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ABSTRACT 

 Background. Staphylococcus aureus is an important gram positive 

pathogen that causes a multitude of human diseases. Many of these diseases 

are associated with the production of staphylococcal exotoxins. Superantigens 

are a family of staphylococcal exotoxins associated with many of these 

illnesses. Superantigens are defined by their abilities to induce massive 

cytokine release from host T cells and antigen presenting cells, leading to the 

development of toxic shock syndrome (TSS). Superantigens have also been 

associated with atopic dermatitis, an inflammatory skin disease that often 

coincides with S. aureus colonization of skin lesions. Superantigen production 

has been shown to induce corticosteroid resistance in human T cells in vitro 

(corticosteroids are the most common treatment for atopic dermatitis), thus 

linking superantigens with more severe cases of atopic dermatitis. Past atopic 

dermatitis studies have focused on select superantigens. To the best of my 

knowledge, the work presented in this dissertation represents one of the most 

comprehensive investigation into superantigens associated with S. aureus 

strains from patients with atopic dermatitis.  

 Superantigens may be also be involved in staphylococcal pulmonary 

infections. Recently, several community-associated strains of S. aureus have 

been linked with severe and often fatal pulmonary diseases. I have found that 

these strains produce superantigens such as toxic shock syndrome toxin-1 

(TSST-1), and staphylococcal enterotoxins B (SEB) and C. I hypothesize that 
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superantigens are involved with the severity and fatality associated with these 

infections (likely by causing TSS). 

 Few treatment options currently exist for preventing staphylococcal toxin 

production, or neutralizing superantigens in humans. Recent studies have 

shown exciting evidence that suggests that administration of soluble high 

affinity T cell receptor subunits (Vβ-TCRs) can neutralize superantigen activity 

in vitro, and are able to neutralize lethality in a rabbit model of TSS. Further 

investigations would be useful for determining the full range of toxin-mediated 

diseases these small peptides could be used to treat. Additional research has 

demonstrated the potential for using glycerol monolaurate (GML) for inhibiting 

staphylococcal toxin production in vitro. The ability of GML to inhibit toxin 

production in vivo has not been studied prior to the work presented in this 

dissertation.  

 GML has also been shown to inhibit the growth of several vaginal 

pathogens such as Gardnerella vaginalis, and Candida albicans, without 

inhibiting the grown of Lactobacillus crispatus, which is a predominant member 

of the vaginal normal flora. This finding suggests that GML may be useful as a 

treatment for vaginal infections such as bacterial vaginosis and vulvovaginal 

candidiasis. 

Methods. PCR was used to determine the superantigen profiles of S. 

aureus isolates collected from patients with steroid sensitive atopic dermatitis, 

steroid resistant atopic dermatitis, and vaginal isolates collected from healthy 

women. In some cases, superantigen production was quantified using Western 
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immunoblots. Antibiotic sensitivity was determined using disk diffusion assays. 

SCCmec typing for DNA encoding methicillin-resistance was performed using 

PCR.  

To investigate the role of superantigens in severe staphylococcal 

pulmonary diseases, rabbits were challenged, via the intrabronchial route, with 

live bacteria (USA200 or USA 400 strains of S. aureus) or purified TSST-1, 

SEB, or SEC. Some rabbits were hyperimmunized against TSST-1, SEB, or 

SEC prior to challenge, and some rabbits were administered live bacteria or 

purified SEB plus soluble high affinity Vβ-TCRs capable of neutralizing SEB 

superantigenicity.  

To investigate the effects of GML on staphylococcal exotoxin production 

and vaginal inflammation, I initiated a double-blind randomized study in which 

225 menstruating women were recruited to donate their own used tampons and 

then wear study tampons (± GML) on their second day of menstruation for 4-6 

hours. Tampon samples were screened for the presence of S. aureus, TSST-1, 

α-hemolysin, and interleukin-8 (IL-8). 

To investigate further the in vitro and in vivo effects of GML on vaginal 

microbes, I initiated a small pilot study to determine the effects of GML on 

vaginal Candida sp, Gardnerella vaginalis, and Lactobacillus sp. In this clinical 

study, women with chronic vulvovaginal candidiasis and/or bacterial vaginosis 

were recruited to use an intravaginal gel containing 0%, 0.5%, or 5% GML for 2 

days. Swabs of vaginal discharge were collected from the women before and 
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after gel use. Swabs were analyzed for the presence of the microbes of interest, 

as well as for GML content.  

Lastly, I investigated severe pulmonary infections caused by USA300 S. 

aureus strains by challenging rabbits with live bacteria, or purified superantigen. 

While conducting these studies, I discovered certain USA300 isolates produce 

a variant form of TSST-1. I used rabbit TSS models, PCR, Southern blots, and 

superantigenicity assays to begin characterization of the variant form of TSST-

1. TSST-1 may cause lethality through mechanisms in addition to 

superantigenicity. I tested for this lethality by first neutralizing superantigen 

activity with soluble high affinity Vβ-TCRs, and then administering TSST-1 to 

rabbits. 

Results and conclusions. S. aureus isolates collected from steroid-

resistant atopic dermatitis patients had significantly different superantigen 

profiles than other isolates. Strains from patients with steroid-resistant atopic 

dermatitis carried the genes for a greater number of superantigens, were more 

likely to produce the three major TSS-associated superantigens (TSST-1, SEB, 

and SEC), and were also more likely to have uncommon combinations of 

superantigens, compared to isolates from steroid-sensitive patients and vaginal 

isolates from healthy women. These findings suggest that S. aureus isolates 

from patients with steroid-resistant atopic dermatitis are selected for on the 

basis of greater superantigen production. Although this study focused on 

isolates collected from steroid-resistant, steroid-sensitive, and from the vaginal 

mucosa of healthy women, it may also be beneficial to include skin isolates 
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collected from healthy individuals as a control. Both methicillin-sensitive and 

methicillin-resistant S. aureus (MSSA and MRSA, respectively) colonized 

patients with steroid-resistant atopic dermatitis. While MSSA and MRSA 

isolates both had unusual superantigen gene combinations, MSSA isolates had 

a greater number of superantigen genes.  

From my studies that focused on the role of superantigens in severe 

pulmonary diseases, I found that rabbits challenged with viable bacteria 

developed fatal pulmonary infections. Rabbits previously immunized against 

purified SEC and then challenged with viable bacteria did not develop fatal 

disease. Rabbits treated with soluble high affinity Vβ-TCRs for SEB, and then 

challenged with purified SEB, also did not develop fatal pulmonary disease. In 

these studies, immunity to superantigens prevents lethality associated with the 

pulmonary bacterial exposure. Administration of a soluble high-affinity Vβ-TCR 

to non-immune animals also protected rabbits. 

Results from in vivo investigations of the effects of tampons containing 

GML, on both staphylococcal exotoxin production and vaginal inflammation, 

revealed that lower amounts of S. aureus and exotoxins were detected in study 

tampons ± GML than the women’s own tampons. I also found lower amounts of 

exotoxins were present in GML+ than GML- study tampons. The chemokine IL-8 

was lower in S. aureus- than S. aureus+ tampons and lower in GML+ than GML- 

study tampons. Collectively, my studies found that tampons containing GML 

reduce S. aureus exotoxin production. S. aureus increases production of IL-8 in 

the human vagina, and GML reduces production of this pro-inflammatory 
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chemokine. My findings suggest adding GML to tampons may provide 

additional safety over other tampons relative to menstrual TSS. 

My investigations into the effects of GML on additional vaginal pathogens 

demonstrated that in vitro GML concentrations of ≥100 µg/ml were bactericidal 

for C. albicans, while concentrations ≥5 µg/ml were bactericidal for G. vaginalis. 

In human studies, use of either control (0% GML) or GML gels (0.5 and 5% 

GML) did not significantly alter vaginal pH or levels of Lactobacillus. Use of gels 

containing GML significantly reduced vaginal levels of Candida. The control gel 

did not significantly alter Candida levels. Use of both the control and the GML-

containing gels significantly lowered the levels of G. vaginalis. These findings 

suggest that an intravaginal gel containing GML may be useful for treating both 

vulvovaginal candidiasis and bacterial vaginosis, meanwhile not inhibiting the 

growth of Lactobacillus.  

During our studies to investigate the role of superantigens in pulmonary 

infections caused by USA300 S. aureus isolates, I observed that immunity to 

staphylococcal enterotoxin-like Q (SEl-Q) offers partial (but not statistically 

significant) protection from lethal pulmonary infection. Further investigation 

revealed the presence of a variant form of TSST-1 that contains a large deletion 

in the tstH gene. This deletion was present in several USA300 clinical isolates. 

This deletion was predicted to disrupt the ability of variant TSST-1 to stimulate 

T cells via the Vβ-TCR because variant TSST-1 was predicted to be unable to 

crosslink the MHC II molecule to the Vβ-TCR. When tested for superantigen 

activity, variant TSST-1 was found to retain some superantigen activity, and is 
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still highly lethal in rabbits. Additional experiments using soluble high affinity Vβ-

TCRs to neutralize full length TSST-1 superantigen activity revealed that full 

length TSST-1 exposure is still lethal; suggesting that full length TSST-1 can 

cause lethality through another mechanism in addition to superantigenicity. My 

findings suggest that lethality due to full length TSST-1 exposure may occur 

through multiple mechanisms, including superantigenicity, and potentially 

through direct interaction with the central nervous system.  
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INTRODUCTION
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DISEASES ASSOCIATED WITH STAPHYLOCOCCAL EXOTOXIN 

PRODUCTION 

Staphylococcus aureus is a pathogenic gram positive bacterium associated with 

numerous human infections. S. aureus is also commonly found colonizing 

several sites on its human host, including the nasal cavity, skin, and vaginal 

mucosa. Many S. aureus diseases are toxin-mediated, and can be initiated from 

wound sites, skin, or mucosal surfaces. Staphylococcal superantigens are a 

family of toxins known to play important roles in several human diseases.  

 

Atopic dermatitis. Staphylococcal superantigens are thought to play a role in 

atopic dermatitis, which is a chronic, inflammatory skin disease. Approximately 

50% of atopic dermatitis patients colonized by S. aureus carry a strain that 

produces at least one superantigen (18). Interestingly, when applied directly to 

the unaffected or healthy skin, purified staphylococcal enterotoxin B (SEB) 

induced eczematous skin changes that included the development of erythema 

and mononuclear cell infiltration consistent with dermatitis (139, 146). It is 

important to note that past studies have only focused on a few superantigens. 

The work presented in chapter 2 of this thesis is among the most comprehensive 

look at superantigens associated with S. aureus strains isolated from patients 

with atopic dermatitis.  

For patients with atopic dermatitis, colonization of the skin by S. aureus 

usually coincides with a worsening of symptoms. In contrast, S. aureus is 

typically found as a part of the skin flora of < 5% of healthy individuals (81). S. 
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aureus has an increased ability to adhere to the skin of atopic dermatitis patients 

compared to healthy individuals. The stratum corneum of the skin is the 

functionally active cell layer, and is responsible for forming the major barrier 

between the underlying tissue and the environment. Disruption of the stratum 

corneum seen in atopic dermatitis cases exposes several proteins such as 

collagen and fibronectin. S. aureus has cell surface-associated virulence factors 

that can bind to proteins such as collagen or fibronectin allowing for adherence 

(103).  

It has also been suggested that decreased innate immune responses 

noted in atopic dermatitis patients results in a reduced ability to inhibit S. aureus 

growth on the skin. Atopic dermatitis patients have also been found to have 

decreased levels of antimicrobial peptides such as human β-defensin 2 and 

cathelicidin LL-37 (99). The increase in S. aureus adherence to atopic dermatitis 

skin also appears to be related to inflammation. Past studies have shown that S. 

aureus binds to skin at significantly greater rates when there were increased 

levels of IL-4 and IL-13 in mice (80). The cytokine IL-4 has been show to induce 

the expression of fibronectin (109), which could promote S. aureus binding.  

Superantigens may also be adding to the development of inflammation by 

inducing the expansion and migration of T cells to the skin lesions colonized by 

S. aureus (83, 147). Additional evidence shows that superantigens enhance the 

production of IgE (58, 79). Clinically, elevated serum levels of IgE are noted in 

approximately 80% of atopic dermatitis cases (82). It is also important to note 

that atopic dermatitis is a T cell dependent disease in which a T-helper 2 
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response predominates (15, 60, 92). Superantigens have been shown to induce 

corticosteroid resistance in human T cells in vitro (51). Topical corticosteroids are 

the most common treatment used for atopic dermatitis. The ability of 

superantigens to induce corticosteroid resistance may be contributing to 

difficulties in treating severe cases of steroid-resistant atopic dermatitis.  

 

Toxic shock syndrome. Toxic shock syndrome (TSS) is another superantigen-

mediated disease. TSS is a severe and often life-threatening disease. TSS was 

first described by Todd, et al. in 1978 as a systemic illness associated with 

noninvasive Staphylococcus aureus infection (150). Similar to endotoxin-induced 

shock, patients with TSS experience capillary leakage which is characterized by 

the development of hypotension, hypoalbuminemia, and generalized non-pitting 

edema (91). Clinically, staphylococcal TSS is diagnosed when a patient develops 

fever, hypotension, a diffuse macular rash with subsequent desquamation, and 

the involvement of at least three of the following organ systems; liver, blood, 

renal, mucous membranes, gastrointestinal, muscular, and central nervous 

system. Unlike streptococcal TSS, in which the causative organism typically 

spreads systemically, in cases of staphylococcal TSS, the bacterium remains 

localized at the site at which the disease was initiated (typically a wound or 

mucous membrane) (91).  

In 1990, Marrack and Kappler re-named a large family of exotoxins 

associated with both menstrual and non-menstrual TSS (88). Staphylococcal 

TSS received major interest in the early 1980’s when a significant number of 
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otherwise healthy menstruating women using high-absorbency tampons 

developed TSS (29, 137). In 1981, two research groups independently identified 

and characterized a secreted staphylococcal protein highly associated with TSS 

(11, 133). This protein was named toxic shock syndrome toxin-1 (TSST-1) (119). 

In the 80’s, the yearly incidence of TSS was estimated to be 10/100,000, while in 

2000, the incidence of TSS was estimated to be approximately 1/100,000 cases 

per year. In 2007, the incidence of TSS associated with tampon or contraceptive 

diaphragm use was between 1/100,000 to 3.5/100,000 cases annually (129, 135, 

137).  

Another important factor for the development of TSS relates to the host’s 

immune response to superantigens. The lack of antibodies against superantigens 

appears to be a key risk factor for the development of TSS. By the age of 13, 

80% of women have developed antibodies against TSS-causing superantigens. 

This may be why some individuals exposed to virulent strains of S. aureus that 

produce TSST-1, staphylococcal enterotoxin B (SEB), or SEC do not develop 

TSS. Of women who develop TSS, about 80% do not develop toxin-neutralizing 

antibodies. The lack of antibody development may be explained by TSST-1’s 

ability to suppress immunoglobulin-secreting cells. Since the cytokine storm 

induced by superantigen exposure results in a primarily Th1 response, and only 

minimal Th2 response, and since a Th2 response promotes B cell differentiation 

and proliferation, the lack of a Th2 response may inhibit the production of toxin-

neutralizing antibodies by B cells (91).  
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Although the superantigen family is quite large, only 3 superantigens 

cause most cases of TSS. TSST-1 is responsible for nearly all reported cases of 

menstrual TSS (mTSS), and 50% of non-menstrual TSS. SEB and SEC are 

produced in the remaining cases of non-menstrual TSS (16, 123). Superantigens 

cause TSS through their ability to crosslink human T cells to antigen presenting 

cells (APCs) by interacting with the variable region of the beta chain on certain T 

cell receptors (Vβ-TCRs) and relatively invariants region on major 

histocompatibility complex class II (MHC II) molecules (88). This interaction 

stimulates both the T cells and APCs to release cytokines such as TNFβ, IL-2, 

and IFNγ, and TNFα and IL-1, respectively, which leads to the development of 

the symptoms associated with TSS (will be described in greater detail in secreted 

virulence factor section of Chapter 1) (84).  

Although superantigenic stimulation of T cells and APCs is required for 

triggering the massive cytokine release that leads to TSS, additional 

staphylococcal exotoxins may play a role in the development of this disease. The 

mucosal epithelium of the human vagina is a stratified squamous epithelial 

barrier. Recently, it was demonstrated that TSST-1 alone penetrates this 

epithelial barrier rather poorly; however, when S. aureus and TSST-1 are present 

on the mucosal barrier, TSST-1 can penetrate the epithelium in significantly 

greater amounts (106). This suggests that additional staphylococcal products 

may play a role in disrupting the epithelial barrier and allowing TSST-1 to cross 

into the underlying connective tissue where it can go on to interact with T cells 

and APCs. S. aureus produces a pore-forming exotoxin termed α-hemolysin. 
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This exotoxin is known to form pores in the cell membranes of many eukaryotic 

cells types including epithelial cells (will be described in greater detail in secreted 

virulence factor section of Chapter 1). It is possible that α-hemolysin is damaging 

the epithelium through pore formation and/or by triggering inflammation, which 

may further disrupt the epithelial barrier. Once the barrier has been disrupted, 

TSST-1 would be able to penetrate in amounts sufficient to cause TSS.  

 

Severe pulmonary infections. S. aureus is also capable of establishing 

infection via the respiratory mucosa. S. aureus is a common cause of 

pneumonia, which is a severe, and often life threatening infection. Recent 

publications have described the emergence of severe staphylococcal lung 

infections in the community, and have been isolated from previously healthy 

individuals without a history of hospital exposure.  In many cases, pulmonary 

infections with these community-associated (CA) isolates are fatal, and cases 

present as severe pneumonia, necrotizing pneumonia (pneumonia along with 

development of necrotic lung tissue), purpura fulminans, and post-influenza 

staphylococcal TSS pneumonia (1, 73, 74).  

Purpura fulminans is an acute illness commonly associated with 

meningococcemia or invasive streptococcal disease, however the first cases of 

staphylococcal purpura fulminans recently emerged (74). Purpura fulminans is 

characterized by the development of disseminated intravascular coagulation and 

purpuric skin lesions. The initial report of staphylococcal purpura fulminans, 

described 5 cases from the Minneapolis- St. Paul, Minnesota area. In 3 of these 
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cases, S. aureus was cultured from blood samples. S. aureus was isolated only 

from the respiratory tract for 2 of the 5 patients, indicating that purpura fulminans 

and TSS resulted from exposure to exotoxins and/or host factors, rather than 

septicemia. One of the latter 2 patients described by Kravitz, et al. had 

necrotizing pneumonia along with purpura fulminans. Only 2 of these 5 patients 

survived (74). Cases such as these suggest a role for superantigens in severe 

pulmonary infections including purpura fulminans and necrotizing pneumonia.  

Several research groups are currently investigating the roles of 

staphylococcal exotoxins in necrotizing pneumonia. The predominant areas of 

research in this field have focused on the roles of Panton-Valentine leukocidin 

(PVL), and α-hemolysin in necrotizing pneumonia caused by CA-MRSA. Prior 

investigations into the requirements for CA-MRSA pulmonary infection that used 

mice as the animal model (20, 75, 155) have generated conflicting results 

regarding the roles of staphylococcal exotoxins in severe infections, one group 

suggesting that PVL is critical to necrotizing pneumonia (75), while other groups 

suggest that α-hemolysin but not PVL is critical (20, 155).  However, none of 

these studies assessed the role of superantigens in disease since mice are 

highly resistant to superantigens (33, 35). For example, it has been shown that 

superantigens make mice more resistant to bacterial challenge, while the same 

investigators showed that rabbits are highly susceptible to infection (32, 145). 

Our studies indicate mice are 1011-fold more resistant on a per kilogram basis 

than humans to the toxic effects of superantigens. Dohlsten and colleagues (45) 

administered SEA to human cancer patients to bolster immune system function; 
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the study was prematurely terminated due to SEA toxicity (fever and 

hypotension) in sub-microgram doses. When exposed to superantigens, mice do 

not develop fever, and actually experience a significant drop in body temperature 

(33). Based on these findings, superantigen studies typically use rabbits as 

models since these animals are more like humans in susceptibility (32, 34, 35, 

45, 91, 145). Rabbits are also highly susceptible to cytotoxins such as α-

hemolysin (34).  

The role of superantigens in causing severe pulmonary diseases such as 

necrotizing pneumonia or purpura fulminans is currently unknown. It is also 

important to note that most of the prior research involving necrotizing pneumonia 

has focused on methicillin-resistant S. aureus (MRSA), but not methicillin 

susceptible S. aureus (MSSA) (20, 75, 155). Although it is important to study 

MRSA, it is also important to study MSSA strains that can be associated with 

these same types of severe infections. We beleive that MRSA isolates are not 

more virulent than their MSSA counterparts; they just require a different antibiotic 

approach when considering treatment. In the field of staphylococcal necrotizing 

pneumonia, the importance of MSSA strains appears to be overlooked.   

Resistance to methicillin is carried on a mobile genetic element called the 

staphylococcal chromosome cassette mec (SCCmec). This confers resistance to 

semi-synthetic penicillins and is due to the acquisition of a gene that encodes for 

a modified penicillin-binding protein; penicillin-binding protein 2a (PBP 2a). The 

PBP 2a has a reduced affinity for all β-lactam antibiotics (57).  Strains carrying 

SCCmec are generally referred to as MRSA. Although these strains are referred 
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to as MRSA, they are resistant to all of the semi-synthetic penicillins, not just 

methicillin. SCCmec elements are classified based on the type of recombinase 

they carry as well as their genetic composition. There are currently 5 different 

types of SCCmec elements. SCCmec elements range from 21-68 kb (5). 

SCCmec resembles a pathogenicity island; however, it does not encode 

virulence factors (57).  

 

VIRULENCE FACTORS 

Cell-associated virulence factors. The ability of S. aureus to cause a wide 

range of infections is due to multiple virulence factors. Overall, S. aureus 

virulence factors are categorized as either cell-associated or secreted. Many of 

the cell associated virulence factors have been collectively termed microbial 

surface components recognizing adhesive matrix molecules (MSCRAMMs). 

MSCRAMMs mediate host tissue colonization though their ability to bind to host 

proteins such as fibrinogen, fibronectin, collagen, elastin, and laminin (103). 

Additional cell-associated virulence factors aid S. aureus in immune evasion. The 

production of capsular polysaccharides are important antiphagocytic virulence 

factors (89).   

 

Secreted virulence factors. S. aureus produces a number of secreted virulence 

factors that aid the bacteria in avoiding the host immune system and acquisition 

of nutrients. S. aureus produces many different toxins, and in some cases 

exposure to toxin alone is sufficient to cause severe disease in humans.  
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Pore-forming exotoxins. S. aureus secretes a variety of exotoxins thought to 

play roles in infection. S. aureus secretes a variety of pore-forming exotoxins 

including α-hemolysin, β-hemolysin, γ-hemolysin, and Panton-Valentine 

leukocidin (PVL). Pore-forming exotoxins are thought to be important for nutrient 

acquisition and killing infiltrating immune cells. Although these toxins are termed 

hemolysins, they are able to form pores in many cell types, including red blood 

cells. The ability to lyse red blood cells may provide the bacteria with much 

needed iron. The roles for β-hemolysin and γ-hemolysin in causing human 

disease are unclear. α-hemolysin and PVL appear to play more important roles in 

disease. 

Both α-hemolysin and PVL are heptamer pore-forming toxins. α-hemolysin 

is a homo-chain heptamer pore-forming toxin that is secreted in a monomeric 

form (33 kDa), which attaches to its target sites on eukaryotic cells (34). Once 

associated with eukaryotic cell membranes, the toxin monomers oligomerize into 

a heptamer pre-pore complex, which proceeds to undergo a series of 

conformational changes that results in the insertion of a pore (26Ǻ diameter) into 

the eukaryotic cell membrane. α-hemolysin is capable of forming small pores (in 

the membranes of many different eukaryotic cell types including (but not limited 

to) red blood cells, endothelial cells, T cells, fibroblasts, and epithelial cells (93, 

94, 115). α-hemolysin is known to interact with cell types containing cholesterol 

as a membrane component. In addition to its ability to release nutrients by lysing 

eukaryotic cells, α-hemolysin has been shown to illicit a strong inflammatory 
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reaction from cultured human epithelial cells (93, 94, 115). Recent studies have 

suggested a role for α-hemolysin in the initiation of menstrual TSS. Experiments 

performed using ex vivo porcine vaginal tissue showed that TSST-1 penetration 

of the vaginal mucosa was greatly augmented in the presence of α-hemolysin 

(106). This finding suggests that α-hemolysin is capable of increasing membrane 

permability, either through direct pore damage, or by increasing inflammation, or 

through an unknown mechanism. Inflammation has been shown to increase 

permeability of epithelial barriers, presumably to allow infiltrating immune cells 

access to whatever is stimulating the inflammatory response.  

PVL is a bicomponent pore-forming toxin, which is secreted as two non-

associated proteins. These proteins are referred to as S (32 kDa) and F (34 kDa) 

components (for slow eluting and fast eluting in an ion exchange column) (34). 

PVL and α-hemolysin are similar in overall 3-D structure and are both mushroom-

shaped. Insertion of PVL into a eukaryotic membrane results in the formation of a 

pore that is approximately 22 Ǻ (105). PVL has been shown to illicit a strong 

inflammatory response (138). PVL does not form pores in as many different cell 

types as α-hemolysin, but has been shown to preferentially target neutrophils and 

macrophages (105). Initially, PVL was associated with S. aureus strains isolated 

from cutaneous lesions such as furuncles (105). Recent studies have shown an 

increased association between S. aureus strains carrying the gene for PVL and 

severe infections; however the role for PVL in these severe infections remains an 

issue of great debate (46, 47, 152). 
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Superantigens. Another important family of staphylococcal exotoxins includes 

the superantigens. In 1990, Marrack and Kappler re-named a large family of 

exotoxins associated with both menstrual and non-menstrual TSS (88). These 

exotoxins were named superantigens based on their ability to interact with the 

variable region of the Vβ-TCRs and a relatively invariable region on major 

histocompatibility complex class II (MHC II) molecules (88). In cases of TSS, the 

superantigen cross-links the TCR to the MHC II molecule. Traditionally, 

superantigens are defined by their unique ability to bind Vβ-TCRs ; however, 

recent studies have presented evidence for the ability of some superantigens to 

interact with the α-chain of TCRs as well (157). Superantigens also interact with 

either the α- or β-chain of the MHC II molecule present on macrophages and 

other APCs. By binding to both the TCR and MHC II molecules, the superantigen 

is able to crosslink these two molecules regardless of the antigen peptide being 

presented by MHC II. This crosslinking action stimulates both the T cell and the 

APC to release cytokines (Figure 1). During conventional T cell and APC 

activation, the TCR recognizes the antigen peptide presented in MHC II groove 

on the antigen presenting cell. In this situation, the TCR binds to the 

antigen/MHC II complex, and the result is a controlled cytokine release from both 

the T cell and the antigen presenting cell. During conventional antigenic 

stimulation, approximately 1 in 10,000 T cells are stimulated (Figure 1A). Since 

superantigens bind Vβ-TCRs, and the relatively constant region of the MHC II 

molecule, the superantigen can bypass the antigen specificity of the TCR. During 

superantigenic exposure, up to 50% of T cell population can be stimulated, 
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resulting in a massive release of cytokines by both the T cells and APCs (Figure 

1B) (26). Following stimulation, T cells release cytokines such as TNFβ, IL-2, and 

IFNγ, while antigen presenting cells release TNFα and IL-1β (Figure 1). Release 

of IL-1β most likely induces the high fever seen in TSS cases. The hypotension is 

most likely caused by a massive release of both TNFα and TNFβ, which induce 

capillary leakage leading to hypotension. The development of a diffuse rash may 

depend on the production of both IL-2 and INFγ. Little is known about the role of 

cytokines in the involvement of the multi-organ system components (84).  

The staphylococcal superantigen family includes TSST-1, SEs A-E, and I. 

The staphylococcal enterotoxins commonly cause food poisoning, and are called 

SEs due to their ability to induce emesis (91). The remaining staphylococcal 

superantigens have been termed staphylococcal enterotoxin-like (SEl), and 

include SEl-G, H, J, K, L, M, N, O, P, and Q. These toxins are named based on 

their lack of emetic activity (SEl-G, K, L, and Q) or because they have not yet 

been tested for the ability to cause emesis (SEl-H, M, N, O, and P) (86). Despite 

differences in amino acid sequences, overall, superantigens share a similar 

protein structure. All staphylococcal superantigens are comprised of a β-grasp 

and an oligosaccharide-oligonucleotide-binding fold (OB-fold) (Figure 2). The β-

grasp is found in immunoglobulin-binding, or Fc-binding molecules. The OB-fold 

is commonly found in toxins that contain a cell-binding domain. Superantigens 

are currently categorized into 1 of 5 different groups based on the comparison of 

a phylogenetic tree containing all known staphylococcal superantigens (91). 

