonary TSS case in 1987, most likely originating from a skin source 

[118], and CDC587 is a typical menstrual vaginal TSS strain isolated from a patient in 

1980 [119]. The strains were maintained in Dr. Schlievert’s laboratory (lyophilized; low 

passage). Polymerase chain reaction (PCR) [21] revealed that MNPE carries the 

superantigen genes for TSST-1, SEA, SEC, SEl-G, SEI, SEl-K, SEl-L, SEl-M, SEl-N, 

SEl-O, and SEl-P, while CDC587 also carries the genes for SEA, SEC, SEl-G, SEI, 

SEl-K, SEl-L, SEl-M, SEl-N, SEl-O, and SEl-P. The major difference between the two 

strains is that CDC587 possesses a defective α-toxin gene (hla-), while MNPE carries a 

wild-type α-toxin (hla+). Both strains have the γ-toxin gene (hlg+). Two additional 

menstrual vaginal TSS MSSA USA200 isolates, MN8 and Harrisburg, which also carry 

hla with the stop codon (hla-), were used to confirm and quantify α-toxin production in 

some experiments. 

 

Porcine ex vivo vaginal mucosal experiments. Porcine vaginal mucosal tissue was 

used in initial experiments of S. aureus toxicity, as it was previously reported to be 

histologically and structurally similar to human vaginal mucosa [120]. Specimens of 

normal porcine vaginal mucosa were excised from pigs (0.3-3 years old) at slaughter and 

transported to the laboratory in RPMI 1640 medium supplemented with 10% fetal calf 

serum (FCS), penicillin (100 international unit [IU]/ml), streptomycin (100 μg/ml) and 
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amphotericin B (2.5 μg/ml). The culture media and reagents were all from Gibco, 

Invitrogen (Carlsbad, CA).Tissue was utilized within 3 h of excision. Tissue samples of 

uniform size were obtained from porcine vaginal tissue using a 5 mm biopsy punch. 

Tissue plugs were washed in serum-free and antibiotic-free media 3 times. The plugs 

were then placed mucosal side up on 0.4 μm cell culture inserts (Becton Dickinson 

Labware, Franklin lakes, NJ) in 6-well tissue culture plates containing 10% FCS and 

antibiotic-free RPMI 1640 (Invitrogen). The mucosal surface of each was continually 

exposed to air. The mucosal surface of each was challenged with 107 colony-forming 

units (CFU) of bacteria suspended in RPMI. At 24 h, samples were fixed in 10% 

phosphate-buffered formalin for histological examination by hemotoxylin and eosin 

staining.  

 

Exoprotein preparation and separation. Bacteria were grown overnight in beef heart 

medium supplemented with 1% glucose-phosphate buffer (2 liters, made in-house) in 

ambient air with aeration (200 rpm/min) at 37 ˚C, which favors exotoxin production [79]. 

Bacterial cells were removed by centrifugation (3,220g, 10 min at 4 ˚C). Proteins in the 

supernates were precipitated overnight at room temperature by ammonium sulfate (80% 

final concentration). Precipitates were collected by centrifugation (3,220g, 15 min at 4 

˚C) and re-solubilized in water. Excess salts and proteins with molecular weights smaller 

than 14 kDa were removed by dialyzing samples against sterile distilled water (SDW) 

(Spectra/Por 4 RC dialysis tubing, Spectrum, Rancho Dominguez, CA). Insoluble 

materials were removed by centrifugation at 8000g for 30 min. Samples (75-100 ml) 
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were mixed with Sephadex G75 (pre-washed with alcohol, Sigma, St. Louis, MO) to 

generate a thick gel. Thin-layer isoelectric focusing (IEF) in pH gradients of 3-10 

(Ampholytes 2.5 ml/gel; Bio-rad, Hercules, CA) were used to separate proteins into 15 

fractions. The IEF were run at 1000V, 8W, and 20mA for 24 h. The fractions were eluted 

with water and passed through syringes stuffed with fiberglass (8 μm) to remove 

Sephadex. pH of the fractions was measured following IEF separation, and then samples 

were dialyzed against SDW for 3 days to remove ampholyte buffers prior to 

lyophilization. The lyophilized protein fractions were dissolved in SDW and the protein 

concentrations were estimated by the Bradford method (Bio-rad) [121]. A secondary IEF 

(pH gradient 7-9; Sigma) was applied to further separate fractions 12-15 from the 

primary IEF. IEF of the MNPE fractions was separated into 15 fractions, while CDC587 

IEF was separated into 12 fractions according to the visual protein patterns observed in 

the gel matrix (fractions 4-15).  

Protein compositions of the fractionated proteins (about 250 ng loaded) were 

determined by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE; 100V for 1 h) and silver-staining (Invitrogen). According to the protein 

patterns on the SDS gels, selected fractions were further resolved by reverse phase high 

performance liquid chromatography (rHPLC). The rHPLC was done on a 

Hewlett-Packard AminoQuant 1090L HPLC system with an Agilent Zorbax SB-CN (4.6 

x 150 mm; 5 μm) column. Solvent A was 0.1% (v/v) trifluoroacetic acid (TFA) in 

HPLC-grade water. Solvent B was 0.1% (v/v) TFA in acetonitrile (ACN). The flow rate 

was regulated at 1 ml/min. Gradient conditions were as followed: 0.0% B for 2 min, and 
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then the percentage of B was increased to 60% over 30 min. Eluents were monitored at 

215 nm. A typical load was 0.1 mg/ml of protein in water. All peaks obtained via rHPLC 

were collected, lyophilized to remove acetonitrile, and re-solubilized in SDW or 

phosphate-buffered saline (PBS) for further analyses.  

 

Mammalian cell bioassays. Immortalized human vaginal epithelial cells (HVECs; 

ATCC CRL-2616) were maintained as described previously [122]. For all HVEC 

experiments, confluent monolayers of HVECs in 96-well plates were switched to 

antibiotic-free keratinocyte serum-free media (KSFM; Invitrogen) the day before 

experimentation. Protein fractions (2 μg/fraction in 100 μl KSFM, unless otherwise 

noted) were added to the cell culture medium and incubated with HVECs at 37˚C in the 

presence of 7% CO2 for 19-24 h. At the end the experiments, the media were collected 

and stored at -20˚C until cytokine measurement. Interleukin-8 (IL-8) concentrations in 

the media were analyzed by enzyme-linked immunosorbent assay (ELISA) using human 

Quantikine kit (R and D Systems, Minneapolis, MN). This cytokine was used as a 

measure of pro-inflammatory activity since IL-8 only target for chemo-attraction is 

polymorphonuclear leukocytes (PMNs), the dominant mediators of acute inflammation. 

Cell viability was estimated by CellTiter 96 aqueous one solution cell proliferation assay 

(Promega, Madison, WI) according to manufacturer’s instructions. All experiments were 

performed in duplicates. 

 

Protein analysis via mass spectrometry. Proteins (about 3 μg) obtained from the 
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rHPLC samples were digested by trypsin, and peptide fragments were detected by 

tandem mass spectrum (MS/MS). Briefly, protein samples dissolved in water were 

subjected to in-solution trypsin digestion by trypsin 12 ng/ul (Promega, Madison, WI) in 

25 mM ammonium bicarbonate/5 mM calcium chloride at 37°C for 10 h. The digestion 

was terminated with the addition of formic acid to a final 0.1% v/v. Digested peptides 

were injected in a Michrom BioResources Paradigm 2D capillary LC system (Michrom 

Bioresources, Inc., Auburn, CA) online with LTQ ion trap mass spectrometer 

(ThermoFinnigan, San Jose, CA), a linear ion trap. Briefly, samples were loaded on a 

Paradigm Platinum Peptide Nanotrap (Michrom Bioresources, Inc) precolumn 

(0.15 × 50 mm, 400-μL volume) and subsequently switched in-line with microcapillary 

columns (75 μm internal diameter, 12 cm in length) at a flow rate of approximately 

350 nl/min. The capillary column was packed in-house with Magic C18 AQ 

reversed-phase material (5 μm, 200 Å pore size C18 particles; Michrom BioResources, 

Inc). Peptides were eluted with a linear gradient with 100% solvent A (95:5 water: ACN, 

0.1% formic acid), to a final solvent B (5:95 water: ACN, 0.1% formic acid). An 

electrospray voltage of 2250V was applied distal to the analytic column. The LTQ was 

operated in the positive-ion mode using data-dependent acquisition methods initiated by 

a survey MS scan which was followed by MS/MS (collision energy of 35%) on the 4 

most abundant ions detected in the survey scan. M/Z values selected in the survey scan 

for MS/MS were excluded for sub-sequential MS/MS with a dynamic exclusion from 

further data-dependent MS/MS for 30 sec. The signal intensity threshold for an ion to be 

selected for MS/MS was set to a lower limit of 1000.  
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All MS/MS samples were analyzed using Sequest (ThermoFinnigan; version 27, 

rev. 13) and X! Tandem (www.thegpm.org; version 2007.01.01.1) searching the 

staphylococcus_NCBI_952306_CTM database assuming trypsin digestion. Sequest and 

X! Tandem were searched with a fragment ion mass tolerance of 1.00 Da and a parent 

ion tolerance of 0.80 Da. The Sequest search parameters were: carbamidomethyl 

modification of cysteine and differential for oxidation of methionine with 2 trypsin 

miscleavaged sites allowed. Scaffold (version Scaffold-02_02_03, Proteome Software 

Inc, Portland, OR) and ProteinPilot software version 3.0 was used to validate 

MS/MS-based peptide and protein identifications. Protein identifications were accepted 

if they had unused ProtScore equal or greater than 4 and at least 2 identified peptides 

with at least 99% probability. 

 

γ-Toxin cloning and purification. γ-Toxin gene hlg from S. aureus was cloned into 

plasmid pCE104 [123], which contains pUC18, and heat-shock transformed into E. coli 

XL-2-blue (Stratagene, Cedar Creek, TX). The E. coli was grown in Luria-Bertani (LB) 

broth supplemented with 50 μg/ml ampicillin at 37 ˚C overnight with 300 rpm shaking. 

E. coli cells were harvested from 1 liter suspension culture by centrifugation at 3,220g 

for 15 min at 4 ˚C. The pellets were washed once with 50 ml PBS and the bacterial cells 

were lysed with 25 ml of Tris-EDTA buffer with 1mg/ml lysozyme (Sigma). Cell debris 

was removed by centrifugation at 8000g for 30 min at 4 ˚C. Supernates were dialyzed 

overnight against SDW. Precipitates (if formed after dialysis) were removed by 

additional centrifugation. 



 

 53

Generation of rabbit anti-α-toxin and anti-γ-toxin sera. Dutch belted rabbits were 

immunized with 10 μg of the highly-purified α-toxin (from MNPE rHPLC peak 6) or 

γ-toxin extracted from E. coli (crude cell lysates dialyzed against water) with Freund’s 

incomplete adjuvant at times 0, day 14, and day 28. All animal experiments were 

performed in accordance with protocols approved by the University of Minnesota 

Institutional Animal Care and Use Committee (IACUC). Rabbit blood was obtained on 

day 35, and the anti-α-toxin and anti-γ-toxin antisera were separated from blood and 

filter-sterilized with 0.2 μm filters. The antisera were used in hemolysin bioassay 

experiments for neutralization and for Western immunoblotting. 

 

Hemolysin bioassays. Hemolytic activity was estimated on slides containing human or 

rabbit erythrocytes as described previously [102]. Briefly, rabbit or human erythrocytes 

were washed three times with PBS. Microscope slides were coated with 4 ml of 0.8% 

agarose in PBS mixed with 0.3 or 0.6% erythrocytes (final concentration). Samples (2.5 

μg of total proteins) were added into wells (4 mm diameter) on the erythrocyte slides 

and incubated at 37 ˚C for 4 h. In the α-toxin and γ-toxin neutralization assays, 

overnight culture supernates (5 μl) were mixed with 3-fold anti-α-toxin or anti-γ-toxin 

sera or PBS (15 μl) in the wells. The slides were incubated at 37 ˚C overnight. Zones of 

lysis (clear zones) represent the amount of hemolysins (not neutralized) in the sample. 

 

α-Toxin Western immunoblotting. S. aureus overnight culture supernates were treated 

with 4 volumes of absolute ethanol to precipitate proteins and the resultant precipitated 
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proteins re-solubilized as 20-fold concentrated samples [102]. The samples (10 μl each) 

were mixed 1:1 with sample loading buffer and electrophoresed on 12% SDS-PAGE 

(100V for 1 h), transferred onto polyvinylidene fluoride (PVDF; Bio-rad) membranes 

(100mA for 1.5 h), and immunoblotted with the anti-α-toxin serum (1:2500 dilution). 

Proteins were detected by chemiluminescence with SuperSignal West Dura Extended 

Duration substrate (Pierce) on films (Thermo Scientific). 

