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ABSTRACT 

 
Swift recruitment of phagocytic leukocytes is critical to prevent infections when 

bacteria breach through the protective layers of the skin. While this process is commonly 

believed to be dependent on the prior activation of resident skin cells by invariant 

bacterial surface structures, we show here that secreted Staphylococcus aureus toxins 

directly recruit leukocytes, resulting in an efficient and pathogen-specific response. In a 

mouse model of S. aureus cutaneous infection, we found that as early as 4 hours post 

infection, neutrophil influx was entirely dependent on a family of S. aureus secreted 

toxins called phenol-soluble modulins (PSMs). Transcriptional analysis of PSM-mediated 

stimulation of human neutrophils revealed EGR1 as the primary mediator of the 

response. Accordingly, EGR1-/- mice had significantly larger skin abscesses compared to 

wild-type (WT) mice. Lastly, adoptive transfer of equal numbers of labeled EGR1-/- and 

WT bone marrow derived leukocytes revealed that EGR1-/- leukocytes had significant 

defects in migration to the infection sites. Remarkably, this difference was abrogated in 

mice infected with a psm isogenic mutant. Taken together, this thesis reveals a 

mechanism that is critical for the early leukocyte response to invading S. aureus on the 

skin and attributes a previously unknown key role to secreted bacterial toxins and the 

transcription factor EGR1 in that process, providing a paradigmatic example of an innate 

host defense mechanism that is pathogen-specific in mode and extent.
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CHAPTER 1: INTRODUCTION 

1.1 Staphylococcus aureus: A historical perspective 
 

Staphylococcus aureus, a non-mobile, Gram-positive bacterium, has been 

associated with infections in man since prehistoric times (1). It is one of the first bacterial 

pathogens identified. Staphylococci were observed as early as 1878 by Robert Koch (1). 

Two years later, Scottish surgeon Sir Alexander Ogston (1844-1929) published a paper 

demonstrating “a cluster forming coccus was the cause of certain pyogenous abscesses in 

man” (2). Sir Ogston published a follow-up paper in 1882 where he named these pus-

forming bacteria staphylococci, which is derived from the Greek words, staphyle, 

meaning bunch of grapes, and kokkos meaning grain, for their ability to form grape-like 

clusters under the microscope (3). 

Shortly after Sir Ogston’s initial discovery, another surgeon of German descent, 

Anton J. Rosenbach, isolated two strains of staphylococci and grew them on solid media 

(4). One formed yellow colonies, which he named Staphylococcus aureus (Latin aurum 

for gold) and the other Staphylococcus albus (now known as epidermidis) for its ability to 

form white colonies (Latin albus for white) (4). 

1.2 Significance and prevalence of S. aureus skin infections 
 

Staphylococcus aureus represents one of most common causes of morbidity and 

mortality worldwide, responsible for a multitude of infections ranging from mild to 

moderately severe skin infections to fatal invasive diseases such as bacteremia, 

pneumonia, endocarditis, and sepsis (5). Specifically in the United States, it has been 

estimated that S. aureus infection is the leading cause of death by any single infectious 

agent, exceeding deaths caused by HIV/AIDS (6). Furthermore, S. aureus colonizes 

about 1/3 of the world’s population mostly in the nares (7) such that nasal carriage poses 
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a significant risk factor for individuals to develop subsequent infections (7, 8). 

S. aureus is the causative agent for the majority of skin and soft tissue infections 

(SSTIs) in humans and accounts for up to 50% of isolates in complicated SSTIs 

worldwide (9, 10). Clinically, S. aureus SSTIs often present as abscesses, boils, impetigo, 

cellulitis, folliculitis, or infected ulcers (11, 12) (Figure 1). Some of the mild and 

superficial infections, such as impetigo and folliculitis, can often be treated in an 

outpatient setting with topical and oral antibiotics (13), whereas deeper and more severe 

infections, such as cellulitis and leg ulcers, often require hospitalization and sometimes 

surgery (10). 
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Figure 1.1. Staphylococcus aureus skin and soft tissue infections. Shown are abscess (top 
left), cellulitis (top right), skin infection caused by septic emboli (infected clots) secondary 
to infective endocarditis (bottom left), and impetigo secondary to scabies infection (bottom 
right). 

Reprinted with permission from Clinical Microbiology Reviews, Steven Y. C. Tong, Vance 
G. Fowler, Jr, Staphylococcus aureus Infections: Epidemiology, Pathophysiology, Clinical 
Manifestations, and Management, 28, 603-661, Copyright 2015. 
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Treatment of these infections has become increasingly more complicated due to the 

emergence of methicillin-resistant S. aureus (MRSA) strains (14, 15). Historically, 

MRSA infections have been restricted to the healthcare-associated setting, occurring in 

immunocompromised patients or individuals with predisposing risk factors, such as pre-

existing infections, medical implants, or surgical incisions (14, 15). The recently emerged 

community-associated MRSA (CA-MRSA) strains, however, can infect otherwise 

healthy individuals and mostly cause moderately severe SSTIs. However, they can also 

cause life-threatening invasive diseases, such as necrotizing fasciitis and necrotizing 

pneumonia, infections that were rarely observed with traditional hospital-associated 

MRSA (HA-MRSA) (16). In the community, CA-MRSA has caused several SSTI 

outbreaks in groups with high-frequency physical contact, such as children in daycare 

centers (17),  athletes (18), military personnel (19), men who have sex with men (20), and 

prison innates (21). In the United States, the CA-MRSA lineage of pulsed-field type 

USA300, in particular, has overtaken other CA-MRSA strains over the past decades and 

became the causative agent for most SSTIs reporting to emergency departments (22). 

Since its emergence, CA-MRSA has risen to pandemic proportions, causing SSTIs 

worldwide (16). 

1.3 S. aureus pathogenesis in the context of skin infections 
 

Given its wide spread, there has been an immense interest in understanding the 

pathogenesis of CA-MRSA. Community-associated MRSA is a dangerous pathogen 

because it combines high virulence with antibiotic resistance. In the 1940s, penicillin, the 

first known antibiotic, was used to treat bacterial infections (23). Soon after, S. aureus 

rapidly developed resistance to it (24). Methicillin was then introduced as a 

countermeasure, and roughly a year later, MRSA strains were identified (25). Resistance 
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to methicillin has been found to be an important adaptation linked to the pathogenic 

success of S. aureus. Specifically, the success of CA-MRSA is thought to be due, at least 

in part, to the acquisition of the methicillin-resistance SCCmec element of type IV, a 

mobile genetic element that confers methicillin resistance at low fitness cost (26). 

In addition to antibiotic resistance, another key attribute that makes CA-MRSA a 

dangerous pathogen is its intrinsic virulence. S. aureus employs a variety of mechanisms 

to breach the skin protective barrier to establish infection and to combat host defenses, 

including inhibition of neutrophil recruitment and lysis of immune cells (27). 

S. aureus secretes α-hemolysin to hijack the host molecule A disintegrin and 

metalloprotease 10 (ADAM10) (28, 29), which in turn cleaves the protein E-cadherin 

(30) and compromises the skin’s cell junction. Additionally, S. aureus lipoteichoic acid 

(LTA) has been shown to repress keratinocyte differentiation by modulating  the protein 

p63, a master transcription regulator in the skin (31). 

With these strategies, S. aureus compromises the skin barrier and establishes 

infection. When the epidermal barrier is breached, the skin resident cells, in a concerted 

fashion, produce an inflammatory response and secrete a series of potent 

chemoattractants to recruit circulating phagocytes into the infected skin (32-37). Once in 

the tissue, these phagocytes migrate to the infected skin in a chemokine-guided manner, 

ingest the invading S. aureus, and kill the ingested bacteria with reactive oxygen species 

(ROS) and granule proteins (32-37). Among the phagocytic leukocytes, neutrophils are 

the most numerous and potent regarding elimination of S. aureus during infection (34, 

37). 

As countermeasures, S. aureus has evolved a plethora of mechanisms to evade 

encounter and killing by neutrophils and other phagocytes. In particular, S. aureus 
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secretes an arsenal of virulence factors to interfere with phagocyte recruitment and kill 

any leukocytes recruited to the infected skin (32, 38). For example, S. aureus secretes the 

chemotaxis-inhibitory protein of S. aureus (CHIPS) (39) and FPRL1-inhibitory protein 

(FLIPr) (40), which bind to formyl peptide receptor (FPR)1 and FPR2, respectively, and 

effectively block neutrophil chemotaxis and activation. S. aureus also secretes a number 

of staphylococcal superantigen-like proteins (SSLs), notably SSL5 and SSL10, that block 

binding of (C-X-C motif) chemokines to their receptors (i.e. CXCL12 to CXCR4), a key 

interaction in the neutrophil recruitment cascade (41). Moreover, the protease Staphopain 

A also contributes to this effort by cleaving the N-terminal domain of CXCR2 (42). 

In addition to targeting key steps in the migration cascade, S. aureus secretes a 

variety of exotoxins that lyse leukocytes. The general mechanism of these cytolytic 

toxins is to cause pore formation in the membrane (43). In particular, S. aureus secretes 

the single-component α-hemolysin (α-toxin), biocomponent leukotoxins, including γ-

hemolysin, Panton-Valentine leukocidin (PVL), leucocidin (Luk)ED, and LukGH/AB, 

and a family of small amphipathic peptides called phenol-soluble modulins (PSMs) (32, 

38, 43-45). With the exception of PSMs, these pore-forming toxins exert their cytolytic 

effect via binding to host receptors that are differentially expressed in different cells and 

species, suggesting a non-redundant role for these toxins in S. aureus pathogenesis (32, 

38, 43-45). Although the hypervirulence of CA-MRSA was initially associated with PVL 

expression (46), α-toxin and phenol-soluble modulins (PSMs) were shown to be key S. 

aureus virulence factors in the pathogenesis of CA-MRSA SSTIs (16, 47-49). 

1.4 Role and functions of phenol-soluble modulins (PSMs) in S. aureus infections 
 

The enhanced virulence of CA-MRSA strains can also be attributed to the 

heightened activity in a key toxin regulator quorum-sensing system called accessory gene 
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regulator (Agr) (50). Higher levels of α-toxin and PSMs in CA-MRSA strains compared 

to HA-MRSA strains has been correlated with high Agr activity (50). Although both 

factors have been shown to be responsible for CA-MRSA hypervirulence, only PSMs 

were shown to exhibit pronounced cytolytic activity towards neutrophils in the CA-

MRSA strain background (43). 

PSMs are a family of small, secreted, genome-encoded peptides produced in all S. 

aureus strains (51). PSMs of the α-type, including PSMα1–PSMα4 and δ-toxin, are 

typically 20–25 amino acid long, while PSMs of the β-type, PSMβ1 and PSMβ2, are 

longer, typically containing 40–45 amino acids (51). PSMαs are encoded in the psmα 

operon, PSMβs are encoded in the psmβ operon, and δ-toxin is encoded within the coding 

sequence for RNAIII, the RNA effector molecule of the Agr quorum-sensing system 

(52). Deletion of psm genes in CA-MRSA USA300 and USA400 strains leads to 

significant attenuation in the ability to lyse human neutrophils, smaller skin abscesses, 

and lower mortality in mouse models of SSTI and bacteremia (53). 

