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ABSTRACT 

 

Staphylococcus aureus is a pathobiont that can cause a range of mild to life-threatening 

infection in otherwise healthy individuals. While S. aureus disease has a broad tissue tropism, 

the most common site for both colonization and infection is in the skin. Nearly half of 

individuals with a S. aureus skin and soft tissue infection (SSTI) suffer from recurrence (Kaplan 

et al., 2014; Williams et al., 2011; Doung et al., 2010; Chen et al., 2009; Miller et al., 2007, Fritz 

et al., 2012; Bocchini et al., 2013; Miller et al., 2015). Recurrent infection is a characteristic 

quality of S. aureus SSTIs, however the precise molecular determinants of susceptibility to 

recurrence have only recently been investigated. Epidemiologic studies focusing on the 

immunological correlates of natural human immunity against S. aureus infection have provided 

initial insight into the key bacterial factors that thwart the host’s production of a protective 

immune response. Elevated antibody titers against an array of staphylococcal cytotoxins 

minimize the severity of invasive infection and the recurrence of cutaneous S. aureus disease 

(Adhikari et al., 2012; Fritz et al., 2013). Specifically, serum antibody against one S. aureus 

cytotoxin, -hemolysin (-toxin, Hla) correlates with protection against recurrent S. aureus skin 

and soft tissue infection (SSTI) in children (Fritz et al., 2013). 

To investigate whether there is a mechanistic link between -toxin expression and the 

severity of S. aureus reinfection patterns, we developed a mouse model of recurrent S. aureus 

SSTI mouse model. Using an isogenic Hla mutant in this model we observed that Hla expression 

during primary infection interferes with development of host immunity against recurrent S. 

aureus SSTI. Early neutralization of ⍺-toxin activity either by a dominant-negative toxin mutant 

or with a small molecule inhibitor against the toxin’s cell host receptor, A Disintegrin and 
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Metalloprotease 10, ADAM10, during primary S. aureus SSTI reduces initial and recurrent SSTI 

abscess severity. Notwithstanding, the mechanism of toxin-mediated cutaneous protection has 

been perplexing, as toxin injury to keratinocytes and neutrophils have pleiotropic outcomes 

during S. aureus SSTI. Additionally, while the response that mediates durable immunity against 

S. aureus skin infections likely involves neutrophil recruitment by an induced T cell-mediated 

cytokine, IL-17, the contribution of direct toxin-injury on T cells during S. aureus SSTI has 

remained enigmatic. To evaluate toxin-mediated injury to T cells in cutaneous pathology and 

pinpoint whether Hla directly impairs the IL-17 induced recruitment of neutrophils by injuring T 

cells, we excised ADAM10 from peripheral T cells, using Cre-lox technology.  

Probing into mechanism, we identified Hla-mediated injury to cutaneous resident innate-

like T cells as the cellular gate keeper of S. aureus SSTI infection outcomes. ⍺-Toxin kills both 

neighboring and distant epidermal T cells adjacent to the site of S. aureus infection. The total 

decrease in T cells is commensurate with a dampening of IL-17 production, neutrophil activity, 

abscess formation, and loss of epidermal integrity that results in large wounds. Identification of 

 T cells as the innate T cell subset impaired by toxin during early S. aureus SSTI prompted our 

investigation into whether injury of  T cells would damage epithelial-immune crosstalk. S. 

aureus-infected  T cell reporter mice challenged with toxin-deficient S. aureus revealed critical 

spatial clustering of the  T cell highly skewed near the abscess border that is diminished in 

wild-type S. aureus infected animals. This evidence advances a model whereby -toxin mediates 

injury to the skin microenvironment, simultaneously blocking  T cell localization to skin 

infection sites and dampening the activatory signals secreted by T cell that upregulate 

keratinocyte proliferation and concentrate neutrophils at the abscess.  
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In light of our data, we reasoned that Hla intoxication of innate T cells would diminish 

their wound healing capabilities in a location-dependent manner. Indeed, in a sterile wound 

healing model, T cells susceptible to the toxin have larger, slower healing wounds than toxin- 

resistant T cells. Collectively, these findings provide molecular insight into the how -toxin- 

mediated injury to cutaneous T cells could have long-term and wide-ranging consequences to 

skin immunity.  
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CHAPTER I 

 

INTRODUCTION 

Portions of this introduction have been adapted from a manuscript published in The Journal of 

Infectious Diseases: Staphylococcus aureus in the Intensive Care Unit: Are these golden grapes 

ripe for a new approach? (DOI: 10.1093/infdis/jiw581). The authors of that manuscript are 

Georgia R. Sampedro and Juliane Bubeck Wardenburg.  

 

The Problem is Skin Deep: S. aureus epidemiology and disease-modifying approaches 

 An excerpt from the 11th Edition (1940) Holt’s Diseases of Infancy and Childhood: 

“Once the organisms gain a foothold, they may be very difficult to eradicate; sometimes 

boil after boil appears and these lesions may continue to develop in crops for months. The 

scalp, face, and shoulders are favorite sites but any part of the body may be involved; in 

some instances, the entire body is covered with furuncles.” 
 

While these clinical manifestations of S. aureus infection were made in a pre-antibiotic era, S. 

aureus is now one of the most common and drug-resistant human pathogens. It is a leading cause 

of infections in both the healthcare setting and in the community in otherwise healthy 

individuals. Historic hospital-associated methicillin-resistant S. aureus (HA-MRSA) strains as 

well as community-associated methicillin resistant S. aureus (CA-MRSA) strains, genetically 

distinguishable by their drug-resistance loci, are both causes of infection (Popovich et al., 2008). 

S. aureus is a prominent etiologic agent of many invasive disease manifestations including 

endocarditis, pneumonia, sepsis, and osteomyelitis (Lowy, 1998). Owning to its invasive disease 

tropism, S. aureus contributes to the death of more than 20,000 individuals in the US alone on an 

annual basis and presents a significant burden on the healthcare system with an estimated 
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hospitalization cost of $25,000 per inpatient and $140,000 per ICU patient (Naber, 2009; 

Kyaw et al., 2015). Simultaneously, S. aureus is also the very frequent cause of skin and soft 

tissue infection (SSTI) worldwide and since the emergence of MRSA, the incidence of S. aureus 

SSTI continues to rise (Challagundla et al., 2018; McCaig et al., 2006). Between 2001 and 2009 

S. aureus SSTI hospitalizations rose 123% and represented the majority share of all S. aureus 

hospitalizations at 51%, with an estimated hospitalization cost of $19,000 per patient (Suaya et 

al., 2014). The heterogeneity of S. aureus disease, the disease associated cost, and the spread of 

S. aureus from the clinic to the community setting has complicated the treatment and 

management of infection.  

The past two decades have witnessed two waves in the epidemiology of S. aureus 

infections, the first starting with S. aureus invasive disease largely limited to the healthcare 

setting. The second and current wave, starting in the late 1990s, is an epidemic of community-

associated SSTIs; precipitated by the USA300 clone and by similar strains that harbor a more 

aggressive array of virulence factors, an increased doubling time, and resistance to antibiotics 

(Tong et al., 2015). Perpetuating S. aureus SSTI is recurrent infection- a characteristic quality of 

S. aureus cutaneous disease. Human studies have revealed that patients who are colonized or 

have a primary cutaneous S. aureus infection are more likely to develop recurrent cutaneous S. 

aureus infection (Frtiz et al., 2013; Bocchini et al., 2013; Miller et al., 2015; Williams et al., 

2011). Intriguingly, and likely related, the skin is not only the most common site of both primary 

and recurrent S. aureus infection but it is also the largest ecological reservoir of S. aureus 

asymptomatic colonization. An estimated 20% of the healthy human population is persistently 

colonized and 80% of humans are intermittently colonized with S. aureus on the upper layers of 

the cutaneous epithelia (Archer et al., 2013). Previous studies have shown colonization to be a 
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risk factor for recurrent SSTIs, nosocomial infections, as well as an increased carriage due to 

immune dysfunction (Archer et al., 2013; Creech et al., 2015). While these studies have been 

limited in human populations, they have provided compelling evidence that the modus operandi 

of S. aureus is to maintain and transmit itself within the human skin microbiome. If this is the 

case, a more comprehensive understanding of the strategies staphylococci employ to survive in 

the skin are required to improve prevention and recovery from infection. 

Antibiotic treatment remains the cornerstone of staphylococcal disease management (Lui 

et al., 2011). In recent years, administration of empiric therapy with S. aureus-active 

antimicrobials has become a standard approach to care of inpatients with presumed S. aureus 

invasive or severe SSTI infection (Lui et al., 2011; Rubinstein et al., 2001). While the use of 

antibiotics has been shown to have no efficacy on the resolution of uncomplicated S. aureus 

SSTI, abscess drainage and prescription of antibiotics for S. aureus SSTI remains the standard of 

care and one of the most frequent indications for antibiotic use in the ambulatory care setting 

(Rajendran et al., 2007; Hurley et al., 2013). Of note, inadvertent use of beta-lactam antibiotics 

to treat TSST-1 or PVL- associated MRSA infections may even contribute to worse outcomes by 

inducing prolonged toxin production (Stevens et al., 2007). The development of outpatient 

antimicrobial stewardship interventions hold promise to reduce and optimize the antibiotic use 

for uncomplicated S. aureus SSTIs (Walsh et al., 2017). At this point, long-term and wide-spread 

implementation of these programs is yet to be realized. Decolonization strategies including 

intranasal mupirocin treatment and chlorhexidine ‘baths’ are selectively utilized in some 

populations, however the success of these interventions in clinical studies is variable (Simor, 

2011; Huskins, 2007). While recent studies suggest that universal decolonization may be a very 

cost-effective strategy to prevent MRSA infection (Gidengil et al., 2015; Ziakas et al., 2016), 
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potentiation of drug resistance in S. aureus as well as other pathobionts within the endogenous 

human microbiota is an inherent risk of this approach. Furthermore, the unintentional 

modification of the commensal microbiota resulting from decolonization may render patients 

with severe or protracted underlying illness more susceptible to pathogenic infection through a 

loss of ‘colonization resistance’ (Parmer, 2016). The last four epidemic waves of S. aureus 

antibiotic resistance highlight this pathogen’s remarkable ability to acquire drug resistance 

(Chamber et al., 2009). This continual evolution of drug-resistant S. aureus strains foreshadows 

not only the near-future exhaustion of existing antibiotics, but also the transient nature of their 

efficacy even in a single patient. Novel methods to prevent and treat infection are urgently 

needed to combat this superbug.   

 Highly-targeted ‘designer’ therapies based on molecular knowledge of pathogenesis hold 

promise to bypass or limit specific concerns associated with antimicrobial therapy. Monoclonal 

antibody (mAb) prophylaxis and treatment is perhaps the most refined biological technology for 

targeting pathogens including S. aureus. Through knowledge of virulence factor action in 

disease, a number of mAbs have demonstrated success in preclinical investigations of severe S. 

aureus infection; several of these are now being examined in clinical trials (Cheng et al., 2010; 

Kim et al., 2010; Kim et al., 2012; Ragle et al., 2009; Hua et al., 2014; Hua et al., 2015; 

Varshney et al., 2014; Tkaczyk et al., 2016; Anderson et al., 2012; Ebert et al., 2010; Rouha et 

al., 2015; Skurnik et al., 2010). In addition, pharmacologic agents and monoclonal antibodies 

that act on host proteins to mitigate the pathophysiological consequences of life-threatening 

infection have similarly demonstrated promise in preclinical studies of disease (McAdow et al., 

2011; Inoshima et al., 2011; Powers et al., 2011; Hinshaw et al., 1992; Alonzo et al., 2013). 

While anti-infective antibody therapies could reduce the incidence of hospital-acquired 
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infections and curb the emergence of antimicrobial resistance, these interventions must be 

applied in a precisely defined clinical setting as the economic cost associated with molecular 

targeting are unlikely to be cost-effective in population-based low-risk infections such as for S. 

aureus SSTIs. Notwithstanding, the mortality and short and long-term morbidity as a 

consequence of infection in medical and surgical ICUs - coupled with the cost of advanced care - 

may provide a unique rationale for implementation of these approaches in patient population 

suffering from severe S. aureus disease.   

 

The state of the field: disease pathogenesis, host susceptibility, and emerging therapies 

 

Considerable advances in the molecular pathogenesis of S. aureus infection have been 

achieved to date. While initial suspicion existed that methicillin-sensitive S. aureus was less 

virulent than MRSA owing to the presence of novel virulence attributes in drug-resistant strains, 

it is now appreciated that pathogenicity is more closely related to subtle genetic differences 

between strains that modulate virulence factor expression (DeLeo et al., 2001; Kennedy et al., 

2008; Laabei et al. 2014). As such, a discussion the molecular pathogenesis of S. aureus disease 

can be viewed as relevant to MSSA and MRSA variants. Multiple animal models of disease have 

been utilized to examine the contribution of staphylococcal virulence factors to bacteremia, 

sepsis, pneumonia, and severe SSTI (Kim et al., 2014). Staphylococcal surface proteins facilitate 

tissue adherence and immunoevasion (Foster TJ and Höök M, 1998). An array of secreted 

immunomodulatory proteins and coagulases target soluble host factors present in the blood to 

collectively alter the inflammatory-coagulation interface that is critical to innate host defense 

(Ricklin et al., 2008; Rooijakkers et al., 2006; Oikonomopoulou et al., 2012; Foster et al., 2005). 



6 

 

In models of severe tissue injury as observed in sepsis, pneumonia, and dermonecrotic tissue 

injury, S. aureus toxins emerge as important contributors to life-threatening disease states akin to 

those observed in ICU patients. Collectively, these toxins damage host cell membranes to cause 

cytolytic injury, alter cellular signaling and function, and facilitate immunoevasion. A 

comprehensive discussion on the molecular mechanisms of action of these virulence factors is 

provided in a series of excellent reviews (Oikonomopoulou et al., 2012; Foster et al., 2005; 

Berube et al., 2013; Vandenesch et al., 2012; Foster et al., 1998; Nizet, 2007; Rooijakkers et al., 

2005; Parker et al., 2011). The detailed understanding of molecular pathogenesis at the cellular 

and tissue level that has emerged from preclinical studies defines ‘pathways of injury’ within the 

host that are now amenable to examination as a function of both time post-infection and spatial 

orientation within the tissue. We propose that such ‘temporo-spatial analysis’ of disease is needed 

to fully disease pathogenesis and inform opportunities for therapeutic intervention.  

 The profile of human antibody responses to S. aureus and population-based studies of the 

carriage state suggest that exposure to this organism is ubiquitous (Holtfreter et al., 2010; Kolata 

et al., 2011; Dryla et al., 2005; Swierstra et al., 2015; Miller et al., 2009; Mehraj et al., 2016). To 

date, however, identifying features of the S. aureus-susceptible host remain fairly enigmatic. 

Several known immunodeficiency states including deficiencies of the neutrophil oxidative burst 

in chronic granulomatous disease, alterations in the STAT3/Th17 signaling pathway, and TLR2 

accessory molecules are recognized to increase susceptibility, particularly to S. aureus SSTIs 

(Miller et al., 2011; Rigby et al, 2012; Holland et al., 2007; Israel et al., 2017). However, most 

individuals with life-threatening staphylococcal infection do not suffer from a definable 

immunodeficiency. A recent description of human leukocyte antigen (HLA) polymorphisms 

emerging from a genome-wide association study provides the first population-based insight on 
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host genetic variation that confers susceptibility to S. aureus infection (DeLorenze et al., 2016). 

The rapid advances in knowledge of virulence factor action in disease now provides the field 

with a timely opportunity to examine host targeted proteins and signaling pathways for 

additional polymorphic loci that alter host susceptibility to S. aureus infection. Perhaps most 

notably, the identification of proteinaceous receptors for multiple staphylococcal toxins in the 

past 5 years affords an opportunity to consider variation in toxin receptor expression and receptor 

polymorphisms as determinants of host susceptibility. These receptors are particularly attractive 

to consider given the demonstrated role of toxins in severe disease and the fact that cellular 

receptors specify both the species and cellular tropism of the bacterial cytotoxins.  

 On the flip-side of host susceptibility markers, several efforts have commenced in recent 

years to identify features of the protective host immune response to S. aureus. One such 

approach is definition of the immunological correlates of natural human immunity against S. 

aureus infection. Elevated antibody titers against an array of staphylococcus cytotoxins minimize 

the severity of invasive infection and the recurrence of cutaneous S. aureus disease (Adhikari et 

al., 2012; Fritz et al., 2013; Wood et al., 2018). Serum antibody to S. aureus -toxin (Hla, -

hemolysin), -hemolysin (Hld), PVL, leukotoxin LukAB, staphylococcal enterotoxin C-1 (SEC-

1), and PSM family cytotoxins correlate with protection against sepsis in patients with invasive 

S. aureus infections (Adhikari et al., 2012; Thomsen et al., 2014; Wood et al., 2018). Further, 

anti-Hla antibody levels correlate with protection against recurrent S. aureus SSTI in children 

(Fritz et al., 2013). A second approach has relied on analysis of recurrent S. aureus infection to 

provide insight on both host susceptibility and bacterial genetic factors that modulate the 

development of immunity to S. aureus. Recurrent infection is a characteristic quality of S. aureus 

disease; however, the molecular determinants of recurrent infection have only recently been 
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investigated. Human studies have revealed that patients who are colonized or have a primary 

cutaneous S. aureus infection are up to 50% more likely to develop recurrent infections (Fritz et 

al., 2013; Bocchini et al., 2013; Miller et al., 2015; Williams et al., 2011). The majority of S. 

aureus recurrent infections are SSTIs. In contrast, patients with invasive infection demonstrate 

the lowest overall rate of recurrent infection over 1 year (Fritz et al., 2013). While these studies 

have been limited in human populations, recent investigation of recurrent S. aureus infection in 

mouse models provides initial insight that S. aureus -toxin and the host T and B cell 

compartments modulate the development of protective immunity (Sampedro et al., 2014; 

Montgomery et al., 2014; Montgomery et al., 2015).  

 Host susceptibility and immunity to S. aureus infection are the result of a complex 

interface between a native human commensal and its host-dependent on multiple variables 

including the presence or absence of the carriage state, the tissue site, magnitude, and duration of 

host exposure, and bacterial and host genetic determinants. In the setting of invasive disease, an 

‘immunostimulation threshold’ may be reached that is not achieved in cutaneous disease, leading 

to the generation of a productive host response that confers resistance to re-infection. 

Alternatively, in the context of cutaneous infection, S. aureus may deliberately subvert the 

immune response to ensure success as a human commensal. Some evidence from animal 

modeling systems exists to support the hypothesis that the tissue site of infection is a strong 

determinant of the nature and efficacy of the host immune response to S. aureus. Mice deficient 

in IL-17 exhibit increased susceptibility to S. aureus cutaneous infection relative to wild-type 

mice, however do not display alterations in the response to systemic infection (Cho et al., 2010; 

Ishigame et al., 2009). In contrast, IFN- receptor deficient mice are hyper-susceptible to 

intravenous S. aureus infection but show no difference in susceptibility to cutaneous infection 
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when compared to controls (Cho et al., 2010; Brown et al., 2015; Lin et al., 2009).  The 

hypothesis that S. aureus immunity relies on the exposure history and tissue context in which 

exposure occurs may explain the pronounced heterogeneity in anti-staphylococcal antibody 

levels seen in both children and adults (Dryla et al., 2005). The character and specificity of the 

native antibody response may mark the colonized state and indicate prior subclinical or clinical 

infection with S. aureus providing fundamental insight that may be utilized as determinants to 

predict the relative susceptibility of an individual patient to S. aureus disease in the hospital 

setting (Holtfreter et al., 2010; Kolata et al., 2011; Swiestra et al., 2015).  

 

The future prospect: An emerging understanding of -toxin-mediated manipulation of the 

immune response 

 

MRSA’s status as a global public health threat and the cost associated with designer 

therapies highlights the unmet clinical need for research driven efforts to develop an anti-S. 

aureus vaccine or a cost-effective prophylactic (WHO, 2014). Novel therapeutic solutions have 

been challenging as the field lacks pertinent knowledge of the determinants of protective 

immune response in humans. To date, this precedent has resulted in the failure of all S. aureus 

passive and active immunization candidates to show efficacy in clinical trials (Proctor et al., 

2011). Despite lack of success, these clinical trials have been informative. It is now thought that 

a single antigen vaccine approach will likely not elicit protective immunity and that robust anti-

staphylococcal antibody production alone may not confer protection from S. aureus disease in 

humans (Jansen et al., 2013). Vaccine-induced adaptive immunity that includes both T cell and B 

cell responses will likely be required to generate protective immunity in humans. Additionally, a 
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Th17 response is likely advantageous as it can both enhance neutrophil function and increase 

antimicrobial peptide activity on the skin barrier (Proctor et al., 2011; Giersing et al., 2016).  

