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Abstract 

Title of Dissertation:  Th17-associated immune responses are required for 

resolution of Staphylococcus aureus nasal carriage 

Nathan Archer, Doctor of Philosophy, 2013 

Dissertation Directed by:  Mark E. Shirtliff, Ph.D., Professor, Department of 

Microbial Pathogenesis 

The anterior nares of humans are the major reservoir for Staphylococcus aureus 

colonization. Approximately 20% of the healthy human population is persistently and 

80% intermittently colonized with S. aureus in the nasal cavity. Previous studies have 

shown a strong causal connection between S. aureus carriage and increased risk of 

nosocomial infection, as well as increased carriage due to immune dysfunction. However, 

the immune responses that permit persistence or mediate clearance are undefined. We 

developed a carriage model in C57BL/6J mice and showed that clearance begins 14 days 

post-inoculation. In contrast, SCID mice that have a deficient adaptive immune response 

are unable to eliminate S. aureus even after 28 days post-inoculation. Furthermore, 

decolonization was found to be T-cell mediated, but B-cell independent by evaluating 

carriage clearance in TCR-β/δ KO and IgH-µ KO mice, respectively. Up-regulation of 

IL-1β, KC, IL-17A and IL-17F occurred following inoculation with intra-nasal S. aureus. 

IL-17A production was crucial for clearance since IL-17A-deficient mice were unable to 

eliminate S. aureus carriage. In addition, inoculation of IL-17A/F KO mice displayed a 

significant inability to control S. aureus growth in the nares. Subsequently, cell 

differential counts were evaluated from nasal lavage fluid obtained from wild type and 



IL-17A-deficient colonized mice. These counts displayed IL-17A-dependent neutrophil 

migration. Antibody-mediated depletion of neutrophils in colonized mice caused reduced 

clearance compared to isotype treated controls. Th17-associated responses are reported to 

induce antimicrobial peptide production at epithelial surfaces. Therefore, we utilized RT-

PCR to determine nasal tissue expression following inoculation with S. aureus of three 

antimicrobial peptides with anti-staphylococcal activity, mouse CRAMP, β-defensin-3 

(mBD-3), and β-defensin-14 (mBD-14). We elucidated an IL-17A-dependent up-

regulation of antimicrobial peptides post-S. aureus inoculation, and enhanced nasal tissue 

expression of mouse β-defensin-3 upon IL-17A stimulation. Additionally, we discovered 

that ex-vivo nasal tissue supernatants have anti-staphylococcal activity that is solute-

dependent and heat-sensitive. Our data suggest that the Th17-associated immune 

response is required for nasal decolonization. This response is T-cell dependent, mediated 

via IL-17F and IL-17A production, neutrophil influx, and potentially antimicrobial 

peptide induction. Th17-associated immune responses may be targeted for strategies to 

mitigate distal infections originating from persistent S. aureus carriage in humans. 
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Chapter I: Staphylococcus aureus and Nasal Colonization Background 
  

 
Staphylococcus aureus: Introduction 

 

S. aureus is a ubiquitous, Gram-positive, facultatively anaerobic, non-motile, non-spore 

forming coccus. Its natural reservoir is the anterior nares of humans (1). S. aureus is 

identified as beta-hemolytic and coagulase-positive, and forms yellow colonies on blood 

agar. It is the etiological agent of many infections including, necrotizing fasciitis, 

pneumonia, osteomyelitis, toxic shock syndrome, and indwelling medical device 

infections (2-6). The primary mode of transmission of S. aureus is by direct contact, 

usually skin-to-skin contact with a colonized or infected individual, or contact with 

contaminated objects and surfaces (7-10). Various host factors can predispose individuals 

to infection, including the loss of the normal skin barrier, the presence of underlying 

diseases such as diabetes or AIDS and defects in neutrophil function (11). S. aureus 

infections result in approximately twice the length of stay, deaths, and medical costs of 

typical hospitalizations (12). The total cost of S. aureus-related infections total to 14.5 

billion dollars and 60,000 lives per year in the U.S. alone (13, 14). The societal burden 

imposed by S. aureus infections was the motivation for the studies on this important and 

relevant bacterium described herein.  

 Staphylococcus aureus Virulence Factors 
 

S. aureus is host to a myriad of virulence factors that contribute to its disease repertoire. 

The multitude of virulence factors provide a redundant system for S. aureus to colonize, 

cause local and systemic tissue damage, and evade host immunity.  
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Microbial Surface Components Recognizing Adhesive Matrix Molecules (MSCRAMMs) 

are cell wall-anchored proteins that are involved in attachment of S. aureus to host cells 

or extracellular matrix to initialize host colonization (15). Typical members of the 

MSCRAMM family are staphylococcal protein A (SpA), fibronectin-binding proteins A 

and B (FnbpA and FnbpB), collagen-binding protein, and clumping factor (Clf) A and B 

proteins (9, 16). MSCRAMMs were identified by their ability to bind extracellular matrix 

proteins such as fibrinogen, fibronectin, and collagen (17). A total of 21 MSCRAMMs 

have been identified but many host cognate receptors that these MSCRAMMs bind 

remain unknown; however, these adhesion factors can typically bind multiple host 

proteins (18).  

The production of toxins is an effective means for S. aureus to target host immune cells 

and cause tissue damage to its advantage. This pathogen produces nearly 30 different 

toxins that have been characterized to varying degrees. Two of the most studied toxins 

are the pore-forming, cytolytic toxins that cause leakage of the cell’s content and lysis of 

the target cell including α-toxin (α-hemolysin) and Panton-Valentine Leukotoxin (PVL) 

(19). α-hemolysin is particularly cytolytic toward human platelets and monocytes, 

whereas PVL exhibits a high affinity toward leukocytes (20). Other S. aureus toxins, for 

example γ-hemolysin and leukocidin, are cytotoxic toward erythrocytes and leukocytes, 

respectively (20, 21). The toxic shock syndrome toxin-1 (TSST-1), a superantigen, 

stimulates proliferation of T-lymphocytes that can result in toxic shock syndrome (22, 

23). 

In addition to toxins, S. aureus can evade host immunity by non-lethal methods. 

Examples of such kind of proteins are the staphylococcal complement inhibitor (SCIN), 
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chemotaxis inhibitory protein of S. aureus (CHIPS), staphylokinase (SAK), and 

extracellular adherence protein (Eap). SCIN is a C3 convertase inhibitor, which blocks 

the formation of C3b on the surface of the bacterium and, thereby, the ability of human 

neutrophils to phagocytose S. aureus (24). CHIPS blocks neutrophil receptors for 

chemoattractants, Eap blocks migration of neutrophils from blood vessels into the tissue, 

and SAK binding to α-defensins abolishes their bactericidal properties (25-27). The cell 

wall associated protein A acts to prevent opsonization by antibodies. Protein A binds the 

Fc portion of IgG, thus preventing attachment of antibody to S. aureus for recognition by 

Fc receptor bearing immune cells (28).  

S. aureus also secretes the clotting factors coagulase and von Willebrand factor binding 

protein (vWbp). Coagulase and vWbp induce the non-proteolytic activation of 

prothrombin and cleavage of fibrinogen, and subsequently are both required for abscess 

formation (29). The protection conferred by abscess development is partially contributed 

to the inability of neutrophils to cross the insoluble fibrin barrier (30). 

The armada and redundancy of S. aureus virulence factors provides a significant survival 

advantage for the bacterium in addition to deficiency of host immune responses to 

eradicate infection.  

Staphylococcus aureus: rise of antimicrobial resistance 
 

S. aureus has re-emerged as an important pathogen due in part to the increase of 

antimicrobial resistance. S. aureus is the leading cause of bacterial infections involving 

the bloodstream, lower respiratory tract, and skin and soft tissue in many developed 

countries, including the United States (31). Penicillin was initially highly effective 
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against staphylococcal infections, but penicillinase-producing S. aureus emerged in the 

mid-1940s, and its prevalence increased dramatically within a few years (32, 33). This 

increase was attributable to widespread use of penicillin, which selected for bacteria 

containing resistance genes (34). Several epidemic waves of antibiotic resistant S. aureus 

have occurred, beginning with pandemic penicillin resistant S. aureus in the 1950s and 

early 1960s (35). These infections, both in hospitals and in the community, were caused 

primarily by one S. aureus clone; however the pandemic S. aureus infections associated 

with the penicillin resistant clone declined after the introduction of methicillin in 1959 

(35, 36). However, the emergence of methicillin resistant S. aureus (MRSA) was 

discovered within two years of the introduction of methicillin , and the first group of 

cases due to MRSA was reported shortly thereafter (37, 38). 

Methicillin resistance involves acquisition of the mecA gene, the determinant of a unique 

cell wall synthetic enzyme, penicillin binding protein PBP2A, which is resistant to 

inactivation by ß-lactam antibiotics and which can function as an alternative to native 

staphylococcal PBPs that are sensitive to ß-lactam antibiotics (39). The resistance gene 

mecA appears to have evolved from a domestic gene of the ß-lactam susceptible 

Staphylococcus sciuri, a frequent colonizer of the skin of both wild and domestic animals 

and one of the most abundant staphylococcal species on this planet (40). It was 

appreciated early on that the resistance mechanism involved was different from 

penicillinase-mediated resistance. In contrast to penicillinase-mediated resistance, which 

is narrow in its spectrum of activity, methicillin resistance is broad and confers resistance 

to the entire β-lactam class of antibiotics, which include penicillins, cephalosporins and 

carbapenems (41).  
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Outbreaks of infections caused by MRSA strains were reported in hospitals in the United 

States in the late 1970s, and by the mid 1980s these strains were endemic, resulting in the 

worldwide pandemic of MRSA in hospitals that continues currently (42, 43). Until this 

century, MRSA was still confined to hospitals and other institutional health care settings, 

such as long-term care facilities. The emerging burden of MRSA infections led to the 

increased use of vancomycin, the last remaining antibiotic to which MRSA strains were 

reliably susceptible (11). This intensive selective pressure resulted in the emergence of 

vancomycin-intermediate S. aureus (VISA) strains, and vancomcyin-resistant S. aureus 

(VRSA) strains (44, 45).  

Several risk factors have been identified in patients who develop MRSA infection. These 

factors are more commonly associated with the acquisition of hospital-acquired MRSA, 

also referred to as hospital-associated MRSA, healthcare-associated MRSA, and 

nosocomial-acquired MRSA (46). They include previous antibiotic use, day care 

attendance, contact with a healthcare worker or nursing home resident, residence in a 

long-term care facility, diabetes mellitus, hospitalization, admission to an intensive care 

unit, intravenous drug use, invasive indwelling devices, hemodialysis or peritoneal 

dialysis, mechanical ventilation, endotracheal tube, tracheostomy tube, nasogastric tube, 

gastrostomy tube, or Foley catheter, total parenteral nutrition or enteral feeding, surgical 

procedures, immunosuppression, chronic illness, and previous isolation of MRSA (47-

54). 

MRSA has since spread and is endemic in most hospitals worldwide. In the United 

States, S. aureus is the number one cause of hospital-associated infections, and a high 

percentage of these are caused by MRSA (55-57). The mortality rate associated with 
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invasive MRSA infections is approximately 20%, and in the United States fatalities 

resulting from these infections are estimated to surpass those caused by HIV/AIDS (58, 

59). Therefore, it is clear that S. aureus, especially MRSA, remains a major burden for 

health care facilities.  

Emergence of community-associated S. aureus 
 

The rapid emergence of S. aureus infections occurring outside health care facilities in 

healthy individuals, or community-associated MRSA (CA-MRSA) infections, is an 

enigmatic occurrence in recent years (60-63). Previously, community-associated S. 

aureus infections were primarily caused by methicillin-susceptible S. aureus (MSSA), 

rather than the antibiotic-resistant strains prevalent in hospitals (60). It is still unknown 

why these antibiotic-resistant bacteria have emerged in the community where there is no 

selective pressure exerted by antibiotics like that seen in the hospital setting. CA-MRSA 

was first reported in Western Australia in the 1990s and became epidemic in the United 

States (50, 62, 64). The CA-MRSA epidemic in the United States is caused by two S. 

aureus strains. The original CA-MRSA strain, USA400, predominated prior to 2001, and 

although USA400 is still an important cause of community-associated disease in some 

regions, USA300 is now responsible for most CA-MRSA infections in the United States 

(7, 62, 63).  

The emergence of CA-MRSA has led to an increase in the overall burden of 

staphylococcal disease (65, 66). Skin and soft tissue infections constitute approximately 

90% of cases; however, CA-MRSA can cause infections ranging from mild skin 

infections to fatal necrotizing pneumonia (50, 61, 65, 67-70). Some patients with 
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cutaneous CA-MRSA infection do not have MRSA-related risk factors; however, certain 

groups of individuals appear to be at increased risk of developing CA-MRSA infection 

(71-75). They include children and newborns, parenteral substance abusers, men who 

have sex with men, military personnel, prisoners in correctional facilities, and certain 

ethnic populations (50, 76-79).  

Athletes that participate in competitive contact sports have been identified as a population 

at greater risk for the development of CA-MRSA skin infection (80). These athletes 

include not only members of high schools and colleges, but also competitors on 

professional teams (81-83). CA-MRSA skin infections are most frequently reported in 

football players; however, cutaneous CA-MRSA infections are also observed in athletes 

who participate in baseball or softball, basketball, canoeing, fencing, rugby, running, 

soccer, volleyball, weight lifting, and wrestling (73, 80, 83-86). 

Community associated strains, in contrast with hospital acquired strains, frequently have 

associated exotoxins. Panton–Valentine leukocidin (PVL) toxin is the most common 

toxin associated with CA-MRSA (87). PVL is a potent dermonecrotic toxin that gives 

CA-MRSA strains their predilection for causing skin and soft tissue infections; in 

addition, PVL is associated with severe necrotizing pneumonia (88, 89). 

An important therapeutic strategy, especially when cutaneous CA-MRSA infection forms 

an abscess, is incision and drainage (90, 91). Indeed, CA-MRSA skin infection may 

persist and be recalcitrant to antibiotic treatment. Even if the patient is being treated with 

systemic antimicrobial therapy to which the bacterial strain is susceptible and if the 

contents of the infectious abscess are not released either by surgical intervention or 
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spontaneous rupture, it likely will not resolve (80). Despite incision and drainage, CA-

MRSA skin and soft tissue infections can persist, worsen, or recur when either additional 

systemic antimicrobial therapy is withheld or concurrent treatment is introduced with an 

antibiotic to which the bacterium is resistant (92, 93). CA-MRSA infection is contagious 

and often associated with infection appearing within family members and close contacts 

(94). Therefore antibiotic therapy, in addition to appropriate surgical intervention, is 

helpful to limit the spread of infection (95). The emergence of CA-MRSA has targeted 

the otherwise healthy population for increased risk of S. aureus infections outside the 

healthcare setting. 

S. aureus and biofilm formation 
 

The biofilm mode of growth can additionally provide S. aureus a survival advantage 

upon infection of host. A biofilm can be defined as a microbe and/or host-derived sessile 

community, typified by cells that are attached to a substratum, interface, or to each other, 

are embedded in a matrix of extracellular polymeric substance, and exhibit an altered 

phenotype with regard to growth, gene expression, and protein production (96). Biofilm 

thickness can range from a single cell layer to a substantial community encased by a 

viscous polymeric milieu (97). Structural analyses have shown that in some cases unique 

pillar or mushroom-shaped structures can be formed by the micro-colony architecture of 

these dense biofilms; however, other structures do form depending on the environmental 

conditions (97). Intricate channel networks flow through these complex structures and 

provide some accessibility to essential nutrients even in the deepest regions of the 

biofilm. Although biofilm formation is not a prerequisite for persistent infection, biofilm 
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eradication is arduous, usually requiring surgical intervention, and therefore, warrants 

further investigation (98). 