Based on this phylogenetic tree, there are four main evolutionary branches of 
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superantigens, not including TSST-1. Group I contains TSST-1 and its variants, 

Group II contains SEB-like superantigens, Group III contains SEA-like 

superantigens, Group IV contains streptococcal pyrogenic exotoxin C-like 

superantigens, and Group V contains SEI-Q related superantigens. 

Superantigens from Groups I and II lack the zinc-binding domain found in 

superantigens from Groups III, IV, and V. Superantigens from Groups II and III 

both contain a cysteine loop not found in Groups I, IV, or V. This cysteine loop 

has been shown to be important for inducing emesis. Superantigens that lack the 

cysteine loop do not cause emesis (Figure 2). It is interesting to note that the 

three superantigens associated with nearly all cases of TSS (TSST-1, SEB, and 

SEC) are found in Groups I and II, while the superantigens associated with most 

cases of food-borne illness are found in Group III.   

 

TREATMENTS FOR STAPHYLOCOCCAL TOXIN-MEDIATED DISEASES 

When considering how to treat various staphylococcal infections, it is 

important to note the impressive history involving antibiotic treatments and 

staphylococcal resilience. Many drugs have been used over time to treat S. 

aureus infections; unfortunately, antibiotic resistance has appeared almost as 

quickly as novel antibiotics have been introduced, which highlights the 

importance of finding new ways to treat staphylococcal infections. In addition to 

the difficulties associated with antibiotic resistance, antibiotic treatment alone is 

not sufficient when treating toxin-mediated diseases. Exposure to superantigens 

can lead to fatal diseases such as TSS. In order to successfully treat these 
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cases, not only does the disseminated toxin need to be neutralized, but the 

patient also needs supportive medical care to manage hypotension and multiple 

organ system failure.  

 

Intravenous immunoglobulin. It is important to administer appropriate 

antibiotics when treating staphylococcal infections and diseases. If superantigen 

involvement is suspected, antibiotic treatment alone will not suffice. Although 

some antibiotics can shut down toxin production, no antibiotic is capable of 

neutralizing staphylococcal toxins already disseminated throughout the body. 

The current treatment for TSS is to administer commercially available 

intravenous immunoglobulin (IVIG), which contains antibodies capable of 

neutralizing superantigens. Nearly all IVIG preparations contain high antibody 

titers capable of neutralizing biological effect of superantigens. A case control 

study performed using patients with streptococcal TSS showed that when IVIG 

was combined with appropriate antibiotic administration and supportive therapy, 

there was a significant reduction in the case:fatality rate (68). 

 

High affinity Vβ-T cell receptor fragments. Novel research generated from the 

laboratories of Patrick M. Schlievert and David M. Kranz have demonstrated the 

potential for using soluble high affinity Vβ-TCR fragments to neutralize 

superantigens and prevent the development of TSS (22, 161). For example, SEB 

is considered one the predominant superantigens associated with staphylococcal 

TSS. Superantigens interact with particular Vβ-TCR regions, in particular, SEB 
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interacts with Vβ8. Interestingly, SEB has a relatively low affinity for Vβ8 (Kd = 

144 µM) (22, 84). Despite the low affinity, the stimulatory activity associated with 

this binding is very high, as lethal doses for SEB exposure are estimated to be 

within the range of nanograms per kilogram body weight (24). Buonpane, et al. 

engineered Vβ-TCR fragments with 106-fold higher affinity for SEB than Vβ8 (22). 

Buonpane, et al. showed that the high affinity Vβ-TCR fragments were capable of 

neutralizing SEB activity in vitro and in vivo. Administration of soluble high affinity 

Vβ-TCR fragments specific for SEB was able to neutralize SEB in a 1:1 molar 

ratio, and was successful in preventing the development of TSS in multiple rabbit 

models for TSS, which suggests that the high affinity of the Vβ molecule causes 

the formation of an inactive Vβ:SEB complex (22).  

In an additional experiment, Buonpane, et al. compared the effectiveness 

of the high affinity Vβ-TCR fragments with that of IVIG in rabbits exposed to 

5µg/kg SEB. When used clinically, IVIG is typically administered at levels 

between 1,000-2,000 µg/kg. The amounts of high affinity Vβ-TCR fragments and 

IVIG required to save 50% of the affected rabbits was 3 µg/kg and 6,600 µg/kg, 

respectively. These results suggest a much higher protective capacity for the 

high affinity Vβ-TCR fragments compared to IVIG (approximately 2,000 times 

more effective in vivo). Additionally, pharmacokinetic studies monitored the half-

life of the high affinity Vβ-TCR fragments, and found that they could be detected 

in rabbit serum for up to approximately 5.5 hours, suggesting the Vβ-TCR 

fragments can remain in the system for time periods sufficient to neutralize 

superantigen (22). Although additional experimentation is required prior to clinical 
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use, soluble high affinity Vβ-TCR fragments show great potential as a novel way 

to treat TSS.  

 

Glycerol monolaurate. Due to the rapid development of antibiotic resistance in 

clinical strains of S. aureus, it is important to investigate novel mechanisms for 

controlling and treating staphylococcal infections. Glycerol monolaurate (GML) is 

a small molecule that has demonstrated great potential as a treatment for 

staphylococcal diseases. GML is a naturally occurring membrane stabilizing 

agent that is generally recognized as safe for consumption by the FDA. GML is a 

fatty acid monoester that is comprised of glycerol ester linked to lauric acid 

(Figure 3). This compound is found in breast milk and has been used extensively 

in cosmetics and foods.   

Previous research has shown that GML is bactericidal for some gram 

positive bacteria, such as streptococci at concentrations as low as 20 µg/ml. The 

in vitro effect of GML on the growth of S. aureus is more complex. GML 

concentration of 20 µg/ml inhibits S. aureus growth after 4 and 8 hours of 

incubation, but is no longer inhibitory after 24 hours. After 48 hours of incubation 

in the presence of GML, neither 20 nor 100 µg/ml GML inhibits S. aureus growth. 

S. aureus produces lipase able to cleave GML, rendering it inactive. Streptococci 

lack this lipase, which may contribute to the increased sensitivity noted in the 

streptococcal studies (130). This study also focused on staphylococcal exotoxin 

production, and found that GML inhibits exotoxin production at sub-growth 

inhibitory concentrations. Exotoxin production was completely inhibited when S. 
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aureus was grown with 100 µg/ml GML for up to 24 hours. Low levels of toxin 

could be detected after 24 hours. Toxin production did not reach typical levels, 

even after 96 hours (130). Additional research has demonstrated that GML also 

inhibits the exotoxin production by gram-positive pathogenic bacteria such as 

streptococci and Bacillus anthracis (130, 153).  

The direct action of GML on bacteria appears to be at the bacterial plasma 

membrane, with inhibition of signal transduction (116). Interestingly, gram-

negative bacteria that have intact lipopolysaccharide (LPS) do not appear to be 

susceptible to the bactericidal or bacteriostatic effects of GML. GML has been 

found to inhibit the growth of gram negative bacteria that have an altered LPS 

structure, or mutants lacking intact LPS. GML concentrations as high as 2,000 

µg/ml (highest concentration tested by the authors) did not inhibit the growth of 

Salmonella minnesota.  However, when the authors tested strain S. minnesota 

Re595, which is a mutant that lacks most of the core and O-side chain sugar 

residues found in LPS, GML (100 µg/ml) did inhibit bacterial growth (130).  

The ability of GML to inhibit the in vitro growth or exotoxin production of 

several gram positive pathogens suggests great potential for GML as a topical 

bactericide, or as a useful agent or additive for inhibiting or preventing exotoxin 

production.  

 

Glycerol monolaurate as a treatment for additional vaginal infections. Prior 

research has suggested that gram negative bacteria are resistant to the growth 

inhibitory effects of GML due to the presence of LPS on the cell surface. In vitro 
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studies involving gram negative bacteria with altered LPS structures, such as 

Bacteriodes fragillis and Gardnerella vaginalis, revealed that GML is able to 

inhibit the growth of these bacteria (data shown in Chapter 5).   

G. vaginalis is a gram-negative bacterium highly associated with bacterial 

vaginosis (BV) (25). It is estimated that between 4-40% of women are affected by 

BV, making this the most common chronic vaginal infection (141). Women with 

BV experience a complex change in their vaginal flora, characterized by a 

reduction in the prevalence of lactobacilli, and increases in bacteria such as G. 

vaginalis (3, 36, 48, 52, 98, 141). Additional bacteria, including Bacteroides 

fragilis and anaerobic peptostreptococci have also been associated with BV; 

however, G. vaginalis is the most commonly associated organism (55, 149).  

Vulvovaginal candidiasis (VVC), or a vaginal yeast infection is another 

common vaginal infection. VVC infections are caused by Candida species (41, 

142). It is currently estimated that between 70-75% of women will experience 

VVC at least once during their reproductive years (62), and between 5-8% will 

have recurrent VVC (recurrence is defined as 4 or more episodes per year) (43). 

C. albicans is the most predominant Candida species associated with VVC, and 

can be isolated from the vagina in 85-95% of women with vaginal yeast infections 

(97, 143). The in vitro effect of GML on C. albicans growth was also investigated. 

GML (50 µg/ml) was inhibitory, although the mechanism for this growth inhibition 

is currently unknown (data shown in Chapter 5). 

Under normal conditions, the vaginal flora is dominated by species such 

as Lactobacillus. The predominant vaginal species of Lactobacillus are L. 
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crispatus, L. gasseri, L. jensenii, and L. inners. Lactobacilli are responsible for 

maintaining the acidic vaginal pH seen at times other than menstruation through 

the production of lactic acid, and occasionally other organic acids. The pH of the 

human vagina can range from 4.0 to 7, with the pH increasing to 7 during 

menstruation. An acidic pH is linked to prevention of vaginal infection. 

Disruptions in vaginal pH or lactobacilli populations allow potential pathogenic 

microorganisms to grow (2, 42, 56, 160). Because GML has the potential to be 

used for treating vaginal infections caused by G. vaginalis and Candida, it was 

important to determine the in vitro effects of GML on Lactobacillus, since GML is 

bactericidal for several gram positive bacteria (116, 130). Research presented in 

a recent publication revealed that exposure to 100 µg/ml GML in vitro does not 

inhibit L. crispatus growth. L. crispatus is also able to establish acidic pH 

environments when grown with GML (134). This study also demonstrated that 

repeated exposure to an intravaginal gel containing 5% GML (50 mg/ml) does 

not alter the healthy microflora, including lactobacilli, in rhesus macaques (134).  

These in vitro and in vivo findings provide strong basis for investigating the 

effects of GML on vaginal microbes in humans. GML may be useful as a topical 

treatment for chronic vaginal conditions such as BV and VVC. 
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Figure 1. Comparison between conventional antigenic stimulation and 

superantigenic stimulation of T cells and antigen presenting cells. A, Image 

depicting conventional antigenic stimulation in which an antigen presenting cell 

(APC) is displaying an antigenic peptide (Ag) in the groove of the MHC II 

complex to a CD4+ T cell. Antigen is recognized by T cell receptor (TCR), causing 

T cell and APC to release their respective cytokines in a controlled manner. B, 

Image depicting superantigenic stimulation. Similar to conventional antigenic 

stimulation, except that the superantigen (SAg) forms a crosslink between the 

MHC II complex and the TCR, irrespective of the antigenic peptide displayed in 

the peptide groove of the MHC II complex. Superantigen involvement results in a 

greater population of T cells and APCs being stimulated to release their 

respective cytokines, leading to massive cytokine release, and subsequently, 

TSS. 
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Figure 2. Superantigen structure and important domains. A, Structure of 

TSST-1, highlighting Vβ-TCR binding site (located on back side of molecule), 

MHC II binding site, and dodecapeptide binding site (located on back side of 

molecule). B, Structure of SEB and SEC, highlighting Vβ-TCR binding site, MHC 

II binding site, and dodecapeptide binding site (located on back side of 

molecule), and emetic cysteine loop. 
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Figure 3. Chemical structure of glycerol monolaurate. 
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CHAPTER 2: 
 

SUPERANTIGEN PROFILE OF STAPHYLOCOCCUS AUREUS ISOLATES 

FROM PATIENTS WITH STEROID-RESISTANT ATOPIC DERMATITIS 

AND 

COMPARISON OF SUPERANTIGEN PROFILES BETWEEN METHICILLIN-

SENSITIVE AND METHICILLIN-RESISTANT S. AUREUS ISOLATES FROM 

PATIENTS WITH STEROID-RESISTANT ATOPIC DERMATITIS 
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Portions of this chapter have been published and are included in this 

dissertation with permission from Clinical Infectious Diseases. 

 Schlievert, P. M., L. C. Case, K. L. Strandberg, B. B. Abrams, and D. Y. 

Leung. 2008. Superantigen profile of Staphylococcus aureus isolates from 

patients with steroid-resistant atopic dermatitis. Clinical Infectious Diseases, 46: 

1562-7.  

Funding and study coordination were provided by Bea B. Abrams at 

Novartis. S. aureus isolates from atopic dermatitis patients were obtained by Dr. 

Donald Y. M. Leung. Vaginal S. aureus isolates from healthy women were 

obtained by Patrick M. Schlievert. Kristi L. Strandberg and Laura C. Case 

obtained genomic DNA from all isolates and performed PCR analysis. In vitro 

quantification of superantigen production was performed by Patrick M. Schlievert 

and Kristi L. Strandberg. Studies involving SrrA-SrrB were performed by Alexa M. 

Pragman [1].  

 

The remaining portions will be submitted for publication by Strandberg, 

Kristi L., Rotschafer, Jessica H., Case, Laura C., Leung, Donald Y. M., and 

Patrick M. Schlievert.  

MSSA and MRSA isolates from atopic dermatitis patients were obtained 

by Dr. Donald Y. M. Leung. Kristi L. Strandberg and Jessica H. Rotschafer 

obtained genomic DNA from all isolates and performed PCR analysis. Kristi L. 

Strandberg performed antibiotic sensitivity testing on all isolates. Data analysis 

was performed by Kristi L. Strandberg.  
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INTRODUCTION 

Background. Staphylococcal superantigens induce skin inflammatory 

responses in patients with atopic dermatitis. S. aureus infections are often 

associated with atopic dermatitis, and S. aureus can often be isolated from atopic 

dermatitis skin lesions. In vitro evidence has shown that T cells activated by 

superantigens become steroid-resistant. The initial purpose of this study was to 

determine the superantigen profiles of S. aureus isolates from steroid-resistant 

atopic dermatitis patients and then compare those with profiles from S. aureus 

isolates from steroid-sensitive atopic dermatitis and healthy vaginal isolates. 

Further analysis compared superantigen profiles from methicillin-sensitive and 

methicillin-resistant S. aureus strains isolated from patients with steroid-resistant 

atopic dermatitis. 

Methods.  We determined and compared the superantigen-production 

capabilities of S. aureus isolates from 78 patients with steroid-resistant atopic 

dermatitis with that of 30 vaginal S. aureus isolates from healthy women, and 22 

S. aureus isolates patients with steroid-sensitive atopic dermatitis by polymerase 

chain reaction analysis. Isolates from the steroid-resistant and steroid sensitive 

groups were selected at random for SCCmec typing. PCR with primers for 

superantigens and SCCmec elements were used for detecting superantigen 

genes and mec elements, respectively. Antibody testing was also used to detect 

toxic shock syndrome toxin-1, and staphylococcal enterotoxins B and C.  

Results. Isolates collected from steroid-resistant atopic dermatitis patients 

had significantly different superantigen profiles and were more likely to produce 
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the 3 major TSS-associated superantigens (TSST-1, SEB, and SEC) compared 

to isolates from steroid-sensitive patients and vaginal isolates from healthy 

women. Isolates from steroid-resistant atopic dermatitis patients were also more 

likely to have uncommon combinations of superantigens. Antibiotic sensitivity 

testing revealed that both MSSA and MRSA strains were associated with AD, 

and that while both had disruptions in the enterotoxin gene cluster, and unique 

superantigen combinations (SEB and TSST-1, SEB and SEC, and SEC and 

TSST-1), MSSA strains carried a significantly greater number of superantigen 

genes compared to their MRSA counterparts. 

Conclusions. S. aureus isolates collected from patients with AD appear 

to be selected for on the basis of greater superantigen production compared to 

isolates from steroid-sensitive patients or vaginal isolates from healthy women. 

Superantigens may confer a selective advantage for patient colonization. MSSA 

AD isolates had a greater number of superantigen genes compared to MRSA 

isolates. The decrease in superantigen genes in MRSA isolates may be due to 

the increased genetic burden of carrying the SCCmec element. Despite a 

decrease in the number of superantigen genes, when present, TSST-1, SEB, or 

SEC were produced at similar levels in MSSA versus MRSA isolates. 
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Staphylococcus aureus is capable of colonizing the skin and mucosal 

surfaces. Consequentially, S. aureus is associated with a variety of human 

infections, ranging from severe infections such as necrotizing pneumonia and 

TSS to relatively minor skin infections such as furuncles and impetigo. Atopic 

dermatitis (AD) is a chronic, inflammatory skin condition that usually correlates 

with S. aureus colonization. S. aureus colonization often coincides with a 

worsening of symptoms. AD is a T cell mediated disease in which T-helper 2 

responses predominate (15, 60, 92). Both MSSA and MRSA strains have been 

isolated from AD patients.  

The ability of S. aureus to colonize multiple sites on the human body and 

cause a range of infections depends on the production of cell-associated and 

secreted virulence factors. Cell-associated virulence factors are often termed 

MSCRAMMS, and include molecules associated with adhesion and 

antiphagocytosis (6, 95, 103). Secreted virulence factors are thought to be 

important for nutrient acquisition and altering or delaying immune system function 

(34, 96, 111, 164). 

Staphylococcal superantigens are an important secreted virulence factor 

associated with several diseases. Superantigens are exotoxins identified by their 

ability to interact with certain variable regions of the β-chains on T cell receptors 

on T cells and invariant regions on major histocompatability complex II molecules 

on antigen-presenting cells. This interaction results in stimulation of the T cells 

and APCs causing massive cytokine release associated with TSS. 

Staphylococcal superantigens include SEs A-E and I. These toxins commonly 
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cause food poisoning, and are called SEs due to their ability to induce emesis 

(91). SEl toxins include SEl-G, H, J, K, L, M, N, O, P, and Q. These toxins are 

named as such because they either lack emetic activity (SEl-G, K, L, and Q) or 

have not yet been tested (SEl-H, M, N, O, and P) (86). The superantigens SEl-G, 

SEl-M, SEl-N, SEl-O, and SEI are thought to be linked, in order, as an 

enterotoxin gene cluster (65). TSST-1 is the superantigen associated with the 

majority of all cases of menstrual TSS. The superantigens SEB, SEC, and TSST-

1 are associated with the majority of non-menstrual cases of TSS. Although SEB, 

SEC, and TSST-1 are the major superantigens associated with nearly all cases 

of TSS, these toxins are rarely produced by the same isolate. For example, it is 

commonly assumed that S. aureus cannot produce both TSST-1 and SEB 

simultaneously, although the reasons are completely unknown, it is thought this 

is because the pathogenicity islands that encode the toxins occupy the same 

chromosomal position (30, 123, 135).  

Superantigens are also thought to play a role in AD. Superantigens have 

been shown to induce corticosteroid resistance in human T cells in vitro (51). 

Topical corticosteroids are the most common treatment used for AD. The ability 

of superantigens to induce corticosteroid resistance may be contributing to 

difficulties in treating severe cases of steroid-resistant AD. S. aureus isolates 

obtained from AD patients have been shown to produce superantigens, including 

SEA, SEB, SEC, and TSST-1.  

Prior to the work in these studies, the full spectrum of superantigens 

produced by S. aureus isolates from the skin of AD patients was unknown. 
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Additionally, S. aureus isolates from different clinical backgrounds have been 

shown to have different superantigen profiles. Because both MSSA and MRSA 

have been isolated from patient with atopic dermatitis, we were interested in 

investigating the differences between superantigen profiles from methicillin-

resistant and methicillin-sensitive AD isolates as well. These studies were 

undertaken to analyze and compare superantigen profiles between S. aureus 

isolates collected from individuals with steroid-sensitive atopic dermatitis, steroid-

resistant atopic dermatitis, and vaginal isolates obtained from healthy women. 

These studies also determined whether methicillin-resistant AD isolates have 

different superantigen profiles compared to methicillin-sensitive AD isolates.  
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MATERIALS AND METHODS 

S. aureus isolates. Three groups of S. aureus isolates were initially compared 

for the presence of superantigens. The isolates in group 1 included 78 isolates 

collected from patients with steroid-resistant AD. Steroid-resistance was defined 

by <35% reduction in the patient’s eczema area and severity index during 

treatment with a topical steroid, prednicarbate emollient cream, twice daily for at 

least 12 days. S. aureus was obtained using sterile cotton swabs. The 4 most-

affected lesions were swabbed. Swabs were cultured and analyzed for the 

presence of S. aureus. S. aureus was identified by colony morphology (gram-

positive, cluster-forming cocci), positive catalase activity, and positive coagulase 

activity. Group 2 contained 30 vaginal S. aureus isolates collected from healthy 

women randomly in 2003-2005 and previously published (129). Group 3 

contained 22 S. aureus isolates collected from a general population of AD 

patients, irrespective of responsiveness to treatment. Results obtained from 

isolates in group 1-3 were published (128). After the initial publication, it was 

decided to further investigate superantigens profiles from S. aureus isolates 

collected from steroid-resistant AD patients based on methicillin resistance. Of 

the original 78 isolates from group 1, 20 isolates were selected at random and 

tested for methicillin-resistance. An additional 17 isolates were obtained by Dr. 

Donald Y. Leung. For these additional isolates, the sensitivity to methicillin was 

determined clinically prior to the samples being shipped to P.M.S. Overall, 12 

MRSA (group 4) and 25 MSSA (group 5) isolates collected from patients with 
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steroid-resistant AD were analyzed. Additional S. aureus strains used included 

RN6390 (methicillin-sensitive), Park (USA200, MRSA; SCCmec 2a), Yang 

(USA300, MRSA; SCCmec 4a), Dipaola (USA300, MRSA; SCCmec 2a), and 

MW2 (USA400, MRSA; SCCmec 4a).  

 

PCR for superantigen genes and staphylococcal cassette chromosome 

elements containing mecA. For PCR-based superantigen gene testing and 

staphylococcal cassette chromosome element containing mecA (SCCmec) 

testing, all organisms were cultured at 37°C with shaking (200 RPM) in 3 ml Todd 

Hewitt broth and then used for DNA extraction. The primers used for PCR 

amplification of superantigen genes SEB, SEl-G, SEI, SEl-J, SEl-K, SEl-M, SEl-

N, SEl-O, TSST-1, SCCmec IIa, and SCCmec IVa are outlined in Table 1. The 

conditions for PCR and the PCR primers for superantigen genes SEA, SEC, 

SED, SEE, SEl-H, and SEl-L were described in detail by Schlievert and Case 

(126). The prevalence of individual superantigen genes from the isolates in each 

group was analyzed using the Fisher’s exact test. The average number of 

superantigen genes per group was analyzed by Student’s t test. The sequences 

for the PCR primers for detecting SCCmec IIa and SCCmec IVa were based on 

previously published SCCmec primers (63).  

 

Antibiotic Sensitivity Testing. The AD isolates obtained from previous study 

were tested for methicillin-sensitivity by cefoxitin disk diffusion assay. S. aureus 

strains were grown overnight in 3 ml Todd Hewitt broth and then adjusted to 
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match the turbidity of a MacFarland 0.5 standard. Each adjusted culture was 

used to inoculate a Todd Hewitt agar plate containing a cefoxitin disk (30 µg). 

Plates were incubated at 37°C overnight. Strains that had zone diameters of 

growth inhibition of ≥18 mm were considered sensitive. Strains with zone 

diameters of 15-17 mm were intermediate, and strains with a zone diameter of 

≤14 mm were considered methicillin-resistant. 

 

Superantigen quantification. The superantigens TSST-1, SEA, SEB, and SEC 

were quantified by growing the isolated in dialyzable beef heart medium 

containing 1% glucose phosphate buffer. Stains were grown in 25 ml medium in 

125 ml Erlenmeyer flask with shaking at 37°C. The superantigens were 

precipitated from the culture media by the addition of 4 times the volume of 

absolute ethanol for 2 hours. Toxins were concentrated 10-100-fold. Following 

ethanol precipitation, samples were centrifuged at 4,000 g for 10 minutes. 

Ethanol was then discarded and toxins were resolubilized in distilled water. Toxin 

levels were determined using semi-quantitative western immunobloting using 

polyclonal rabbit antisera raised against each individual superantigen. For each 

immunoblot, known quantities of purified superantigen, and concentrated culture 

fluid were electrophoresed in sodium dodecyl sulfate on 10% polyacrylamide 

gels. Samples were then blotted onto polyvinylidone fluoride membranes. 

Membranes were blocked with 1% albumin, and then incubated with the 

polyclonal rabbit antisera specific for an individual superantigen for 2 hours. 

Following incubation with the primary antibody, each blot was washed to remove 
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the primary antibody and then was incubated with alkaline phosphatase-

conjugated antirabbit IgG antibodies (whole molecule; Sigma Aldrich, St. Louis, 

Mo) for 2 hours. Following secondary antibody incubation, blots were washed 

and then developed with substrate. The densities of bands on the blot were 

quantified using a computer program made available by the National Institutes of 

Health (ImageJ, version 1.34S). The lower limit of detection for this assay was 

1.0 ng/ml of sample. Statistical analysis was performed using a Student’s t test. 

 Patrick Schlievert performed the toxin detection and quantification 

experiments for group 1, 2, and 3 isolates. Kristi Strandberg performed toxin 

detection and quantification experiments for group 4 and 5 isolates. 
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RESULTS 

Initially, I compared superantigen gene profiles for 78 S. aureus strains 

isolated from patients with steroid-resistant AD (group 1), 30 vaginal isolates 

collected from healthy women (previously published vaginal isolates) (group 2) 

(129), and 22 isolates from a general population of patients with AD (group 3). All 

isolates were evaluated by PCR for the presence of the genes for TSST-1, SEA-

SEE, SEI, SEl-G, SEl-H, SEl-L, SEl-M, SEl-N, SEl-O, and SEl-Q (see Table 1 for 

list of primer sequences). The nucleotide sequence for the sel-P gene became 

available as the initial study was nearly completed, and was thus omitted from 

analysis.  

Overall, S. aureus isolates from group 1 (collected from patients with 

steroid-resistant AD) had the ability to produce a greater number of 

superantigens compared to group 2 isolates (vaginal isolates from healthy 

women), or group 3 isolates (collected from a general population of AD patients). 

Isolates from group 1, on average, carried the genes for 8 different 

superantigens. Isolates from groups 2 and 3 had an average of 5 and 4 

superantigen genes, respectively (Table 3). Interestingly, only 1 isolate from 

group 1 did not have the genes for any known superantigen, while another group 

1 isolate had all of the known superantigen genes except the gene for TSST-1. 

Additionally, 1 isolate from group 2 lacked any known superantigen genes, and 3 

isolates from group 3 were also negative for all known superantigens.   



 

 37 

When the prevalence of individual superantigen genes in the isolates from 

each group was compared, it was found that the isolates from group 1 were 

significantly more likely to have the gene for SEA, SEB, SED, SEl-H. SEl-J, SEl-

M, SEl-N, and SEl-O compared to isolates from either group 2 or 3. Group 1 

isolates were also more likely to have the genes for SEE, SEG, and SEl-L 

compared to group 2. Group 1 was more likely to have the gene for SEl-K than 

group 3. No statistically significant difference was seen regarding the likelihood of 

carrying the gene for TSST-1, SEC, SEI, or SEl-Q between the 3 different 

groups. Overall, group 2 isolates did not have significantly different superantigen 

gene profile compared to group 3 isolates. The one exception was that group 2 

isolates were more likely to have the genes for SEl-K and SEl-L than group 3 

isolates (p << 0.001) (Table 2).  

Many superantigens genes are linked together on pathogenicity islands. 

The superantigens SEl-G, SEl-M, SEl-N, SEl-O, and SEI are linked, in order, as 

an enterotoxin gene cluster (65). Of the group 1 isolates, only 19 (24% had the 

intact enterotoxin gene cluster, while 63 (81%) of the group 1 isolates had at 

least 1 of the superantigen genes from the gene cluster. This finding suggests 

that this gene cluster is not intact in the majority of isolates collected from 

patients with steroid-resistant atopic dermatitis.  