PSMs form amphipathic α-helices (51, 53) and are exported by the ABC 

transporters Pmt (54) and AbcA (55). Due to their amphipathic nature, PSMs readily 

form pores in the membrane of human neutrophils, as well as many different types of 

mammalian cells (53, 56). Lysis of neutrophils, in particular, has also been observed 

while S. aureus inside the phagolysosome (57). Unlike the classic S. aureus leukotoxins, 

PSM-mediated lysis does not depend on host receptors (53, 56). PSM cytolytic activity 

also varies considerably among the different PSM peptides, with α-type PSMs being 

much more cytolytic than β-type PSMs in the membrane lysis of phagocytes (53), while 

the reverse is true in synthetic phospholipid vesicles (58). The precise mechanism of 

PSM-mediated lysis is unknown. 
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Despite reports on in-vitro antimicrobial activity (59), their pronounced cytolytic 

activity and contribution to infection strongly suggest that at least the membrane-

damaging cytolytic members of the PSM family have evolved to target innate immune 

cells. Not surprisingly, the innate immune system has also evolved several counter 

mechanisms to respond to and detect these toxins. While PSMs are cytolytic at high 

(micromolar) amounts, PSMs are recognized by the host receptor FPR2 at sublytic 

(nanomolar) concentrations (56). PSM recognition by FPR2 in human neutrophils 

triggers a series of proinflammatory responses, which includes intracellular Ca2+ flux, 

chemotaxis, interleukin-8 (IL-8) secretion, granule exocytosis, and partial assembly of 

the multi-subunit NADPH oxidase (53, 56), which together prime neutrophils for battle 

(60). While other secreted leukotoxins like α-toxin, PVL, leucocidin (Luk)ED, and 

LukGH/AB are also proinflammatory (44, 45), only PSMs have been shown to be 

specifically recognized by a host receptor (FPR2) at sublytic concentration (56). 

1.5 Skin immunity: An overview 
 

More than 90% of infections caused by CA-MRSA are skin and soft tissue 

infections (16). The skin is the largest organ in the body regulating physiological changes 

to environmental stimuli, and providing a physical barrier to microbial invasions (61). 

Structurally, human skin is composed of two layers: the epidermis and the dermis. While 

the epidermis is a multilayer waxy barrier composed of differentiating keratinocytes, the 

dermis is a network of connective tissue enriched in collagen fibers (62). When the 

epidermal barrier is breached by pathogens like S. aureus, the skin has its own tissue-

specific immune mechanisms to defend against foreign invaders as well as to elicit a 

proinflammatory response to recruit additional immune cells from circulation, such as 

neutrophils, to kill the invading pathogen (63-65). 
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Skin immunity, a concept introduced by Streilein in 1983 (66), fits into the larger 

framework of compartmentalized tissue immunity (67), and involves several important 

types of immune cells distributed throughout the epidermal and dermal layers of the skin 

(63-65). Arguably, the most important immune cell types in the human epidermis are 

Langerhans cells, the skin tissue resident macrophages that provide immune surveillance 

(68), and CD8+ T cells (65). The most numerous types of cells residing in the epidermis 

are keratinocytes, which are historically known mainly for their structural function. Only 

recently has the role of keratinocytes in skin immunity begun to become appreciated, as it 

has been shown that the skin immune status heavily depends on functional keratinocytes 

(62). In the context of S. aureus skin infections, keratinocytes are of particular 

importance, as they represent, in addition to neutrophils, major producers of antimicrobial 

peptides (AMPs) (69). They also express pattern recognition receptors (PRRs), both on 

the surface and within endosomes, (70) which are critical to the recognition of conserved 

microbial components. 

Enmeshed within the dermal tissue are a set of diverse immune cells including αβ 

and γδ T cells, dermal dendritic cells (DCs), natural killer T cells, macrophages, innate 

lymphoid cells, plasmacytoid DCs, B cells, mast cells, and fibroblasts (62). Known for 

their ability to produce collagen and elastin fiber, fibroblasts, like keratinocytes, have 

been underappreciated in their contribution to skin immunity (71). Fibroblasts have been 

found to express Toll-like receptors (TLRs), synthesize AMPs, and produce 

proinflammatory cytokines, chemokines, and growth factors (71). Among the resident 

immune cells in the dermis, T cells are the largest in number. The human skin houses 

over 20 billion T cells, which is nearly twice the number of T cells in circulation (72). 

Approximately 90% are αβ T cells, and the remainder are γδ T cells (73). The role of T 
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cells in S. aureus infection is complex. Experimental evidence suggests that the 

contribution of T cells can be either beneficial or detrimental to the host, depending on 

the experimental model used (74). 

The other structural components of the skin are the skin appendages, which include 

hair follicles, sebaceous glands, and sweat glands. They contribute to skin immunity by 

providing niches for skin resident immune cells as well as skin commensals (75), 

producing antimicrobial fatty acids and sebum that coat the epidermis (76), as well as 

secreting cytokines to regulate leukocyte traffic in the skin (77). 

Finally, the outermost layer of the skin that provides immunity is the surface of the 

skin itself, which consists of various elements that create a hostile environment for 

microbial growth, including low temperature, acidic pH, production of AMPs, and the 

presence of commensal microorganisms (78, 79). Taken together, the skin is a complex 

tissue with its own immune mechanisms to detect and defend against microbial pathogens 

like S. aureus. The elicited response is coordinated and highly inflammatory with the 

converging goal of recruiting phagocytes to the sites of infections to kill the invading 

microbes (64). 

1.6 Cutaneous innate immunity to S. aureus infections 
 

Several specific mechanisms within the framework of skin immunity have been 

shown to provide immunity against S. aureus infections. As mentioned, the physical 

property of the skin combined with the intrinsic low temperature and pH resist 

establishment of infection by S. aureus (80, 81). Members of the skin microflora have 

been proposed to provide protection against S. aureus invasion (78, 79, 82). In vitro, S. 

epidermidis Esp can degrade S. aureus biofilms (83), and S. epidermidis phenol-soluble 
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modulins γ and δ have been shown to confer antimicrobial activity against S. aureus (84). 

It remains to be determined, however, whether these factors confer protection against S. 

aureus invasion in vivo. 

The interaction between S. aureus and the skin is a dynamic process, in which S. 

aureus has a variety of mechanisms to combat the skin’s protective measures to invade 

and establish infection (please refer to S. aureus pathogenesis in the context of skin 

infection). Once S. aureus has successfully breached the skin barrier, bacterial presence 

is detected by resident skin cells triggering the release of proinflammatory molecules to 

recruit phagocytes to the localized infection (Figure 1.2). 

The initiation of the proinflammatory response depends on the detection of S. 

aureus by keratinocytes, Langerhans cells, and other tissue resident skin cells (please 

refer to Skin immunity: an overview). These cells have receptors called PRRs that 

recognize various conserved, commonly surface-associated molecules called pathogen-

associated molecular patterns (PAMPs). A variety of PRRs have been shown to be 

important for the recognition and internalization of S. aureus, including TLRs, 

nucleotide-binding oligomerization domain (NOD)-1 and -2, and the scavenger receptor 

Cluster of Differentiation (CD) 36, scavenger receptor class B, type II (SRBII), 

macrophage receptor with collagenous structure (MARCO) (85, 86). TLR2 on 

keratinocytes can heterodimerize with TLR1 or TLR6 to recognize S. aureus lipopeptides 

(87) and lipoteichoic acid (LTA) (88), respectively. In addition to TLRs, keratinocytes 

also express the cytoplasmic protein NOD2, which recognizes muramyl-dipeptide, a 

byproduct of S. aureus peptidoglycan metabolism (89, 90). 

Recognition of these conserved PAMP molecules by TLR2 and NOD2 activates 

keratinocytes and immune resident skin cells. These cells then undergo a series of 
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signaling cascades that result in the activation of the transcription factor nuclear factor-

κB (NF-κB), and subsequent secretion of proinflammatory cytokines and chemokines, 

such as IL-1, tumor necrosis factor alpha (TNF-α), IL-17, chemokine (C-X-C motif) 

ligand (CXCL)1, CXCL2 and many others (91-94), as well as lipid mediators such as 

leukotriene B4 (LTB4) (36, 95, 96). These molecules function as chemoattractants and 

are vital to the recruitment of phagocytic leukocytes, like neutrophils, to infected tissues 

(91-94). Additionally, keratinocytes and other skin-resident cells activate and upregulate 

various antimicrobial effectors, such as AMPs and inducible NO synthase (65, 97, 98). 

Recently, dermal adipocytes were shown to represent another important source of AMPs, 

as they produce cathelicidin, and to be critical to host response to S. aureus skin infection 

(99). 

TLR signaling appears to be indispensable to host defense against S. aureus skin 

infections as pediatric patients who are deficient in the downstream TLR signaling 

molecules, myeloid differentiation primary response protein 88 (MYD88) or IL-1R-

associated kinase 4 (IRAK4), are highly susceptible to recurrent and severe S. aureus 

skin infections (100, 101). Similarly, patients with mutations that render them defective 

in IL-1 (100, 101) and IL-17 signaling (101, 102, 103-106) also have heightened risk for 

recurrent S. aureus SSTIs, suggesting that IL-1 and IL-17 cytokines are vital for the host 

defense to S. aureus skin infections.  
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Figure 1.2. Cutaneous innate defense against S. aureus skin infections. To activate host 
defense against S. aureus, keratinocytes and other skin resident skill cells such as 
Langerhans cells express PRRs, such as TLR2, on their surface and NOD2 in the 
cytoplasm, to recognize S. aureus lipopeptides and muramyl-peptide, respectively. 
Recognition of these S. aureus PAMPS activates TLR2 and NOD2 signaling, resulting in 
NF-κB activation and subsequent production of proinflammatory cytokines, chemokines, 
and lipid mediators to recruit circulating phagocytes, such as neutrophils, as well as 
upregulation of antimicrobial peptides and inducible NO synthase in the skin to defend 
against invading S. aureus. 

Reprinted with permission from Current Opinion in Microbiology, Sheila Krishna, Lloyd S. 
Miller, Host-pathogen interactions between the skin and Staphylococcus aureus. 15, 28-35 
Copyright 2012. 
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1.7 Phagocyte extravasation 
 

The primary task of the host cutaneous response is to recognize S. aureus and 

facilitate the recruitment of phagocytic leukocytes like neutrophils to sites of infection. 

Phagocyte recruitment is a multistep process that includes phagocyte extravasation to the 

sites of infection, mobilization of phagocytes from bone marrow reserves, and increased 

hematopoiesis as needed (34, 95, 102). Leukocyte extravasation is a tightly regulated 

process, as these phagocytes can induce significant tissue immunopathology as a result of 

bacterial and immune cell lysis (103). 