Although a biofilm can arise from a single cell, differential environmental conditions 

throughout the community can potentiate the development of distinct subpopulations. 

Gradients in oxygen, nutrients, and electron acceptors can cause heterogeneous gene 

expression throughout a biofilm (99). In a staphylococci in vitro colony biofilm model, 

four distinct metabolic states were identified: cells growing aerobically, fermentatively, 

dormant (including very slow growing cells and persisters), or dead. The cells exposed to 

the upper air-oxygen rich interface and lower liquid-nutrient rich interface were 

metabolically active (99). However, the majority of cells were dormant, and located in an 

anoxic environment (99). In addition, heterogeneity of biofilm protein expression was 

demonstrated with multiple cell wall-associated proteins. Expression was shown to vary 

in cell clusters throughout the biofilm, and in one case, differential expression was 

visualized on a cell-cell basis (100).   

By adopting this sessile mode of life, biofilm-embedded microorganisms benefit from a 

number of advantages over their planktonic counterparts. By maintaining bacterial 

populations in close contact, the rates of genetic exchange and evolution of the microbial 

population are highly up-regulated (101). Also, the extracellular matrix is capable of 

sequestering and concentrating environmental nutrients such as carbon, nitrogen, and 

phosphate (102). An additional benefit to the biofilm growth modality is the ability to 

evade multiple clearance mechanisms produced by host and synthetic sources. Examples 

of ineffective clearance strategies include antimicrobial and antifouling agents, shear 

stress, host phagocytic elimination, and host radical and protease defenses. Resistance to 
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antimicrobial factors is mediated through a dormant phenotype caused by adaptation to 

an anoxic environment and nutrient deprivation, and results in low metabolic levels and 

radically down-regulated rates of cell division (103). This stressed environment produces 

many slow growing cells that are tolerant to high levels of antibiotics but also a 

proportion of persister cells (103). These cells are found in biofilm communities but also 

exist in planktonic cultures (104). In addition, persister cells demonstrate multidrug 

tolerance that is inherently different from resistance, which is prevention of the antibiotic 

from hitting its microbial target (103, 104). Instead, persister tolerance is accomplished 

by shutting down the microbial targets or the cellular need for those targets by 

maintaining a metabolically quiescent state, thereby protecting the cell from even 

bactericidal antibiotics (103). Although the mechanism for achieving this metabolic state 

in S. aureus is not completely understood, it has been implicated that it is accomplished 

in E. coli through a certain proportion of cells in the total microbial population having 

drastically down-regulated biosynthetic pathways and toxin/antitoxin production, thereby 

producing a persister phenotype in this population subset (103). By protecting these cells 

within the biofilm, effectors of the immune system are prevented from clearing out these 

populations (105). Therefore, once antibiotic regimens are halted, these persisters are able 

to spontaneously shift out of their quiescent state and produce a reactivation of infection 

(105).  

While low metabolic rates may explain a great deal of the antimicrobial resistance 

properties of biofilms, other factors may play a role. One such feature may be the 

capability of biofilms to act as a diffusion barrier to slow down the infiltration of some 

antimicrobial agents (106). For example, reactive chlorine species (such as hypochlorite, 
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chloramines, or chlorine dioxide) in a number of antimicrobial/antifouling agents may be 

deactivated in the surface layers of the biofilm before they are able to disseminate into the 

lower layers (107). In addition, a recent study showed that several antibiotics (oxacillin, 

cefotaxime, and vancomycin) had reduced penetration throughout S. aureus and 

Staphylococcus epidermidis biofilms (108).  

The final benefit to the biofilm development is the potential for seeding dispersal or 

cellular detachment. Micro-colonies may detach under the direction of fluid mechanical 

shear forces or through a genetically programmed response that mediates the seeding 

dispersal process (109). In a similar fashion to a metastatic cancer cell, detached micro-

colonies migrate from the original biofilm community to uninfected regions of the host, 

attach, and promote nascent biofilm formation. In addition, while not the case for non-

motile bacteria like S. aureus, seeding dispersal can also be mediated by the movement of 

single, motile cells from the adherent micro-colony (110). Therefore, this advantage 

allows an enduring bacterial source population that is resilient against antimicrobial 

agents and the host immune response, while simultaneously enabling continuous 

shedding to encourage bacterial spread. The biofilm growth modality is a medically 

relevant phenomenon, especially in terms of the rising use of therapeutic implants. 

S. aureus and implant-associated infections 
 

The increased use of indwelling medical devices is leading to greater prevalence of S. 

aureus infections. Population dynamics are partially responsible for the growing use of 

medical implants. The U.S. Census Bureau has predicted an 18% growth in the U.S. 

population between 2000 and 2020, and increase by 33% in 2043 (111). The number of 
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people in the country over the age of forty-five years will expand by 37% from 2005 to 

2030 (111). The number of Americans who were sixty-five years old or older increased 

74% between 1998 and 2005, and the number will grow 104% from 2000 to 2030 (112). 

As the general population increases in size, the proportion of elderly Americans will 

increase faster than younger Americans. The elderly population on its own is not at 

increased risk of S. aureus infection; however they are at increased risk of osteoarthritis 

and subsequent use of implant devices. 

Osteoarthritis is the most common joint disorder in the United States. The prevalence of 

osteoarthritis is associated with aging, and therefore the prevalence of osteoarthritis in the 

United States is increasing (111). In 1995, an estimated 15% of the American population 

reported arthritic related symptoms. By the year 2020, prevalence of arthritis will expand 

to an estimated 18.2% of the U.S. population (113). In 1998, the National Arthritis Data 

Workgroup estimated that 3.2% of the population between the ages of fifty-five and 

seventy-four years had radiographic signs of arthritis of the hip, and 33% of the 

population between the ages of sixty-three and ninety-three years had radiographic signs 

of arthritis of the knees (113). In 2002, 42.7 million Americans (20.8% of the population) 

had been diagnosed as having arthritis, and, in 2006, that number increased to 46.4 

million Americans (21.6%) (114). The growth in diagnosis and treatment of arthritis in 

the U.S. due to an aging population will increase the risk of indwelling medical device 

infections. 

The prevalence of obesity, as defined by a body mass index of greater than 30, is 

increasing in the United States (115). Between 1988 and 1994, 22.9% of Americans were 

considered obese, and, between 1999 and 2000, 30.5% of Americans were defined as 
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obese (115). The prevalence of overweight Americans, defined as those having a body 

mass index of greater than 25, is also increasing. Obesity is a risk factor for osteoarthritis, 

and studies have demonstrated an association between increased weight and osteoarthritis 

of the hip (115, 116). Furthermore, osteoarthritis of the hip and knee is more common in 

obese (31.6%) and overweight patients (21.7%) than in normal weight population 

(16.3%) (114). In conjunction with aging, the prevalence of obesity and subsequent 

osteoarthritis is on the rise in the U.S.  

As the demand for total joint arthroplasty is growing, initiated by an aging and more 

obese society, the volume of arthroplasties is projected to increase. In 2005, 

approximately 285,000 primary total hip replacements and 523,000 primary total knee 

replacements were performed in the United States (111). On the basis of population and 

health trends in 2002, it is predicted that 273,000 primary total hip arthroplasties and 

474,000 primary total knee arthroplasties would be performed each year by 2030 (111). 

The number of procedures performed in 2005 is expected to double by the year 2026 for 

total hip arthroplasty and by 2016 for total knee arthroplasty. It is now predicted that, by 

2030, the number of primary total hip arthroplasties could reach 572,000 annually, and 

the number of primary total knee arthroplasties could reach 3.48 million annually (117). 

The number of implant-associated infections is subject to grow, as population dynamics 

demand a greater supply of indwelling medical devices. 

About half of the two million cases of nosocomial infections per year in the US are 

associated with indwelling devices (118). Current infection rates are approximately 1% in 

primary knee replacements and 0.3–0.6% in hip replacements; however, these values are 

reported to be likely underestimated (119-123). Staphylococcal species were found to be 
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the most prevalent etiological agents of orthopedic infections, representing 75.3% of all 

cultured strains. S. aureus was the most common culprit of staphylococcal-associated 

infection, and results in worse infection outcome compared to coagulase-negative 

staphylococci (124, 125). Experimental evidence suggests that the presence of a foreign 

body significantly reduces the minimal inoculum of S. aureus required for infection (126, 

127). In addition, fewer than 100 CFU is needed to induce implant infection in animal 

models (128). 

S. aureus has been known to infect and form a chronic biofilm infection most often on 

orthopedic implants including prosthetic joints, wires, pins, external fixators, plates, 

screws, nails, and mini-large fragment implants (129). However, other indwelling 

medical devices that are prone to staphylococcal biofilm infection include stents, 

ventilators, intravenous catheters, invasive blood pressure units, infusion pumps, cardiac 

defibrillators, mechanical heart valves, aspirators, pacemakers, stitch materials, ear and 

central nervous system shunts, cosmetic surgical implants, penile implants, and 

orthopedic devices (129).  

A prototypical example of an implant-associated infection is osteomyelitis. It is defined 

as an infection of the bone, and can be caused by a variety of bacteria or fungi; however, 

S. aureus provides the majority of cases (130). Bacteria can be introduced through a 

hematogenous route or direct inoculation during surgery, trauma, or an overlying 

infection (131). During cases of implant infection, the implant becomes coated with host 

derived extracellular matrix proteins, providing a rich surface for bacterial attachment 

(132). During the initial phases of infection, S. aureus up-regulates the production of 

adhesins for many host adhesive matrix molecules (e.g. fibrinogen, fibrin, osteopontin, 
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fibronectin, collagen, elastin, etc.) (133). Once in the bone, S. aureus attaches to localized 

areas of trauma and divides by binary fission to form an early biofilm (131). As the 

population expands, S. aureus produces toxins, immunoavoidance factors, and virulence 

factors with a concomitant down-regulation in microbial adhesins (134). Simultaneously, 

a number of microbial inflammatory mediators activate the innate inflammatory response 

effectors (e.g. PMNs) to bear on the invading pathogen (135). However, immune cells 

that attempt to attack the virulent early biofilm are met with an armamentarium of 

staphylococcal toxins and immunoavoidance factors resulting in host cell lysis and 

frustrated phagocytosis (135).  

The end result is a maturing S. aureus biofilm population with detaching flocs and tissue 

damage, thereby providing the essential devitalized surface for further biofilm 

development (131, 136). In order to resolve the infection, the device must be removed 

since antibiotics cannot eliminate this biofilm population. Osteomyelitis is an exemplary 

model for other implant-related S. aureus chronic infections. 

Staphylococcus aureus Nasal Colonization 
 

Although S. aureus can be transiently found in various locales on the human body, the 

major ecological niche is asymptomatic colonization of the anterior nares. In the human 

population, 20% are persistently colonized and the remaining 80% are intermittently 

colonized (137).  Although nasal colonization rates have decline recently, MRSA 

carriage is increasing (138). However, the prevalence of S. aureus nasal carriage varies 

and is higher in young children, men, white persons, hospitalized patients, and a number 

of patient groups, including patients with diabetes mellitus, those undergoing 
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hemodialysis or chronic ambulatory peritoneal dialysis, those with S. aureus skin 

infection, and HIV-infected patients (139-146).  

S. aureus is one of the most common etiologic agents of nosocomial infections, and is 

recognized as the second-leading cause of infections in intensive care units (147). S. 

aureus is a normal commensal organism of the human nostrils; however, carriage 

provides a staging ground for S. aureus to disseminate to other areas of the body where, 

once the physical barrier of the skin or epithelial surface is breached, distal infection can 

occur (Fig 1A). Risk of nosocomial infection increases 3-fold in nasal colonized patients, 

and for those that succumb to infection the S. aureus genotype cultured from the nose 

correlates over 80% of the time with the strain at the infection site (148). Therefore, the 

particular S. aureus strain responsible for infection most often originates from the nares. 

The targeted elimination of asymptomatic nasal carriage would serve to prevent the risk 

of downstream infections originating from colonization, while also avoiding the factors 

promoting localized infection (Fig 1B). Together, this information provides a basis for 

nasal decolonization as a means to prevent distal S. aureus infections.  

Current Treatment of Nasal Colonization and Prevention of Infections 
 

Hospitals have implemented surveillance programs to prevent infections emanating from 

S. aureus nasal colonization. Current policy is to screen pre-operative patients for 

carriage, isolate those with positive result and take contact precautions to prevent spread,   
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Figure 1. Elimination of S. aureus nasal colonization prevents distal infection 

(A) The anterior nares of humans are the natural reservoir of S. aureus. Nasal 
colonization promotes colonization of skin. Trauma to the skin permits a localized S. 
aureus infection to develop. The numerous virulence factors of S. aureus promote its 
survival and subsequent host damage at infection site. In addition, skin colonization with 
community associated-MRSA (CA-MRSA) can enhance epithelial infection.  The 
increasing obesity rates and population age fosters the use of indwelling medical devices 
that serve as conduits for deep-seeded infections. S. aureus antimicrobial resistance and 
biofilm formation inhibit antibiotic-mediated eradication of infection. S. aureus can 
disperse from the original infection site via blood system and create nascent metastatic 
foci throughout the host. (B) Treatment and eradication of S. aureus nasal colonization 
can eliminate subsequent distal colonization and infection. 
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and treat individuals with antibiotic to eradicate colonization (149). One study 

demonstrated that isolation and optional decolonization significantly reduced MRSA 

infection rates by 69.2% from baseline (150). Additionally, this strategy has been 

repeatedly found to be both cost effective and beneficial for the patient (151-153). 

The topical antibiotic, mupirocin, is the typical drug used for nasal decolonization and 

has been shown to have high activity against staphylococci (154). Mupirocin inhibits 

bacterial isoleucyl tRNA synthetase, blocking the formation of isoleucyl tRNA, which in 

turn impairs bacterial protein synthesis (155). Mupirocin is potent for eradication since 

immediately after completion of nasal mupirocin treatment, 81.5% to 100% of patients 

are successfully decolonized compared with spontaneous or vehicle-mediated 

decolonization rates of 0% to 46% (156-158). Decolonization with mupirocin has been 

studied extensively and been shown to prevent healthcare-associated S. aureus infections 

such as surgical-site infection and bloodstream infection in patients undergoing 

hemodialysis (159-161).  

Although mupirocin is effective in reducing infections originating from S. aureus nasal 

carriage, there are caveats to this strategy. Mupirocin treatment lacks long-term efficacy. 

Doebbeling et. al. demonstrated a 70% recolonization rate 1-year post-treatment with 

mupirocin, and colonization rates between mupirocin-treated and control groups were 

statistically insignificant at this same time point (162). A similar study found a 40% 

recolonization rate 6-months post-treatment and a 48% recolonization with the 

autologous strain (163).  
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Additionally, it has been established that significant increases in resistance to mupirocin 

can occur after repeated or extended courses of mupirocin (164, 165).  Mupirocin was 

introduced into clinical practice in the UK in 1985, and the first report of staphylococcal 

resistance came two years later (166).  Since then, two mupirocin-resistant phenotypes, 

low-level (LMR) and high-level resistance (HMR), have been identified. Jones et. al. 

identified from nasal swabs that 13.2% of S. aureus isolates were resistant to mupirocin, 

with 8.6% having high-level resistance and 4.6% having low-level resistance 

(167). Patients admitted to the surgical intensive care unit harboring a mupirocin-resistant 

S. aureus were more likely to have been admitted to the hospital in the previous year and 

had higher in-hospital mortality compared to patients carrying mupirocin-sensitive 

strains. Mupirocin resistance rates are often correlated with increased use of the agent 

(168). In New Zealand, mupirocin ointment was available over-the-counter from 1991–

2000 (169). During that time, a steady increase of mupirocin resistance was observed. 