 Although all superantigens are capable of causing TSS, TSST-1, SEB, 

and SEC are responsible for nearly all cases of TSS. Of the 78 group 1 isolates, 

57 (73%) were positive for the gene for one or more of these 3 major 

superantigens. Rarely are the genes for SEB and SEC, or SEB and TSST-1 
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found together in the same isolate. Although the reasons behind why SEB and 

SEC are not found together are not fully understood, it has been hypothesized 

that this gene combination doesn’t occur because of the high level of similarity 

between SEB and SEC. Presumably, when present together, a homologous 

recombination event takes place leaving one gene or the other. Of the >5,000 S. 

aureus TSS isolates studied for toxin producing capabilities by P.M.S., only 2 

isolates that are able to produce both SEB and SEC have been encountered 

(personal communication from P.M.S.). Of the 78 isolates in group 1, 12 (15%) 

were positive for the genes for both SEB and SEC. When I look for this 

combination in groups 2 and 3 (52 isolates, combined), I find only 2 isolates 

(3.8%) have the genes for both SEB and SEC. It’s also generally thought that S. 

aureus cannot produce both SEB and TSST-1 simultaneously (presumably 

because the pathogenicity islands that contain TSST-1 or SEB occupy the same 

chromosomal position), however, this toxin gene combination was detected in 8 

(10%) of the group 1 isolates. Generally, approximately 15% of S. aureus 

isolates from patients with TSS will produce both SEC and TSST-1. Of the group 

1 isolates, 9 (12%) were able to produce both SEC and TSST-1.  

The production of TSST-1, SEB, and SEC was quantified to determine the 

quantity of each superantigen produced by group 1, group 2, and group 3 

isolates. When levels of TSST-1, SEB, or SEC were compared between groups 

1, 2, and 3, no significant differences were found. Overall, the levels of TSST-1 

ranged from 3-20 µ/ml SEB ranged from 25-80 µg/ml, and SEC ranged from 40-

80 µg/ml. The group 3 isolates (isolated from general population of AD patients) 
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were found to produce more SEA compared to typical TSS isolates. Group 3 

isolates produced between 4-5 µg/ml SEA (usually 0.01 µg/ml) (data not shown). 

To further investigate differences in toxin levels, 3 isolates were selected from 

group 1 (including the isolate that had genes for all known superantigens except 

TSST-1) and were compared to 3 menstrual TSS isolates regarding growth 

(Figure 4A) and toxin production (TSST-1, SEA, SEB, and SEC) (Figure 4B-C). 

The menstrual TSS isolates grew to a slightly higher cell density compared to the 

steroid-resistant AD isolates after 12 hours of growth in dialyzed beef heart 

media containing 1% glucose phosphate buffer (Figure 4A). All 3 of the 

menstrual TSS isolates produced both TSST-1 (primarily during the 

postexponential phase) and SEA (primarily during the exponential phase of 

growth) (Figure 4B-C). This finding is consistent with previous studies (12, 96, 

154). The 3 isolates from group 1 produced high levels of both SEB and SEC 

during the postexponential phase of growth. Group 1 isolates were found to 

produce higher concentrations of SEA compared to the menstrual TSS isolates 

(compare 10 µg/ml with 0.01 µg/ml, respectively), and the group 1 isolates 

produced SEA primarily during postexponential growth. Overall, these finding 

suggest that not only do the group 1 isolates produce unusual combinations of 

superantigens, but that they are also dysregulated in their ability to produce SEA. 

Additional experiments performed and published (110) by Alexa Pragman 

revealed that some of the group 1 isolates contained mutations in SrrA-SrrB. 

SrrA-SrrB is a global two-component system that regulates exotoxin production 

in S. aureus. This system represses superantigen production under low oxygen 
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conditions (oxygen levels <2%) (112, 162). For this analysis, Alexa Pragman 

selected 6 isolates from group 1 and sequenced SrrA-SrrB. Of the 6 isolates 

selected, 2 were found to be defective in their ability to produce Srr due to 

truncations in the srrA-srrB locus (110). 

 After this study was concluded, and the findings were published (128), it 

was decided to further analyze S. aureus strains isolated from patients with 

steroid-resistant AD. We were interested in comparing the superantigen gene 

profiles between MRSA (group 4) and MSSA (group 5) isolates from steroid-

resistant AD patients. For these analyses, 20 isolates from group 1 selected at 

random were screened for methicillin-resistance. An additional 17 isolates were 

obtained from D.Y.L. Isolates were organized based on methicillin-resistance. Of 

the 37 isolates, 12 were found to methicillin-resistant (group 4), and 25 were 

methicillin-sensitive (group 5). 

The 20 isolates selected at random from group 1 were tested for 

methicillin-resistance by cefoxitin disk diffusion assay. Only 5 isolates were 

methicillin-resistant. An additional 17 AD isolates were collected, 7 of which were 

methicillin-resistant (methicillin-resistance was determined in clinic prior to 

shipping samples to the Schlievert lab). There are several mobile genetic 

elements that confer methicillin-resistance. These are termed staphylococcal 

cassette chromosome elements containing mecA (SCCmec). SCCmec elements 

are categorized based on the type of recombinase they carry as well as their 

genetic composition (50). Of the methicillin-resistant isolates, 3 were found to 

have SCCmec type IIa, and 2 were found to have SCCmec type IVa by PCR 
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(primer’s listed in Table 1), the type of SCCmec element was not determined for 

7 of the methicillin resistant isolates. These mec types were expected to be the 

most common. Unfortunately, I did not have MRSA isolates containing additional 

mec elements to use as positive controls for the PCR analysis. I only tested for 

SCCmec types IIa and IVa.  

 MRSA and MSSA strains isolated from patients with steroid-resistant AD 

were analyzed for the presence of all known superantigen genes (except SEl-P) 

by PCR. Superantigen PCR analysis was not performed on the 20 group1 

isolates because the superantigen profiles had already been determined in the 

previous study (128), the results from that study were used for this analysis. PCR 

analysis of superantigen genes revealed that MSSA strains have a greater 

number of genes for superantigens than MRSA strains (compare 10 ± 3 and 6 ± 

3, p value 0.002) (Table 3).  

Several unusual gene combinations were observed during previous 

superantigen profiling of AD isolates, but not healthy vaginal isolates (128). It has 

been generally thought that S. aureus cannot produce SEB and TSST-1, or SEB 

and SEC simultaneously; however these combinations were seen in isolates 

from steroid-resistant AD patients (group 1, previous study), and in both MRSA 

(group 4) and MSSA (group 5) isolates (Table 4). Additionally, the genes for SEl-

G, SEl-M, SEl-N, SEl-O, and SEI are thought to be linked, in order, in an 

enterotoxin gene cluster. My previous study demonstrated that this gene cluster 

was intact in only about 25% of the steroid-resistant AD isolates tested. In the 

MSSA group of isolates, only 6 (24%) had the intact gene cluster, while 11 (92%) 
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had at least one of the genes from the gene cluster. Of the MRSA isolates, 6 

(50%) had the intact gene cluster, while 20 (80%) had at least one of the genes 

from the enterotoxin gene cluster (Table 3).  

Lastly, I was interested in quantifying superantigen production levels 

between the methicillin-resistant and methicillin-sensitive isolates. For this 

analysis, 3 isolates from group 4 known to produce either SEB, SEC, or TSST-1, 

and 3 isolates from group 5 that were known to produce either SEB, SEC, or 

TSST-1 were grown in dialyzed beef heart media over 12 hours. Growth and 

superantigen production were monitored over these 12 hours. MSSA isolates 

(group 5) reached a slightly higher density by 12 hours compared to the MRSA 

isolates (group 4), and compared to the menstrual TSS isolates previously 

characterized (128) (Figure 4A and 4D). Production of TSST-1, SEB, and SEC 

were similar between group 4 and group 5 isolates. TSST-1 was produced during 

the post-exponential phase of growth, and was produced at a higher 

concentration than SEB or SEC, by both the MRSA and MSSA isolates (Figure 

4E-F). The MSSA isolate selected for TSST-1 quantification was found to 

produce TSST-1 (in vitro) at a concentration of approximately 41 µg/ml by 12 

hours, and approximately 65 µg/ml was produced by the MRSA TSST-1+ isolate 

(Figure 4E-F). SEB and SEC were detected at lower levels than TSST-1 in both 

the MSSA and MRSA isolates. SEB was detected at 0.2 µg/ml by the SEB+ 

MSSA isolate, while the MRSA isolate produced 2 µg/ml (Figure 4E-F). The 

SEC+ MSSA isolate produced 3.4 µg/ml, while the SEC+ MRSA isolate produced 
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5.4 µg/ml (Figure 4E-F). Overall, similar toxin levels were detected in vitro for 

TSST-1, SEB, or SEC between MSSA and MRSA isolates.  
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DISCUSSION 

S. aureus superantigens have been suggested to play a role in AD (15, 

60, 92). The present studies investigate superantigen profiles from S. aureus 

strains isolated from the skin of patients with steroid-resistant, steroid-sensitive 

AD, and vaginal isolates from healthy women. In addition to these analyses, I 

also investigated differences between superantigen profiles from MRSA and 

MSSA isolates from patients with steroid-resistant AD. This work represents the 

most comprehensive study of the superantigen profile of strains associated with 

atopic dermatitis.  

General observations from these studies were that S. aureus strains 

isolated from patients with steroid-resistant AD had the genetic ability to produce 

large numbers of superantigen types. Additionally, isolates from steroid-resistant 

patients had a significantly greater number of superantigen genes overall. When 

isolates from steroid-resistant patients were characterized based on methicillin-

resistance, methicillin-sensitive strains were found to carry significantly greater 

number of superantigen genes per isolate compared to MRSA isolates. Perhaps 

MSSA isolates are able to produce a greater number of superantigens because 

they do not have the genetic burden of carrying the large SCCmec element. It’s 

possible to speculate that producing a large number of superantigens is 

advantageous because each superantigen is known to stimulate a particular 

subset of T cells expressing specific Vβ-TCRs. The overall effect of producing 

multiple superantigens could be to recruit larger number of T cells to produce 
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their pro-inflammatory cytokines, resulting in the induction of a greater number of 

T cells that fail to respond to corticosteroid therapy.  

The larger number of superantigens produced by these isolates also 

suggests that S. aureus strains isolated from patients with steroid-resistant AD 

are selected for on the basis of greater superantigen production.  

Both MSSA and MRSA strains could be isolated from patients with AD, 

suggesting that methicillin-resistance is not required for pathogenicity in these 

individuals. Actually, MSSA isolates were more common than MRSA, which may 

suggest that MSSA strains are better at colonization of AD patients than MRSA, 

however, a larger study would need to be conducted to evaluate this possibility. 

In addition to having the potential to produce more types of superantigens, 

several unusual superantigen combinations were found in the steroid-resistant 

AD group. It is commonly thought that S. aureus cannot produce the 

superantigens TSST-1 and SEB simultaneously, possibly because the 

pathogenicity islands on which these superantigens reside occupy the same 

chromosomal position (30, 123, 135). My findings reveal that this is not the case, 

as several isolates were found to carry the genes for and produce both TSST-1 

and SEB. PCR analysis of superantigen genes also revealed that most strains 

(both MSSA and MRSA) carry at least one, but not all of the genes typically 

found in the enterotoxin gene cluster. These findings suggest that the enterotoxin 

gene cluster has been disrupted in the majority of both MSSA and MRSA 

isolates, and that these genes are no longer linked together on one pathogenicity 

island. Traditionally, the genes for SEl-G, SEl-M, SEl-N, SEl-O, and SEI are 
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found in an enterotoxin gene cluster; however, fewer AD isolates carried the 

intact gene cluster compared to individuals with other isolates. MSSA AD isolates 

were found to carry a greater number of superantigen genes compared to MRSA 

AD isolates. Both MSSA and MRSA isolates contained unusual superantigen 

combinations not seen in vaginal isolates collected from healthy women.  

S. aureus isolates from steroid-resistant AD patients were more likely than 

the other S. aureus groups to produce superantigens typically made in high 

concentrations, such as TSST-1, SEB, and SEC. These three superantigens 

account for nearly all cases of TSS, most likely because they are typically found 

to be produced at higher concentrations that other superantigens.  

Interestingly, results from experiments performed by Alexa Pragman 

revealed the presence of truncated genes in the two-component system; SrrA-

SrrB, in several isolates from patients with steroid-resistant AD. Usually, 

superantigen production is strictly under the control of the global regulator SrrA-

SrrB (111, 162). SrrA-SrrB functions as a repressor of exotoxin production under 

low oxygen conditions. The repressive effects of SrrA-SrrB are lost when the 

organism is in the presence of oxygen levels > 2% (163). Although S. aureus can 

grow under both aerobic and anaerobic conditions, superantigen production only 

occurs under aerobic conditions. The truncated form of SrrA-SrrB was found in 2 

out of 6 isolates selected at random. Isolates with truncated SrrA-SrrB were able 

to produce superantigens, even under low oxygen conditions (110). This finding 

may have important implications for illnesses such as menstrual TSS. It has been 

hypothesized that TSS association with tampon usage is related to the 
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oxygenation of the typically anaerobic vaginal environment. Surface-associated 

oxygen is introduced on the surface of the tampon (54, 125). The discovery of S. 

aureus strains capable of producing superantigens under low oxygen conditions 

suggests the possibility of menstrual TSS occurring in the absence of tampon 

use.  

Overall, this study revealed that S. aureus strains isolated from patients 

with steroid-resistant AD carry high numbers of genes encoding superantigens in 

addition to unique superantigen combinations, and where more likely to carry one 

of the three major TSS-associated superantigens compared to vaginal isolates 

from healthy women. Both MRSA and MSSA isolates from patients with steroid-

resistant AD produced unusual superantigen combinations. Methicillin-sensitive 

isolates were found to carry a greater number of superantigen genes compared 

to their methicillin-resistant counterparts.  
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Table 1. Primers used to detect superantigen and SCCmec genes. 

Gene      
Detected Primer Name Sequence (5N to 3N) 

Approximate 
Product Size (bp) 

seb SEB Primer 1 CACCCAACGTTTTAGCAGAGAG 765 

 SEB Primer 2 GCCTGCACCAGGAGATAAATTTGACC  

sel-g SEl-G Primer1 ACGTCTCCACCTGTTGAAGG 410 

 SEl-G Primer 2 TGAGCCAGTGTCTTGCTTTG  

sei SEI Primer 1 GGTGATATTGGTGTAGGTAACTTAAG 550 

 SEI Primer 2 CCTGATATAAATTTAGATTTATATCCATATTC  

sel-j SEl-J Primer 1 CAGCGATAGCAAAAATGAAACA 440 

 SEl-J Primer 2 CCCTCTTCTAGCGGAACAAC  

sel-k SEl-K Primer 1 TGGATCAATGGAAATCACAAAA 840 

 SEl-K Primer 2 CGGGCTACCCGAAAAATAAT  

sel-m SEl-M Primer 1 TTTCAGCTTGTCCTGTTCCA 720 

 SEl-M Primer 2 CGGTGGAGTTACATTAGCAGGT  

sel-n SEl-N Primer 1 CCTTCTTGTTGGACACCATCT 780 

 SEl-N Primer 2 CGTGGCAATTAGACGAGTCA  

sel-o SEl-O Primer 1 TGCTCCGAATGAGAATGAAA 780 

 SEl-O Primer 2 GGAATTTAGCTCATCAGCGATT  
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sel-q SEl-Q Primer 1 GTGGAATTACGTTGGCGAAT 900 

 SEl-Q Primer 2 TGACCAGTTCCGGTGTAAAA  

tstH TSST-1 Primer 1 GTAAGCCCTTTGTTGCTTGC 440 

 TSST-1 Primer 2 CCATACTTTAAGGGGCTATCTTTACC  

tstH             

(Whole gene) 
Whole Gene Primer 1 GGGACGGAGACGATGAGGAGTTAGATAAGGC 1280 

  Whole Gene Primer 2 CGTGGTTCCCATTCCCCACTGCAACACAGG   

SCCmec IIa 2a1 ATGTCAGAGCTTTCTAACTTAGGTCA 460 

 2a2 TGAAATGAAAGCCGTGCCG  

SCCmec IVa 4a1 TTTGAATGCCCTCCATGAATAAAAT 450 

 4a2 AGAAAAGATAGAAGTTCGAAAGA  

Note. The primer sequences used to detect genes: sea, sec4, sed, see, sel-h, sel-l, and sel-p  were previously published 

by Schlievert and Case (126). Sequences for SCCmec IIa and SCCmec IVa were previously published by Ito, Kuwahara, 

and Hiramatsu (63). 
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Table 2. Number (%) of superantigen genes in Staphylococcus aureus isolates from patients with steroid-

resistant atopic dermatitis (AD) (group 1), vaginal isolates from healthy women (group 2), isolates from a general 

population of patients with AD (group 3), MRSA (group 4) and MSSA (group 5) isolates from patients with steroid-

resistant AD. 

      P 

Superantigen 

Group 1 

(n = 78) 

Group 2 

(n = 30) 

Group 3 

(n = 22) 

Group 4 

(n = 12) 

Group 5 

(n = 25) 

Group 1 vs. 

group 2 

Group 1 

vs. group 3 

Group 4 

vs. group 5 

SEA 37 (47) 8 (27) 4 (18) 3 (25) 9 (36) 0.05 0.015 NS 

SEB 33 (42) 3 (10) 2 (9) 5 (42) 8 (32) 0.001 0.005 NS 

SEC 23 (29) 9 (30) 2 (9) 2 (17) 6 (24) NS NS NS 

SED 38 (49) 4 (13) 1 (4.5) 5 (42) 7 (28) <<0.001 0.001 NS 

SEE 33 (42) 6 (20) 6 (27) 5 (42) 12 (48) 0.04 NS NS 

SEG 44 (56) 9 (30) 11 (50) 10 (83) 13 (52) 0.02 NS NS 

SEH 43 (55) 3 (10) 0 (0) 3 (25) 11 (44) <<0.001 <<0.001 NS 

SEI 38 (49) 10 (33) 10 (45) 10 (83) 10 (40) NS NS 0.02 

SEl-J 67 (86) 8 (27) 2 (9) 7 (58) 15 (60) <<0.001 <<0.001 NS 

SEl-K 45 (58) 23 (77) 4 (18) 4 (33) 12 (48) NS 0.001 NS 
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SEl-L 21 (27) 29 (97) 8 (36) 1 (8) 13 (52) <<0.001 NS 0.01 

SEl-M 55 (71) 7 (23) 9 (41) 10 (83) 12 (48) <<0.001 0.02 NS 

SEl-N 50 (64) 5 (17) 1 (4.5) 10 (83) 12 (48) <<0.001 <<0.001 NS 

SEl-O 33 (42) 2 (7) 4 (18) 9 (75) 10 (40) <<0.001 0.05 NS 

SEl-Q 31 (40) 18 (60) 9 (41) 6 (50) 9 (36) NS NS NS 

TSST-1 27 (35) 12 (40) 11 (50) 3 (25) 5 (20) NS NS NS 

Note.  Data are presented as no. (%) of isolated positive for the specified superantigen gene, unless otherwise noted.  

NS, not significant; SE, staphylococcal enterotoxin; TSST-1, toxic shock syndrome toxin-1. 
a By Fisher’s exact test. 
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Table 3. Comparison of average number of superantigen genes among 

Staphylococcus aureus (MRSA and MSSA) isolates from patients with 

atopic dermatitis and vaginal S. aureus isolates. 

  Pa for comparison with 

S. aureus 

isolates 

No. of 

superantigens, 

mean ± SD 

Group 1 

 

Group 2  

 

Group 3 

 

Group 4 

 

Group 1 8 ± 3 … … … … 

Group 2 5 ± 1.7 < 0.001 … NS … 

Group 3 4 ± 3 < 0.001 … … … 

Group 4 6 ± 3 … … … … 

Group 5 10 ± 3 … … … < 0.001 

Note: Group 1 contains isolates of collected from patients with steroid-resistant 

atopic dermatitis. Group 2 contains vaginal isolates collected from healthy 

women. Group 3 contains isolates collected from a general population of atopic 

dermatitis patients. Group 4 contains MRSA isolates collected from patients with 

atopic dermatitis. Group 5 contains MSSA isolates collected from atopic 

dermatitis isolates.  

a By Students t test. 
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Table 4. Specific superantigen genes in Staphylococcus aureus isolates 

from patients with steroid-resistant atopic dermatitis (group 1), MRSA 

isolates group 4) and MSSA isolates (group 5) from patients with steroid-

resistant atopic dermatitis. 

Superantigen 

combination 

No. (%) of 

group 1 isolates 

positive 

No. (%) of group 

4 isolates 

positive 

No. (%) of group 

5 isolates 

positive 

EGCa 19 (24) 6 (50) 6 (24) 

SEB and SEC 12 (15) 1 (8) 2 (8) 

SEB and TSST-1 8 (10) 2 (17) 3 (12) 

SEC and TSST-1 9 (12) 1 (8) 2 (8) 

Any 1 of SEB, SEC, 

or TSST-1 57 (73) 10 (83) 19 (76) 

Note. EGC, enterotoxin gene cluster; SE, staphylococcal entertoxin; TSST-1, 

toxic shock syndrome toxin-1. 

a SEl-Q, SEl-M, SEl-N, SEl-O, and SEI. 
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Figure 4. Growth of S. aureus strains, and production of superantigens in vitro. A, Comparison of growth 

characteristics of menstrual TSS isolates (■) compared to isolates from steroid resistant atopic dermatitis (□). B, 

Production of TSST-1 (■) and SEA (□) by menstrual TSS isolates. C, Production of SEB (▲), SEC (Δ), and SEA (□) by 

steroid-resistant atopic dermatitis isolates. D, comparison of growth characteristics between methicillin-resistant isolates 

from steroid-resistant atopic dermatitis patients (■) and methicillin -sensitive isolates from patients with steroid-resistant 

atopic dermatitis (□). E, Production of TSST-1 (■), SEB (▲), and SEC (Δ) by MRSA steroid -resistant atopic dermatitis 

isolates. F, Production of TSST-1 (■), SEB (▲), and SEC (Δ) by MSSA steroid-resistant atopic dermatitis isolates. 
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CHAPTER 3: 

STAPHYLOCOCCAL SUPERANTIGEN EXPRESSION IS ASSOCIATED WITH 

LETHAL PULMONARY DISEASE IN RABBITS 
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INTRODUCTION 

 Background. Recently, the CDC and collaborators demonstrated that 

methicillin-resistant S. aureus (MRSA) are highly significant causes of serious 

human infections in the United States. I predicted that superantigens play an 

important role in the development of severe pulmonary infection caused by S. 

aureus. In this study, we investigated the role of superantigens in pulmonary-

associated lethal infections in rabbits. 

Methods. To investigate potential roles played by SEB, SEC, and TSST-

1, a rabbit model of lethal pulmonary disease was established. In this model, 

rabbits receive intrapulmonary administration of viable MRSA strain MNPA (USA 

200; TSST-1+), MRSA MW2 (USA 400 SEC+), or MRSA c99-529 (USA 400 

SEB+), or purified superantigen. The animals were then monitored for lethality. 

Rabbits were immunized against purified superantigens and then also 

challenged. Some rabbits were given a soluble high-affinity T cell receptor (Vβ-

TCR) capable of neutralizing SEB toxicity at the time of bacteria or superantigen 

exposure. 

Results. Rabbits challenged with viable bacteria developed fatal 

pulmonary infections. Rabbits previously immunized against purified 

superantigen or treated with soluble Vβ-TCRs with high affinity for SEB and then 

challenged with either superantigen or viable bacteria did not develop fatal 

pulmonary diseases.   
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Conclusions. Immunity to superantigens prevents CA-MRSA lethality; 

administration of a soluble high-affinity Vβ-TCR to non-immune animals also 

protects from fatal pulmonary disease. 
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Staphylococcus aureus is a significant human pathogen that causes many 

different illnesses (87). In recent years, there has been a rapid emergence of 

severe soft tissue and pulmonary infections caused by community-associated 

methicillin-resistant S. aureus (CA-MRSA) (27, 73). The potentially fatal 

infections, including toxic shock syndrome (TSS) and purpura fulminans occur in 

individuals lacking predisposing risk factors, although the majority may have had 

prior upper respiratory viral infections (1, 27, 73).  

Staphylococcal superantigens are exotoxins that stimulate massive 

cytokine production by both T lymphocytes and antigen presenting cells (APCs) 

(88, 91). These cytokines include TNF-β, IL-2, and IFN-γ, and TNF-α and IL-1β 

(84). Superantigens bind to the variable region on certain beta chains of the T 

cell receptor (Vβ-TCR) and either/both of the α- or β-chains of MHC II molecules 

present on macrophages (88, 157). By binding to both the Vβ-TCR and MHC II 

molecule, the superantigen is able to crosslink these two molecules regardless of 

the antigen peptide being presented by MHC II. This crosslinking action 

stimulates both the T cell and APC to release their respective cytokines (Chapter 

1, Figure 1B). This massive cytokine release leads to the development of many 

of the clinical features of TSS.  

Superantigens such as TSS toxin-1 (TSST-1) made by CA-MRSA 

USA200 strains (CDC designation based on pulsed-field gel electrophoresis), 

and staphylococcal enterotoxins (SEs) B and C made by CA-MRSA USA400 

strains (1), are capable of causing TSS and purpura fulminans in humans (88, 

91). TSST-1 is associated with nearly all reported cases of menstrual TSS 
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(mTSS), and 50% of non-menstrual TSS. SEB and SEC are associated with the 

remaining cases of non-menstrual TSS. Although other staphylococcal 

superantigens can cause TSS, the majority of cases are associated with TSST-1, 

SEB, and SEC (123, 135).  

Additional exotoxins have been suggested to play roles in severe 

staphylococcal pulmonary infections. Research from one group has suggested 

that Panton-Valentine leukocidin (PVL) is essential for causing necrotizing 

pneumonia (75), while a different group has presented evidence to suggest that 

α-hemolysin, not PVL was essential for causing necrotizing pneumonia (21). PVL 

and α-hemolysin are pore-forming exotoxins. Both are capable of forming pores 

in eukaryotic cell membranes, causing membrane damage and often leading to 

cell lysis (93, 94, 115). Additionally, PVL is known to preferentially target 

leukocytes. Although past studies have suggested essential roles for cytolysins in 

severe pulmonary infections, the animal models used by these research groups 

did not assess the role of superantigens. I hypothesized that SEB, SEC, and 

TSST-1 are important for causing severe staphylococcal pulmonary infections. In 

the present study, I investigate the role of these three superantigens produced by 

CA-MRSA in rabbit models of pulmonary disease.  
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MATERIALS AND METHODS 

Bacteria strains. The USA200 strains used in these experiments were MNPA, 

MRSA MN1021, and MRSA MN128. These isolates produce TSST-1, but not α, 

β, γ, or PVL cytotoxins. The USA400 isolates were strains CA-MRSA MW2 and 

MRSA c99-529 (1). CA-MRSA MW2 produces SEC, while CA-MRSA c99-529 

produces SEB.  The USA400 isolates also produce α-toxin and PVL. The 

USA200 and USA400 (CDC designation based on pulsed-field gel 

electrophoresis) strains used in these studies are clinical isolates collected from 

patients with severe pulmonary staphylococcal infections.  

 

Cell line. Immortalized human bronchial epithelial cell line BEP-2D, previously 

described by Willey, et al., was generated by transformation with human 

papillomavirus 18 (158). BEP-2D cells were cultured in Bronchial Epithelial Basal 

Media (BEBM; Clonetics, Lonza, Basel, Switzerland). BEBM was supplemented 

with Bullet Kits (Clonetics), which contained penicillin-streptomycin and 

amphotericin B. Cells were cultured at 37°C in the presence of 7% CO2. Cells 

were grown to near confluency. On the day of toxin dose response experiments, 

cells were incubated in supplemented BEBM without penicillin-streptomycin and 

amphotericin B.  

 

Cytokine assay. Purified SEC, α-hemolysin, or PVL (10, 1, 0.1, 0.01, 0.001, and 

0 µg/ml) were added to cell culture media and incubated with BEP-2D cells at 

37°C in the presence of 7% CO2 for 24 hours. After 24 hours, media was 
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collected and analyzed by ELISA for the presence of the cytokines IL-8, IL-6, and 

MIP-3α. Quantikine ELISA kits were purchased for the detection of IL-8, IL-6, and 

MIP-3α (R & D Systems, Minneapolis, MN). The limit of detection for the IL-8 kit 

was 3.5 pg/ml. The limit of detection for the IL-6 kit was 0.7 pg/ml. The limit of 

detection for the MIP-3α kit was 0.47 pg/ml. It is important to note that many S. 

aureus isolates have been found to produce the superantigens and cytolysins at 

the levels used for these in vitro. 

 

Scanning electron microscopy. BEP-2D cells were cultured on 6-well tissue 

culture transwell plates (polycarbonate treated membranes, and 0.4 µm pore 

size) (Corning Inc., Corning, NY). Transwell plates were incubated in the 

presence of BEBM for 24 hours at 37°C prior to the addition of BEP-2D cells. 

Cells were seeded onto transwell membranes and allowed to grow until confluent 

(~48 hours). After 48 hours, old media was removed, and fresh media containing 

either 1 µg/ml α-hemolysin, 1 µg/ml PVL, 1 µg/ml SEC, or media alone was 

added to each well. Cells were incubated in the presence of media containing 

toxin, or media alone for 24 hours. After 24 hours, each transwell was washed 2 

times with Hanks’ Balanced Salt Solution (Sigma-Aldrich, St Louis, MO), and 

then fixed for 3 hours with 5% formaldehyde and 2% glutaraldehyde in a 0.1M 

cacodylate buffer (buffer also contained 10 mM CaCl2, 10 mM MgCl2, and 0.9 M 

sucrose to help stabilize cell membranes). Cells were post-fixed with 0.1 M 

cacodylate buffer containing 1% OsO4 for 1 hour, and then subjected to a graded 

dehydration series (50% ethanol, 70% ethanol, 80% ethanol, 90% ethanol, and 
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then 100% ethanol) to dehydrate the samples. Once cells were dehydrated, they 

were ready for critical point drying from liquid CO2. Following critical point drying, 

cells were sputter coated with gold palladium (~10 nm). Once coated, cells were 

viewed using the Hitachi S 4700 FE-SEM. It is important to note that many S. 

aureus isolates have been found to produce the superantigens and cytolysins at 

the levels used for these in vitro experiments. 