The transmigration cascade is generally thought to occur via four distinct phases: 

rolling, adhesion, crawling, and transmigration (95). Each step is tightly regulated by 

crosstalk between leukocytes and blood vessel endothelium and involves the interaction 

of numerous adhesion and integrin molecules. The transmigration cascade is initiated 

when secreted proinflammatory cytokines and lipid mediators diffuse from the infection 

site (i.e., TNF-α, CXCL1, CXCL2, IL-1, LTB4) (95, 104) and activate endothelial cells 

lining blood vessels to upregulate P-selectin (CD62P) and E-selectin (CD62E) 

expression. In response, circulating leukocytes that express P-selectin glycoprotein ligand 

1 (PSGL1) roll onto the activated endothelium by interacting with P-selectin (CD62P) 

and E-selectin (CD62E) on endothelial cells to mediate adhesive binding (105). 

After selectin-mediated leukocyte tethering and rolling, cell arrest occurs by firm 

adhesion between β-integrins on chemokine-activated leukocytes (α4β1, Lymphocyte 

function-associated antigen (LFA)1, Mac-1) and intercellular adhesion molecules 

(Vascular cell adhesion protein (VCAM)1, intercellular Adhesion Molecule (ICAM)1 

and ICAM2) that coat the endothelium (106, 107). Adherent leukocytes then crawl to 

nearby endothelial borders in preparation for extravasation. Ultimately, transendothelial 
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migration occurs by homophilic adhesion interaction between phagocytes and endothelial 

cells via platelet/endothelial cell adhesion molecule (PECAM)1 (107, 108), allowing 

leukocytes to migrate across the endothelial cell borders. Following extravasation into 

tissues, phagocytes proceed to the site of infection by chemotaxis guided by skin-

produced cytokines and chemokines (95). S. aureus targets interactions and molecules 

that are essential to this extravasation cascade to inhibit phagocyte recruitment and 

killing. A recent study has shown that in a mouse skin model, S. aureus α-toxin-induced 

destruction of blood-vessel associated, perivascular macrophages is another mechanism 

of S. aureus immune evasion (109) (for more mechanisms please refer to S. aureus 

pathogenesis in the context of skin infection). 

1.8 Hypothesis 
 

Despite our current understanding of the host immune response as well as 

pathogenesis of S. aureus infections, it remains poorly understood how the immune 

system mounts a response to invading S. aureus that is sufficiently rapid and efficient to 

avoid the development of infection. 

The most important innate immune response to bacterial invasion is the 

mobilization of phagocytic leukocytes, predominantly neutrophils, to the site of intrusion 

(34, 110). It has been shown that phagocyte recruitment is mediated by activation of skin 

resident cells by PRRs binding to PAMPs that results in the secretion of chemokines and 

lipid mediators (36, 95, 96, 111). Classical PAMPs, such as lipopolysaccharide in Gram-

negative bacteria or LTA and lipopeptides in Gram-positive bacteria, are conserved 

throughout large bacterial classes independently of pathogenicity. Therefore, in the 

context of S. aureus skin invasion, it is believed that the rate-limiting step of phagocyte 

recruitment is the sensing of invariant, classical Gram-positive PAMPs. 
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As basis for my thesis, we hypothesized that bacterial toxins trigger a response that 

is not only virulence-tuned but faster than that described by the classical model of 

“PAMP sensing”, because their diffusible nature may overcome the dependence on 

resident cell involvement. 



17  

CHAPTER 2: THE EARLY LEUKOCYTE INFLUX INTO 

INFECTED SKIN IS DEPENDENT ON S. AUREUS TOXINS 

2.1 Introduction 
 

S. aureus is responsible for the majority of skin and soft tissue infections (SSTIs) 

in humans and accounts for up to 50% of isolates in complicated SSTIs worldwide (9, 

10). Notwithstanding the considerable number of SSTIs, the presumably quite common 

event of S. aureus epidermal intrusion usually can be controlled by host defenses. 

However, it is poorly understood which mechanisms trigger swift phagocyte recruitment 

that is necessary to ensure that the breach of S. aureus through the skin does not develop 

into full-blown skin infection. We hypothesized that the mechanism of “classical” PAMP 

sensing by resident skin cells (i.e. lipopeptides by TLR2) may not be sufficient for that 

purpose. We propose that secreted S. aureus toxins may trigger a more efficient and rapid 

leukocyte recruitment because they are diffusible, have the potential to attract and 

stimulate phagocyte directly, and signal the presence of a virulent pathogen like S. 

aureus. 

Among many S. aureus toxins that were shown to be proinflammatory, PSMs (48) 

appear to be particularly well suited to function as the predominant signals for the host 

innate immune system to detect the presence of S. aureus. PSM genes are found in all S. 

aureus strains and PSMs are produced in high amounts especially in highly virulent S. 

aureus. Furthermore, they are critical virulence factors of S. aureus (48, 112). Thus, 

recognition of PSMs would enable both a species-wide and a pathogenicity-tuned 

response. Research on PSMs has focused mostly on the cytolytic properties of PSMs, 

which are observed at micromolar concentrations, and are believed to underlie the 

significant impact PSMs have on the outcome of many S. aureus infections types in 
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animal infection models (48, 113, 114). In comparison, the proinflammatory properties of 

PSMs, which they show already in the low nanomolar range, have remained less well 

characterized (48, 52, 115). However, we showed previously that PSMs attract human 

neutrophils in vitro (48). These considerations and previous findings prompted us to 

analyze whether PSMs play a major role as signals in the early leukocyte recruitment 

after S. aureus intrusion into the skin. 

2.2 Results 
 
2.2.1 The early leukocyte recruitment to S. aureus cutaneous invasion occurs 

between 4 h to 12 h post infection. 

We hypothesize that secreted toxins, specifically PSMs, are critical to the early 

influx of leukocytes during S. aureus skin invasion. To determine this early response 

period, we performed a kinetics study and infected the ears of wild-type (WT) B6 mice 

with S. aureus strain LAC (Los Angeles County clone), which is a representative of S. 

aureus pulsed-field type USA300, the most frequent source of skin infections in the U.S. 

(22), and quantified the amount of leukocyte influx using flow cytometry every 4 h for up 

to 24 h post infection (Figure 2.1A). We determined the number of neutrophils in the 

infected skin as the quantitative and representative measure of the amount of leukocyte 

influx, because neutrophils are the primary leukocytes that respond to bacterial infections 

(34, 95). In our flow cytometry analysis, neutrophils were defined as CD45+, CD11b+, 

Ly6G+, and CD68- cells (Supplemental Figure A1). Our experiments showed that 

considerable influx occurred between 4 h and 12 h post infection (Figure 2.1B).  

Neutrophil numbers dramatically increased from less than 5% at 4 h post infection to 

greater than 60% among myeloid (CD11b+) cells at 12 h post infection (Figure 2.1C). 
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Figure 2.1. The early neutrophil influx to S. aureus skin invasion occurs between 4 h to 
12 h post infection. A, Scheme of experimental setup. WT B6 mice were infected with 
~1.5 × 107 CFUs of WT S. aureus LAC for up to 24 h post infection (p.i). Neutrophil influx 
was quantified via flow cytometry analysis every 4 h p.i. B-C, Kinetics of neutrophil 
recruitment in the skin (represented as neutrophil number per ear). B, neutrophil 
percentages/living CD45+ per ear C). n=5-6. B-C, Error bars show the mean ± SD. 
Statistical analysis is by 1-way ANOVA with Holm-Sidak's post-test. *, P < 0.05; **, P < 
0.01; ***, P < 0.001 ***, P < 0.001, ****, P < 0.0001. 
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2.2.2 The early leukocyte influx is dependent on S. aureus toxins. 

The early response of leukocyte recruitment occurred between 4 h and 12 h post 

infection (Figure 2.1). To evaluate whether secreted toxins, specifically PSMs, are 

essential to this early host response, we infected chimeric dsRed mice (116) with S. 

aureus strain LAC, or an isogenic mutant in which all psm gene loci were deleted or 

altered to completely suppress PSM production (117), and monitored and quantified 

leukocyte influx into the infected site for up to 12 h post infection via intravital imaging 

(Figure 2.2A). We chose the 12 h time point as our endpoint as this was the peak of 

neutrophil influx (Figure 2.1). The WT S. aureus strain LAC and the isogenic psm 

mutant do not show significant growth differences in vitro (117), and we verified that 

there were also no differences in bacterial numbers during the initial hours (5 h and 12 h) 

of skin infection under the conditions used in our model (Figure 2.2B). We have shown 

previously that the mobilized phagocytic leukocytes can be distinguished based on the 

high fluorescence intensity they exhibit in the chimeric dsRed mice and are easily 

quantifiable (Figure 2.2C). Our kinetics showed that, in mice infected with the wild-type 

S. aureus strain, an increase in leukocyte influx to the infected skin was observed at ~ 3 h 

post infection. In contrast, with the PSM-deficient bacteria, it only occurred at ~ 9 h post 

infection (Figure 2.2D). 
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Figure 2.2. S. aureus PSM toxins are critical to the early leukocyte influx to the site of 
invasion. A, Scheme of experimental setup. Intravital imaging analysis in the ears of 
chimeric dsRed mice infected with ~1.5 × 107 CFUs of S. aureus strain LAC or isogenic 
psm (∆psmαβhld) mutant was performed (This experiment was done by Dr. Gordon Cheung 
and Dr. Olena Kamenyeva, NIAID, NIH). Complementary to the intravital imaging 
analysis, ears of WT B6 mice were infected with the same numbers of bacteria, and CFUs 
were analyzed at 5 h and 12 h p.i. B, CFUs of wild-type S. aureus LAC and isogenic psm 
mutant at 5 h and 12 h p.i.. C, Representative image generated in the intravital two-photon 
imaging experiment. Blue, collagen; Red, dsRed (leukocytes); Magenta, lymph. Much 
larger circular structures co-staining in red are hair follicles. D, Leukocyte influx as 
measured by intravital two-photon imaging during the first 12 h after mouse ear skin 
infection by those strains. 
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2.2.3 The early, toxin-mediated leukocyte influx does not seem to be dependent on 

secreted cytokines in the skin. 

Our flow cytometry and intravital imaging studies showed the early leukocyte 

recruitment into infected skin occurred between 4 h to 12 h post infection (Figure 2.1) 

and is dependent on PSMs (Figure 2.2). To further confirm our findings and determine 

whether this PSM-dependent recruitment is mediated by secreted skin cytokines, we 

infected WT B6 mice with either WT S. aureus strain LAC or the isogenic psm mutant, 

and quantified the amounts of recruited neutrophils CFUs, as well as cytokines produced 

in the skin at 3 h and 4 h post infection (Figure 2.3A). The 3-h and 4-h time interval was 

selected as, according to the flow cytometry and intravital imaging results, it reflects the 

beginning of PSM-mediated leukocyte influx (Figure 2.1, 2.2). Our results showed that 

there were no differences in bacterial numbers during the initial hours (3 h, 4 h, 5 h, and 

12 h) of skin infection between the two strains (Figure 2.2B, 2.3B). Likewise, there were 

no differences in the number of recruited neutrophils at 3 h post infection (p.i.) between 

the two groups, reflecting the early stages of the infection in which PSMs have little to no 

effects. It can be inferred that between 3 h to 4 h, the rate of influx increased dramatically 

in a PSM-dependent fashion, as at 4 h p.i, there were significantly more neutrophils in the 

ears infected with WT S. aureus strain LAC compared to the isogenic psm mutant 

infected ears (Figure 2.3C). This result confirmed our previous findings indicating that 

influx began at about 3 to 4 h p.i. (Figure 2.1) in a PSM-dependent fashion (Figure 2.2). 