Recently, pharma has been focusing on the inclusion and or specific targeting of S. 

aureus ⍺-toxin in disease-modifying therapies. Currently, two out of the four ongoing clinical 

trials for active prophylactic vaccines (phase I) and one of two passive prophylactic vaccines 

(phase IIb) include or solely target Hla, respectively, making Hla the premier virulence target of 

the staphylococcal field (Wacker et al., 2014; Torre et al., 2015; Yu et al., 2016; Giersing et al., 

2016). Certainly, the historical and contemporary success of antitoxin immunization strategies 

such as for diphtheria, tetanus, pertussis with DTaP and now for C. difficile targeting Toxin A 

and B have shown that toxin-based vaccine strategies are safe, tolerable, and immunogenic 

(Kretsinger et al., 2006; Wang et al., 2012; Donald et al, 2013).  

The unique characteristics of the Hla in human disease and its establishment of specific 

patterns of adaptive immunity in the human host make -toxin antagonists a promising 

therapeutic candidate. Of the S. aureus cytotoxins, ⍺-toxin exhibits the broadest range of cellular 

specificity, contributing to the toxin a broad role in the pathogenesis of S. aureus infection- 

including, but not limited to, sepsis, pneumonia, SSTI, endocarditis, corneal lesions, and 

neuropathy (Powers et al., 2012; Inoshima et al., 2011; Inoshima et al., 2012; Xiong et al., 2006; 

Dajcs et al., 2002; Kielian et al., 2001; Blake et al., 2018). While there is no robust animal model 

for staphylococcal colonization, production of an anti-toxin neutralizing antibody is found to be 

higher in S. aureus colonized individuals suggesting that the toxin is also expressed during 

colonization (Wu et al., 2017). Owning to its importance in human infection and its role in 

colonization, it is not surprising that a hallmark of recent epidemic S. aureus strains is an 

increase in Hla production (DeLeo et al., 2010). In animal models of S. aureus disease, these 
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epidemic strains contribute to pathogenesis when compared with toxin deficient hospital isolates 

from related clones that cluster in the same clonal complex (Montgomery et al., 2008; Bubeck 

Wardenburg et al., 2008). Furthermore, multiple reports aforementioned have demonstrated that 

human anti-toxin antibody levels correlate with durable natural immunity against both invasive 

and cutaneous S. aureus infection in adults and children, respectively (Adhikari et al., 2012; Fritz 

et al., 2013). Collectively, these distinct but congruent lines of evidence make a compelling 

argument for Hla-mediated injury playing an important role during pathogenesis of S. aureus 

disease in humans.  

⍺-Toxin is a 33.2 kilodalton (kDa) water-soluble polypeptide secreted during late-log and 

exponential phase of S. aureus growth. Expression of the toxin is tightly controlled by at least 

three global regulatory loci- the accessory gene regulator (agr), the staphylococcal accessory 

gene regulator (sarA), and the staphylococcal accessory protein effector (sae) (Arvidson et al., 

1990; Giraudo et al., 1997; Goerke et al., 2001; Morfeldt et al., 1995; Vandenesch et al., 1991). 

Once secreted, likely in a lipid-membrane assisted fashion, the toxin oligomerizes into a 

mushroom-shaped, heptameric pore on host cell membranes upon contact with a membrane 

anchored cellular sheddase- A Disintegrin and Metalloprotease 10, ADAM10 (Song et al., 1996; 

Schwiering et al., 2013; Wilke et al., 2010; Popov et al., 2015). The fully assembled 232.4 kDa 

heptamer has three structural domains: 1) the extracellular cap domain, 2) the C-terminal rim 

domain, and 3) the N-terminal central stem domain that converts its conformation into a latch 

enabling the perforating formation of the transmembrane pore (Song et al., 1996; Jayasinghe et 

al., 2005). A single N-terminal mutation at His35 within the monomer to monomer interface 

blocks the pre-pore to pore transition serving as a genetic tool and vaccination strategy to 

uncouple Hla binding from toxin mediated- injury (Bubeck Wardenburg and Schneewind, 2008; 
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Kennedy et al., 2010). The pore’s hydrophilic ß barrel interior, 14-46 Å in width and 100 Å in 

length, is a solvent filled channel. At low toxin concentrations, the channel causes membrane 

permeabilization via flux of low molecular weight molecules (between 1-4kDa) such as, Ca2+, 

K+, and ATP -which induce several signaling events in the target cell (Lizak and Yarovinsky, 

2011; Rose et al., 2002), at high toxin concentrations, the channel causes cell lysis (Cooper et al., 

1964).  

The structural and genetic analysis of Hla-ADAM10 interaction are nascent, but 

emerging evidence of ADAM10’s functional characteristics have aided in conceptualizing how 

Hla may bind to this sheddase. ADAM10 is thought to facilitate binding of the toxin to the cell 

membrane through the interaction with a specific as yet unidentified ADAM10 surface 

domain(s). ADAM10 has several structural domains: 1) a prodomain (PD), 2) a 

metalloproteinase (MP), 3) a disintegrin domain, 4) a cysteine-rich region, 5) a transmembrane 

domain, and 6) a cytoplasmic tail. ADAM10 precursors are catalytically inactive when the PD is 

intact and are chaperoned to the cell surface by members of the tetraspanin protein superfamily- 

thought to regulate ADAM10 subcellular localization, membrane compartmentalization and 

substrate selectivity (Saint-Pol et al., 2017). Once at the cell surface, the PD is released and the 

catalytically active enzyme is autoregulated by the MP’s intramolecular interface with the 

disintegrin/cysteine rich domains (Seegar et al. 2017). Analysis of Hla toxicity measured by ATP 

release as a proxy for Hla binding to ADAM10 genetic domain mutants have shown that 

truncations to the PD or the MP domain abolish cytotoxicity (von Hoven et al., 2016; 

Tomaszewski and Berube, unpublished). Notwithstanding, a model whereby the toxin binds to 

PD extracellularly is perplexing as the PD is thought to be cleaved off surface displayed 

ADAM10 (Seegar et al. 2017). Intriguingly, both of these studies have uncovered an active site 
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mutation to MP domain- E384A, rendering ADAM10 catalytically inactive but not altering ⍺-

toxin binding to the host cell surface. Both cell culture studies using radio-labeled toxin on cells 

harboring ADAM10E384A and in mice where the ADAM10E384A mutation has been made 

specifically to lung epithelial cells phenocopy ADAM10 knockout cell culture lines and 

ADAM10 knockout, suggesting that ADAM10 activation is the driver of S. aureus pathogenesis 

(Tomaszewski and Berube, unpublished). While Hla binding to ADAM10 is not completely 

understood, one attractive model is that the ⍺-toxin could displace the MP-disintegrin/cysteine 

interface activating the protease function of ADAM10 (Bubeck Wardenburg, discussion).  

As confirmed by cell culture and animal modeling with ADAM10E384, ADAM10 is not 

only the binding dock for the toxin but also concomitantly contributes to toxin-mediated damage. 

Upon toxin binding, although mechanistically enigmatic, ADAM10’s function as a ectodomain 

sheddase becomes activated (Wilke et al., 2010; Inoshima et al., 2011; Inoshima et al., 2012; 

Powers et al., 2012; Popov et al., 2015). Activation of ADAM10 results in the irreversible 

proteolytic cleavage of surface substrates that function in cellular signaling cascades that impact 

development, cell proliferation, inflammation, and epithelial/endothelial barrier integrity, with 

substrate specificity varying by cell type (Pruessmeyer J et al., 2009). In the skin, Hla-mediated 

ADAM10 activation results in cleavage of the keratinocyte junctional adhesin, E-cadherin, 

which disrupts the integrity of the epidermal barrier function and manifests as the formation of a 

dermonecrotic wound. Subcutaneous infection of transgenic mice harboring a deletion of 

ADAM10 in keratinocytes restores the integrity of E-cadherin, and mice are resistant to 

staphylococcal lesion formation (Inoshima et al., 2012). Similar observations from cell-specific 

genetic ADAM10 knockout animals are made for both S. aureus pneumonia and sepsis. ⍺-Toxin 

injury to the lung epithelium and vascular endothelium also leads to barrier disruption that is 
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subsequently amplified by inflammation produced from ensuing toxin injury to invading 

platelets and neutrophils responding to barrier damage (Inoshima et al. 2011; Powers et al., 2015; 

Sampedro unpublished).  

Due to the complex cellular constituency of tissue, the Hla-ADAM10 interaction can 

appear as synergistic or pleiotropic biological outcomes on an organ level. Each cell type has a 

unique response to Hla intoxication that will not only be modified by toxin concentration but 

also by ADAM10 expression levels, ADAM10-mediated cleavage of extracellular substrates, 

and the contextual signals it receives from neighboring toxin-damaged cells. While 

investigations using toxin deficient S. aureus strains for disease modeling have provided insight 

into the relative tissue response Hla injury modifies, cell-specific and molecular responses to 

toxin injury and its impact on the outcome of S. aureus infection can only be dissected from the 

complex tissue milieu by using cell specific ADAM10 knockout mice.  

Intriguingly, Hla-mediated injury to host cells may not be limited to the cell surface. 

Recent investigations have implicated the ⍺-toxin in modulating S. aureus induced autophagy. 

At the organism level and also specifically in endothelial cells, disruption of autophagy gene 

Atg16L1 enhances S. aureus-mediated lethality in a toxin-dependent manner during systemic 

infection (Maurer et al., 2015). Importantly, in Atg16L1-deficient endothelial cells the increased 

level of susceptibility correlated with an increase in the surface expression of ADAM10. Maurer 

and colleagues commented that these data indicated that autophagy dampened the damage of the 

toxin at the cell surface likely by regulating ADAM10 cell surface expression in the presence of 

⍺-toxin- making autophagy a tolerance strategy against S. aureus. Differently, in epithelial 

culture cells, autophagy of S. aureus-expressing Hla has been shown to induce cytoplasmic S. 

aureus-induced filaments that both promote S. aureus intracellular replication and interfere with 
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host cellular trafficking (Lopez et al., 2017). Recently, Wang and colleagues have shown that 

disruption of autophagy genes- Beclin-1 and Atg5 in dendritic cell types are protective against 

invasive S. aureus disease suggesting that the role of Hla in autophagy may likely be cell 

dependent (Wang and Sampedro, unpublished observations). While still incomplete, these 

studies suggest that autophagy is a double edge sword- it can be a protective mechanism by the 

host that also is manipulated by ⍺-toxin. Future studies should define the underlying molecular 

mechanism of Hla-mediated modulation of autophagy and whether ADAM10 activation inside 

the autophagosome impacts the function of autophagy signaling proteins.  

Whether at the cell surface or within the cell, ⍺-toxin-induced cellular injury elicits a 

robust inflammatory response in the tissue microenvironment. A hallmark response to S. aureus 

infection is the infiltration of neutrophils and monocytes. Numerous studies have now discovered 

how ⍺-toxin intoxication of these cell types lead to redundant but distinct cellular signaling 

events that culminate in the production and secretion of inflammatory cytokine, IL-1β. In one 

pathway, Hla pores on the host cell membrane serve as a conduit for bacterial peptidoglycan cell 

wall fragments that in turn activate intracellular sensor, NOD2, ultimately leading to the 

production of immature pro-IL-1β (Hruz et al., 2009). In a second pathway, Hla can activate the 

NLRP3 inflammasome that results in caspase-1 activation and cleavage of pro-ILβ into its active 

form (Kebaier et al., 2012). Remarkably, as demonstrated by mice that harbor a specific deletion 

of ADAM10 from myeloid lineage cells, LysM ADAM10-/-, the contribution of Hla-dependent 

inflammatory release of IL-1β from neutrophils and monocytes to S. aureus pathogenesis 

depends on the specific tissue context. In the murine skin, LysM ADAM10-/- mice challenged 

with S. aureus SSTI have exacerbated lesions while LysM ADAM10-/- mice challenged with S. 

aureus pneumonia have reduced lethality when compared to controls (Becker et al., 2014). 
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Collectively, regardless of the tissue, these data suggest that toxin-induced immunostimulation of 

these cells produces a pro-inflammatory microenvironment. The precise molecular consequences 

the pro-inflammatory environment has on the local tissue residents is undefined and likely 

multifactorial; however, it is intriguing to speculate that this excessive inflammatory response is 

damaging to the host and paramount for potentiating S. aureus chance of survival.  

Many of the key mechanistic steps of how Hla causes cutaneous immune dysregulation 

during S. aureus SSTI remain elusive. While of interest, the findings from studies investigating 

the interaction between the Hla and immune cells have led to an incomplete appreciation for the 

role of the ⍺-toxin in manipulating the immune response in the skin. Using purified ⍺-toxin to 

stimulate human CD4+ T cells in vitro Niebuhr and colleagues found that sublytic concentrations 

of the toxin induced secretion of IL-17 (Niebuhr et al., 2010). In contrast, in vivo studies using a 

toxin deficient S. aureus strain have shown that the level of IL-17 during an S. aureus SSTI is 

significantly increased when compared to controls (Tkaczyk et al., 2013; Sampedro et al., 2014). 

Additionally confounding, myeloid lineage specific ADAM10 knockout mice subcutaneously 

challenged with a S. aureus SSTI have increased dermonecrotic lesions while conditional 

keratinocyte ADAM10 knockout animals, Ker14 ADAM10-/-, are protected from S. aureus-

induced wounds (Becker et al., 2014; Inoshima et al., 2012). While many of these observations 

seem disparate, uncovering the contribution of specific toxin-mediated injury on T cells during S. 

aureus SSTI may resolve and clarify many of these findings as resident T cells have been 

reported to be the signaling link between injured keratinocyte injury and infiltrating neutrophils. 

Similarly, these cells are also mediators of the adaptive immune response (Cho et al., 2010; 

Sampedro et al., 2014; Murphy et al., 2014; Dillen et al., 2018).  
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Herein, we identify the ⍺-toxin as a key modulator of immunologic imprinting during 

recurrent S. aureus SSTI. We uncover the role of Hla-injury on innate like T cells during primary 

S. aureus SSTI and its impact on wound healing and immune function. Toxin-mediated injury to 

innate T cells dampens the ability of these cells to orchestrate keratinocyte proliferation and 

locally confine staphylococci to a neutrophilic abscess. While these observations likely reflect 

the action of distinct T cell subsets, not parsed in this work, they highlight and substantiate the 

ability of the ⍺-toxin-T cell interaction to alter the course of staphylococcal infection. 
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CHAPTER II 

 

CONTRIBUTION OF -TOXIN TO STAPHYLOCOCCUS AUREUS RECURRENT 

INFECTION 

This majority of the work provided for this chapter has been published as a manuscript in The 

Journal of Infectious Diseases: Targeting Staphylococcus aureus -Toxin as a Novel Approach 

to Reduce Severity of Recurrent Skin and Soft-Tissue Infections (DOI: 10.1093/infdis/jiu223). 

The authors of that manuscript are Georgia R. Sampedro, Andrea C. DeDent, Russell E. N. 

Becker, Bryan J. Berube, Michael J. Gebhardt, Hongyuan Cao, Juliane Bubeck Wardenburg. 

 

Introduction 

Staphylococcus aureus is the leading cause of skin and soft tissue infection (SSTI), 

resulting in more than 10 million outpatient visits, approximately 500,000 hospital admissions 

per year in the United States and a substantial economic burden (Hersh et al., 2008; David et al., 

2010; Lee et al., 2012). Although most SSTIs are successfully managed with surgical drainage 

and oral antimicrobial therapy, cutaneous infection can potentiate serious invasive disease and is 

associated with recurrent infection in up to 50% of patients (David et al., 2010). Recurrent 

infection contributes to increased morbidity and exposes the patient to multiple antimicrobials, 

promoting drug resistance. Epidemic community-associated methicillin-resistant S. aureus 

strains that have circulated in the United States for more than a decade are adept at causing 

recurrent infection in healthy adults and children, suggesting that pathogen-associated traits may 

increase primary SSTI risk and simultaneously blunt the development of protective immunity. 

To date, however, there has not been a mechanistic link between specific S. aureus virulence 
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factors and potentiation of reinfection, in part owing to a lack of suitable animal model systems 

of recurrent SSTI.  

Host predictors of reinfection susceptibility have been ill-defined, with the exception of 

immunodeficiency syndromes, including chronic granulomatous disease and hyper- 

immunoglobulin E syndrome, which are associated with innate immunity defects that predispose 

to S. aureus infection (Miller et al., 2011). On the other hand, S. aureus predictors of reinfection 

susceptibility can be determined by cases of acquired natural immunity against recurrent S. 

aureus skin infection. One such predictor being Hla, as immunity from SSTI reinfection 

correlates with an increased level of antibody recognizing S. aureus -toxin (Frtiz et al., 2013). 

Together, these findings suggest a potential role for this toxin in patterning the host response and 

highlight a specific virulence factor that may be targeted for intervention during primary SSTI.  

S. aureus Hla is a small pore-forming cytotoxin expressed by almost all clinical isolates 

(Berube et al., 2013). Increased Hla expression has been noted in community-associated 

methicillin-resistant S. aureus strain USA300 and in historic clinical isolates associated with 

epidemic human disease, correlating with increased severity of SSTI and pneumonia (Bubeck 

Wardenburg et al., 2008; DeLeo et al., 2011). Hla causes dermonecrotic skin injury by 

interacting with ADAM10, a zinc-dependent metalloprotease that cleaves E-cadherin and 

destabilizes the epithelial barrier on toxin binding (Wilke et al., 2010; Inoshima et al., 2012). 

Supporting the role of the Hla-ADAM10 interaction in pathogenesis, primary SSTI is mitigated 

by immunization strategies targeting Hla as well as a small molecule ADAM10 inhibitor that 

blocks toxin binding (Inoshima et al., 2012; Kennedy et al., 2012; Tkaczyk et al., 2013). Coupled 

with human clinical data on the anti-Hla response in protection against recurrent SSTI (Fritz et 

al., 2013), these observations suggest that identification of a role for Hla in recurrent infection 
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could accelerate the development of highly targeted interventions. To this end, we developed a 

tractable mouse model of S. aureus recurrent SSTI to examine the molecular contribution of Hla 

to reinfection. 

 

Results  

To investigate the role of Hla in recurrent S. aureus SSTI, we used established mouse 

models of staphylococcal skin infection as a framework to develop a model of recurrent SSTI 

(Figure 1A). We infected 4-week-old mice with either 1 x 107 WT or isogenic variant forms of S. 

aureus USA300 (primary infection). After a 1-week period of recovery following clearance of 

the primary lesion, mice were subjected to reinfection on the opposite flank with 3-4 x 107 

staphylococci (secondary infection). We reasoned that the delivery of a low initial dose would 

allow pathogen modulation of host immune pathways without causing substantial tissue damage 

observed with higher inocula (Inoshima et al., 2012). In this model, primary SSTI infection with 

either wild-type (WT) USA300 (Figure 1B) or an isogenic Hla- mutant (hla) confirmed the 

previously observed virulence defect of the hla strain (Kennedy et al., 2012).  

Reinfection of these mice with WT S. aureus demonstrated larger lesions in mice initially 

infected with WT S. aureus than in those initially infected with the hla strain (Figure 1B; 

statistical analysis in Table 1), suggesting that Hla expression during primary infection interferes 

with the development of host immunity against recurrent infection. S. aureus recovery from 

primary and secondary lesions harvested 1 or 3 days after reinfection did not differ depending on 

whether the primary infection was caused by WT or hla S. aureus (Figure 1C). These findings 

are consistent with observations that Hla does not substantially modify bacterial load at early 

time points after infection and that lesion size is not solely determined by bacterial recovery 
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(Inoshima et al., 2012; Tkaczyk et al., 2013; Becker et al., 2014). Histopathologic analysis of 

WT- and hla-infected primary lesions 3 days after infection revealed abscesses confined to the 

subcutaneous space without overlying epidermal injury (Figure 1D, left panels). The appearance 

of lesions harvested after secondary infection was notable for increased epidermal damage and 

lesion size relative to primary infection, consistent with the increased inoculum (Figure 1D, right 

panels). These findings, however, were less severe in mice initially infected with hla than in 

those infected with WT S. aureus (Figure 1D, right panels). Although a significant inflammatory 

cell infiltrate is apparent at 3 days after infection in primary lesions, this appears less prominent 

at the same interval after reinfection. In contrast, the overall histologic appearance of primary 

and secondary lesions in both conditions appears similar 1 day after infection (Figure 2A), again 

revealing the earlier onset of epidermal injury in mice that received primary infection with WT 

versus hla S. aureus. Consistent with the findings of Tkaczyk et al (Tkaczyk et al., 2013), who 

observed that genetic deletion of Hla or immunotherapeutic neutralization of the toxin led to 

increased host interleukin 1 and 17 responses to skin infection, we observe these cytokine 

alterations after primary infection in our model system (Figure 2B). 