 

Animals. Dutch belted rabbits (1.5 to 2 kg) were used for all animal experiments. 

The care of all animals was in accordance with guidelines established by the 

University of Minnesota IACUC. 

 

Soluble high affinity Vβ-T cell receptors. Soluble high affinity Vβ-TCRs were 

generated by mutagenesis and selected for higher affinity by flow cytometry (22). 

 

Superantigen purification. The superantigens were isolated from strains 

RN4220 (TSST-1+), MNHoch (SEB+), and MW2 (SEC+), after growth in dialyzed 

beef heart media. Superantigens were precipitated from the culture media using 

4 times the culture volume of ethanol. Toxins were resolubilized in water, and 

superantigens were purified by isoelectric focusing (IEF) (13, 14). Initially, the IEF 

used a pH gradient of 3.5-10, followed by a second gradient ranging from pH 6-8 

(TSST-1) or pH 7-9 (SEB and SEC). The isoelectric points of these 

superantigens are: 7.2 for TSST-1 and 8.3 for SEB and SEC (16, 133). Purified 

toxins were quantified using the BioRad Protein Assay (BioRad Co., Hercules, 
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CA). Superantigen purity was confirmed by toxin migration as single bands when 

subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (76).  

 

Cytolysin purification. To purify α-hemolysin, strain MW2 was grown in 

dialyzed beef heart media at 37°C with shaking for 2 days. α-hemolysin was 

precipitated from the culture media by adding 500 g ammonium sulfate per liter 

bacteria culture (61). α-hemolysin was resolubilized in water, and was purified by 

IEF (13, 14). Initially, the IEF used a pH gradient of 3.5-10. The IEF fractions 

containing α-hemolysin were detected by exposing each fraction to agarose 

containing rabbit red blood cells. α-hemolysin is known to lyse rabbit red blood 

cells. Once the fractions containing α-hemolysin were identified, they were 

focused a second time using a gradient ranging from pH 6-8. The isoelectric 

point of α-hemolysin is 7.6. Purified α-hemolysin was quantified using the BioRad 

Protein Assay (BioRad Co., Hercules, CA). To purify PVL (performed by P.M.S.), 

an S. aureus USA300 strain was grown in dialyzed beef heart medium at 37°C 

with shaking for 2 days. PVL was precipitated from the culture medium by the 

addition of 4 times the volume of absolute ethanol. The precipitate was pelleted 

by centrifugation, and resolubilized in sterile water. PVL was then purified by IEF 

(pI> 10.0). The first IEF used a pH gradient of 3.5-10. Fractions containing PVL 

were identified by exposing each fraction to agarose containing rabbit red blood 

cells. PVL is known to lyse rabbit red blood cells (and has a different isoelectric 

point compared to α-hemolysin). Once the fractions containing PVL were 

identified, they were focused a second time in a higher pH gradient.  
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Immunization of rabbits. Dutch belted rabbits were hyperimmunized against 

either purified TSST-1 or SEC. To prepare the superantigen for injection, 

superantigen (in phosphate buffered saline, PBS) was mixed with an equal 

volume of incomplete Freund’s adjuvant (Difco Laboratories, Detroit, MI). A final 

concentration of 50 µg/ml superantigen was obtained for each injection. Each 

rabbit received 1.0 ml, injected subcutaneously over 4 different injection sites 

located on nape of the neck. Each rabbit received the initial injection, followed by 

booster injections every 2 weeks until antibody titers were >10,000 as 

determined by ELISA. For ELISA, wells of a flat bottom 96-well plate were coated 

with 1 µg/well purified SEC or TSST-1 (61) and washed. Rabbit sera were 

serially diluted 2-fold in the wells beginning with 1/10 dilutions, incubated for 2 hr 

at room temperature, and then wells washed. Horseradish peroxidase-

conjugated anti-rabbit antibodies (Sigma-Aldrich) were added to each well, 

incubated for 2 hr at room temperature, and wells washed. The levels of antibody 

were determined by the addition of color substrate containing o-

phenylenediamine and H2O2 (100 µl/well). The reaction was stopped by the 

addition of 12.5% sulfuric acid and then absorbance was measured at 490 nm 

wavelength. Rabbits with antibody titers of >10,000 were considered to be 

hyperimmune.  

 

Pulmonary infection model. Rabbits were administered CA-MRSA through 

intra-bronchial inoculation (2 x 109 cells in 200 µl dialyzed beef heart media). To 
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inoculate rabbits via intrapulmonary route, rabbits were anesthetized by 

intramuscular injections of ketamine (25 mg/kg: Phoenix Pharmaceuticals Inc., 

St. Joseph, MO) and xylazine (20 mg/kg: Phoenix Pharmaceuticals, Inc.) (131). 

Once under anesthesia, their throats were shaved using a beard trimmer and 

then small incisions were made along the tracheas. Holes (3 mm) were made in 

the tracheas, and then polyethylene tubings (Fisher Scientific, Hampton, NH) 

were inserted through the 3 mm holes and threaded into the left bronchi. Bacteria 

or purified superantigens were administered through the tubing. Once exposed to 

CA-MRSA, rabbits were monitored for the development of fatal respiratory 

distress and TSS (This point corresponds to either death, or in agreement with 

the University of Minnesota IACUC and 28 years research experience, 

corresponds to failure of rabbits to exhibit both escape behavior and ability to 

right themselves; at this point the animals were euthanized by intravenous 

administration of 1 ml/kg Beuthanasia D, [Schering—Plough Animal Health 

Corp., Union, NJ]). Rabbits that did not develop signs indicative of fatal 

respiratory distress and TSS were euthanized after 7 days following 

intrapulmonary challenge. 

 

Superantigen toxic shock syndrome models. Two models of TSS were used 

for exposure to purified superantigens: 1) intra-bronchial administration of 100 µg 

SEB (3 animals), 200 µg SEB (3 animals), or 200 µg SEC (all in 200 µl PBS), 

and 2) gram negative lipopolysaccharide enhancement of superantigen lethality 

(superantigens synergize with lipopolysaccharide up to 106-fold to cause massive 
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TNF-α and IL-1β production and cause TSS) (35, 121). Rabbits that received 

endotoxin enhancement were administered 0.5 µg/kg lipopolysaccharide 

intravenously 4 hr after superantigen exposure. Some rabbits received soluble 

high-affinity Vβ-TCR (100 ug daily) in addition to superantigen or CA-MRSA. It is 

important to note that many S. aureus isolates have been found to produce the 

superantigens at the levels used for these in vivo experiments. 

 

Histology. Rabbit lung tissue samples were fixed in 10% formalin and then 

embedded in paraffin wax. Thick tissue sections (10 µm) were obtained using a 

microtome (Leica RM2235, Wetzlar, Germany). All samples were stained using 

hematoxylin (Fisher Scientific, Fair Lawn, NJ) and eosin (Sigma-Aldrich, St. 

Louis, MO) following standard protocols.  

 

Statistical analyses. We analyzed data by Fisher’s Exact test. P values ≤0.05 

were considered significant for all analyses. The Reed and Muench method was 

used to calculate the LD50 for pulmonary exposure to purified SEC (117). 
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RESULTS 

Pulmonary exposure to CA-MRSA. Rabbits were exposed intra-bronchially to 

viable CA-MRSA or purified superantigen, and monitored for signs of respiratory 

distress, TSS development, and fatal illness. To initiate staphylococcal 

pulmonary infections in rabbits, viable bacteria (2 x 109 cells/ 200 µl) were 

administered through polyethylene tubing inserted into rabbit bronchial tubes. For 

these experiments, CA-MRSA strain USA200 MN1021 or USA200 MN128 

(TSST-1+; these strains lack ability to produce the cytotoxins α-toxin, β-toxin, and 

γ-toxin due to gene mutations and as tested by inability to lyse rabbit 

erythrocytes (132), and the strains do not have the genes for PVL components), 

MRSA USA400 MW2 (SEC+) (1), and MRSA USA400 c99-529 (SEB+) (1) were 

tested.  

Rabbits exposed to both USA200 and USA400 PFGE clonal types of CA-

MRSA organisms developed disease consistent with severe respiratory infection 

and TSS, and the animals succumbed to their illnesses (Figure 5). Only 1/8 of 

TSST-1+ USA200 exposed animals survived (Figure 5A), and no animals 

challenged intra-bronchially with USA400 organisms, whether SEC+ or SEB+ 

survived (Figure 5B-C). Excised lung tissue from rabbits exposed to CA-MRSA 

isolates revealed severely damaged and hemorrhagic tissue lesions (Figures 6A-

B and 7A-B) compared to rabbits challenged with 200 µl sterile PBS (Figures 6E-

F and 7I-J). Histological staining confirmed the presence of severely damaged 

lung tissue (Figures 8A-B and 9A-B), compared to rabbits challenged with 200 µl 

sterile PBS (Figures 8E-F and 9I-J).  
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To further assess the in vivo role of superantigens in severe 

staphylococcal pulmonary infections, groups of rabbits were hyperimmunized 

(until ELISA antibody titers >10,000) against highly purified TSST-1 or SEC from 

clones (13, 14) and then challenged intra-bronchially with corresponding CA-

MRSA isolates that produce TSST-1 or SEC. Rabbits immunized against TSST-1 

or SEC did not develop fatal infections when challenged with CA-MRSA (p<0.001 

and p<0.005, respectively by Fisher’s Exact) (Figure 5A-B), and other than fever 

did not develop overt signs of illness. Excised lung tissue removed from 

hyperimmunized rabbits exposed to USA200 or USA400 live bacteria did not 

have visible hemorrhagic lesions (Figures 6C-D and 7C-D). Histological staining 

showed that normal lung tissue architecture remained intact (Figure 8C-D and 

9C-D).  

Additional experiments were performed to investigate the role of PVL in 

causing fatal pulmonary disease caused by MW2 (SEC+, USA400). The role of 

PVL was assessed using a PVL null mutant generated by Dr. Frank De Leo’s 

laboratory in strain MW2 (SEC+, USA400). Rabbits were administered viable 

MW2Δpvl (2 x 109 cells/200 µl) intra-bronchially and monitored for signs of 

respiratory distress, TSS development, and fatal illness. Rabbits exposed to 

MW2Δpvl developed disease consistent with severe respiratory infection and 

TSS (Figure 10). Rabbits exposed to MW2Δpvl developed fatal pulmonary 

disease within 24 hours, which was within the same time frame as rabbits 

exposed to wild type MW2 (data not shown). Histological staining confirmed the 

presence of severely damaged lung tissue. Tissue damage noted in samples 
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collected from rabbits challenged with MW2Δpvl revealed close resemblance to 

the severe tissue damage seen in samples collected from rabbits exposed to wild 

type MW2 (compare Figure 10A-B with Figure 9A-B). Lung tissue was removed 

from rabbits exposed to wild type MW2 and MW2Δpvl and was then 

homogenized to determine bacterial loads and toxin levels. Homogenized lung 

tissue collected from rabbits exposed to wild type MW2 or MW2Δpvl had similar 

bacterial loads (6.2 or 5.7 average Log CFU/ml, respectively) (Figure 11A). SEC 

levels were detected from lung tissue exposed to wild type (0.22 µg/ml) were also 

similar to levels detected in lung tissue exposed to MW2Δpvl (0.28 µg/ml) (Figure 

11B). Unexpectedly, higher levels of α-hemolysin were detected in tissue 

exposed to MW2Δpvl compared to wild type MW2, and may suggest that the 

generation of the MW2Δpvl clone had an unexpected effect on the expression of 

additional genes. α-hemolysin levels detected in lung tissue exposed to 

MW2Δpvl (0.27 µg/ml) were significantly higher (p value 0.028) than levels 

detected in wild type exposed tissue (0.17 µg/ml). 

 

In vitro response to purified exotoxins. Although PVL and α-hemolysin do not 

appear to be essential for causing the lethality associated with severe pulmonary 

infections such as necrotizing pneumonia, they may still contribute to the severity 

of the infection. Both PVL and α-hemolysin are cytolysins known to damage 

eukaryotic cell membranes through pore formation, although the effect of these 

cytolysins on lung epithelial and small airway cells was previously unknown. 

These cytolysins may cause inflammation and/or cell death, further contributing 
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to the tissue damage seen in necrotizing pneumonia cases. To investigate the 

inflammatory effects of PVL and α-hemolysin, an immortalized human bronchial 

epithelial cell line was cultured and exposed to either purified PVL, α-hemolysin, 

or SEC for 24 hours. Following toxin exposure, the cell culture supernates were 

collected and assayed by ELISA for the pro-inflammatory cytokines interleukin-8 

(IL-8), interleukin-6 (IL-6), and macrophage inflammatory protein 3-α (MIP-3α) 

(Figure 12A-C). Cells exposed to high doses of SEC (Figure 12A), α-hemolysin 

(Figure 12B), or PVL (Figure 12C) responded by producing significantly higher 

levels of IL-8, IL-6, and MIP-3α. Cytokine production lessened as toxin levels 

were decreased (Figure 12A-C). To investigate whether α-hemolysin and PVL 

are damaging the bronchial epithelial cell membranes, the same immortalized 

cell line was grown until nearly confluent on transwell membranes and then 

exposed to either 1 µg/ml α-hemolysin, 1 µg/ml PVL, 1 µg/ml SEC, or BEBM 

alone for 24 hours. After 24 hours cells were fixed on the transwell membranes 

and then processed for scanning electron microscopy and viewed using a Hitachi 

S 4700. Cells exposed to 1 µg/ml α-hemolysin or PVL had severely damaged cell 

membranes (Figure 13A-D), while cells exposed to 1 µg/ml SEC or media alone 

did not (Figure 13E-H).  

 

Pulmonary exposure to purified SEC. To investigate the role of SEC in severe 

pulmonary disease further, rabbits were exposed to purified SEC in a dose 

dependent manner (data not shown) intra-bronchially. In duplicate, rabbits were 

administered 50 µg, 100 µg, or 200 µg purified SEC in 200 µl sterile PBS. Control 
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rabbits received 200 µl sterile PBS. The lethal dose to kill 50% of the rabbits was 

determined to be 75 µg when administered by the intra-bronchial route. Post 

mortem examination of lung tissue from rabbits exposed to purified SEC revealed 

the presence of severely damaged tissue lesions (Figure 7E-F) compared to PBS 

control (Figure 7I-J). Rabbits were also hyperimmunized against purified SEC 

and then exposed to 200 µg purified SEC in 200 µl sterile PBS. Hyperimmunized 

rabbits did not develop fatal pulmonary disease (data not shown), and were 

euthanized 7 days post superantigen administration. Unimmunized rabbits 

exposed to 200 µg purified SEC in 200 µl sterile PBS succumbed to fatal 

pulmonary disease within 24 hr (data not shown). Excised lung tissue from 

unimmunized rabbits revealed the presence of severely damaged and 

hemorrhagic lesions (Figure 7E-F). Lung tissue samples collected from SEC 

hyperimmunized rabbits did not reveal severely damaged or hemorrhagic lesions 

(Figure 7G-H). The overall appearance of whole lung samples collected from 

SEC hyperimmunized rabbits challenged with either live bacteria or purified SEC 

resembled the appearance of whole lung samples removed from rabbits 

challenged with sterile PBS (Figure 7). Histological staining confirmed that 

excised lung tissue from unimmunized rabbits exposed to 200 µg SEC contained 

severely damaged and hemorrhagic lesions (Figure 9E-F), while tissue from SEC 

hyperimmunized rabbits exposed to 200 µg SEC was not severely damaged or 

hemorrhagic (Figure 9G-H). Histological staining of lung tissue collected from 

rabbits that received sterile PBS alone showed healthy lung tissue architecture 

(Figure 9I-J). Histological staining of tissue samples collected from SEC 
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hyperimmunized rabbits (Figure 9C-D and G-H) resembled samples collected 

from rabbits exposed to sterile PBS in tissue architecture (Figure 9I-J). 

 

Neutralization of SEB using high affinity Vβ-TCRs. Additional experiments 

investigated the neutralizing ability of a soluble high affinity Vβ-TCRs (22). Some 

rabbits exposed to SEB+ CA-MRSA (Figure 5C) or purified SEB (Figure 14A-B) 

intra-bronchially were administered soluble high-affinity Vβ-TCR capable of 

neutralizing SEB toxicity intravenously at the time of CA-MRSA exposure (22). 

Rabbits that received high affinity Vβ-TCR intravenously at the same time as the 

intra-pulmonary CA-MRSA challenge or purified SEB challenge did not develop 

fatal pulmonary disease (Figures 5C and 14A-B). Animals that did not receive 

soluble Vβ-TCR succumbed. Administration of high-affinity Vβ-TCRs 2 hours 

after pulmonary administration of purified SEB also protected from fatal 

pulmonary disease (Figure 14B). 
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DISCUSSION 

In the present study I evaluated the role of staphylococcal superantigens 

in serious pulmonary MRSA infections and intoxications. Through immunization 

studies and use of a soluble high-affinity Vβ-TCR reagent to neutralize SEB, I 

showed that three staphylococcal superantigens; TSST-1 SEB, and SEC, are 

critical for development of serious pulmonary diseases. These studies used 

rabbits as models since these animals are more like humans in susceptibility to 

superantigens (32, 34, 35, 45, 91, 145); rabbits are also highly susceptible to 

cytotoxins (34). Prior studies of requirements for CA-MRSA pulmonary infection 

that used mice as the animal model (20, 75, 155) have generated conflicting 

results regarding the roles of staphylococcal exotoxins in severe infections, one 

group suggesting that PVL is critical to necrotizing pneumonia (75), while other 

groups suggest that α-toxin but not PVL is critical (20, 155).  However, none of 

these studies assessed the role of superantigens in disease since mice are 

highly resistant to superantigens (33, 35). For example, it has been show that 

superantigens make mice more resistant to bacterial challenge, while the same 

investigators showed that rabbits are highly susceptible to infection (32, 34, 35, 

145).  

In the present study, the roles of TSST-1, SEB, and SEC in severe 

pulmonary infections in rabbits were investigated.  Prior immunization against 

TSST-1 protected rabbits from pulmonary challenge with CA-MRSA USA200. 

Interestingly, these strains do not produce α, β, γ, or PVL cytotoxins, yet cause 

fatal pulmonary illnesses. The studies suggest that cytotoxins are not necessary 
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for the fatal outcome in these pulmonary diseases. Additionally, immunization 

against PVL followed by challenge with USA400 (SEC+, PVL+) did not prevent 

development of fatal pulmonary illness, including necrotizing pneumonia (data 

not shown), suggesting that PVL is not necessary for the development of 

pulmonary necrosis. These studies are consistent with prior studies in mice (21). 

More recent studies suggest that other cytotoxins, such as α-toxin, may be more 

important in fatal infections in mice. None of these studies assessed the role of γ-

toxin, which is related to PVL, and like both α-toxin and PVL forms heptamer 

pores (93, 94). Based on prior studies, it seems likely that these redundantly 

expressed cytotoxins, when produced, contribute to serious pulmonary diseases, 

either through direct toxicity or induction of inflammation, but are not required for 

lethality.  

Presently, MRSA and MSSA are highly significant causes of death from 

infectious diseases in the United States (73). My data suggest that superantigens 

are important contributors to those fatal infections. Figure 15 shows our predicted 

model for how superantigens are contributing to these severe pulmonary 

infections. Once S. aureus gains access to the lung tissue (Figure 15A), and 

begins producing superantigens, I predict that those superantigens not only 

interact with immune cells in the lungs, such as alveolar macrophages, but also 

trigger the recruitment of additional immune cells. The superantigens present in 

the lung can trigger cytokine release by crosslinking antigen presenting cells 

present in the lungs with infiltrating T cells (Figure 15B), leading to TSS. It is also 

quite possible that the superantigens exit from the lung tissue into the circulatory 
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system and spread systemically, where they can interact with circulating T cells 

and migrating antigen presenting cells (Figure 15C), triggering massive cytokine 

release, and subsequent TSS. The necrotic lung tissue seen in patients with 

necrotizing pneumonia and in our rabbit model of pulmonary disease may be due 

to superantigen-induced cytokine production. This tissue damage may also be 

caused, in part, by staphylococcal pore-forming cytolysins such as α-hemolysin 

and PVL. 

In the initial report of CA-MRSA USA400 strains associated with deaths in 

four young children in the Upper Midwest, 2/4 isolated S. aureus produced SEB, 

and the remaining 2 produced SEC (1). A subsequent larger study of CA-MRSA 

USA400 strains showed that the vast majority produce either SEB or SEC (39).  

Recent studies suggest that CA-MRSA USA400 strains are being replaced in the 

United States by CA-MRSA USA300 strains (70, 72, 148). The role of 

superantigens in severe infections caused by USA300 S. aureus isolates is 

addressed in chapter 6 of this dissertation. It is our experience (unpublished 

observation) that some regions of the United States are experiencing 

emergences of CA-MRSA USA100/200 S. aureus which produce TSST-1. It is 

also important to consider that all of these isolates have MSSA counterparts with 

capability of causing serious human illnesses as well. 

Of great significance, our studies show that administration of soluble high-

affinity Vβ-TCR proteins or prior immunization to neutralize superantigens may 

dramatically increase survival rates. There are many anecdotal studies of 

staphylococcal TSS patients being treated successfully with intravenous 
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immunoglobulin (IVIG) (9, 124). In addition, IVIG in vitro is highly capable of 

neutralizing superantigens (59). In addition, a study has shown that IVIG can 

significantly reduce the case:fatality rate of streptococcal TSS in humans (68). 

The downside of IVIG is the difficulty in its preparation and large dose required 

for human use. Prior studies have shown that the soluble high-affinity Vβ-TCR 

that neutralizes SEB requires 2,200 times less than IVIG for comparable effect in 

rabbits. The soluble high-affinity Vβ-TCR is both easy to prepare from 

Escherichia coli clones, and may be useful as administered by the intra-

pulmonary route, as well as by the IV route.
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Figure 5. Immunization against superantigen or administration of soluble 

high affinity Vβ-TCRs protects rabbits from developing fatal pulmonary 

infection. A, Number of non-immunized and TSST-1-immunized rabbits alive 

following challenge with live TSST-1+ USA200 (2 x 109) strain. B, Number of non-

immunized and SEC-immunized rabbits alive following challenge with live SEC+ 

USA400 (2 x 109) strain. C, Number of non-treated and high affinity Vβ-TCR-

treated (100 µg intravenous daily) rabbits alive following challenge with live SEB+ 

USA400 (2 x 109) strain. 
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Figure 6. Pulmonary infection of rabbit lung tissue after exposure to CA-

MRSA MNPA (TSST-1+, USA200). A-B, Whole left and right lungs removed from 

a rabbit that received 2 x 109 CA-MRSA USA200 MNPA (TSST-1+, α-hemolysin-, 

PVL-, β-hemolysin-, and γ-hemolysin-) in 200 µl dialyzed beef heart media. C-D, 

Whole left and right lungs removed from a rabbit hyperimmunized against 

purified TSST-1 prior to administration of 2 x 109 CA-MRSA USA200 MNPA 

(TSST-1+, α-hemolysin-, PVL-, β-hemolysin-, and γ-hemolysin-) in 200 µl dialyzed 

beef heart media. E-F, Whole left and right lungs removed from rabbit exposed to 

200 µl sterile PBS. 
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Figure 7. Pulmonary disease of rabbit lung tissue after exposure to 

CA-MRSA MW2 (SEC+, USA400) or purified SEC. A-B, Whole left and 

right lungs removed from a rabbit that received 2 x 109 CA-MRSA USA400 

MW2 (SEC+, α-hemolysin+, and PVL+) in 200 µl dialyzed beef heart media. 

C-D, Whole left and right lungs removed from a rabbit hyperimmunized 

against purified SEC prior to administration of 2 x 109 CA-MRSA USA400 

MW2 (SEC+, α-hemolysin+, and PVL+) in 200 µl dialyzed beef heart media. 

E-F, Whole left and right lungs removed from a rabbit after pulmonary 

exposure to 200 µg purified SEC in 200 µl sterile PBS. G-H, Whole left 

and right lungs removed from a rabbit hyperimmunized against purified 

SEC prior to administration of 200 µg purified SEC in 200 µl sterile PBS. I-

J, Whole left and right lungs removed from rabbit exposed to 200 µl sterile 

PBS. 
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Figure 7. Pulmonary disease of rabbit lung tissue after exposure to CA-

MRSA MW2 (SEC+, USA400) or purified SEC. 
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Figure 8. Histology of lung tissue samples collected from rabbits 

challenged with CA-MRSA MNPA (TSST-1+, USA200). A-B, H&E staining of 

lung tissue samples removed from a rabbit (lung images shown in Figure 6A-B) 

that received 2 x 109 CA-MRSA USA200 MNPA (TSST-1+, α-hemolysin-, PVL-, β-

hemolysin-, and γ-hemolysin-) in 200 µl dialyzed beef heart media. C-D, H&E 

staining of lung tissue samples removed from a rabbit hyperimmunized against 

purified TSST-1 prior to administration of 2 x 109 CA-MRSA USA200 MNPA 

(TSST-1+, α-hemolysin-, PVL-, β-hemolysin-, and γ-hemolysin-) in 200 µl dialyzed 

beef heart media. E-F, H&E staining of lung tissue samples removed from a 

rabbit exposed to 200 µl sterile PBS.  
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Figure 9. Histology of lung tissue samples collected from rabbits 

challenged with CA-MRSA MW2 (SEC+, USA400), or purified SEC. A-

B, H&E staining of lung tissue samples removed from a rabbit (lung 

images shown in Figure 7A-B) that received 2 x 109 CA-MRSA USA400 

MW2 (SEC+, α-hemolysin+, and PVL+) in 200 µl dialyzed beef heart media. 

C-D, H&E staining of lung tissue samples removed from a rabbit 

hyperimmunized against purified SEC prior to administration of 2 x 109 

CA-MRSA USA400 MW2 (SEC+, α-hemolysin+, and PVL+) in 200 µl 

dialyzed beef heart media. E-F, H&E staining of lung tissue samples 

removed from a rabbit after pulmonary exposure to 200 µg purified SEC in 

200 µl sterile PBS. G-H, H&E staining of lung tissue samples removed 

from a rabbit hyperimmunized against purified SEC prior to administration 

of 200 µg purified SEC in 200 µl sterile PBS. I-J, H&E staining of lung 

tissue samples removed from a rabbit exposed to 200 µl sterile PBS. 
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Figure 9. Histology of lung tissue samples collected from rabbits 

challenged with CA-MRSA MW2 (SEC+, USA400), or purified SEC. 
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Figure 10. Pulmonary disease and histology of rabbit lung tissue after 

exposure to CA-MRSA MW2Δpvl (SEC+, USA400). A-B, Whole left and right 

lungs removed from a rabbit that received 2 x 109 CA-MRSA USA400 MW2Δpvl 

(SEC+, α-hemolysin+, and PVL-) in 200 µl dialyzed beef heart media. C-D, H&E 

staining of lung tissue samples removed from a rabbit that received 2 x 109 CA-

MRSA USA400 MW2Δpvl (SEC+, α-hemolysin+, and PVL-) in 200 µl dialyzed 

beef heart media. 
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Figure 11. Bacterial loads and toxin levels detected in homogenized rabbit 

lung tissue samples. Whole left and right lungs from rabbits exposed to 2 x 109 

cells MW2 or 2 x 109 cells MW2Δpvl were removed post mortem and 

homogenized. A, Homogenized lung tissue was serially diluted and plated on TH 

agar to determine bacterial loads. B, The concentrations of SEC and α-hemolysin 

present in the homogenized lung tissue were determined using semi-quantitative 

western immunoblots. Bacteria and toxin levels from MW2 are shown in black, 

and bacteria and toxin levels from MW2Δpvl are shown in white.  
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Figure 12. Cytokine dose response of BEP-2D cells to SEC, α-hemolysin, 

and Panton-Valentine leukocidin. A, Cells were incubated with purified SEC 

(10, 1, 0.1, and 0 µg/ml) for 24 hours. B, Cells were incubated with purified α-

hemolysin (10, 1, 0.1, 0.01, 0.001, and 0 µg/ml) for 24 hours. C, Cells were 

incubated with purified PVL (10, 1, 0.1, 0.01, 0.001, and 0 µg/ml) for 24 hours. 

Following incubation with toxin, cell supernates were collected and assayed by 

ELISA for IL8 (black bars), IL-6 (white bars), and MIP-3α (grey bars).  