To determine whether secreted skin cytokines were the mediators of the observed 

PSM-driven leukocyte response, a panel of 26 proinflammatory cytokines (Materials 

and Methods: 6.11) were analyzed in the ear tissue homogenate supernatant collected at 

3 h and 4 h post infection. Among these 26 proinflammatory cytokines, only five - 
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CXCL1/keratinocyte chemoattractant (KC), CXCL2/macrophage inflammatory protein 

(MIP)-2, chemokine (C-C motif) ligand CCL(3)/macrophage inflammatory protein 

(MIP)-1, IL-1α, IL-6 - were detected. Each of these cytokines has been reported to be a 

potent chemoattractant for neutrophils (118-121). The rest of the cytokines were below 

the technical limit of detection suggesting that very little changes in expression took 

place during the early stages of the infection for those cytokines. With the five cytokines 

that were detected, there were no significant differences in the amounts produced in the 

ears infected with WT S. aureus strain LAC compared to those infected with the isogenic 

psm mutant at either 3 h (Figure 2.3D) or 4 h (Figure 2.3E) post infection. 
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Figure 2.3. The early PSM-mediated neutrophil influx does not seem to be not 
dependent on skin-derived cytokines A, Scheme of experimental setup. WT B6 mice 
were infected with wild-type S. aureus LAC or isogenic psm mutant. At 3 h and 4 h p.i., 
infected ears were harvested and subjected to flow cytometry, CFU, and cytokine analysis. 
B, CFUs of wild-type S. aureus LAC and isogenic psm mutant at 3 h and 4 h p.i, n=4-5. C, 
Quantification of neutrophil influx. n=3, D-E, Quantification of cytokine amounts in 
infected ears at 3 h and 4 h p.i. respectively. n=4. B-E, Error bars show the mean ± SD. 
Statistical analysis is by 2-way ANOVA with Holm-Sidak's post-test. *, P < 0.05. 
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2.3 Discussion 

Bacterial skin infections are becoming increasingly difficult to treat, in part due to 

the rise of antibiotic-resistant bacteria (16, 122). Immuno-based, biologic treatments for 

S. aureus skin infections are not available, in part due to an incomplete understanding of 

the immune response to bacterial infections. Specifically, it is poorly understood which 

mechanisms trigger swift phagocyte recruitment to prevent invading S. aureus from 

developing into a full-blown infection. While the classically understood mechanism of 

leukocyte recruitment depends on recognition of conserved PAMP molecules, we found 

that leukocyte recruitment is dependent on a family of secreted toxins during the early 

stages of infection. Our data suggest this response is also independent of skin cytokines. 

While a considerable amount of knowledge has been gained about how S. aureus 

are detected by the innate immune response, the bacterial signals that mediate the early 

leukocyte recruitment are unknown. To determine this early response period, we 

performed a kinetics study and found that considerable influx occurs between 4 h and 12 

h post infection (Figure 2.1). 

In addition to helping us to determine our interval of interest, our kinetics study 

also revealed a temporal pattern of neutrophil influx (Figure 2.1B, 2.1C). The influx 

started slowly from 0 to 4 h and dramatically increased from 4 to 12 h. It then sharply 

declined from 12 to 20 h and began to slowly increase again at ~ 24 h post infection 

(Figure 2.1B, 2.1C). Although the exact mechanism behind this temporal trend is 

unknown, our result is consistent with a previous study that identified a similar temporal 

pattern in the number of neutrophils in the blood and draining lymph node of mice 

subcutaneously injected with heat-killed S. aureus (116). In that study, the number of 

neutrophils peaked at ~ 6 hours, and then began to decrease to an almost baseline level at 
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24 h post infection (116). In a longer time-frame kinetics study that used a mouse model 

similar to ours, the peak of the neutrophil response was observed at 3 days post infection, 

and began to decrease through day 14 (94). Together with the results of our study, these 

findings suggest that there are waves of neutrophil recruitment to the skin in response to 

S. aureus, with the first wave of neutrophil influx occurring between 4 h and 12 h post 

infection, as shown in our study, and a second wave taking place between day 1 and day 

3. While it remains to be determined how and why numbers of neutrophil fluctuate 

during the early days of infection, and whether this fluctuation is specific to S. aureus, 

our study identified the kinetics of the early leukocyte response, providing us with the 

time interval to examine whether secreted toxins play a critical role in the early leukocyte 

recruitment. 

It is often thought that leukocyte recruitment is dependent on the recognition of 

conserved, surface associated PAMP molecules by PRRs. We found that as early as 4 

hours post infection, neutrophil influx was instead dependent on a family of S. 

aureus secreted toxins called PSMs (Figure 2.2, 2.3). In the absence of PSMs (i.e. in ears 

infected with the psm mutant) leukocyte recruitment was considerably delayed (Figure 

2.2). While our results identified an important role for secreted toxins in early leukocyte 

response, they also implied that molecules previously shown to be important for S. 

aureus recognition by the innate immune sensors (PRR) are not critical for leukocyte 

recruitment at these early time points. These molecules include surface-associated 

molecules like peptidoglycan (89, 90), LTA (88), or lipopeptides (87), or released or 

secreted molecules like RNA (123), chemotactic N-formylated peptides (other than 

PSMs) (124), and proinflammatory exotoxins (44, 45). 

Our results showed an early leukocyte response that is independent of classical 
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PAMPs, which prompted us to analyze whether skin cytokines play a role in the PSM-

mediated effect. When we examined 26 different proinflammatory cytokines, which are 

secreted in response to PRR-PAMP activation, no differences in amounts were observed 

in WT-S. aureus infected ears compared to those infected with the isogenic psm mutant at 

4 h post infection. Strikingly, at the same point (4 h), we found significantly more 

neutrophils in the WT-infected animals. Of note, in our cytokine panel analysis, IL-1α, 

IL-1β, IL-17A were included, which have been shown to be particularly important for 

host defense against S. aureus (104). Due to limitation intrinsic to the assay (the threshold 

of detection was above the cytokine amount produced at the indicated time points), only 

IL-1α was detected. Although we cannot rule out the contribution of the cytokine-

mediated classical mechanism of recruitment, our results suggest that the early PSM-

mediated leukocyte influx during S. aureus skin infection is mediated through a novel 

mechanism, independent of resident cell involvement. 

In conclusion, our studies provide evidence that secreted toxins play an important 

role in early pathogen recognition and suggest that the classical model based on 

recognition of surface-associated conserved structures is not sufficient to completely 

account for the mechanisms underlying early events of pathogen-triggered leukocyte 

influx to an infection site. Further exploration of this PSM-mediated mechanism can 

enhance our understanding of leukocyte biology and identify novel targets to prevent and 

treat S. aureus bacterial skin infections. 
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CHAPTER 3: S. AUREUS SECRETED TOXINS UPREGULATE EGR1 IN 

HUMAN NEUTROPHILS 

3.1 Introduction 
 

Complicated S. aureus SSTIs that spread to deeper tissues can be particularly 

difficult to treat and often require hospitalization and sometimes surgery (10, 126). 

Prevention is arguably better than treatment. It is not well understood how the immune 

system detects and responds to invading S. aureus – mounting a response that is fast and 

effective to avoid the development of infection. Insights into these mechanisms may 

provide novel targets to prevent and treat S. aureus SSTIs. 

We have shown that secreted toxins, specifically a family of cytolytic peptides 

called PSMs, are essential for leukocyte recruitment during the early phases of skin 

infection, in a process that seems to be independent of skin-derived cytokines (Chapter 

2). This suggests that PSMs, by their diffusible nature, can directly interact with 

circulating phagocytic leukocytes like neutrophils and subsequently recruit them to the 

infected site in a chemotactic fashion. It is not well understood how PSMs might impact 

gene expression in circulating phagocytes and whether the triggered changes influence 

phagocyte function or impact the outcome of skin infection. Since neutrophils are the 

primary leukocytes that respond to bacterial infections in terms of numbers as well as 

functions (34, 95), we conducted a series of experiments using human neutrophils 

(polymorphonuclear leukocytes or PMNs) stimulated with PSMs and a mouse model of 

S. aureus skin infection mimicking CA-MRSA skin infection in humans (22) to answer 

these questions. 
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3.2 Results 

3.2.1 PSMs are the predominant secreted S. aureus molecules impacting gene 

expression in human neutrophils. 

To determine the impact of PSMs on neutrophils and to analyze the relative 

importance of PSMs among secreted S. aureus substances in stimulating neutrophil gene 

expression, we stimulated human neutrophils with sublytic culture filtrates derived from 

the clinical S. aureus WT strain LAC and its isogenic psm deletion mutant and pure PSM 

peptides, and performed gene expression analysis using microarrays (Figure 3.1A). 

Among the PSM peptides, we included PSMα3, as it is the most proinflammatory, and δ-

toxin, as it is the most strongly produced PSM in S. aureus (48, 127). Furthermore, we 

used the FPR2 inhibitor, formyl peptide receptor-like 1 inhibitor (FLIPr) (128) to analyze 

the impact of the G-protein coupled receptor FPR2, as it has been demonstrated that 

human neutrophils recognize PSMs through FPR2 (129) (Figure 3.1A). 

We first analyzed the overall numbers of genes with statistically significant 

(p<0.05), differentially expressed (fold change >2) gene expression. Most remarkably, 

comparison of the impact of wild-type S. aureus culture filtrate with that of the total 

PSM-deficient strain showed that virtually all of the many observed gene expression 

changes were due to PSMs (Figure 3.1B). The high number of gene expression changes 

stimulated by S. aureus wild-type culture filtrate, however, could be strongly reduced by 

FLIPr, in accordance with the notion that these peptides signal through FPR2 (129) 

(Figure 3.1B). Likewise, synthetic PSMα3 and δ-toxin led to changes in the expression 

of a high number of genes, and when FLIPr was applied in addition to these peptides, 

virtually no changes were observed (Figure 3.1C). These findings demonstrate a 

predominant role of PSMs among secreted S. aureus molecules in stimulating neutrophil 
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gene expression. 
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Figure 3.1. PSMs are the major secreted S. aureus molecules affecting gene expression 
in human neutrophils. A, Scheme of experimental setup. Isolated human neutrophils 
(PMNs) were incubated with sublytic culture filtrates of the indicated strains or synthetic 
PSMs for 30, 60, or 180 minutes. In certain samples, FLIPr, an FPR2 specific inhibitor was 
added. RNAs were then harvested and subjected to microarray analysis. (This experiment 
was done by Dr. Kevin Rigby, NIAID, NIH). B, Mean number of differentially expressed 
genes in response to culture filtrate. n=3. C, Mean number of differentially expressed genes 
in response to culture filtrate. n=3. B-C, Differentially expressed genes were defined as 
genes with p<0.05 and fold change >2. 
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3.2.2 Human neutrophils upregulate EGR1 and pro-inflammatory cytokines in 

response to PSM-FPR2 activation. 