 

Rabbit model for α-toxin lethality. Ethics statement: All animal experiments were 

performed in accordance with protocols approved by the University of Minnesota 

Institutional Animal Care and Use Committee (IACUC). Studies were performed in 

rabbits to determine the in vivo biological function of wild-type α-toxin (MNPE) versus 

mutant α-toxin (CDC587), where approximately 1 μg of α-toxin administered 

intravenously induces death in a rabbit within 15 min. This is a well-characterized 

activity of α-toxin [115], the only known staphylococcal protein with such activity. 

Rabbits (3/group; 12 total rabbits) were injected intravenously with 1 μg purified 

α-toxin, 2 ml of 0.2 μm filter-sterilized supernate from MNPE, 2 ml of 1× concentrated 

supernate from CDC587, or 2 ml of 10× concentrated supernate from CDC587. The 

CDC587 supernate was concentrated 10× by air-drying to 1/10 the original volume, 

followed by dialysis 24 h against PBS to remove excess salts. Animals were monitored 

up to 1 h for lethality. At the end of the experiment, animals were euthanized by 

barbiturate overdose (intravenous injection). 
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Calculations. Pro-inflammatory activity of an individual fraction was calculated by 

dividing IL-8 induction by the amount of the protein used in the assay (IL-8 

induction/μg of protein). The total of pro-inflammatory activity in the fraction (IL-8/μg 

of protein × total protein in the fraction) is compared to the sum of the total 

pro-inflammatory activity from all the fractions (in the same IEF experiment). 
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2.4 Results 

2.4.1 Effects of S. aureus (MNPE and CDC587) on ex vivo porcine vaginal mucosa. 

Nearly all S. aureus strains induce disease beginning on mucosal and skin surfaces, 

unless traumatically implanted into the bloodstream. Studies have been initiated in 

attempt to identify factors that facilitate disease causation, typically focusing on specific 

virulence factors. In an effort to take a more global approach, we assessed the virulence 

of two common USA200 S. aureus strains on a mucosal surface, beginning with porcine 

vaginal mucosa inoculated with S. aureus MNPE and CDC587 for 24 h. The surface of 

the porcine vaginal mucosa, like its human counterpart, is lined with stratified squamous 

epithelium. The surface epithelium of untreated control tissue remained intact, whereas 

the infected tissue showed signs of disruption (Fig 2.1). The surface epithelium damage 

in the MNPE infected tissue was several layers deep, and the epithelium exhibited signs 

of breakdown, whereas the damage due to CDC587 was minor and remained localized 

to the outermost layers of the infected tissue. Our prior studies suggest that these 

virulence factors are likely to be secreted exoproteins, rather than cell-surface associated 

factors (proteins) [35]. Therefore, this histological analysis suggests that MNPE 

produced more vaginal tissue-damaging virulence factors than CDC587.  
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Figure 2.1 Effects of S. aureus on ex vivo porcine vaginal epithelium. The tissue was 

inoculated with 107 CFU S. aureus for 24 h and stained with hematoxylin and eosin. (A) 

Control, (B) S. aureus MNPE, (C) S. aureus CDC587. 
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2.4.2 Differences in S. aureus (MNPE and CDC587) exoprotein profiles and 

induction of IL-8 from human vaginal epithelial cells. To examine our hypothesis that 

exoproteins contributed to the differences of S. aureus MNPE and CDC587 damage to 

vaginal mucosal tissue, total exoproteins (ammonium sulfate-precipitated) in overnight 

culture supernates from MNPE and CDC587 were compared for their pro-inflammatory 

and cytotoxic effects on HVECs. IL-8, as a measure of pro-inflammatory potential, was 

increased approximately 19-fold (752.8 pg/ml) and 7-fold (294.8 pg/ml), compared to 

media controls, for MNPE and CDC587 total exoprotein (20 μg/ml; 2 μg of total 

protein/well), respectively (Fig. 2.2A). The corresponding survival of the HVECs to 

MNPE and CDC587 exoproteins (20 μg/ml) was 29% and 74%, respectively (Fig. 2.2B). 

Therefore, MNPE exoproteins were both more pro-inflammatory and more cytotoxic to 

HVECs than CDC587 exoproteins.  
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Figure 2.2 Effects of S. aureus exoproteins on human vaginal epithelial cells 

(HVECs). HVEC IL-8 production (A) and viability (B) caused by different 

concentrations of S. aureus MNPE and CDC587 exoproteins. Open bars represent 2 

μg/ml; closed bars represent 20 μg/ml; Dashed line represents the IL-8 level in the 

media control; Error bars represent the ranges of the test values.  
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2.4.3 Distributions of biological activity for S. aureus (MNPE and CDC587) 

exoproteins. In an effort to identify the major MNPE and CDC587 exoproteins that 

were contributing to the increased production of IL-8 and cytotoxicity, ammonium 

sulfate-precipitated exoproteins from overnight culture supernates were separated by 

thin-layer IEF. The initial IEF (pH 3-10) separated MNPE and CDC587 exoproteins into 

15 fractions, and fractions 12 to 15 were determined to have the majority of biological 

activity (Fig. 2.3). MNPE fractions 12 to 15, corresponding pH 6.3 -9.4, (20 μg/ml, 2 μg 

total protein/well) increased IL-8 production from HVECs by 5-15 fold, which 

accounted for more than 90% of the total pro-inflammatory activity (Fig. 3A). 

Corresponding CDC587 fractions 12-15, pH 6.4 – 10.1, 20 μg/ml, were less 

pro-inflammatory to HVECs (1-2 fold increase of IL-8) than MNPE fractions. These 

fractions from CDC587 contained 73% of the total pro-inflammatory activity for 

CDC587 exoproteins (Fig. 2.3B). 

Since the majority of biological activity localized to a neutral to basic pH, second 

thin-layer IEFs of (pH 7-9) were applied to further separate proteins within the 12-15 

fractions. The distributions of pro-inflammatory and cytotoxic activity of the 

fractionated MNPE and CDC587 samples by the second IEF are depicted in Fig. 2.4A 

and 2.4B, respectively. At the concentration of 20 μg/ml (2 μg total protein), all MNPE 

fractions were highly cytotoxic (>50% cytotoxicity; data not shown). Therefore, the 

relative pro-inflammatory responses of the fractions were compared at 2 μg/ml (0.2 μg 

total protein). MNPE fractions 10-15 (from the pH 7-9 IEF) contained most of the 

biological activity: fractions 10-13 (pH 7.8-8.4) were highly pro-inflammatory and 
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contained 82% of total inflammatory activity, while fractions 14-15 (pH 8.5-9.2) were 

cytotoxic and less inflammatory (contained 0.7% of the total pro-inflammatory activity) 

(Fig. 2.4A). At 20 μg/ml (2 μg total protein) CDC587 fractions from the pH 7-9 IEF 

were not highly inflammatory, inducing approximately 2-fold increases in IL-8 

production. Fractions 11-15 (pH 7.6-9.0) from CDC587 were highly cytotoxic (18-51% 

cell viability), but not highly pro-inflammatory to HVECs (Fig. 2.4B). These fractions 

accounted for 87% of the total pro-inflammatory activity of all pH 7-9 IEF CDC587 

fractions. The CDC587 fractions were neither pro-inflammatory nor cytotoxic (>50% 

cell survival) at the concentration of 2 μg/ml (data not shown).  

Rabbit red blood cells are highly sensitive to both α- and γ-toxin, while human 

red blood cells are more sensitive to γ-toxin than α-toxin (> 50-fold different) [124]. In 

general, MNPE fractions from the pH 7-9 IEF were more hemolytic (another measure of 

cytotoxic activity) to rabbit erythrocytes than human erythrocytes (Fig. 2.4C), consistent 

with the activity of α-toxin. In contrast, CDC587 fractions pH 7-9 IEF (at the same total 

protein concentration) were hemolytic to both rabbit and human erythrocytes at similar 

levels, suggestive of the presence possibly of both α- and γ-toxins, although overall they 

were not as hemolytic as MNPE pH 7-9 IEF fractions (Fig. 2.4D). These observations 

suggest that MNPE and CDC587 produce different amounts and types of hemolysins 

(MNPE α-toxin vs. CDC587 possibly α- and γ-toxins), which in part may explain why 

MNPE fractions were more pro-inflammatory and cytotoxic than CDC587 fractions. 

Fractions from the pH 7-9 IEF were grouped and further resolved by rHPLC (Appendix 

A1) based on their protein patterns appearing on silver-stained SDS-PAGE gels (data not 
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shown). The grouping was to maximize the amount of proteins recovered from rHPLC. 

Only rHPLC peaks with more than 10 μg total proteins were tested for biological 

activity and evaluated for protein identification by mass spectrometry. These were 6 

peaks from MNPE pH 7-9 IEF fractions being tested: peaks 1 to 3 from fractions 4-7 

(pH 6.8-7.5, 3 out of 7 total peaks recovered [3/7]), peaks 4 and 5 from fractions 10-12 

(pH 7.8-8.2, 2/2), and peak 6 from fractions 13-15 (pH 8.4-9.2, 1/2) (Fig. 2.5); and there 

were 5 peaks from CDC587 pH 7-9 IEF fractions being tested: peaks 1 and 2 from 

fractions 7-10 (pH 6.1-7.2, 2/5), and peaks 3 to 5 from fractions 13-15 (pH 8.1-9.0, 3/4) 

(Fig. 2.6). One peak from CDC587 pH 7-9 fractions 7-10 was determined to contain 20 

μg total protein by Bradford protein assay but could not be detected by silver-stained 

SDS-PAGE. Therefore, the peak was also excluded from further assays. None of the 

peaks recovered from CDC587 fractions 11-12 (pH 7.6-8.0) were pro-inflammatory to 

HVECs at the concentration of 20 μg/ml. Therefore, these peaks were not shown. 

All peaks were individually examined by mass spectrometry, and most proteins 

were detected in multiple samples. MNPE peaks contained 3 major proteins, α-toxin, 

SEC, and TSST-1 (Fig. 2.5A). MNPE peaks 2, 5, and 6 were highly pro-inflammatory to 

HVECs at concentrations higher than 2 μg/ml, while peak 3 was highly 

pro-inflammatory at a concentration of 20 μg/ml (Fig. 2.5B). Peak 3 had relatively lower 

protein contains compared to other peaks (as indicated in Fig. 2.5A), which indicate the 

pro-inflammatory activity may be in part contributed by non-protein contents. At the 

concentration of 20 μg/ml, peaks 3, 5, and 6 were relatively more cytotoxic to HVECs 

than other peaks, although all of them had > 50% cell survival (Fig. 2.5C). In contrast, 
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CDC587 peaks contained more varieties of proteins than MNPE peaks (Fig. 2.6A). 

Peaks 3 and 4 were highly pro-inflammatory at the concentration ≥ 2 μg/ml, whereas 

peak 5 was only highly pro-inflammatory at the concentration of 20 μg/ml (Fig. 2.6B). 

These peaks tended to be more cytotoxic than others peaks in the group, but all of them 

had >50% cell survival (Fig. 2.6C). 
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Figure 2.3 Distribution of biological activity in S. aureus pH 3-10 IEF fractions 1 to 

15. HVECs were incubated with 20 μg/ml of fractionated exoproteins from MNPE (A) 

or CDC587 (B). Bars represent HVEC viability, and the line represents relative IL-8 

secreted in the supernates compared to media control (fold-change). 
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Figure 2.4 Distribution of biological activity from S. aureus pH 7-9 IEF fractions 

4-15. HVECs were incubated with 2 μg/ml of MNPE proteins (A) or 20 μg/ml of 

CDC587 proteins (B) fractionated from IEF pH 7-9. Bars represent HVEC viability, and 

the line represents relative IL-8 secreted in the supernates compared to growth control. 

Hemolytic ability of 2.5 μg fractionated MNPE (C) and CDC587 (D) to human (closed 

bar) and rabbit (open bar) red blood cells.  
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Figure 2.5 Proteins and biological activity in peaks of MNPE pH 7-9 IEF fractions 

after rHPLC separation. (A) Peaks from rHPLC (approximately 250 ng) separated by 

12% SDS-PAGE. Proteins on the gel were identified according to molecular mass and 

mass spectrometry of the rHPLC peaks. (B) IL-8 production by HVECs treated with 

MNPE rHPLC peaks. (C) Viability of HVECs treated with MNPE rHPLC peaks. (open 

bar, 0.2 μg/ml; gray bar, 2 μg/ml; closed bar, 20 μg/ml). Error bars represent the ranges 

of the test values. 
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Figure 2.6 Proteins and biological activity of CDC587 rHPLC peaks from pH 7-9 

IEF fractions. (A) Peaks from rHPLC (approximately 250 ng) separated by 12% 

SDS-PAGE. Proteins on the gel were identified according to molecular mass and mass 

spectrometry of the rHPLC peaks. (B) IL-8 production by HVECs treated with CDC587 

rHPLC peaks. (C) Viability of HVECs treated with CDC587 rHPLC peaks. (open bar, 

0.2 μg/ml; gray bar, 2 μg/ml; closed bar, 20 μg/ml). Error bars represent the ranges of 

the test values. 
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2.4.4 Identification of USA200 S. aureus exoproteins associated with virulence via 

mass spectrometry. Proteins in the rHPLC peaks were treated with in-solution digestion 

and identified via mass spectrometry analyses. Multiple proteins were detected in each 

sample, and most proteins were detected in multiple samples. Tables 2.1 and 2.2 list the 

total virulence-associated proteins (exoenzymes and exotoxins) detected for the MNPE 

and CDC587 peaks, respectively.  