Because Hla pore formation is required for cytotoxicity to epithelial cells and toxin-

mediated ADAM10 activation that results in epithelial barrier injury (Wilke et al., 2010; 

Inoshima et al., 2012; Inoshima et al., 2011), we examined the requirement for toxin activity in 

susceptibility to recurrent infection. To this end, we used a hla mutant USA300 strain 

complemented with plasmid-encoded WT Hla (hla::phla) or an Hla variant containing a single 

amino acid substitution (HlaH35L, hla::phlaH35L) that retains ADAM10 binding capability but is 

unable to form the injurious pore, thereby functioning as a dominant-negative toxin (Wilke et al., 
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2010). Complementation leads to approximately 3-fold overexpression of WT Hla or HlaH35L 

(Figure 5A, inset) (Bubeck Wardenburg et al., 2008).   

Primary infection of mice with WT, hla, hla::phla, or hla::phlaH35L demonstrated the 

effect of active Hla on infection severity, because active Hla overexpression by the hla::phla 

strain resulted in severe skin lesions, whereas the hla::phlaH35L was associated with a minimal 

lesion similar to the hla mutant (Figure 3A; statistical analysis inTable 2). Reinfection of these 

mice with WT USA300 demonstrated that the most significant degree of protection was afforded 

by primary infection with the hla::phlaH35L strain (Figure 3B, followed by the hla strain, 

indicating that the absence of toxin activity during primary infection is beneficial to the host in 

establishing a protective response to reinfection (statistical analysis in Table 3). 

Primary infection with the hla::phla strain was significantly less protective than the 

hla::phlaH35L strain in spite of the similar level of toxin produced by these strains (Figure 3C). 

Histopathologic analysis of skin lesions from these two groups of mice revealed larger lesions 

and increased tissue injury in hla::phla-infected mice after reinfection than in those with 

primary infection caused by hla::phlaH35L S. aureus (Figure 3C). The serum anti-Hla antibody 

titer after primary infection with hla::phla (Figure 4A) and hla::phlaH35L was significantly 

elevated relative to hla and similar in the two complemented strains (statistical analysis in 

Table 4). After secondary infection, anti-Hla titers increased in all conditions relative to the 

corresponding primary infection (Figure 4A). Titers in mice initially infected with hla::phla or 

hla::phlaH35L were significantly elevated compared with both WT and hla primary-infected 

mice (Figure 4A) but did not differ between mice initially infected with hla::phla or 

hla::phlaH35L. Examination of serum toxin-neutralizing activity two weeks after reinfection 
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demonstrated that mice initially infected with hla::phla or hla::phlaH35L (Figure 4B) mount a 

significant response relative to preinfected animals, whereas those with WT primary infection 

only demonstrated a trend toward neutralization. The magnitude of this response, however, was 

indistinguishable between reinfected groups and was significantly weaker than in serum samples 

harvested from mice passively immunized with a well-characterized, Hla-neutralizing 

monoclonal antibody (red circles in Figure 4B) (Ragle et al., 2009). 

The observation that primary infection with hla::phla and hla::phlaH35L leads to the 

generation of quantitatively and qualitatively equivalent antibody responses, yet distinct 

reinfection outcomes, underscores the importance of the active toxin in modulating the host 

response. Importantly, these data suggest that an anti-toxin antibody response alone is 

insufficient to optimize protective immunity against recurrent SSTI. We hypothesized that 

reinfection severity may be reduced by deliberate antagonism of Hla activity, coupled with 

preservation of antigenic exposure during primary infection to stimulate the development of 

toxin-neutralizing antibodies. Because SSTI is primarily managed in the outpatient setting, a 

clinically effective therapeutic intervention must be cost-effective for delivery to a large number 

of otherwise healthy patients who present with primary SSTI and an indeterminate risk for 

recurrence. We therefore examined therapeutic delivery of either recombinant, dominant-

negative HlaH35L or a small molecule active-site inhibitor of ADAM10 that blocks Hla receptor 

binding (GI254023X) (Inoshima et al., 2011) to reduce reinfection severity. These novel 

strategies were predicted to maintain host exposure to Hla while abrogating toxin activity during 

primary infection. Therapy was delivered as a single intralesional dose 6-8 hours after primary 

WT S. aureus infection (Figure 5A); these treatments blunted primary skin lesions (Figure 5B). 
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After reinfection, lesion size was substantially reduced in mice treated with either HlaH35L 

(Figure 6A) or the ADAM10 inhibitor (Figure 6B), compared with the respective control mice. 

Because the literature describes disparate susceptibility outcomes for host genetic 

mutants (IL-17 and IFN- deficient mice) infected with S. aureus at cutaneous or invasive tissue 

sites, we hypothesized that tissue context impacts the role of Hla in S. aureus recurrence patterns 

(Cho et al., 2010; Ishigmae et al., 2009; Brown et al., 2015; Lin et al., 2009; Sampedro et al., 

2017). In order to address this, we developed a model whereby S. aureus cutaneous infection is 

followed by lethal dose of S. aureus pneumonia (Figure 7A). In this model, animals exposed to 

the toxin subcutaneously during primary S. aureus SSTI are less likely to succumb from 

subsequent S. aureus pneumonia (Figure 7B, statistical analysis in Table 5). Further, active Hla 

overexpression by the hla::phla strain correlated with the greatest protection from lethal S. 

aureus disease (Figure 7C). One possible explanation for this phenomenon may be that Hla-

mediated injury to the epidermis results in low level S. aureus antigen circulation that can 

potentiate the immune response for invasive infection but not for cutaneous S. aureus disease. 

This finding is interesting in light of human S. aureus epidemiologic data that demonstrates that 

children who develop a primary cutaneous insult are more likely to have repeated cutaneous S. 

aureus SSTIs but children who initially develop an invasive S. aureus infection are less likely to 

develop any type of subsequent recurrent S. aureus infection (Fritz et al., 2013). These data 

suggest the host may develop durable immunity to invasive disease more readily and through a 

different mechanism than for cutaneous infection. The hypothesis that S. aureus immunity relies 

on the exposure history and tissue context in which exposure occurs may explain the pronounced 

heterogeneity in anti-staphylococcal antibody levels seen in both children and adults (Dryla et 
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al., 2005). Future work should provide mechanistic insight into the underlying immunological 

molecular features that Hla perturbs in specific tissue context during S. aureus infection. 

 

Discussion  

Together, these results suggest that reinfection abscess severity is a functional integration 

of two distinct but related processes: (1) the deleterious effects of active Hla on host cells during 

primary infection and (2) the degree of antigenic exposure to Hla. Although the presence of 

active Hla impairs host protective responses to reinfection (Figure 1B, 1D, 2B, and 2C), 

antigenic exposure in the context of toxin overexpression (Figure 4B) or inactive toxin (as with 

the HlaH35L mutant or in the presence of the ADAM10 inhibitor; Figure 6A, B) seems to promote 

the generation of a toxin-neutralizing antibody response. Toxin-neutralizing approaches seem to 

afford the additional benefit of limiting the harmful effects of the active toxin on host immunity. 

Hla causes direct cytotoxicity to immune cells (Nygaard et al., 2013; Nygaard et al., 2012; Abtin 

et al., 2014), also demonstrating the ability to modulate immune cell recruitment, inflammasome 

activation, host cytokine and responses, and bacterial killing (Berube et al., 2013).  

 To date, the impact of Hla on host immune responses has been investigated only during 

primary infection, with recent studies underscoring the complex effects of the toxin in the tissue 

microenvironment. Deletion of Hla or prophylactic passive immunization with an anti-Hla 

monoclonal antibody augments tissue expression of multiple cytokines and chemokines, 

correlated with priming of the Th1 and Th17 responses and improved SSTI outcome (Tkaczyk et 

al., 2013). In contrast, loss of Hla sensitivity by the selective deletion of ADAM10 on myeloid 

lineage cells leads to exacerbated skin lesions and a dampened host interleukin 1 response to 

primary infection, indicative of a beneficial effect of toxin immune priming (Becker et al., 2014). 
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These observations indicate that detailed analysis of cell-type specific immune responses to Hla 

during primary infection is required to elucidate how the toxin manipulates immunity and 

predisposes to recurrent infection. Because toxin antagonism does not fully eliminate recurrent 

infection, our findings clearly indicate that virulence factors other than Hla modulate the host 

response to reinfection. It will be of interest to define these factors and the molecular 

mechanisms by which multiple factors act in concert to blunt the development of protective 

immunity.  
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CHAPTER III 

 

ANALYSIS OF THE -TOXIN-ADAM10 INTERACTION ON T CELLS DURING 

PRIMARY S. AUREUS SKIN AND SOFT TISSUE INFECTION (SSTI) 

The work provided for this chapter will be submitted for publication. Staphylococcus aureus -

toxin targets skin peripheral T cells to impede wound repair. The authors of that manuscript will 

be Georgia R. Sampedro, Michael Shih, Jakub Kwiecinski and Juliane Bubeck Wardenburg. 

 

Introduction 

 The epidermis both protects the body from invading pathogens and has the capacity to 

self-renew and repair epithelial injury as an end to maintain barrier homeostasis. When the 

epidermis is wounded by a pathogen, resident T cells sense the damage from neighboring injured 

keratinocytes and can simultaneously trigger the epithelial repair pathway and initiate the 

cutaneous immune response. Due to their anatomical location and wide-spread spatial 

distribution across the epithelium where they interdigitate with keratinocytes, epidermal 

cutaneous resident T cells, namely  T cells, are the initial respondents to keratinocyte injury 

produced during wounding (Hayday 2009; Chodaczek et al., 2012). In the context of infection or 

chronic wounding,  T cells must secrete cytokines like IL-17 and IFN-  that direct the ensuing 

immune response to the node of infection and simultaneously release epidermal proliferation 

factors such as, KGF-1 and KGF-2 to initiate re-epithelialization of the torn tissue (Chien et al., 

2013; Jameson et al., 2002; MacLeod et al., 2013). To this end, this makes  T cells the nexus 

between epithelial-immune crosstalk. Studies have demonstrated, in the context of infection, a 

variety of infectious agents target  T cells to cause epithelial damage (Maccario et al., 1993; 
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Poccia et al., 2009; Knight et al., 2010). To our knowledge, however, the link between the micro-

bacterial and cutaneous environment have been limited in scope and do not offer mechanistic 

insight into how a specific virulence factor can impede  T cell function.  

 S. aureus can infect nearly every tissue space in the human host and for this reason it is a 

world-wide leading etiologic agent of pneumonia, sepsis, osteomyelitis, and skin and soft tissue 

infections (SSTI) (Ani et al., 2015; Klevens et al. 2007; Lowy 1998). Notwithstanding, S. aureus 

most commonly causes skin infection (McCaig et al., 2006; Challangundla et al., 2018). While 

SSTIs are often self-limiting, the skin is the prevailing site of persistent S. aureus colonization 

and S. aureus recurrent infections that have the potential to cause non-healing deep tissue 

infections that can be life-threatening. The success of S. aureus as a skin pathobiont relies on its 

brigade of virulence factors that promote keratinocyte injury, immunoevasion, and nutrient 

acquisition (Oikonomopoulou et al., 2012; Foster et al., 2005; Berube et al., 2013; Vandenesch et 

al., 2012; Foster et al., 1998; Nizet, 2007; Rooijakkers et al., 2005; Parker et al., 2011). Due to 

waning effectiveness of antibiotics against this pathogen and the potentiation of drug resistance, 

detailed knowledge of the underlying molecular mechanism by which specific virulence factors 

perturb the complex multi-cellular interactions in the skin is required to inform vaccination 

strategies and novel host targeted prophylactic therapies.  

Observations of the host’s immunologic response to S. aureus cutaneous infection 

illuminate the quintessential components of the epithelial- immune response. Keratinocytes and 

resident cells activate pattern recognition receptors such as, cell surface TLR2 as well as 

intracellular NOD2 through the detection of S. aureus cell wall moieties triggering signaling 

cascades that produce cytokine, chemokines, and antimicrobial peptides (Fournier B, 2012; Hruz 

et al., 2009). Likely, through an unknown antigen, injured keratinocytes subsequently activate 
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resident neighboring T cells to secrete IL-17 and along with secreted signals from perivascular 

macrophages these cells induce neutrophil-attracting chemokines and granulopoiesis factors 

including keratinocyte chemoattractant (KC/CXCL1), macrophage inflammatory protein-2 

(MIP-2/CXCL8), and granulocyte monocyte colony stimulating factor (GM-CSF) that promote 

neutrophil recruitment and abscess formation to contain S. aureus (Cho et al., 2010; Dillen et al., 

2018; Cua and Tato, 2010; Witherden et al., 2010; McLoughlin et al., 2006; Abtin et al., 2014). 

Subsequently, at the site of infection, activated neutrophils produce myeloid peroxidase (MPO) 

and hypohalous acids to carry out their antimicrobial function in addition to secreting IL-1β to 

mobilize additional neutrophils from the bone marrow (Cho et al., 2012).  

One of the earliest events during S. aureus skin infection is the breach of the epidermal 

barrier and destruction of the local skin tissue microenvironment by S. aureus cytotoxins that is 

distinguishable by necrotic wounds overlying the infection nidus (Kennedy et al., 2010; 

Inoshima et al., 2012; Berube et al., 2014; Wang et al., 2007; Malachowa et al., 2012). Of 

particular interest, ⍺-toxin activity in the skin modulates most of the events that comprise a 

productive epithelial-immune response. The dual-nature of Hla intoxication triggers immune cell 

activation but also damages host cells both by lytic pore formation and ADAM10 activity. On 

keratinocytes and innate cells, ⍺-toxin-pores are a conduit for S. aureus cell wall moieties to 

activate intracellular pattern recognition receptor, NOD2. Also, ⍺-toxin injury to neutrophils and 

monocytes stimulates NLRP3-inflammasome signaling that ultimately, enhances neutrophil 

production of IL-1β (Craven et al., 2009; Kebaier et al., 2012; Becker et al., 2014). Concurrently, 

Hla-mediated ADAM10 activation on keratinocytes potentiates injury via cleavage to both E-

cadherin that links the epidermal meshwork and CXCL1 that serves as a neutrophil chemotactic 

gradient (Inoshima et al., 2012; Norrby-Teglund, oral presentation). Additionally, perivascular 
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macrophages intoxicated by Hla also have altered neutrophil homing signals preventing 

neutrophil extravasation into the injured skin (Abtin et al., 2014).  

We identified Hla as a key S. aureus determinant in primary and recurrent cutaneous 

disease models (Sampedro et al., 2014). Probing into mechanism, we found two inflammatory 

cytokines, IL-17 and IL-1, were upregulated in toxin-deficient S. aureus infected skin 

homogenates when compared to controls (Sampedro et al., 2014; Tkaczyk et al., 2013). 

Conversely, purified ⍺-toxin in vitro has been shown to stimulate human CD4+ T cells to secrete 

IL-17 (Niebuhr et al., 20120). Furthermore, Ker14 ADAM10-/- mice challenged with S. aureus 

SSTI are resistant to lesion formation whereas LysM ADAM10-/- mice have larger necrotic 

lesions when compared to controls (Inoshima et al., 2012; Becker et al., 2014). The toxin’s 

perturbation of this pathway seems to exemplify the dual-nature of ⍺-toxin injury and cellular 

activation. 

To resolve the role of the toxin in immune-cutaneous pathology and assess whether Hla 

mediated injury directly impairs cutaneous T cells in vivo, we excised ADAM10 from peripheral 

T cells, using Cre-lox technology. To this end, the current study exposes how a single S. aureus 

virulence factor, Hla, can mediate injury to cutaneous resident T cells to concomitantly impede 

immune response and barrier renewal during a S. aureus SSTI. 

 

Results 

Generation of T cell-specific ADAM10 knockout mice 

To examine the contribution of the Hla-ADAM10 complex on peripheral T cells during 

S. aureus SSTI, we generated peripheral T cell ADAM10 knockout mice, dLck+/- ADAM10+/+. 

Deletion of ADAM10 during early stages of thymocyte development impairs TCR function and 
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generates a block in T-cell development (Manilay et al., 2005). To circumvent this problem, 

ADAM10 deletion was activated under the T-cell specific distal src-family protein tyrosine 

kinase promoter (dLck) that is upregulated only in mature lymphocytes (Zhang et al., 2005). 

Mice harboring floxed alleles of ADAM10 exon 3 (ADAM10loxP/loxP) were crossed to mice 

expressing a Cre recombinase under control of this distal Lck promoter (Figure 8A). Throughout 

this work, dLck+/- ADAM10-/- and dLck+/- ADAM10+/+ (control) mice were then bred to a double 

fluorescent reporter mouse line whereby Cre-mediated excision turns dLck+/- cells green (GFP+) 

and Cre negative cells remain red (Tdtomato, RFP+) (Rosa+ dLck+/-  ADAM10+/+ or Rosa+/- 

dLck+/-  ADAM10-/-  mice) (Muzumdar et al., 2007) or a single fluorescent reporter mouse line by 

which Cre-mediated excision turns dLck+ cells red (RFP+) (Ai9+/- dLck+/- ADAM10-/-) (Madisen 

et al., 2010). Loss of ADAM10 exon 3 by the cre-excision of the floxed genomic region was 

documented in primary GFP+ and RFP+ splenic lymphocytes harvested from control and Rosa+/- 

dLck+/- ADAM10-/- mice (Figure 8B, lane 3). Consistent with the initial report describing the use 

of dLck promoter as a driver of Cre expression we find that recombination in dLck+/-ADAM10-/- 

mice does not alter splenic T cell counts on subpopulations of CD3+, CD4+, and CD8+ T cells 

(Figure 8G). In the cutaneous epithelium, microscopic analysis of GFP+ dLck+ T cells confirms 

the morphological pattern and distribution of T cells in naïve skin to be equivalent between 

groups (Figure 8C, D, F). And while lymphocytes are numerically equivalent amongst groups, in 

vitro functional analysis of toxin mediated injury to splenic derived dLck+/- ADAM10-/- primary T 

cells demonstrate that ADAM10 knockout T cells are resistant to lysis when exposed to a 

concentration gradient of Hla that is able to elicit lysis of wild-type cells as measured by LDH 

release (Figure 8E).  
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Contribution and dynamics of -toxin injured cutaneous T cells during S. aureus SSTI 

To test whether dLck+/- ADAM10-/-
 mice are susceptible to the toxin in vivo we 

subcutaneously infected the backskins of 4-6-week-old mice with 2-3 x 107 staphylococci. Over 

the 10-day monitoring period when compared to controls, dLck+/- ADAM10-/- mice demonstrate 

faster healing wounds (Figure 9B). Representative examples of backskin wounds on these mice 

on day 5 post S, aureus infection are shown in Figure 9A. Colony forming unit enumeration from 

homogenized dLck+/- ADAM10-/- and control S. aureus-infected backskin following challenge 

have equivalent loads of S. aureus between groups with an overall decrease in bacterial load 

overtime indicative of bacterial clearance (Figure 9C). These findings are consistent with prior 

observations that -toxin does not substantially modify the bacterial load at early time points 

after infection and that lesion size is not solely determined by bacterial recovery (Inoshima et al., 

2012; Tkaczyk et al., 2013; Becker et al., 2014; Sampedro et al., 2014).  

The delay in backskin wound closure in dLck+/- ADAM10+/+ animals agreed with ear 

wounded area and thickness recordings from epicutaneous S. aureus challenge with in ear pinnae 

of mice. Representative examples of and lesion recordings from day 2 S. aureus infected ears of 

control and dLck+/- ADAM10-/- animals demonstrate that in this model -toxin protected T cells 

also have diminished wounding (Figure 9D and E). In this infection model, control mice also 

reveal the development of larger purulent lesions at the infection site with broader areas of 

epidermal crusting and increased inflammation that are significantly diminished in dLck+/- 

ADAM10-/- mice (Figure 9F).  

Spanning from S. aureus infection onset to later time points, macroscopic histopathologic 

analysis of backskin from dLck+/- ADAM10-/- and control mice from day 2 and 7 post S. aureus 

infection reveal alterations in disease pathology. dLck+/- ADAM10-/- infected backskins have a 
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singular, defined abscess that are confined to the subcutaneous space with a minor eschar (scab) 

overlying the abscess. In contrast, dLck+/- ADAM10+/+ S. aureus wounds often form multiple, 

smaller discontinuous abscesses and display large areas of overlying wound beds that often span 

almost the entirety of the collected skin specimen (Figure 10A and B, main images, black arrows 

demarcate wound bed).  