Analysis of the numbers of differentially expressed genes in PSM-stimulated 

human neutrophils versus control revealed potent effects of PSMs at stimulating gene 

expression (Figure 3.1). To identify key molecules stimulated by PSMs, we analyzed the 

gene expression changes in detail. When comparing transcriptional changes elicited by 

wild-type (WT) culture filtrate versus those elicited by culture filtrate of the psm-

deficient strain, we noted a striking change particularly of the transcription factor early 

growth response (EGR)1, which was upregulated >100 fold after 30 minutes of PSM 

stimulation and declined later (Figure 3.2.1B). Two other EGR family transcription 

factors, EGR2 and EGR3, were also up-regulated in a PSM-dependent fashion, but to a 

minor degree (Figure 3.2.1B). This notable upregulation of EGR1 was consistent across 

multiple comparisons in response to both supernatant as well as pure PSM peptide 

stimulation (Figure 3.2.1A). EGR1 transcriptional expression was changed in a PSM- 

and FPR2-dependent fashion, inasmuch as EGR1 expression was also stimulated by 

PSMs and inhibited by the addition of FLIPr (Figure 3.2.1A). The results highlighted the 

particular importance of the PSMα peptides, as no significant changes in EGR1 

expression were observed when comparing the psmα vs. the total psm mutant (Figure 

3.2.1A). We validated the microarray results using qRT-PCR, which also showed strong 

PSM-, and particularly PSMα peptide-dependent up-regulation of EGR1 expression and 

inhibition by FLIPr (Figure 3.2.2A-D). 

In addition to the EGR transcription factors, we also observed an increase in the 

expression of a series of proinflammatory cytokine and chemokine genes at 60 and 180 

minutes (Figure 3.2.1C). Among those, oncostatin M (OSM) has been shown to 
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stimulate the production of additional cytokines such as IL-6 in endothelial cells (130), 

while the antimicrobial lymphocyte-attractant C-C motif cytokine (CCL) 20 (131), the 

neutrophil attractant CXCL2 (132), and the pleiotropically inflammatory alarmin IL-

1α (133) are potent activators of neutrophil chemotaxis. We also observed significant up-

regulation of genes related to migration regulation (PLEKHG2) and initiation of 

translation (eukaryotic initiation factor, EIF; translation initiation factor GOS2), 

consistent with the notion that PSMs trigger neutrophil migration and activation as 

reflected by increased cytokine transcription. 
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Figure 3.2.1. Genome-wide gene expression experiments reveal EGR1 as the main 
mediator of the early human neutrophil response to S. aureus. A, Mean fold change of 
the transcription factor EGR1 in the indicated comparisons. n=3. B, Mean fold change of 
EGR1, EGR2, and EGR3 over time in the indicated comparisons. n=3. C,  Mean fold 
change of selected cytokine genes over time in the indicated comparisons. n=3. 
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Figure 3.2.2. Verification of differential EGR1 expression in selected comparisons by 
qRT-PCR. A, Scheme of experiments. To confirm microarray results, isolated human 
neutrophils were incubated with sublytic culture filtrates of the indicated strains or synthetic 
PSMs and FLIPr in certain samples for 30 minutes. RNAs were then harvested and qRT-
PCR was performed. B, Comparison of the impact of diluted culture filtrates of S. aureus 
wild-type (WT) versus ∆psm and ∆psmα mutants on EGR1 expression in human 
neutrophils. Statistical analysis is by 1-way ANOVA with Tukey’s post-test. n=14. C, 
Impact of FLIPr on stimulation by S. aureus WT culture filtrate. n=5. D, Impact of FLIPr 
on stimulation by PSMα3. n=3. C,D, Statistical analysis is by two-tailed unpaired Student’s 
t-test. *, P < 0.05; **, P < 0.01; ***, P < 0.001 ***, P < 0.001, ****, P < 0.0001. Error bars 
show the mean ± SD. 
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3.2.3 PSMs signal through the MEK/ERK signaling cascade to activate EGR1. 
 

Within the S. aureus secretome, PSMs are by far the most potent triggers of gene 

expression in human neutrophils (Figure 3.1). In particular, PSMs upregulate the 

transcription factor EGR1 in human neutrophils through a GPCR receptor called FPR2 

(Figure 3.2). The downstream signaling cascade of PSM-FPR2 activation leading to 

EGR1 transcription, however, is unknown. According to the literature, several 

possibilities exist for signaling pathways to exert an impact on EGR1, including via 

nuclear factor of activated T-cells (NFAT)-type transcription factors (134) and mitogen-

activated protein kinase kinase (MAPKK or MEK), a signaling module of the mitogen-

activated protein kinase (MAPK) signaling cascade, also called extracellular signal-

regulated kinase (ERK) (135) (Figure 3.3A). To elucidate by which pathway PSMs 

activate EGR1 transcription, we employed the small molecule pathway inhibitor 

approach. We tested for inhibition of NFAT and MAPK-dependent pathways using 

specific small molecule inhibitors (Figure 3.3A) in human neutrophils stimulated with 

PSMα3 peptide, which we had shown to elicit a robust EGR1 transcription (Figure 3.2). 

To test for stimulation via NFAT, we used the NFAT-specific inhibitors, cyclosporin A 

and FK-506. As for MAPK-dependent pathways, by far the most extensively studied 

mammalian MAPK-signaling cascades are the ERK1/2, c-Jun N-terminal kinases (JNKs), 

and p38 cascades (136). To determine whether these pathways are involved in PSM-

mediated EGR1 transcription, we used SP600125, SB202190, and U0126, which are 

JNK-, p38-, and MEK/ERK-specific inhibitors, respectively. PSMα3-dependent EGR1 

transcription in human neutrophils was strongly inhibited by the MEK/ERK-specific inhibitor 

U0126 in a dose-dependent fashion, but not the inhibitors of the other pathways (Figure 3.3B, 

C). Thus, PSM-mediated activation of EGR1 transcription seems to signal exclusively through 
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ERK (Figure 3D), which is in accordance with the finding that FPR2 inhibition blocks ERK 

phosphorylation (137), highlighting the importance of the PSM-FPR2-EGR1 signaling axis and 

the role of EGR1 in PSM-mediated effects. 
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Figure 3.3. PSMs trigger EGR1 transcription via the MEK/ERK pathway. A, Isolated 
human neutrophils were stimulated with synthetic PSMα3 diluted from a stock solution in 
DMSO for 30 min with or without addition of 10 µM of the indicated pathway inhibitors. 
RNAs were collected, and EGR1 expression (fold change) was determined by qRT-PCR. 
n=15. Statistical analysis is by 1-way ANOVA with Dunnett’s post-test vs. values obtained 
with PSMα3. B, Dose-response curve with different amounts of the MEK/ERK pathway 
inhibitor U0126 under the same conditions. n=3-5. (C)  Scheme of PSM-triggered signal 
transduction and tested pathways and their inhibitors (red font). Pathways that were not 
PSM-induced (not inhibited by the specific inhibitors) are shaded. Error bars show the 
mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001 ***, P < 0.001, ****, P < 0.0001. 
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3.2.4 Bioinformatic analysis predicts EGR1 to be a key regulator among PSM-FPR2 

stimulated genes. 

In response to PSM stimulation, EGR1 transcription was strongly induced 

(Figure 3.1, 3.2). We also showed that PSM activation of FPR2 triggered the ERK1/2 

MAPK signaling cascade to upregulate EGR1 transcription (Figure 3.3). Furthermore, in 

response to PSM-FPR2 activation, human neutrophils elicited changes in expression of 

many other genes, some of which were proinflammatory (Figure 3.2). Since EGR1 was 

upregulated at early times after stimulation (Figure 3.2.1A and B), we hypothesized that 

EGR1 may function as a key regulator among the PSM-FPR2 stimulated genes. To 

evaluate our hypothesis, we identified PSM-FPR2 specific genes from the three time 

points (30, 60, and 180 minutes) in our microarrays study and subjected them to 

Ingenuity Pathway Analysis (IPA) (Materials and Methods: 6.7) (Excel Table 1). 

PSM-FPR2 stimulated genes were defined as genes that were common to PSM-

stimulated genes (a set of differentially expressed genes derived from the transcriptional 

comparison of human neutrophils stimulated with the isogenic psm mutant supernatant 

versus  human neutrophils stimulated with the WT supernatant) and the FPR2-stimulated 

genes (a set of differentially expressed genes derived from the transcriptional comparison 

of human neutrophils stimulated with the WT supernatant versus human neutrophils 

stimulated with the WT supernatant plus FLIPr). 

When mapped in IPA for network analysis, human neutrophils stimulated with 

PSMs for 30 minutes demonstrated a transcriptional profile associated with "tissue 

morphology". Within this network, EGR1 was the gene with the greatest fold change 

(>100-fold increase in transcription) and had the highest numbers of connections with 

other genes (Figure 3.4B). Most PSM-FPR2-stimulated genes that mapped to this 
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network were transcription factors. Some notable genes included the well-characterized 

pro-inflammatory transcription factor nuclear factor κ b (NFκ-b)(138), the transcriptional 

factor c-Fos (shown as Fos in network), JunB, and EGR2. In the network, c-Fos and 

NFκB transcription factors showed positive reciprocal synergism with EGR1, while 

EGR2 and JunB were predicted to be directly activated by EGR1 (Figure 3.4B). c-Fos, 

which displayed a positive synergistic feedback with EGR1 (Figure 3.4B), dimerizes 

with JunB to form Activator Protein (AP)1 transcription factors, which have been shown 

to co-regulate interleukin (IL-8) (IL-8 in human, CXCL1/KC in mice) and tumor necrosis 

factor (TNF)-α (139). Both molecules have previously been shown to be potent 

neutrophil chemoattractants (140). 

A similar pattern of interactions among the PSM-FPR2 activated genes was 

observed after 60 minutes of PSM stimulation. EGR1 remained as an important regulator 

among the PSM-FPR2 genes in a network called “organismal injury and abnormalities” 

(Figure 3.4C). This network was the second hit among the 25 identified by IPA. In the 

network, EGR1 directly activated Jun (Figure 3.4C), a gene with more connections than 

EGR1 but with a smaller fold change, suggesting that AP-1 transcription factors (Jun-Fos 

heterodimers) are important to the neutrophils’ ability to respond to PSMs downstream of 

EGR1. EGR1 was also predicted to directly activate vascular endothelial growth factor 

(VEGF) A, which has been shown to rapidly recruit neutrophils (131). 