Mupirocin resistance in S. aureus rose to 28% by 1999, and the highest rates were 

observed in community-acquired isolates. Mupirocin-resistant strains also lead to 

eradication failure. The decolonization rate after treatment for patients colonized with 

high-level resistant strains was low (27.7%), compared with decolonization rates for 

patients colonized with mupirocin-susceptible strains (78.5%) or with low-level resistant 

strains (80%) (170). The increasing resistance to mupirocin by S. aureus and ephemeral 

efficacy of mupirocin treatment highlights the need for novel decolonization strategies. 

Carriage State Factors 
 

In order to develop decolonization strategies, it is crucial to understand the factors that 

lead to progression of persistence or clearance. Persistent carriers preferentially select 
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their autologous strain when inoculated with a mixture of S. aureus strains (171, 172). 

Additionally, DNA fingerprinting displays stable carriers are persistently colonized with 

a single strain and change in strain seldom occurs (173). However, intermittent carrier 

strain genotypes vary temporally, suggesting a fitness advantage for persistently 

colonizing strains in the nares environment (137). Mobile genetic elements have been 

shown to be associated with carrier strains. For example, phages inserting into the 

chromosomal gene coding for β-hemolysin are detected in about 90% of carrier isolates, 

but are less prevalent in strains causing infection (174). Gene expression can also 

influence colonization. A recent study demonstrated variable expression in S. aureus 

grown in vitro compared to populations of this pathogen isolated from human nares 

(175). The authors found up-regulation of adherence and immune evasion factors, but a 

down-regulation in toxin production.  The essential two-component regulatory system, 

WalKR, was shown to have a predominant role during colonization. One can speculate 

that a deficiency in this system or other colonization factors would be detrimental for S. 

aureus carriage.   

Microbes colonizing the nares can influence the carrier state of the host.  The nasal 

microbiota of healthy subjects were found to be rich in the phylum Actinobacteria, but 

less abundant in other phyla, such as Firmicutes and Proteobacteria (176). However, 

hospitalized patients were enriched in S. aureus or S. epidermidis, and diminished in 

several actinobacterial groups, most notably Propionibacterium acnes. The abundance of 

S. aureus was found to be inversely proportional to certain species, including S. 

epidermidis (176). Iwase et. al. furthered the relationship between S. aureus and S. 

epidermidis in the nasal environment. They discovered that Esp-secreting (serine 
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protease) S. epidermidis inhibit nasal colonization of S. aureus whereas Esp negative 

strains permitted colonization (177). These studies demonstrate the complex relationship 

between microbes in a niche environment.  

Host elements can also influence the S. aureus carriage state. Genetic differences in 

humans, in particular single nucleotide polymorphism (SNPs), have been associated with 

S. aureus carriage in nares. SNP distributions in C-reactive proteins and interleukin-4 

genes were significantly associated with persistent colonization (178, 179). It is predicted 

that a lower level of IL-4 serum concentration may result in lower mucin production and 

decreased mucociliary clearance. Polymorphisms in the gene encoding the glucocorticoid 

receptor were associated with variable effects on carriage with either a 68% reduced risk 

of persistent S. aureus nasal carriage or an 80% increased risk (180). Therefore, tolerance 

toward staphylococcal nasal colonization was influenced on the genotype-dependent 

variation in the sensitivity to glucocorticoids.  

Patients with vitamin D deficiency had an increased risk of MRSA nasal carriage (181). 

Additionally, in non-smoking men an incremental decrease probability of colonization 

occurred for every 5 nmol/l increase in serum 25(OH)D concentration. Both studies 

suggest that raising vitamin D levels in host can decrease the chance of carriage (182). 

Vitamin D is known to have pleiotropic effects on the immune system, and therefore, 

may be important for controlling and eliminating S. aureus in the nares (183-185). 

The mucus layer protecting and coating nasal epithelial cells has been shown to be crucial 

in determining carriage state. S. aureus incubated in carrier nasal secretions permitted 

logarithmic growth; however, non-carrier secretions were bactericidal or bacteriostatic 
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(140). Additionally, activity of non-carrier secretions can be depleted by heat-

inactivation, suggesting a protein component for killing (186). Recent studies have 

demonstrated that nasal secretion derived hemoglobin can enhance surface colonization 

with S. aureus (187).  The mechanism occurs by hemoglobin mediated suppression of the 

quorum sensing agr system in S. aureus. Conversely, overexpression of the agr regulatory 

system leads to reduced colonization in a rodent model (187). Therefore, presence of 

certain host factors such as hemoglobin in mucus can subsequently influence carriage. 

Immune Prevention of Carriage: Innate 
 

In the context of immunity towards S. aureus nasal carriage, knowledge is limited; 

however a few studies have begun to shed light on the connection between the host 

immune system and nasal colonization. It is known that a number of features of the innate 

immune response are able to prevent S. aureus carriage. Some of these features include 

copious mucus production in the nares that inhibits binding of microbes that are 

transiently introduced (186). As described above, the antimicrobial peptides in mucus, 

including LL-37, and human beta defensins-2 and -3 may also play a role in killing S. 

aureus cells transiently introduced into the nares (140, 188). This expression of 

antimicrobial peptides can be manipulated by carrier strains of S. aureus that have been 

found to have a competitive advantage over non-carrier strains (189). This advantage was 

achieved by delayed expression of innate immune responses in human nasal epithelial 

cells through arrested expression of TLR2 and the human beta defensins-2 and -3. 

Interestingly, nasal epithelial cells pre-incubated with the innate inflammatory cytokine 

IL-1β had significantly reduced S. aureus colonization (189). In a subsequent study, 

Quinn et. al. discovered that a carrier strain suppressed production of IL-1 compared to a 
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non-carrier strain in nasal epithelial cells; however, only the carrier strain exhibited 

sensitivity to human epithelial cells pre-incubated with IL-1 (190). Therefore, although 

the nasal carrier strain is sensitive to the IL-1 response, it circumvents this by preventing 

innate signaling. These studies display the importance of the innate response in the 

context of S. aureus nasal colonization.  

Immune Prevention of Carriage: Adaptive 
 

In addition to the innate response, host adaptive immunity may play a role in carriage 

state outcome. One study used sera from colonized and non-carrier children to test for 

binding against a myriad of S. aureus proteins (191). Levels of IgG and IgA antibodies 

against chemotaxis inhibitory protein of S. aureus (CHIPS), extracellular fibrinogen-

binding protein (Efbp), iron-responsive surface determinant A (isdA) and iron-responsive 

surface determinant H (IsdH) were significantly higher in colonized children. 

Additionally, immunocompromised individuals such as those infected with HIV, have a 

higher prevalence and bacterial burden of persistent colonization compared to the healthy 

population (192, 193). Use of antiretroviral therapy in HIV patients was negatively 

associated with persistent carriage (194). These studies demonstrate a connection 

between S. aureus nasal insult and host reaction involving adaptive immunity. However, 

the role of T-helper cell development, cytokine production, and effector functions of the 

adaptive immune response have yet to be evaluated in their role in S. aureus carriage and 

are major components of the enclosed dissertation. Due to the complex immunological 

basis of this subject, it is prudent to provide a general outline of the T-helper cell 

populations and their associated cytokines and functions. 
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CD4+ T-helper Cells Background 
 

CD4+ T-cells play a central role in immune protection. They do so through their ability to 

help B-cells make antibodies, induce macrophage activation, recruit neutrophils, 

eosinophils, and basophils to sites of infection and inflammation, promote antimicrobial 

peptide expression, and orchestrate the full array of immune responses through their 

production of cytokines and chemokines,  (195).  

Naive conventional CD4+ T-cells have at least four distinct fates that are determined by 

the pattern of signals they receive during their initial interaction with antigen. These four 

well-studied populations are Th1, Th2, Th17, and regulatory T (Treg) cells. Below is a 

summary of the unique and distinct development, cytokine milieu, and effector functions 

of the aforementioned T helper cell populations. 

Th1 
 

In the initiation of T helper responses, antigen-presenting cells (APCs), particularly 

activated dendritic cells, stimulate naive CD4 T-cells possessing cognate T-cell receptors. 

APCs that produce large amounts of IL-12 as a result of their activation promote Th1 cell 

differentiation (Fig. 2) (196). IL-12 activates T-cells to produce IFN-γ via the major 

transducer of IFN-γ signaling, Stat1 (197). The consequence of Stat1 activation is up-

regulation of T-bet, the Th1 master regulator, and subsequent IFN-γ production (198, 

199). T-bet deficient cells have severe defects in Th1 cell differentiation (200). Stat4, an 

IL-12 signal transducer, is important for amplifying Th1 responses (201, 202). In 

addition, Stat4 can directly induce IFN-production in activated CD4+ T-cells, which can 

initiate the positive feedback loop in which IFN-γ, acting through T-bet, induces more  
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Figure 2. General CD4+ T-helper Responses 

CD4+ T-cells differentiate into four major T-helper (Th) cells. In the presence of IFN-γ a 
T-cell will differentiate into a macrophage activating Th1 cell. A Th2 cell will develop 
when IL-4 is abundant. These helper T-cells promote IgG1 antibody production. 
Suppressive T-regulatory (Treg) cells differentiate in the presence of TGF-β. The 
neutrophil recruiting and antimicrobial peptide inducing Th17 cell type matures in an 
environment rich in IL-6, TGF-β and IL-23. 
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IFN-γ (202). Th1 cells mediate immune responses against intracellular pathogens (203, 

204). In humans, they play a particularly important role in resistance to Mycobacteria and 

Salmonella infections (205-207). Th1 cells are also responsible for the induction of some 

autoimmune diseases. The main cytokines produced are IFN-γ, lymphotoxin-α (LTα), 

and IL-2. IFN-γ produced by Th1 cells is crucial in activating macrophages to increase 

their microbicidal activity by enhanced NO synthesis and proinflammatory cytokine 

production (208-210). Th1 responses are accompanied by IgG2a isotype antibodies that 

are important for macrophage and killer-cell antibody-dependent cellular type 

cytotoxicity (ADCC), in addition to complement fixation (211, 212). Therefore, IFN-γ 

plays a crucial role in mediating not only the cell-mediated response against intracellular 

pathogens, but also ADCC, complement fixation, and opsonization against bacteria and 

viruses.  

Th2 
 

Both IL-4 and IL-2 are required for Th2 differentiation in vitro (Fig. 2) (213, 214). Stat5, 

a signal transducer potently stimulated by IL-2, is important for cytokine-driven cell 

proliferation and cell survival (215). Th2 cell differentiation requires strong Stat5 

signaling, and Stat5 knockout cells have profound defects in Th2 cell differentiation both 

in vitro and in vivo (214, 216). Stat6, activated by IL-4, is the major signal transducer in 

IL-4–mediated Th2 differentiation (217-219). Stat6-deficient cells fail to develop IL-4–

producing capacity in vitro (220-222). In vitro, Stat6 activation is necessary and 

sufficient for inducing high expression levels of the Th2 master regulator gene, GATA-3 

(223, 224). In the absence of GATA-3, Th2 differentiation is totally abolished in vitro 

and in vivo (225, 226). 
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Th2 cells mediate host defense against extracellular parasites including helminths (203, 

204). They are important in the induction and persistence of asthma and other allergic 

diseases. Th2 cells produce IL-4, IL-5, IL-9, IL-10, IL-13, IL-25, and amphiregulin. IL-4 

is required for IgG1 and IgE class switching in B-cells, alternative activation of 

macrophages, and Th2 stability (227-229). IL-5 acts to mobilize, mature and recruit 

eosinophils and IL-13 induces goblet cell differentiation, mucus secretion and tissue 

repair (230-232).  

Treg 
 

Foxp3 is the required transcription factor for Treg development and continuous 

expression is critical for maintaining the suppressive activity of Treg cells (233, 234). 

Foxp3 is induced by TGF-β, and loss of TGF-β expression in Treg cells results in 

diminished suppressive function and poor survival in vivo (235-237). In the absence of 

proinflammatory cytokines, TGF-β induces Treg differentiation from naive mouse CD4+ 

T-cells (Fig. 2) (238). Stat5 activation by IL-2, important for Th2 differentiation, is also 

required for Treg development and is crucial for Foxp3 induction (239-241). Both TGF-β 

and IL-2 are required for the survival and function of Treg cells even after they have 

differentiated (195). 

Treg cells play a critical role in maintaining self-tolerance as well as in regulating 

immune responses (242). Treg cells exert their suppressive functions through several 

mechanisms, some of which require cell-cell contact (243). The molecular basis of 

suppression in some cases is through their production of cytokines, including TGF-β, IL-

10, and IL-35. Although TGF-β is not required for suppression in vitro, it is very 
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important in mediating suppression in several circumstances in vivo (235, 244). Specific 

deletion of IL-10 in Treg cells results in the development of spontaneous colitis and 

enhanced lung inflammation, highlighting the importance of this cytokine in maintaining 

immune tolerance (245). IL-35 is produced by Treg cells and contributes to suppressive 

activity (246). 

Th17 
 

RORγt and RORα are both important transcriptional regulators in Th17 cell 

differentiation (247, 248). Overexpressing RORγt induces IL-17 production, whereas 

RORγt-deficient cells produce very little IL-17. Although RORα deletion has minimal 

effect on IL-17 production, deficiency in both RORγt and RORα completely abolished 

IL-17 production. Stat3, the major signal transducer for IL-6, IL-21 and IL-23, is 

indispensable for IL-17 production and deletion of Stat3 results in the loss of IL-17 

producing cells (249-251). TGF-β is critical for Th17 cell differentiation (252). TGFβ1-

deficient mice are devoid of Th17 cells (235). In the presence of IL-6, TGF-β induces 

Th17 differentiation (Fig. 2), production of IL-21 and expression of IL-23R and RORγt 

(238, 252, 253). IL-21 made by Th17 cells is a stimulatory factor for Th17 differentiation 

and serves as the positive feedback amplifier, as does IFN-γ for Th1 and IL-4 for Th2 

cells (254). IL-23 fails to induce Th17 differentiation from naive mouse CD4+ T-cells 

but is critical for Th17 cell maintenance (255, 256). Therefore, Th17 cell differentiation 

consists of 3 stages: a differentiation stage, based on TGF-β and IL-6; an amplification 

stage, mediated by IL-21; and a stabilization stage due to IL-23.  
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Th17 cells mediate immune responses against extracellular bacteria and fungi (257). 

Th17 cells can also induce production of antimicrobial peptides (AMPs) in addition to 

neutrophil recruitment to target extracellular pathogens. Neutrophils are continuously 

generated in the bone marrow from myeloid precursors and 50-70% of circulating 

leukocytes are neutrophils and the process is controlled by granulocyte colony 

stimulating factor (G-CSF) (258, 259). Neutrophils employ numerous oxygen-dependent 

and oxygen-independent strategies to concertedly destroy invading microbes 

(260). Phagocytosis is accompanied by the generation of microbicidal ROS (oxygen-

dependent) and fusion of cytoplasmic granules with microbe-containing phagosomes 

(degranulation) (261). Degranulation enriches the phagosome lumen with antimicrobial 

peptides and proteases (oxygen-independent process) (262). Additionally, the recent 

discovery of neutrophil extracellular traps (NETs) adds another microbicidal strategy to 

the repertoire of neutrophils. NETs contain decondensed chromatin, bound histones, 

azurophilic granule proteins, and cytosolic proteins that have a demonstrated capacity to 

bind to and kill a variety of pathogens (263). 