* Statistically significant compared to 0 µg/ml toxin control. 
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Figure 13. Scanning electron microscope imaging of immortalized bronchial epithelial cells exposed to α-

hemolysin, Panton-Valentine leukocidin, staphylococcal enterotoxin C, or media alone. A-B, BEP-2D cells were 

exposed to 1 µg/ml α-hemolysin for 24 hours prior to fixation for SEM. C-D, BEP-2D cells were exposed to 1 µg/ml PVL 

for 24 hours prior to fixation for SEM. E-F, BEP-2D cells were exposed to 1 µg/ml SEC for 24 hours prior to fixation for 

SEM. G-H, BEP-2D cells were exposed to BEBM medium for 24 hours prior to fixation for SEM.
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Figure 14. Administration of soluble high affinity Vβ-TCRs protects rabbits 

from developing fatal pulmonary disease when challenged with: purified 

SEB (100 or 200 µg or 5 µg plus endotoxin enhancement). A, Number of non-

treated and high affinity Vβ-TCR-treated (100 µg) rabbits alive following 

intrapulmonary administration of 100 (3 rabbits) or 200 µg purified SEB (3 

rabbits). All rabbits that received Vβ-TCR-treatment had received 200 µg purified 

SEB. B, Number of non-treated and high affinity Vβ-TCR-treated rabbits alive 

following intrapulmonary administration of 5 µg/kg purified SEB. High affinity Vβ-

TCR treatment was administered intravenously at same time as intrapulmonary 

SEB administration (3 rabbits received 50 µg/kg each), or 2 hrs after 

intrapulmonary SEB administration (3 rabbits received 100 µg/kg each). 

Intravenous endotoxin enhancement (0.5 µg/kg each) occurred 4 hours after 

intrapulmonary SEB administration. 
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Figure 15. Model of severe staphylococcal pulmonary infection. A, 

Staphylococcus aureus enters into the lungs of its host. B, S. aureus 

produces exotoxins, including superantigens (such as TSST-1, SEB, and 

SEC) and pore-forming cytolysins (such as α-hemolysin and Panton-

valentine leukocidin (PVL)). The superantigens interact with immune cells 

present in the lung tissue, triggering the release of cytokines, and the 

recruitment of additional immune cells. Superantigens crosslink the 

antigen presenting cells and T cells together causing both to release their 

respective cytokines, possible in levels sufficient to initiate TSS. The 

severe tissue damage noted in our rabbit model for pulmonary infection, 

as well as in human cases of necrotizing pneumonia, may be due to 

superantigen-induced cytokine release. Pore-forming cytolysins such as α-

hemolysin and PVL may also be contributing to the severity of the tissue 

damage. C, It is possible that some superantigens exit out of the lung 

tissue and enter into circulation where they can go on to crosslink 

circulating T cells and antigen presenting cells, triggering massive 

cytokine release, and the subsequent development of TSS. 
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Figure 15. Model of severe staphylococcal pulmonary infection. 
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CHAPTER 4: 

STAPHYLOCOCCUS AUREUS GROWTH AND EXOTOXIN PRODUCTION 

AND VAGINAL INFLAMMATION ARE REDUCED BY GLYCEROL 

MONOLAURATE IN TAMPONS 
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INTRODUCTION 

Background. Staphylococcal menstrual toxic shock syndrome (mTSS) 

depends on vaginal production of exotoxins. Glycerol monolaurate (GML) inhibits 

S. aureus exotoxin production in vitro. The purpose of this study was principally 

to determine if GML, as a tampon fiber finish, inhibits production of exotoxins and 

the pro-inflammatory cytokine interleukin-8 (IL-8) during normal use of tampons. 

Methods. On day 2 of menses, subjects exchanged their own preferred 

tampons, after wearing them for 2-6 hours, for study tampons ± GML (assigned 

randomly and blindly), which they then wore for 4-6 hours. The subject’s own and 

study tampons ± GML were assayed for S. aureus, the exotoxins TSS toxin-1 

and α-toxin, and IL-8.  

Results. A total of 225 women completed the study. S. aureus was 

present in the tampons of 41 (18%) of the subjects. Lower amounts of S. aureus 

and exotoxins were detected in study tampons ± GML than women’s own 

tampons; lower amounts of exotoxins were present in GML+ than GML- study 

tampons. IL-8 was lower in S. aureus- than S. aureus+ tampons and lower in 

GML+ than GML- study tampons.  

Conclusions. Tampons containing GML reduce S. aureus exotoxin 

production. S. aureus increases production of IL-8 in the vagina, and GML 

reduces production of this pro-inflammatory cytokine. These results suggest that 

GML added to tampons may provide additional safety relative to mTSS, as well 

as benefits for vaginal health generally, and thus support addition of GML to 

tampons. 
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Toxic shock syndrome (TSS) caused by Staphylococcus aureus is a toxin-

mediated illness characterized by acute onset of fever, hypotension, rash, 

involvement of multiple organ systems, and desquamation of the skin upon 

recovery (29, 91, 137). Menstrual TSS (mTSS) occurs in women during and 

within two to three days before or after menses, and primarily in those using 

tampons (29, 137). The illness is caused by exotoxins referred to as 

superantigens. The majority of mTSS cases are caused by the superantigen TSS 

toxin-1 (TSST-1), while the superantigens enterotoxins B and C, along with 

TSST-1, cause the majority of non-menstrual TSS cases (11, 91, 123, 133). 

Although mTSS is best known from an apparent increase in cases in the late 

1970s and early 1980s, recent studies suggest that the incidence of mTSS is still 

1-3/100,000 menstruating women per year, and thus that mTSS remains a health 

concern (118, 135).  

Superantigens are secreted proteins that stimulate host T-cells displaying 

particular β-chain variable regions of T-cell-receptors (Vβ-TCR) (88, 91). Unlike 

conventional antigens, which stimulate approximately 1/10,000 T-cells, 

superantigens bind Vβ-TCRs such that up to 50% of T-cells may be stimulated. 

Superantigens also bind to either α-chain, β-chain, or both MHC II molecules on 

antigen-presenting cells, cross-linking MHC II with Vβ-TCRs (88, 91). The result 

of the interaction of T-cells and antigen-presenting cells is massive production of 

cytokines. Stimulated T-cells produce tumor necrosis factor (TNF)-β 

(hypotension) and interleukin-2 (IL-2) and interferon-γ (rash), while stimulated 



 

 96 

antigen-presenting cell macrophages produce TNF-α (hypotension), and 

interleukin-1β (fever) (88, 91).  

In order to initiate mTSS, S. aureus must produce TSST-1, and the toxin 

must penetrate the vaginal mucosa and become systemic, where it can then 

interact with T-cells and antigen-presenting cells. Recent studies suggest that 

membrane-damaging staphylococcal cytotoxins, such as α-toxin, may facilitate 

TSST-1 penetration through cytotoxic and pro-inflammatory disruption of the 

vaginal mucosa (28, 106, 144). Exposure of ex vivo porcine vaginal tissue to α-

toxin, an excellent model of human exposure, results in mucosal alterations, 

including increased penetration of TSST-1, epithelial sloughing, and separation 

of the epithelium from submucosa, comparable to that observed in autopsy 

studies of mTSS patients (28, 78, 106, 144).  

Numerous publications have reported on the ability of a fatty acid 

monoester, glycerol monolaurate (GML), to inhibit staphylococcal exotoxin 

production in vitro; GML inhibits exotoxin production at the level of transcription 

by interfering with membrane signal transduction (116, 130). Monoglycerides 

generally are listed in 21 CRF as "generally recognized as safe" (GRAS) for use 

in and in contact with foods, and GML is commonly used in a variety of cosmetics 

and foods for human consumption.  

This study was undertaken to investigate the ability of GML as a fiber 

finish on menstrual tampons to inhibit the production of both TSST-1 and α-toxin 

by S. aureus vaginally in healthy menstruating women, and to determine whether 

GML-finished tampons can reduce vaginal inflammation, as measured by 
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production of IL-8 production, a pro-inflammatory chemokine that attracts 

polymorphonuclear leukocytes. 
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MATERIALS AND METHODS 

Overall study design. This clinical study was approved by the University of 

Minnesota's Institutional Review Board (IRB) and initiated to determine the 

effects of a tampon containing approximately 0.14% GML as a fiber finish on 

vaginal S. aureus growth, production of TSST-1 and α-toxin, and vaginal 

inflammation as assessed by IL-8 production. The study was approved to enroll 

up to 300 women, and was stopped after enrollment of 225 women. Prospective 

subjects visited the investigator’s laboratory on the second day of their menstrual 

periods, when counts of S. aureus in women colonized vaginally with this 

bacterium had previously been established likely to be the highest (129). The 

study was explained in detail, and informed consent was obtained from each 

woman prior to her participation in the study. Enrolled subjects removed their 

preferred, commercially available tampon after it had been in place for 2-6 hours, 

and then used one of the study tampons ± GML for 4-6 hours. Both the subjects 

and the investigators were blinded as to which study tampon the subjects 

received.  Both the subject’s own tampon and the study tampon ± GML were 

processed immediately after being collected, and assayed for S. aureus, 

exotoxins, and the pro-inflammatory cytokine IL-8.  

 

Key inclusion and exclusion criteria. Women were recruited for the study by 

posting fliers on the University of Minnesota Twin Cities Campus. Enrolled 

subjects were 18-40 years old, and reported having normal menstrual cycles 21-

35 days in length and menstrual periods that last for 4 days or more. Women 
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who had or experienced any of the following were excluded: a history of 

treatment for, or suspected of ever having had, TSS; history of sensitivity to 

materials in tampons; current vaginal, perineal, or urinary tract infection, or 

obvious inflammation; acute systemic, vaginal, or perineal infection treated with 

antibacterial, antifungal, or immunosuppressive medication within two weeks 

prior to enrollment in the study; history of sexually transmitted disease within the 

past two months; history of vulvar, vaginal, or cervical dysplasia, neoplasia, or 

cancer; known infection with human papilloma virus or human immunodeficiency 

virus; a history of pelvic radiation therapy within the past five years; uncontrolled 

type I or II diabetes; use of systemic steroids. 

 

Detection and identification of S. aureus on tampons. Dry weights of study 

tampons ± GML were determined by weighing 10 of each type of tampon. Dry 

weights of the commercial tampons used by subjects as their own tampons were 

determined by weighing five of each type. Used tampons were weighed upon 

being collected from subjects. Net weights were used as estimates of the amount 

of menstrual fluid absorbed by the tampons during use, and for calculations of S. 

aureus counts, toxins, and IL-8 amounts per volume of menstrual fluid absorbed 

by the tampons. 

A sterile swab was touched to each tampon for detection of S. aureus. Our 

prior studies have shown that S. aureus is fairly evenly distributed throughout 

used tampons, in areas with and without menses, indicating that this sampling 

method provides a reasonably reliable indication of the presence of S. aureus. 
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After each tampon was swabbed, the swab was rolled onto a blood agar plate 

that was then streaked for isolation. The tampon was then immediately treated 

with 10 ml phosphate-buffered saline (PBS, 0.005M sodium phosphate, pH 7.2, 

0.15M NaCl), the tampon agitated for approximately one minute, and contents 

expressed through a 35 ml syringe; the expressed fluid was stored at 4 °C. The 

blood agar plate was incubated at 37°C overnight in the presence of 7% CO2. S. 

aureus colonies were identified after overnight incubation through their colony 

morphology, and being gram+, catalase+, and coagulase+.  

To quantify the amount of S. aureus on tampons positive for the organism, 

the expressed fluids were serially diluted in PBS, plated on Todd Hewitt agar 

plates, and incubated at 37 °C overnight. S. aureus colonies were identified as 

above, and were counted; total S. aureus on tampons and amount per milliliter of 

menstrual fluid were calculated. 

 

Quantification of TSST-1, α-toxin, and IL-8 in fluids expressed from used 

tampons. To determine whether S. aureus strains isolated from tampons were 

capable of making TSST-1, isolates were cultured overnight at 37 °C on Todd 

Hewitt 1% agar plates. Subsequently, 4 mm wells were punched into the agar 

plates 4 mm from the growing organisms. Hyperimmune antiserum against 

TSST-1 (20 ul) was added to each well, plates were re-incubated at 37 °C, and 

after 4 additional hours plates were examined for the presence of an immuno-

precipitation line (positive test) (122).  
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To detect TSST-1 and α-toxin within S. aureus+ tampons, a sample of 

expressed menstrual fluid was treated with 4 volumes of absolute ethanol to 

precipitate the toxins quantitatively (14). The precipitates were restored to one-

tenth their original volume and subjected to sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (76); previous studies have established that 

this technique effectively separates exotoxins from potentially confounding 

antibodies to the toxins that may be present in menses (127). Western 

immunoblots were used to quantify amounts of TSST-1 and α-toxin by 

comparison to standard curves generated with purified TSST-1 and α-toxin. 

Western immunoblots were scanned to determine band area relative to purified 

toxin standards, using a computer program provided by NIH (ImageJ 1.34S) at 

http://rsb.info.nih.gov/ij/. Standard curves consistently gave R2 values above 

0.95, indicating this provided an excellent quantitative measure of toxins.  

To quantify IL-8, samples of expressed fluids from tampons were 

centrifuged (4000 x g, 15 min) to remove red blood cells and bacteria, and 

supernates were assayed using Quantikine colorimetric ELISA kits (R&D 

Systems, MN).  

Total amounts of TSST-1, α-toxin, and IL-8 and amounts of each per 

milliliter of menses were determined. 

 

Statistics. Means and standard deviations were determined. Student’s t-test was 

used to determine statistical significance of differences between tampons; paired 

t tests were used to compare data from subjects' study tampon (± GML) and their 

http://rsb.info.nih.gov/ij/�
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own tampon, and unpaired t-tests to assess differences between GML+ and GML- 

study tampons.  
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RESULTS  
 
Prevalence of S. aureus in subjects’ own and study tampons. Two 

considerations were important for this study: 1) analyzing tampons from a day of 

menstruation on which colony counts and toxin production of vaginal S. aureus 

were likely to be maximal and 2) assuring that the amount of absorbed menses, 

which could be considered an index of tampon use time, was similar among the 

tampons analyzed in the study. The amount of absorbed menses could 

determine the extent of GML effects in study tampons. Day two of menses was 

chosen to perform the study because our previous results indicated that vaginal 

S. aureus counts are maximal at this time (129).  The amount of menses 

absorbed did not differ between subjects' own and study tampons or between 

GML+ and GML- study tampons (Table 5).  

Based on numerous prior studies, S. aureus was predicted to be found in 

the tampons from approximately 10-30% of women during their menstrual 

periods (102, 129, 132). In the present study 41 of the 225 participants (18%) 

were S. aureus+, as determined from their tampons. Two different subjects who 

had detectable S. aureus present on their tampons also had a swarming Proteus 

present, which prevented accurate quantification of S. aureus in these tampons. 

For the remainder of the S. aureus+ subjects (n = 39), CFU of S. aureus, total 

and per ml of absorbed menses, were slightly but significantly higher in the 

subjects’ own tampons than in the study tampons ± GML (Table 6). CFU of S. 

aureus did not differ significantly, however, between the two types of study 

tampons, those with and those without GML as a fiber finish (Table 6). The data 



 

 104 

suggest that components of the study tampon are mildly inhibitory to S. aureus, 

compared to subjects’ own tampons. 

 

In vivo effect of GML on S. aureus exotoxin production. Of the strains of S. 

aureus isolated from tampons in this study, 10 (approximately 25%) were 

determined to be capable of making TSST-1. This figure agrees well with our 

prior experience that approximately 25-35% of vaginal S. aureus make TSST-1. 

TSST-1 was quantifiable in only 3 of the tampons that contained TSST-1+ S. 

aureus, indicating that the toxin may not always be produced in vivo or is often 

produced in only very low amounts. All 3 of these subjects had been randomly 

assigned to the GML+ study tampon group. TSST-1 levels detected in the 

subjects’ own tampons (averaging 66.8 µg total and 2.0 µg/ml of absorbed 

menses) were higher than the levels detected in the GML+ study tampons (14.1 

µg total, 0.8 µg/ml) (Table 7). These differences were not statistically significant 

because of the great variability of TSST-1 amounts among the subjects. 

However, in all 3 subjects, there was less TSST-1 present in the GML+ study 

tampon than the subjects’ own tampon. 

In contrast to TSST-1, α-toxin was quantifiable in 30 of the 41 S. aureus+ 

subjects' tampons (73%) (Table 8), which was expected because most strains of 

S. aureus should be capable of making this toxin. On average, 20.1 µg of α-toxin 

total (8.8 µg/ml) was detected in the subjects’ own tampons, significantly greater 

than the amount found in their study tampons ± GML (6.4 µg total, 1.3 µg/ml). 

Between the study tampons ± GML, the tampons without GML had significantly 
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more α-toxin (11.0 µg total, 2.2 ug/ml) than the tampons with GML (2.4 µg total, 

0.6 µg/ml) (Table 8).  

 

Effect of GML on vaginal IL-8. Although not originally planned, we sought and 

received IRB approval to examine IL-8 in subjects’ own and study tampons, 

because of the relevance of this pro-inflammatory cytokine to the main thrust of 

the study: IL-8 production by human vaginal epithelial cells in culture is up-

regulated by α-toxin and TSST-1, IL-8 appears to be involved in weakening the 

integrity of the vaginal epithelial barrier through induction of inflammation, and 

vaginal IL-8 levels are higher in women with vaginal infections than in healthy 

women (40, 44, 77, 108). Subjects’ own tampons with S. aureus present had 

significantly higher levels of IL-8 (averaging 812 ng total, 212 ng/ml) than 

tampons in which S. aureus was not detected (averaging 188 ng total, 80 ng/ml) 

(Tables 9 and 10). IL-8 levels were also significantly higher in the S. aureus+ 

study tampons ± GML (549 ng total; 103 ng/ml) than in the S. aureus- study 

tampons ± GML (136 ng total; 41 ng/ml) (Tables 9 and 10). In subjects whose 

tampons did not contain S. aureus, study tampons with GML had significantly 

lower levels of IL-8 (99 total, 31 ng/ml) than study tampons without GML (173 ng 

total, 52 ng/ml) (Table 9). In subjects whose tampons were S. aureus+, study 

tampons with GML also had lower levels of IL-8 (270 ng total, 71 ng/ml) than 

study tampons without GML (829 ng total; 134 ng/ml), but this difference was not 

statistically significant because of the relatively small number of subjects who 

were S. aureus+, compared to the number who were S. aureus- (Table 10). 
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Other study observations. No adverse events were reported to us by 

participants in this study. As samples were being analyzed early in the study, 

several cases of dramatic changes in abundance of group B streptococci and 

lactobacilli between subjects’ own tampons and their study tampons were 

noticed. IRB approval to evaluate these organisms was sought and received. 

These evaluations revealed 8 cases in which subjects’ own tampons had high 

counts of group B streptococci but their study tampons had no group B 

streptococci. When the blind was broken, all of the study tampons in these cases 

were found to GML+ tampons. In addition, there were 7 cases in which subjects’ 

own tampons had no detectable lactobacilli (due to masking by group B 

streptococci), but their study tampons had high lactobacilli counts. In all of these 

cases, the study tampons were again found to be GML+ tampons when the blind 

was broken. 
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DISCUSSION 

After the removal of the highest absorbency tampons from the consumer 

market in 1980-1984, the incidence of mTSS dropped significantly (from 

~10/100,00 to 1/100,000 menstruating women per year) (118). Recent reviews of 

case information from hospitals in Minneapolis and St. Paul, Minnesota suggest 

that the number of mTSS cases may be increasing, now approaching 

3.5/100,000 (135). The Centers for Disease Control and Prevention and Food 

and Drug Administration consider mTSS to be a significant health risk to 

menstruating women. Several studies suggest that the biological basis for the 

association of tampons with mTSS is the presence of trapped oxygen within the 

tampon, which is introduced into a normally anaerobic environment; with larger, 

higher absorbency tampons introducing more oxygen than smaller, lower 

absorbency tampons (54, 67, 125, 163). All studies performed to date indicate 

that oxygen is a critical required factor for TSST-1 production by S. aureus (54, 

67, 125, 163).  This continues to be an important issue, as new strains of S. 

aureus, some with less dependence on oxygen for exotoxin production, continue 

to emerge (64, 110). These findings, combined with the rise in antibiotic-resistant 

S. aureus (MRSA), illustrate the necessity of developing novel strategies to 

control vaginal S. aureus. 

Several studies have demonstrated the ability of GML in vitro to inhibit 

exotoxin production by gram-positive bacteria, including TSST-1 and α-toxin by 

S. aureus (116, 130, 153). Until recently, no formal study of GML safety in 

chronic use has been conducted. A study in rhesus monkeys has now shown 
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that GML (50 mg/ml) was safe when applied vaginally in a gel once or twice daily 

for six months: the treatment did not cause adverse histological changes to the 

vaginal epithelium and it did not reduce vaginal lactobacilli counts (134). The 

results of the present study demonstrate that GML, when added to tampons as a 

fiber finish (0.14%), is capable of reducing S. aureus exotoxin production during 

normal tampon use in vivo. Incidental observations that will require follow-up 

studies suggest that the GML tampons select against group B streptococci and 

select for lactobacilli. These findings are in keeping with previous in vitro studies 

that showed that streptococci are among the most sensitive bacteria to the 

effects of GML (130) and that growth and metabolic activity of Lactobacillus 

crispatus is not inhibited by GML (134). 

In addition to its negative effects on certain potentially pathogenic 

bacteria, GML may also have beneficial effects on eukaryotic cells. GML appears 

to stabilize eukaryotic cells from damage induced by hypotonic solutions, 

exotoxins, and lipopolysaccharide (107). Unpublished data showed that GML 

could be detected by GC-MS in immortalized human vaginal epithelial cell 

membranes following 1 hour exposure to GML (20 µg/ml or 50 µg/ml) (data not 

shown), suggesting that GML does associate with eukaryotic cell membranes. In 

addition, GML reduces T- and B-cell proliferation in response to mitogens and 

human vaginal epithelial cell production of pro-inflammatory cytokines in 

response to mitogenic agents (159). Vaginal inflammation induced by various 

pathogens appears to increase permeability of the epithelial barrier to other 

pathogens such as HIV-1 (44, 77, 108). Additionally, cytokine production by 
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vaginal epithelial cells, including the pro-inflammatory chemokine IL-8, is 

predicted to play an important role in the penetration of TSST-1 across the 

vaginal mucosa (19, 106). TSST-1 must penetrate the vaginal mucosa and gain 

access to underlying tissues where it interacts with T-cells and antigen-

presenting cells (macrophages) to cause TSS (91, 144).  

Results from this present study showed that levels of IL-8 in used tampons 

were significantly higher in women colonized vaginally with S. aureus than in 

women not so colonized, which indicates that S. aureus in the vagina can 

contribute to vaginal inflammation and could have adverse effects on vaginal 

health beyond being a risk factor for mTSS. Levels of IL-8 in tampons were lower 

in women who used the GML+ study tampons. If tampon IL-8 levels are 

physiologically meaningful, as the preceding reasoning suggests they are, this 

latter finding would suggest that vaginal inflammation was reduced during use of 

GML-containing tampons. Since this effect was observed in women not colonized 

vaginally with S. aureus, as well as in women who were colonized, it appears that 

the effects of GML on IL-8 were due, at least in part, to effects directly on the 

women's vaginal epithelial cells and/or lymphocytes, as well perhaps as to effects 

on staphylococcal exotoxin production. To the extent that vaginal inflammation is 

indicative of overall vaginal health, these results suggest that GML-containing 

tampons might have benefits to vaginal health, beyond their apparent inhibition of 

exotoxin production by S. aureus. 

Collectively, these results suggest that use of GML as an additive to 

tampons may be beneficial for vaginal health, as it has the potential to (a) reduce 
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the production of TSST-1 and α-toxin, which might be expected to reduce the risk 

of mTSS, (b) select for normal flora lactobacilli and against group B streptococci, 

and (c) reduce vaginal inflammation (directly and via affects on staphylococcal 

exotoxin production). The attractiveness of GML for this application is enhanced 

by its being relatively inexpensive, having a long history of safe use in foods and 

cosmetics, and having been shown to have no adverse effects on vaginal 

histology or microflora during prolonged periods of vaginal application in rhesus 

monkeys (134). 
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Table 5. Menses absorbed in subjects’ own tampons and study tampons. 

Tampon Fluid (ml) Compared to 

tampon: 

Fluid (ml) p value 

Subjects’ Own 4.1 Study ± GML 5.1 NS 

Subjects’ Own  4.1 Study Non-GML 5.6 NS 

Subjects’ Own 4.2 Study GML 4.7 NS 

Study Non-GML 5.6 Study GML 4.7 NS 

Note: NS, p > 0.05. Student’s paired t test was used for comparison of subjects’ 

own tampons versus the study tampons ± GML, Non-GML, and GML; Student’s 

unpaired t test of normally distributed data was used for comparison of study 

non-GML study tampons versus GML study tampons.    
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Table 6. S. aureus on subjects’ own tampons compared to study tampons. 

Tampon  
(Sample Numbers) 

Average Log 
 CFU/ml 

p Value Average Log  
CFU Total 

p Value 

Subjects’ Own (39) 8.3 0.00004 8.8 0.0004 

Study Tampon ± 

GML (39) 

7.5 8.2 

Non-GML Study (19) 7.6 NS 8.3 NS 

GML Study (20) 7.5 8.4 

Note: NS, p > 0.05. Student’s paired t test was used for comparison of subjects’ 

own tampons versus the study tampons ± GML, Non-GML, and GML; Student’s 

unpaired t test of normally distributed data was used for comparison of study 

non-GML study tampons versus GML study tampons.    
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Table 7. Quantity of TSST-1 on subjects’ own tampons and study tampons. 

Tampon 

(Sample Numbers) 

Average 

µg/ml 

Average µg 

Total 

Subjects’ Own (3) 2.0 66.8 

GML Tampon (3) 0.8 14.1 

Note: Ten of the S. aureus positive isolates (41 total) were positive for TSST-1 

by in vitro double immunodiffusion test. TSST-1 was only detected in 3 samples; 

all subjects had been randomly assigned to the GML study tampon group. 
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Table 8. Quantity of α-toxin on subjects’ own tampons and study tampons. 

Tampon                

(Sample Numbers) 

Average 

µg/ml±SD 

p Value Average µg 

Total±SD 

p Value 

Subjects’ Own (30) 8.8 ± 13.3 0.005 20.1 ± 23.3 0.005 

Study ± GML (30) 1.3 ± 2.0 6.4 ± 11.4 

Non-GML Study (14)  2.2 ± 2.2 0.03 11.2  ± 11.8 0.04 

GML Study (16) 0.6 ± 1.6 2.4 ± 7.6 

Note: NS, p > 0.05. Student’s paired t test was used for comparison of subjects’ 

own tampons versus the study tampons ± GML, Non-GML, and GML; Student’s 

unpaired t test of normally distributed data was used for comparison of study 

non-GML study tampons versus GML study tampons.  SD, standard deviation. 
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Table 9. Quantity of IL-8 detected in S. aureus- subjects’ tampons and study 

tampons. 

Tampon 

(Sample Numbers) 

Average  

ng/ml±SD 

p value Average ng 

Total±SD 

p value 

Subjects’ Own (120) 80 ± 109 0.00005 189 ± 206 0.01 

Study ± GML (120) 41 ± 42 136 ± 157 

Non-GML Study (59)  52 ± 48 0.005 173 ± 164 0.009 

GML Study (61) 31 ± 31 99 ± 141 

Note: IL-8 measured by ELISA; SD, standard deviation; NS, p > 0.05. Student’s 

paired t test was used for comparison of subjects’ own tampons versus the study 

tampons ± GML, Non-GML, and GML; Student’s unpaired t test of normally 

distributed data was used for comparison of study non-GML study tampons 

versus GML study tampons.    
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Table 10. Quantity of IL-8 detected in S. aureus+ subjects’ tampons and 

study tampons. 

Tampon 

(Sample Numbers) 

Average  

ng/ml±SD 

p value Average ng 

Total±SD 

p value 

Subjects’ Own (38) 212 ± 232 0.001 812 ± 1239 0.03 

Study ± GML (38) 103 ± 132 549 ± 1005 

Non-GML Study (19)  134 ± 164 NS 829 ± 1335 NS (0.09) 

GML Study (19) 71 ± 82 270 ± 358 

Note: IL-8 measured by ELISA; SD, standard deviation. NS, p > 0.05. Student’s 

paired t test was used for comparison of subjects’ own tampons versus the study 

tampons ± GML, Non-GML, and GML; Student’s unpaired t test of normally 

distributed data was used for comparison of study non-GML study tampons 

versus GML study tampons.    
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CHAPTER 5: 

THE EFFECTS OF GLYCEROL MONOLAURATE ON LACTOBACILLUS, 

CANDIDA, AND GARDNERELLA VAGINALIS IN VITRO AND IN VIVO 
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Portions of this chapter will be submitted for publication by Kristi L. 

Strandberg, June LaValleur, Marnie L. Peterson, Ying-Chi Lin, Melinda C. Pack, 

David J. Chase, and Patrick M. Schlievert 

 

Kristi L. Strandberg screened and enrolled study subjects. Kristi L. 