Fewer total proteins were identified from MNPE peaks than CDC587 peaks. 

There were 9 virulence-associated proteins detected from MNPE peaks, including those 

hypothesized to be involved in staphylococcal pathogenesis, such as lipase, nuclease, 

staphylococcal complement inhibitor, staphylokinase, staphopain, serine protease,  

α-toxin, TSST-1, SEC, and possibly other enterotoxin(s) (Table 2.1). The density of the 

bands at specific molecular weights on SDS-PAGE gel suggested that TSST-1, SEC, and 

α-toxin were made in higher concentrations than other exoproteins (Fig. 2.5A). In 

contrast, there were 24 virulence-associated proteins identified from CDC587 peaks 

(Table 2.2). In addition to those virulence-associated exoproteins identified in MNPE 

peaks, there were chemotaxis inhibitor protein CHIPS, MHC II-like molecule, and 

1-phosphatidylinostitol phosphodiesterase, signal transduction protein TRAP, secretory 

antigen ssaA-like protein, and staphylococcal accessory regulator T. There were two 

subtypes of lipases, lip1 and lip 2, detected in the fractions. Cell wall-associated 

virulence proteins including iron-regulated hemo-iron binding protein, 

fibronectin-binding protein, and a surface protein with 5’-nucleotidase were also 

detected. Exotoxins including phenol soluble modulin, γ-toxin, TSST-1, SEC, and 
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α-toxin were also identified from CDC587 (Table 2.2). 

α-Toxin (highly purified in MNPE peak 6) was therefore identified as the single 

most pro-inflammatory and cytotoxic protein purified (Fig 2.5). SEC (highly purified in 

MNPE peaks 1 and 4) was found to be less pro-inflammatory than TSST-1 (highly 

purified in CDC587 peak 1) to HVECs at the concentration up to 20 μg/ml (Fig 2.6). 

Pro-inflammatory activity of CDC587 peaks 3 and 4 were likely induced by the mixtures 

of α-toxin and γ-toxin. Pro-inflammatory activity of CDC587 peak 5 was likely due to 

staphopain (Fig. 2.6). 
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Table 2.1 Virulence factors recovered from S. aureus MNPE 

Protein (gene) Accession MW pI 

Staphylococcal complement inhibitor (scn) gi|88195845 13,052 9.3 

Staphylokinase precursor (sak) gi|49484186 18,474 6.8 

Thermonuclease precursor (nuc) gi|88194577 25,120 9.3 

Toxic shock syndrome toxin-1 (tst) gi|15927587 26,447 8.8 

Enterotoxin type C3 (sec3) gi|15927585 30,671 8.2 

α-toxin precursor (hla) gi|15926746 35,975 8.7 

Staphopain A (scpA) gi|49484150 44,048 9.6 

Probable serine protease  gi|82751315 45,764 9.2 

Lipase (lip) gi|88196625 76,675 7.1 
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Table 2.2 Virulence factors recovered from CDC587 

Protein (gene) Accession MW pI

Phenol soluble modulin gi|49483337 4,496 4.8

Staphylococcal complement inhibitor (scn) gi|88195845 13,052 9.3

Staphylococcal accessory regulator A (sarA) gi|88194390 14,718 7.8

MHC class II analog protein gi|88194675 15,838 9.3

Chemotaxis inhibitory protein (chp) gi|88195846 17,040 9.6

Staphylokinase precursor (sak) gi|49484186 18,474 6.8

Signal transduction protein TRAP (traP) gi|49484076 19,601 6.2

Thermonuclease precursor (nuc) gi|88194577 25,120 9.3

Exotoxin 1, Superantigen family protein 7, (set1) gi|49482656 26,051 6.9

Exotoxin gi|49482662 26,378 8.7

Toxic shock syndrome toxin-1 (tst) gi|15927587 26,447 8.8

Secretory antigen SsaA-like protein  gi|88194436 28,187 6.1

Staphylococcal enterotoxin type C (sec) gi|15927585 30,671 8.2

γ-toxin component A (hlgA) gi|49484635 34,958 9.6

γ-toxin component C (hlgC) gi|49484636 35,642 9.3

α-toxin precursor (hla) gi|15926746 35,975 8.7

γ-toxin component B (hlgB) gi|49484637 36,812 9.3

1-Phosphatidylinositol phosphodiesterase (plc) gi|49482345 37,114 7.1

Staphopain A (scpA) gi|49484150 44,048 9.6

Iron-regulated binding protein (isdB) gi|49483291 72,999 9.0

Lipase precursor (lip1) gi|49484866 76,601 7.8

Lipase precursor (lip2) gi|49482552 76,691 9.0

5'-Nucleotidase (sasH) gi|49482276 85,133 9.2

Fibronectin-binding protein precursor (fnbA) gi|49484704 105,691 4.6
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2.4.5 Evidence of functionally active α-toxin produced by CDC587. Previous data are 

conflicting on whether or not functional α-toxin can be produced by USA200 strains 

with a stop codon in the hla structural gene (hla-). The mass spectrometry analyses of the 

CDC587 fractions indicated the presence of peptides that corresponded to the amino 

acid sequence of α-toxin, despite the presence of the stop codon in the chromosome. 

(Appendix A2) Biological assays were used to confirm the presence of a functionally 

active α-toxin produced by CDC587 and two additional USA200 strains with hla-, MN8 

and Harrisburg.  

By chemiluminescence detection and Western immunoblotting for α-toxin, we 

were able to detect 1 ng of purified α-toxin (Fig. 2.7A). In 20-fold concentrated 

overnight culture supernates, weak bands with molecular masses the same as α-toxin 

were visible in CDC587, MN8, and Harrisburg, indicating a small amount of α-toxin 

was produced by these strains (Fig. 2.7B). MNPE was estimated to produce 50-100 fold 

more α-toxin than CDC587, MN8, and Harrisburg.  

To determine whether or not these small amounts of α-toxin are potentially 

clinical relevant, we performed bioassays to test classic biological activity of α-toxin: 

rabbit red blood cell hemolytic activity and rapid lethal activity when given 

intravenously in rabbits. MNPE culture supernates were more hemolytic to rabbit 

erythrocytes than CDC587, MN8, and Harrisburg supernates (Fig. 2.8A). 

Highly-specific anti-α-toxin serum neutralized 80% of the hemolytic activity of MNPE 

supernates but only decreased the hemolytic activity of supernates from CDC587, MN8, 

and Harrisburg by 66, 75, and 48%, respectively (Fig. 2.8B). Anti-γ-toxin serum, in 
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contrast, only neutralized 16% of MNPE hemolytic activity but neutralize 45, 42, and 

27% of hemolytic activity in CDC587, MN8, and Harrisburg culture supernates, 

respectively (Fig. 2.8C). These results confirmed that small amounts of biologically 

active α-toxin were produced by these strains that possess the defective hla gene. In 

addition, CDC587, MN8, and Harrisburg produced relatively more γ-toxin than MNPE. 

Rabbits challenged with either unconcentrated MNPE supernates or 10-fold 

concentrated CDC587 supernates intravenously died within 30 min of injection (3/3 per 

group), comparable to rabbits that received 1 μg of highly-purified α-toxin. In contrast, 

unconcentrated supernates from CDC587 did not induce lethality. 
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Figure 2.7 Confirmation of α-toxin production by Western blotting. Anti-α-toxin 

antiserum was prepared from a rabbit immunized with MNPE rHPLC peak 6. (A) 

standard curve (1 μg to 0.1ng) using MNPE rHPLC peak 6 protein. The lower limit of 

detection was 1 ng. (B) Twenty-fold concentrated overnight culture supernates of MNPE, 

CDC587, MN8, and Harrisburg. The lower bands were likely degraded α-toxin by 

proteases in the culture supernates. 
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Figure 2.8 Hemolysis to rabbit red blood cell by TSS S. aureus exoproteins and 

neutralization with α-toxin and γ-toxin antisera. Overnight culture supernates were 

mixed with 3-fold (A) PBS, (B) anti-α-toxin-sera (C) anti- γ-toxin sera in the wells (4 

mm diameter) for 24 h at 37ºC. 
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2.5 Discussion 

S. aureus is a highly versatile microorganism, capable of colonizing human 

mucosal and skin surfaces, as well as producing exotoxins and other factors that cause 

local tissue damage and systemic diseases such as TSS; the organisms themselves can 

also cause systemic diseases through traumatic implantation into the circulation [125]. In 

an effort to estimate the overall contributions of all secreted S. aureus exoproteins, 

individually and in combination, to cause inflammation that opens mucosal barriers or 

damage epithelial tissue integrity directly, we provided global characterization of 

pro-inflammatory and cytotoxic proteins from two MSSA USA200 TSS strains. These 

strains are representative of the most common strains of S. aureus that colonize humans 

and are associated with TSS [112,113]; the USA200 designation is based on pulsed-field 

gel electrophoresis profile as defined by the Centers for Disease Control and Prevention.  

By serial separations based on biochemical properties of the proteins and mass 

spectrometry, we have separated and identified major staphylococcal exoproteins 

responsible for pro-inflammatory responses and cytotoxicity to epithelial cells. CDC587 

was found to produce more virulence factors than MNPE, but most of these virulence 

factors were produced at low levels. Cytolysins (α-toxin and γ-toxin), superantigens (i.e. 

TSST-1 and SEC), staphylokinase, and staphopain A were identified from both isolates. 

α-toxin, γ-toxin, TSST-1, and potentially staphopain were identified as major 

staphylococcal exoproteins that contribute to pro-inflammatory and cytotoxicity activity 

from epithelial cells by the USA200 isolates, and α-toxin was the main exoprotein 

responsible for the greater cytotoxicity and pro-inflammatory activity to HVECs in 
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MNPE culture supernates, compared to CDC587. This study also determined that 

despite both MNPE and CDC587 containing genes for numerous SAgs, including 

TSST-1, SEA, SEC and SEl-G, -K, -M, -O, -P; only two SAgs, TSST-1 and SEC, were 

produced in high enough concentrations to be purified and possess biological activity to 

epithelial cells. As previously reported, these two SAgs, TSST-1 and SEC, together with 

SEB are associated most cases of TSS.  

Our group has previously shown the synergic effects of α-toxin and TSST-1 to 

promote pro-inflammatory responses and cytotoxicity from epithelial cells, which allows 

penetration of TSST-1 systemically to cause TSS [9]. α-Toxin was also determined to 

contribute to the majority of tissue damage in a murine pneumonia model, which is not 

sensitive to superantigens [8]. Our studies therefore support the previous findings that 

α-toxin plays important roles in S. aureus illnesses. 

Interestingly, despite the nonsense mutation in α-toxin, CDC587 and related 

organisms still produced small amounts of α-toxin, indicating translational read-through 

in these S. aureus strains. Our studies have provided three lines of evidence that these 

strains produce functional α-toxin, albeit at a low-level: 1) mass spectrometry; 2) 

Western immunoblotting and antibody neutralization of red cell lysis; and 3) in vivo 

toxicity in rabbits. Stop codon read-through mechanism(s) in S. aureus have previously 

not been characterized. Nonetheless, read-through of an amber stop codon (UAG) has 

been characterized in certain E. coli strains, where the read-through is sufficient for 

bacteria to produce enough essential proteins such that normal growth occurs [126].  