Th17 cell effector function is accomplished by production of IL-17A, IL-17F, IL-21, and 

IL-22. IL-17A and IL-17F share a high amino acid sequence identity (50%) and receptor, 

and are the most similar in the IL-17 family (264). IL-17A and IL-17F are involved in the 

development of inflammation and host defense against infection by inducing the 

expression of genes encoding proinflammatory cytokines (TNF, IL-1, IL-6, G-CSF, and 

GM-CSF), chemokines (CXCL1, CXCL5, IL-8, CCL2, and CCL7), antimicrobial 

peptides (defensins and S100 proteins), and matrix metalloproteinases (MMP1, MMP3, 

and MMP13) from fibroblasts, endothelial cells, and epithelial cells (265, 266). IL-22 is 
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produced by Th17 cells through IL-6– or IL-23–mediated Stat3 activation; however, 

TGF-β inhibits IL-22 expression (267, 268). IL-22 in conjunction with IL-17A or IL-17F 

synergistically or additively induced the expression of a myriad of AMPs, including beta-

defensin 2 and S100A9 (269). 

Immune Prevention of Carriage: Antimicrobial Peptides at the Junction of Innate 

and Adaptive Immunity 

The production of peptidic or proteinaceous molecules that exert direct microbicidal 

activity is considered to be the most ancient mechanism of immunity. Antimicrobial 

peptides are represented by gene-encoded, ribosomal synthesized peptides or proteins 

present in all groups of organisms (270). Eukaryotic AMPs characteristically consist of 

12 to 50 amino acid residues and carry no unusual post-translational modifications. 

Furthermore, most eukaryotic AMPs display broad-spectrum activity, however 

comparably high concentrations are necessary (271). AMPs with very similar structural 

patterns, though not necessarily very similar on the amino acid sequence level, are found 

in widely different organisms (270). The majority of AMPs can be categorized to one of 

three structural classes: (1) linear α-helical peptides free of cysteine residues (LL-37), (2) 

peptides adopting a β-sheet globular structure stabilized by disulfide bridges (hBD-2) and 

(3) peptides with unusual bias in certain amino acids such as histidine, glycine, proline or 

tryptophan (tryptophan-rich bovine indolicidin) (272). As common characteristics, the 

first two types of AMPs carry a positive net charge and adopt an amphipathic structure. 

The first interaction of these AMPs with target cells is typically mediated by charge. In 

eukaryotic cell membranes, negatively charged phospholipids are predominantly 

sequestered in the inner leaflet of the lipid bilayer, while the outer leaflet is mainly 
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composed of zwitterionic and uncharged lipids, thus carrying no or little net charge. In 

contrast, both leaflets of bacterial cell membranes contain a huge proportion of acidic 

phospholipids, such as phosphatidylglycerol, conferring a negative charge to the surface 

(273). Binding of AMPs to anionic lipopolysaccharides and teichoic acids is crucial for 

their activity. Modification of the bacterial envelope leading to charge reduction is a 

common mechanism of bacterial resistance against cationic AMPs (274). Recognition of 

tumor cells by some AMPs with demonstrable anticancer activity is mediated by 

negatively charged gangliosides that are present in unusually high amounts on those cells 

(275). After exposure to pore-forming and membrane-disrupting AMPs, cell death may 

be caused by the dissipation of transmembrane electrochemical ion gradients, loss of 

metabolites and eventually lysis of the cells (276). In contrast, several AMPs with less 

pronounced cationic or amphipathic charge are able to translocate into the cytoplasm 

without permeabilising the cytoplasmic membrane and may have an intracellular target 

(277). 

It is now increasingly recognized that AMPs also play an important role in the immune 

system of mammals, including humans. AMPs are present at all human body sites 

normally exposed to microbes such as the skin and mucosa (278). Furthermore, some 

blood cell types including neutrophils, eosinophils and platelets contain large amounts of 

AMPs (279-281). Production of AMPs may be constitutive, or, very frequently, induced 

by inflammation or injury (282, 283). AMPs are always produced as cocktails, and each 

tissue has its own profile of different AMPs that may vary significantly depending on the 

actual physiological conditions (270). Although certain AMPs predominate at specific 

body sites, only a few of them are exclusively produced by a certain tissue or cell type 
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(284). AMPs are typically multifunctional. The prototypic human AMPs such as the 

defensins and the cathelicidin LL-37 were first isolated due to their antimicrobial 

properties; however others were initially recognized for various unrelated functions 

before they were found to also possess antimicrobial activity (270). Generally, AMPs act 

in concert with other mechanisms of the innate and adaptive immune system. For 

example, the defensins and LL-37 play a role in chemoattraction of lymphocytes and 

participate in cell growth regulation and wound healing (285). 

The most prominent mammalian AMPs are the defensins, characterized by a triple-

stranded β-hairpin structure, six conserved disulfide-linked cysteine residues and a 

positive net charge (286). Four human β-defensins (hBD-1 to -4) have been characterized 

that are produced by mucosa and epithelial cells (287). β-defensins show broad 

antibacterial activity and have antifungal and antiviral properties (288). However, with 

exception of hBD-3, their antimicrobial activity is antagonized by increasing 

concentrations of monovalent or divalent ions found at many body sites (289). Defensins 

exhibit various immunomodulatory activities (290). For example, β-defensins modify cell 

migration and maturation, induce cytokines and trigger histamine and prostaglandin D2 

release from mast cells (291). β-defensins are chemoattractive for immature dendritic 

cells and memory T cells (292). 

Cathelicidins are characterized by a conserved N-terminal domain that is proteolytically 

cleaved to generate the mature, active peptide contained within the C-terminus (293). In 

humans, only one cathelicidin is present, representing an α-helix-type AMP (294). The 

corresponding proprotein referred to as hCAP-18 (human cationic antimicrobial protein 

18 kDa) is mainly produced in leukocytes and epithelial cells (272). After secretion, 
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processing to the active AMP occurs by local proteases. In neutrophils, hCAP-18 is 

stored in the specific granules and, upon degranulation, is processed to LL-37 by 

proteases released from the azurophilic granules (295). Similar to the defensins, 

cathelicidin peptides are salt-sensitive and exert various immunomodulatory functions 

(296). As an example of the importance of cathelicidin for human health, LL-37 

deficiency was found to be associated with chronic periodontal disease (297). 

Human cathelicidin and β-defensins have implications for host defense against S. aureus 

colonization. LL-37 was determined to be expressed in corneal epithelial cells and to 

have potent activity against S. aureus (298). Expression of hBD-2 mRNA by human 

keratinocytes were significantly induced by contact with S. aureus, and expression of 

hBD-3 and CAP18 mRNA were slightly induced, while hBD-1 mRNA was constitutively 

expressed irrespective of the presence of S. aureus (299). In conjunction, the activities of 

hBD-3 and CAP18 against S. aureus were found to be greater than those of hBD-1 and 

hBD-2. Activity of hBD-2 against S. aureus is present, but at higher concentrations (300). 

hBD-3 has a strong lethal effect on both planktonic and biofilm grown S aureus 

compared with vancomycin and other antibiotics at low concentrations (301, 302). In 

another study, hBD-3 and hBD-2 were induced in patients with lesional S. aureus skin 

infections compared to healthy patients; however, reduced levels of hBD-3, but not hBD-

2 expression were associated with greater severity of disease (303). Additionally, healthy 

individuals with deficient hBD-3 expression in keratinocytes are more prone to persistent 

nasal colonization with S. aureus (304). The reasons for differences in AMP expression 

at epithelial surfaces and their relation to nasal colonization remain elusive. Multiple 

studies have determined that defensin gene polymorphisms, both in sequence and in gene 
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copy numbers, do not seem to be involved in S. aureus carriage predisposition (305, 306). 

In contrast, polymorphisms in the DEFB1 gene promoter region, a regulator of hBD-1 

and -3, were associated with lower hBD-3 expression and persistent S. aureus nasal 

colonization (307). 

Cathelicidin and β-defensin antimicrobial peptides are also produced in mouse. Cathelin-

related antimicrobial peptide, or CRAMP, is the murine homolog to human LL-37 (308). 

It has a conserved α-helical structure and gene synteny similar to human.  Additionally, 

histological and RT-PCR analysis have revealed similar tissue distribution as human LL-

37 (309). Analogous to LL-37, neutrophil-derived CRAMP displays effective S. aureus 

killing (310). Mouse β-defensins-3 and -14 correspond to human β-defensins-2 and -3, 

respectively (311, 312). mBD-3 expression was found in low levels in healthy lung tissue 

but was significantly up-regulated upon airway instillation of P. aeruginosa. 

Additionally, S. aureus cells treated with recombinant mBD-3 showed growth inhibition, 

morphological and structural changes, including delamination and perforation of the 

peripheral cell walls, porosity, and release of the cytoplasmic contents (313, 314). mBD-

14 is expressed in a wide variety of tissues including spleen, colon, and tissues of the 

upper and lower respiratory tract. The expression of mBD-14 can be induced by Toll-like 

receptor agonists and by pro-inflammatory stimuli (e.g. tumor necrosis factor and 

interferon-γ) (315). In conjunction, mBD-14 is induced in osteoblasts upon stimulation 

with S. aureus supernatants, and exhibits anti-staphylococcal activity (316).  
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Chapter II: Clearance of Staphylococcus aureus nasal carriage is T-cell 

dependent and mediated through IL-17A expression and neutrophil influx 

 

Specific Aim 1: To develop and evaluate a mouse model of S. aureus nasal colonization  

 Sub-aims: 

  Ia.) Test a clinical isolate strain of S. aureus isolated from human nasal  

         swab for mouse nasal carriage 

  Ib.) Determine kinetics of clearance over time in order to understand  

         colonization dynamics 

 

Specific Aim 2: To elucidate the relative role of adaptive host immunity to clearance of  

     S. aureus carriage 

 Sub-aims: 

  IIa.) Determine necessity of T and B cells for clearance 

  IIb.) Elucidate nasal cytokine expression profile during carriage 

  IIc.) Test importance of up-regulated cytokines and establish mechanism  

          for S. aureus nasal eradication 

 

Hypothesis: The adaptive immune response is required for clearance of S. aureus nasal  

          colonization 

 

Although there was a relative paucity of studies describing the role of the host adaptive 

immune response in clearance of S. aureus nasal colonization, some of the early data led 
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us to hypothesize that the adaptive response is required for decolonization. To test this 

hypothesis, we developed a murine model of nasal colonization in order to elucidate the 

host immune response required for elimination of S. aureus carriage. A clinical isolate 

from a human nasal swab was utilized in time course experiments to determine 

colonization kinetics in our murine model. To elucidate the role of B- and or T-cells 

during carriage we utilized SCID, IgH-µ KO, and TCR-β/δ KO mice. We evaluated the 

lymphocytic response and measured nasal tissue cytokine levels following inoculation via 

a cytokine multiplex and RT-PCR assay. The necessity of nasal tissue up-regulated 

cytokines was determined by utilization of multiple cytokine deficient mice, including 

IL-17A and IL-17A/F KO mice. To determine the decolonization mechanism regulated 

by IL-17A, nasal lavages were performed in WT and IL-17A KO mice. Nasal lavages 

measured cellular influx into the lumen and in vivo depletion assays were done to 

determine the cytokine requirement and importance for cellular migration in promoting 

clearance.  

Materials and Methods 
 

Animals 

C57BL/6J (WT), SCID, IgH-µ KO, CD1 KO, δ-TCR KO and TCR-β/δ KO mice were 

purchased from The Jackson Laboratories. C57BL/6J IL-17A KO and IL-17A/F KO mice 

were generous gifts from Dr. Yoichiro Iwakura (University of Tokyo, Japan), and IL-

23p19 KO mice were generous gifts from Dr. Nico Ghilardi (Genentech, South San 

Francisco, CA). Animal experiments were approved by the Institutional Animal Care and 

Use Committee of the University of Maryland, Baltimore Dental School. Female mice 

aged 6-8 weeks were used for each study. 
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Staphylococcus aureus strain and nasal colonization model 

S. aureus strain, SA1108, was isolated from the nares of a persistently colonized patient 

enrolled in an epidemiological carriage study. SA1108 was grown overnight in 15 ml 

tryptic soy broth and diluted to 0.1 OD at 600 nm = 109 CFUs/ml. After centrifugation, 

the pellet was resuspended in sterile PBS to a final density of 1010 CFUs/ml. 

Prior to inoculation, mice were anesthetized with isoflurane followed by intra-peritoneal 

(i.p.) injection with 0.1 ml of a Ketamine (20 mg/ml) and Xylazine (2 mg/ml) cocktail. 

An inoculum of 10 µl (108 CFUs) was presented intra-nasally without trauma to the nares 

(Fig 3). After a predetermined number of days, mice were euthanized by CO2 

asphyxiation followed by cervical dislocation.  

To harvest nasal tissue, mice were decapitated using surgical scissors (Roboz, 

Gaithersburg, MD). The facial tissue and lower jaw were dissected along with the nasal-

associated lymphoid tissue (NALT) located on the upper palate. The posterior cranium 

was removed by dissection along the eye line. The remaining nasal tissue fragment was 

placed in 1 ml ice cold sterile PBS alone or with protease inhibitor cocktail (Roche, 

Madison, WI). 

Harvested tissue was homogenized for 1 minute on ice. S. aureus SA1108 was quantified 

by plating 10 µl serial dilutions of tissue homogenate on S. aureus-CHROMagar plates 

(CHROMagar, Paris, France) and incubated for 24 hours at 37oC. Colonization rate was 

determined by number of mice positive for SA1108 per total mice inoculated.  
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Cell Differential Quantification 

Following euthanization, the mouse trachea was exposed and cannulated, followed by a 

500 µl lavage of ice cold sterile PBS injected from the trachea towards the nose. Nasal 

expunged fluid was collected and immediately placed on ice. Samples were applied to 

Fisher Scientific Superfrost plus gold slides using a Thermo Shandon Cytospin 3 at 

700xg for 7 min. Slides were allowed to air dry, then fixed and stained using Diff-quik 

stain kit (Fisher Scientific, Pittsburgh, PA). Cells were quantified by standard 

morphological criteria at 200X magnification. Ten random fields of view were chosen 

and the sum value for each cell type used for data analysis.  

Cytokine Analysis 

Nasal tissue homogenates were placed in PBS with protease inhibitor cocktail (Roche, 

Madison, WI) and were centrifuged at 14,000 rpm and 4oC for 5 minutes. Supernatants 

were collected and stored in -80oC freezer until needed. Samples were sent to the 

University of Maryland Cytokine Core Laboratory and IFN-γ, IL-10, IL-12p70, IL-17A, 

IL-1β, IL-4, IL-5, IL-6, KC measured on a Luminex Multianalyte System. 

Neutrophil Depletion 

C57BL/6J mice were injected i.p. with either 200 µg rat anti-mouse Ly-6G or rat IgG2a 

isotype control antibody (Bio-X-Cell, West Lebanon, NH). Injections occurred one day 

prior to inoculation and every 3 days after initial injection until mice were euthanized 14 

days post-inoculation. Neutrophil depletion was confirmed with blood collected 14 days 
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post infection (d.p.i.) by flow cytometry using PE-labeled anti-Ly-6G antibody (BD 

Pharmingen, San Diego, CA).  