Underlying with the striking differences in wound bed sizes between groups, analysis of 

the epidermis reveals that dLck+/- ADAM10-/- animals have an overall preservation of epidermal 

architecture, epidermal proliferation, and epidermal T cells. Higher magnification at the 

unwounded edges of the tissue sample in hematoxylin and eosin and Ki67+ serially stained 

sections from S. aureus infected backskins demonstrate that the epidermis even at distant sites 

from the infection nidus are more preserved overtime in dLck+/- ADAM10-/-  animals when 

cpmaored to control (Figure 10A and B, boxed images). Furthermore, a comparison of epidermal 

thickness between day 2 and day 7 S. aureus infected backskin samples reveals that dLck+/- 

ADAM10-/-  animals have increased epidermal thickness overtime while control epidermal 

thickness is stagnant (Figure 11C). Immunostaining with anti-CD3+ antibody exposed an 

increased number of CD3+ T cells sustained adjacent to the wounded edge of dLck+/- ADAM10-/- 

suggesting that the number of toxin resistant T cells were contributing to the regulation of 

epidermal homeostasis post wounding (Figure 11A, B). Additionally, corresponding with 

quantification of CD3+ T cell counts from Figure 11A, macroscopic analysis of max projected 

fluorescent tile scans counterstained with Dapi from backsinks of control and Ai9+ dLck+/- 

ADAM10-/- mice harvested 2 days after S.aureus infection also show an increased level of Ai9+ 

dLck+ epidermal T cell adjacent to S. aureus wound bed (Figure 12A, C). 



34 

 

Due to the striking difference in the backskin between dLck+/- ADAM10-/-  and control 

animals as early as day 2 we assayed the functional capacity of keratinocytes to proliferate and 

migrate to the wound bed in response to S. aureus injury. To this end, we infected backskins of 

Ai9+ dLck+/- ADAM10-/- and control animals and at the day 2 interval pulsed the mice with 5-

ethynyl-20-deoxyuridine (EdU) for 4 hours before harvesting and analyzing their skins. 

Immunstaining for EdU incorporation, as quantified in tissue sections, also demonstrates there 

are more EdU labeled keratinocytes adjacent to the wound bed in Ai9+ dLck+/- ADAM10-/- than in 

controls (Figure 12B, D) indicating that accelerated keratinocyte proliferation contributes to 

faster wound healing in dLck+/- ADAM10-/- mice. These results are consistent with the functional 

capacity of epidermal T cells to stimulate re-epithelialization of wounded skin (Havran and 

Jameson, 2010). Tissue specimen also demonstrate more EdU labeled cells in the hair follicles of 

dLck+/- ADAM10-/- animals when compared with controls; although, more testing with a larger 

sample size is required to know if this phenomenon is reproducible. Nevertheless, this is an 

exciting possibility as recently, it has been reported that IL-1 and IL-17 producing epidermal T 

cells stimulate keratinocyte proliferation during wounding by mobilizing stem cells within the 

bulge of the hair follicle (Lee et al., 2017).  

To further characterize the spatial relationship between S. aureus and cutaneous dLck+ T 

cells we infected Rosa+/- dLck+/- ADAM10-/- and control mouse ears with yellow fluorescent 

expressing protein, YFP+ S. aureus. As early as 24-hr post infection, maximum intensity 

projections of whole-mounted ear challenged with YFP+ S. aureus reveal that mutant mice have 

more T cells adjacent to the S. aureus origin. In contrast, control mice show a dramatic decrease 

in the number T cells near the infection nidus, suggesting that direct Hla intoxication of T cells 

changes the skin’s immune potential by killing resident T cells in early hours of skin infection 
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(Figure 13A-D). Irrespective of body site or infection method, together, these studies expose 

Hla-specific injury to resident T cells to cause perturbations to T cell number that is 

accompanied by a loss of epidermal barrier integrity during S. aureus SSTI.    

 

-Toxin injury to cutaneous T cells alters the level of IL-17 and neutrophil activity in the 

tissue microenvironment 

 During S. aureus SSTI, resident lymphocytes detect keratinocyte injury and upregulate 

IL-17. Increases in the level of Il-17 in the tissue microenviornment induces the expression of 

neutrophil-attracting chemokines from keratinocytes that recruit circulating neutrophils to the 

site of infection. In temporal waves, recruited neutrophils encapsulates the staphylococci, termed 

the staphylococcus abscess (Cheng et al., 2011). Previously, we reported that Hla-mediated 

injury to keratinocytes during an S. aureus SSTI manifests as the necrotic epidermis above the 

abscess (Inoshima et al., 2012). We reason that Hla-mediated injury to keratinocytes is a 

prerequisite for lymphocyte cutaneous release of IL-17. Indeed, when we tested IL-17 levels in 

S. aureus infected skin homogenates by ELISA from Ker14 ADAM10-/-, the level of IL-17 in the 

tissue was minimal when compared to controls (Figure 14A). Thus, while toxin injury to 

keratinocytes may activate T cells, simultaneously, Hla intoxication of resident T cells may 

decrease the overall lymphocyte function in the skin microenvironment. Correspondingly, when 

compared with controls, significantly higher levels of IL-17 are found in S. aureus-infected skin 

homogenates from animals with T cells that are resistant to -toxin (Figure 14B). To determine 

whether the lower levels of IL-17 in dLck+/- ADAM10+/+ mice were associated with a reduction 

in neutrophil recruitment into the skin, we assessed the level and location of myeloid peroxidase 

activity (MPO), a proxy of neutrophil activity during S. aureus infection. Ex vivo biochemical 
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analysis for MPO in S. aureus infected backskins were higher in dLck+/- ADAM10-/- animals 

when compared with controls (Figure 14C). Further, dLck+/- ADAM10-/- S. aureus-infected 

backskin but not control sections from day 2 and day 7 post infection reveal MPO is localized to 

the staphylococcus abscess in a temporal ring-manner that both contain the S. aureus infection 

and focus immune infiltrate (Figure 14D). Lastly, restoring IL-17 function to control mice by 

intralesional addition of recombinant IL-17 (rIL-17) during early hours of S. aureus infection 

increases wound healing rates to the level of dLck+/- ADAM10-/- animals and protects them from 

secondary S. aureus SSTI (Figure 23A-D). These results provide compelling evidence that if 

resident T cells are resistant or protected from toxin-mediated injury, containment of S. aureus 

by the IL-17-neutrophil axis can accelerate primary wound repair and improve 

immunocompetence to subsequent S. aureus SSTI.  

 

  T cells are a main Hla-intoxicated T cell subset during S. aureus SSTI 

T cells expressing the Vδ1+ γδ T cell receptor are abundant and preferentially localize in 

epithelial tissue such as the skin, intestine, uterus, and tongue (Witherden and Havran, 2011). In 

mice, γδ T cell represent over 90% of the epidermal T cells (Sulcova et al., 2015). Following a 

stress signal such as keratinocyte wounding, γδ T cells can become activated and promote 

epidermal stem cell proliferation by secreting, FGF7 (Jameson and Havran, 2007). Furthermore, 

γδ T cells can also recruit other immune cells such as macrophages and neutrophils by secreting 

IL-17 (Jameson et al., 2002; Pantelyushin et al., 2012; Cho et al., 2010). Due to the striking site-

specific reduction of epidermal T cells, the decrease in keratinocyte proliferation, and reduction 

of IL-17 and neutrophil activity in wild-type animals, we postulated that the subset of dLck+ T 

cells being targeted by the toxin are  T cells.  
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To visualize the percentage of GFP+ dLck+ T cells that were  T cells in epidermal 

sheets from naïve, PBS treated (mock), and S. aureus infected dLck+/- ADAM10-/-, and dLck+/- 

ADAM10+/+ animals were subjected to  TCR immunostaining. Subsequently, 3D surface 

reconstructions of both GFP+ dLck+ T cells and  TCR immunostaining in these experimental 

groups were rendered and analyzed using an Imaris surface-to-surface co-localization algorithm. 

In every group, detection of co-localization between dLck+ T cells and the  TCR antibody, was 

equal to or higher than 70%, exposing most dLck+ T cells to be bona fide dendritic epidermal  

T cells (DETCs) (Figure 15A, B). DETC quantification revealed that DETC numbers were 

equivalent in naïve and PBS-injured groups confirming that our S. aureus delivery modality 

alone did not cause dLck+ T cell aberrations. When compared with S. aureus infected dLck+/- 

ADAM10-/- samples, epicutaneous S. aureus challenge in wild-type animals lead to >4-fold 

reduction in DETCs proximal to the S. aureus wound edge (Figure 15C). Additionally, S. aureus 

infected dLck+/- ADAM10-/- epidermal sheets also contained more DETCs than in naïve and 

mock infected groups reminiscent of the  T cell phenotype of clustering around wound edges 

(Figure 15A, bottom right panel) (Jameson et al., 2002). In sterile injury studies, DETCs are not 

only known to cluster but also to change from a dendritic to a rounded morphology as they enter 

an activated state around a wound edge (Chodaczek et al., 2012; Jameson et al., 2002). We 

therefore examined DETC morphology changes in dLck+/- ADAM10-/- and controls. Intriguingly, 

DETCs in both groups near the S. aureus nidus were more rounded and displayed fewer 

dendrites than in naïve or mock conditions indicating that the activation status may not differ 

between dLck+/- ADAM10-/- and dLck+/- ADAM10+/+ animals. Instead, it is plausible that toxin 

susceptibility in control animals may result in cell death that in totality reduces the amount of 

activated  T cells that can respond to S. aureus insult (Figure 15D).  
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To measure Hla-mediated cytotoxicity, primary DETCs from dLck+/- ADAM10-/- and 

controls were challenged ex vivo with increasing concentrations of the toxin and measured for 

lactate dehydrogenase release and ATP release. When compared to controls, dLck+/- ADAM10-/- 

 T cells remain resistant to toxin-mediated cell death supporting the likely scenario that dLck+/-

ADAM10-/-  T cells near the S. aureus wound site survive while control T cells die in an Hla- 

dependent manner (Figure 16A, B).  

TCR-/- mice harbor a pfk-neomycin cassette disrupting the TCR constant gene 

segment, C, preventing the expression of a TCR chain and resulting in the complete loss of  

T cells (Itohara et al., 1993). These mice still express T cells in the epidermis but they are T cells 

bearing the αβ TCR (Itohara et al., 1993). During S. aureus SSTI, TCR-/- mice have been 

reported to have lower IL-17 levels, decreased neutrophil activity, less bacterial clearance, and 

larger, slower healing wounds than both WT animals and TCRβ-/- animals, suggesting that αβ T 

cells cannot recapitulate the functional role of  T cells in S. aureus disease pathogenesis (Cho 

et al., 2010). In order to confirm if  T cells are the subset of Hla-intoxicated T cells that 

account for the improved wound healing rates in dLck+/- ADAM10-/- mice, TCR-/- mice were 

crossed with dLck+/- ADAM10-/- to generate TCR-/- dLck+/- ADAM10-/- mice. Epidermal sheets 

from TCR+/- dLck+/- ADAM10-/- and TCR-/- dLck+/- ADAM10-/- animals were immunostained 

with anti-TCR confirming that TCR-/- dLck+/- ADAM10-/- mice are   T cells deficient (Figure 

17A). Although further testing and controls are needed, TCR-/- dLck+/- ADAM10+/+ and TCR-/- 

dLck+/- ADAM10-/- subcutaneously infected with 3 x 107 S. aureus were both highly susceptible 

to infection demonstrating that  T cells are likely a target of early -toxin-mediated injury in 

the skin (Figure 17B).  

-Toxin alters the spatial arrangement of  T cell around the abscess and wound edge  
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 C57BL/6 mice infected with Δhla S. aureus SSTI have increased levels of γδ T cells 

secreting IL-17, improved secretion of neutrophil chemoattractant such as- KC, MIP-2, G-CSF, 

more neutrophil infiltrate, and smaller wounds when compared with animals infected with WT S. 

aureus (Tkaczyk et al., 2013; Sampedro et al., 2014). Thus, we wanted to examine whether the 

spatial distribution of γδ T cells is also altered by the presence of Hla in the skin tissue 

microenvironment. To this end, we examined the anatomical location of γδ T cells in the 

backskins of either WT or Δhla-infected animals, utilizing a γδ T cell reporter mouse, Tcrd-

H2BEGFP+/+, in which γδ T cells can be visualized by GFP fluorescence independently of TCR 

surface expression (Prinz et al., 2006). Assuredly, when we compare the number of epidermal  

T cells from Tcrd-H2BEGFP+/+ mice infected with hla versus mice infected with WT S. aureus 

there is a dramatic increase in the number of  T cells proximal to the wound bed in hla-

infected micE (Figure 18B, C, and E); similar to but with a higher intensity than the increase of 

epidermal  T cells seen in both ear and backskin samples of dLck+/- ADAM10-/- when 

compared to controls. Further, we observe that dermal  T cells spatially cluster to surround the 

neutrophilic abscess (Figure 18A and B). The number of  T cells in hla infected backskin 

sections is not only higher than in backskins infected with WT S. aureus but also higher than in 

naïve samples suggesting that the dermal  T cells visible in the hla infected samples may be 

infiltrating  T cells (Figure 18D and E). Using an Imaris distance transformation, we calculated 

the proximity of  T cells to the abscess to be closer than that of  T cells in backskins infected 

with WT S. aureus (Figure 18C). In contrast to this finding, we do not observe dermal  T cells 

in Ai9+/- dLck+/- ADAM10-/- to display this spatial distribution surrounding the S. aureus abscess. 

Presumably, in Ai9+/- dLck+/- ADAM10-/- animals the direct intoxication of T cells does not 

eliminate the possibility that there is toxin-mediated damage to other cell-types in the tissue 
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micro-environment that may be required to signal to the  T cells to aggregate around the 

abscess. It is attractive to hypothesize that the clustering of  T cells near the abscess and 

wound bed provides a spatial signal that in conjunction with their chemical activatory signal can 

form a spatial-chemical gradient that correctly orients both keratinocyte proliferation and 

neutrophils infiltrate to the nidus of infection.  

Discussion  

In our study, we demonstrate that Hla-mediated injury to cutaneous T cells slows S. 

aureus wound healing. Underlying this disease pathology, we trace how both components of the 

epithelial wound repair cascade and the immune response are linked to the initial Hla-mediated 

injury of epidermal T cells. Hla-mediated intoxication to resident T cells causes an overall 

decrease in T cell number adjacent to the S. aureus wound site following both subcutaneous and 

epicutaneous challenge that is accompanied by a delay in re-epithelialization. Simultaneously, 

immune function is dampened as measured by lower levels of IL-17, a decrease in neutrophil 

activity, and larger S. aureus-induced wounds. 

Due to the toxin-induced perturbation of keratinocyte proliferation and the dampening of 

IL-17 levels in the S. aureus infected tissue of control animals we reasoned that the dLck+ T cells 

we were investigating are  T cells. Staining of GFP+ dLck+ T cells with an anti-  TCR 

antibody confirmed their overlap and paralleled the deficit of dLck+ T cells near the S. aureus 

nidus we had previously been examining. Additionally, both control and TCR-/- dLck+/- 

ADAM10-/-  mice are highly susceptible to S.aureus SSTI, displaying uncontrolled infection 

spreading over the entiretiy of backskin. In the future, S. aureus-infected skin homogenates from 

TCR-/- dLck+/- ADAM10-/- and controls will be examined for difference IL-17 and neutrophil 
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activity. We hypothesize that these underlying biological correlates critical to the wound healing 

cascade will support the findings of the phenotypic wound healing rates.  

Interestingly, backskin infections of Tcrd-H2BEGFP+/+ mice with WT or hla S. aureus 

reveal that the presence of the toxin impairs  T cell clustering around the abscess and the 

wound bed. It is intriguing to speculate that  T cells likely serve as a beacon for keratinocyte 

proliferation and neutrophil infiltrate that subsequently close the wound and contain S. aureus. 

Future studies will aim at determining whether the spatial distribution of  T cells is associated 

with their secretory activity. Additionally, the underlying signal presumably destroyed by toxin 

activity that results in  T cells homing to the abscess remains enigmatic; however, assessing 

the spatial distribution of  T cells in Ker14-/- ADAM10-/- and LysM ADAM10-/- animals will be 

insightful.  

In conclusion, our findings provide evidence that upon S. aureus challenge cutaneous T 

cells are required to upregulate the immune response and direct re-epithelialization to close the 

wound and rebalance the skin homeostatic environment in the host’s favor (Figure 19, model). 

To our knowledge, we are the first to attribute a mechanistic link between the action of a single 

bacterial virulence factor to cutaneous T cells damage and subsequently delineate its impact on 

both epithelial barrier repair and immune imprinting. Further, our discovery that  T cells 

encase the S. aureus abscess in the absence of the toxin add an exciting and missing detail to the 

model of S. aureus abscess formation.  In light of these data, it is clear that  T cells are 

responding to and communicating with other cellular constituents of the epidermis to orchestrate 

S. aureus containment and restoration of the skin barrier following injury. It will be interesting to 

probe deeper into their interactions and functions both at the wounded and S. aureus abscess 

edge.  
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CHAPTER IV  

 

ANALYSIS OF THE IMPACT OF -TOXIN INTOXICATION DURING STERILE 

WOUND HEALING AND RECURRENT S. AUREUS SSTI 

Sections of the work provided for this chapter will be submitted for publication. Staphylococcus 

aureus -toxin targets skin peripheral T cells to impede wound repair. The authors of that 

manuscript will be Georgia R. Sampedro, Michael Shih, Jakub Kwiecinski and Juliane Bubeck 

Wardenburg. 

 

Introduction 

 S. aureus is the most common cause of skin infections word-wide (McCaig et al., 2006; 

Challangundla et al., 2018). The current wave in the epidemiology of S. aureus infections, 

starting in the late 1990s, is an epidemic of community-associated skin and associated soft tissue 

infections (SSTIs); precipitated by the USA300 clone and by similar strains that harbor a more 

aggressive array of virulence factors, an increased doubling time, and resistance to antibiotics 

(Tong et al., 2015). Notwithstanding, both hospital and community acquired methicillin-resistant 

S. aureus, HA-MRSA and CA-MRSA, respectively, cause S. aureus SSTIs. In the skin, S. aureus 

is routinely associated with the ability to infect both acute and chronic wounds but also with the 

ability to cause susceptibility to recurrent S. aureus SSTIs (Demling and Waterhouse, 2007; 

Serra et al., 2015; Dunyach-Remy et al., 2016; Gardner et al., 2004; Fritz et al. 2013; Creech et 

al., 2015). While acute/chronic wounds and recurrent S. aureus infection are biologically 

different processes, the predominant presence of S. aureus suggests that the underlying 

pathophysiology induced by S. aureus may alter the skin’s microenvironment to favor prolonged 

association with staphylococci.  
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The increasing reservoir of S. aureus both in the community and hospital settings has led 

staphylococci to be widespread and readily able to contaminate both acute and chronic wounds 

(Moranet al., 2006; Drews et al., 2006). There are principally two types of acute wounds- 1) 

traumatic wounds (penetrating deep cuts, common in combat related injuries), and 2) surgical 

site (SI) wounds. While traumatic wounds have not been as readily documented, epidemiological 

surveys on surgical wounds document an S. aureus incidence rate of 20-82%, the range in 

incidence rate chiefly reflective of the surgical site and procedure (Giacometti et al., 2000; 

Saadatian-Elahi et al., 2008).  

Unlike acute wounds, chronic wounds are not as defined by their etiology as they are by 

the substantial time the wounds take to heal. Wounds in this category typically take four weeks 

to more than three months to heal (Werdin et al., 2009; Mekkes et al., 2003; Cazander et al., 

2013). Nomenclature is far from agreed upon, however, the Wound Healing Society classifies 

chronic wounds into four major categories: pressure ulcers, diabetic ulcers, venous ulcers, and 

arterial insufficiency ulcers (Krisner et al., 2006; Jarbink et al., 2016). The most comprehensive 

epidemiological studies on the effect of S. aureus in chronic wounds are in the diabetic ulcer 

population. While ulcers are often polymicrobial, several reports indicate that the incidence of S. 

aureus growth in diabetic ulcer to be up to 50% where the presence of S. aureus makes them 

more likely to be infected (Roghman et al., 2001; Dang et al., 2003; Lipsky et al., 2004).  

Laboratory animal models used to investigate S. aureus role in wounding have shown 

that many of the known host and pathogen modulators of S. aureus SSTI biology are also present 

and contribute to the pathogenesis in S. aureus wound models. In a thermal wound model, at the 

level of mRNA, inflammatory cytokine- IL-1 β, antimicrobial peptide-human β defensin, and 

pattern recognition receptor, TLR2 are all upregulated within the S. aureus colonized wound 
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(Haisma et al., 2013). In a surgical wound model, S. aureus-infected wounds have higher levels 

of neutrophil chemoattractant KC/CXCL1, MIP-2/CXCL8 and subsequent neutrophil infiltrate 

both of which are not present in control sterile wounds (McLoughlin et al., 2006). In S. aureus- 

infected wound model, both in non-diabetic and diabetic mice, wound healing was accelerated 

with the application of a neutralizing α-toxin antibody (Ortines et al., 2018). Together, these 

studies suggest that the key signatures of S. aureus-infected skin biology may transverse the 

modality and situational context of how staphylococci were introduced to the skin.  