Strandberg and Patrick M. Schlievert processed and analyzed samples from 

study subjects. Marnie L. Peterson and Ying-Chi Lin formulated gels. Kristi L. 

Strandberg, Patrick M. Schlievert and David C. Chase performed final data 

analysis. David C. Chase and Melinda C. Pack monitored the study. 
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INTRODUCTION 

Background. We investigated the in vitro and in vivo effects of glycerol 

monolaurate (GML) on Lactobacillus, Candida, and Gardnerella vaginalis to 

assess effects on vaginal microflora. Lactobacilli are the predominant bacteria in 

the vaginas of healthy primates, and previous work demonstrated that chronic 

treatment with GML intravaginally does not alter lactobacilli in the normal vaginal 

flora of rhesus macaque monkeys. C. albicans causes a significant number of 

vaginal infections, many becoming chronic. G. vaginalis is highly associated with 

bacterial vaginosis, another common, chronic vaginal infection in women. 

Methods. In vitro bacterial killing studies determined the effects of GML (0 

to 1000 µg/ml) against Candida sp. and G. vaginalis. A randomized double 

blinded pilot study investigated the effects of GML on vaginal Lactobacillus, 

Candida, and G. vaginalis in women (n=38) suspected of having moderate to 

high counts of Candida and/or G. vaginalis. Women self-administered an intra-

vaginal gel containing 0.5% (n=13) or 5% (n=9) GML, or a control GML-free gel 

(n=16) twice daily for 2 days. Vaginal swabs were collected before and 

immediately after the first dose of gel administration, and about 12 hours after the 

fourth administration of gel. Swabs were analyzed for Lactobacillus, Candida, 

and G. vaginalis, and for GML.  

Results. In vitro GML concentrations of ≥100 µg/ml were fungicidal for C. 

albicans, while concentrations ≥5 µg/ml were bactericidal for G. vaginalis.In the 

human study, use of either control or GML gels did not significantly alter vaginal 

pH or levels of Lactobacillus. Use of gels containing GML significantly reduced 
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vaginal levels of Candida. The control gel did not significantly alter Candida 

levels. Use of either the control or the GML-containing gels significantly lowered 

the levels of G. vaginalis. No adverse events were reported by participating 

women. 

Conclusions. GML-containing gels do not have growth inhibitory effects 

on Lactobacillus, but do inhibit the growth of Candida and G. vaginalis in vitro 

and when used vaginally in women. 
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The human vagina can be colonized by many different microbes, and 

infections may occur when the balance is disturbed. Under healthy conditions, 

the aerobic vaginal flora is dominated by Lactobacillus. Previous studies have 

shown that women generally carry one or two predominant Lactobacillus species 

(4, 151, 160), with L. crispatus, L. gasseri, L. jensenii, and L. inners being among 

the most common. Lactobacilli are important members of the vaginal flora for 

their roles in maintaining the acidic vaginal pH at times other than menstruation 

(2, 42, 160). The pH of the healthy human vagina is generally less than 4.5 

between menstrual periods, increasing to as high as 6-7 during menstruation (37, 

156). Lactobacilli are believed to be important for establishing and maintaining 

acidic pH through the production of lactic acid, and occasionally other organic 

acids (2, 56, 160). This acid pH is linked to preventing vaginal infections. 

Disruptions of vaginal pH or lactobacilli within the normal vaginal flora can allow 

potentially pathogenic microorganisms to grow and become predominant. 

Bacterial vaginosis (BV) is the most common chronic vaginal infection, 

and is characterized by a complex change in the vaginal flora, and often includes 

elevations of vaginal pH and, when symptomatic, malodorous discharge, itching, 

burning, and irritation (3, 36, 52). BV is associated with preterm delivery, 

increased risk of HIV and other vaginal-genital infections (97). The prevalence of 

BV ranges from 4-40% of women and depends on the sample population, with 

the highest prevalence being found among women attending sexually transmitted 

infection clinics (141). During BV, there is a reduction in the numbers of 

lactobacilli, and increases in bacteria such as G. vaginalis (48, 98, 141). 
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Additional bacteria that have been associated with BV include the anaerobes 

Bacteroides fragilis and Peptostreptococcus (55, 149). Current treatment 

recommendations for BV from the Centers for Disease Control and Prevention 

(CDC), include either metronidazole (0.75% one full applicator [5 g] vaginal gel 

once a day for 5 days or 500 mg orally twice daily for 7 days) or clindamycin 

cream (2%, one full applicator [5 g] intravaginally at bedtime for 7 days) (114).  

Metronidazole, a nitroimidazole, possesses a narrow spectrum of activity 

against anaerobic organisms. However; clindamycin has broad spectrum activity 

against both aerobic and anaerobic organisms, including normal flora 

Lactobacillus. These treatments typically result in cure rates of 20-40% (38). 

Recurrence of BV is common with approximately 50 to 80% of women having 

recurrent infections by 1 year following therapy (8, 17). A potential problem with 

use of clindamycin cream is the development of resistance in up to 50% of 

anaerobic gram negative rods following therapy (8). Metronidazole resistance is 

still fairly rare and occurs in less than 5% of anaerobic vaginal isolates (8, 140).  

Vulvovaginal candidiasis (VVC) is the second most common vaginal 

infection. VVC is more commonly referred to as vaginal yeast infection, and is 

caused by Candida species, most often C. albicans (41, 142). It is currently 

estimated that 70-75% of women will experience VVC at least once during their 

reproductive years (62), and 5-8% will have recurrent VVC (recurrence is defined 

as 4 or more episodes per year) (43). C. albicans has been isolated from the 

vagina in 85-95% of women (97, 143). Due to the propensity of C. albicans to 
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colonize the vagina, up to 30% of women often develop candidiasis as a post-

treatment complication of BV (38).  

Current Infectious Diseases Society of America recommendations for 

treatment of VVC include topical azole agents (miconazole, clotrimazole, 

terconazole, butoconazole) or fluconazole 150 mg single oral dose for 

uncomplicated vaginitis. Recurrent VVC should be managed with fluconazole 

150 mg weekly for 6 months after initial control of the recurrent episode (101). 

The high recurrent rate of BV and VVC indicate the limitation of current 

antimicrobial therapy and a need for better therapeutic approaches. 

Glycerol monolaurate (GML) is a naturally occurring agent that is generally 

recognized as safe for oral use by the FDA, and has been used extensively in 

food and cosmetic industries. Past studies have demonstrated that GML has 

microbicidal properties at concentrations of ≤500 ug/ml (116, 130). GML appears 

to inhibit signal transduction at the microbial plasma membrane thereby inhibiting 

the transcription of gram-positive exotoxins and beta lactamases (104, 116, 153). 

GML is highly bactericidal for gram positive bacteria (116, 130). A critical 

exception to this generalization is that lactobacilli are generally quite insensitive 

to GML; for example, concentrations as high as 100 µg/ml do not inhibit growth of 

L. crispatus or its ability to acidify its culture medium in vitro (134). Gram-

negative bacteria, such as Enterobacteriaceae, with an intact lipopolysaccharide 

outer layer are not susceptible to GML (130). A recent study demonstrated that 

repeated exposure to an intravaginal gel containing 5% GML (50 mg/ml) does 

not alter the healthy microflora, including lactobacilli, in rhesus macaques (134). 
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Additionally GML has been demonstrated to have anti-inflammatory effects in 

vitro and in vivo, vaginally. This anti-inflammatory effect recently has been linked 

to prevention of “outside in” chemokine signaling to prevent SIV transmission in 

monkeys (85). By preventing vaginal epithelial cells (outside) from producing 

chemokines in response to SIV and other agents, CD4+ T cells (in) are not 

recruited into the region where they thus avoid infection. 

Since GML does not alter the healthy vaginal microflora and is anti-

infammatory, we conducted this study to assess the effect of the compound on 

Candida and G. vaginalis the primary causes of vaginal yeast infections and 

bacterial vaginosis. GML was microbicidal for both organisms as tested in vitro. 

GML gels (0.5 and 5%) applied vaginally to women inhibited the growth of both 

organisms but did not affect vaginal lactobacilli. 
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MATERIALS AND METHODS 

Microorganisms. A clinical isolate of G. vaginalis was kindly provided by 

Fairview University Medical Center Diagnostic Microbiology for in vitro studies. 

Additionally, five isolates of C. albicans (including the laboratory strain SC5314), 

and one each of C. glabrata, C. krusei, C. paropsilosis, C. tropicalis, and C. 

pseudotropicalis were generously provided by Dr. Judith Berman, University of 

Minnesota. 

 

In vitro experiments. To investigate the in vitro effects of GML on Candida and 

G. vaginalis, growth curve studies were conducted. Both Candida and G. 

vaginalis were grown for up to 24 hrs in the presence of different concentrations 

of GML (0, 10, 50, 100, 500 and 1000 µg/ml) in Todd Hewitt (TH) broth at 37°C 

with shaking (Becton, Dickinson, and Co, Sparks, MD), in 25 ml of media in 125-

ml Erlenmeyer flasks. Microbial growth inhibition was determined by serial 

dilutions and plate counts. The in vitro effects of GML on Lactobacillus crispatus 

was published by Schlievert, et al. (134).  

 

Human study design. To determine the effects of an intravaginal gel containing 

GML on vaginal Lactobacillus, Candida, and G. vaginalis, we conducted a single-

center, double-blind, randomized study. This study was performed in accordance 

with guidelines established by and with the approval of the University of 

Minnesota Institutional Review Board.  
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Women were recruited for the study by posting flyers at the University of 

Minnesota, Twin Cities Campus. For all study participants, a written informed 

consent was obtained prior to participation. Women between the ages of 18 and 

50 who suspected they might have VVC and/or BV were eligible for participation. 

Women with acute systemic infection within 2 weeks prior to the study were 

excluded from participation. Use of systemic, vaginal, or perineal antibiotic, 

antifungal, immunosuppressant, antihistamine, or anti-inflammatory medication 

(except for oral non-steroidal anti-inflammatory medication) within two weeks 

prior to participating in this study was another basis for exclusion. Women were 

not allowed to participate during menstruation. Pregnant women were excluded 

from enrollment. Data from individual subjects was excluded from analysis if the 

vaginal discharge samples revealed evidence of improper hygienic practices. 

When levels of Lactobacillus, Candida, and G. vaginalis were analyzed 

individually, subjects were omitted from analysis if they did not have detectable 

levels of the microbe being analyzed (<100 CFU/ml).   

Study participants were examined by a Gynecologist (JL) to confirm the 

presence of yeast and/or BV before receiving the intravaginal gels, and upon 

completion of the study. Study participants were asked to maintain a diary of their 

experiences with the gels. 

Thirty-nine women were randomized to use intravaginal gels containing 

one of two GML concentrations (0.5% or 5%) in K-Y® Warming Gel (McNeil-

PPC, Inc., Fort Washington, PA) or a control K-Y® Warming Gel lacking GML for 

2 days (total of 4 applications: one application every 12 hr). Swabs of each 
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woman’s vaginal secretions were collected at the initial visit (Visit 1) before gel 

insertion and at the final visit (Visit 2, 12 hr after final gel application), and were 

analyzed for Lactobacillus, Candida, and G. vaginalis. Our studies have shown 

that vaginal swabs consistently absorb approximately 0.1 ml of fluid, thus 

allowing quantification of microorganisms. Briefly, during each clinical visit, 

vaginal swabs were collected and placed directly into 1 ml of TH broth. These 

were then serially diluted and then plated onto chocolate agar plates and allowed 

to grow at 37°C, in 7% CO2 for up to 3 days. Plates were analyzed daily for the 

presence of Lactobacillus, Candida, and G. vaginalis. Colonies were identified 

based on expected size, color, and morphology, and microbes were further 

identified by gram stain. The total microbial counts per ml of vaginal secretion 

were determined by plate count, and overall numbers of these organisms from 

Visit 1 to Visit 2 were compared.  

Swabs were also collected at the initial visit after gel insertion and at the 

final visit after all 4 gel applications, and were analyzed for GML content using 

gas chromatography/mass spectrometry (GC/MS) at the University of Minnesota, 

College of Pharmacy Clinical Pharmacology and Analytical Services Laboratory. 

Vaginal swabs were collected and placed into tubes containing 1.0 ml of 

methylene chloride, and then assayed by GC/MS for GML amounts. The lower 

limit of detection of GML with this assay was 0.7 µg/ml. 

 

Gel formulation. GML (Monomus 90 L-12; Cognis, Cincinnati, OH) was 

dissolved in K-Y® Warming Gel to achieve final concentrations of 0.5%, or 5%  
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and pH of 4 to 4.5 (normal vaginal pH) (85, 134). Vaginal applicators (Exacta-

Med Vaginal Dispensers, Baxa Corporation, Engelwood, CO) were filled with 5 

mL of GML-containing or control gel. Applicators containing GML 0%, 0.5%, and 

5% gel were given to the University of Minnesota Investigational Drug Studies 

(IDS) Pharmacy. The IDS Pharmacy was responsible for distributing the 

applicators to participants so that all data collection and analyses remained 

blinded regarding treatments received by each subject. Upon completion of the 

study and data analyses, the study was unblinded.  

 

Data analyses. Differences in total colony-forming units (CFUs) of vaginal 

Lactobacillus, Candida, and G. vaginalis between the initial samples (Visit 1) 

collected prior to use of intravaginal gel, and final samples (Visit 2) collected 

upon completion of the study were measured to determine the effects of GML. 

Significantly different values (p<0.05) by paired Student’s t test or trends towards 

significance (p<0.2) in CFUs detected between the initial samples and the final 

samples were regarded as evidence of an effect of GML. McNemar’s test was 

used to compare prevalence of microorganisms in Visit 1 compared to Visit 2. 
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RESULTS 

In vitro studies. Dose-related effects of GML on C. albicans (laboratory strain 

SC5314) in vitro are shown in Figure 16A. C. albicans growth was completely 

inhibited by 100 µg/ml GML within 2 hr (Figure 16A). For four additional clinical 

isolates of C. albicans and isolates of C. glabrata, C. krusei, C. paraopsilosis, C. 

tropicalis, and C. pseudotropicalis, GML concentrations of ≥500  µg/ml were 

fungicidal (data not shown). The in vitro effect of GML on G. vaginalis was also 

investigated. GML (≥5 µg/ml) were bactericidal at all time points ( Figure 16B). 

The effects of GML on L. crispatus were previously published (134). Results from 

this previously published experiment are included in Figure 16C. Concentrations 

as high as 100 µg/ml (highest concentration tested by the authors) did not 

significantly inhibit L. crispatus growth (Figure 16C) (134).  

 

In vivo studies. A total of 39 women were randomized in this study. One subject 

was not allowed to complete the study due to the presence of Trichomonas 

vaginalis in the sample collected before the administration of the first gel 

treatment. This subject was enrolled in the study and received the first gel 

treatment (determined to be 0.5% GML gel after the blind was broken), but was 

not allowed to receive any further gel treatments. Most women were experiencing 

vaginal discharge during Visit 1, prior to receiving the vaginal gel. A few also 

showed signs of vulvar erythema and edema. One woman was determined to 

have BV associated with anaerobic streptococci (presumed to be 

Peptostreptococcus); this woman was included in the study. Thus, a total of 38 
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women completed the study. After the blind was broken, it was found that 10 

subjects received the gel containing 5% (50 mg/ml) GML, 12 received the gel 

containing 0.5% (5 mg/ml) GML, and 16 received the control gel. However, data 

from one of the subjects in the 5% GML group were excluded from analyses 

because fibrous material was found during the Visit 2 vaginal examination. In 

total, we analyzed data from 37 women. No adverse events were reported by 

women treated with any of the gels.  

GML was demonstrated to be present vaginally in the women by GC/MS 

immediately after initial application of the GML gels. GML concentrations were 

higher in subjects given the gels containing 5% GML compared to subjects given 

the 0.5% GML gels. GML was not detected in women who received control gels. 

GML was undetectable in vaginal swabs from women taken during the second 

visit, indicating that GML did not persist in vaginal secretions through the entire 

12 hr period between treatments (to maintain the blinded nature of the study, 

quantitiative GML data were not made available to the investigators until 

completion of all analyses). The lower limit of detection was 0.7 µg/ml.  

  Table 11 summarizes the data on prevalence of the three microorganisms 

of interest. In the group treated with the control gel, Lactobacillus was detected 

on the vaginal swabs collected from 8 (57%) of the women. C. albicans was 

detected in the swabs of 9 (64%) women during Visit 1 and in swabs from 6 of 

these 9 women (43%) during Visit 2 in the control group. G. vaginalis was 

detected in the swabs from 10 women (71%) during Visit 1, and 5 of these 10 

women (36%) during Visit 2 in the control group. Of the women who received the 
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0.5% GML gel, 9 (69%) had detectable Lactobacillus during Visit 1, while 11 

(85%) had detectable Lactobacillus during Visit 2. Significantly fewer women had 

detectable C. albicans at Visit 2 compared to Visit 1 in the 0.5% GML gel group 

(p = 0.02). C. albicans was detected in the swabs collected from 10 women in 

this group (77%) during Visit 1, and 3 (23%) of the swabs collected during Visit 2. 

Seven women in this group (54%) had detectable G. vaginalis at Visit 1, while 

only 4 of these women (31%) had detectable G. vaginalis at Visit 2. The 

reduction in the prevalence of G. vaginalis was not statistically significant, 

possibly because of the small number of women positive for this organism. Of the 

9 women to receive the 5% GML gel, 6 (67%) had detectable Lactobacillus at 

Visit 1, and 7 (78%) had detectable Lactobacillus at Visit 2. Six women (67%) 

who received the 5% GML gel had detectable C. albicans at Visit 1, while only 2 

women (22%) had detectable C. albicans at Visit 2. G. vaginalis was detected 

from 6 women (67%) during Visit 1, and 3 (33%) during Visit 2.  

Because of the small numbers of study participants, data for GML (0.5% 

and 5%) were pooled for determination of significant differences between visits. 

When data from the GML treatment groups were combined, the prevalence of 

Lactobacillus between Visit 1 and Visit 2 for all treatment groups was not 

significantly different. The prevalence of C. albicans between Visits 1 and 2 was 

not different in women given control gels (p=0.45), but was significantly reduced 

in women given the GML treatments (p = 0.003). G. vaginalis prevalence 

between Visit 1 and Visit 2 was also not significantly different in women given 
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control gels (p = 0.07), but was significantly lower in Visit 2 for GML treatment 

groups (p = 0.04). 

Table 12 summarizes and Figures 17-19 illustrate quantitative colony 

count data for the three microorganisms of interest in the three gel treatment 

groups. The control gel without GML had no detectable effect on CFUs of 

Lactobacillus (Figure 17A). Lactobacillus counts detected during Visit 1 (prior to 

use of the intravaginal gel) were comparable to levels of Lactobacillus detected 

at Visit 2 (after all 4 applications of intravaginal gel) (p>0.2) (Table 12).  

Since Lactobacillus is important for establishing acidic pH in the vagina, 

pH was measured at Visits 1 and 2. No significant difference was seen in vaginal 

pH between Visits 1 and 2 in women who received the control gel, suggesting 

that the gel alone did not alter vaginal pH (data not shown).  

 The 0.5% and the 5% GML gel treatment groups also showed no 

significant difference in Lactobacillus CFUs between Visit 1 and Visit 2 (Figure 

17B-C and Table 12) (p>0.2), suggesting that GML at either concentration had 

no significant negative effect on Lactobacillus counts. Vaginal pH was also not 

affected, and ranged from 4-5.5 during Visits and 1 and 2 (data not shown). 

Three study participants had significant increases in Lactobacillus counts from 

102 to 108 (p=0.007).  

No significant differences in Candida CFUs were seen between Visits 1 

and 2 in women who received the control gel (Figure 18A and Table 12). Women 

who received the 0.5% GML gel showed a significant reduction in Candida CFUs 

at Visit 2 compared to Visit 1 (p=0.001) (Table 12). Women who received the 5% 
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GML gel treatment also showed a reduction in Candida CFUs from Visit 1 to Visit 

2, but this reduction was not statistically significant (p=0.15) (Figure 18B-C and 

Table 12). It is possible that the small sample size of the 5% GML treatment 

group caused this lack of statistical significance; the 5% GML treatment group 

had only 6 subjects compared to 10 enrolled in the 0.5% GML treatment group 

(Table 11). When the Candida CFUs detected for subjects who received either 

the 0.5 % GML gel or the 5% GML gel were combined for analysis, there were 

significant reductions in Candida levels from Visit 1 to Visit 2 (p=0.0006) (Table 

12).  

A significant reduction was seen in G. vaginalis CFUs between Visits 1 

and 2 for women who received the control gel (p=0.006) (Figure 19A and Table 

12). However, women who received the 0.5% and 5% GML gel treatment did not 

individually show significant reductions in G. vaginalis levels between Visit 1 and  

Visit 2 (p=0.13 and p=0.07, respectively) (Figure 19B-C and Table 12). It is 

possible that the sample sizes for the 0.5% and 5% GML gel treatment groups 

were too small to show statistical significance. When data from the 0.5% and 5% 

GML gel treatment groups were combined and analyzed, the counts of G. 

vaginalis at Visit 2 was significantly lower than at Visit 1 (p=0.02) (Table 12).  

 

Additional findings. Case 1: Although G. vaginalis is a predominant organism 

associated with most cases of BV, anaerobes such as Peptostreptococcus have 

also been associated with BV. One study participant had symptoms consistent 

with BV at Visit 1, but had a documented yeast infection, and cultures from this 
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subject grew Candida but not G. vaginalis. Gram-staining of this study 

participant’s vaginal discharge collected at Visit 1 revealed high numbers of 

gram-positive cocci present in chains (consistent with an identification of 

Peptostreptococcus); these organisms were absent in Visit 2 gram stains. No 

gram-positive cocci grew aerobically from the vaginal swabs collected at either 

Visit 1 or 2, suggesting the gram stain from the Visit 1 sample was detecting 

peptostreptococci. The subject responded to the 0.5% GML treatment by clearing 

both Candida and the gram positive cocci in chains.  

 

Case 2: One subject was enrolled, and swabs of her vaginal discharge were 

collected, and the first application of gel was given. When the clinician viewed the 

wet mount preparation, this subject was determined not to have BV or VVC, but 

rather Trichomonas vaginalis. The subject was advised to seek treatment from 

her regular physician; she later called the investigators to report that in absence 

of any additional treatment, her physician found no further evidence of T. 

vaginalis infection. When the blind was broken for the study, this subject was 

found to have been randomized to the 0.5% GML gel group. We hypothesize that 

the single dose of 0.5% GML killed or inhibited the growth of T. vaginalis. 
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DISCUSSION 

Previous studies, both in vitro and in vivo, demonstrated that GML inhibits the 

growth and production of exotoxins of various gram positive bacteria, including 

staphylococci and streptococci, but does not inhibit the growth or metabolic 

activity of lactobacilli (130, 134). These inhibitory effects appear to result from 

inhibition of signal transduction, with consequent inhibition of transcription (104, 

116, 153). Studies have also shown that GML does not inhibit the growth of 

Enterobacteriaceae, such as Salmonella minnesota and Escherichia coli, unless 

mutations are present that prevent formation of intact lipopolysaccharide; the 

growth of a Salmonella minnesota Re mutant, lacking the entire O side chain and 

most of the common core of lipopolysaccharide, is  inhibited by GML (130). Intact 

lipopolysaccharide may thus interfere with GML’s ability to interact with the cell 

membrane (116). G. vaginalis is a gram negative rod that contains a 

lipooligosaccharide in its outer membrane, instead of intact Enterobacteriaceae 

lipopolysaccharide, and like Re mutants of Salmonella, are highly sensitive to the 

growth inhibitory effects of GML (130). In the present studies, when G. vaginalis 

was grown in vitro in TH broth, 5 µg/ml or greater concentrations of GML were 

bactericidal.  

The present studies have confirmed previous reports that GML can inhibit 

growth of some species of Candida (66). It is important to note that the 

mechanism by which GML inhibits Candida growth is currently unknown. GML 

has been shown to embed in the cell membrane of immortalized human vaginal 

epithelial cells (data not shown). It is possible that GML is also capable of 
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inhibiting the growth of Candida by embedding in the cell wall. These yeast 

organisms are not as sensitive to GML as are gram-positive bacteria and G. 

vaginalis, but are consistently killed of growth-inhibited in vitro by concentrations 

in the range of 50-100 µg/ml.  

The present study investigated the effects of an intravaginal gel containing 

GML on the vaginal microflora in 38 women with organisms commonly 

associated with VVC and/or BV. In blinded fashion, the effect of intravaginal gels 

containing 0%, 0.5%, or 5% GML on Lactobacillus, Candida, and G. vaginalis 

was evaluated over a period of 2 days.  

Lactobacillus is a dominant member of the vaginal flora, and is important 

for maintaining the acid pH of the healthy vagina. Data from studies of vaginal 

flora in rhesus macaques demonstrated that chronic (6 months) topical 

(intravaginal) administration of GML does not affect vaginal lactobacilli, when 

formulated in a gel at a concentration of 5%, as used in the present study (134). 

High concentrations of GML also did not alter the acidic pH. When the 

Lactobacillus levels were monitored in vivo in the present study, we observed 

that neither the control gel, nor the 0.5% and 5% GML gels, reduced 

Lactobacillus counts, or altered vaginal pH. This finding is important because it 

suggests that GML could be used to control many potentially pathogenic 

microorganisms that colonize the vagina without negatively affecting the 

lactobacilli that normally maintain a healthy microbial ecosystem in the vagina.  

 GML inhibits the growth of Candida in vivo, as well as in vitro. Use of the 

0.5% GML gel significantly reduced the CFUs of Candida detected over the 
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course of this 2-day study. Although reductions in Candida numbers were not 

statistically significant in the group given the 5% GML gel, there was a trend the 

reduction of Candida in this group. The lack of statistical significance may have 

been due to the small sample size of this group. When the data from both the 

0.5% and 5% GML treatment groups were combined and analyzed together, the 

reduction in Candida counts was highly significant compared to the control group. 

The Candida detected in these subjects was not speciated, but believe that 

nearly all were C. albicans because of the formation of pseudohyphal/hyphal 

forms on agar plates. 

The control gel significantly inhibited the growth of G. vaginalis, while the 

0.5% and 5% GML treatments showed a trend towards inhibition. Again, when 

data from the 0.5% and 5% GML treatment groups were combined and analyzed 

together, there were significant reductions in G. vaginalis CFUs between Visits 1 

and 2 (p=0.01).  Thus, it appears that both the control gel and gel containing 

GML inhibited the growth of G. vaginalis. 

Collectively, the most important aspect of our studies is that the GML-

containing gels, but not the control gel, inhibited simultaneously the growth of 

both Candida and G. vaginalis (and, based on observations from individual 

cases, peptostreptococci and T. vaginalis as well). These GML-containing gels 

may represent the first agents that will allow management of topical vaginal 

infections caused by multiple microorganisms, including yeast and bacteria. 

Although not presented in these studies, we have also determined that GML 

inhibits the growth of Neisseria gonorrhoeae on chocolate agar plates, 
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Chlamydia trachomatis infection of human vaginal epithelial cells in culture, and 

Haemophilus and Bacteroides fragilis growth in broth media. Recently, we have 

also demonstrated that GML, as applied vaginally to rhesus monkeys in the 

same gel formulation (5%) as used in the present study, prevents high-dose SIV 

transmission (85, 134). The latter study demonstrated that GML interferes with 

epithelial cell production of chemokines that attract CD4 T cells into cervical and 

vaginal tissues, thus eliminating the fuel (CD4 T cells) to keep the SIV infection 

on-going. These data are consistent with prior studies that demonstrated that 

GML exerts membrane-stabilizing anti-inflammatory effects on many cell types, 

both in vitro and in vivo (107). Thus, I propose that GML may represent an 

excellent candidate agent for formulations to improve overall vaginal health, in 

part by exerting antimicrobial effects, but also by stabilizing the epithelial cells of 

the vagina (and presumably the cervix and additional epithelial cell surfaces). In 

this way GML may be viewed as a dual-acting anti-infective, having effects on 

both the pathogenic microorganisms and the host that are beneficial to the host.  

It is important to note that this is a small pilot study of GML effects on 

vaginal microflora. Larger clinical studies are required to both confirm and extend 

our findings, particularly to assess the effectiveness of GML gel in treating 

vaginal microbial infections. 
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Table 11. Prevalence of vaginal Lactobacillus, Candida, and Gardnerella vaginalis during clinic visits 1 and 2.  