In the present study, MNPE, a strain isolated from a lethal pneumonia TSS case 
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and likely originating from a skin source, was found to produce a large amount of 

α-toxin and superantigens but not many other secreted virulence factors, whereas 

CDC587, a stereotypical menstrual vaginal mucosal TSS isolate, produced a wide 

variety of secreted virulence factors. Our group has previously shown that menstrual 

vaginal mucosal TSS S. aureus isolates produce significantly less α-toxin than skin 

organisms [51,52]. It is possible that a strain that produces less α-toxin, such as CDC587, 

was more suitable for mucosal colonization, whereas high-level α-toxin production by 

MNPE made the organism more suitable for skin colonization. Therefore, we 

hypothesize that MNPE requires wild-type α-toxin for survival on intact skin, whereas 

mucosal isolates such as CDC587 can easily colonize mucosal surfaces without 

wild-type α-toxin production. The basis for this difference was the difficulty 

MNPE-related organisms’ encounter when attempting to colonize skin, such that high 

levels of α-toxin are required to cause dermonecrosis with consequent production of a 

colonization site (furuncle). Thus, organisms such as MNPE devote large amounts of 

energy to production of α-toxin and TSST-1, two toxins that appear essential to the 

organism. In contrast, high-level production of α-toxin on mucosal surfaces would be 

predicted to result in exceptionally high-fatality due to sepsis and/or high-level exotoxin 

penetration into the circulation; this may have accounted for MNPE causing a fatal case 

of post-influenza TSS. Also, the emerging skin strains of MRSA, including USA300 and 

USA400 organisms, have been accompanied by high-level production of cytolysins, 

presumably necessary for production of the large numbers of abscesses associated with 

the infections [8,127]. These same organisms are associated with highly fatal necrotizing 
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pneumonia in humans, consistent with their lack of fitness to mucosal surfaces. Even 

though USA200 organisms such as CDC587 have the ability to cause mucosal TSS, far 

more individuals are colonized with the organism than develop TSS. It appears that this 

organism is adapted to mucosal environment (just as MNPE is adapted to the skin 

environment) by producing those virulence factors that favor colonization without 

serious disease.  

Various mechanisms of genetic adaptation have been described in other 

organisms. For example, Pseudomonas aeruginosa developed genetic mutations, which 

result in a mucoid phenotype, to maintain chronic lung infections in patients with cystic 

fibrosis [128]. The combinations of plasminogen-binding M protein and plasminogen 

activator streptokinase genetic variants have been associated with the fitness of 

Streptococcus pyogenes isolates on the skin or throat [129]. Josefsson and colleagues 

have shown that S. aureus tends to adapt the transcription levels of virulence factors 

based on surrounding tissues in a mouse septic arthritis model [130]. S. aureus isolates 

may also adapt to their environment niches (skin or mucosal surfaces) by 

down-regulation of certain virulence proteins that lead to excessive immune responses. 

An example of this may be the presence of the stop codon in the α-toxin gene. Thus, 

CDC587 and related isolates have adapted an unusual read-through mechanism for 

production of only low-levels of the toxin. The paucity of production of secreted 

virulence factors by strain MNPE, compared to production of large numbers by CDC587 

may be another example of S. aureus niche-specific adaption.  

In addition to α-toxin and superantigens, γ-toxin and the protease staphopain 
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were also indicated to be pro-inflammatory molecules to epithelial cells. γ-toxin, α-toxin, 

and Panton Valentine leukocidin (PVL), a cytolysin epidemiologically associated with 

severe skin infections in the community, all belong to the heptamer pore-forming 

cytolysin family. γ-toxin and PVL are hetero-chain heptamers, whereas α-toxin is a 

homo-chain heptamer; these structural differences may account for their observed 

activity differences [131]. Similar to α-toxin, γ-toxin has been suggested to play a role in 

a rabbit S. aureus keratitis model [132]. Our data indicate that menstrual TSS isolates 

such as CDC587 and related isolates produce relatively more γ-toxin than MNPE. 

However, the role of γ-toxin in S. aureus TSS pathogenesis has not been well 

characterized. Staphopain is a cysteine protease that has been shown to induce vascular 

leakage in guinea pig skin, which potentially facilitates septic shock [133]. Our data 

indicate that this protease may be pro-inflammatory to epithelial cells and thereby 

important for S. aureus pathogenesis on mucosal surfaces. Other secreted virulence 

factors were identified in our studies, including staphylococcal inhibitor of complement, 

which inhibits complement; staphylokinase, which inhibits host antimicrobial peptide 

α-defensins; lipases, and nucleases. These secreted proteins were not shown to be 

pro-inflammatory to epithelial cells in our study. 

This study was a global characterization of exoproteins important for inducing 

cytokines from epithelial calls and cell death. We identified several exoproteins that may 

play important roles in establish S. aureus illness on mucosal surfaces. The differences 

in the secreted virulence factor profile between these two genetically related strains also 

suggest that production of virulence factors can vary considerably based on host niche. 
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Identification of the important role of these exoproteins as performed in this study is an 

important step towards development of vaccines, prophylactics, and enhanced 

therapeutics designed to control S. aureus diseases, including TSS. 
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CHAPTER III 

 

 

Glycerol Monolaurate and Dodecylglycerol Effects on Staphylococcus 

aureus and Toxic Shock Syndrome Toxin-1 In vitro and In vivo 
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3.1 Introduction  

Staphylococcus aureus is an important cause of skin and mucosal infections both 

in hospital and community settings [134,135]. Superantigens, especially toxic shock 

syndrome toxin 1 (TSST-1), are also responsible for systemic exotoxemias such as toxic 

shock syndrome (TSS), an acute onset and potentially life-threatening illness. The most 

recognized cases of TSS are associated with tampon usage in menstruating women; 

however, TSS is also associated with S. aureus infections at surgical or skin infection 

sites [135,136]. Bacterial contamination of wound dressings, in particular occlusive 

dressings, has been suggested as the source of infection in some TSS cases [137].  

Based on pulsed-field gel electrophoresis (PFGE), S. aureus strains can be 

grouped into several clonal types. In the United States, USA200 PFGE type were the 

most common methicillin susceptible S. aureus (MSSA) isolates recovered from 

national nasal colonization studies [112]. USA200 clonal type, which is genetically 

similar to the epidemic hospital strain EMRSA16 in the United Kingdom, is also the 

major clonal type associated with TSS, presumably due to the high prevalence of these 

isolates to possess tst (the gene for TSST-1). USA300 and USA400 clonal types have 

been associated recently with necrotizing pneumonia and necrotizing fasciitis in 

community settings [17]. Methicillin resistant S. aureus (MRSA) USA300 has emerged 

as one of the major causes of invasive staphylococcal infections in both community and 

hospital settings [14,17].  

Given that most S. aureus infections are initiated at mucosal and skin sites, 

topical anti-staphylococcal agents, that can be incorporated into wound dressings, 
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disposable medical devices, or tampons to inhibit toxin production and/or S. aureus 

growth and thus prevent S. aureus infections or TSS, would have clinical value.  

Glycerol monolaurate (GML) (2,3-dihydroxypropyl dodecanoate) is a lauric acid 

glycerol ester commonly used in the food and cosmetic industries as an emulsifier and 

preservative and is generally recognized as safe by the Food and Drug Administration 

for topical use at doses up to 100 mg/ml. GML interferes with membrane signal 

transduction and thereby inhibits the growth of S. aureus and delays the production of S. 

aureus exoproteins, such as TSST-1 and α-toxin [99-101]. GML also reduces the 

production of proinflammatory cytokines and chemokines by mammalian cells in 

response to S. aureus and purified TSST-1 (100 μg/ml), and prevents lethality in rabbits 

challenged vaginally with TSST-1 [102,103]. Given these properties, GML has been 

tested as a tampon additive and reduces staphylococcal exotoxin production and vaginal 

inflammation in vivo [138]. In addition, GML (5% gel) has been demonstrated recently 

to inhibit innate inflammatory responses [139] and to maintain vaginal health by 

normalize vaginal microflora [140]. The compound, however, is not stable in the 

presence of S. aureus and can be hydrolyzed by S. aureus esterase (lipase) into glycerol 

and lauric acid [99,101]. To overcome the limitation of inactivation, compounds with 

ether linkage have been suggested as potential alternatives to GML. Many of these ether 

compounds inhibit TSST-1 production in addition to S. aureus growth, and they are 

more stable than ester compounds (such as GML) to chemical and enzymatic hydrolysis 

[104,105]. 1-O-Dodecyl-rac-glycerol (DDG) (3-(dodecyloxy)propane-1,2-diol) is the 

corresponding alkylglycerol ether to GML. DDG inhibits the growth of Enterococcus 
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faecium and Streptococcus mutans primarily by stimulating autolysin activity and 

interfering with cell wall synthesis [105,141-144]. DDG simultaneously inhibits S. 

aureus growth and TSST-1 production, but the mechanisms of action has not been 

characterized [104]. 
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3.2 Objectives 

Given the structural similarity of GML and DDG and its supposed stability to 

lipase degradation over GML, DDG was hypothesized to be more potent than GML at 

inhibiting S. aureus growth and TSST-1 production, and therefore a better 

antistaphylococcal agent candidate than GML. Our goal was to compare the efficacy of 

these two compounds on S. aureus growth, and TSST-1 production in vitro and in vivo. 

We also studied in vivo the interactions between host innate immune responses and the 

compounds during S. aureus infection.   
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3.3 Materials and Methods  

S. aureus isolates. Fifty-four clinical isolates were tested to assess the ability of GML 

versus DDG to inhibit the growth of S. aureus. These included 10 menstrual vaginal 

TSST-1+ MSSA isolates within the pulsed-field gel electrophoresis (PFGE) type 

USA200 as defined by the CDC [2]. These isolates were from TSS patients across the 

United States. Ten TSST-1+ MRSA isolates were included within PFGE type USA200, 

and all of these isolates were from Minnesota, with 6 from patients with TSS. Five 

isolates were USA400 MRSA, and 5 isolates were USA400 MSSA. All USA400 isolates 

were from patients with necrotizing pneumonia, purpura fulminans, or non-menstrual 

TSS [18]. Three of the USA400 MRSA and three of the USA400-related MSSA isolates 

made the superantigen staphylococcal enterotoxin C (SEC), and two in each group made 

SEB.  All ten isolates were positive for Panton-Valentine leukocidin (PVL). Four 

isolates were categorized as USA300 MRSA and were positive for the superantigen 

enterotoxin-like Q and made PVL [2]. Since GML and DDG are likely to be used 

topically, S. aureus derived from both skin and mucous membranes were also evaluated. 

Vaginal isolates (N=10) were obtained from healthy women during menstruation, and 10 

skin strains were obtained from patients with atopic dermatitis. These 20 isolates were 

not further characterized with respect to exotoxin production or methicillin susceptibility. 

Collectively, these 54 clinical isolates were isolated from 1995 to 2007 and are 

maintained in the Schlievert and Peterson laboratories in the lyophilized state as low 

passage cultures.  

S. aureus MN8 is a USA200 MSSA clinical isolate whose growth and exotoxin 
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responses to GML have been reported previously [100,101]. Therefore, this strain was 

chosen to evaluate exotoxin inhibitory ability of the compounds and used in the rabbit 

Wiffle ball infection study.  

 

Antimicrobial compounds. DDG (racemic 1-O-dodecylglycerol; ≥99% purity; CAS 

registry number: 1561-07-5; 3-(dodecyloxy)propane-1,2-diol; Alexis Corporation, 

Läufeltinger, Switzerland), and glycerol monolaurate (GML) (Monomuls 90-L12; ≥90% 

purity; CAS registry number: 142-18-7; 2,3-dihydroxypropyl dodecanoate; Cognis, 

Cincinnati, Ohio) were prepared as high concentration stocks. GML was dissolved in 

ethanol, and DDG was dissolved in dimethyl sulfoxide (DMSO), as recommended by 

the manufacturers. 

 

Determination of compound degradation by bacterial lipase. Overnight S. aureus 

(MN8) culture supernates (20 μl) were filtered to remove bacteria and placed into wells 

on agarose slides incorporated with either GML or DDG (500 μg/ml) and incubated for 

5 h at 37°C and degradation of compound was assessed visually by measuring zone of 

clearing. The method for preparing these slides was adapted from Schlievert et al. [101].  

 

Culture conditions. Bacteria were cultured overnight in Todd-Hewitt (TH) Bacto broth 

(Becton Dickinson and Company, Sparks, MD) at 37°C with 200 revolutions per minute 

(rpm) shaking. Experiments were performed with approximate starting inoculum of 1 x 

107 colony-forming units (CFU)/ml with various concentrations of GML and DDG in 1 
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ml of TH broth. Samples (50 μl) were serially diluted with phosphate buffered saline 

(PBS; Cellgro-Mediatech Inc., Herndon, VA), and spirally plated onto sheep blood agar 

(Becton Dickinson). Plates were incubated at 37°C overnight and CFU counted with 

aCOLyte Supercount computer software (Microbiology International, Frederick, 

Maryland). The lower limit of accuracy was 400 CFU/ml, approximately 2.6 log10 

CFU/ml. For S. aureus MN8 experiments (6h and 24h), an additional 300 μl of samples 

were collected and frozen for TSST-1 quantification. Bactericidal activity was defined as 

a 99.9% (3-log10 reduction in CFU/ml) reduction in bacterial density at 18-24 h 

compared to the initial inoculum. The term bacteriostatic was used when bacterial 

growth compared to the initial inoculum was either not observed or reduced by less than 

99.9% [145]. 