Even after successful antimicrobial therapy is applied, S. aureus recurrent SSTI over one 

year are as high as 70% (Kaplan et al., 2014; Williams et al., 2011; Doung et al., 2010; Chen et 

al., 2009; Miller et al., 2007, Fritz et al., 2012; Bocchini et al., 2013; Miller et al., 2015). The risk 

factors governing recurrent infections are multifactorial and recent studies have pinpointed 

variables on the level of the environment, host, and pathogen that can contribute to the 

susceptibility to S. aureus recurrence.  

Household fomites have been demonstrated to be an environmental risk factor in 

recurrent S. aureus SSTIs. A longitudinal study examining environmental risk factors found that 

patients with a S. aureus SSTI were more likely to suffer from a recurrence if household fomites 

are MRSA contaminated (Miller et al., 2015). A detailed examination of household 

environmental surfaces exhibited the highest prevalence of S. aureus to be isolated from 

bathtub/shower at 71% and the bathroom hand towel to be 68% (Morelli et al., 2015). 

Consequently, environmental surfaces may provide a reservoir for re-inoculation of S. aureus 

although it is unclear whether the surface is an active mediator of infection or if S. aureus 

recurrent patient is contaminating fomite surfaces. 
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γδ T cells have been implicated as a central cellular modulator of immunity in S. aureus 

recurrent infections. In a model of recurrent S. aureus peritonitis, Vγ4+ δ T cells expand and 

produce IL-17 during a subsequent S. aureus re-challenge. Further, adoptive transfer of S. 

aureus-primed γδ T cells confer protection against S. aureus peritonitis in naïve mice (Murphy et 

al., 2014). Notwithstanding, a peritoneal infection model may not be able to approximate 

primary or recurrent S. aureus skin biology as immune T cell residents including, γδ T cells are 

known to have specialized functions intrinsic to their anatomical location. Recently, in a S. 

aureus skin recurrent model, Dillen and colleagues have demonstrated that IL-1 β-/- mice are 

protected from secondary S. aureus skin challenge by TNF-α and IFN-γ secreting Vγ5and Vγ6 

γδ T cells from the draining lymph nodes that are activated in a TLR2/MyD88 dependent manner 

(Dillen et al., 2018). While these findings are intriguing, developmental and wound healing 

studies have highlighted the contribution IL-1 β signaling has on the expansion of IL-17 

secreting γδ T cells both at the periphery and in the dermis (Muschaweckh et al., 2017; Nielsen 

et al., 2014). Accordingly, the results of Dillen and colleagues seem confounding as the use of 

IL-1 β-/- mice may profoundly alter the population of peripheral γδ T cells that expand into stable 

IL-17 producers upon stimulation from IL-1 β and IL-23 signals distinctively produced during 

skin inflammation.  

Both data from human epidemiology studies and laboratory animal modeling have 

demonstrated that α-toxin mediated injury contributes to recurrent S. aureus SSTIs. Chapter I 

gives a complete overview of these findings. Briefly, the key pieces of data demonstrating a role 

for α-toxin in recurrent S. aureus infection are: 1) anti-α-toxin antibody titers correlate with 

protection against recurrent S. aureus SSTI in children (Fritz et al., 2013) and 2) in an animal 
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model of recurrent S. aureus SSTI α-toxin activity increases the severity of recurrent S. aureus 

SSTI (Sampedro et al., 2014).  

Together, these studies demonstrate that many of the key pathogen and host signatures of 

infection are present regardless of skin infection context-primary S. aureus infection, S. aureus-

infected wounds, and recurrent S. aureus infection. Accordingly, the presence of S. aureus in 

wounds and recurrent SSTIs suggests that the signaling networks that underlie the host-pathogen 

interaction in the skin are likely manipulated in similar ways to produce a microenvironment that 

favors staphylococci. In light of this, we reasoned that interrogating specific α-toxin injured cell 

populations, using host genetics, would yield greater molecular insight into how α-toxin-

mediated injury to the microenvironment modulates the biology of S. aureus wounding and 

recurrent infection.  

 

Results 

α-Toxin modulates sterile wound healing by targeting cutaneous T cells 

Upon sterile wounding, epithelial tissue must rapidly regenerate in the face of damage to 

maintain barrier homeostasis. Keratinocytes, stem cells, and γδ T cells communicate in a 

spatiotemporal manner to coordinate re-epithelization of the wound bed (Keyes et al., 2016). The 

role of  T cells in clustering and generating activatory signals such as, IL-17 and FGF-7, upon 

recognizing a yet unknown stress antigen that emerges in response to keratinocyte injury has 

been previously documented in the response to full thickness wounding (Jameson et al., 2002; 

Witherden et al., 2010). Further, TCR-/- animals and animals specifically lacking V5+1+ T 

cells (DETCs) display a delay in re-epithelization to full-thickness wounds highlighting the 
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functional role of  T cells in wound healing (Jameson et al., 2002; Barbee et al., 2011; Lewis et 

al., 2006; Keyes et al., 2016; Lee et al., 2017).  

Because α-toxin specifically injures  T cells in the context S. aureus skin infection, we 

hypothesized that Hla intoxication to  T cells in vivo would diminish their wound healing 

capabilities during subsequent sterile wounding. In order to test this hypothesis, we first rendered 

keratinocytes resistant to toxin by conditionally excising ADMA10 to ensure that toxin-mediated 

damage to keratinocytes would not be a confounding variable. To do so, we topically applied 

tamoxifen to a 6 cm2 area of the epidermis in Ker14+/- dLck+/-ADAM10-/- and Ker14+/- dLck-/-

ADAM10-/- animals as previously reported for Ker14-/- ADAM10-/- mice (Inoshima et al, 2012). 

Subsequently, subcutaneous challenge with purified -toxin was localized to the tamoxifen- 

treated area and then subjected to full-thickness wounds on the animals’ backs elicited with a 

6mm punch biopsy tool (Figure 20A). As shown in images from a representative experiment, 

Ker14+/- dLck+/-ADAM10-/- mice consistently closed their wounds faster than their genetic 

controls (Figure 20B). When quantified, the biggest differences in wound area were consistently 

between d3 and d5 post wounding, where the rate of wounded area was always smaller in 

Ker14+/-dLck+/-ADAM10-/- mice when compared with controls (Figure 20C). Additionally, the 

serum anti-Hla antibody titer after sterile wounding were not significantly elevated from naïve 

mice in either Ker14+/- dLck+/-ADAM10-/- mice (Figure 20D), indicating that the accelerated 

wound healing rates came solely from innate T cells capacity to heal wounds and was not 

attributable to the humoral immune response. Remarkably, these studies confirm prior suspicion, 

never tested, that direct-toxin mediated injury in the skin not only damages keratinocytes but 

debilitates T cells from performing their role in wound healing.  In light of this data, it is 
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intriguing to wonder whether toxin-mediated injury to T cells in the context of S. aureus 

colonization prior to sterile wounding or to S. aureus SSTI could impair the subsequent outcome. 

 

α-Toxin impacts recurrent infection in dLck ADAM10-/- and LysM ADAM10-/- 

 Aside from the IL-17 producing  T cells reported to have a role in S. aureus recurrent 

infection, Montgomery and colleagues have also reported that CD4+ T cell depletion prior to 

secondary challenge abrogated protection against S. aureus SSTI. Additionally, they observe that 

an intact humoral response is also a critical independent mechanism of protection against S. 

aureus recurrence (Murphy et al., 2014; Montgomery et al., 2014; Dillen et al., 2018). Together, 

these data are compatible and illustrate the complex nature of recurrent S. aureus SSTI where 

protection is afforded by both humoral and innate/adaptive cellular immunity. In light of α-toxin 

mediated injury to innate T cells during primary S. aureus SSTI, we wanted to investigate 

whether direct Hla injury to T cells would impact the outcome and the underlying biology of S. 

aureus recurrent infection.  

 Using a recurrent infection model, we infected 4-week-old dLck+/- ADAM10-/- with 1 

x107 WT S. aureus. After a 1-week period of recovery following clearance of the primary lesion, 

mice were subjected to reinfection on the opposite flank with 3-4 x 107 staphylococci. 

Reinfection of dLck+/- ADAM10-/- animals demonstrate smaller lesions than in control (Figure 

21A). Macroscopic histopathologic analysis of secondary lesions on day 2 revealed that 

abscesses of dLck+/- ADAM10-/- mice were more confined to the subcutaneous space and that the 

overlying epidermal wound was smaller when compared with genetic controls (Figure 21B). 

Further, S. aureus SSTI dLck+/- ADAM10-/- animals displayed regular epidermal architecture 

adjacent to the wound site that corresponded with an overall increase in epidermal thickness that 
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was not displayed in the controls (Figure 21C and E). Epidermal T cells counts were also higher 

in dLck+/- ADAM10-/- animals and this preservation was accompanied by higher levels of IL-17 

and MPO activity from S. aureus infected tissue homogenates (Figure 21D, F, G, and H). MPO 

staining of serially sectioned S. aureus-infected samples also display MPO-activity to be 

confined to the abscess whereas, anti-MPO staining in control animals was diffuse and did not 

co-localize with the abscess (Figure 21I). Collectively, the analysis of the underlying biology of 

dLck+/-ADAM10-/- animals was relatively similar to the attributes of dLck+/- ADAM10-/- animals 

infected with a primary S. aureus SSTI. In part, the similarities between the underlying biology 

of S. aureus primary and secondary infection in dLck+/- ADAM10-/- animals is likely due to the 

dominant genetic phenotype of cutaneous innate toxin-protected  T cells.  

 In the context of recurrent S. aureus infection, if a tissue resident or primary infiltrating 

cell rendered resistant to the toxin by genetic excision of ADAM10 exhibited a comparable 

phenotype to primary S. aureus infection one would not be able to readily distinguish the impact 

of toxin-mediated injury between primary and secondary S. aureus infection on this cell 

population. If this is true, the anticipated pathology of a secondary S. aureus infection in animals 

genetically modified to be resistant to the toxin should be similar to that of primary S. aureus 

infection. To test this possibility, we examined LysM ADAM10-/- animals in the recurrent S. 

aureus SSTI model. In this case, LysM ADAM10-/- also had comparable wound healing rates to 

that displayed in primary S. aureus SSTI, having larger lesions than the genetic controls (Figure 

22A, B). In order to segregate the impact of primary toxin injury on the modification of cells in 

the secondary environment excision of ADAM10 would have to be conditional and local. Ker14 

ADAM10-/- mice in which ADAM10 excision is both conditional and local afford an exciting 

opportunity to address whether toxin-injury to a primary cell type impacts the pathophysiology 
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of recurrent S. aureus infection. Recently, it has been demonstrated that both epithelial stem cells 

and innate cells have a prolonged memory to acute inflammation that enables them to accelerate 

wound healing in the context of secondary challenge (Naik et al., 2017; Netea et al., 2016). It is 

intriguing to suspect other epidermal residents such as keratinocytes and  T cells also possess 

this type of “memory”. This memory is referred to as “trained immunity” and it is orchestrated 

by epigenetic reprogramming that allows a heightened response to a secondary infection from 

barrier cells and innate immune cells that can be exerted both to the same pathogen and to a 

different one. Future studies should assess whether other epidermal residents such as, 

keratinocytes exposed to toxin-injury also have trained memory and whether the impact of this 

memory is local and/or far-reaching.  

 

Application of rIL-17 mitigates recurrent S. aureus SSTI 

 Previously, it was demonstrated that the administration of intralasional rIL-17 during 

early hours of primary S. aureus infection restores an effective immune response against S. 

aureus in  T cell deficient animals (Cho et al., 2010). We reasoned that because dLck+/- 

ADAM10+/+ mice have impaired IL-17 levels and decreased amounts of epidermal  T cells, that 

restoring the level of IL-17 during primary S. aureus infection would favorably impact wound 

healing rates. In order to test this, dLck+/- ADAM10-/- and control mice were administered an 

intralesional 1μg dose of rIL-17 4-6 hours after primary S. aureus infection. Wound healing rates 

in rIL-17 treated dLck+/- ADAM10+/+ animals where accelerated when compared to vehicle 

controls and comparable to the wound healing rates of dLck+/- ADAM10-/- animals. 

Administration of rIL-17 to dLck+/- ADAM10-/- did not reduce their lesion size any further when 

compared to vehicle-treated dLck+/- ADAM10-/- animals suggesting that the endogenous level of 

IL-17 in dLck+/- ADAM10-/- was enough to afford protection against S. aureus infection (Figure 
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23A, B, and C). After a 1-week long period of recovery following clearance of the primary 

lesion, mice were subjected to reinfection on the opposite flank with 3-4 x 107 staphylococci. 

Intriguingly, secondary wound healing rates in dLck+/- ADAM10+/+ that were treated with rIL-17 

during primary infection was accelerated when compared to vehicle control treated dLck+/- 

ADAM10+/+ mice to a level comparable to that of dLck+/- ADAM10-/- animals (Figure 23D, E, 

and F). While the underlying affected T cell population(s) during S. aureus recurrent SSTI 

remains enigmatic, this study illustrates that α toxin-mediated impairment to the T cell(s) that 

contributes to recurrent S. aureus SSTI can be functionally restored with addition of IL-17. The 

results of secondary S. aureus protection in wild-type infected animals treated with rIL-17 were 

reminiscent of the level of protection afforded by the therapeutic delivery of toxin antagonist, 

HlaH35L and the ADAM10 inhibitor (Figure 6A, and B). It is intriguing to speculate that the 

subset of T cells injured by the toxin during primary S. aureus skin infection and potentially 

responding to secondary infection is a subpopulation of IL-17 secreting T cells, likely in the 

TH17 family.  

 

Discussion 

While the underlying molecular mechanism is not fully delineated, collectively, these 

experiments demonstrate that α-toxin-mediated injury to T cells impacts both sterile wounding 

and recurrent S. aureus infection outcomes. Using purified toxin to injure T cells but not 

keratinocytes in Ker14+/+ dLck-/- ADAM10-/- mice, we demonstrate that Hla-mediated injury of 

resident innate T cells diminishes the functional wound healing capabilities of innate T cells in a 

location-dependent manner during full-thickness sterile wounding. Future studies should 

examine whether the skin microenvironment in which Hla- mediated intoxication of these T cells 
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occurs has any “trained-memory” and whether it is attributable to the γδ T cell population and/or 

occurs in other epidermal constituents.  

Using either dLck+/- ADAM10-/- and LysM+ ADAM10-/- animals in a S. aureus recurrent 

SSTI infection model we observe that the biology of primary infection in toxin protected T cells 

and neutrophils, respectively, remains a dominant phenotype not easily segregated from their 

function during recurrent S. aureus infection. Notwithstanding, dLck+/- ADAM10+/+ animals 

displayed diminished wounds comparable to dLck+/- ADAM10-/- animals when they were 

administered intralesional rIL-17 during primary infection and the protection endured through 

secondary S. aureus challenge. This study suggests that the specific T cell population damaged 

by the toxin during primary infection that also protects against secondary S. aureus infection is a 

subpopulation of TH17 T cells. While peripheral IL-17 secreting γδ T cells have been implicated 

in S. aureus recurrent SSTIs, an additional candidate maybe IL-17 secreting FOXP3+ CD4+ T 

cells. Recently, Bjorkander and colleagues have demonstrated that in vitro stimulation of  CD4+ 

T cells with S. aureus cell-free supernatants expands the percentage of FOXP3+ cells among the 

CD4+ T cell population that can induce pro-inflammatory cytokines such as, IL-17 and IFN-γ 

(Bjorkander et al., 2016). Additionally, in a mouse model of psoriasiform dermatitis IL-23- 

induced inflammation, also an inflammatory upregulated during S . aureus SSTI, increased the 

accumulation of FOX3P+ T cells in the skin (Kannan et al., 2017).  In this scenario, one could 

envision that cutaneous regulatory T cells most likely, an IL-17 secreting FOXP3+ CD4+ T cell 

could potentially suppress IL-17 secreting γδ T cell by adopting their transcriptional program and 

thereby dampening the amount of inflammation in the skin as the wound heals. Subsequently, 

these cells expanded in the skin could also contribute to immune response during secondary S. 

aureus SSTI.  
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Until recently, the approach to anti-Staphylococcus aureus vaccines have been focused 

on neutralizing/opsonizing antibodies. Due to their failure in clinical trials, however, there is now 

a trend in including components of cellular immunity into vaccine design (Lacey et al., 2016). 

Further, preclinical vaccine designs that target cellular immunity demonstrate enhanced antigen-

specific T cell responses that confer protection against S. aureus invasive disease (Misstear et al., 

2014; Spellberg et al., 2008). While a T-cell based immunity that elicit an IL-17 response seems 

particularly important in the context of S. aureus recurrent infection, our studies indicate that this 

response is damaged by the α-toxin creating an impediment to successful T cell activation and 

signaling both during wounding and recurrent S. aureus SSTIs.  
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CHAPTER V  

 

CONCLUSION 

 

 Skin barrier surfaces are repeatedly damaged by opportunistic pathogens throughout an 

individual’s lifetime. Herein, we show that damage to the epithelium is not restricted to barrier 

cells but also can impact the function of immune cells that protect the barrier in the context of 

bacterial infection. S. aureus α-toxin mediated injury to the tissue microenvironment has been 

characteristically recognized to be a potent source of tissue destruction and to cause of a hyper-

inflammatory response in the tissue microenvironment (Inoshima et al., 2011; Inoshima et al., 

2012; Powers et al., 2012; Frank et al., 2012). Nevertheless, the studies described here and by 

others in our laboratory, warrant a broader understanding for -toxin-mediated cellular injury in 

both modulating the immune response and altering the tissue repair pathways that simultaneously 

orchestrate a confinement of S. aureus and a restoration of barrier function (Becker et al., 2014; 

Powers et al., 2015). Establishing a model for S. aureus recurrent infections, we identify α-toxin 

as the bacterial determinant of S. aureus reinfection outcomes. Utilizing this knowledge, we 

administered toxin antagonists to the wound site and demonstrate that targeting the α-toxin is a 

promising therapeutic strategy for primary and recurrent S. aureus SSTIs. Using complementary 

host genetics, we further go on to characterize toxin-mediated injury on innate T cells as 

resulting in delays to S. aureus-induced wound healing. Probing into mechanism, we 

demonstrate that the intoxication of γδ T cell correlates with a decline in keratinocyte 

proliferation, decrease in IL-17, and a dampening of neutrophil activity. Additionally, we label T 

cells with a genetically fluorescently and demonstrate how T cell spatial distribution around the 



55 

 

wound is impacted during S. aureus infection on a macroscopic scale. Further, in a full-thickness 

wound model we show that exogenous addition of α-toxin prior to wounding can intoxicate T 

cells and diminish the skin’s ability to re-epithelialize.  

While the activity of -toxin-mediated injury in the tissue microenvironment is complex 

and not completely understood, by uncovering the link between toxin-mediated injury to the skin 

microenvironment as an important mediator of both S. aureus-wound healing and recurrent 

infection our work opens the door to designing: 1) improved S. aureus patient risk assessments 

important for patient diagnosis and prognosis and 2) a novel substrate selective ADAM10 

inhibitor on the physiological integration of toxin antagonism required for a productive immune 

response during primary and secondary S. aureus SSTIs.   

 

Development of an integrated understanding of molecular pathogenesis and epidemiology 

to guide intervention for severe S. aureus infections 

 

Epidemiological surveys on the prevalence of S. aureus in the clinic and community 

setting suggest that traditional S. aureus risk factors such as colonization, immune 

deficiency/suppression, and demographic information may be too narrow or limited to accurately 

predict individual risk for the development of S. aureus infection. Accordingly, the unique 

factors that capture specific details of the molecular battle between the host and the pathogen 

from both clinical observations and experimental animal disease models may increase the 

accuracy of patient risk assessments. In light of this, we propose a conceptual model of risk for S. 

aureus disease based on molecular features of pathogenesis and epidemiology, or molecular 

pathological epidemiology (MPE) (Ogino et al., 2012). MPE examines the intersection of 
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exposures, cellular and molecular signatures of disease, host genetic variation, and disease 

evolution and progression – essential variables that modulate disease outcome. This integrative 

approach recognizes disease heterogeneity to be the result of these variables, the so-named 

‘unique disease principal’ (Ogino et al., 2016; Ogino et al., 2012; Ogino et al., 2015). While this 

theory suggests that the precise molecular complexities of disease vary between individuals, 

fundamental principles of molecular pathophysiology that underlie disease can be defined and 

utilized to guide therapy. The application of MPE has been most prominent in the oncology field, 

where knowledge of molecular disease pathogenesis has been successfully applied to advance 

the development of personalized medicine and inform the implementation of clinical therapeutics 

(Ogino et al., 2016; Ogino et al., 2012; Nishi et al., 2016).  