 

Treatment 

Group (total 

subjects) 

Number of women (%) positive for lactobacillus, C. albicans, or G. vaginalis during visits 1 and 2 

Lactobacillus P valuea C. albicans P valuea G. vaginalis P valuea 

Visit 

1 

Visit  

2 

Compare 

visits 1 and 2 

Compare 

treatments 

± GML 

Visit  

1 

Visit  

2 

Compare 

visits 1 and 2 

Compare 

treatments 

± GML 

Visit  

1 

Visit  

2 

Compare 

visits 1 and 2 

Compare 

treatments 

± GML 

0% GML 

(14) 8 (57) 8 (57) 1 1 9 (64) 6 (43) 0.45 0.45 10 (71) 5 (36) 0.07 0.07 

0.5% 

GML (13) 9 (69) 11 (85) 0.48 

0.25 

10 (77) 3 (23) 0.02 

0.003 

7 (54) 4 (31) 0.25 

0.04 

5% GML 

(9) 6 (67) 7 (78) 1 6 (67) 2 (22) 0.13 6 (67) 3 (33) 0.25 
a p values determined by McNemar’s test. 
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Table 12. Average log CFU/ml of Lactobacillus, Candida, and Gardnerella vaginalis during clinic Visit 1 and Visit 
2. 
 

Treatment 

Group 

Average Lactobacillus        

(Log CFU) 

Average C. albicans            

(Log CFU) 

Average G. vaginalis          

(Log CFU) 

Visit 1 Visit 2 Pa value Visit 1 Visit 2 Pa value Visit 1 Visit 2 Pa value 

0% GML 5.3 5.3 0.53 3.4 3 0.16 4.5 3.1 0.006 

0.5% GML 6.1 6.9 0.24 4.6 2.5 0.0014 3.9 3.1 0.13 

5% GML 5.5 6.1 0.32 2.9 2.3 0.154 4.1 2.7 0.07 

GML (0.5% and 

5% combined) 5.8 6.6 0.12 3.9 2.4 0.0006 4 2.9 0.015 

   a By paired Student’s t test. 
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Figure 16. In vitro effect of GML on the growth of Candida albicans and 

Gardnerella vaginalis, and Lactobacillus crispatus. A, C. albicans was 

incubated for 24 hr in the presence of various concentrations of GML at 37°C.  

Samples were removed at indicated times for determination of colony forming 

units (CFUs). GML concentrations were 0 µg/mL (♦), 50 µg/mL (■), 100 µg/mL 

(●), and 1,000 µg/mL (▲). B, G. vaginalis was cultured for 24 hr in the presence 

of various concentrations of GML at 37°C.  Samples were removed at indicated 

times for determination of CFUs. GML concentrations included 0 µg/ml (♦), 1 

µg/ml (□), 5 µg/ml (Δ), 50 µg/ml (■), 100 µg/ml (●). C, L. crispatus was cultured 

for 24 hours in the presence GML at 37°C.  Samples were removed at indicated 

times for determination of CFUs. GML concentrations included 0 µg/ml (♦), 20 

µg/ml (X), 50 µg/ml (■), 100 µg/ml (●). Results for L. crispatus were previously 

published (134).
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Figure 17. Effect of GML on vaginal Lactobacillus CFUs. Samples of vaginal discharge were collected on Visit 1 

(prior to gel treatment) and Visit 2 (following completion of treatment) and cultured for Lactobacillus. A, 

Lactobacillus CFUs detected from subjects that received the control gels. B, Lactobacillus CFUs detected from subjects 

that received the 0.5% GML gels. C, Lactobacillus CFUs detected from subjects that received the 5% GML gels. Lines are 

log CFUs from Visit 1 to Visit 2 for individual participants. 

 



 

143 
 

 

 

Figure 18. Effect of GML on vaginal Candida CFUs. Samples of vaginal discharge were collected on Visit 1 (prior 

to using gel treatment) and Visit 2 (following completion of treatment) and cultured for Candida. A, Candida CFUs 

detected from subjects that received the control gels. B, Candida CFUs detected from subjects that received the 0.5% 

GML gels. C, Candida CFUs detected from subjects that received the 5% GML gels. Lines are log CFUs from Visit 1 to 

Visit 2 for individual participants. 
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Figure 19. Effect of GML on vaginal Gardnerella vaginalis CFUs. Samples of vaginal discharge were collected on 

Visit 1 (prior to using gel treatment) and Visit 2 (following completion of treatment) and cultured for G. vaginalis. 

A, G. vaginalis CFUs detected from subjects that received the control gels. B, G. vaginalis CFUs detected from subjects 

that received the 0.5% GML gels. C, G. vaginalis CFUs detected from subjects that received the 5% GML gels. Lines are 

log CFUs from Visit 1 to Visit 2 for individual participants.
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CHAPTER 6: 

USA300 STRAINS OF STAPHLYOCOCCUS AUREUS ASSOCIATED WITH 

SEVERE INFECTIONS PRODUCE A VARIANT FORM OF TSST-1 
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Portions of this chapter are to be submitted for publication by Strandberg, 

Kristi L., Rotschafer, Jessica H., Kranz, David M., and Patrick M. Schlievert. 

 

Kristi L. Strandberg performed the majority of the animal experiments with 

assistance from Jessica H. Rotschafer and Patrick M. Schlievert. Superantigens 

were purified by Patrick M. Schlievert and Kristi L. Strandberg. Soluble high 

affinity Vβ-TCRs were generated by David M. Kranz. Tissue processing for 

histological staining was performed by Kristi L. Strandberg. PCR analysis was 

performed by Kristi L. Strandberg and Jessica H. Rotschafer. ELISA analysis, 

cytokine studies, superantigenicity assays, doubl-immunodiffusion assays, cell 

culture experiments, and southern blot analysis were performed by Kristi L. 

Strandberg.  

 

 

 

 

  



 

147 
 

INTRODUCTION 

Background. Recently, USA300 strains of Staphylococcus aureus have 

been associated with severe infections such as necrotizing pneumonia and 

extreme pyrexia. In this study, we investigated the role of superantigens in 

causing these severe infections.  

 Methods. We initially investigated the role of SEl-Q in severe pulmonary 

infections in rabbits. SEl-Q was predicted to be the predominant USA300 

superantigen based on a previously sequenced USA300 clone.  Our experiments 

used S. aureus strains LAC (CA-MRSA), MNLE (CA-MSSA), and SDAS (CA-

MRSA). Additional experiments focused on characterizing a variant form of 

TSST-1 detected in all 3 strains. Variant TSST-1 was characterized using rabbit 

models for TSS in which rabbits were exposed intravenously to either partially 

purified variant TSST-1 or exposure to supernates containing variant TSST-1. 

Superantigenicity was also investigated using lymphocyte proliferation assays. 

Southern blot analysis was used to detect a portion of the gene for variant TSST-

1 in bacterial genomes. Cell culture assays, and additional rabbit TSS models 

were used to characterize the response to full length TSST-1 in the presence of a 

soluble high affinity Vβ-TCR specific for TSST-1.  

Results. During our studies, we found that immunity to SEl-Q offers partial 

(but not statistically significant) protection from lethal pulmonary infection. Further 

investigation with strains LAC, MNLE, and SDAS revealed the presence of a 

variant form of TSST-1 that contains a large deletion. This deletion is predicted to 
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disrupt the ability of variant TSST-1 to stimulate T cells via the Vβ-TCR. Despite 

the deletion, variant TSST-1 retains some superantigen activity. Interestingly, 

variant TSST-1 is still highly lethal. Additional experiments using soluble high 

affinity Vβ-TCRs to neutralize TSST-1 superantigen activity revealed that TSST-1 

exposure is still lethal. This finding suggests that TSST-1 can cause lethality 

through another mechanism in addition to superantigenicity. 

Conclusions. Several USA300 clones of S. aureus that have been 

associated with severe, fatal infections produce a variant form of TSST-1 that 

plays a significant role in fatality associated with disease in rabbits. Our findings 

suggest that lethality due to TSST-1 exposure may occur through multiple 

mechanisms, including superantigenicity, and potentially through direct 

interaction with the central nervous system.  
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Recently, the Centers for Disease Control and Prevention and 

Collaborators demonstrated that methicillin-resistant S. aureus (MRSA) and 

methicillin-sensitive S. aureus (MSSA) are the most significant causes of serious 

human infections in the United States. In recent years, there has been a rapid 

emergence of severe soft tissue and pulmonary infections caused by community-

acquired MRSA and MSSA (CA-MRSA and CA-MSSA, respectively) (27, 73). 

The potentially fatal infections, including pneumonia, TSS, and purpura fulminans 

occur in individuals lacking predisposing risk factors, although the majority may 

have had prior upper respiratory viral infections (1, 27, 73) (87). Based on pulsed 

field typing, many recent S. aureus strains associated with severe infections have 

been USA300 isolates. Based on a previously sequenced USA300 genome, it 

was predicted that USA300 isolates produce only the superantigens 

staphylococcal enteroxin-like Q (SEl-Q) and SEl-K (31). 

Staphylococcal superantigens are exotoxins that stimulate massive 

cytokine production by both T lymphocytes and antigen presenting cells (APCs) 

(88, 91). Superantigens stimulate T cells to release TNFβ, IL-2, and IFNγ, and 

stimulate APCs to release TNFα and IL-1β (84). Superantigens stimulate 

cytokine release by binding to the variable region on the beta chain of the TCR 

and either the alpha or beta chain on the MHC II molecule present on 

macrophages and other APCs (157). The superantigen forms a crosslink 

between the TCR and MHC II complex regardless of the antigen peptide being 

presented by MHC II. This crosslinking action stimulates both the T cell and APC 
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to release their respective cytokines leading to the development of fever, 

hypotension and shock. Although all superantigens can cause TSS, the majority 

of all menstrual cases of TSS are caused by the toxic shock syndrome toxin-1 

(TSST-1) and 50% of non-menstrual cases of TSS are caused by TSST-1. The 

remaining 50% of non-menstrual TSS cases are caused by staphylococcal 

enterotoxins (SEs) B and C.  

In this study, the role of SEl-Q in causing severe staphylococcal 

pulmonary infections was investigated. Immunity to SEl-Q did not offer significant 

protection from developing fatal pulmonary infections. Further investigation into 

several clinical USA300 isolates revealed the presence of a deletion mutant of 

TSST-1. This variant form of TSST-1 has been briefly described in two cases of 

extreme pyrexia (7). This current study focuses on characterizing the variant form 

of TSST-1 and full length TSST-1.



 

151 
 

MATERIALS AND METHODS 

Bacteria Strains. The USA300 isolates used in these experiments were CA-

MRSA LAC (155) and CA-MSSA MNLE. CA-MRSA LAC produces SEl-Q and a 

variant form of TSST-1, and SEl-J. CA-MSSA MNLE produces SEl-Q, variant 

TSST-1, and SEl-K. An additional strain of S. aureus previously described by 

Assimacopoulos, et al. and also shown to produce the variant form of TSST-1 

was included in these studies (7). The USA300 strains used in these studies are 

clinical isolates collected from patients with severe staphylococcal infections. 

Genomic DNA from S. aureus strain MN8 (which is known to produce the full 

length form of TSST-1) was used as a positive control for southern blot analysis. 

Genomic DNA from USA400 strain MW2 (which does not produce the variant 

form of TSST-1) was used as a negative control for southern blot analysis.  

 

Human vaginal epithelial cell line. Immortalized human vaginal epithelial cells 

(HVECs) were generated by transforming primary vaginal epithelial cells from a 

premenopausal woman with the E6/E7 genes from human papilloma virus 16 

(49, 71, 106). HVECs were maintained as previously described by Brosnahan, et 

al. (19) in keratinocyte serum-free media (KSFM) (Gibco, Invitrogen, Carlsbad, 

CA) supplemented with bovine pituitary extract and epidermal growth factor as 

provided by the manufacturer, and 1% penicillin-streptomycin (Sigma-Aldrich) 

and 1% amphoteracin B (Gibco, Invitrogen). HVECs were grown at 37°C in the 

presence of 7% CO2 (19). Prior to the initiation of an experiment, cells were 
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washed briefly with sterile Hanks balanced salt solution (Sigma-Aldrich), and 

then were incubated with antimicrobial-free KSFM. It has been previously 

observed that amphoteracin B reduces cytokine production by HVECs (19). 

 

Cytokine assay. HVECs grown to confluency in the well of a 96-well tissue 

culture plate were exposed to 10 µg/well TSST-1, 10 µg/well TSST-1 plus D10 

variant (either 1 µg/well, 10 µg/well, or 100 µg/well), or KSFM alone for 6 hours. 

The total volume per well was 100 µl. After 6 hours, media was collected and 

analyzed by ELISA for the presence of the proinflammatory cytokine IL-8. 

Quantikine ELISA kits were purchased for the detection of IL-8 (R & D Systems, 

Minneapolis, MN). The limit of detection for the IL-8 kit was 3.5 pg/ml.  

 

Animals. Dutch belted rabbits (1.5 to 2 kg) were used for all animal experiments. 

The care of all animals was in accordance with guidelines established by the 

University of Minnesota IACUC. 

 

Pulmonary infection model. Rabbits were exposed to CA-MRSA through intra-

bronchial inoculation (2 x 109 cells in 200 µl dialyzed beef heart media) as 

previously described (Chapter 3). Some rabbits were immunized against highly 

purified superantigens prior to exposure to live bacteria. To immunize rabbits 

against SEl-Q, rabbits received 50 µg SEl-Q/animal in incomplete Freund’s 

adjuvant every other week until ELISA antibody titers >10,000 were achieved). 
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Protocol for determining rabbit antibody titers is described in chapter 3, pages 

62-63. Rabbits that did not develop signs indicative of fatal respiratory distress 

and TSS were euthanized after 7 days following intra-bronchial challenge. 

 

Toxic shock syndrome model. TSS was initiated in rabbits using a model 

previously described by Kim and Watson (69). This method uses gram negative 

LPS to enhance superantigen lethality. Superantigens synergize with LPS up to 

106-fold to cause massive TNF-α and IL-1β production and cause TSS) (35, 

121). In this model, rabbits are exposed to superantigen (either purified 

superantigen or cell-free/cytolysin-free supernate containing superantigen). 

Rabbits were administered between 0.5 and 5 µg/kg LPS in the marginal ear vein 

4 hours after superantigen exposure. Rabbits were monitored for TSS for up to 

48 hours. Rabbits were euthanized after 48 hours, or when they no longer 

exhibited escape behavior and were unable to right themselves.  

Rabbits that received cell-free/cytolysin-free supernate from CA-MSSA 

MNLE were administered 2 ml/kg IV in the marginal ear veins. Prior to supernate 

administration, live bacteria were removed by filter sterilization (0.2 µm pore 

size). Cytotoxins were removed by incubating the supernates with washed rabbit 

red blood cells for 30 minutes at 37 °C. Some rabbits received supernate that 

had also been incubated with hyperimmune antibodies specific for TSST-1 

and/or SEl-Q to neutralize superantigen present in the supernates.  
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Some rabbits received 10 µg/kg partially purified variant TSST-1 

intravenously, while some received 10 µg/kg variant TSST-1 and antibodies 

against wild type TSST-1. After 4 hours, all of these rabbits received 0.5 µg/kg 

lipopolysaccharide intravenously.  

Rabbits that did not develop signs indicative of lethal TSS were 

euthanized after 7 days following intra-bronchial or intravenous challenge. 

Rabbits that did not develop signs of lethal TSS within 48 hours of LPS 

enhancement were euthanized.  

 

Vaginal TSS model. The vaginal model of TSS in rabbits has been previously 

described (19). In short, rabbits are anesthetized by IM injections of ketamine (25 

mg/kg: Phoenix Pharmaceuticals Inc., St. Joseph, MO) and xylazine (20 mg/kg: 

Phoenix Pharmaceuticals, Inc.). Once anesthetized, polyethylene tubings (Fisher 

Scientific, Hampton, NH) were inserted into rabbit vaginas. TSST-1 and TSST-1 

plus D10 variant were administered into the vaginas in 200 µl PBS through the 

inserted tubings. LPS (5 µg/kg) was administered IV in the marginal ear vein 4 

hours after TSST-1 administration. Rabbits were monitored for TSS for up to 48 

hours. Rabbits were euthanized after 48 hours, or when they no longer exhibited 

escape behavior and were unable to right themselves.  

 

Central nervous system model. To investigate the effect of TSST-1 on the 

central nervous system, rabbits were exposed to full length TSST-1 by 
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intracisternal injection. Rabbits received toxin with either PBS or 50 µg soluble 

high affinity Vβ-TCRs specific for the Vβ region known to interact with wild type 

TSST-1. Rabbits received 0.1 µg toxin in a total volume of 100 µl. Rabbit fevers 

were monitored every hour for 4 hours.  

 

Histology. Rabbit lung tissue samples were fixed in 10% formalin and then 

embedded in paraffin wax and stained using hematoxylin and eosin following 

standard protocols.  

 

Superantigen purification. Escherichia coli DH5α expressing SEl-Q in pET28 

vector was used to purify SEl-Q. Full length TSST-1 and variant TSST-1 were 

isolated from strains RN4220 and MNLE, respectively. RN4220 and MNLE grown 

in dialyzed beef heart media were treated with 80% ethanol to precipitate the 

superantigens. The precipitates were resolubilized in sterile water, prior to 

isoelectric focusing. The protocol for purifying SEl-Q from E. coli overexpressing 

SEl-Q on the pET28 vector was previously established (100). Briefly, to purify 

SEl-Q from E. coli, the culture was grown to an optical density 600 nm of 0.6 

before the addition of ITPG (200 mM). The cultures were grown overnight and 

then the bacteria were pelleted by centrifugation. SEl-Q should be located in 

inclusion bodies within the bacteria. To release SEl-Q from the cells, the pellet 

was resuspended in 6M urea and then boiled for 5 minutes. After boiling, the 

resulting solution was dialyzed against 1M urea.  
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SEl-Q, full length TSST-1, and variant TSST-1 were purified from their 

respective solutions by two sets of isoelectric focusing (13, 14). A pH gradient of 

3.5 to 10 was used for the initial isoelectric focusing. Following the initial 

isoelectric focusing, the full length TSST-1 and variant TSST-1 were further 

focused against a pH gradient of 6-8. Following the initial isoelectric focusing, 

fractions containing SEl-Q were identified by demonstrating the appropriate size 

(molecular weight of 28,000) on a SDS-polyacrylamide gel (PAGE)(data not 

shown). Fractions containing bands that match the expected size of SEl-Q were 

focused again against the 3.5-10 pH gradient. SDS-PAGE was used to identify 

fractions containing SEl-Q. These fractions were pooled and kept for future 

experiments. Full length TSST-1 and variant TSST-1 were identified by double-

immunodiffusion based on reactivity with anti-TSST-1 antibodies (Toxin 

Technologies, Sarasota, FL).  

 

Superantigen gene detection. Superantigen genes were detected by PCR. The 

primers used for PCR amplification are shown in Table 1 (Chapter 2). The 

conditions for PCR were described in detail by Schlievert and Case (126).  

 

Superantigenicity assay. The superantigen activity of cell-free/cytolysin-free 

supernate from strain MNLE alone or in the presence of antibodies against 

TSST-1 or SEl-Q was determined according to a previously published 4-day 

protocol (10). Superantigenicity of purified variant TSST-1 was also determined 
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and compared to that of full length TSST-1. Briefly, this superantigenicity assay 

measures PBMC proliferation based on DNA incorporation of 3H-thymidine.  

PBMCs were isolated from heparinized (100 units/ml) human blood by Ficoll-

Hypaque sedimentation. Human blood was drawn in accordance with University 

of Minnesota IRB protocol. PBMCs were cultured at 37°C plus 7% CO2 in RPMI 

1640 medium (Lonza, Walkersville, MD) with 1% penicillin-streptomycin (Sigma-

Aldrich), 2% fetal calf serum (JRH Biosciences, Inc., Lenexa, KA), and 200 µM 

L–glutamine (Sigma-Aldrich). PBMCs were incubated in a 96-well plate in the 

presence of either full length or variant TSST-1 (between 1 µg to 0.00001 µg per 

well) for three days. Eighteen hours prior to the completion of the experiment, 1 

µCi 3H-thymidine in 20 µl medium was added to each well. After 18 hours, 

cellular DNA was collected and 3H-thymidine levels were detected using the LS 

model liquid scintillation counter (Beckman Instruments, Fullerton, CA) and were 

recorded in counts per minute. Although we do not know why the highest doses 

of SAgs inhibit PBMC proliferation, this inhibition is commonly observed. 

 

Southern blot analysis. Southern blot analysis was used to confirm the 

presence of a variant form of TSST-1 in the bacterial genome of several S. 

aureus isolates. Genomic DNA (5 µg DNA) from strains CA-MSSA MNLE, CA-

MRSA LAC, and CA-MSSA SDAS was digested with Sau 3a1 (Promega, 

Madison, WI) and then electrophoresed in a 0.8% agarose DNA gel. The gel was 

processed by following standard protocol: briefly, the DNA gel was depurinated 
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by incubation in 0.25M HCl, and then was denatured in an alkaline salt solution. 

The gel was then incubated in a neutral salt buffer, before being transferred to 

20X SSC. DNA was transferred from the agarose gel into a positively charged 

nylon membrane (Roche, Indianapolis, IN) by capillary transfer. Once transferred 

to the nylon membrane, DNA was UV-crosslinked to the membrane. Once UV-

crosslinked to the membrane, the membrane was prehybridized using DIG Easy 

Hyb granules (Roche), and then the genomic DNA was probed for the presence 

of the variant form of TSST-1 using a Digoxigenin (DIG)-labeled DNA probe. The 

DIG-labeled probe was made by labeling the PCR product obtained from strain 

MNLE using primers specific for the tst gene (primers were internal to the 

gene)(Table 13). The PCR product was labeled using DIG-High Prime (Roche). 

Hybridiaztion between the genomic DNA and the DIG-labeled probe was 

performed as described in manual available from Roche. To detect DIG labeled 

DNA on membrane, anti-DIG antibodies conjugated to alkaline phosphatase 

(Roche) were incubated on the nylon membrane. The DIG-labeled probe was 

detected by chemiluminescence using CDP-star (Roche). The 

chemiluminescence was detected using X-ray film (Sigma Aldrich).  

 

Statistical analysis. Data from animal studies were analyzed using the Fisher’s 

Exact test. Data from cytokine studies was analyzed using a paired students T 

test. P values ≤0.05 were considered significant for all analyses.  
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RESULTS 

Pulmonary exposure to CA-MRSA (USA300, SEl-Q+). During initial studies to 

investigate CA-MRSA infections caused by USA300 isolates, rabbits were 

challenged with strain LAC. Rabbits were administered 2 x 109 cells in 200 µl via 

the intra-bronchial administration model previously described (Chapter 3). For 

these experiments, some rabbits were hyperimmunized against purified SEl-Q 

prior to administration of live bacteria. Immunization against SEl-Q offered partial, 

but not statistically significant protection from live bacteria challenge. One of five 

of the unimmunized rabbits survived the challenge, while 5/8 of the SEl-Q 

immunized rabbits survived the challenge (Figure 20A) (p < 0.14). Images of lung 

tissues removed from unimmunized rabbits showed the presence of severely 

damaged and hemorrhagic lesions (Figure 20B-C). Imaging of lung tissues 

removed from SEl-Q-immunized rabbits that did not survive the bacterial 

challenge also showed the presence of severely damaged and hemorrhagic 

lesions (Figure 20D-E). Previous studies have demonstrated that immunity to the 

predominant superantigen produced by an S. aureus isolate offered protection 

from the development of lethal pulmonary infection following live bacteria 

challenge (Chapter 3). SEl-Q was predicted to be the predominant superantigen 

based on the published USA300 genome sequence (31).  

Further studies were conducted to investigate why immunization against 

SEl-Q offered only partial protection from CA-MRSA USA300 strain LAC strain 

challenge since this is thought to be the major superantigen produced by the 
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organism. Two additional USA300 strains were added to these studies. Strain 

MNLE was isolated from a fatal case of post-influenza respiratory (likely an 

extreme pyrexia case, as well) S. aureus infection, and strain SDAS was from a 

fatal case of extreme pyrexia (7).  

 

Several USA300 isolates carry a truncated TSST-1 gene. PCR was used to 

identify additional superantigen genes present in MRSA strain LAC, and MSSA 

strains MNLE and SDAS (PCR primers listed in Table 1). Our PCR studies (126) 

indicate strains LAC,  MNLE, and SDAS produce multiple superantigens, which 

may have contributed to production of severe lung infection. The genes for 

superantigens TSST-1 (tstH), SEB (seb), SEl-J (sel-j), and SEl-Q (sel-q) were 

detected in strain LAC, while the genes for TSST-1 (tstH), SEB (seb), SEl-K (sel-

k), and SEl-Q (sel-q) were detected in strain MNLE. The genes for TSST-1 (tstH), 

SEB (seb), SEl-J (sel-j), SEl-L (sel-l), SEl-O (sel-o), SEl-P (sel-p), and SEl-Q 

(sel-q) were detected in strain SDAS. Sequencing of the tstH PCR product from 

strains LAC, MNLE, and SDAS revealed the presence of a 5’ structural gene 

deletion in the region that encodes the N-terminal one-half of TSST-1. The 

variant TSST-1 protein is predicted to have a molecular weight of approximately 

13,000 (original molecular weight 22,000; shortened by 72 amino acids). The 

deletion is found in the oligosaccharide/oligonucleotide (O/B) binding domain of 

TSST-1, and would be predicted to disrupt the Vβ-TCR binding domain (91, 113). 

Sequencing of the PCR product revealed only a portion of the tstH gene because 
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the PCR primers used were internal to the gene. PCR primers with sequences 

outside of the tstH gene were designed to detect full length tstH (Table 1; 

Chapter 2, tstH whole gene primers). The whole gene tstH primers were 

designed based on the tstH sequence published from strain FR122 (53). DNA 

sequencing of the PCR product obtained using the whole gene tstH primers did 

not reveal a product matching the gene for tstH (data not shown). This finding 

may suggest that the variant form of TSST-1 resides in a different location in the 

bacterial genome.  

 

The gene for variant TSST-1 is located at a different chromosomal position 

compared to full length TSST-1. Southern blot analysis was used to confirm 

the presence of the gene for the variant form of TSST-1 in the genomes of LAC, 

MNLE, and SDAS. For this assay, the PCR product obtained using the tstH 

primers internal to the gene was digoxigenin-labeled, and used as a DNA probe 

for detecting the fragment of tstH containing the deletion in the genomic DNA of 

LAC, MNLE, and SDAS. Genomic DNA from LAC, MNLE, and SDAS was 

digested with the restriction enzyme Sau 3a1. Strain MN8 is known to produce 

full length TSST-1. Genomic DNA from strain MN8 was used as a positive 

control. Genomic DNA from strain MW2, which produces SEC but not TSST-1, 

was used as a negative control. The DNA probe hybridized to LAC, MNLE, and 

SDAS DNA as a single band near 4268 bp, while the probe hybridized to MN8 as 

a band near 2027 bp (Figure 21). The DNA probe hybridizing to a different region 
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in LAC, MNLE, or SDAS than it hybridizes to with MN8 suggests that the gene for 

tstH is located in a different region of the bacterial genome for strains LAC, 

MNLE, and SDAS compared to strain MN8. The DNA probe did not hybridize to 

genomic DNA from strain MW2. To determine the chromosomal position and 

sequence of the entire gene for variant TSST-1, the genome for strain MNLE was 

sequenced (data not shown). Analysis of the MNLE genome is not complete at 

this point in time.  

 

Variant TSST-1 is produced despite truncation. A double-immunodiffusion 

assay was used to determine whether TSST-1 was being produced and secreted 

by LAC, MNLE, and SDAS. Due to the presence of a deletion, it was possible 

that TSST-1 was not successfully secreted. Anti-TSST-1 antibodies reacted with 

a protein secreted by all 3 isolates, suggesting that these strains produce a 

deletion mutant form of TSST-1 (data not shown). It is possible that a variant 

form of TSST-1 is contributing to diseases caused by these isolates.  

 

In vivo investigation of the lethality of variant TSST-1. To investigate the 

possible role of the variant form of TSST-1 in infections caused by USA300 S. 

aureus, cell-free/cytolysin-free supernates were collected from strain MNLE and 

then administered intravenously to rabbits. Administration of staphylococcal cell-

free supernates from USA300 MNLE to rabbits was lethal; 6/6 succumbed, but 

that lethality could be neutralized by incubating the supernates with 
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hyperimmune rabbit antibodies (titer by ELISA > 10,000) against TSST-1 prior to 

administration (0/6 succumbed, p<0.002 compared to non-immunized animals by 

Fishers Exact). Rabbits (2/3) that received supernate plus anti-SEl-Q survived 

initial supernate exposure (Figure 23A). USA300 supernates were also found to 

induce T cell proliferation. This proliferation could be significantly reduced by 

incubating supernates with hyperimmune rabbit antibodies against full length 

TSST-1, SEl-Q, or both (Figure 23A).  

The variant form of TSST-1 was partially purified from USA300 MNLE 

based on reactivity with antibodies against full length TSST-1 (14), and induced T 

cell proliferation in a manner similar to full length TSST-1 (10), although the 

variant toxin was not as potent as full length TSST-1 (Figure 23B). Levels of 

proliferation stimulated by full length TSST-1 were significantly greater than 

levels stimulated by variant TSST-1 (Figure 23B). Purified variant TSST-1 was 

also administered to rabbits intravenously (Figure 22B). Some rabbits received 

toxin alone while others received variant TSST-1 along with antibodies against 

full length TSST-1 passively. The rabbits that received toxin alone succumbed 

(3/3), while the rabbits that received toxin plus antibodies against full length 

TSST-1 survived (0/3).  