 

TSST-1 Western blotting. Proteins in the 300 μl bacterial culture supernates were 

concentrated by precipitation with four volumes of 100% ethanol and re-suspended in 60 

μl of sterile distilled water. Rabbit Wiffle ball supernate samples were not concentrated. 

For Western blotting, samples [1:1 mixed with Laemmli sample buffer (Bio-Rad 

Laboratory, Hercules, CA)] were separated by sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE, 12% acrylamide) [146]. After transfer to 

polyvinylidene fluoride membranes (Bio-Rad), the membranes were sequentially 

incubated with primary anti-TSST-1 (Toxin Technology. Inc., Sarasota, FL), secondary 

anti-rabbit IgG-alkaline phosphatase (Sigma-Aldrich), and 5-bromo 4-chloro 3-indolyl 

phosphate/ nitroblue tetrazolium (Sigma-Aldrich) for development [147]. The relative 
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band density was determined with ImageJ software (version 1.40g; 

http://rsb.info.nih.gov/ij/). 

 

Cytotoxicity of the compounds to human vaginal cells. Immortalized human vaginal 

epithelial cells (ATCC CRL-2616) were used to determine mammalian cell cytotoxicity 

of GML and DDG. The cells were maintained in Keratinocyte-Serum Free medium 

(KSFM, GIBCO-BRL, Grand Island, NY), supplemented with recommended 

supplements and antibiotics/antifungal (100 IU/ml penicillin, 100 μg/ml streptomycin, 

and 2.5 μg/ml Fungizone). Cells were seeded into 96-well plates and grown to 

confluency. Cells were changed to antibiotic/antifungal-free KSFM the day before 

experimentation. Cells were co-incubated with compounds for 6 h at 37˚C in a 

humidified incubator with 7% CO2. CytoTox-One homogenous membrane integrity 

assay (Promega) was used to measure the release of lactate dehydrogenase (LDH) from 

damaged cells as an indicator of membrane integrity. Assays were performed according 

to the manufacturer’s instructions. Absorbances at 560 nm (excitation) and 590 nm 

(emission) wavelengths were measured by SpectraMax M2 microplate reader 

(Molecular Devices, Sunnyvale, CA). All experiments were performed in triplicate. 

Median lethal doses (LD50) of the compounds were the intercepts of 50% cell survival 

and the regression line of the two points adjacent to the values. 

 

Rabbit Wiffle ball infection model. Ethics statement: All animal experiments were 

performed in accordance with protocols approved by the University of Minnesota 
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Institutional Animal Care and Use Committee (IACUC). The rabbit Wiffle ball infection 

model has been previously described [148,149]. Briefly, golf-ball-sized Wiffle balls 

were implanted subcutaneously in the flanks of Dutch-belted rabbits (either sex, 1.5 to 

2.5 kg). The animals were allowed to recover for 6-8 weeks. On day 0 of 

experimentation, the animals (n=5) received 0.3 ml of 100 mg/ml GML or DDG (or 

solvent control) by injection directly into the Wiffle ball (final concentration of 1 mg/ml 

in the 30 ml Wiffle ball). A 1 mg/ml (0.1%) final concentration for DDG and GML was 

chosen and hypothesized to be non-toxic and efficacious as we previously determined 

that a GML (5%) containing gel inserted vaginally every day in monkeys for 6 months 

was not toxic [103]; and initial in vitro results indicated this concentration of GML and 

DDG would be bactericidal against S. aureus and inhibit TSST-1 production. The same 

treatments were administered every other day (days 2, 4, and 6). Overnight S. aureus 

MN8 cultures were grown in TH broth, washed once with PBS, and re-suspended to the 

desired concentration in PBS. Immediately after injecting the compounds, 1 x 1010 CFU 

S. aureus MN8 (in a volume of 1.0 ml) was injected into each animal’s Wiffle ball (30 

ml), bringing the local concentration to approximately 3 x 108 CFU/ml. Animals were 

monitored daily for signs of TSS, including fever (with use of rectal thermometers), 

diarrhea, weight loss, and moribundity (as an indication of imminent death). A small 

volume of fluid (0.3 ml) was drawn from each Wiffle ball daily for bacterial counts, 

TSST-1 measurement, and TNF-α determination. (Appendix A3) Animals were 

euthanized by barbiturate overdose (intravenous injection) on day 7.  
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Tumor necrosis factor α (TNF-α) ELISA. TNF-α was used as a biomarker of 

inflammation at the infection site. Purified recombinant rabbit TNF-α, capture antibody, 

primary detection antibody (goat anti-rabbit TNF-α), secondary anti-rabbit antibody 

(biotin mouse anti-rabbit TNF-α), and assay reagents were commercially available from 

Becton Dickinson. Rabbit Wiffle ball fluids were diluted a minimum of 1:2 with assay 

buffer to eliminate viscosity and nonspecific effects. Lower limit of detection of this 

assay was approximately 200 pg/ml.  

 

Statistical methods. Paired t-tests were performed to compare the differences in 

bacterial densities between GML and DDG (50 and 100 μg/ml) against the 54 clinical S. 

aureus isolates. Un-paired t-tests were used to compare the susceptibility of MRSA and 

MSSA. Total S. aureus CFU/ml and TSST-1 levels among groups were compared using 

one-way analysis of variance (ANOVA) with Bonferroni method to adjust p values for 

multiple comparisons. Fisher’s exact test was used to compare rabbit survival between 

treatment groups. A p ≤0.05 was considered statistically significant. Computations and 

graphing were performed using Prism version 5 (GraphPad Software, Inc. La Jolla, CA). 
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3.4 Results 

3.4.1 Stability against S. aureus enzymes. GML- and DDG-containing agarose slides 

were exposed to S. aureus overnight cultures to determine the stability of the compounds 

to lipase contained in the culture supernates. A clear zone was observed on the GML 500 

μg/ml agarose slide, but not the DDG 500 μg/ml slide (Fig. 3.1). The solubility limit of 

GML in aqueous solutions at 37 ºC is approximately 100 µg/ml, and thus the zone of 

clearance, reflecting GML degradation by lipase, can be observed in the presence of a 

turbid background. The observation indicated that DDG was resistant to degradation by 

S. aureus MN8 lipase, while GML was not resistant to lipase.  
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Figure 3.1 Stability of the compounds to Staphylococcus aureus (MN8) lipase.          

(A) Glycerol monolaurate (GML). (B) Dodecylglycerol (DDG). Clear zone indicates 

that the compound was degraded. Arrow denotes of the radius of the clear zone on the 

slide. 
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3.4.2 In vitro growth inhibition. The differences in susceptibility to GML and DDG 

among S. aureus strains were evaluated broadly with a large collection of clinically 

relevant isolates (MSSA USA200, MRSA USA200, MRSA USA300, MSSA USA400, 

MRSA USA400, vaginal isolates from healthy women, and isolates from persons with 

atopic dermatitis). Growth inhibitory effects of GML (50, 100, and 500 μg/ml) and DDG 

(25, 50, and 100 μg/ml) were examined at 18h. In general, GML was bacteriostatic at 

concentrations of 50 μg/ml and 100 μg/ml, and was bactericidal (3 log decrease in 

CFU/ml from the starting inoculum of 1x107 CFU/ml) at the concentration of 500 μg/ml 

(Fig. 3.2). On the other hand, DDG had a bacteriostatic effect on most strain categories 

at the concentration of 25 μg/ml (one dilution lower than GML). As the concentrations 

of DDG increased from 25 to 50 and 100 μg/ml, bacterial densities decreased an 

additional 1-2 log CFU/ml (Fig. 3.3). Overall, DDG was consistently more effective in 

preventing bacteria growth among all S. aureus strain categories, including vaginal and 

atopic dermatitis strains, than GML at concentrations of 50 and 100 μg/ml (p<0.01 for 

comparisons of GML and DDG against all 54 strains at both concentrations). There was 

no significant difference between MSSA and MRSA in response to GML (p=0.79 and 

0.12 for GML 50 and 100 μg/ml, respectively); However, MRSA appears to be more 

susceptible to DDG than MSSA at the concentrations 50 and 100 μg/ml (p=0.01 and 

p<0.01, respectively). Some clonal variability was noted among strains, where USA400 

(MSSA and MRSA) strains were relatively more resistant to DDG and the high dose of 

GML (500 μg/ml) than other clonal types (USA300 and USA200) tested. MRSA 

USA300 strains were the most susceptible clonal type to DDG. 
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Figure 3.2 Glycerol monolaurate (GML) inhibition of Staphylococcus aureus. GML 

concentrations 50, 100, and 500 μg/ml were tested versus S. aureus isolates from 

different PFGE types, USA400 MRSA (A), USA400 MSSA (B), USA300 MRSA (C), 

USA200 MRSA (D), USA200 MSSA (E), atopic dermatitis strains (F), vaginal strains 

from healthy women (G), for 18 h at 37˚C with shaking. The dashed line indicates the 

starting inocula. Each square (■) indicates one isolate. The bars represent the mean ± 

SEM of bacterial density in the group.  
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Figure 3.3 Dodecylglycerol (DDG) inhibition of Staphylococcus aureus.  

DDG concentrations 25, 50, and 100 μg/ml were tested versus S. aureus isolates from 

different PFGE types, USA400 MRSA (A), USA400 MSSA (B), USA300 MRSA (C), 

USA200 MRSA (D), USA200 MSSA (E), atopic dermatitis strains (F), vaginal strains 

from healthy women (G), for 18 h at 37˚C with shaking. The dashed line indicates the 

starting inocula. Each triangle (▲) indicates one isolate. The bars represent the mean ± 

SEM of bacterial density in the group.  
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3.4.3 In vitro TSST-1 suppression. To evaluate toxin inhibitory effects of the 

compounds at sub-growth-inhibition concentrations, S. aureus MN8 was tested for 

growth inhibition and the corresponding TSST-1 production by GML (25 and 50 μg/ml) 

and DDG (5, 15, and 25 μg/ml) at 6 and 24h. GML (25 and 50 μg/ml) inhibited bacterial 

growth at 6 h, however, this bacteriostatic effect was no longer seen by 24 h (Fig. 3.4A). 

TSST-1 level was significantly reduced by GML at 25 and 50 μg/ml at 6h (> 99 % 

reduction), and this effect persisted through 24 h (49 % and 78% reduction, respectively) 

(Fig. 3.4B). DDG (5 μg/ml) did not inhibit the growth of MN8, and did not inhibit 

TSST-1 production (Fig. 3.4C). However, DDG (15 μg/ml) inhibited the growth of MN8 

at 6 h but not 24 h, and TSST-1 production was inhibited by > 99 % at 6 h and 61 % at 

24 h (Fig. 3.4D). 
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Figure 3.4 Effects of GML and DDG on Staphylococcus aureus Toxic Shock 

Syndrome Toxin-1 (TSST-1) production. (A) S. aureus MN8 was exposed to GML 0, 

25 and 50 μg/ml for 6 and 24 h, and bacterial densities at 6 and 24 h were determined by 

plate counts. (B) The corresponding concentrations of TSST-1 of the above GML 

experiment. (C) S. aureus MN8 was exposed to DDG 0, 5, 15, and 25 μg/ml for 6 and 24 

h. (D) The corresponding concentrations of TSST-1 from above DDG experiments. 

TSST-1 concentrations are presented as percent of the TSST-1 concentrations in 24 h 

control samples. Results are mean ± SEM. The dashed line indicates the starting inocula. 

*, p < 0.05. 
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3.4.4 Mammalian cell toxicity. Since GML and DDG are most likely to be utilized in 

topical applications, they will be in contact with epithelial cells. Therefore, we 

determined the toxicity (median lethal dose, LD50) of GML and DDG to immortalized 

human vaginal epithelial cells (HVECs) using an assay to measure the membrane 

integrity (lactate dehydrogenase [LDH] release) following 6h incubations. The LD50 of 

GML for a monolayer of confluent HVECs was 83 μg/ml (95% confidence interval [CI]: 

69 – 99 μg/ml), while the LD50 of DDG for HVECs was 50 μg/ml (95% CI: 43 – 62 

μg/ml) (Fig. 3.5). These results indicated that DDG was statistically more toxic to 

HVECs than GML. However, since the LD50 concentrations of DDG were lower than its 

bacterial growth inhibition concentrations in vitro, the compound may still be useful as 

an antistaphylococcal agent. 
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Figure 3.5 Cytotoxicity of GML and DDG to Human Vaginal Epithelial Cells 

(HVECs). HVECs were exposed to GML (■) and DDG (▲) for 6 h. Cytotoxicity was 

accessed by measuring the release of LDH. Error bars are SEM. The dashed line 

indicates median cell survival (LD50). Symbols:■, GML; ▲, DDG 
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3.4.5 In vivo rabbit Wiffle ball infection model. Both GML and DDG demonstrated in 

vitro potential as topical anti-staphylococcal agents, thus their efficacy in vivo was 

evaluated in a rabbit Wiffle ball infection model with compound (1mg/ml, 

every-other-day) injected directly into the site of infection [see Materials and Methods]. 