 The common and potentially devastating occurrence of S. aureus infection, existing 

knowledge of epidemiology, rapid advances in knowledge of molecular pathogenesis, and advent 

of targeted therapeutics in clinical trials position this organism as an ideal candidate to usher in 

MPE-based approaches to life-threatening S. aureus. Given the clinical mandate to reduce 

hospital-associated MRSA infection (Antibiotic Resistance Threats in the United States, 2013), 

we propose a multi-faceted MPE-based approach to facilitate risk-stratification and strategic 

modification of disease, predicated on the following: 1) defining S. aureus exposure, which in 

this case is two-fold –a) colonized vs. non-colonized state and b) clinical history of S. aureus 

infection. 2) Analyzing cellular and molecular signatures of disease, focused on disease-specific 

virulence factors whose molecular mechanism of action in pathogenesis is understood and 

essential for pathogenesis. The current state of knowledge derived from preclinical cellular and 

animal modeling studies can be leveraged to define host biomarkers of tissue injury in specific 

disease states. 3) Investigation of the human serologic response to essential virulence factors in 
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appropriate patient populations. We propose that this be approached by the definition of response 

thresholds that differentiate susceptible vs. non-susceptible individuals. While such studies to 

date have been limited to examination of Hla responses in highly refined patient populations with 

S. aureus infection (Adhikari et al., 2012; Fritz et al., 2013), these hold promise that very specific 

predictive correlates of protection or risk can indeed be successfully identified. 4) Definition of a 

limited host genomic susceptibility panel that can enable rapid, patient-focused analysis for 

genetic polymorphisms that are associated with risk states. Currently, HLA polymorphisms 

(DeLorenze et al., 2016), toxin receptor polymorphisms (DuMont et al., 2014; Cui et al., 2015), 

and variants that govern host immunity (Skevaki et al., 2015; Kerschen et al., 2015) may be 

considered leading candidates for further investigation. This overall approach would render it 

feasible to conduct patient-specific analysis (capturing the ‘unique disease principle’) predicated 

on a deep understanding of molecular pathogenesis. A patient would therefore have a multi-

dimensional risk stratification that can be utilized to provide clinical decisional support and 

guide the delivery of novel biological therapies including monoclonal antibodies.  

 We depict a conceptual model of an MPE-based S. aureus risk matrix that illustrates the 

key features of exposure, disease severity, and the host response (Figure 24). This depiction 

captures a patient’s severity of S. aureus infection and the probability that exposure to the 

pathogen will either elicit host immunity to infection or predispose to disease. The lower left 

quadrant illustrates a low-risk health state observed in a host with genetic ‘resistance’ 

characterized by a favorable T cell response to S. aureus and a protective antibody response 

against key virulence factors. The upper quadrants depict more severe forms of invasive S. 

aureus infections; a setting in which the host is unable to effectively combat infection. 

Cutaneous S. aureus infection as depicted in the lower right quadrant, while often minor in 
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clinical presentation, may adversely modulate host immunity and predispose to both a colonized 

state and subsequent infection especially following surgery or device implantation. Both applied 

therapies and natural host variation including genetic polymorphisms or protective antibody 

responses can modulate an individual patient’s risk. Defining this risk as the intersection of 

molecular pathogenesis and clinical epidemiology will establish a paradigm for molecular 

classification of severe S. aureus disease in the hospital setting, laying the groundwork for risk 

stratification and the cost-effective utilization of ‘designer’ therapies in the specific patients for 

whom these can be most beneficial. This approach addresses a longstanding problem in care of 

the S. aureus-infected patient with life-threatening infection –heterogeneity of clinical course 

and disease outcome in patients that initially present with similar clinical findings –attributable 

to a single infectious agent. Importantly, the implementation of a MPE-based strategy may 

enable a refinement of clinical trials for conduct in the hospital setting wherein studies of 

infection caused by individual pathogens are limited by sample size and complicated by unique 

patient exposure history profiles and the need for multi-institutional collaboration to support 

patient accruals.    

 

Substrate selective inhibition of ADAM10: The future of S. aureus novel therapeutics 

  

This work highlights the ability of both host and bacterial components- α-toxin 

antagonism and addition of IL-17- to have an enduring impact on ameliorating S. aureus skin 

disease. Anti-Hla monoclonal antibodies have been the sole focus of anti-α-toxin-based 

therapeutics and as such, are currently being tested in clinical trials. While anti-α-toxin 

antibodies have promising efficacy, and are appropriate for a critically-ill S. aureus-infected 
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patient, the cost of these therapies are cost-prohibitive for the application of population-based 

routine S. aureus skin disease (Sampedro and Bubeck Wardenburg, 2017). Not only is S. aureus 

skin disease the most prominent type of staphylococcal infection, likely sustaining the circulating 

reservoir of staphylococci, but the skin microenvironment may participate in patterning 

immunity to more lethal, invasive S. aureus disease. Illuminating other strategies that 

particularly target α-toxin-mediated pathology in the context of the skin infection will be highly 

impactful for broadening therapeutic avenues for S. aureus SSTIs. Studies from our laboratory 

suggest that disruption of the interaction of Hla-ADAM10 or blunting the downstream 

pathological consequences of α-toxin-mediated injury may serve as additional novel targets for 

therapeutic design. The discovery and utility of the ADAM10 inhibitor as a therapeutic agent in 

separate distinct pathological processes has led to its development and testing in pre-clinical 

trials. Recent advances the development of a novel ADAM10 inhibitor offers insight into 

whether it will be a suitable therapy for use in S. aureus SSTIs.  

The wide variety of pathological states that metalloproteinases are associated with 

including- neurodegenerative disease and several malignancies- has justified the chemical efforts 

to develop synthetic compounds able to block their activity (Vandenbroucke and Libert et al., 

2014). Early metalloproteinase agonists, metzincin inhibitors, are short linear peptides that 

interfere with the active site of proteases. While these inhibitors are potent and broad-spectrum 

they have poor oral bio-availability, can be toxic- in part due to their lack selectivity, and have 

lacked efficacy in advanced clinical trials (Cathcart and Cao; 2015). The identification of 

ADAM17 (TACE) as the receptor for TNF- α led to the development of a more selective active 

site inhibitor, INCB7839, that blocks the activity of both ADAM10 and ADAM17 (Murumkar et 

al., 2013). But moreover, INCB7839 provided proof of concept for inhibitors that selectively 
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target specific zinc metalloproteinases by binding to the catalytic Zn2+ ion through a chelating 

hydroxamate group. Subsequently, using a hydroxamate inhibitor screen, the selective inhibitor 

for ADAM10, GI254023X, was found (Ludwig et al., 2005). While GI254023X is potent, as 

with many other hydroxamates, it is metabolically unstable and also has off-target toxicity 

because of its zinc-chelating moiety. Notwithstanding, in the context of S. aureus disease, 

GI254023X has been shown as a potent inhibitor of α-toxin mediated disease pathology in S. 

aureus sepsis, pneumonia, and recurrent S. aureus SSTIs in animal models of disease (Powers et 

al., 2012; Inoshima et al., 2011; Sampedro et al., 2014). However, aside from its limited 

bioavailability and off-target toxicity, more advanced testing of GI254023X in the setting of 

clinical trials seems high-risk especially in the context of skin application. It is speculated that 

the complete block of ADAM10 -especially in a wound setting- may damage the biological role 

ADAM10 has in repair and maintenance of barrier function. Illustrating ADAM10’s physiologic 

role in barrer homeostasis, epidermal deletion of ADAM10 in the adult mouse, leads to 

precocious epidermal differentiation and hyperproliferation that is directly linked to defective 

Notch processing and signaling (Weber et al., 2011).  

The discovery and development of exosite inhibitors provides an exciting new type of 

ADAM10 inhibitor that is highly amenable for use in pathological settings including S. aureus 

disease. Exosite inhibitors are a class of molecules that act via a non-zinc binding mechanism 

and target secondary substrate binding sites, also known as exosites (Bannawarth et al., 2012; 

Gooljarsingh et al., 2008). Exosite inhibitors have the potential advantage of not only increasing 

selectivity to a single metalloproteinase but they also inhibit cleavage of specific proteinase 

substrates (Minond et al., 2012; Kothapalli et al., 2016). Having substrate-level selective 

inhibition of ADAM10 would dramatically change the level of risk the inhibitor would have to 
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ADAM10’s role in barrier repair and maintenance while maintaining its ability to curb its 

pathogenic activity during infection and malignancies. Excitingly, an ADAM10 exosite inhibitor, 

CID 3117694, with selective inhibition of ADAM10 glycosylated substrates has been discovered 

(Madoux et al., 2016). CID 3117694 selectively inhibits hydrolysis and ultimate cleavage of 

exosite-binding glycosylated substrate-CXCL16 but not shedding of non-glycosylated substrate- 

syndecan-4. Further, to test CID 3117694 impact on wound repair, in a sterile wound closure 

assay, CID 3117694, significantly improved wound closure rates but did not impact wound 

repair to the the extent of GI254023X, suggesting a subtler impact on ADAM10’s role in barrier 

repair and homeostasis (Madoux et al., 2016). Surely identification and development of other 

exosite ADAM10 inhibitors will also be made easier with the recent ectodomain crystallization 

of ADAM10 (Seegar et al., 2017). CID 3117694 is a first-in-class inhibitor of ADAM10 making 

it applicable for FDA’s fast track designation to expedite its review and approval. On the recent 

backdrop of epidemiologic data that demonstrates ADAM10 overexpression is a mechanism of 

resistance in Trastuzumab-treated HER2+ breast cancer, it seems likely that the development and 

use of a novel ADAM10 exosite inhibitor will only be a matter of time for this indication 

(Feldinger et al., 2014; Friedman et al., 2009).  

While ADAM10 exosite site inhibitors are surely the future of the chemical manipulation 

of ADAM10, there may also be a relevant biological way of modifying ADAM10 substrate 

selectivity. Recently, it has been demonstrated that a cell regulates ADAM10’s substrate 

selectivity by ADAM10’s differential association with various tetraspanin superfamily proteins 

(Tspan) (Saint-Pol et al., 2017). For example, ADAM10 association with Tspan5, Tspan10, and 

Tspan14 but not Tspan15 promote ADAM10-dependent Notch shedding (Dornier et al., 2012; 

Zhou et al., 2014). While the mechanism of ADAM10 regulation is still under investigation, it is 
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speculated that the Tspan-ADAM10 association allows ADAM10 to adopt distinct ectodomain 

conformations exposing discrete substrate binding domains (Matthews et al., 2017). Because 

cell-surface tetraspanins have been minimally studied and do not interact with soluble ligands or 

counter-receptors on opposing cells no drug targeting of tratraspanins has been initiated (Hemler 

et al., 2008). Tetraspanins have already been implicated in a number of pathological processes 

that may be of relevance to S. aureus disease biology including-wound healing, platelet 

aggregation, and pathological angiogenesis (Cowin et al., 2006; Lau et al., 2004; Takeda et al, 

2007). As more reagents are developed for this superfamily it is likely that they could have a 

potential role in modulating the substrate cleavage produced by α-toxin-ADAM10 mediated 

activation during S. aureus infection.   

Collectively, these data suggest either by development of ADAM10 exosite inhibitors or 

via the manipulation of the tetraspanin association with ADAM10, in the foreseeable future 

reagents that allow a refinement of ADAM10-mediated cleavage of specific substrates will be 

available. Staphylococcal biologists should begin to identify what substrates produced by α-

toxin-mediated activation of ADAM10 can ameliorate staphylococcal disease without readily 

interfering with ADAM10’s physiological role in barrier repair and homeostasis. In light of our 

work, immune specific substrates may be attractive candidates. One such ADAM10 substrate 

target may be, JAM-L. JAM-L is the co-activating receptor on epidermal γδ T cells (Witherden 

et al., 2010; Verdino et al., 2010). Co-stimulation of JAM-L by CAR-A on neighboring 

keratinocytes is required for γδ T cells to become fully activated. Only once activated, do γδ T 

cells secrete IL-17 and FGF-7 to attract neutrophil infiltrate and stimulate keratinocyte 

proliferation, respectively (Nielsen et al., 2017). Exploring novel immune specific Hla-mediated 

ADAM10 cleavage substrates such as, JAM-L provide scientists with a unique and exciting 
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avenue of future research. Aside from substrate identification, it will also be important to 

understand how ADAM10 substrates can be classified into distinct groups based on their 

chemical moieties or their ADAM10-substrate reaction mechanism.  

In an era where the scientific community has become increasingly aware of the harms of 

antibiotics disrupting the host-microbe commensal niche we need to be equally thoughtful about 

the long-term and off-target consequences of the using antagonists or agonists that perturb a 

protein or molecules physiologic function. Substrate selective inhibition and manipulation of 

ADAM10 ushers in the future and a new standard for studying the biology of α-toxin-ADAM10 

mediated activation. Assuredly, ADAM10 exosite inhibitor utility in S. aureus disease biology, 

especially in the context of the skin, offers a promising application.  
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CHAPTER VI 

 

EXPERIMENTAL METHODS 

Mouse breeding and strains. All animal work was performed in accord with protocols 

approved by the Institutional Animal Care and Use Committee at the University of Chicago or at 

the University of Washington in St. Louis.  

Experiments using C57Bl/6 wild-type mice were bought from Taconic and  TCR GFP 

knockin mice- Tcrd-H2BEGFP (Trdctm1Mal+) were purchased from Jackson Laboratories and bred 

in house to homozygosity (Prinz et al., 2006).  

Generation of peripheral T cell knockout mice and fluorescent cre reporter lines. dLck cre 

transgenic C57Bl/6 mice (Jackson Laboratories) were bred to ADAM10loxp/loxp transgenic 

C57Bl/6 mice (Jackson Laboratories) to generate dLckcre  ADAM10loxp/loxp mice (dLck+/-  

ADAM10-/-). Simultaneously, double fluorescent cre reporter mice Rosa mT/mG+/+  (Jackson 

Laboratories) were bred to  ADAM10loxp/loxp transgenic C57Bl/6 mice to generate RosamT/mG+/- 

ADAM10loxp/loxp (Rosa+/- ADAM10-/-) mice that were subsequently bred to controls or dLck+/- 

ADAM10-/- to generate Rosa+/- dLck +/- ADAM10-/- mice (Muzumdar et al., 2007). For single 

tdTomato fluorescent cre reporter mice Ai9+/+ animals were bred to ADAM10loxp/loxp transgenic 

C57Bl/6 mice to generate Ai9+/- ADAM10loxp/loxp (Ai9+/- ADAM10-/-) mice that were subsequently 

bred to controls or dLck+/- ADAM10-/- to generate Ai9+/- dLck +/- ADAM10-/- mice (Madisen et al., 

2010). 

Ker14+/- ADAM10-/- and LysM+/- ADAM10-/- harboring a conditional knockout of 

ADAM10 in epidermal keratinocytes or knockout of myeloid lineage cells have been previously 

established and investigated by our laboratory (Inoshima et al., 2012, Becker et al., 2014). 
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dLck+/- ADAM10-/- mice were crossed to with Ker14+/+ ADAM10-/- to generate peripheral T cell 

and epidermal double knockout mice (Ker 14+/- dLck +/- ADAM10-/-). In order to induce the 

epidermal knockout in Ker14+/- ADAM10-/- and Ker 14+/- dLck +/- ADAM10-/- mice topical 

application of with tamoxifen was applied (1mg per mouse per day for 5 days, applied to a 1 cm2 

area).  

Generation of  T cell dLck+ ADAM10 knockout mice. In order to assess the contribution 

of  T cell during S. aureus SSTI pathogenesis, dLck+/-  ADAM10-/- mice were bred to mice 

harboring a T- cell receptor delta chain rendering mice deficient in  T cell, TCR-/- (Jackson 

Laboratories; Prinz et al., 2006). Subsequently, dLck+/-  ADAM10-/- were bred to TCR-/- and their 

progeny was crossed until dLck+/- ADAM10-/- TCR-/- mice were generated.  

Animal models of infection and wounding. Prior to infections and procedures, animals 

were anesthetized by intraperitoneal injection of a mixture of ketamine (100 mg/kg) and xylazine 

(5 mg/kg). Wounded area was determined according to the formula A = (π/2) (length, mm) 

(width, mm).  

Bacterial Strains and growth conditions. Bacterial strains and growth conditions. S. 

aureus strains YFP10B, USA300-yfp, USA300/LAC, its isogenic Δhla mutant, and Δhla strains 

harboring plasmids encoding wild-type (WT) Hla (Δhla::phla) or the inactive 

HlaH35L (Δhla::phlaH35L) mutant were prepared for infection as described previously (Inoshima N 

et al., 2012, Inoshima I et al., 2011, Malone et al., 2009).  

Primary and secondary backskin S. aureus SSTI. Prior to all back-skin infections, mice 

were shaved and depilatory cream was applied, removed with water on respective experimental 

flank. For primary backskin infections, right flanks of 4-6-week-old male mice were given a 

subcutaneous challenge with 3x107 CFU S. aureus USA300 in 50 µL PBS (Inoshima et al., 
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2012). Lesions were monitored or harvested at 24-hour intervals for 14 days or until lesions 

resolved. For recurrent SSTI modeling, the right flanks of 4- week-old male mice were given a 

subcutaneous challenge with 1x107 CFU S. aureus USA300 or its isogenic variants in 50µL 

PBS. Lesional abscess area (mm2) was monitored at 24-hour intervals for 14 days, after which 

mice were observed for a 7-day recovery period prior to reinfection via left flank subcutaneous 

injection of 3-4x107 wild-type USA300. Secondary lesions were monitored for 14 days as 

previously described (Sampedro et al, 2014).  

Secondary S. aureus pneumonia. Right flanks of 4- week-old female mice (12-16 grams) 

were weighed and infected with a subcutaneous challenge with 1x107 CFU S. aureus USA300 or 

its isogenic variants in 50µL PBS. Lesional abscess area (mm2) was monitored at 24-hour 

intervals for 14 days, after which mice were observed for a 7-day recovery period prior to 

reinfection via intranasal route of 3-5 x108 CFU S. aureus USA300 or its isogenic variants in 

30µL PBS. Animals were monitored for morbidity and mortality at regular intervals for 5 days 

after infection as previously described (Bubeck Wardenburg et al., 2006). Mice that were over 20 

grams at the time of secondary infection were removed from subsequent analysis.  

Ear Epicutaneous S. aureus SSTI. Prior to infection the right ear of 4-6-week-old male 

mice was applied depilatory cream, removed with water, and then cleansed with 70% ethanol. 

The right ear pinnae was pricked 5-10 times with a 27G insulin syringe (BD) and 100 µL of 

5x108 was overlaid on pricked area for 10 minutes before being removed. The mean inoculating 

dose of S. aureus USA300 YFP10B was determined to be 3-5x107 CFU/lesion by plating serial 

dilutions of ear pinna homogenates 4 h after inoculation as described by Prabhakara and 

colleagues (Prahakara et al., 2013).  
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Backskin sterile wounding and infection after purified Hla challenge. Prior to sterile 

wounding Ker 14+/- dLck +/- ADAM10-/- were treated with tamoxifen as previously described to 

induce conditional epidermal ADAM10 knockout (Inoshima et al., 2012). Subsequently, 

backskin of 4-6-week-old male mice was applied depilatory cream, removed with water before 

subcutaneous injection with purified recombinant Hla (5µg/ml) resuspended in 50 µL PBS at the 

site of epidermal ADAM10 knockout. Animals were monitored for 2 days and subsequently 

anaesthetized, cleaned with 70% ethanol and punch biopsies excised the region containing Hla. 6 

mm biopsy punches were used to make full-thickness wounds and animals were monitored every 

24 hours until wounds resolved. After 3 weeks mice were challenged on the opposite flank with 

a subcutaneous challenge of 3x107 CFU S. aureus USA300 in 50 µL PBS and monitored every 

24 hours until lesions healed.  

Administration of therapies: rHlaH35L, ADAM10 inhibitor GI254023X, rIL-17. For 

therapy studies with B6 mice, mice received a single 30-µL intralesional injection of purified 

HlaH35L (7.5 µg) or the ADAM10 inhibitor GI254023X (1 µg). Recombinant HlaH35L for therapy 

studies was prepared as described elsewhere (Bubeck Wardenburg et al., 2008). Control 

treatment groups included a recombinant version of an irrelevant, genetically inactivated mutant 

protein toxin (Bacteroides fragilis fragilisyn) or dimethyl sulfoxide vehicle control, respectively. 