RT-PCR 

RNA from nasal tissue immersed in RNAlater was purified with RNeasy Mini kit 

(Qiagen). cDNA was produced from 500ng RNA with Quantitect RT kit (Qiagen). PCR 

was performed in a 25ul reaction containing 1ul of 1:10 diluted cDNA, 12.5ul SYBR 

Green qPCR Master Mix (Invitrogen), 10.7ul DEPC-treated water, 0.4ul of 50nM 

forward and reverse primers. To detect specific cytokine levels, primers for mIL-17F: 

((F) 5-CTGGAGGATAACACTGTGAGAGT-3 and (R) 5-

TGCTGAATGGCGACGGAGTTC-3); mIL-22: ((F) 5’-

TCCGAGGAGTCAGTGCTAAA-3’, and (R), 5’-AGAACGTCTTCCAGGGTGAA-3’); 

mIL-17A, (forward, 5’-GCTCCAGAAGGCCCTCAGA-3’, reverse, 5’-

CTTTCCCTCCGCATTGACA-3’); mIL-17C, ((F) 5′-CCATGGAGATATCGCATCGA-

3′; (R) 5′-GCATCCACGACACAAGCATT-3′); mIL-1b,  (F: 

ACAGATGAAGTGCTCCTTCCA, R: GTCGGAGATTCGTAGCTGGAT) were 

utilized. RPL-19 served as the ribosomal housekeeping gene (primers (F) 5’-

GCATCCTCATGGAGCACAT-3’ and (R) 5’-CTGGTCAGCCAGGAGCTT-3’). Real-

time PCR was performed on the ABI 7500 Fast system (Applied Biosystems, USA) with 

the following conditions: 95°C for 10 min, 40 cycles of 95°C for 10 sec and 60°C for 30 

sec. This was followed by the default dissociation cycle for melt curve analysis. The ΔΔ 

CT method was utilized by software to calculate the relative expression. 
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Statistical Analysis 

The data was analyzed by t-test and Fisher’s Exact test (one-tailed) utilizing GraphPad 

Prism version 5.0 (GraphPad Software, Inc). Results are expressed as means ± SEM 

when applicable. p<0.05 was considered significant. 

Results 
 

S. aureus Nasal Colonization Kinetics 

Few studies have currently determined the kinetics of S. aureus nasal carriage in mice in 

the temporal context of adaptive immune responses. Therefore, we adapted a murine 

model of nasal inoculation to elucidate the time course of clearance with a strain of S. 

aureus isolated from the nares of a persistently colonized patient, termed SA1108 (317). 

Mice were inoculated intra-nasally and nasal tissue harvested at various time points up to 

28 d.p.i. for enumeration of CFUs/nose and clearance rate (Fig. 3). As shown in Fig. 4A, 

nasal CFUs have a log-scale reduction occurring between 4 and 14 d.p.i., followed by a 

half log reduction until 28 d.p.i. Complete clearance of S. aureus in a subset of mice first 

occurs at 14 d.p.i. (20% clearance rate) and steadily continues to 28 d.p.i. (50% clearance 

rate) (Fig. 4B).   

Clearance is T-cell mediated, but B-cell independent 

The colonization kinetics observed suggests a role for adaptive immune responses in 

clearance (i.e. CFU reductions 4 d.p.i., clearance 14 d.p.i.). Therefore, the lymphocyte 

deficient mouse strain, SCID, was utilized to determine the importance of adaptive T-cell 

and B-cell responses on S. aureus carriage. Mice were inoculated intra-nasally and nasal  
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Figure 3. Murine intra-nasal inoculation with S. aureus 

Clinical isolate of S. aureus, SA1108, is inoculated in the nares of mice. Nasal tissue is 
harvested, homogenized, and utilized for cytokine analysis or plated on CHROMagar. 
Alternatively, nasal tissue RNA is purified, converted to cDNA, and used for RT-PCR 
assays. Infected mouse tracheas are cannulated for nasal lavages, and nasal lavage fluid is 
then used for cell differential counts. 
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Figure 4. S. aureus nasal colonization is intermittent in C57BL/6J mice 

C57BL/6J mice were inoculated intra-nasally with S. aureus clinical isolate SA1108. (A) 
CFU counts/nose for the indicated days post-inoculation. Nasal tissue was harvested at 
various days post-inoculation, homogenized, and plated on CHROMagar-S. aureus to 
determine CFU counts. Detection limit = 100 CFU. (B) Colonization rate for the 
indicated days post-inoculation. Colonization rate determined by number of mice positive 
for S. aureus/total number of mice. N = 5-6 C57BL/6J mice per time point. 
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tissue harvested at 28 d.p.i. SCID mice displayed significant increases in S. aureus 

colonization, compared to WT mice (Fig. 5A). All SCID mice were colonized 28 d.p.i., 

compared to 14% of WT mice (Fig. 5B). 

In order to determine the specific lymphocyte response (T-cell, B-cell, or both) required 

for decolonization, B-cell deficient IgH-µ KO and T-cell deficient β/δ-TCR KO mice 

were utilized. As described, mice were inoculated intra-nasally and nasal tissue harvested 

at 28 d.p.i. IgH-µ KO mice (B-cell deficient) displayed comparable carriage and 

clearance rates to WT mice (Fig. 5A-B). T-cell deficient β/δ-TCR KO mice, however, 

displayed significant increases in CFUs compared to WT mice. Additionally, 14% of WT 

mice were unable to clear carriage compared to 87% of β/δ-TCR KO mice. 

Clearance is IL-23 independent, but relies on IL-17A and IL-17F 

To help determine the specific T-cell response required for S. aureus decolonization, a 

cytokine multiplex assay was performed to elucidate up-regulated cytokines. Mouse nasal 

tissue was harvested after various time points post-inoculation and homogenized. Tissue 

homogenate was subjected to multiplex assay testing for various cytokine levels (IFN-γ, 

IL-10, IL-12p70, IL-17A, IL-1β, IL-4, IL-5, IL-6, and KC) (Fig. 6A). IL-17A, KC, and 

IL-1β were significantly up-regulated following inoculation (Fig. 6B-D). Up-regulation 

of IL-17A and IL-1β gene expression was confirmed by RT-PCR (data not shown). IL-

17A expression peaked at 7 d.p.i. IL-1β production was significantly increased 2 d.p.i. 

and 28 d.p.i. KC was up-regulated during all time points tested. IL-6, IL-12p70, and IFN-

γ were down-regulated post-inoculation (Fig. 6A). Cytokines such as IL-17F, IL-22, and 

IL-17C are known to be associated with IL-17A and Th17 responses; therefore, we  
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Figure 5. Decolonization is a T-cell mediated, B-cell independent response 

C57BL/6J WT, SCID, IgH-µ KO, and β/δ-TCR KO mice were inoculated intra-nasally 
with S. aureus clinical isolate SA1108. (A) CFU counts/nose for the indicated days post-
inoculation. Nasal tissue was harvested at 28 d.p.i., homogenized, and plated on 
CHROMagar-S. aureus to determine CFU counts. Detection limit = 100 CFU. (B) 
Colonization rate 28 days post-inoculation. Colonization rate determined by number of 
mice positive for S. aureus/total number of mice. N = 7-9 C57BL/6J mice per group. (* = 
p<0.05). Data combined from two independent experiments.  
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Figure 6. S. aureus nasal carriage up-regulates pro-inflammatory and Th17-
associated cytokines 

C57BL/6J mice were inoculated intra-nasally with S. aureus clinical isolate SA1108. 
Nasal tissue was harvested at various time points and homogenized. (A) A multiplex 
ELISA assay was used to determine the cytokine response from non-inoculated control, 
2, 7, and 28 day post-inoculation nasal tissue homogenate. (B-D) Levels of IL-1β, KC, 
and IL-17A were significantly up-regulated during colonization. (* = p<0.05). N = 3-6 
C57BL/6J mice per time point. Detection range of assay is 3.2-10000 pg/ml. 

 

  



46	  
	  

determined their expression levels by RT-PCR. We confirmed up-regulation of IL-17A 

and observed up-regulation of IL-17F, but not IL-22 or IL-17C upon inoculation with 

SA1108 (Fig. 7A-D). These results suggested a role for Th17-mediated clearance via the 

up-regulation of IL-17A and IL-17F. 

To determine the importance of Th17 responses for decolonization, IL-23p19 KO were 

used. The IL-23p19 subunit, in combination with the IL-12p40 subunit, is required for 

functional IL-23 cytokine (318). Since IL-23 is important for the maintenance of Th17 

cells, the IL-23p19 KO mouse strain has been extensively utilized as a model for Th17-

deficient immunity (253, 319, 320). Interestingly, the IL-23p19 KO strain displayed 

similar carriage and colonization rate as WT inoculated mice (Fig. 8A-B).  

In order to determine the role and importance of the observed IL-17A up-regulation in 

actively decolonizing mice, IL-17A KO mice were inoculated with S. aureus. IL-17A KO 

mice were determined to have a significant increase in intra-nasal S. aureus CFUs 

compared to WT (Fig. 8B). In addition, 50% of IL-17A KO mice were colonized as 

compared to 14% of WT mice. To determine the importance of IL-17F in conjunction 

with IL-17A, IL-17A/F KO mice were utilized (8A-B). We observed a significant 

increase in nare-associated S. aureus compared to WT, IL-17A KO, and TCR-β/δ KO, 

and comparable CFU counts to SCID mice (Fig 9A). In addition, all inoculated IL-17A/F 

KO mice were colonized 28 d.p.i. (Fig 9B). 

IL-17A-dependent neutrophil influx enhances clearance 

IL-17A expression is important for neutrophil migration and effector function (321). The 

requirement of IL-17A for decolonization suggests neutrophil influx into the nasal lumen  
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Figure 7. S. aureus nasal colonization induces expression of specific Th17-associated 
cytokines 

C57BL/6J mice were inoculated intra-nasally with S. aureus clinical isolate SA1108. 
Nasal tissue was harvested at various time points. Nasal tissue RNA was purified, 
converted to cDNA, and used for RT-PCR assays. Levels of (A) IL-17A, (B) IL-17F, (C) 
IL-17C, and (D) IL-22 were measured. Data is presented as relative RNA expression to 0 
day (non-inoculated) controls. N = 2-5 C57BL/6J mice per time point. 
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Figure 8. Clearance is IL-23 independent and relies on IL-17A and IL-17F 

C57BL/6J WT, IL-23p19 KO, IL-17A KO and IL-17F KO mice were inoculated intra-
nasally with S. aureus clinical isolate SA1108. (A) CFU counts/nose 28 days post-
inoculation. Nasal tissue was harvested at 28 d.p.i., homogenized, and plated on 
CHROMagar-S. aureus to determine CFU counts. Detection limit = 100 CFU. (B) 
Colonization rate 28 days post-inoculation. Colonization rate determined by number of 
mice positive for S. aureus/total number of mice. N = 4-9 C57BL/6J mice per group. (* = 
p<0.05). Data combined from two independent experiments, except IL-17A/F KO mice.  
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Figure 9. IL-17A/F KO mice emulate SCID mouse persistent colonization 

C57BL/6J WT, IL-17A KO, β/δ-TCR KO, IL-17A/F KO and SCID mice were inoculated 
intra-nasally with S. aureus clinical isolate SA1108. (A) CFU counts/nose 28 days post-
inoculation. Nasal tissue was harvested at 28 d.p.i., homogenized, and plated on 
CHROMagar-S. aureus to determine CFU counts. Detection limit = 100 CFU. (B) 
Colonization rate 28 days post-inoculation. Colonization rate determined by number of 
mice positive for S. aureus/total number of mice. N = 4-9 C57BL/6J mice per group. (* = 
p<0.05). Data combined from two independent experiments, except IL-17A/F KO mice.  
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may occur. To elucidate the cellular components migrating into the lumen of the nares a 

nasal lavage was performed. Neutrophils and macrophages/monocytes were identified via 

cell differential counts from lavage fluid. Neutrophil influx was observed 4 and 7 days 

post-inoculation; however, macrophage/monocyte levels remained constant throughout 

the time points tested (Fig. 10A).  

To determine whether IL-17A expression controls neutrophil migration during 

colonization, nasal lavages were performed in C57BL/6J WT and IL-17A KO mice. 

Neutrophil counts were compared between non-inoculated controls and mice colonized 

for 7 days. WT colonized mice displayed significant neutrophil influx compared to non-

inoculated WT mice. Interestingly, IL-17A KO colonized mice had comparable 

neutrophil levels to non-inoculated IL-17A KO and WT controls (Fig. 10B).  

 A neutrophil depletion assay was accomplished in order to determine the importance of 

neutrophil influx and responses during carriage. Mice were given injections of either rat 

anti-mouse Ly-6G or rat IgG2a isotype control antibody and nasal tissue harvested 14 

days post-inoculation. Neutrophil depletion resulted in increases in S. aureus CFUs, 

although not statistically significant (Fig. 10C). Additionally, anti-Ly-6G treated mice 

had a significantly greater colonization rate compared to isotype controls (Fig. 10D). 

Discussion 
 

The immune response against S. aureus nasal colonization is fundamentally undefined. 

Therefore, we utilized a murine carriage model to elucidate the immune responses crucial 

for clearance. We showed that kinetics of clearance followed a time course of adaptive 

immune responses. Adaptive immunity was found to be necessary for decolonization by  



51	  
	  

 

Figure 10. Neutrophil migration into the nasal lumen is IL-17A-dependent and 
crucial for decolonization 

C57BL/6J mice were inoculated intra-nasally with S. aureus clinical isolate SA1108. (A) 
Nasal lavages were performed 0, 4, 7, and 14 days post-inoculation. Cell differential 
counts were done after cytospin of nasal lavage fluid. Cells were counted on 10 random 
fields of view at 200× magnification. Day 0 mice served as non-inoculated controls. (B) 
C57BL/6J WT and IL-17A KO mouse nasal lavages were performed 0 and 7 days post-
inoculation and cell differential counts done to enumerate neutrophil influx. Day 0 mice 
served as non-inoculated controls. (C-D) C57BL/6J mice were injected i.p. with either 
200ug rat anti-mouse Ly-6G or rat IgG2a isotype control antibody one day prior to 
inoculation and every 3 days after. (C) CFU counts/nose 14 days post-inoculation. Nasal 
tissue was harvested at 14 d.p.i., homogenized, and plated on CHROMagar-S. aureus to 
determine CFU counts. Detection limit = 100 CFU. (D) Colonization rate 14 days post-
inoculation. Colonization rate determined by number of mice positive for S. aureus/total 
number of mice. N = 6-8 C57BL/6J mice per group. (* = p<0.05). Data combined from 
two independent experiments. ns = not significant.  
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inoculation of SCID mice. This was found to be independent of B-cell responses in IgH-µ 

KO mice; however, clearance was dependent on T-cell lymphocytes when utilizing β/δ-

TCR deficient mice. Inoculation of mice resulted in up-regulation of the innate pro-

inflammatory cytokine IL-1β, neutrophil recruitment factor KC, and Th17-associated 

effector cytokine IL-17A. Despite the up-regulation of IL-17A and IL-17F, IL-23 (a co-

stimulatory cytokine for Th17 T-cell development) was not necessary for decolonization. 

However, IL-17A and IL-17A/F-deficient mice had an impaired ability to clear 

colonization. Additionally, IL-17A-dependent migration of neutrophils into the nasal 

lumen was observed and was important for decolonization. These data suggest a T-cell 

dependent mechanism for S. aureus clearance mediated by IL-17F, and IL-17A-

controlled neutrophil recruitment. 

The adaptive immune response was shown to be crucial for decolonization. Previous 

studies have demonstrated a potential role for antibody mediated immunity in clearance. 

IgA and IgG antibodies have been shown to increase in nasally colonized children (191). 

Additionally, anti-staphylococcal antibody levels are higher in persistent carriers as 

compared to non-carriers (322). Despite the up-regulation of antibody titers in humans, 

this B-cell mediated response was not responsible for the clearance observed in our 

murine model (Fig. 5). Although clearance of S. aureus nasal colonization may not be 

governed by humoral responses, carriage may still be protective for subsequent 

infections. Holtfreter et al. have shown a protective effect of S. aureus persistent carriage 

in patients with S. aureus sepsis (323). Additionally, persistently colonized individuals 

had lower mortality rates during subsequent infection compared to non-carriers. These 
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data suggest a potential beneficial role for S. aureus nasal carriage mediated by higher 

antibody titers protective against subsequent staphylococcal infections. 