In this model for toxic shock syndrome (TSS), bacteria are localized in the Wiffle ball 

both in suspension and as biofilms formed along the Wiffle ball surface; Superantigens 

can penetrate the Wiffle ball encapsulation tissue into the blood circulation to cause 

systemic effects, including TSS [148,150]. The survival curves for these experiments are 

shown in Fig. 3.6A. All rabbits in the control group (N = 5) died by day 4 (3 on day 2 

and 2 on day 4) following inoculation of the Wiffle balls with S. aureus (MN8) 3 x 108 

CFU/ml. Two of 5 rabbits in DDG group and 4 of 5 rabbits in GML group were alive by 

the end of the 7 day study. One rabbit in DDG group died on day 2, 1 on day 4, and 1 on 

day 7; one rabbit in GML group died on day 2. The survival of rabbits receiving GML 

(4/5) was statistically better than the control (0/5) group (p < 0.05, Fisher exact).  

The Wiffle ball infection model provides the opportunity to study the interactions 

among bacteria, host innate immune responses, and therapeutic compounds by taking 

repeated samples at the infection site over time. We had difficulty obtaining fluids from 

Wiffle balls in two rabbits (one of the rabbits in GML and one in DDG group).Thus, the 

sample analyses, including bacterial counts, TNF-α (as a biomarker for TSS), and 

TSST-1 levels, were based on available sample points. All Wiffle ball sample fluids 

uniformly contained S. aureus, but Pasteurella multocida, was recovered from a sample 

taken on day 2 of a rabbit in the DDG group. That rabbit died at day 4.  
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One day after initial dosing, bacterial counts in the DDG treatment group were 

0.65 and 1 log lower than those in the GML treatment and the control groups, 

respectively (Fig. 3.6B). However, in spite of the repeated dosing, bacterial counts in 

DDG group increased over time. In contrast, GML suppressed bacterial growth 

throughout the 7 day study period. Neither compound was able to achieve > 3 log 

reduction in bacterial load within the Wiffle ball at the concentration tested.  

TSST-1 concentrations within the Wiffle ball cavities of GML and DDG treated 

rabbits were lower than the control rabbits (Fig. 3.6C). On day 2, TSST-1 was 

significantly inhibited by 60% and 66% of the control rabbits for GML and DDG, 

respectively (p < 0.001, both treatments). On day 7, TSST-1 in the GML group remained 

significantly lower than TSST-1 in control rabbits on day 2 (58% reduction, p<0.05), 

while the level in DDG group was not significantly lower than controls on day 2 (22% 

reduction).  

Baseline TNF-α levels in the Wiffle ball fluids of all rabbits were below the 

lower limit of detection (200 pg/ml) prior to infection (Fig. 3.6D). One day after 

bacterial challenge, rabbits treated with GML showed significantly lower concentrations 

of TNF-α in the Wiffle ball cavities than rabbits in control and DDG treatment groups: 

TNF-α average concentrations increased to 32.8 ng/ml (range: 11.6 – 61.9 ng/ml), 7.9 

ng/ml (range: 1.8-17.7 ng/ml), and 18.6 ng/ml (range: 3.1 - 95.9 ng/ml) for control, 

GML, and DDG groups, respectively. TNF-α concentrations of rabbits in the GML 

group remained low throughout the period of study (4.1 ng/ml; range: 3.0 – 5.5 ng/ml). 

On the other hand, there was wide variation in TNF-α in the DDG group. TNF-α in one 
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rabbit decreased from 26.9 ng/ml on day 1 to 14.7 ng/ml on day 7, but other rabbits in 

this group had increasing TNF-α levels throughout the experiment. Overall, there is no 

strong evidence indicating DDG’s ability to modulate innate immune responses. 
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Figure 3.6 Antistaphylococcal effects of GML and DDG in a rabbit Wiffle ball 

infection model. Rabbits (n = 5 in each group) were infected with 3 x 108 CFU/ml S. 

aureus MN8, and compounds (final concentration 1 mg/ml) were instilled into the Wiffle 

balls every-other-day and rabbits monitored up to 7 days. Survival of the rabbits (A), 

bacterial counts (B), TSST-1 production (C), and TNF-α levels (D) in the Wiffle balls. 

TSST-1 presented as percent of day 2 TSST-1 concentrations of the control rabbits 

(GML, close bars; DDG, open bars).   Error bars are SEM. Symbols: ○, control; ■, 

GML; ▲, DDG; *, p < 0.05. 
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3.5 Discussion  

TSS is a serious complication of S. aureus infection, and the superantigen, 

TSST-1, is responsible for nearly all menstrual TSS cases and at least half of 

non-menstrual cases [23]. Many surfactants, including fatty acids linked through ester, 

ether, amide, or amine bonds, appear to inhibit S. aureus growth and toxin production 

[104]. However, fatty acid esters and amides are susceptible to S. aureus enzyme 

degradation, and amines are irritable to mucous membranes [151]. Therefore, fatty acid 

ethers were considered to be better candidates as topical anti-staphylococcal agents. 

Lauric acid (a 12 carbon-containing fatty acid) was determined to be the most potent 

saturated fatty acid when C8 to C18 -containing fatty acids were tested against 

gram-positive bacteria [152]. Its ester derivative, GML, has shown excellent potential 

for being incorporated into tampons to reduce risk of TSS [138]. However, similar to 

other fatty acid esters, GML is susceptible to S. aureus lipase degradation. DDG, the 

corresponding ether to GML, was therefore compared to GML as an anti-staphylococcal 

candidate to reduce the risk of TSS. The studies presented in this manuscript determined 

that GML and DDG inhibit S. aureus growth and toxin production, although by apparent 

different modes of action. In addition, a difference in strain (clonal type) specific 

susceptibility to both GML and DDG was observed. Overall, the studies indicated that 

GML is a potentially better anti-staphylococcal agent than DDG for its ability to inhibit 

exoprotein production regardless of effects on bacterial growth, to reduce mortality in 

the rabbit Wiffle ball infection model, and to cause less cytotoxicity to epithelial cells 

than DDG. 
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A range of minimum inhibitory concentrations (MICs) for GML against S. 

aureus have been reported. The MICs of GML against 29 strains of S. aureus in a 

complex medium were reported to be between 10 to 20 μg/ml with 103 to 104 CFU/ml 

inocula [153]. Kabara and colleagues reported the MIC of GML against S. aureus was 

25 μg/ml with approximate 107 CFU/ml inocula in trypticase soy broth [152]. Preuss et 

al. reported 63 μg/ml with approximate 105 to 106 CFU/ml inocula in nutrient broth 

[154]. Kelsey and colleagues reported the MIC of GML against three strains of S. aureus 

was 25-50 μg/ml [155]. The variability in MIC is potentially due to culture conditions, 

inoculum size, and the S. aureus strains tested [153].  By testing the compounds against 

a large collection of clinical relevant strains, we confirmed that there are differences in 

sensitivity to GML among bacterial strains, even within the same clonal type. The 

differences in GML sensitivity may not be solely explained by different levels of lipase 

produced by the strains since the differences among S. aureus clonal types can also be 

observed in the DDG group, which is not degraded by S. aureus lipase. We also 

observed that USA400 strains do not produce more lipase than USA200 strains (data not 

shown), despite being more resistant to the compounds. The mechanism(s) behind the 

differences among S. aureus clonal types in response to DDG and GML may be related 

to cell surface hydrophobicity [156], however, this hypothesis will need to be 

investigated in future studies. 

Although structurally similar, DDG and GML interact with S. aureus differently. 

Glycerol esters are commonly found in bacterial membranes, and cells have mechanisms 

to maintain membrane integrity in their presence. This is likely to occur also in the 
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presence of GML. In contrast, glycerol monoethers are uncommon in bacterial 

membranes, and thus, the bacteria may be expected to have greater difficulty in 

maintenance of membrane integrity in the presence of DDG. As noted in our studies, 

GML antimicrobial effects were dose dependent and required higher concentrations for 

bactericidal activity, while DDG was predominantly bacteriostatic, but active at lower 

concentrations than GML. Similar mechanisms may also explain the differences 

between GML and DDG on toxin inhibition. GML blocks toxin induction by interfering 

with bacterial signal transduction on bacterial cell membranes [100]. In our study, GML 

(25-50 μg/ml) was able to inhibit TSST-1 production independent of S. aureus growth 

inhibition properties, which is in agreement with previously described results by 

Schlievert et al. (20 μg/ml) [101], and Holland et al. (17 μg/ml) [153]. DDG was also 

reported to inhibit TSST-1 production by McNamara and colleagues [104]. However, 

our results suggest that for DDG, and likely other glycerol monoethers, inhibition of 

toxin production is dependent on bacterial growth inhibition, which is different from that 

of GML.  

GML has a good safety profile on skin and mucosal surfaces. The compound was 

considered to have negative ocular irritation and have a LD50 of >20g/kg for rats when 

dosed orally for 10 weeks [157]. In fact, GML (5% gel) was safe for chronic vaginal 

administration in monkeys over a 6 month test period [103]. In unpublished studies with 

year-long passage of S. aureus MN8 on sub-growth-inhibitory concentrations of GML, 

we observed no increase in resistance to GML’s antimicrobial and anti-exotoxin effects. 

On the other hand, the safety of DDG in vivo has not been well studied. In one study, 
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mice given 1g/kg of DDG orally per day over 4 weeks indicated no signs of toxicity, and 

DDG was quickly absorbed and eliminated into urine [158]. Since increased doses of 

DDG do not enhance bacterial growth inhibition in our study, and DDG may be more 

irritable to mucosal surfaces than GML, minimal effective dose of DDG should be used. 

GML has been reported to stabilize the membrane of eukaryotic cells, modulate 

the production of pro-inflammatory cytokines and thereby prevent the toxicity of 

bacterial exotoxins on eukaryotic cells [102]. We have previously suggested the benefits 

of GML as a dual-acting anti-infective, 1) with effects on the microbes to prevent growth 

and/or exotoxin production, and 2) with anti-inflammatory and membrane stabilizing 

effects on the host epithelial cells, which reduces the disruption in the mucosal 

permeability barriers caused by induction of pro-inflammatory cytokines and 

chemokines following infection [139]. This latter anti-inflammatory and membrane 

stabilizing property, although counterintuitive, may be equally important or more 

important than the antimicrobial effect. We reported recently that a GML (5%) 

containing gel prevented SIV transmission across monkey cervical and vaginal mucosa, 

despite mucosal surface GML concentrations being below virucidal concentrations [139]. 

Additionally, histological studies demonstrated an inhibitory effect on innate immunity. 

In our study, GML also decreased local pro-inflammatory cytokine production (as 

measured by TNF-α) despite bacterial densities of approximately 1 x 107 CFU/ml over 7 

days.  

Production of TSST-1 is induced by elevated oxygen and carbon dioxide levels, 

neutral pH, presence of proteins, and increased temperature (37˚C) [79]. Introduction of 
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oxygen into the typically anaerobic vaginal environment may account for the tampon 

association with TSS [159,160]. Although abscesses are typically perceived to be 

anaerobic, Todd and colleagues demonstrated that S. aureus abscesses are aerobic, and 

appear to provide TSST-1 stimulating environmental conditions, similar to those 

occurring vaginally in the presence of tampons [161]. The Wiffle ball infection model as 

used in this study has aspects of both types of S. aureus infections included in an aerobic 

encapsulated abscess, which has internal surfaces similar to the vaginal mucosa. As 

bacteria were encapsulated in the Wiffle ball, the model provided an ideal environment 

for real-time monitoring of the interactions among the host innate immune response, 

bacteria, and treatments (DDG and GML) at the infection site.  

Based on the collective results of this study, GML is proposed as more effective 

anti-staphylococcal topical anti-infective candidate than DDG, despite its potential 

degradation by S. aureus lipase. 
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CHAPTER IV. 

 

 

Overall Conclusions and Future Directions 
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The battle between pathogenic bacteria and the human host is never ending. The 

discovery and continued development of antibiotics have kept humans primarily on the 

winning side for the last few decades. However, versatile organisms, such as S. aureus, 

are constantly evolving to their environment to become resistant to many antibiotics and, 

in some cases, more virulent.  