As shown above, EGR1 shows significant time-dependent variations in 

expression (Figure 2.2.1A and B). Its transcriptional level was highly upregulated up to 

60 minutes in response to PSM stimulation, and significantly decreased at the 180-minute 

time point. Accordingly, EGR1 was not predicted by IPA to be an essential regulator 

among the PSM-FPR2 genes after 180 minutes of PSM stimulation (data not shown). 
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Figure 3.4. Bioinformatic analysis predicts EGR1 to be an important regulator among 
PSM-FPR2 stimulated genes. A, PSM-FPR2 activated genes from the three time points – 
30 (B), 60 (C), and 180 minutes (not shown) – were subjected to Ingenuity Pathway 
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Analysis (IPA) (Materials and Methods:7.7) (Excel Table 1). PSM-FPR2 activated genes 
were identified as genes that were common to PSM-stimulated genes (a set of differentially 
expressed genes derived from the transcriptional comparison of human neutrophils 
stimulated with the isogenic psm mutant supernatant versus human neutrophils stimulated 
with the WT supernatant) and the FPR2-stimulated genes (a set of differentially expressed 
genes derived from the transcriptional comparison of human neutrophils stimulated with the 
WT supernatant versus human neutrophils stimulated with the WT supernatant plus FLIPr). 
B, IPA “tissue morphology” network showing individual PSM-FPR2 activated genes and 
their interactions with other genes in human neutrophils stimulated with PSMs for 30 
minutes, overlaid with colors indicating upregulation (red), down regulation (green) or no 
significant change (grey). Color intensity correlates to fold change (i.e. darker color means 
higher fold change). C, IPA “organismal injury and abnormalities” network showing 
individual PSM-FPR2 genes and their interactions with other genes in human neutrophils 
stimulated with PSMs for 60 minutes, overlaid with colors indicating upregulation (red), 
down regulation (green) or no significant change (grey). Color intensity correlates to fold 
change. 
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3.2.5  EGR1 impacts outcome of S. aureus cutaneous infection. 

In response to PSMs, human neutrophils upregulated EGR1 transcription (Figure 

3.2). EGR1 was predicted as a key regulator among PSM-FPR2 activated genes (Figure 

3.4). To evaluate whether EGR1 has an impact on infection, we infected wild type (WT) 

and EGR1-/- mice with S. aureus strain LAC and measured the skin abscess lesion for 14 

days post infection (Figure 3.4A). EGR1-/- mice had larger skin abscesses than WT mice 

(Figure 3.4B, C), with the peak of the abscess size occurring on day 2 post-infection. 
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Figure 3.5. EGR1 impacts skin abscess. A, Age-matched WT and EGR1-/- mice were 
injected subcutaneously with S. aureus LAC in the shaved flank region. Skin abscesses 
were measured daily for 14 days. B, C, Representative images of abscesses in WT and 
EGR1-/- mice at day 2 p.i. D, Abscess size. n=9-10, Error bars show the mean ± SD. 
Statistical analysis is by 2-way ANOVA with Holm-Sidak's post-test. *, P < 0.05; **, P < 
0.01; ***, P < 0.001 ***, P < 0.001, ****, P < 0.0001 
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3.3 Discussion 
 

Phagocytic leukocytes, in particular neutrophils, are essential to the host defense 

against S. aureus infections. In addition to the classical surface-located PAMPs (lipoteichoic 

acids, lipopeptides, peptidoglycan), several secreted S. aureus molecules have been 

described to stimulate neutrophils, including N-formylated peptides, cytolytic toxins such 

as α-toxin and PSMs, and the bi-component leucocidins PVL, (Luk)ED, and LukGH/AB 

(37, 44, 45). Specifically, PVL at sublytic concentration has been shown to impact gene 

expression of human neutrophils and enhance their bactericidal activity (141). To which 

extent molecules in the S. aureus secretome impact gene expression in human neutrophils 

remains unclear. In our study, we found that PSMs were the predominant secreted S. 

aureus molecules impacting gene expression in human neutrophils, as demonstrated by 

an almost complete absence of transcriptional changes in human neutrophils stimulated 

with culture filtrate of the isogenic psm mutant compared to those stimulated with the 

WT culture filtrate and strong and similar responses exerted by synthetic PSM peptides 

applied at physiological and sublytic concentrations (Figure 3.1). Of note, under our 

experimental set-up, the other exotoxins were produced (142, 143), but PSMs, by far, 

were the predominant secreted molecules in the supernatant. 

FPR2 has previously been identified as the primary PSM receptor, with other 

FPRs only contributing to a minor extent to the PSM-mediated chemotaxis in FPR-

transfected cell lines (56). Our data showed that stimulation of gene expression by S. 

aureus culture filtrate was almost exclusively mediated by PSMs in an FPR2-dependent 

manner, as incubation with FLIPr, an FPR2 specific inhibitor, completely abolished 

PSM-mediated gene expression in human neutrophils (Figure 3.1). When we analyzed 

the transcriptional changes of human neutrophils in response to PSM-FPR2 activation, 
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first and foremost, we observed a striking upregulation of EGR1 transcription, and 

several proinflammatory cytokines (Figure 3.2.1). Our qRT-PCR, which also showed 

strong PSM- and PSMα peptide-dependent up-regulation of EGR1 expression and 

inhibition by FLIPr (Figure 3.2.2A-D), confirmed our microarray results. 

These results showing the importance of PSM-FPR2-EGR1 axis prompted us to 

elucidate the downstream signaling cascade of PSM-FPR2 that led to EGR1 transcription. 

While different pathways have been shown to impact EGR1, we found that PSM-FPR2-

induced transcription of EGR1 signaled exclusively through MEK/ERK MAPK signaling 

pathway (Figure 3.3), suggesting that EGR1 mediates a highly specific early response in 

neutrophils to PSM stimulation. 

EGR1 is a zinc-finger transcription factor that is tightly regulated in the cell. As a 

transcription factor, phosphorylated EGR1 (144) binds a defined GC-rich consensus 

promoter sequence, GCG(G/T)GGGCG (145) and initiates transcription of genes 

involved in cell growth, migration, differentiation, and apoptosis (146-148). Interestingly, 

EGR1 has been shown to bind to its own promoter and repress its own transcriptional 

activity (149, 150). Furthermore, after activation, EGR1 is ubiquitinated and targeted for 

proteasomal degradation (151). Our results, showing an early EGR1 transcriptional 

induction in response to PSMs up to 60 minutes after incubation, followed by a 

considerable reduction in EGR1 transcription (Figure 3.2.1), are consistent with previous 

studies showing EGR1 as an early induction gene.(152-154). Of note, EGR2 and EGR3, 

the other two members of the EGR, were also upregulated in response to PSMs, but not 

to the same extent. 

EGR1 has been shown to be a key regulator of inflammation in atherosclerosis, 

scleroderma, ischemic injury, and several other processes (153, 155-160). In our study, 
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when we analyzed the role of EGR1, bioinformatic analysis predicted EGR1 as a key 

regulator among the PSM-FPR2 genes, activating key inflammatory master regulator like 

NF-kB (Figure 3.4), suggesting EGR1 is critical to the coordination of the early 

inflammatory response in human neutrophils. 

Since our data implicate a key role of EGR1 in neutrophil function, and 

neutrophils are indispensable to the host defense against S. aureus skin infections, we 

examined the role of EGR1 in a mouse model of S. aureus skin infection. Our results 

showed that EGR1 had a profound impact on the outcome of infection, as EGR1-/- mice 

had significantly larger skin abscesses than WT mice (Figure 3.5). Although the 

mechanism underlying the skin abscess difference remains to be determined, our findings 

of a PSM-dependent induction of EGR1, which in conjunction with our results in Chapter 

2 showing PSMs as key signals for the early leukocyte response, strongly suggest the 

abscess difference is at least in part due to leukocyte recruitment defects. 

In conclusion, our study showed that the transcription factor EGR1 plays a key 

role in coordinating the human neutrophil early response to secreted S. aureus molecules, 

among which PSMs are the most important. Our findings have implications in terms of 

identifying novel therapeutic approaches to prevent and combat antibiotic-resistant S. aureus 

skin infections. Targeting proteins and signaling cascades involved in the early neutrophil 

response to S. aureus secreted toxins such as FPR2, ERK/MEK pathway, and EGR1 represents 

one of those strategies. 
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CHAPTER 4: TOXIN-MEDIATED DIRECT RECRUITMENT OF 

LEUKOCYTES 

 
4.1 Introduction 

 
S. aureus skin infection is responsible for between 11 and 14 million outpatient 

and emergency room visits and nearly 500,000 hospital admissions per year in the U.S. 

(161, 162). Furthermore, CA-MRSA are becoming increasingly resistant to multiple 

antibiotics creating a serious public health threat (11, 125). In addition to developing 

novel antibiotics and alternative drugs, there is a need to study and understand the host 

immune response to S. aureus infection as it might lead to novel strategies of prevention 

and treatment. 

Our studies showed PSMs are the predominant signals governing the early 

leukocyte influx to S. aureus infected skin (Chapter 2). Gene expression studies revealed 

that in response to PSMs, human neutrophils, the primary leukocyte type responding to S. 

aureus skin infections, upregulated a key transcriptional factor called EGR1, signaling 

through the receptor FPR2 and the MEK/ERK MAPK cascade. In our studies, we also 

showed that EGR1 is a pivotal regulator of the early neutrophil transcriptional response to 

S. aureus secreted molecules. Finally, we showed that EGR1 deficiency results in a worse 

outcome in a mouse model of S. aureus skin infection. Taken together, our studies 

demonstrate that the PSM-FPR2-EGR1 signaling axis is critical to the ability of 

leukocytes to respond to S. aureus in the context of skin infection (Chapter 3). Strikingly, 

this early PSM-mediated leukocyte recruitment was not dependent of cytokines produced 

in the skin (Chapter 2). This, combined with observations that PSMs are secreted, and 

circulating phagocytes strongly express the PSM receptor FPR2 (163), prompted us to 

examine whether leukocytes are attracted to the site of S. aureus intrusion by a direct 
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interaction mediated by the PSM-FPR-EGR1 signaling axis. 

4.2 Results 
 
4.2.1 Deficiency in FPR2 and EGR1 does not impact leukocyte survival. 

To test whether the observed early PSM-dependent leukocyte influx is due to 

direct attraction of leukocytes, and whether EGR1 and FPR2 are involved in that process, 

we designed a series of adoptive transfer experiments. In these experiments, we 

fluorescently labeled bone marrow cells of wild-type, FPR2-/-, and EGR1-/- mice, mixed 

them at a 1:1:1 ratio, and transferred the labelled myeloid cell mix to recipient wild-type, 

FPR2-/-, or EGR1-/- mice. Two hours after transfer, the recipient mice were infected with 

labeled S. aureus strain LAC (Supplemental Figure A2, Materials and Methods 6.13) 

intradermally into the ears. Leukocyte influx to the site of infection was monitored by 

intravital imaging and imaged by confocal microscopy 6-10 hours post infection. At 10 h 

post infection, spleens and infected ears were harvested, and subsequent analysis was 

performed to quantify influx in infected ears, which included normalization to leukocyte 

infiltration into the spleen (Figure 4A). We chose the 10-h time point for two reasons. 