The murine model studies described herein suggest a requirement for T-cell responses for 

the clearance of S. aureus colonization. Our data emulate those observed in experiments 

involving Streptococcus pneumoniae nasal colonization. CD4+ T-cells were required for 

immunity against pneumococcal carriage in a murine model and this occurred in an 

antibody-independent fashion (324). Another S. pneumoniae study discovered the 

importance of Th17 responses for clearance. CD4+ T-cells, but not CD8+ T-cells were 

required for reductions in CFUs and depletion of IL-17A resulted in significantly higher 

nasal S. pneumoniae compared to isotype control; consistent with our IL-17A KO results 

(325). Additionally, CD4+ T-cell and IL-17A-dependent neutrophil influx was observed 

and depletion of neutrophils correlated with increased carriage. Similarly, a murine 

model of S. aureus cutaneous infection discovered the requirement of IL-17A for 

neutrophil recruitment and enhanced resolution (326). Our data also suggest Th17-

dependent clearance due to IL-17A-mediated neutrophil influx.  

It is important to note that in our model IL-17A-deficient mice did not ablate immunity 

against nasal carriage to the degree observed in SCID and β/δ-TCR KO mice (Fig. 5 & 

8). This suggested a role for Th17-associated cytokines such as IL-17F in the elimination 

of nasal colonization. A study found that mice deficient in both IL-17A and IL-17F 

developed spontaneous S. aureus mucocutaneous abscesses around the nose and mouth; 

however mice depleted of only IL-17A or IL-17F did not produce abscesses (327). 

Although we did not observe nasal abscesses, we did determine that deficiency in both 

IL-17A and IL-17F resulted in complete ablation of decolonization similar to SCID mice. 
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Further studies will need to be completed in order to elucidate the role of IL-17F for 

carriage eradication. 

In our model, we surprisingly observed no effect on clearance in IL-23p19 deficient 

mice. In concordance with this result, up-regulation of IL-23 gene expression was not 

observed in colonized WT mice (data not shown). Clearance of S. aureus was also 

independent of IL-17-promoting NKT and γ/δ T-cells via use of CD1 and δ-TCR KO 

mice, respectively (data not shown). Th17-mediated clearance may occur through an IL-

23 independent mechanism promoted by observed IL-1β up-regulation. IL-1β can act 

directly on naïve human CD4+ T-cells via IL-1 receptor and was shown to be critical for 

early Th17 differentiation (328, 329). Induction of IL-17A occurred independent of IL-23 

in naïve murine CD4+ T-cells stimulated with IL-6 and TGF-β and was enhanced with 

addition of IL-1β (328). These data suggest Th17 immunity can develop independent of 

IL-23 in the presence of certain cytokine milieu.  

Neutrophils were discovered to be an important component of clearance regulated by IL-

17A in our mouse model. This result parallels the well-documented prominence of IL-

17A for neutrophil recruitment (330, 331). Similar to our work, the loss of IL-17A caused 

deficient neutrophil influx at the site of infection or injury in various studies (332-334). 

The observed up-regulation of IL-1β and KC may be essential for neutrophil clearance of 

S. aureus. The pro-inflammatory cytokine, IL-1β, produces pleiotropic effects on 

neutrophils. It is reported to induce neutrophil migration, prime neutrophils to stimulate 

respiratory burst activity, and promote neutrophil survival (335-337). KC, or CXCL1, is 

known to increase leukocyte rolling, adhesion and extravascular accumulation and 

therefore is crucial for neutrophil influx (338, 339). Indeed, the neutrophil attracting 
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properties of IL-1β and KC may induce the rapid, early migration observed in the nasal 

lumen. Neutrophils have recently been reported to produce Th17 recruiting chemokines, 

and therefore their rapid influx into the nasal cavity may promote homing of mature 

lymphocytes (340). Neutrophils are likely critical for decolonization by direct attack on S. 

aureus and induction of Th17 attracting chemokines mediated by the combined effects of 

IL-17A, IL-1β, and KC. 

The importance of Th17 responses for epithelial integrity and protection in humans can 

be observed in patients with Hyper-IgE (Job’s) Syndrome. Interestingly, Job’s Syndrome 

patients are afflicted with recurrent S. aureus and Candida mucocutaneous infections 

(341, 342). This disease results from mutations in STAT3 that impedes the development 

of Th17 cells, and subsequently patients have reduced frequency of IL-17A+ CD4+ T-

cell populations compared to healthy individuals (343, 344). Similarly, our data displays 

the importance of Th17-associated responses of IL-17A and neutrophil influx in the 

clearance of S. aureus nasal colonization. Studies involving Job’s Syndrome patients 

highlight the importance of Th17 responses in the control of S. aureus colonization and 

infection at epithelial surfaces.  

In conclusion, our data show that clearance of S. aureus nasal carriage is a B-cell 

independent, T-cell mediated process. Presence of S. aureus in the nasal cavity resulted in 

up-regulation of the pro-inflammatory cytokine IL-1β, neutrophil recruitment factor KC, 

IL-17A and IL-17F. Neutrophil influx governed by IL-17A expression promoted 

resolution of colonization and depletion of both IL-17A and IL-17F resulted in complete 

loss of clearance. Th17-associated immune responses may be targeted for strategies to 

mitigate distal infections originating from persistent S. aureus carriage in humans. 
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Chapter III: Understanding the antimicrobial peptide response to 

Staphylococcus aureus nasal carriage 

 

Specific Aim III: To evaluate the role of antimicrobial peptides during nasal carriage 

 Sub-aims: 

  IIIa.) Display nasal tissue antimicrobial peptide up-regulation during  

           colonization 

  IIIb.) Determine cytokines responsible for antimicrobial peptide induction 

  IIIc.) Demonstrate anti-staphylococcal activity of murine nasal tissue 

 

Hypothesis: Th17-associated immune responses induce antimicrobial peptide production 

that promote clearance of S. aureus nasal colonization 

 

As mentioned previously, Th17 responses include the induction of antimicrobial peptides 

(AMPs). The requirement for T-cells, IL-17A, and IL-17F in our previous studies 

suggests that antimicrobial peptides are integrated in the anti-staphylococcal response 

during nasal colonization. Therefore, we hypothesize that AMPs are induced and play a 

role during S. aureus nasal colonization. 

In particular, we wanted to elucidate the role of CRAMP, mBD-3, and mBD-14 

antimicrobial peptides in S. aureus nasal colonization due to their anti-staphylococcal 

activity and inducible tissue expression at epithelial surfaces. To display nasal tissue 

antimicrobial peptide up-regulation during colonization, RT-PCR for CRAMP, mBD-3, 

and mBD-14 was performed. IL-17A KO mice were subsequently utilized to determine 
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the importance of IL-17A in antimicrobial up-regulation of expression. An ex-vivo 

stimulation assay was accomplished to understand cytokine requirements for 

antimicrobial expression in nasal tissue. Additionally, ex-vivo nasal tissue supernatants 

were applied to S. aureus culture in order to elucidate their anti-staphylococcal activity.  

Methods 
 

 Animals 

C57BL/6J (WT) mice were purchased from The Jackson Laboratories. C57BL/6J IL-17A 

KO mice were generous gifts from Dr. Yoichiro Iwakura (University of Tokyo, Japan). 

Animal experiments were approved by the Institutional Animal Care and Use Committee 

of the University of Maryland, Baltimore Dental School. Female mice aged 6-8 weeks 

were used for each study. 

 S. aureus strain and nasal colonization model 

S. aureus strain, SA1108, was isolated from the nares of a persistently colonized patient 

enrolled in an epidemiological carriage study. SA1108 was grown overnight in 15 ml 

tryptic soy broth and diluted to 0.1 OD at 600 nm = 109 CFUs/ml. After centrifugation, 

the pellet was resuspended in sterile PBS to a final density of 1010 CFUs/ml. 

Prior to inoculation, mice were anesthetized with isoflurane followed by intra-peritoneal 

(i.p.) injection with 0.1 ml of a Ketamine (20 mg/ml) and Xylazine (2 mg/ml) cocktail. 

An inoculum of 10 µl (108 CFUs) was presented intra-nasally without trauma to the nares 

(Fig. 11). After a predetermined number of days, mice were euthanized.  
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To harvest nasal tissue, mice were decapitated using surgical scissors (Roboz, 

Gaithersburg, MD). The facial tissue and lower jaw were dissected along with the nasal-

associated lymphoid tissue (NALT) located on the upper palate. The posterior cranium 

was removed by dissection along the NALT tissue line. The remaining nasal tissue was 

placed in 1 ml RNAlater or ice cold sterile RPMI (+L-Glutamine, +HEPES) +10% FBS, 

+100µg/ml Streptomycin. 

 Ex-vivo stimulation 

Tissue placed in sterile RPMI (+L-Glutamine, +HEPES) +10% FBS, +100µg/ml 

Streptomycin was incubated in a cell incubator (37oC and 5% CO2) for 1 hour to 

eliminate endogenous bacteria. Nasal tissue was then washed twice in sterile RPMI (+L-

Glutamine, +HEPES) +10% FBS with no Streptomycin. This wash step was done to 

remove Streptomycin from the tissue. After wash, nasal tissue was placed in 1ml fresh 

RPMI (+L-Glutamine, +HEPES) +10% FBS in a 24-well plate. To stimulate tissue, 

20ng/ml of mouse rIL-17A, rIL-17F, or both were added. Non-stimulated tissue acted as 

negative controls. After 24 hours post-stimulation, supernatants were collected and 

centrifuged at 14.8K rpm and 4oC for 5min and stored at -20oC until needed. Nasal tissue 

was washed three times in sterile PBS to remove RPMI medium. Nasal tissue was then 

placed in RNAlater until needed. 

 Nasal secretion killing assay 

S. aureus SA1108 was grown O/N in sterile RPMI (+L-Glutamine, +HEPES) +10% FBS. 

SA1108 was diluted to O.D. 0.1 ~ 108 CFU/ml in RPMI. A 100µl aliquot was added to a 

clean eppendorf tube and resuspended in 1ml RPMI or 1ml sterile ddH2O (107 CFU/ml). 
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10µl of bacterial suspension were added to a 96-well plate. Bacterial suspension was co-

cultured with either 90µl nasal secretion or 10µl nasal secretion and 80µl sterile ddH2O. 

Sterile ddH2O was utilized to dilute salt concentrations into a range effective for anti-

staphylococcal activity of antimicrobial peptides. Alternatively, secretions can be heat-

inactivated by autoclaving for 15 minutes and cooled on ice prior to incubation with 

SA1108. This provided a final bacterial concentration of 106 CFU/ml. RPMI or 1:10 

RPMI and RPMI + Streptomycin acted as negative and positive controls, respectively. 

The bacterial suspension was incubated at 37oC and rotated at 200rpm for the indicated 

time. The initial concentration of SA1108 was plated on Tryptic Soy Agar (TSA) to 

confirm 1x106 CFU/ml. After a set amount of time, 10µl of bacterial suspension was 

serially diluted in sterile PBS and plated on TSA to measure CFU/ml. 

 RT-PCR 

RNA from nasal tissue immersed in RNAlater was purified with RNeasy Mini kit 

(Qiagen). cDNA was produced from 500ng RNA with Quantitect RT kit (Qiagen). PCR 

was performed in a 25µl reaction containing 1µl of 1:10 diluted cDNA, 12.5µl SYBR 

Green qPCR Master Mix (Invitrogen), 10.7µl DEPC-treated water, 0.4µl of 50nM 

forward and reverse primers. To detect specific antimicrobial peptides, primers for mBD-

14 – ((F) 5’-GTATTCCTCATCTTGTTCTTGG-3’ and (R) 5’-

AAGTACAGCACACCGGCCAC-3’)); CRAMP ((F) 5′-

GCCGCTGATTCTTTTGACAT-3′ and (R) 5′-ATTCTTCTCCCCACCTTTGC-3′); and 

mBD-3 – ((F) 5′-CTTTGCATTTCTCCTGGTGC-3′ and (R) 5′-

GCCTCCTTTCCTCAAACAACT-3′) were utilized. RPL-19 served as the ribosomal 

housekeeping gene (primers (F) 5’-GCATCCTCATGGAGCACAT-3’ and (R) 5’-
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CTGGTCAGCCAGGAGCTT-3’). Real-time PCR was performed on the ABI 7500 Fast 

system (Applied Biosystems, USA) with the following conditions: 95°C for 10 min, 40 

cycles of 95°C for 10 sec and 60°C for 30 sec. This was followed by the default 

dissociation cycle for melt curve analysis. The ΔΔ CT method was utilized by software to 

calculate the relative expression. 

 Statistical Analysis 

The data was analyzed by t- test (one-tailed) utilizing GraphPad Prism version 5.0 

(GraphPad Software, Inc). Results are expressed as means ± SEM. p<0.05 was 

considered significant. 

Results 
 

Nasal tissue AMP Expression is up-regulated by S. aureus and is IL-17A-

dependent 

In order to determine the antimicrobial peptide response against S. aureus nasal 

colonization, C57BL/6J mice were inoculated intra-nasally with SA1108 and nasal tissue 

harvested at various time points (Fig. 11). RNA was purified from nasal tissue, converted 

to cDNA, and analyzed by RT-PCR for relative expression of mouse CRAMP, β-

defensin-3, and β-defensins-14. RT-PCR displayed, relative to non-inoculated control 

mice, an up-regulation of expression of all antimicrobial peptides tested (Fig 12A). 

Mouse CRAMP expression was enhanced 7 days post-inoculation, whereas mBD-3 and 

mBD-14 were up-regulated 14 days post-inoculation. 
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Figure 11. Murine ex-vivo nasal tissue assays 

Clinical isolate of S. aureus, SA1108, is inoculated in the nares of mice. Nasal tissue is 
harvested and stimulated with or without cytokines in RPMI. RNA from nasal tissue is 
purified, converted to cDNA, and used for RT-PCR assays. Alternatively, naïve nasal 
tissue is incubated in RPMI for 24 hours, and supernatants collected and used for S. 
aureus killing assays. Supernatants are subsequently plated for enumeration of CFUs and 
colony size. 

 

 

 

 



62	  
	  

The production of IL-17A was previously shown to regulate neutrophil influx, but its role 

in antimicrobial peptide expression is undefined. Therefore, we inoculated C57BL/6J IL-

17A KO mice with SA1108 and harvested nasal tissue as previously described. RNA was 

purified from nasal tissue, converted to cDNA, and analyzed by RT-PCR for relative 

expression of mouse CRAMP, β-defensin-3, and β-defensins-14. In contrast to WT 

C57BL/6J mice, IL-17A KO mice were deficient in up-regulation of CRAMP, mBD-3 

and mBD-14 at the time points tested (Fig. 12B).  

IL-17A directly up-regulates mBD-3 expression ex-vivo 

IL-17A is important for production of antimicrobial peptides during S. aureus nasal 

colonization, and IL-17F is produced during carriage; however it is unknown if IL-17A 

or IL-17F can directly stimulate production of AMPs. An ex-vivo stimulation assay was 

developed in order to determine the direct effect of addition of IL-17A and IL-17F to 

mouse nasal tissue. Nasal tissue from naïve mice were harvested and placed in RPMI 

containing streptomycin to remove endogenous microflora. A concentration of 20ng/ml 

of IL-17A, IL-17F, or both IL-17A and IL-17F was added to cultured nasal tissue and 

then incubated at 37oC and 5% CO2 for 24 hours. Addition of sterile PBS served as a 

non-stimulated control. Following incubation, RNA was purified from nasal tissue, 

converted to cDNA, and analyzed by RT-PCR for relative expression of mouse CRAMP, 

β-defensin-3, and β-defensins-14. Out of the conditions tested, mBD-3 was the only AMP 

up-regulated, and by IL-17A alone (Fig. 13B). IL-17F did not enhance expression of 

CRAMP, mBD-3, or mBD-14 (Fig. 13A-C). Combination of IL-17A and IL-17F 

stimulation did not have any synergistic effect on mBD-3 expression over IL-17A 

treatment alone (Fig 13B).  
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Figure 12. IL-17A is required for antimicrobial expression in nasal tissue induced 
by S. aureus colonization  

WT C57BL/6J and IL-17A KO mice were inoculated intra-nasally with S. aureus clinical 
isolate SA1108. Nasal tissue was harvested at various time points. Nasal tissue RNA was 
purified, converted to cDNA, and used for RT-PCR assays. Levels of mouse CRAMP, 
mBD-3, and mBD-14 were measured in (A) WT and (B) IL-17A KO mice. Data is 
presented as relative RNA expression to 0 day (non-inoculated) controls. N = 2-5 
C57BL/6J or IL-17A KO mice per time point. Data is representative of at least two 
independent experiments. 
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Figure 13. IL-17A stimulates expression of mBD-3 in ex-vivo nasal tissue 

Naïve nasal tissue was harvested from WT C57BL/6J mice. Tissue was incubated in 
RPMI for 24 hours with 20ng/ml of mouse rIL-17A, rIL-17F, or rIL-17A and rIL-17F. 
Non-supplemented media acted as negative controls. Nasal tissue RNA was purified, 
converted to cDNA, and used for RT-PCR assays. Levels of mouse (A) CRAMP, (B) 
mBD-3, and (C) mBD-14 were measured. Data is presented as relative RNA expression 
to media (non-supplemented) controls. N = 2-3 C57BL/6J mice per time point. (* = 
p<0.05). Data is representative of two independent experiments. 