For exogenous addition of rIL-17 with control or dLck+ ADAM10-/- mice, a single dose of rIL-17 

(1,000ng/100 µL; R&D Systems) in sterile PBS or vehicle alone (PBS). Similar doses of rIL-17 

have been previously shown to be biologically active in mouse skin in vivo and do not have any 

direct bactericidal or bacteriostatic activity against S. aureus in vitro (Cho and Miller et al. 

2010). All therapies were administered intralesionally 4-6 hours post primary backskin S. aureus 

SSTI with the inoculum of 1x107 CFU S. aureus.  
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Toxin protein purification. Histidine-tagged recombinant Hla and HlaH35L were produced 

from E. coli and purified using nickel agarose beads (Qiagen) and dialyzed against PBS as 

previously described (Ragle and Bubeck Wardenburg 2009). Endotoxin treatment was performed 

by serial extraction in Triton-X followed by passage through a HiTrap desalting column (GE 

Healthcare).  

Mouse sera sample analysis. We performed enzyme linked-immunosorbent assay 

(ELISA)–based determination of anti-Hla titers in naive serum on day 14 after primary sterile 

wounding, primary infection, and/or 14 days after secondary infection as previously described 

(Bubeck Wardenburg et al., 2008). ELISA absorbance readings were used to generate 4-

parameter log dose-response curves using Prism 5.0b software. End point titers were calculated 

as the reciprocal of the highest dilution yielding a positive reaction, using a cutoff value of 3 

times the mean assay background value obtained in the absence of serum addition. For rabbit red 

cell hemolysis assays, preincubation of 1.5 nmol/L recombinant Hla with a 1:100 dilution of 

serum harvested 14 days after reinfection was performed for 30 minutes before the addition of 5 

× 107 rabbit red blood cells. Assays were performed in phosphate-buffered saline in a 96-well 

plate format in which unlysed cells were sedimented after 45 minutes of incubation and 

supernatants subjected to absorbance measurements at 450 nm. The percentage of lysis was 

scored relative to 100% detergent lysis. Passive immune serum samples were obtained from mice 

24 hours after intraperitoneal delivery of 10 mg/kg anti-Hla monoclonal antibody 7B8 (Ragle 

and Wardenburg 2009).  

Infected skin homogenate analysis. Skin lesion 8-mm punch biopsy specimens were 

obtained from anesthetized mice at the time points indicated after infection for determination of 

staphylococcal burden, cytokine analysis by ELISA for IL-1ß (R&D Systems) or using a 
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colorimetric myeloperoxidase activity kit (BioVision) according to the manufacturer’s 

instructions, as described elsewhere (Inoshima et al., 2012; Becker et al., 2014).   

Hematoxylin & eosin and immunohistochemistry on infected backskin.  Bisected lesion 

punches were fixed in 10% formalin and embedded in paraffin. H&E, anti-CD3, anti-MPO stains 

were performed on paraffin sections (10 m) by the Human Tissue Resource Center at the 

University of Chicago. All IHC slides were scanned into Cri Panoramic Scan Whole Slide 

Scanner using a 40x NA 0.95 LWD Zeiss objective. Average epidermal thickness measurements 

were evaluated using hematoxylin and eosin Panoramic Viewer, 3DHISTECH Ltd for 3 mice per 

group per time point. Average epidermal CD3+ T cells from the left and right abscess edges were 

counted from 20x images for 3 mice per group per time point.  

 Whole mounted ear preparation and immunofluorescence. S. aureus USA300 YFP10B 

epicutaneously infected control and Rosa+/- dLck+/- ADAM10-/- ear pinna was harvested 24-hours 

post infection. Infected ear sheets were prepared by separating the dorsal and ventral sides of the 

ear with forceps and subsequently mounted onto slides with Prolong Gold mounting medium 

(Invitrogen). Confocal ear infection images were acquired at 4,096 x 4,096 pixels using a 40x 

(N.A.1.3; 0.75-1.0 digital zoom) oil-immersion objective on a Leica Microsystems SP8 laser 

scanning confocal microscope with 458nm, 488nm, and 514nm Argon excitation lasers. Z series 

maximum projections and statistical stitching of 10x2 tiles were performed using Leica 

Application Suite X software. Cell thresholding of maximum projections was preformed using 

Nikon Elements.  

 EdU cell labeling. Day 2 S. aureus-infected mice were pulsed with 100µg of 5-ethynyl-2’ 
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-deoxyuridine (EdU) for 4 hrours before harvesting and analyzing their skins. EdU staining was 

performed using Click-iT EdU Alexa Fluor Imaging Kit (Life Technologies) per manufacturer’s 

instructions.  

 

 Epidermal sheet staining and immunofluorescence. S. aureus USA300 YFP10B 

epicutaneously infected control and Rosa+/- dLck+/- ADAM10-/- ear pinna were harvested 24-

hours post infection. For whole-mount ear-epidermal preparations, ears were split laterally, then 

incubated in 3.8% ammonium thiocyanate for 30 min at 37ºC before ear epidermis were 

separated from dermis. Epidermal sheets were then fixed in acetone for 10 minutes at room 

temperature, before proceeding to TCR immunostaining (BioLegend, Armenian Hamster, UV+ 

conjugated, 1:300). Tissue was mounted onto slides and mounted with Prolong Gold Diamond 

mountant (Invitrogen). Imaging was performed on a Zeiss Axioplan2 using a Plan-Apochromat 

20X/0.8 air objective and probed using airyscanning between 400-488nm. Images presented are 

of maximum projections of a z series of 1024 x1024 pixel images. Two separate methods were 

performed to analyze the co-localization of GFP+ T cells with UV+ TCR antibody. First, using 

ImageJ maximum intensity projections and cell thresholding for both green and blue channels 

were performed. Subsequently, the green channel was assigned a fluorescent intensity value of 

sin (1.0) and multiplied by the fluorescent intensity of the blue channel to visualize cell overlap 

between GFP+ T cells and UV+ TCR antibody. For analysis of DETC dendrites and some cell 

counts, maximum intensity projection images were used to count cells and corresponding 

dendrites on DETCs in wounded and unwounded control skin. Second, 3D rendering of GFP+ T 

cells and UV+ TCR antibody stained cells in their respective channels were reconstructed using 

Imaris surface function and analyzed using surface to surface colocalization algorithm. Imaris 
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generated co-localization values and cell counts that were used to quantify DETC field counts 

and co-localization percentages.  

 Backskin staining and immunofluorescence. Backskin naïve and infected tissue was 

bisected and embedded in OCT compound (Tissue Tek) and frozen on dry ice, and cryo-

sectioned (30 m section thickness). Sections were fixed in 3.7% paraformaldehyde, rinsed with 

PBS, permeabilized 10 min with 0.1% Triton X-100 (Sigma) in PBS, then counterstained with 

4’6’-diamidino-2-phenylindole (DAPI) and mounted with Prolong Gold Diamond. Using a 10x 

objective, 14- step Z series stack was made for tiled whole tissue section images using a Nikon 

Spinning Disk confocal microscope on laser lines 405 and 488. Offline stitching was performed 

with WUCCI split-point Image J plugin written by Mike Shih at Washington University Center 

for Cellular Imaging. Maximum intensity images produced in ImageJ are displayed. Cell counts 

and cell distance to abscess surface was analyzed using a surface distance transformation in the 

Imaris software.  

Primary T cell Isolation. Spleens from control and dLck+/- ADAM10-/- mice were 

homogenized into single cell suspensions. Following AKC lysis treatment to remove red blood 

cells, suspensions were purified using a Pan T cell isolation kit according to manufacturer’s 

instructions (negative selection, Miltenyi). For skin isolation of primary DECTS, epidermal cell 

suspensions using were prepared first prepared. Briefly, animals were sacrificed and abdominal 

and dorsal skin was excised and cut into strips and placed in 0.3% trypsin/GNK buffer. After 12 

hours of incubation at 4°C, epidermis was separated from dermis and treated with fresh trypsin 

and DNase for 10 min at 37°C. Trypsin was inactivated and cell suspensions were subjected to 

Ficoll/Hypaque separation. Epidermal cell suspensions were then rested in T cell enrichment 

media (RPMI complete supplemented with IL-2 at 20 U/ml ) overnight and then subjected to 
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FACs sorting. Both splenic and epidermal T cells were separated and isolated based on GFP+ 

positivity for downstream in vitro analysis.  

To verify Cre-mediated excision of the loxP-flanked ADAM10 locus in peripheral T 

cells, splenic T cells were purified as described above and FACs sorted into three groups: GFP+ 

dLck+/- ADAM10+/+, RFP+ dLck -/- ADAM10-/-, and GFP+ dLck+ ADAM10-/- T cells. Groups were 

subjected to a genomic prep using a Genomic DNA purification kit (Promega). DNA was then 

used in PCR analysis using ADAM10 exon 3 primers that span part of the excised genomic 

fragment. ADAM10 exon 3 primers: 5’-ACCTCTTAGCGATACCACAAGCC  and 5’-

CCATGGAAGTGTCCCTCTTCATTCGTAGG. As a control, a second pair of primers 

amplified a segment of intact ADAM10 genomic sequence, exon 11.  ADAM10 exon 11 primers: 

5’ -GGCCAGCCTATCTGTGGAAAC and 5’-GTTGGCATCGAAGCAGCAATC . 

Flow cytometry. Conjugated antibodies for flow cytometry were purchased from 

Biolegend and included: APC-Cy7-CD3, PerCP-Cy5.5- CD4, and PE-CD8. Cell suspensions 

from the spleen were prepared as described above. Anti- mouse CD16/32 (Biolegend) was used 

for Fc receptor blocking 15 minutes prior to 30 min. antibody staining on ice. Flow cytometry 

was performed on FACS Aria sorter running FACS Diva software (BD Biosciences) and results 

were analyzed with FlowJo software. 

Hla toxicity to primary T cells. Primary T cells were either isolated from the spleen or the 

skin as described above. To measure the role of ADAM10 in pore-forming toxin mediated 

injury, 2.5x105 primary T cells were either cultured in a 96 well format in the presence of 100, 

300, 600, and 800 µg/ml of active recombinant Hla for 3 hours or seeded at 5,000 cells per well 

in a 384 well format in the presence of 20, 50, 100, 200 µg/ml and then measured for lactate 
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dehydrogenase release using Pierce LDH Cytotoxicity Assay Kit or ATP release using a 

Promega Cell Titer-Glo kit, respectively.  

Statistics. Statistical analysis for pairwise comparison was performed using the Student’s 

t test performed on GraphPad Prism software with pair-wise comparisons performed using 

Bonferroni correction to adjust for multiplicity at a significance level of .05. All data are 

expressed as a mean  SEM as indicated. P values less than 0.05 were considered statistically 

significant throughout all studies.  
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Figure 1: α-Toxin (Hla) modulates S. aureus abscess formation during recurrent skin and soft-

tissue infection (SSTI). A. Timeline for recurrent SSTI mouse model demonstrating primary 

infection of mice at 4 weeks of age, with abscess scoring and infection recovery, and secondary 

infection, with abscess scoring. CFU, colony-forming units. B. Abscess mean area recordings in 

mice after primary infection with wild-type (WT; open circles) or Hla deficient (Δhla; open 

triangles) S. aureus USA300 and in the same groups of mice then subjected to reinfection with 

WT S. aureus (filled symbols). Error bars represent standard error of the mean for each time 

point, calculated from recordings in groups of 20 mice. C. Recovery of WT S. aureus from the 

tissues of mice reinfected as in B, harvested 1 and 3 days after primary (open symbols) or 

reinfection (closed symbols); values are given as means with standard errors of the mean (error 

bars). D. Hematoxylin-eosin–stained sections of skin lesions harvested from mice after primary 

infection with WT or Δhla S. aureus (left panels) or mice receiving primary infection with WT 

or Δhla S. aureus followed by reinfection with WT S. aureus (right panels). Histopathologic 

samples were harvested 3 days after infection. Arrows demarcate extent of epidermal injury 

overlying the abscess lesion. Statistical analysis is displayed in Table 1. Error bars represent 

mean ± SD. 
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Figure 2: Exposure to α-toxin modifies the host response to primary and recurrent S. aureus 

SSTI. A. Hematoxylin and eosin-stained sections of skin lesions harvested from mice following 

primary infection with WT or hla S. aureus (left panels) or mice receiving primary infection 

with WT or hla S. aureus followed by reinfection with WT S. aureus (right panels).  

Histopathologic samples were harvested 1-day post-infection. Arrows demarcate extent of 

epidermal injury overlying the abscess lesion. B. Quantitative analysis of lesional IL-1 (left) 

and IL-17 (right) analyzed 1-day post-primary infection with WT or hla S. aureus. *P0.05, 

***P0.001 (Student t test). Error bars represent mean ± SD. N=5-10 animals analyzed per 

group. 

 

 

  



98 

 

 

Figure 3: Contribution of active α-toxin in modulating the host response to recurrent S. aureus 

SSTI. A and B. Analysis of abscess formation in mice subjected to primary infection (1°) with 

wild-type (WT; circles), Δhla (triangles), Δhla::phla (squares), or Δhla::phlaH35L (diamonds) 

strains (A) or (B) after WT reinfection of mice infected as in A; 2°, secondary infection. Abscess 

mean area (n = 15) with plus standard error of the mean (SEM) over 14 days. For the inset in A, 

overnight culture supernatants of S. aureus WT, Δhla, Δhla::phla, or Δhla::phlaH35L were probed 

by α-Hla quantitative immunoblotting with relative expression level noted in comparison with 

the WT strain. C. Hematoxylin-eosin– stained sections of WT-reinfected skin lesions harvested 

from mice subjected to primary infection with Δhla::phla (upper panels) or Δhla/phlaH35L (lower 

panels). Histopathologic samples were harvested 1 and 3 days after infection. Arrows demarcate 

extent of epidermal injury overlying the abscess lesion. Statistical anlysis is displayed in Table 2 

and 3. Error bars represent mean ± SD. N=5-10 animals per group. 
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Figure 4: Quantitative and qualitative examination of anti-toxin serum during recurrent S. 

aureus SSTI. A. Reciprocal end point titer analysis of the anti-Hla response calculated from 

enzyme-linked immunosorbent assay (ELISA) measurements performed on serum samples 

collected from mice on day 14 after primary infections and secondary infection from animals in 

Figure 1B and 5B. A; 6–9 mice were analyzed in each group. Error bars represent mean ± SEM. 

IgG, immunoglobulin B. Percentage of red blood cell hemolysis observed in an in vitro assay 

assessing the ability of serum harvested from reinfected mice in Figure 1B and 5B to protect 

against Hla-mediated lysis of rabbit red blood cells. The percentage of hemolysis is calculated 

relative to 100% hemolysis obtained in detergent-lysed wells. Dotted line represent mean 

hemolysis in wells incubated with preinfection serum; mAb, monoclonal antibody. Red dots 

denote percent red blood cell hemolysis in the presence of serum derived from mice that received 

passive immunization with a neutralizing anti-Hla monoclonal antibody 24 hours prior to serum 

harvest. Table 4 displays statistical analysis for samples in A. *P0.05 (Student t test, sample vs 

preinfected serum control). Error bars represent mean ± SD. N=5-10 animals per group. 
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Figure 5: Treatment with Hla-inhibiting therapies blunts primary infection pathology. A. 

Timeline for recurrent S. aureus SSTI mouse model in which therapeutic interventions targeting 

Hla were delivered 6-8 hours following the onset of primary infection. B and C. Mean abscess 

lesion quantification in mice that received treatment with either purified, recombinant HlaH35L or 

a control protein 6-8 hours post-primary infection with WT S. aureus (B), or after having 

received treatment with either the ADAM10 inhibitor (GI254023X) or the DMSO vehicle 6-8 

hours post-infection (C). *P0.05 (Student t test). Error bars represent mean ± SD. N=5-10 

animals per group.  

  



101 

 

 
Figure 6: Early therapeutic delivery of toxin antagonist during primary S. aureus SSTI blunts 

secondary infection pathology. SSTI mean abscess areas in mice reinfected with WT S. aureus 

after being treated with either purified, recombinant HlaH35L or a control protein 6–8 hours after 

primary infection (F) or being treated with either the ADAM10 inhibitor (GI254023X) or the 

dimethyl sulfoxide (DMSO) vehicle 6–8 hours after primary infection (G). *P0.05 (Student t 

test). Error bars represent mean ± SD. N=5-10 animals per group.  
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Figure 7: α-Toxin alters survival in S. aureus pneumonia after primary S. aureus SSTI. A. 

Timeline for a recurrent mouse model demonstrating primary S. aureus SSTI of mice at 4 weeks 

of age followed by a subsequent challenge of lethal S. aureus pneumonia. B. Survival recordings 

of C57BL/6 mice following intranasal infection with 4-5x108 CFU S. aureus USA300/LAC, 

monitored for five days with prior challenge to with vehicle (PBS; closed circles), wild-type 

(WT; closed squares) or Hla deficient (Δhla; closed triangles) S. aureus USA300 SSTI. 

Statistical pairwise comparisons are displayed in Table 5. C. S. aureus pneumonia survival 

recordings in mice as in (B) after primary S. aureus SSTI infection with vehicle (PBS; closed 

circles), wild-type (WT; closed squares), Hla deficient (Δhla; closed triangles), or Δhla::phla 

(open squares), or Δhla::phlaH35L (open triangles) S. aureus USA300. ***p=0.0001, Gehan-

Breslow-Wilcoxon test. N=5-10 animals per group. 
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Figure 8: Generation and validation of peripheral T cell-specific ADAM10 knockout mice. A. 

Schematic demonstrating the breeding strategy to derive mice harboring deletion of ADAM10 in 

peripheral T cells under the control of the Lck distal (dLck) promoter. Labels “f” and “r” indicate 

sites of forward and reverse PCR primers utilized to document Cre-recombinase- dependent 

excision of exon 3 in (B). B. PCR-based analysis performed on the genomic DNA from purified 

splenic CD3+ T cells sorted for cre expression by GFP+ positivity to demonstrate excision of 

exon 3 in mice harboring the Rosa mT/mG+ dLckcre ADAM10loxP/loxP genotype (Rosa+/- dLck+/- 

ADAM10-/- , B. Lane 3) genotype. C and D. Maximum projections of z series images of 

epidermal sheets prepared from naïve Rosa+/- dLck+/- ADAM10+/+ and Rosa+/- dLck+/- ADAM10-/- 

mouse ear skin (inset 1) with immunostaining for  TCR to detect DETCs (inset 2) and 

subsequent binary map of cells made from their GFP+ intensity (inset 3, given value =1) 

multiplied by the total anti- TCR fluorescence intensity per pixel (large display). Scale bars, 

50m. E. Purified splenic CD3+ T cells were obtained from control or dLck+/- ADAM10-/- mice 

and subjected in vitro to varying concentrations of purified recombinant Hla for 4 hours and cell 

death was measured by LDH release, *P0.05,**P0.01, ****P 0.0001 (Student t test). F 

Microscopic quantification of GFP+ T cell numbers per field in (C). G. Flow cytometric 

percentages of total splenic CD3+ T cells and frequencies of T cell subclasses based on CD4+ or 

CD8+ T cell markers. Error bars represent mean ± SD. Analysis was performed using 

independent samples, N=4-10 animals, with the excpetion of E. where samples from groups of 

animals were pooled.  
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Figure 9: -Toxin dependent injury to T cells exacerbates epithelial injury during S. aureus skin 

infection. A. Representative examples of backskin wounds from control and dLck+/- ADAM10-/-

mice taken day 5 post subcutaneous S. aureus SSTI. B. Wounded area recordings from control 

and dLck+/- ADAM10-/- mice infected with 3x107 staphylococci were monitored until wounds 

were healed. C. Mice were infected as in (B) and skin lesion homogenates were enumerated for 

CFU at days 2, 3, and 7 postinfection by serial dilution analysis. D. Representative example 

earskin wounds of 4-6 week old mice day 2 post epicutaneous S. aureus challenge. E. Wounded 

area recording from day 2 wounded control and dLck+/- ADAM10-/- were calculated as in (B) 

from epicutaneous S. aureus challenge of the ear pinna. F. Ear swelling from mice in (E) was 

measured by ear thickness recordings using a tissue caliper. *P0.05, **P0.01, ***P0.001, 

****P 0.0001 (Student t test). Error bars represent mean ± SD. N=4-10 animals were analyzed 

per group. 
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Figure 10: Contribution and dynamics of toxin-injured cutaneous T cells during S. aureus SSTI. 