First, at 10 h post infection, the PSM-dependent effect on leukocyte recruitment was still 

observed (Chapter 2, Figure 2.2). Second, we reasoned that the 10-h post infection time 

point allows for sufficient accumulation of labeled donor leukocytes in the infected tissue 

for meaningful quantitative analysis. 

In our analysis, we first examined the numbers of labeled donor WT, EGR1-/-, and 

FPR2-/- cells in spleen sections in recipient mice to determine the accuracy of our in-vitro 

normalization of labeled cells. There were no differences in the relative proportions 

among WT, FPR2-/-, and EGR1-/- in the spleens of each group of recipient mice (Figure 4 

B-G). These results confirmed that our in-vitro normalization was sufficiently accurate. 
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More importantly, they showed that deficiency of EGR1 and FPR2 does not impact the 

in-vivo survival of the respective leukocytes when compared to those of WT mice. 
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Figure 4.1. Deficiency in FPR2 or EGR1 does not impact leukocyte survival. A, 
Isolated bone marrow cells from wild-type (WT), formyl peptide receptor 2- (FPR2)-/-, and 
early growth response 1-deficient (EGR1)-/- mice were labeled with different fluorescent 
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dyes, mixed in equal amounts, ( ~ 3 × 107 of each type of labeled cells) and were injected 
into WT, FPR2-/-, and EGR1-/- recipient mice. Ears of recipient mice were then infected 
with ~1 × 107 labeled S. aureus, and leukocyte influx to the site of infection was monitored 
by intravital confocal microscopy 6-10 hours post infection (p.i.). At 10 h p.i. spleens and 
infected ears were harvested, and subsequent analysis was performed to quantify influx into 
infected ears, which included normalization to leukocyte infiltration into the spleen. B, D, F 
Exemplary confocal pictures of spleen cross sections of wild-type (B), EGR1-/- (D), and 
FPR2-/- (F) recipient mice. C, E, G, Number of donor, labeled wild-type (magenta), EGR1-/- 
(blue) and FPR2-/- (green) leukocytes in the spleens (spleen cross sections) of wild-type (C), 
EGR1-/- (E), and FPR2-/- (G) recipient mice. n=5. Error bars show the mean ± SD. 
Statistical analysis is by 1-way ANOVA with Tukey’s post-test versus WT. Note that 
computation and analysis was performed in a 3D manner; the pictures only show 2D slices. 
The exemplary pictures shown here are from the same mice as those in Figure 4.3.1. 
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4.2.2 Donor mice have similar proportions of neutrophils and monocytes in their 

respective bone marrow reserves. 

Analysis of the labeled donor leukocytes in the spleen sections of recipient mice 

showed that donor leukocytes from different mice (WT, EGR-/-, FPR2-/-) did not differ in 

their ability to survive in the circulation of recipient mice (Figure 4.1). In the context of 

S. aureus skin infections, the majority of leukocytes recruited to the infection sites at ~10 

h were neutrophils (Figure 2.1) and to a smaller extent, monocytes (data not shown). For 

this reason, concurrent to our adoptive transfer studies, we also performed flow 

cytometry analysis to determine the relative proportion of neutrophils (CD45+, CD11b+, 

Ly6G+) and monocytes (CD45+, CD11b+ and Ly6C+) in the donor WT, EGR1-/-, and 

FPR2-/- bone marrow cells. Our analysis showed that donor WT, EGR1-/-, and FPR2-/- 

mice had similar proportions of neutrophils and monocytes in their respective bone 

marrow reserves (Figure 4.2A). 
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Figure 4.2. Donor mice have similar proportions of neutrophils and monocytes in their 
bone marrow reserves. A, Isolated WT, EGR1-/-, and FPR2-/- bone marrow cells were 
subjected to phenotypic analysis via flow cytometry. B, Proportion of neutrophils/CD11b+ 
cells in respective donor mice. n=5. C, Proportion of monocytes/CD11b+ cells in respective 
donor mice. n=5. Error bars show the mean ± SD. Statistical analysis is by 1-way ANOVA 
with Tukey’s post-test versus WT. 
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4.2.3 Direct recruitment of leukocytes 
 

In our adoptive transfer experiments (Figure 4.1A), our main question of interest 

was to determine whether the early PSM-dependent leukocyte influx (Chapter 2) is due to 

direct attraction of leukocytes, and whether EGR1 and FPR2 are involved in that process 

(Chapter 3). Thus far, our results showed that the numbers of WT, EGR1-/-, FPR2-/-  

labeled donor leukocytes in the spleens of recipient mice were not significantly different 

(Figure 4.1), and within the population of bone marrow-derived donor cells, the 

proportion of neutrophils and monocytes were similar (Figure 4.2). These two 

experiments (Figure 4.1, 4.2) served as important controls for our experiments and 

subsequent analysis. Next, we analyzed the number of recruited leukocytes in the infected 

ears. 

In our studies, 3D-pictures of the infection site in the ears were taken at 10 h post 

infection using a confocal microscope and the number of recruited leukocytes was 

determined using an image analysis protocol (Figure 4.3.1A, Materials and Methods 

6.17). Data obtained in a given recipient mouse were always normalized with regard to 

the corresponding leukocyte infiltration into the spleen (Materials and Methods 6.17). 

Influx of leukocytes from EGR1-/- and FPR2-/- donors to the infection site in wild-type 

recipient mice was significantly impaired as compared to leukocytes from wild-type 

donor mice (Figure 4.3.1B, Figure 4.3.2A-B, Supplementary Video 1). In contrast, 

there was no significant difference in influx of wild-type donor leukocytes comparing 

wild-type, EGR1-/-, and FPR2-/- recipient mice (Figure 4.3.2C-D). Corresponding results 

were obtained with EGR1-/- and FPR2-/- donor leukocyte versus recipient mice 

comparisons (Figure 4.3.3). Together, these results showed the leukocyte recruitment via 

the FPR2-EGR1 pathway is direct and independent of resident skin cells. 
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Figure 4.3.1. Leukocyte recruitment via the FPR2-EGR1 pathway is direct and 
independent of resident skin cells – exemplary confocal microscopy pictures. A, The 
images show the unprocessed infected ears and the two steps of processing: masking of 
hairs and ROI determination (Materials and Methods, 6.17). Central, non-shaded areas 
represent the analyzed, computed regions of interest (ROIs). Note that computation and 
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analysis was performed in a 3D manner; the pictures only show 2D slices. B, Image of a 
processed infected ear of a WT recipient mouse imaged in higher magnification. Image 
centered on the injected bacteria (cyan), showing donor wild-type (magenta), EGR1-/- (blue) 
and FPR2-/- (green) leukocyte infiltration. The exemplary ear images shown here are from 
the same mice as those in Figure 4.1 showing spleen controls. 
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Figure 4.3.2. Leukocyte recruitment via the FPR2-EGR1 pathway is direct and 
independent of resident skin cells. A-B, influx of different donor leukocytes in infected 
ears of wild-type recipient mice. C-D, influx of wild-type donor leukocytes in infected ears 
of different recipient mice. n=6-7. Error bars show the mean ± SD. Statistical analysis is by 
repeated measures ANOVA with Dunnett’s post-test versus WT (wild-type). For 
comparisons with mixed n, a mixed model (rather than ANOVA) was automatically 
employed by Prism. *, P < 0.05. 
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Figure 4.3.3. Leukocyte recruitment via the FPR2-EGR1 pathway is direct and 
independent of resident skin cells – FPR2-/- and EGR1-/- comparisons. A-D, Shown are 
the comparisons with FPR2-/- and EGR1-/- recipient mice versus FPR2-/- and EGR1-/- donor 
leukocyte comparisons, in analogy to the wild-type comparison shown in Figure 4.3.2. A,  
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influx of different donor leukocytes in infected ears of recipient FPR2-/- mice. B, influx of 
FPR2-/- donor leukocytes in infected ears of different recipient mice, C, influx of different 
donor leukocytes in infected ears of recipient EGR1-/- mice. D, influx of EGR1-/- donor 
leukocytes in infected ears of different recipient mice. n=6-7. Error bars show the mean ± 
SD.  Statistical analysis is by repeated measures ANOVA with Dunnett’s post-test versus 
WT (wild-type). For the comparisons with mixed n=6 and n=7 data, a mixed model (rather 
than ANOVA) was automatically employed by Prism for data analysis. *, P < 0.05. 
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4.2.4 FPR2 and EGR1-mediated direct leukocyte recruitment is dependent on 

PSMs. 

From our previous results demonstrating PSM-dependence of leukocyte influx 

(Chapter 2, Figure 2.1-2.2), it can be inferred that the FPR2- and EGR1-dependent early 

leukocyte influx to the infected S. aureus skin observed in the adoptive transfer 

experiment is PSM-dependent. The adoptive transfer experiments described in this 

chapter, however, did not directly address this important question. To answer this 

question, we performed a series of similar experiments in which labeled WT, FPR2-/-, and 

EGR1-/- bone marrow cells were injected into WT, FPR2-/-, and EGR1-/- recipient mice. In 

each recipient mouse, one ear was infected with labeled S. aureus LAC, and the other 

with equal CFUs of labeled isogenic psm mutant. As before, leukocyte influx to the site 

of infection was monitored by intravital imaging, infection sites were imaged by confocal 

microscopy 6-10 hours post infection, spleens and infected ears were harvested at 10 h 

p.i., and obtained images were analyzed (Figure 4.4A). In animals infected with the psm 

mutant, recruitment was strongly reduced, confirming our previous results (Chapter 2). 

Notably, the FPR2- and EGR1-dependent recruitment effect was not observed (Figure 

4.4B, Supplementary Video 2a-2b). 
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Figure 4.4. FPR2 and EGR1-mediated direct leukocyte recruitment is dependent on 
PSMs. A, Isolated WT, FPR2-/-, and EGR1-/- bone marrow cells were labeled with different 
fluorescent dyes, mixed in equal amounts (~ 3 × 107 of each type of labeled cells), and 
injected into WT, FPR2-/-, and EGR1-/- recipient mice.  In each recipient mouse, one ear 
was infected with labeled S. aureus LAC, and the other with equal CFUs of labeled 
isogenic psm mutant (~1 × 107 CFUs). Leukocyte influx to the infected ears was monitored 
by intravital imaging and imaged by confocal microscopy 6-10 hours post infection. At 10 h 
p.i. spleens and infected ears were harvested, and subsequent analysis was performed to 
quantify influx into infected ears, which included normalization to leukocyte infiltration 
into the spleen. B, Influx of WT, EGR1-/-, and FPR2-/- donor leukocytes in WT recipient 
mice. n=3-7. Error bars show the mean ± SD. Statistical analysis is by repeated measures 
ANOVA with Holm-Sidak's post-test. For comparisons with mixed n, a mixed model 
(rather than ANOVA) was automatically employed by Prism. *, P < 0.05. 
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4.3 Discussion 
 

Despite the current understanding of the host immune response as well as 

pathogenesis of S. aureus infections, it remains poorly understood how the immune 

system mounts a response to invading S. aureus that is swift and efficient to avoid the 

development of infection. The essential response to S. aureus bacterial skin invasion is 

the mobilization of phagocytic leukocytes to the infected skin (34, 110). While this 

process is often thought to be mediated by activation of skin resident cells by PRRs 

binding to invariant surface-associated PAMPs (36, 95, 96, 111), our study identified a  

novel mechanism of direct leukocyte recruitment by secreted bacterial toxins that is 

orchestrated by the receptor FPR2 and the transcription factor EGR1. 