 

  



65	  
	  

Ex-vivo supernatants have anti-staphylococcal activity that is solute-

dependent and heat-inactivated 

Although it was determined that AMP expression occurs in nasal tissue, it is still 

undefined if nasal tissue secretions have anti-staphylococcal activity. Therefore, we 

developed a S. aureus killing assay with supernatants from ex-vivo nasal tissue. Ex-vivo 

nasal tissue was incubated in RPMI + streptomycin for 1 hour to remove the endogenous 

flora. Tissue was then washed and placed in RPMI alone and incubated in a tissue culture 

incubator for 24 hours. Supernatant was collected, centrifuged to remove insoluble 

debris, and used for killing assay. For killing assay, supernatants were mixed with 

SA1108 for a fixed amount of time at 37oC and rotated at 200rpm. Due to the salt-

sensitivity of antimicrobial peptide activity, we included a condition where supernatants 

were diluted 1:10 in sterile ddH2O (288). If AMPs are present in supernatants, then a low 

salt environment should enhance its efficacy against S. aureus. CFU counts were 

enumerated by serial dilution and plated on tryptic soy agar.  

Ex-vivo supernatants were able to diminish S. aureus over time (Fig 14A). Dilution of 

supernatants 1:10 in sterile ddH2O resulted in enhanced killing of S. aureus compared to 

undiluted supernatant (Fig. 14B). Additionally, surviving S. aureus colonies were 1/5 the 

size of untreated controls (Fig. 14C). Heat-inactivation of supernatants partially restored 

CFU counts to that of untreated controls (Fig. 14D).    

Discussion 
 

There is growing evidence that innate antimicrobial peptides are an important and often 

required component of the immune system for resolution of infection. Additionally, the 
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Figure 14. Nasal tissue supernatants have anti-staphylococcal activity that is solute- 
and heat-sensitive 

Naïve nasal tissue was harvested from WT C57BL/6J mice. Tissue was incubated in 
RPMI for 24 hours. Tissue supernatants were utilized for in vitro killing assays. (A) S. 
aureus (106 CFU) was cultured in nasal tissue supernatants or supernatants diluted 1:10 
in ddH2O for various time points. RPMI and RPMI diluted 1:10 in ddH2O served as 
controls. (B) CFU counts at 2 hours post-induction. (C) S. aureus was incubated for 2 
hours in RPMI or tissue supernatants and plated on TSA. Colony size was assessed by 
visualization on an Alpha Innotech FluorChem 8900 imager. (D) S. aureus was incubated 
2 hours in diluted RPMI or tissue supernatant that was or was not autoclaved for 15 
minutes. N = 3 nasal tissue samples per group. (* = p<0.05). Data is representative of two 
independent experiments. 

 

 



67	  
	  

literature supports the role of AMPs in host defense against S. aureus, and more 

specifically nasal colonization. Here we show that the mouse antimicrobial peptides 

CRAMP, mBD-3, and mBD-14 are up-regulated during S. aureus nasal carriage and 

expression is ablated in IL-17A deficient mice.  Additionally, IL-17A was found to up-

regulate mBD-3 expression upon stimulation of mouse nasal tissue ex-vivo. Ex-vivo 

tissue supernatants had solute-dependent and heat-sensitive activity against S. aureus. 

Together, these data suggest an involvement of mouse antimicrobial peptides in the 

defense against S. aureus nasal colonization. 

These data support a role of AMPs in clearing nasal colonized S. aureus, and to our 

knowledge is the first study to provide direct evidence that S. aureus induces AMP 

expression in the nares. Studies have previously shown that specific antimicrobial peptide 

levels are modified in certain patient populations compared to healthy individuals. 

Patients with chronic rhinosinusitis with nasal polyps have a disruption of LL-37 

response towards S. aureus colonization; however, their nasal epithelial cells have normal 

LL-37 expression when challenged with S. aureus (188). Patients with S. aureus positive 

nasal secretions had elevated levels of human β-defensin 2 compared to healthy 

individuals (140). There is no doubt a connection exists between antimicrobial peptide 

production and S. aureus insult.  

Our data displayed an IL-17A-dependent induction of CRAMP, mBD-3, and mBD-14 

upon S. aureus carriage. This is not unexpected, as an array of studies currently supports 

the link between Th17/IL-17A and AMP expression (269, 345, 346). Interestingly, out of 

all AMPs and treatments tested only mBD-3 was up-regulated, and only in the presence 

of IL-17A in our ex-vivo stimulation experiment. Human airway epithelial cells, upon 
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treatment with IL-17A, had significant up-regulation of hBD-2 (mBD-3 equivalent) 

(347). In addition, stimulation of human airway epithelial cells with a myriad of innate 

cytokines displayed IL-17A as the most potent inducer of hBD-2. This study validates 

our data showing specific mBD-3 up-regulation upon stimulation with IL-17A in murine 

ex-vivo nasal tissue.  

When given in concert, IL-17A and IL-17F did not display an additive or synergistic 

effect on AMP expression. The deficient production of CRAMP and mBD-14 in IL-17A 

and IL-17F stimulated nasal tissue may be due to lack of a co-stimulatory agent. Peric et 

al. found that human keratinocytes stimulated with supernatants from T-cells isolated 

from lesional psoriatic skin increased expression of cathelicidin when stimulated in the 

presence of 1,25-dihydroxyvitamin D3 (active form of vitamin D) (348). In vitro, IL-17A-

enhanced cathelicidin mRNA and peptide expression in keratinocytes was dependent on 

the presence of 1,25D3. Another study elucidated that IL-17A and IL-17F, in conjunction 

with IL-22 synergistically induced the expression of β-defensin 2 and S100A9 and 

additively enhanced the expression of S100A7 and S100A8 in human keratinocytes 

(269). Therefore, IL-17A or IL-17F alone may not be sufficient to induce CRAMP and 

mBD-14 production. IL-22 is not expected to work with IL-17A and IL-17F for induction 

of AMP expression since IL-22 expression was not observed during nasal colonization 

(Fig. 7D). The observed up-regulation of IL-1β in our previous studies may be a 

sufficient co-stimulatory cytokine when combined with IL-17A or IL-17F. Liu et. al. 

discovered that IL-1β was required for expression of human β-defensin-4 (349). The 

inability of IL-17A and IL-17F to induce CRAMP and mBD-14 expression directly ex-

vivo, but require IL-17A in vivo, suggests that IL-17A, and possibly IL-17F, is required 
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but not sufficient for AMP expression. Further studies need to be accomplished in order 

to determine the cytokine milieu sufficient for CRAMP and mBD-14 production. 

Although we demonstrated the induction of CRAMP, mBD-3, and mBD-14 in nasal 

tissue, we have not determined the source of these peptides. These peptides have broad 

inducible tissue expression. Human LL-37 (mouse CRAMP) is produced in neutrophil 

granules, in addition to inflamed skin, lung epithelia, and squamous epithelia of human 

mouth, tongue, esophagus, cervix, and vagina (295, 350-352). The source of CRAMP 

expression may originate from lumen-associated neutrophils that have been activated in 

response to S. aureus insult. The temporal expression of CRAMP parallels neutrophil 

influx during S. aureus nasal colonization (Fig 10A and 12A). Alternatively, CRAMP 

production may come from nasal epithelial tissue. The human β-defensins 2 and 3 (mBD-

3 and mBD-14) are present in oral tissue, gastric mucosa, skin, lung epithelia, infected 

kidney, and trachea (287, 353, 354). The most prominent source of mBD-3 and mBD-14 

assembly is likely stimulated nasal mucosa. Histological assays are necessary to elucidate 

the locale of nasal tissue AMP expression. 

Cultured explant nasal tissue supernatant displayed strong anti-staphylococcal activity 

that was solute-dependent and heat-sensitive. This result mimics a study that showed loss 

of S. aureus killing in heat-inactivated human nasal secretions (186). Interestingly, 

autoclave treatment of supernatants did not completely eliminate S. aureus killing activity 

(Fig. 14D). In addition, boiling supernatants for 10min was ineffective at reducing anti-

staphylococcal activity (data not shown). However, the literature does report 

antimicrobial peptides that are heat tolerant and have been shown to retain activity after 

100oC treatment for 10min (355). Therefore, it is possible that anti-staphylococcal 
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activity of nasal supernatants is due to heat-resistant antimicrobial peptides, and complete 

elimination of S. aureus killing activity may be accomplished by extended autoclave 

treatment. As mentioned previously, most antimicrobial peptide activity is sensitive to 

high salt concentrations. Therefore, the presence of antimicrobial peptides may explain 

the solute-dependent result observed in our ex-vivo nasal tissue supernatants. Although 

we have not determined the specific antimicrobial peptides responsible for anti-

staphylococcal activity in nasal tissue, we have provided strong evidence for the role of 

AMPs in host defense against S. aureus nasal colonization. 

Our experiments suggest AMPs directly target and kill S. aureus during colonization. 

However, AMP activity may not be limited to an antimicrobial role. LL-37 (mouse 

CRAMP) was discovered to be chemotactic for neutrophils, monocytes and T-cells, and it 

was suggested that the peptide mediated this function by binding to the formyl peptide 

receptor-like 1 (FPRL-1) on these cells (356). In conjunction, hBD-2 (mBD-3) is a 

chemoattractant for immature dendritic cells and memory T-cells, mediated through the 

chemokine receptor CCR6. Elssner et al. reported that LL-37 could stimulate the release 

of IL-1β by LPS-primed monocytes (357). In addition, LL-37 can provoke cell 

proliferation and wound healing, and trigger tumor proliferation (358-362). The 

simultaneous instillation into the mouse lung of P. aeruginosa and either of hBD-2 led to 

reduced lung damage and pro-inflammatory cytokine production, but did not affect 

bacterial counts (363). The AMP, hBD3 (mBD-14), displays anti-inflammatory activity 

mediated through specific targeting of TLR signaling pathways that result in 

transcriptional repression of pro-inflammatory genes (364). These studies demonstrate 



71	  
	  

that human AMPs, and possibly their mouse counterparts, may influence host immunity 

against S. aureus nasal carriage in an anti-microbicidal independent fashion. 

In conclusion, our data show that IL-17A is required for nasal CRAMP, mBD-3, and 

mBD-14 expression upon inoculation with S. aureus. In conjunction, IL-17A directly 

induced mBD-3 expression in ex-vivo nasal tissue; however IL-17A and IL-17F failed to 

stimulate CRAMP and mBD-14 production. Ex-vivo nasal tissue supernatants displayed 

solute-dependent and heat-sensitive anti-staphylococcal activity. Promotion of anti-

staphylococcal antimicrobial peptides may aide in the elimination of S. aureus nasal 

colonization, and thereby prevent distal infections originating from persistent nasal 

carriage. 
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Concluding Remarks 
 

Explanation of the difference between carriage states in light of new evidence 

The reason for differences in carriage state among the healthy population is still 

undefined. The data presented in this work does begin to shed light on the question. We 

know that Th17-associated immune responses are required for clearance and 

manipulation of T-cells, effector cytokines, or neutrophils alter carriage outcome. 

Patients with AIDS and HIES are human examples of this alteration. As mentioned 

previously, AIDS patients with low T-cell counts have a greater prevalence of persistent 

colonization than healthy individuals. HIES patients lack Th17 cell differentiation due to 

a STAT3 mutation, and subsequently results in reduction in IL-17 levels and 

antimicrobial peptide production. Therefore, these patients are at a high risk of S. aureus 

infections at mucocutaneous surfaces. However, these are unique examples and do not 

sufficiently explain the 20% of healthy individuals with persistent nasal colonization. 

It is probable that the answer lies downstream, at the neutrophil function and 

antimicrobial peptide level or induction of pro-inflammatory cytokine signaling, and not 

upstream at the T-cell level alone; as any malfunction in immunity upstream would have 

severe and pleiotropic effects on the host. For example, hBD-2 and LL-37 expression is 

depressed in patients with atopic dermatitis who often present with cases of acute or 

chronic colonization by S. aureus (365). Zanger et al. has discovered that reduction in 

antimicrobial peptide expression in skin correlates with persistent colonization (304). 

This study suggests that inadequate levels of antimicrobial peptide expression, for 
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example hBD-3 (mBD-14), can result in a defect of host defense against S. aureus 

carriage.  

Deficient antimicrobial peptide expression may be a result of insufficient innate signaling 

and recognition of S. aureus to induce a response. Several polymorphisms located in the 

TIR domain of TLR2, an important pattern recognition receptor for S. aureus, have been 

detected. The presence of the Arg677Trp or Arg753Gln mutation in the TIR domain 

reduces NF-κB activation and cytokine production in response to TLR2 ligands (366-

368). Furthermore, the ArG753Gln polymorphism has been shown to be present in 2 out 

of 91 septic patients, and these patients developed staphylococcal infections (367). 

In fact, there may be a significant contribution by S. aureus persistent carriage through 

host immunomodulation. Round et al. discovered that TLR2 on T-cells is required for 

Bacteroides fragilis colonization of a unique mucosal niche in mice during homeostasis 

(369). The capsular polysaccharide A (PSA) of B. fragilis signals through TLR2 directly 

on Treg cells to promote immunologic tolerance. B. fragilis lacking PSA is unable to 

restrain Th17 cell responses and is defective in mucosal colonization (369). The authors 

conclude that commensal bacteria exploit the TLR pathway to actively suppress 

immunity. S. aureus may manipulate the same pathway by means of its analogous 

capsular polysaccharide in the nasal mucosa in order to persistently colonize humans. 

The question still remains why this immunomodulatory event occurs in only 20% of the 

healthy population. However, this knowledge may provide insight into how to revert the 

commensal/Treg phenotype provided by S. aureus back into the pathogen/Th17 signal 

required for clearance. 
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IL-17A vs. IL-17F in defense against nasal colonization 

IL-17A and IL-17F are similar but distinct cytokines. There are many reports stating the 

redundancy of the two cytokines. However, we have observed non-redundant functions 

for IL-17A and IL-17F in our mouse model via a partial loss of clearance in IL-17A KO 

mice and a complete inability to eradicate S. aureus in IL-17A/F KO mice. This data 

suggests that IL-17A and IL-17F have unique functions in host defense against S. aureus. 