S. aureus not only contributes to acute diseases such as infections and TSS, but 

also contributes to chronic inflammation and autoimmune diseases [13,111]. Skin and 

the mucosal epithelium is the first line of defense against microbe invasion. This is also 

where most, if not all, toxic S. aureus components are produced, including cytolysins, 

SAgs, and extracellular enzymes. Prior studies have indicated that cytolysins facilitate 

SAgs penetration across mucosal membranes via inflammation and/or via direct 

cytotoxicity to epithelial cells, which increased membrane permeability and/or disrupted 

the tissue barrier [9]. Based on these findings, I hypothesized that secreted S. aureus 

virulence proteins induce inflammation and/or cytotoxicity in epithelial cells to facilitate 

the penetration of its toxins and/or itself. By inhibiting the effect of these proteins on 

epithelial cells, I propose that S. aureus mucosal pathogenesis can be prevented or 

alleviated. Based on this hypothesis I propose the representative S. aureus mucosal 

pathogenesis model presented in Figure 4.1. The model describes the known relationship 

between S. aureus exoprotein-induced inflammation and S. aureus disease progression 

on mucosal membrane, as well as the possible mechanisms of anti-toxin (virulence) 

therapies to prevent and/or delay the pathogenic process. Given bacterial toxins such as 

SAgs penetrate damaged mucosal membranes better than whole bacterial cells, TSS 
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models of infection, including immortalized vaginal epithelial cells, ex vivo porcine 

vaginal mucosa and a rabbit Wiffle ball abscess/TSS model, were chosen as models of S. 

aureus disease to study the interactions between secreted S. aureus virulence factors 

(exoproteins) and S. aureus disease progression from mucosal membranes.  

In the presented study, cytolysins (α- and γ-toxins), TSST-1, and staphopain (a 

cysteine protease) were demonstrated to be the major pro-inflammatory and cytotoxic 

proteins secreted by TSS S. aureus isolates. This is consistent with these exoproteins 

playing a role in S. aureus pathogenesis, which has been reported in the literature. 

α-toxin and γ-toxin induce inflammation and/or cytotoxicity to disrupt the membrane 

barrier and increase permeability to SAgs [9]. TSST-1 activates the innate immune 

function of epithelial cells by inducing the secretion of chemokines and cytokines [35]. 

Staphopain has been shown to induce vascular leakage in guinea pig skin, presumably 

due to its plasminogen activator activity [133]. In addition to direct impacts on mucosal 

membrane/skin, these proteins can impede host immune response resulting in delayed 

bacterial clearance. α- and γ-toxins directly damage host immune cells such as PMNs 

and lymphocytes; TSST-1 (and other superantigens) disrupt normal T-cell proliferation; 

and staphopain cleaves antimicrobial peptides and retards phagocytosis [162]. 

Importantly, these exoproteins are all produced in vivo during infections, and are 

immunogenic and highly preserved across S. aureus isolates [117,163,164]. These 

properties indicate that these proteins may also be potential targets for 

antistaphylococcal vaccines and/or immunotherapies. Blocking the production of these 

toxins, their effect on cells, and/or inflammation can theoretically decrease the damage 
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by these proteins at the local site, enable host immune system to clear the invading 

organism, and thereby prevent the progression of the S. aureus disease. 

Exoproteins secreted by S. aureus not only contribute to S. aureus pathogenesis 

but also to the fitness of the organism allowing for persistence and dissemination from 

its host niches. MNPE (presumably a S. aureus isolate of skin origin) produced large 

amounts of α-toxin and SAgs, but not other virulence factors, whereas, menstrual TSS 

isolate CDC587 (presumably a mucosal isolate) produced SAgs and a large number of 

other virulence factors, but a significantly reduced amount of α-toxin. These two isolates 

are genetically similar; therefore, the differences in exoprotein production were 

hypothesized to be due to the adaptation of these S. aureus isolates to their 

environmental niches. Compared to the mucosal membrane, the skin contains a thick 

layer of stratum corneum and antimicrobial lipids, which hinders the colonization of S. 

aureus and its ability to obtain nutrients. High concentrations of α-toxin and SAgs may 

therefore provide survival advantages for S. aureus to survive on the skin. In contrast, a 

high production of α-toxin on the mucosal surface may induce too much inflammation, 

which induces bacterial clearance by the host immune cells or the host succumbs to the 

bacteria infection (cytokine storm). However, a small amount of α-toxin may be 

necessary for the survival of S. aureus on the mucosal membrane; therefore, these strains 

may have develop a “read through” mechanism to significantly down-regulate α-toxin 

and still maintain the ability to produce other virulence factors to facilitate colonization 

on mucosal surfaces. This ability to adapt to the environment may in part be the reason 

that USA200 is the most dominant nasal colonization clonal type in the U.S. [13]. This 
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theory that α-toxin facilitates skin colonization is in part supported by the finding that 

α-toxin is produced in higher amounts by USA300, the predominant CA-MRSA that 

causes skin and soft tissue infections, than USA400, a relatively less prevalent 

CA-MRSA strain [8,117,127,165].  

Previous studies often attributed differentiated virulence factor production to 

transcriptional regulation systems such as Agr, Sae or SarA [127]. The read through 

mechanism, which allows the strains to produce a small amount of α-toxin from a 

silenced α-toxin gene (pseudogene), represents another virulence regulatory system that 

has not been characterized previously in S. aureus. Further characterization of the 

mechanism involved may significantly improve our understanding of S. aureus 

physiology as well as pathogenesis. Genomic studies of S. aureus MRSA252, an isolate 

genetically related to USA200 isolates, have revealed that numerous pseudogenes, 

similar to the silenced α-toxin gene in CDC587, exist in this clonal type at the frequency 

3-fold higher (66 verses ~20) than other sequenced isolates (i.e. USA100, USA300, and 

USA400) [166]; no hypothesis of the functional mechanism behind these pseudogenes 

or their potential roles in bacterial genome was proposed. The findings from this work 

provide a potential theory to explain the evolutionary puzzle. 

In this study, I proposed that S. aureus mucosal pathogenesis can be prevented or 

alleviated by inhibiting the effect of proinflammatory or cytotoxic proteins on epithelial 

cells. To prove the principal of my theory, GML, a naturally derived compound with 

anti-toxin, anti-inflammatory, and antimicrobial effect, was characterized for its ability 

to prevent or alleviate S. aureus infection. GML blocked S. aureus TSST-1 production 
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and modulated local inflammation, even when bacterial density was still high enough to 

cause inflammation. Furthermore, it significantly decreased the mortality of rabbits in a 

Wiffle ball infection abscess/TSS model. In contrast, a structurally similar compound, 

DDG, which did not modulate local inflammation, decreased the mortality, but was not 

significantly greater than control. The mortality reduction was presumably due to its 

initial antimicrobial effect, which delayed toxin production. Dr. Schlievert also 

demonstrated previously that chitosan malate, another compound that inhibits bacterial 

exoprotein production, can also prevent rabbit death from TSS (both staphylococcal and 

streptococcal TSS) and necrotizing fasciitis [149]. Therefore, these results confirmed my 

original hypothesis that anti-toxin and/or anti-inflammation, even just locally, can 

decrease the severity of S. aureus infections. These compounds have potential for being 

developed as (add-on) topical antimicrobial agents, wound dressings, or coatings of 

medical devices to treat or prevent S. aureus infections initiated from skin or mucosal 

surfaces.  

GML was recently determined to reduce bacteria and superantigen 

concentrations as well as reduce vaginal inflammation in menstruating women when 

applied as a tampon coating, which may prevent the incidence of menstrual TSS 

associated with tampon use [167]. In fact, the immunomodulation effects and partial 

antimicrobial effects, of GML to help maintain healthy vaginal mucosal membrane and 

may provide clinical benefits in addition to TSS prevention. Similarly, GML (as a 

vaginal gel) was shown to prevent monkeys from vaginal transmission of simian 

immunodeficiency virus (SIV) infection (a monkey version of HIV) via reductions in 
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IL-8 and MIP-3α, which attract SIV-targeted cells to the infection site [139]. GML, 

tested as a vaginal gel, was also shown to decrease Candida and Gardnerella vaginalis 

in women with vulvocandidiasis and bacterial vaginosis, respectively, but have no effect 

on vaginal pH and normal vaginal micro flora (i.e. Lactobacilli) [140]. The long-term 

safety of GML has been established. GML has been determined be safe following over 6 

months of application in monkeys without disturbing mucosal microflora and mucosal 

integrity [103]. These studies imply that the anti-toxin (virulence) approaches proposed 

in this thesis study may also facilitate the development of vaginal microbicides to 

prevent vaginal infections and/or HIV infections. 

Although not directly evaluated in this work, antibodies to neutralize toxins (via 

vaccination or passive immunization) to prevent their toxic effects on host cells should 

provide similar (or better) protection. Antibodies against α-toxin have been shown to 

decrease lung tissue damage and mortality in a mice pneumonia model challenged with 

S. aureus [168]. Similarly, passive immunization with antibodies to SEB also protected 

monkeys from aerosolized SEB intoxication [169]. Although the use of S. aureus 

exoprotein vaccine to prevent S. aureus mucosal pathogenesis is largely undetermined, 

these results indicate that protective mucosal and/or systemic immune response to S. 

aureus exoproteins can be developed. 

In summary, this work identified proteins (α- and γ-toxins, SAgs, and 

staphopains), which may be important in S. aureus mucosal pathogenesis, and revealed a 

novel theory (read through mechanisms of mutated genes) which facilitates S. aureus 

adaptation to host niches, and confirmed the clinical potential of anti-toxin strategies to 
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prevent or treat S. aureus diseases initiating at mucosal/skin surfaces. The role of the 

above proteins should be further evaluated, and these proteins should be considered as 

part of future antistaphylococcal vaccines or immunotherapies.  

 

Based on the work presented above, the following future research directions are 

proposed: 

 

I. Evaluation of γ-toxin in staphylococcal (TSS) pathogenesis and as a vaccine 

target. 

In this study, cytolysins, including γ-toxin, were determined to be an important 

exotoxin secreted by S. aureus with pro-inflammatory and cytotoxic effects on epithelial 

cells. Previously, I proposed toxin neutralization as a therapeutic strategy for prevention 

or reducing the severity of S. aureus infections; however, the overall role γ-toxin 

contributes to S. aureus infection progression and feasibility as a toxin target is not well 

understood. Therefore, I have begun the initial steps to explore these questions as a 

continuum of my thesis study. 

Menstrual TSS isolates are associated with γ-production and lack of α-toxin 

production due to a mutation [119,170]. Approximately two-third of menstrual TSS 

isolates carry a functional γ-toxin gene, and have a “silenced” α-toxin gene, which only 

allows for the production of a very small amount of α-toxin (as determined by this 

study). Therefore, the clinical relevance of γ-toxin in staphylococcal TSS (and other S. 

aureus diseases), especially in menstrual TSS isolates with significantly decreased 
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α-toxin production, needs to be further evaluated.  

In addition, sequence similarity among sub-components of γ-toxin and other 

bi-component cytolytic toxins (i.e. PVL) implies that immunization with γ-toxin may 

provide cross-protection against other related cytolytic toxins that are less prevalent than 

γ-toxin. γ-toxin has been reported as immunogenic as antibody against γ-toxin has been 

detected from patients chronically infected with S. aureus.  

Therefore, I plan to determine the role of γ-toxin in S. aureus TSS pathogenesis 

and to evaluate whether or not immunization with γ-toxin can prevent menstrual TSS in 

a rabbit vaginal TSS model, by comparing the morbidity and mortality in rabbits 

immunized with or without γ-toxin after vaginal S. aureus challenge.  

Given γ-toxin protein purified from S. aureus isolates may be contaminated with 

α-toxin, which is known to have synergic inflammatory effect with γ-toxin, recombinant 

γ-toxin from E. coli will be used in this study.  

To date, I have successfully cloned hlg, the gene for γ-toxin, into E. coli and 

confirmed the bioactivity of the recombinant γ-toxin via lysis of red blood cells. 

Polyclonal antibodies to γ-toxin have also been obtained by vaccinating a rabbit three 

times over a 28 day period with recombinant γ-toxin (per the method reported in Chapter 

II). The anti-γ-toxin polycolonal antibody was able to neutralize γ-toxin produced by S. 

aureus TSS strains (See Fig 2.8). Therefore, I expect no difficulties in completing this 

evaluation in the future. 
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II. Continued characterization of α-toxin read through mechanism(s) in S. aureus 

and its role in S. aureus pathogenesis 

Menstrual TSS S. aureus isolates with mutant α-toxin structure gene, such as 

CDC587, MN8, and Harrisburg, were originally considered to not produce any α-toxin. 

However, in the presented study, it was determined that a small amount, about 1/50 to 

1/100 of wild type α-toxin-producing S. aureus isolates, was produced by these strains. 

The size of the protein shown in the α-toxin Western blot (Fig. 2.7) suggested that a full 

length was produced by these strains. Additionally, this α-toxin was shown to be 

biologically active via the hemolysis assays (Fig. 2.8). I confirmed the silence mutation 

of the α-toxin via genetic sequencing, therefore, the production of α-toxin detected was 

not due to reactivation by mutation events (i.e. another point mutation) as previously 

suggested [52]. The read through phenomenon observed here represents a previously 

uncharacterized post-transcriptional regulation mechanism(s) in S. aureus.  