A. Representative backskin images of hematoxylin/eosin-stained (H&E) semi-thin sections of 

control and dLck+/- ADAM10-/- mice subcutaneously challenged with S. aureus on day 2 and day 

7. Arrows demarcate wounded edges overlying the abscess. Main image scale bar, 1000m. Inset 

images are of a higher magnification view of skin tissue distant from the wounded edge in 

control and dLck+/- ADAM10-/- mice. Inset samples were serially stained with H&E and 

proliferation marker Ki67. Control mice display loss of epidermal architecture and epidermal 

proliferation on non-wounded tissue edges when compared to dLck+/- ADAM10-/- animals at both 

time points. Inset scale bar, 100m. Analysis was performed using independent animals, N=3-5. 
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Figure 11: α-Toxin dependent injury to T cells dampens epidermal barrier function adjacent to 

the wound bed. A. Representative images of epidermis adjacent to wound bed in S. aureus SSTI 

infected control and dLck+/- ADAM10-/- mice stained with anti-CD3 on day 2 and day 7 post 

infection. Dashed lines denote epidermal/dermal boundaries and epidermal T cells are 

highlighted with yellow arrow heads. Scale bar, 50 m. B. Quantification of CD3+T cells in 

epidermis adjacent to wound bed from (A). C. Quantification of epidermal thickness adjacent to 

wound bed analyzed from groups of mice in Figure 10. Quantifications are of independent 

samples, N=3-5 per group. *P0.05 (Student t test). Error bars represent mean ± SD.    

  



107 

 

 
Figure 12: Epidermal T cells protected from -toxin-mediated injury upregulate keratinocyte 

proliferation at the wound edge. Day 2 harvested backskins of 6 week-old male control or Ai9+/- 

dLck+/- ADAM10-/- mice subcutaneously infected with 3 x107 WT S. aureus were harvested, 

thinly sectioned, and counter-stained with Dapi. A. Top panels depict representative max-

projected fluorescent tile scan images from both of these groups. Dashed lines enclose the S. 

aureus abscess and viewing windows mark the position of bottom panel images. White arrows 

demarcate the wound edge. Bottom panel images are a zoomed-in view of the wound bed edge. 

Scale bar of large tile scans and smaller inset are 1000m and 100m, respectively. B. 

Immunofluorescence images of representative S. aureus- infected control and Ai9+/- dLck+/- 

ADAM10-/- in (A) were pulsed with EdU 4 hrs before harvesting and subsequently 

immunostained for EdU. Yellow arrowheads denote proliferating cells that have incorporated 

EdU. Scale bar, 500m. C and D. Quantification of Ai9+ dLck+ T cells and EdU incorporation 

from animals in A. *P0.05, ****P 0.0001 (Student t test). Quantifications are from 

independent samples, N=2-4 animals per group.    
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Figure 13: -Toxin radially kills epidermal T cells. A. Representative confocal max projection 

fluorescent tile scans of S. aureus USA300 YFP10B epicutaneously infected control and Rosa+/-   
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Figure 13, continued: dLck+/- ADAM10-/- whole mounted ear pinna at a 24-hours post infection. 

B. Spatial distribution map of 3 male mice replicates per group assigns the spatial location of 

GFP+ T cells in X,Y coordinate position relative to the USA300 YFP10B clump origin site 

(0,0μm) to 2000μm distance away. Scale bar, 250 m. C. Total T cell number quantifications in 

(B). C. Quantity of T cells in distance bins relative to S. aureus origin site. *P0.05, **P0.01 

(Student t test). Error bars represent mean ± SD. Quantifications are from independent samples, 

N=3.  
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Figure 14: -Toxin injury to cutaneous T cells alters the level of IL-17 and neutrophil activity in 

the tissue microenvironment. A and B. Level of IL-17 in S. aureus-infected backskin 

homogenates 2 days post infection in (A) Ker14+/- ADAM10+/+ and Ker14+/- ADAM10-/- mice and 

in (B) dLck+/- ADAM10+/+ and dLck+/- ADAM10-/- mice assessed by ELISA. C. Myeloperoxidase 

activity in skin homogenates as treated in (B) for control and dLck+/- ADAM10-/- mice measured 

by a MPO activity assay. *P0.05, **P0.01(Student t test). Error bars represent mean ± SD. D. 

Representative backskin images of anti-MPO stained semi-thin sections of control and dLck+/- 

ADAM10-/- mice subcutaneously challenged with S. aureus and sacrificed day 2 and day 7 post-

infection. Dashed lines enclose the largest regions of anti-MPO stained tissue. Scale bar, 

1000m. Analysis was performed on independent samples, N=5-17. 
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Figure 15: DETCs are the main intoxicated T cell subset in the epidermis during S. aureus SSTI. 

A. Representative sagittal z-series image of 3D reconstructed cells (white) from epidermal sheets 

prepared from control and Rosa+/- dLck+/- ADAM10-/- mice immunostained with TCR (red) 24 

hours post challenge with epicutaneously mock-infected vehicle or S. aureus. Dashed yellow line  
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Figure 15, continued:  

demarcates S. aureus border. Scale bar, 50 m. B. Co-localization of GFP+ dLck+ T cells with 

TCR UV+ stain in (A) using Imaris surface-surface co-localization algorithm. Dashed line 

represents lowest co-localization value of 70%. C. Quantification of DETCs per field in (A). D. 

Dendrite morphology analysis of DETCs per field in (C). **P0.01(Student t test). Error bars 

represent mean ± SD. Quantifications were performed using samples from independent animals, 

N=3-5. 
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Figure 16: ADAM10 knockout  T cells are resistant to lysis by S. aureus α-toxin. A. Isolation 

of semi-purified naïve DETCs from control and dLck+/- ADAM10-/- mice subjected in vitro to 

varying concentrations of purified recombinant Hla for 4 hours and cell death measured by LDH 

release. B. Purified and sorted naïve GFP+ dLck+ DETCs from control and Rosa+/- dLck+/- 

ADAM10-/- mice subjected in vitro to varying concentrations of purified recombinant Hla for 4 

hours and cell viability was determined by ATP release from cells. *P0.05, **P0.01, 

***P0.001, ****P 0.0001 (Student t test). Error bars represent mean ± SD. Analysis was 

performed on pooled sample from N=4-6 animals per group. 
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Figure 17: Generation of TCR-/- dLck+/- ADAM10-/-  mice. A. Sagittal z-series from epidermal 

sheets prepared from 6-week old male TCR+/- dLck+/- ADAM10-/- (left) or TCR-/- dLck+/- 

ADAM10-/- mice immunostained with TCR (blue). B. Images of day 3 S. aureus-infected 

backskins from TCR-/- dLck+/- ADAM10+/+ and TCR-/- dLck+/- ADAM10-/- animals. N=1 
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Figure 18: -Toxin alters  T cells spatial distribution around the S. aureus abscess. Day 2 

harvested backskins of 6 week-old male Tcrd-H2BEGFP+/+ mice naïve or infected with 3 x107 

WT (A) or Δhla (B) S. aureus were harvested, thinly sectioned, and counter-stained with Dapi. 

Representative max-projected fluorescent tile scan images from infected mice are represented in 

primary images in A and B. Dashed lines enclose the S. aureus abscess, yellow arrowheads mark 

the position of inset images of the abscess border. Scale bar of large tile scans and smaller inset 

are 1000m and 100m, respectively. C. Normalized distance distributions of  T cells with 

respect to the S. aureus abscess. Data obtained from an Imaris 
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Figure 18, continued: distance transformation algorithm. D and E. Quantification of the density 

of GFP+  T cells in tile scanned tissue samples from Tcrd-H2BEGFP+/+ naïve, S.aureus WT-

infected, and S.aureus Δhla-infected mice. *P0.05, **P0.01, , ****P 0.0001 (Student t test). 

Quantifications are of independent samples, N=3 animals per group.  
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Figure 19: A model of -toxin mediated injury to the skin microenvironment in the context of S. 

aureus SSTI. A. -Toxin-mediated injury at early time points during S. aureus skin infection 

injures both keratinocytes (white circles) and adjacent resident T cells (blue cells). Dead or 

severly injured  T cells cannot cluster near the wound bed nor the abscess to provide a spatial 

signal that in conjunction with their chemical activatory signal such as, secretion of IL-17 (blue 

gradient) can form a spatial-chemical gradient that correctly orients keratinocyte proliferation at 

the wound bed (red) and neutrophils infiltrate to the nidus of infection (Ab, purple abscess). B. If 

-toxin-mediated injury to the skin microenvironment does not occur during S. aureus infection, 

resident  T cells cluster both at the wounded edge and around the abscess concomitantly 

accelerating wound bed closure and confining the staphylococci. (Epi: epidermis; Der: dermis) 
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Figure 20: -Toxin injury to T cells impedes sterile wound repair. A. Schematic of the skin 

from a bird’s eye view of control and Ker14-/-14 dLck+/- ADAM10-/- mice after subcutaneous 

challenge with purified Hla (Hla treated area represented as brown circle, top two panels) and 

subsequent sterile wounding of Hla treated area (sterile punch represented as red dashed line, 

lower bottom panels). Blue cartoon T cells depict their quantity and spatial relationship to the 

Hla-treated wound site. T cell specific ADAM10 knockout mice are protected from toxin injury 

to T cells (top panels) whereas, Ker14-/- dLck-/- ADAM10-/- T cells are intoxicated by Hla (bottom 

panels). B. Representative images of day 5 post sterile wounding of Ker14-/- dLck-/- ADAM10-/- 

and Ker14-/- dLck+/- ADAM10-/- mice. C. Measured mean area of wound over a 10 day time 

course. D. Reciprocal end point titer analysis of the anti-Hla response calculated from enzyme-

linked immunosorbent assay (ELISA) measurements performed on serum samples collected 

from naïve mice (gray enclosed circles) or Hla-treated, sterile wounded Ker14-/- dLck-/- ADAM10-

/- mice (black enclosed circles), and Ker14-/- dLck+/- ADAM10-/- mice (open circles). IgG, 

immunoglobulin. *P0.05, **P0.01 (Student t test). Error bars represent mean ± SD. Analysis 

was performed on independent samples, N=4-6 animals per group. 
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Figure 21: dLck+/- ADAM10-/- animals mitigate recurrent S. aureus SSTI. A. S. aureus 

reinfection wounded mean area recordings in control and dLck+/- ADAM10-/- mice that were 

previously subjected to primary S. aureus infection as described in Figure 1A. B. Representative 

day 2 backskin images of hematoxylin/eosin-stained (H&E) semi-thin sections of control and 

dLck+/- ADAM10-/- mice subcutaneously challenged with recurrent S. aureus on day 2. Black 

arrows demarcate wounded edges overlying the abscess. Scale bar, 1000m. C. Higher 

magnification view of epidermis distal from the S. aureus wounded edge stained with H&E as in 

(B). D. Zoomed in view of representative images from thinly serially sectioned anti-CD3 stained 

samples from control and dLck+/- ADAM10-/- mice in (B). Epidermal T cells are highlighted with 

yellow arrowheads. Scale bar, 50 m. E. Quantification of epidermal thickness adjacent to 

wound bed in (C). F. Quantification of CD3+ T cells in epidermis adjacent to wound bed from 

(D). G. Expression level of IL-17 as measured by ELISA in S. aureus-infected backskin 

homogenates 2 days post S. aureus SSTI seconday challenge in control and dLck+/- ADAM10-/- 

mice. H. Myeloperoxidase activity in day 2 secondary S. aureus-infected skin homogenate 

samples for control and dLck+/- ADAM10-/- mice. I. Representative backskin images of anti-MPO 

stained semi-thin sections of control and dLck+/- ADAM10-/- mice subcutaneously challenged 

with recurrent S. aureus SSTI on day 2. Dashed lines enclose the largest regions of anti-MPO 

stained tissue. Scale bar, 1000m. *P0.05, **P0.01 (Student t test). Error bars represent mean 

± SD. Analysis was performed on independent samples, N=4-6 animals per group. 
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Figure 22: Myeloid lineage knockout of ADAM10 does not confer protection during recurrent S. 

aureus SSTI. A. Abscess mean area recordings after primary S. aureus infection in LysM+/- 

ADAM10+/+ (open circles) or LysM+/- ADAM10-/- (filled circles) 4-week of age male mice 

collected over a 2-week period. B. After a one week recovery period the same groups of mice 

were then subjected to reinfection with WT S. aureus on their opposite flank. Abscess mean area 

recordings were collected over a 2-week period. *P0.05, **P0.01 (Student t test).Error bars 

represent mean ± SD. Analysis was performed on independent samples, N=4-6 animals per 

group. 
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Figure 23: Administration of exogenous IL-17 after primary S. aureus SSTI restores the immune 

response against recurrent S. aureus infection in dLck+/- ADAM10+/+ animals. A. Control and 

dLck+/- ADAM10-/- mice were intralesionally administered a single dose of vehicle (PBS) or rIL-

17 (1,000ng/100µl) into the abscess 6 hours after primary S. aureus infection. Primary mean total 

S. aureus backskin lesions were recorded and monitored until wounds resolved. D. The same 

groups of mice were reinfected with WT S. aureus on the opposite flank 3-weeks after primary 

infection as described in (Figure 2A). Black bars: PBS- treated dLck+/- ADAM10+/+ mice; open 

bars: PBS-treated dLck+/- ADAM10-/-; dark gray bars: rIL-17 treated dLck+/- ADAM10+/+; light 

gray bars: dLck+/- ADAM10-/-. B, C, E, and F. Selected day 2 and day 4 time points from primary 

(A) and secondary (D) S. aureus challenge were tested for statistical difference between groups 

(PBS treated dLck+/- ADAM10+/+: filled circles; PBS treated dLck+/- ADAM10-/-: open circles; r-

IL-17 treated dLck+/- ADAM10+/+: dark gray circles; dLck+/- ADAM10-/-: light gray circles). 

*P0.05, **P0.01, ***P0.001 (Student t test). Error bars represent mean ± SD. Analysis was 

performed on independent samples, N=5 animals per group. 
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Figure 24: MPE-based risk model of S. aureus clinical disease in the hospital setting. This 

depiction captures patient health scenarios as a function of the severity of S. aureus infection, the 

patient’s previous exposure history, and host markers of the immunologic response. The tissue 

context and severity of infection define whether exposure will elicit resistance to infection or will 

predispose the patient to recurrent infections. Novel treatment options such as monoclonal 

antibodies and host-targeted therapies may be capable of modulating the course of disease in S. 

aureus-infected patients that typically suffer from the most severe manifestations of S. aureus 

infection.  
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Table 1: Statistical analysis of data presented in Figure 1B 

 

  

Dayb 

P value a 

Primary infectionc   WT vs hla 
Secondary infectionc 

1 WT, 2 WT  vs  hla  WT 

1 NA NA 

2 0.0003 0.0298 

3 < 0.0001 0.1641 

4 < 0.0001 0.0201 

5 < 0.0001 0.1618 

6 < 0.0001 0.1752 

7 0.0006 0.1044 

8 0.002 0.3171 

9 0.3026 0.1115 

10 0.3055 0.0649 

11 0.3454 0.2326 

12 0.3426 0.0033 

13 0.8416 0.312 

14 NA 0.4073 

a P values were determined using the unpaired student’s t-test at significance level P< 0.05.  
b Abscess area of resulting lesions following primary or secondary infections were scored 

over a 2 week period. 
cWT or hla  primary S. aureus skin infections were followed by WT secondary skin 

infection. NA, not applicable, abscess lesion 0.  
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Table 2: Statistical analysis of data presented in Figure 3A 

 

  

Dayb 

P value, Primary Infectionsa 

WT vs 

hla 

WT vs 

hla::phla 

WT vs 

hla::phlaH35

L 

hla vs 

 hla::phla 

hla vs 

 hla::phlaH35L 

hla::phla  vs  

 hla::phlaH35L 

1 2×10-6 0.0028 2×10-6 1×10-5 0.9232 1×10-5 

2 4×10-8 0.0026 2×10-8 5×10-5 0.1881 5×10-5 

3 1×10-5 0.0002 0.0017 7×10-6 0.0150 2×10-5 

4 3×10-7 0.0009 3×10-7 8×10-7 0.7066 8×10-7 

5 7×10-6 0.0084 5×10-6 2×10-7 0.2729 2×10-7 

6 9×10-6 0.0008 2×10-5 8×10-6 0.5075 8×10-6 

7 2×10-5 0.0015 1×10-5 2×10-5 0.6617 2×10-5 

8 5×10-6 0.0007 5×10-6 3×10-5 0.9001 3×10-5 

9 2×10-6 0.0023 2×10-6 0.0003 0.3852 0.0003 

10 4×10-6 0.0072 3×10-6 0.0003 0.1622 0.0003 

11 4×10-5 0.0033 2×10-5 0.0003 0.1648 0.0003 

12 0.0011 0.0013 0.0005 0.0004 0.3356 0.0004 

13 0.7918 7×10-5 0.1887 7×10-5 0.3356 6×10-5 

14 0.5203 0.0002 0.3343 0.0002 0.3356 0.0002 

aPrimary skin infections with different S. aureus strains.  Mice were infected a single time 

subcutaneously with the indicated strain.  P values were determined using pair-wise 

comparison with Bonferroni correction to adjust for multiplicity at significance level 0.05.  
b Abscess area of resulting lesions were scored over a 2 week period.  
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Table 3: Statistical analysis of data presented in Figure 3B 

 

 

 

 

 

  

Dayb 

P value, Secondary infectionsa 

WT vs 

 hla 

WT vs 

 hla::phla 

WT vs 

 hla::phlaH35L 

hla vs 

 hla::phla 

hla vs 

 hla::phlaH35L 

hla::phla vs  

 hla::phlaH35L 

1 0.0101 0.2397 0.000006 0.2138 0.0156 0.0038 

2 0.0033 0.0574 0.0002 0.1320 0.0902 0.0040 

3 0.0140 0.1701 0.0024 0.2078 0.2169 0.0359 

4 0.0084 0.0539 0.0003 0.1443 0.0200 0.0001 

5 0.0192 0.5219 0.0027 0.0177 0.0316 0.0010 

6 0.2657 0.3668 0.0148 0.7647 0.0219 0.0130 

7 0.1993 0.5771 0.0242 0.2073 0.0018 0.0027 

8 0.1046 0.3859 0.0007 0.4278 0.0270 0.0047 

9 0.1422 0.5226 0.0014 0.4489 0.0201 0.0104 

10 0.2988 0.5781 0.0069 0.2173 0.0767 0.0318 

11 0.5653 0.5988 0.0455 0.2920 0.0928 0.0280 

12 0.7626 0.4384 0.1812 0.2872 0.2513 0.0582 

13 0.6543 0.3034 0.4632 0.5576 0.3040 0.1296 

14 0.0101 0.2397 0.000006 0.2138 0.0156 0.0038 

aMice received primary subcutaneous infections with the indicated S. aureus strain, 

followed by secondary infection on the opposite flank with WT S. aureus. P values 

were determined using pair-wise comparison with Bonferroni correction to adjust for 

multiplicity at significance level 0.05.  
b Abscess area of resulting lesions were scored over a 2 week period. 
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Table 4: Statistical analysis of data presented in Figure 4A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Primary infection seraa Secondary infection serab Primary vs. Secondaryc 

Comparison P valuee Comparison P valuee
 Comparison P valuee

 

WT vs  hla ns WT vs  hla ns WT 1° vs 2° * 

WT vs 

 hla::phla 

ns 

WT vs 

 hla::phla 

**  hla 1° vs 2° ** 

WT vs 

 hla::phlaH35L  

ns 

WT vs 

 hla::phlaH35L  

** 

hla::phlaWT  

1° vs 2° 

*** 

 hla vs 

 hla::phla 

*** 

 hla vs 

 hla::phla 

*** 

hla::phlaH35L  

1° vs 2° 

*** 

 hla vs 

 hla::phlaH35L 

** 

 hla vs 

 hla::phlaH35L 

*** 

 

 

 hla::phla vs 

 hla::phlaH35L 

ns 

 hla::phla vs 

 hla::phlaH35L 

ns 

 

 

a ,b,cMice received primary subcutaneous infections with the indicated strain, 

followed by secondary infection on the opposite flank with WT S. aureus. Sera 

were collected following primary and secondary infection and endpoint titers to 

Hla calculated from nonlinear regression of ELISA data using Graphpad Prism 

software.dP values were determined using ANOVA with Bonferroni post testing. 

*P<0.05, **P<0.01, ***P<0.001, ns-not significant 
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Table 5: Statistical analysis of data presented in Figure 7B 

Pairwise comparisona using Long-rank test or Gehan-Breslow-Wilcoxon test 

 
Log-rank test Gehan-Breslow-Wilcoxon test 

PBS vs. WT **** **** 

PBS vs. hla ** ** 

WT vs. hla * * 
aMice received primary subcutaneous infections with the indicated strain, followed by a secondary 

lethal dose of WT S. aureus pneumonia. Statistical survival curve pairwise comparisons were made 

using Graphpad Prism software. P0.05, **P0.01, ***P0.001, ****P 0.0001 

 

 

 