We have demonstrated the importance of IL-17A in neutrophil recruitment and 

antimicrobial peptide production, but the role of IL-17F is still undefined. IL-17F is 

reported to induce neutrophilia in pulmonary tissue and control Th2 immune responses 

after allergen exposure (370, 371). Therefore, it is possible that IL-17F acts on 

neutrophils following S. aureus inoculation; however, our data show a complete loss of 

neutrophil influx in IL-17A KO mice and a study reports antibody depletion of IL-17A, 

but not IL-17F prevents Th17-induced airway neutrophil influx (372). Additionally, 

direct administration of mouse IL-17A, and not IL-17F, into the airways significantly 

increased neutrophil migration (372). Together these data suggest that a role for IL-17F 

mediated neutrophil recruitment into the nasal lumen is questionable.  

IL-17F can induce antimicrobial peptide production in the presence of a co-stimulatory 

cytokine (269). Although antimicrobial peptide expression was shown to be IL-17A-

dependent, it is possible that untested antimicrobial peptides are under the regulation of 

IL-17F. Reg3γ, for example, has recently been identified to have anti-staphylococcal 

activity (373). In conjunction, it is regulated by STAT3, a required molecule for Th17 

differentiation and possibly IL-17F. Therefore, a scenario may exist where antimicrobial 
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peptide expression is IL-17A specific, IL-17F specific, or IL-17A and IL-17F redundant. 

This would allow the host to produce a tailored response against bacterial insult. 

To complicate matters, recent studies have reported heterodimer formation of IL-17A and 

IL-17F (IL-17A/F). The heterodimeric IL-17A/F cytokine is produced by Th17 cells and 

utilizes the same IL-17RA and IL-17RC receptors as IL-17A and IL-17F (374, 375). IL-

17A activity is inhibited by IL-17RA, IL-17F is inhibited by IL-17RC, and a combination 

of soluble IL-17RA/IL-17RC receptors is required for inhibition of the IL-17F/IL-17A 

activity (375). Therefore, receptor-binding affinity may be a method of controlling the 

distinct functions of IL-17A, IL-17F, and IL-17A/F.  

Naive T-cells differentiating towards Th17 cells expressed IL-17F/A in higher amounts 

than IL-17A homodimer and in lower amounts than IL-17F homodimer; however, fully 

differentiated Th17 cells expressed IL-17F/A in higher amounts than either homodimer 

(372). In vitro, IL-17F/A was more potent than IL-17F and less potent than IL-17A in 

regulating IL-6 and KC expression (376). Application of mouse IL-17F/A into the 

airways significantly increased neutrophil and chemokine expression (372). These studies 

suggest a dominant and crucial role for the heterodimeric IL-17A/F in Th17-associated 

immune responses.  

Due to the potency and high-level expression of IL-17A/F, it is possible that this 

heterodimeric cytokine influences host defense against S. aureus nasal carriage. This may 

explain how IL-17A deficiency affects both neutrophil influx and antimicrobial peptide 

expression, as depletion of IL-17A would also eliminate IL-17A/F formation. This 

explanation also opens the possibility for a role of IL-17F in neutrophil recruitment, as it 
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is a necessary component of heterodimeric formation. Additionally, presence of IL-17A/F 

may create another layer of complexity and specificity for an antimicrobial peptide 

response. Studies with IL-17A/F are still in its nascent form; therefore it is probable that a 

yet unidentified function of this unique heterodimer exists.  

Immune response follows infection location 

It is important to mention that the protective Th17-associated immune response against S. 

aureus nasal colonization may not translate to distal S. aureus infections. Macrophages, 

an important effector cell in Th1 responses, have recently been implicated in host defense 

against S. aureus infection. Hanke 2012 et al. have shown that a S. aureus catheter 

biofilm can skew host macrophages away from a pro-inflammatory state towards the 

alternatively activated macrophage phenotype (377). Subsequently, they discovered that 

treatment of biofilm infection early with pro-inflammatory macrophages or by skewing 

host macrophages towards a pro-inflammatory phenotype results in enhanced clearance 

of infection.  

In contrast, Prabhakara et al discovered a Th1/Th2 dichotomy in an implant 

model of S. aureus osteomyelitis infection (378, 379). Th2-promoting BALB/c mice were 

successful in clearing infection, whereas Th1-skewing C57BL/6J mice contracted a 

persistent biofilm infection (Fig. 15A). In conjunction, when Th2 immune responses were 

depleted in BALB/c mice, they got persistent infection, and when Th1 responses were 

depleted in C57BL/6J mice they were able to clear infection. These data suggest that Th2 

responses promote clearance of infection and Th1 responses are detrimental to resolution. 

Contrary to the Th1/Th2 results in the implant model, we tested BALB/c and C57BL/6J 
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mice in the nasal colonization model and found no significant difference in S. aureus 

carriage (Fig. 15A). 

Since Th1 response depletion was accomplished by anti-IL-12p40 antibody, thereby 

blocking Th1 and Th17 differentiation, the role of Th17 cells could not be ruled out 

(379). In contrast to our findings, implant infected IL-17A KO mice (unpublished data) 

had reduced infection and enhanced bone healing compared to WT C57BL/6J mice (Fig. 

15B). This may be explained by the property of Th17-cells and their associated cytokines 

to delay wound healing and promote bone destruction (380, 381). This data suggests that 

IL-17A is detrimental to bone infection resolution and is the antithesis of the importance 

of IL-17A in clearance of nasal colonization. Therefore, Th17 immune responses may be 

beneficial against bacterial insult, but destructive when serious tissue damage has 

occurred and wound healing is essential.  

It is very interesting and important to study why the same pathogen (S. aureus) requires 

different immune responses for resolution depending on infection location. It is likely 

that S. aureus growth modalities (i.e. planktonic vs. biofilm) can influence host immune 

response via differential protein expression (382). Additionally, the myriad of S. aureus 

virulence factors may allow skewing or evasion of host response to one beneficial to the 

pathogen. Also, initialization of anti-staphylococcal responses may vary depending on 

host tissue type. Normal human keratinocytes and bronchial epithelial cells were deeply 

dependent on the synergistic action of Th17 cytokines and classical pro-inflammatory 

cytokines for their production of anti-staphylococcal factors, including neutrophil-

recruiting chemokines and antimicrobial peptides (383). In contrast, other cell types were 

efficiently stimulated with the classical pro-inflammatory cytokines alone to produce 
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Figure 15. Immune response against S. aureus is host site-specific 

BALB/c and C57BL/6J mice were infected with S. aureus via tibial implant or intra-nasal 
inoculation. (A) C57BL/6J and BALB/c mice were inoculated intra-nasally (left panel). 
Nasal tissue was harvested at various time points, homogenized, and plated on 
CHROMagar-S. aureus. Colonization rate determined by number of mice positive for S. 
aureus/total number of mice. WT BALB/c and C57BL/6J mice were infected with tibial 
implants coated in S. aureus (right panel). Tibias were harvested 21 days post infection, 
homogenized, and plated on TSA. Percent infected determined by number of mice 
positive for S. aureus/total number of mice. (B) WT and IL-17A KO mice were either 
inoculated intra-nasally (left panel) or infected via tibial implant (right panel) with S. 
aureus. Nasal tissue and tibia were harvested at 28 and 21 days post infection, 
respectively. Tissue homogenate was plated on CHROMagar-S. aureus to determine CFU 
counts. (* = p<0.05) 
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such factors. It is critical to understand the reasons behind these variable immune 

responses, both from the bacterial and host perspective, if effective anti-staphylococcal 

therapies are to be effectively developed.  

Evolutionary Perspective 

Another interesting, but yet unanswered problem involving nasal colonization is why and 

how S. aureus is asymptomatic in the nasal cavity. S. aureus is notorious for severe, 

recalcitrant infections, yet is unproblematic during nasal carriage. A study has shown that 

S. aureus down-regulates expression of virulence factors and up-regulates expression of 

adhesion factors during nasal carriage (175). This nasal colonization expression profile 

could allow S. aureus to bind epithelia but avoid promoting damage to host. The reason 

for suppressed S. aureus virulence factor expression may be explained by an 

environmental factor. The temperature of the nares is 34OC compared to 37OC internally 

(384). It is possible that S. aureus has temperature sensitive gene expression that confers 

a commensal phenotype in suboptimal climates. Other environmental factors such as ion 

concentrations, O2 levels, and nutrients may alter S. aureus gene expression to permit 

persistent colonization. Therefore, S. aureus may have evolved by silencing damage 

inducing factors in order to thrive on the surfaces of human skin and mucosa. 

Use of host/self to treat infection/disease/colonization 

As a society, we are reaching a point where the development of novel antibiotics is not 

keeping pace with the advancement of antimicrobial resistance in pathogenic organisms. 

Innovative therapeutics must be established in order to combat this growing concern. The 

use of immunomodulatory factors to promote resolution of infection and disease has the 
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ability to fill the gap between current antibiotics and increased antimicrobial resistance. 

These types of strategies are currently being used to treat a myriad of diseases including 

viral infections, cancer, and arthritis; however their use for bacterial infections is absent. 

For example, adalimumab, etanercept and infliximab are currently on the market as TNF-

α blockers for the treatment of arthritis (385). Treatment for chronic hepatitis C may 

include interferon therapy (386). Additionally, promising anti-cancer therapies include 

targeting negative signaling receptors, CTLA-4 and PD-1, on activated T-cells (387). 

Although immunotherapy has been integrated in many medical fields, it has not yet 

emerged as a viable treatment for bacterial infections. 

The significance of this project was to understand the immunological correlates of 

protection against S. aureus nasal carriage and utilize this knowledge to promote 

clearance and prevent subsequent infections. As mentioned previously, mupirocin 

application is used to reduce nasal colonization and subsequent infections in patients 

undergoing surgical treatment. As with other attempts to utilize antibiotics against S. 

aureus, antimicrobial resistance to mupirocin quickly developed. As elucidated in these 

studies, immunomodulation towards a Th17-associated response involving neutrophils 

and antimicrobial peptides promoted decolonization. Certain strains of S. aureus have 

been reported to have resistance to LL-37, lysozyme, and the beta-defensins, and 

neutrophil killing however, promotion of these immune responses in concert would make 

resistance to all mechanisms improbable, and sensitivity to a single mechanism expected 

(299, 388-391). Additionally, an anti-staphylococcal vaccine in combination with a 

Th17-promoting adjuvant would likely be effective in the clearance of S. aureus carriage. 

Therefore, the development of Th17-associated immunity via IL-17A and IL-17F or 
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direct application of antimicrobial peptides may promote S. aureus nasal decolonization 

and reduce successive distal infections. Immunomodulation of host against S. aureus 

nasal carriage is a novel eradiation strategy that has broad applications against bacterial 

infections. 

Working Model and Figure 

To our knowledge, we are the first group to have elucidated the basic immune 

mechanisms required for clearance of S. aureus nasal colonization. In addition, we have 

begun to dissect the role of antimicrobial peptides in this response. We utilized a myriad 

of knockout mice to discover the necessity of T-cells, IL-17A, and IL-17F for 

decolonization. IL-17A was found to promote neutrophil migration into the nasal lumen, 

and this neutrophil influx was important for clearance. We further pursued the immune 

response against S. aureus by detecting antimicrobial peptide expression, and focusing on 

mouse CRAMP, β-defensin-3, and β-defensin-14 as these have been previously reported 

to have anti-staphylococcal activity. We have shown an IL-17A-dependent up-regulation 

of the antimicrobial peptides upon inoculation with S. aureus. In conjunction, mBD-3 

expression could be stimulated upon addition of IL-17A in ex-vivo nasal tissue. Ex-vivo 

nasal tissue supernatants were utilized to determine anti-staphylococcal activity. Tissue 

supernatants had enhanced S. aureus killing capacity in a solute-dependent manner. 

Additionally, S. aureus colonies that survived incubation with supernatants had growth 

defects compared to RPMI controls. Anti-staphylococcal activity could be reduced by 

heat-inactivating supernatants prior to culture with S. aureus. Together, these studies 

provide evidence that Th17-associated immune responses are crucial for S. aureus nasal 
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decolonization, and are mediated through IL-17A and IL-17F-dependent neutrophil 

influx and antimicrobial peptide production.  

Our current working model begins with inoculation of nasal tissue with S. aureus. 

Following colonization, innate pro-inflammatory cytokines, such as IL-1β and KC, are 

induced via epithelial cell or dendritic cell expression (Fig. 16A). The pro-inflammatory 

cytokine IL-1β acts to promote Th17 cell differentiation. Th17 cells migrate into nasal 

tissue and produce IL-17A and IL-17F (Fig. 16B). In conjunction, B-cells promote 

expression of IL-17A and IL-17F, but to a lesser degree. Together, IL-17A, IL-17F, IL-

1β, and KC induce neutrophil antimicrobial granule formation and influx into the nasal 

lumen (Fig. 16C). Neutrophils subsequently target and phagocytose S. aureus. IL-17A 

and IL-17F work in combination to each induce a specific antimicrobial peptide milieu in 

epithelial cells (Fig. 16D). The antimicrobial peptides promote elimination of S. aureus 

by direct killing and creation of a local barrier of protection along the nasal lumen to 

prevent further colonization. Collectively, these host immune components foster the 

eradication of S. aureus nasal colonization. 

Therefore, modification of any of these immune mechanisms can affect the host’s ability 

to clear S. aureus. Elimination of either IL-17A or IL-17F results in a partial inability to 

decolonize. This is due to the lack of neutrophil influx and antimicrobial peptide 

induction in IL-17A depletion, or deficiency in antimicrobial peptide and neutrophil 

activation in IL-17F depletion. Loss of IL-17A or IL-17F does not lead to complete loss 

of clearance due to the compensatory mechanism of the sibling cytokine. Deficiency in 

the major IL-17A and IL-17F producers, Th17 cells, results in a severe inability to 

decolonize nasal epithelia. The clearance that is observed may be due to other IL-17A  
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Figure 16. S. aureus nasal colonization immune response model 

(A) S. aureus colonizes the epithelial surface of the anterior nares and induces innate 
cytokine production (e.g. IL-1β and KC) in epithelial and dendritic cells. (B) IL-1β 
promotes Th17 differentiation and expression of IL-17A and IL-17F. (C) Expression of 
IL-17A, IL-17F, KC, and IL-1β prompts neutrophil granule formation and migration into 
the nasal lumen. Lumen associated neutrophils then target S. aureus for phagocytosis. (D) 
IL-17A and IL-17F provoke an antimicrobial response in epithelial cells that aides in the 
eradication of S. aureus nasal carriage. 
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and IL-17F producers such as B-cells. Depletion of both T- and B-cells or both IL-17A 

and IL-17F results in a complete inability to eliminate and control S. aureus growth in 

nasal tissue. This can be attributed to the loss of either IL-17A and IL-17F producers in 

T- and B-cell depleted host, or loss of required effector cytokines in IL-17A and IL-17F 

deficient host. Therefore, loss of any immune player that normally induces neutrophil 

migration/activation or antimicrobial peptide production can influence the host’s ability 

to eradicate S. aureus colonization. 

We have presented a large body of evidence supporting the importance of Th17-

associated immunity for the clearance of S. aureus nasal colonization; however, further 

studies need to be accomplished to answer remaining questions. Future studies include 

elucidating the role of IL-17F. We have shown that IL-17F is required, along with IL-

17A, for decolonization; however its mechanism against S. aureus has yet to be 

determined. The function of IL-1β expression during colonization is undiscovered and is 

of interest due to its importance in IL-17 responses. The presence of IL-17A-dependent 

CRAMP, mBD-3, and mBD-14 suggest they are critical for decolonization, but their 

absolute requirement has not yet been demonstrated. In conjunction, up-regulation of 

other antimicrobial peptides, such as Regγ3, should be tested during colonization. IL-17A 

was required for antimicrobial peptide production, but could only directly stimulate 

mBD-3 expression. Therefore, it is likely IL-17A works in concert with other cytokines, 

and the discovery of the required cytokine milieu sufficient for antimicrobial peptide 

expression is warranted. By understanding the complete immune mechanisms underlying 

the clearance response by host, novel strategies for prevention of distal infections 

originating from nasal carriage can be accomplished. 
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