 

Soluble high affinity Vβ-TCRs do not inhibit full length TSST-1 activity in 

vitro. To investigate the ability of TSST-1 to cause lethality via multiple 

mechanisms I wanted to find a way to target and neutralize superantigen activity 
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of TSST-1. Because I was only able to partially purify variant TSST-1, the 

remaining experiments were performed using purified full length TSST-1.  

Past studies have demonstrated that soluble high affinity Vβ-TCRs can be 

used to prevent the development of lethal TSS associated with exposure to 

staphylococcal enterotoxin B (SEB) (22). Soluble high affinity Vβ-TCRs are 

generated by creating point mutations along the Vβ:SEB interface. The end result 

is a small molecule capable of binding to SEB and preventing it from interacting 

with the Vβ region on CD4+ T cells. This binding prevents the development of 

TSS. In these studies, the soluble high affinity Vβ-TCRs were capable of 

neutralizing SEB in a 1:1 ratio (22). Soluble high affinity Vβ-TCRs specific for full 

length TSST-1 were generated by David Kranz. Multiple animal and in vitro 

systems were used to characterize full length TSST-1 ac tivity  ± Vβ-TCRs. 

Previous publications have demonstrated that soluble high affinity Vβ-TCRs were 

capable of inhibiting superantigen-induced T cell proliferation (23, 90, 161). Since 

the soluble high affinity Vβ-TCRs had been shown to be capable of inhibiting 

superantigen activity, and presumably superantigen-associated lethality, we used 

these soluble high affinity peptide fragments to inhibit the effects of full length 

TSST-1 superantigen activity while we investigated additional full length TSST-1 

activities (including, but not limited to lethality). 

Additional in vitro experiments were performed to investigate the effects of 

full length TSST-1 and soluble high affinity Vβ-TCRs on immortalized human 

vaginal epithelial cells. Previous studies have shown that full length TSST-1 
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induces the production of IL-8 and MIP-3α in a dose dependent manner from 

HVECs (19). Incubation with 10 µg/well full length TSST-1 for 6 hours resulted in 

the production of approximately 460 pg/ml IL-8 and 45 pg/ml MIP-3α (Figure 

24A-B). Low doses of the Vβ-TCRs alone did not elicit the production of either IL-

8 or MIP-3α. When HVECs were incubated with the high dose (100 µg Vβ-

TCRs/well), MIP-3α levels were similar to levels seen when HVECs were 

incubated with full length TSST-1 alone, and IL-8 levels were lower 

(approximately 90 pg/ml) than those seen when HVECs were incubated with full 

length TSST-1 alone. IL-8 and MIP-3α levels were similar to those seen with 

exposure to full length TSST-1 alone when HVECs were incubated with 10 

µg/well full length TSST-1 plus either 1 or 10 µg/well Vβ-TCRs. IL-8 levels were 

significantly higher than the no treatment controls when HVECs were incubated 

with 10 µg/well full length TSST-1 plus 1 µg/well Vβ-TCRs. Both IL-8 and MIP-3α 

levels were significantly higher when HVECs were incubated with 10 µg/well full 

length TSST-1 plus 10 or 100 µg/well Vβ-TCRs (approximately 1300 pg/ml and 

240 pg/ml, respectively) compared to the no treatment controls (Figure 24A-B).  

 

Soluble high affinity Vβ-TCRs do not inhibit full length TSST-1 activity in 

vivo. To investigate the effects of the soluble high affinity Vβ-TCRs in vivo, a 

rabbit vaginal model was used (19). Rabbits exposed to purified full length TSST-

1 plus soluble high affinity Vβ-TCRs specific for full length TSST-1 were not 

protected from TSST-1 lethality. Approximately 50% of rabbits exposed to full 
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length TSST-1 plus high affinity Vβ-TCRs vaginally developed fatal TSS following 

LPS enhancement. All rabbits that received full length TSST-1 plus PBS 

developed fatal TSS following LPS enhancement. This suggests that full length 

TSST-1 causes lethality despite the addition of a soluble high affinity Vβ-TCRs 

capable of neutralizing TSST-1 superantigenicity.  

An additional model was used to investigate whether lethal TSS 

associated with full length TSST-1 could be prevented by the addition of soluble 

high affinity Vβ-TCRs specific for full length TSST-1 when rabbits received full 

length TSST-1 directly into the central nervous system (CNS). Past research has 

demonstrated that CNS exposure to full length TSST-1 results in the rapid 

development of high fever (120). The rapid development of a high fever seen in 

rabbits following intracisternal exposure to full length TSST-1 bore similarities to 

the clinical presentation noted in cases of extreme pyrexia (7), and was the basis 

for selecting this animal model for investigating full length TSST-1 lethality. 

Rabbits were administered 0.1 µg TSST-1 ± 50 µg Vβ-TCRs in a 0.1 ml final 

volume though an intracisternal injection. Rabbits exposed to full length TSST-1 

± Vβ-TCRs were monitored for the development of fever. Administration of the 

soluble high affinity Vβ-TCRs did not have a significant effect on the development 

of fever when compared to the administration of full length TSST-1 alone (Figure 

25). Rabbits in both the PBS treated and soluble high affinity Vβ-TCR treated 

groups developed significant fevers (Figure 25). 
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DISCUSSION 

My preliminary evidence suggests that some USA300 S. aureus isolates 

that have been associated with severe and fatal infections produce a variant form 

of TSST-1. It is unclear why the variant TSST-1 retains superantigenicity and 

lethality despite containing a deletion that is predicted to disrupt the region of the 

toxin required for interaction with the Vβ-TCR on T cells. It is important to note 

that variant TSST-1 did not induce T cell proliferation to the same extent as full 

length TSST-1. The deletion of the O/B fold domain in variant TSST-1 may also 

affect the MHC II binding site, as it is possible that this region will be held in a 

different conformation compared to full length TSST-1. Many other superantigens 

have two MHC II binding sites naturally present, as opposed to only one for 

TSST-1 (91). It is also possible that the deletion of the O/B fold domain in variant 

TSST-1 resulted in exposure or creation of a new MHC II binding site or Vβ-TCR 

binding site. It is also possible that the variant TSST-1, which is significantly 

smaller than full length TSST-1, could cause lethality by additional mechanisms.  

Southern blot analysis revealed that the gene for this variant form of 

TSST-1 has a unique chromosomal position compared to full length TSST-1. The 

chromosomal position of the gene for variant TSST-1 is unknown at this point in 

time. Only a portion of this gene has been successfully sequenced. We have 

sequenced the genome for CA-MSSA MNLE. Based on preliminary analysis, 

strain MNLE appears to be highly similar to a previously sequenced S. aureus 

USA300 clone (data not shown) (31). Results obtained from sequencing the 
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genome of MNLE are currently being aligned and organized, however several 

gaps in the sequencing results were found. Once the DNA sequences for these 

gaps have been determined, I will be able to locate the gene for variant TSST-1, 

and determine the full gene sequence. Once this MNLE genome sequencing 

project is complete, I will be able to use the gene sequence to clone variant 

TSST-1 into an Escherichia coli expression vector, and will then be able to purify 

variant TSST-1 for additional characterization and analysis.  

Although the full gene sequence or protein sequence for variant TSST-1 is 

currently unknown, I have speculated that it is unlikely for the protein to be 

translated through the large deletion (Figure 26). Past findings regarding other S. 

aureus exotoxins have shown that there are cases in which protein sequencing 

can proceed through areas such as stop codons. Initially, it was previously 

thought that staphylococcal α-hemolysin in menstrual TSS isolates was produced 

as an 18 kDa protein, and that the additional DNA sequence following the gene 

that encoded this 18 kDa protein was actually a pseudogene, and was not 

translated. Later research demonstrated that 2 additional α-hemolysin products 

can also be detected. One product corresponded to the entire DNA sequence 

following the originally described gene (encoding a full-length protein of 32 kDa), 

while the second product resulted from the translation of the gene beginning after 

an internal stop codon region. 

 It was originally predicted that only the first portion of TSST-1 was being 

made by our USA300 isolates. It was predicted that protein translation was 
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stopped once it reached the deleted region. Based on this prediction, the region 

of TSST-1 that is responsible for Vβ-TCR interaction may not be produced 

because it follows the deletion (Figure 26). Cell culture supernates containing 

variant TSST-1 and partially purified variant TSST-1 were found to have retained 

residual superantigen activity. It is possible that translation continues through the 

deleted region, and either remains in frame, or the new sequence generated is 

also able to interact with T cells to induce proliferation. It is also possible that 

more than one product is being generated. Perhaps variant TSST-1 is made up 

to the deleted region, and then an additional product is initiated somewhere after 

the deleted region. Potential start codons (AUG or GUG) are underlined in Figure 

26. On rare occasions, additional codons such as UUG or CUG have been 

known to function as an initiation codon. Potential initiation codons have also 

been underlined in Figure 26. 

It is also possible that protein translation continues through the deleted 

region of the gene. It is also possible that multiple products are being translated. 

One protein could contain the MHC II-binding domain, while a second protein 

could contain the region that interacts with the Vβ-TCR. Another possibility is that 

variant TSST-1 has a novel amino acid sequence that is able to interact with T 

cells. Overall, we expect variant TSST-1 to be a smaller protein compared to full 

length TSST-1.  

The association of the variant form of TSST-1 with an extreme pyrexia 

syndrome has recently been noted. Extreme pyrexia is an illness in which 
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patients develop fevers in excess of 108 °F. Thus far all patients succumbed (7). 

Five out of five USA300 S. aureus strains from fatal extreme pyrexia and 

pulmonary disease cases produce the variant form of TSST-1. Although it is not 

completely understood, fever development during infection is thought to be a 

regulated response, and even when associated with potent pyrogens such as 

superantigens, temperatures exceeding 107°F are uncommon or do not occur. 

Temperatures greater than 107°F have been seen in cases involving 

thermoregulatory failure, and include diagnoses such as malignant hyperthermia 

or neuroleptic malignant syndrome. Direct effects on the central nervous system 

could also account for the extremely high fever and the rapid progression to 

death in these cases. Past studies have shown that when superantigens are 

administered directly to the central nervous system (CNS), the exposure results 

in the rapid development of high fever (120, 136). These previous findings along 

with our investigations involving variant TSST-1 suggest that TSST-1 may be 

able to cause lethality though superantigenicity as well as through another 

unknown mechanism. It is possible that variant TSST-1 has ability to access the 

central nervous system directly, due to its predicted smaller size, and cause 

extreme fever by stimulation of the hypothalamus, rather than causing fever 

indirectly through superantigen-induced IL-1β production by macrophages.   

Superantigens are known to crosslink specific Vβ-TCR regions on human 

T cell receptors with MHC class II molecules found on antigen presenting cells. 

This interaction triggers both the T cell and antigen presenting cell to release 
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cytokines. It is the massive cytokine release that results from stimulation of ~50% 

of circulating T cells and antigen presenting cells that causes lethal TSS. Several 

publications have demonstrated the ability of soluble high affinity Vβ-TCR peptide 

fragments to neutralize superantigenicity (22, 23, 161). My studies found that 

administration of full length TSST-1 was still lethal in rabbits despite the addition 

of soluble high affinity Vβ-TCRs specific for TSST-1. Intracisternal administration 

of full length TSST-1 plus soluble high affinity Vβ-TCRs did not significantly 

inhibit the development of high fever in rabbits (Figure 25). These findings further 

support our hypothesis that lethality due to TSST-1 exposure occurs through 

multiple mechanisms. Full length TSST-1 has previously been shown to stimulate 

a pro-inflammatory response from an immortalized human vaginal epithelial cell 

line (HVECs). The addition of soluble high affinity Vβ-TCRs did not prevent full 

length TSST-1-induced cytokine production by HVECs (Figure 24). This result is 

not surprising given that the dodecapeptide domain of TSST-1 involved with 

epithelial cell binding is different from the Vβ-TCR binding region.  

Overall, my preliminary findings suggest the emergence of a variant form 

of TSST-1, and that lethality due to variant TSST-1 and full length TSST-1 occurs 

through multiple mechanisms. The current model for the role of variant TSST-1 in 

fatal diseases caused by USA300 isolates may or may not include superantigen 

activity. It is possible that variant TSST-1 is able to stimulate T cell and antigen 

presenting cells to release their respective cytokines, since preliminary assays 

demonstrated that variant TSST-1 retains residual superantigen activity (Figure 
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27B-C). I speculate that variant TSST-1 is able to relocate to the CNS were it 

causes fever development. Variant TSST-1 is predicted to be smaller in size 

compared to full length TSST-1, and may be better able to disseminate 

throughout the body (Figure 27C) and localize to the CNS (Figure 27D).
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Figure 20. Pulmonary disease of rabbit lung tissue after exposure to CA-

MRSA LAC (SEl-Q+, USA300). A, Number of immunized and unimmunized 

rabbits that survived intra-bronchial challenge with 2 x 109 CA-MRSA LAC (SEl-

Q+, α-hemolysin+, and PVL+). B-C, Whole left and right lungs removed from a 

non-immune rabbit that received 2 x 109 LAC in 200 µl dialyzed beef heart media. 

D-E, Whole left and right lungs removed from a rabbit hyperimmunized against 

SEl-Q prior to administration of 2 x 109 LAC in 200 µl dialyzed beef heart media.
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Figure 21. The gene for variant TSST-1 was detected in the chromosomes 

of MNLE, SDAS, and LAC, but at a different location compared with MN8. 

Chromosomal DNA from strains MNLE, SDAS, LAC, MN8, and MW2 were 

probed with a DIG-labeled DNA probe generated from the PCR product obtained 

with tstH primers and genomic DNA from strain MNLE. Genomic DNA from strain 

MN8 (positive for full length tstH) was used as a positive control. Genomic DNA 

from strain MW2 (positive for sec4, but not tstH) was used as a negative control.  



 

175 
 

 
 

 

 Figure 22. Passive immunity to full length TSST-1 protects from lethality 

associated with intravenous administration of MNLE culture supernates or 

variant TSST-1. A, Cell-free/cytolysin-free supernates collected from strain 

MNLE were incubated with PBS, antibodies against SEl-Q, or antibodies against 

full length TSST-1 prior to IV administration to rabbits. B, Variant TSST-1 was 

purified by isoelectric focusing and then incubated with PBS or antibodies against 

full length TSST-1 prior to IV administration to rabbits. Rabbits were administered 

LPS intravenously 4 hours after receiving variant TSST-1 ± TSST-1 antibodies.  
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Figure 23. Superantigenicity of full length TSST-1 and variant TSST-1. A, T 

cell proliferation induced by cell culture supernates (diluted 1:100) from strain 

MNLE incubated with PBS, anti-TSST-1 antibodies, anti-SEl-Q antibodies, or 

anti-TSST-1 plus anti-SEl-Q antibodies. Results shown as a percent of T cell 

proliferation induced by supernate incubated with PBS. * Significantly lower than 

PBS control. B, T cell proliferation induced by purified full length TSST-1 and 

purified variant TSST-1. Results are shown in counts per minute (CPM). * Full 

length TSST-1 was significantly higher than variant TSST-1. 
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Figure 24. Soluble high affinity Vβ-TCRs do not prevent full length 

TSST-1-induced pro-inflammatory cytokine production. HVECs were 

grown to confluency prior to exposure to TSST-1 ± soluble high affinity Vβ-

TCRs, or soluble high affinity Vβ-TCRs alone. HVECs were exposed for 6 

hours to 10 µg/well full length TSST-1, 10 µg/well TSST-1 plus either 1, 

10, or 100 µg/well high affinity Vβ-TCRs, or 1, 10, or 100 µg/well high 

affinity Vβ-TCRs alone. HVEC cell culture supernates were collected after 

6 hours and assayed by ELISA for: A, IL-8 production and B, MIP-3α 

production. * Statistically significant when compared to no treatment 

controls.  
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Figure 24. Soluble high affinity Vβ-TCRs do not prevent full length TSST-1-

induced pro-inflammatory cytokine production.
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Figure 25. Rabbit body temperatures following intracisternal exposure to 

full length TSST-1 ± soluble high affinity Vβ-TCRs. Rabbits were administered 

100 µl PBS containing either 0.1 µg full length TSST-1 plus PBS (▲) or 0.1 µg 

full length TSST-1 plus 50 µg soluble high affinity Vβ-TCRs (■) through an 

intracisternal injection. 
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Figure 26. DNA sequence of full length TSST-1 showing variant 

TSST-1 deletion. Potential start codons (ATG, TTG, CTG, or GTG) are 

shown in bolded and underlined font. DNA sequences for internal PCR 

primers, TCR binding site, MHC II binding site, and deleted region found in 

variant TSST-1 are contained within boxes.
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Figure 26. DNA sequence of full length TSST-1 showing variant TSST-1 deletion. 
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Figure 27. Model for severe infections caused by USA300 S. aureus 

strains producing variant TSST-1. A, Staphylococcus aureus enters into 

the lungs of its host. B, S. aureus produces exotoxins, including variant 

TSST-1 and pore-forming cytolysins (such as α-hemolysin and Panton-

valentine leukocidin (PVL)). Variant TSST-1 may interact with immune 

cells present in the lung tissue, triggering the release of cytokines, and the 

recruitment of additional immune cells. Variant TSST-1 may be able to 

crosslink the antigen presenting cells and T cells together causing both to 

release their respective cytokines, possible in levels sufficient to initiate 

TSS. The severe tissue damage noted in our rabbit model for pulmonary 

infection, as well as in human cases of necrotizing pneumonia, may be 

due to superantigen-induced cytokine release. Pore-forming cytolysins 

such as α-hemolysin and PVL may also be contributing to the severity of 

the tissue damage. C, We suspect that variant TSST-1 can exit out of the 

lung tissue and enter into circulation where they can go on to possibly 

crosslink circulating T cells and antigen presenting cells. D, Once it has 

entered into circulation, we believe variant TSST-1 is able to enter into the 

central nervous system (CNS) were it dramatically affects fever 

development.  
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Figure 27. Model for severe infections caused by USA300 S. aureus strains 

producing variant TSST-1.
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CONCLUSIONS 

 The majority of the work presented in this dissertation focuses on 

superantigens and their roles in or association with human diseases. 

Superantigens have been shown to cause numerous diseases such as TSS, 

food poisoning, and atopic dermatitis. In patients with atopic dermatitis, 

colonization of skin lesions with S. aureus corresponds to a worsening of 

symptoms. Furthermore, superantigens have been shown to induce 

corticosteroid resistance in human T cells in vitro. Little is known about the 

superantigens produced by S. aureus isolates from atopic dermatitis patients. To 

the best of our knowledge, these studies present the first comprehensive look at 

superantigen profiles from S. aureus isolates from patients with atopic dermatitis. 

In these studies, I have characterized the superantigen profiles from numerous 

S. aureus isolates collected from patients with steroid-resistant atopic dermatitis, 

steroid-sensitive atopic dermatitis, and vaginal isolates from healthy women.  

 General observations were that isolates from patients with steroid-

resistant atopic dermatitis had the genetic ability to produce a greater number of 

superantigens. It is interesting to note that methicillin-sensitive strains from 

steroid-resistant patients carried a higher number of superantigen genes than 

there methicillin-resistant counterparts. MRSA isolates could have fewer 

superantigen genes due to the increased genetic burden of carrying the SCCmec 

element, which confers methicillin resistance. In addition to carrying a greater 

number of superantigen genes, isolates from patients with steroid-resistant atopic 
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dermatitis were also more likely to carry the gene one or more of the three 

superantigens associated with nearly all cases of TSS (TSST-1, SEB, and SEC), 

and had uncommon superantigen gene combinations.  

Overall, these findings suggest that isolates from patients with steroid-

resistant atopic dermatitis are selected for on the basis of superantigen 

production, although this selective pressure is not currently understood. I 

speculate that having the ability to produce multiple different superantigens is 

advantageous for the organism because it allows for the potential to stimulate a 

much greater number of T cell populations, since each superantigen is known to 

stimulate a different subset of T cells. This skewing of the immune system could 

produce a greater number of T cells that fail to respond to corticosteroid 

treatment.  

  In addition to being associated with relatively minor infections such as 

atopic dermatitis, staphylococcal superantigens are known to cause severe and 

life threatening diseases such as TSS. Recently, there has been an emergence 

of severe staphylococcal pulmonary infections caused by USA200, 300, and 400 

isolates. All of these isolates are able to produce superantigens, and all have 

been associated with a high fatality rate. These findings suggest superantigens 

may be involved in the severe pulmonary diseases caused by the USA200, 300, 

and 400 isolates.  

 USA200 S. aureus isolates produce TSST-1, while USA400 isolates 

produce either SEB or SEC. USA300 isolates and the roles of their 
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superantigens will be discussed later. I developed a rabbit model for pulmonary 

disease to investigate the role of TSST-1, SEB, and SEC. Rabbits exposed to 

live bacteria (USA200, TSST-1+, or USA400 SEC+) developed a fatal pulmonary 

infection consistent with TSS and severe respiratory distress. Rabbits 

hyperimmunized against purified TSST-1 or SEC prior to live bacteria challenge 

did not develop fatal pulmonary infection, and did not show signs of severe 

respiratory distress or TSS. This finding suggests that immunity to the 

predominant superantigen made by the USA200 or USA400 strains offered 

significant protection from the development of fatal pulmonary infection, 

suggesting that superantigens play an important role in severe pulmonary 

infections. To investigate the role of superantigens, we exposed rabbits 

(immunized and unimmunized) to purified TSST-1 or SEC. Unimmunized rabbits 

developed fatal disease consistent with TSS. Lung tissue from these rabbits also 

revealed multiple severely damaged and hemorrhagic lesions. Immunized rabbits 

did not develop fatal TSS, and lung tissue showed none. These experiments 

demonstrated that superantigens alone are sufficient to cause the fatality and 

tissue hemorrhaging associated with severe staphylococcal pulmonary disease. 

In a last set of experiments we tested the ability of soluble high affinity Vβ-TCR 

fragments previously shown to neutralize SEB to protect rabbits from developing 

fatal pulmonary infection caused by USA400 SEB+ necrotizing pneumonia 

isolate. Intravenous (IV) administration of the soluble high affinity Vβ-TCR 

fragments prevented the development of fatal pulmonary infection. Rabbits that 
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received purified SEB intra-bronchially, followed by soluble high affinity Vβ-TCR 

fragments IV were also protected from fatal pulmonary disease. Interestingly, 

rabbits were still protected even when administration of the soluble high affinity 

Vβ-TCR treatment was delayed until 2 hours after superantigen exposure. 

Although later time points for administering treatment need to be investigated, 

this finding suggests that the soluble high affinity Vβ-TCR treatment can be used 

to treat TSS after the disease has been initiated. This is important because in 

order to be a viable treatment for TSS, the soluble high affinity Vβ-TCR 

fragments would need to be able to neutralize the toxin and inhibit disease 

progression after TSS has begun.  

Another study included in this dissertation focused on investigating the 

ability of a small molecule called glycerol monolaurate (GML) to reduce 

staphylococcal exotoxin production and vaginal inflammation when added to 

tampons as a fiber finish. GML has previously been shown to inhibit 

staphylococcal exotoxins production in vitro. This study represents the first in 

vivo investigation into the effect of GML on vaginal inflammation and vaginal 

isolates of S. aureus. This study enrolled and collected samples from 225 

menstruating women. These women exchanged their own used tampon for a 

study tampon (± GML), and then wore the study tampon for 4-6 hours before 

returning it to the study. Tampons were assayed for the cytokine interleukin-8 (IL-

8) as a marker for vaginal inflammation, and for the presence of S. aureus. When 

S. aureus was detected on the tampon, the sample was further assayed for both 
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α-hemolysin and TSST-1. This study was conducted in a double-blind 

randomized manner. The researchers did not know which study tampons 

contained GML until after data analyses were completed. When the study was 

unblinded, it was found that although the study tampons had lower levels of S. 

aureus when compared with the subjects’ own tampons, study tampons 

containing GML did not have lower levels than study tampons without GML. This 

finding was not surprising given that GML had been previously shown to reduce 

toxin production at levels that did not affect S. aureus growth. When toxin levels 

were compared, the study tampons had significantly lower amounts of exotoxins. 

When the study tampons with GML were compared to study tampons without 

GML, significantly lower amounts of exotoxins were found to be present in GML+ 

than GML- study tampons. When IL-8 was assayed for, it was found that lower 

cytokine levels in present in S. aureus- than S. aureus+ tampons, suggesting that 

S. aureus induces higher levels of inflammation. IL-8 levels in GML+ tampons 

were lower than in the GML- study tampons. Overall, this study revealed that 

GML reduces exotoxins production. S. aureus increases production of IL-8 in the 

vagina, and GML reduces production of this pro-inflammatory cytokine. These 

results suggest that GML added to tampons may provide additional safety 

relative to the risk of menstrual TSS development associated with tampon usage.  

Additional investigation into the effects of GML on vaginal microbes led to 

the discovery that in vitro exposure to GML has growth inhibitory effects on 

several vaginal pathogens such as Candida sp. and Gardnerella vaginalis, but 



 

189 
 

not on Lactobacillus crispatus, which is a member of the normal vaginal flora. 

Additionally, in a long term in vivo study using rhesus macaques, GML did not 

inhibit the growth of Lactobacillus populations. These findings served as the 

basis for initiating a small pilot study to investigate the effects of GML on human 

vaginal Candida sp., G. vaginalis, and lactobacillus sp. in women with chronic 

vulvovaginal candidiasis (VVC) and/or bacterial vaginosis (BV). This human 

study recruited women with active VVC or BV infections to use 4 applications of 

an intravaginal gel containing either 0% GML, 0.5% GML, or 5% GML for 2 days 

(one applicator every 12 hours). Swabs of vaginal discharge were collected from 

each woman prior to beginning the treatment and after all 4 treatments had been 

completed. These swabs were assayed for the microbes of interest, as well as 

for GML content. Overall, many women experienced VVC and BV 

simultaneously, despite entering the study for only one of the two different 

infections. Use of either control or GML (0.5 and 5%) gels did not significantly 

alter vaginal pH or levels of Lactobacillus. The use of gels containing GML (0.5 

and 5%) was found to reduce vaginal levels of Candida. The control gels did not 

significantly alter Candida levels. Use of both the control and the GML gels (0.5 

and 5%) significantly lowered the levels of G. vaginalis. The results from this 

study suggest that GML can be used to treat VVC and BV without disrupting 

normal Lactobacillus populations. This represents the first treatment capable of 

promoting vaginal health and reducing both Candida sp. and G. vaginalis levels 

simultaneously. It is important to note that this was a small pilot study that 
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investigated the effects of GML on 38 women. A larger study would need to be 

completed to obtain a more thorough understanding of the effects of using GML 

to treat VVC and BV infections.  

Lastly, I was interested in investigating the role of superantigens in severe 

pulmonary disease caused by USA300 S. aureus isolates. These studies used 

several animal models already described for the USA200 and USA400 

experiments, including the pulmonary model of disease in rabbits. Initially, my 

efforts focused on the superantigen, SEl-Q, which was predicted to be the 

predominant USA300 superantigen based on a previously sequenced USA300 

clone genome. My studies suggested that SEl-Q did not play a major role in 

these severe pulmonary infections, as rabbits that were hyperimmunized against 

SEl-Q were not protected from the development of fatal pulmonary disease. 

Further investigation into strains LAC, MNLE, and SDAS (all clinical USA300 

isolates from patients that had succumbed to severe pulmonary diseases), 

revealed the presence of a variant form of TSST-1 that contains a large deletion. 

This deletion is predicted to disrupt the ability of variant TSST-1 to stimulate T 

cells via the Vβ region of the TCR. Despite the deletion, variant TSST-1 retains 

some superantigen activity, including the ability to stimulate lymphocyte 

proliferation (although not to the same extent as full length TSST-1), and cause 

lethality when administered to rabbits. It is possible that TSST-1 (both full length 

and variant) causes lethality through a mechanism in addition to superantigen 

activity. To investigate this possibility, the lethal superantigen activity of full length 
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TSST-1 was neutralized using soluble high affinity Vβ-TCR fragments, prior to 

administration to rabbits. TSST-1 administered vaginally was lethal in 50% of 

rabbits despite the addition of high affinity Vβ-TCR fragments. TSST-1 

administered intracisternally was able to induce high fevers in rabbits despite the 

addition of the high affinity Vβ-TCR fragments. These findings suggest that 

TSST-1 may cause fatality through multiple mechanisms, and that despite a 

deletion predicted to disrupt the ability to stimulate as a superantigen, variant 

TSST-1 may contribute significantly to disease and lethality. I have sequenced 

the genome of USA300 strain MNLE, which produced variant TSST-1. I am 

currently filling in gaps found within the genome sequence. Once the DNA 

sequences for these gaps have been determined, I will be able to locate the gene 

for variant TSST-1, determine the full gene sequence, and locate the gene within 

the genome. The results from the genome sequencing project will allow for better 

understand variant TSST-1 and its properties.  
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