A nonsense stop codon read through phenomenon has been described previously 

in E. coli. It was known that mutations in the ribosome, transfer RNA or release factor 

all allow stop codon read through. The efficiency of the read through in part depends on 

the type of stop codon (UAA, UAG, or UGA) and the position of the mutation [171,172]. 

Glutamine was determined to substitute the stop codon in the amber (UAG) stop codon 

read through [173]. This read through mechanism allows the organism to translate 

sufficient amounts of protein for normal growth, even in the presence of a nonsense 

mutation in essential genes [126]. These observations imply that the mechanism allows 

the organism to have versatile phenotypical change, which may provide survival 
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advantage. In addition to this study, nonsense mutations of essential membrane proteins 

have been observed in S. aureus strains of animal origin (P. Schlievert, personal 

communication). Therefore, the post-transcription regulation may represent an important 

mechanism in S. aureus survival and adaption in environmental niches. Characterization 

of this mechanism in S. aureus should improve our understanding of the adaptation of S. 

aureus as such a versatile pathogen. 

To date, I have started to determine the potential amino acid replacing the stop 

codon at position 113 in the α-toxin protein by mass spectrometry. However, I was not 

able to obtain enough signal to determine the replaced amino acid, presumably due to 

the small amount of α-toxin presented in the fractionated sample. Therefore, I plan to 

apply cloning techniques to enforce the production of more “mutant” α-toxin by S. 

aureus, and then use mass spectrometry and/or protein sequencing to confirm the 

substituted amino acid. The genetically modified strains will also allow me to test their 

virulence in vitro and in vivo related to the parental strain. In parallel, I plan to 

collaborate with bacteria geneticists in the Microbiology department to explore the 

potential read through mechanism(s) via comparing the homologue of S. aureus 

ribosome genes to known E. coli read through mutations.  

Although this study is not directly related to antistaphylococcal therapy 

development, the knowledge gained from this exploratory study would contribute to the 

overall understanding of S. aureus pathogenesis. 

 

III. Evaluation of multi-component exotoxin S. aureus vaccine and immunotherapy 
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in preventing S. aureus disease.  

Targeting bacterial cell wall components was a successful vaccination approach 

against Haemophilus influenzae and Streptococcus pneumoniae, and has significantly 

decreased lethal meningitis in children under 5 years of age [174,175]. However, this 

approach of targeting capsular polysaccharides (CP) or cell wall components, either as 

active or passive vaccination, has been disappointing in S. aureus vaccine development 

(see Table 1.5). As mentioned above, CP and ClfA, two S. aureus cell wall components 

that have been evaluated as S. aureus vaccine targets, are variably expressed among 

strains in vivo [109], and passive immunization with antibodies to either CP or ClfA 

alone selected for stable unencapsulated S. aureus mutants and small colony variants 

[108]. Therefore, targeting multi-components is necessary against a versatile pathogen 

like S. aureus. In contrast to H. influenzae and S. pneumoniae, exotoxins of S. aureus (i.e. 

α-toxin and SAgs) have been determined to play important roles in S. aureus 

pathogenesis and are sufficient to induce disease without the presence of the bacteria. 

Vaccination against cytotoxic bacterial toxins has been successful in the past at 

preventing toxin-mediated bacterial diseases, such as diphtheria (caused by toxin 

produced by Corynebacterium diphtheriae) and tetanus (caused by toxin produced by 

Clostridium tetani). Therefore, these toxic proteins should be considered in S. aureus 

vaccine development to ensure the effectiveness of the vaccination. 

In the present study, I also demonstrated that preventing toxins and/or their 

effects on host cells significantly reduced the severity of the S. aureus infection and 

identified that cytolysins, α- and γ-toxins, SAgs, and staphopain as potential S. aureus 
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vaccine targets. Therefore, I hypothesize that neutralizing S. aureus toxic exoproteins 

such as cytolysins and SAgs simultaneously via vaccination can decrease S. aureus 

virulence. Vaccination with cytolysins and SAgs may provide several levels of 

protection: First, antibodies (i.e. secretory IgA [sIgA]) in the mucosa neutralize S. aureus 

toxic exoproteins before they damage host epithelial cells, which protects the integrity of 

mucosal barrier. Secondly, antibodies (i.e. IgG) in the serum neutralize toxins to prevent 

their ability to bind T cells and APCs, and the IgG facilitates bacterial clearance by host 

immune mechanisms. Thirdly, antibodies against SAgs can prevent the toxin’s function 

to alter proper immune response, which not only directly prevents TSS but also allows 

the host to derive anti-staphylococcal immunity. SAgs impede proper humoral response 

(antibody generation) to the bacteria and also deplete certain subtypes of T-cells (via 

T-cell anergy). This anti-toxin approach may be especially important as passive 

immunization in high risk populations of S. aureus infections, i.e. premature neonates, 

elderly, and immunocompromised patients, who already lack suitable ability to develop 

proper immune response. 

Therefore, I plan to develop a step-wise approach to investigate the effectiveness 

of vaccination against these components using a rabbit TSS model and infecting rabbits 

vaginally with a lethal dose of bacteria; rabbits are chosen because mice are not sensitive 

to S. aureus exoproteins such as SAgs and cytolysins. The most important exotoxin 

components selected from this preliminary study will then be further evaluated in 

combination with or without S. aureus cell wall-associated component(s). The result of 

this study will provide insights for future antistaphylococcal treatments and preventions. 
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Figure 4.1 The model for anti-virulence staphylococcal therapies. S aureus and its 

exoproteins induce pro-inflammatory activity and/or cytotoxicity to epithelial cells, 

which increase membrane permeability and cause tissue disruption that allow toxins 

and/or the bacterial cells to penetrate membrane barrier. S. aureus exoproteins such as 

superantigens can therefore gain access to host immune cells (i.e. neutrophils, 

macrophages, and T-cells) attracted to the infection site and facilitate S. aureus immune 

invasion. Anti-virulence (toxin) therapies may block the toxin to prevent S. aureus 

diseases via three main mechanisms: 1. inhibit toxin production; 2. inhibit inflammation; 

and/or 3. neutralize the toxins. 
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CHAPTER V. 

 

 

Other Publications Related to This Work 
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Vaginal Staphylococcus aureus superantigen profile shift from 1980 and 1981 to 

2003, 2004, and 2005. Schlievert PM, Case LC, Strandberg KL, Tripp TJ, Lin YC, 

Peterson ML. (J Clin Microbiol. 2007 45(8):2704-7) 

 

We determined vaginal Staphylococcus aureus superantigens. Staphylococci were 

quantified from tampons/diaphragms in 2003 to 2005, with counts compared to those 

determined in 1980 and 1981. In 2003 to 2005, more women were colonized than in 

1980 and 1981 (23 versus 12%). Enterotoxins G and I and enterotoxin-like 

superantigens M and N declined, but enterotoxin-like superantigens K, L, and Q 

increased. 
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Secreted Virulence Factor Comparison Between Methicillin-Resistant and 

Methicillin-Sensitive Staphylococcus aureus, and its Relevance to Atopic Dermatitis. 

Schlievert PM, Strandberg KL, Lin YC, Peterson ML, Leung DY (J Allergy and Clin 

Immunol. 2010 125(1):39-49) 

 

Community-associated methicillin-resistant Staphylococcus aureus (CA-MRSA) strains 

have emerged as serious health threats in the last 15 years. They are associated with 

large numbers of atopic dermatitis skin and soft tissue infections, but also originating 

from skin and mucous membranes, have the capacity to produce sepsis and highly fatal 

pulmonary infections characterized as necrotizing pneumonia, purpura fulminans, and 

post-viral TSS. This review is a discussion of the emergence of three major CA-MRSA 

organisms, designated CA-MRSA USA400, followed by USA300, and most recently 

USA200. CA-MRSA USA300 and USA400 isolates and their methicillin-sensitive 

counterparts (CA-MSSA) typically produce highly inflammatory cytolysins α-toxin, 

γ-toxin, δ-toxin (as representative of the phenol soluble modulin family of cytolysins), 

and Panton Valentine leukocidin. USA300 isolates produce the superantigens 

enterotoxin-like Q and a highly pyrogenic deletion variant of toxic shock syndrome 

toxin-1 (TSST-1), whereas USA400 isolates produce the superantigens staphylococcal 

enterotoxin (SE) B or SEC. USA200 CA-MRSA isolates produce small amounts of 

cytolysins but produce high levels of TSST-1. In contrast, their MSSA counterparts 

produce various cytolysins, apparently in part dependent on niche occupied in the host, 

and levels of TSST-1 expressed. Significant differences seen in production of secreted 

virulence factors by CA-MRSA versus hospital-associated MRSA and CA-MSSA strains 

appear to be due to the need to specialize as the result of energy drains from both 

virulence factor production and methicillin-resistance. 
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Glycerol Monolaurate Inhibits Candida, and Gardnerella vaginalis In Vitro and In Vivo but 

not Lactobacillus. Strandberg KL, Peterson ML, Lin YC, Pack MC, Chase DJ, Schlievert 

PM (Antimicrob Agents Chemother. 2010 54(2)597-601) 

 

We investigated glycerol monolaurate (GML) effects on Lactobacillus, Candida, and 

Gardnerella vaginalis human vaginal microflora. Our previous work demonstrated that 6 

months of GML vaginally does not alter lactobacilli counts in monkeys. Candida and G. 

vaginalis are commonly associated with vaginal infections in women, many becoming 

chronic or recurrent. In vitro growth-inhibition studies determined effects of GML (0 to 

500 µg/ml) against multiple Candida species and G. vaginalis. A randomized, 

double-blind study investigated effects of GML on vaginal microflora Lactobacillus, 

Candida, and G. vaginalis in colonized or infected women (n=38). Women 

self-administered intra-vaginal gels containing 0% (n=16), 0.5% (n=13), or 5% (n=9) 

GML every 12 h for 2 days. Vaginal swabs were collected before, immediately after first 

gel administration, and 12 h after final gel administration. Swabs were quantified for 

Lactobacillus, Candida, G. vaginalis, and GML. In vitro GML concentrations of 500 

µg/ml were candicidal for all species tested, while concentrations ≥5 µg/ml were 

bactericidal for G. vaginalis. Control and GML gels vaginally in women did not alter 

vaginal pH or Lactobacillus counts. Control gels reduced G. vaginalis counts but not 

Candida counts, whereas GML gels reduced both Candida and G. vaginalis. No adverse 

events were reported by participating women. GML is antimicrobial for Candida and G. 

vaginalis in vitro. Vaginal GML gels in women do not affect Lactobacillus negatively, 

but significantly reduce Candida and G. vaginalis. GML gels may improve overall 

vaginal health. 
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Appendices 

A1: rHPLC chromatograms of MNPE and CDC587 protein fractions 

(A) Chromatograms of MNPE fractions 

 

Peak 1 and 2 

Peak 3 

Peak 4 

Peak 5 

Peak 6 

Fractions 4-7 

Fractions 10-12 

Fractions 13-15

22.502 

23.150 

21.990 

22.468 

22.464 
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(B) Chromatograms of CDC587 fractions 

 

Peak 3-5 
Peak 1 

Peak 2 
Fractions 7-10 

Fractions 13-15 

23.240 
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A2: CDC587 α-toxin sequences identified by mass spectrometry 

 

gi|2914574 Chain G, Alpha-Hemolysin From Staphylococcus aureus (61% coverage) 

ADSDINIKTGTTDIGSNTTVKTGDLVTYDKENGMHKKVFYSFIDDKNHNKKLLVIRTKGTIAGQYRVYSEE

GANKSGLAWPSAFKVQLQLPDNEVAQISDYYPRNSIDTKEYMSTLTYGFNGNVTGDDTGKIGGLIGANVSI

GHTLKYVQPDFKTILESPTDKKVGWKVIFNNMVNQNWGPYDRDSWNPVYGNQLFMKTRNGSMKAADNFLDP

NKASSLLSSGFSPDFATVITMDRKASKQQTNIDVIYERVRDDYGLHWTSTNWKGTNTKDKWTTDRSS

ERYKIDWEKEEMTN 

 

Note: Peptides that were positively identified by mass spectrometry were bolded and 

underlined.  

the amino acid substituted by a stop codon
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A3: Overview of data collections during the rabbit Wiffle ball experiment 

x indicates that the data was collected on that day. 

 

 
 

Rabbit  Treatment Temp Diarrhea; 
weight 
changes

Wiffle ball fluids 

    Bacterial 
counts 

TSST-1 TNF-α 

Day 0  x x x x  x 

Day 1  x x x  x 

Day 2 x x x x x x 

Day 3  x x x  x 

Day 4 x x x x  x 

Day 5  x x x  x 

Day 6 x x x x  x 

Day 7  x x x x x 