In our study, we found that donor FPR2-/- and EGR1-/- leukocytes had significant 

defects at migrating to S. aureus infected ears compared to donor WT leukocytes in all 

three types of recipient mice (Figure 4.3.1-4.3.3), showing a FPR2- and EGR1-mediated 

direct leukocyte recruitment, independent of resident skin cell involvement. These results 

corroborated our findings in Chapter 2 which showed that the early PSM-mediated 

leukocyte influx was not dependent on cytokines produced in the skin (i.e, resident skin 

cells). 

The migration defects we observed with the donor FPR2-/- and EGR1-/- leukocytes 

were not due to differences in survival (Figure 4.1) nor percentages of neutrophils and 

monocytes in among the donor leukocytes (Figure 4.2). Most remarkably, this migration 

differential (Figure 4.3), among the donor leukocytes was strongly abrogated in mice 

infected with the isogenic psm mutant (Figure 4.4), showing that FPR2- and EGR1-

mediated direct leukocyte recruitment is dependent on PSMs. 

EGR1 has been previously implicated in the response to bacteria (164-167), but 
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the EGR1-activating substances in those studies were conserved surface-located PAMPs 

such as peptidoglycan (168) or lipopolysaccharides (LPS) (169), or have remained 

unidentified. As examples, EGR1 has been shown to be induced by LPS in human 

monocytes (170) by peptidoglycan in murine macrophages (171). Thus, EGR1 appears to 

show a baseline response to invariant surface PAMPs, but according to our results, it 

triggers a much more pronounced response by sensing bacterial toxins. To our 

knowledge, our study is the first to document the role of a secreted toxin-triggered 

transcription factor expressed in leukocytes required for migration in response to S. 

aureus infection. 

While the novelty of our study centers around the role of EGR1, our study also 

further characterized the role of FPR2 in S. aureus infection. We have shown previously 

that PSMs via FPR2 triggered neutrophil chemotaxis in vitro (56) and FPR2 has also 

been shown to be important in the phagocytic recruitment when  S. aureus was injected 

into the mouse peritoneal cavity (172). In contrast to these previous studies, our 

experimental set-up was designed to explore the role of FPR2 in a relevant S. aureus 

infection model. In our study, we found that only FPR2 expression on circulating 

leukocytes is important for early leukocyte influx. (Figure 4.3). 

Taken together, our study further elucidated the role of FPR2, and described a 

completely novel mechanism of direct leukocyte recruitment centered around EGR1 

(Figure 4.3), and dependent on PSMs (Figure 4.4). In conclusion, our work, and the 

presented thesis, identified a rapid, non-classical mechanism of leukocyte recruitment to 

pathogen intrusion. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Molecular mechanism of the early leukocyte recruitment in Staphylococcus 

aureus skin infections 

Staphylococcus aureus is the causative agent of most skin and soft tissue 

infections (SSTIs) in humans (173-175). Despite multiple attempts, all clinical 

vaccination trials in humans aimed to produce immunity against S. aureus infections have 

failed (176, 177). Compounded with this concern is the steady increase of recurring S. 

aureus SSTIs among otherwise healthy individuals (178-180) and the emergence of  S. 

aureus strains resistant to multiple antibiotics such as methicillin-resistant S. aureus 

(MRSA) and vancomycin-resistant S. aureus (VRSA) (181, 182). In the United States, 

CA-MRSA imposes an annual burden of upward of $2.2 billion on third-party payers, 

and $13.8 billion on society (183). In addition to developing novel antibiotics and 

alternative drugs, there is a need to study and understand the host immune response to S. 

aureus infection as it might lead to novel strategies of prevention and treatment. 

When S. aureus breaches the epithelial protective layer, phagocytic leukocytes are 

rapidly recruited to the infection site to kill the invading S. aureus. It remains 

incompletely understood how leukocytes are recruited during the early stages of 

infection. In contrast to classical pathways of innate host defense that rely on invariant 

triggers located on the bacterial surface and primary activation of resident skin cells, this 

thesis describes a rapid, non-classical mechanism of direct leukocyte recruitment to 

epithelial intrusion by secreted bacterial toxins that is mediated by the receptor FPR2 and 

orchestrated by the transcription factor EGR1 (Figure 5). 

It is likely that the novel mechanism we describe precedes the onset of the 

classical PAMP-TLR-dependent signaling during early stages of infection. In previous 
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studies, IL-1β (94) and IL-17 (184) were shown to be critical for neutrophil influx. The 

earliest time point investigated in these studies was one day post infection, which is 

considerably later than the time points we examined. We speculate that the canonical, 

cytokine-mediated mechanism, as well as the later-onset indirect PSM-triggered 

responses in keratinocytes (185), may play a more important role in the later hours and 

days of infection, synergizing with the mechanism we have described. This notion of a 

potential synergism is further corroborated by a recent finding, showing a concentration 

dependent, PSM-triggered surface release of lipopeptides (186). This release was 

dependent on high concentration of PSMs, suggesting the mechanism occurs at later 

stages of the infection when a substantial amount of PSM has accumulated at the sites of 

infection. 
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Figure 5.1 Rapid, non-classical mechanism of leukocyte recruitment to pathogen 
intrusion. Model comparing the canonical (right) versus the toxin-mediated mechanism 
of leukocyte recruitment (left). The FPR2-EGR1-mediated mechanism directly senses 
pathogen-specific, secreted molecules [phenol-soluble modulins (PSMs)] as opposed to 
surface-bound molecules (lipopolysaccharide, lipoteichoic acid, and others) that are 
widely conserved across bacterial genera and sensed commonly by Toll-like receptors 
(TLRs) expressed on tissue-resident skin cells in the canonical pathway. The PSM-FPR2-
EGR1 pathway is thus direct, pathogen-specific, and tuned to pathogenic potential. 
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5.2 Implications for our understanding of innate immunity 
 

The secreted PSM toxins that were investigated in this thesis are specific to 

Staphylococcus spp. PSMs are produced in variable amounts in S. aureus strains as well 

as some less pathogenic staphylococcal species (115), and PSM production has been 

correlated with virulence (187). Therefore, recognition of PSMs offers the host a 

mechanism to recognize staphylococcal invasions, and to fine-tune the response 

according to the virulence of the invading strain, thereby deploying the “appropriate” 

number of phagocytes that are necessary for protection and limiting unnecessary 

immunopathology. 

This thesis, which describes a pathogenic-specific, high-alert response to 

diffusible toxins produced by skin bacteria that precedes the non-specific and indirect 

canonical leukocyte recruitment mechanism, calls for a refinement of the understanding 

of the innate immune response to infection. In addition, it offers a novel experimental 

model to study innate immunity, specifically examining the role of “pre-PAMP” 

detection of bacterial infections, and the fine-tuning of the innate immune response. 

5.3 Implications for treatment of S. aureus skin infections 

There has been an immense interest in identifying alternative strategies besides 

antibiotics to combat bacterial infections in the era of antibiotic resistance (188). Often, 

two general alternative strategies are taken, which involve either targeting the bacteria 

(i.e. virulence) or modulating host immunity (188). Regarding the latter and relevant to 

this thesis, while FPR2 and EGR1 have not been implicated in host immunity to S. 

aureus infections, they have been previously proposed as novel therapeutic targets to 

treat a variety of diseases including cancers, pulmonary conditions, and psychiatric 

disorders (157, 189-193). 
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The FPR2 receptor is exceptional inasmuch as it has a great diversity of ligands 

and conveys a series of contrasting biological functions (189, 194). In this thesis, we 

confirmed that FPR2 functions as a proinflammatory, chemotactic receptor activated by 

PSMs. FPR2 has previously been shown to bind the bioactive eicosanoid lipid molecules 

lipoxin A4 and resolvin D1, as well as glucocorticoids to trigger potent anti-inflammatory 

responses (195). Although the underlying mechanism remains unclear, it is well-

documented that FPR2 exerts ligand-specific functions, eliciting either anti- or 

proinflammatory responses (189, 194). 

The inherent versatility of FPR2 as a receptor, coupled with its contrasting ligand-

specific biological function, makes targeting FPR2 for drug development interesting yet 

potentially difficult. However, the fact that FPR2 expression is particularly high in 

neutrophils and monocytes (189, 194), allows for a more targeted approach for infectious 

and other diseases with innate immune cell involvement such as breast and renal cancers 

(196) as well as autoimmune diseases such as lupus (197). Several proof-of-concept 

studies in which FPR2 was targeted have been performed with promising results. 

Relevant to bacterial infections, a synthetic mixed FPR2 agonist, WKYMVm, has been 

shown to increase intracellular killing of S. aureus by human neutrophils in 

chemotherapy-treated cancer patients (198), and prevented mortality in a sepsis mouse 

model by enhancing production of reactive oxygen species and inhibiting apoptosis of 

phagocytes (199). 

As a transcription factor, EGR1 has been implicated in more general cellular 

processes than FPR2, including cell growth, migration, differentiation, and apoptosis 

(146-148). Furthermore, EGR1 is responsive to a variety of stimuli in different types of 

cells (157, 160). Targeting EGR1, therefore, comes with the challenge of a sufficiently 
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targeted intervention, although it has been attempted (200, 201). For example, EGR1 has 

been proposed as a therapeutic target for prostate cancer (192), and several FDA-

approved drugs have been shown to modulate EGR1 expression. As examples, the 

antitumor drug mithramycin A inhibits EGR1 by preventing EGR1 binding to its target 

promoters (202), while metformin, a diabetic medication that regulates blood glucose, 

suppresses EGR1 through inhibition of miR-34a (203). 

In conclusion, although the precise roles of FPR2 and EGR1 in the regulation of 

leukocyte influx and host defense against S. aureus skin infection remain to be 

determined, this thesis provides experimental evidence for a rapid, non-classical 

mechanism of direct leukocyte recruitment, and lends support to the notion that 

modulation of FPR2 and EGR1 represents a new potential therapeutic strategy to treat S. 

aureus skin infections. 
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CHAPTER 6: MATERIALS AND METHODS 

6.1 Ethics statement 

The animal experiments and protocols were performed according to the 

regulations of NIAID’s Division of Intramural Research Animal Care and Use 

Committee (DIR ACUC). Animal Study Proposal LB1E entitled “Role of virulence 

determinants in staphylococcal pathogenesis in mice.” that covers this work was 

approved by the NIAID DIR ACUC on November 1, 2018, as the initiation date, and has 

been reviewed annually. The NIAID DIR ACUC as a part of the NIAID DIR ACUC 

program complies with all applicable provisions of the Animal Welfare Act of the United 

States (7 U.S.C. 2131 et. seq.) and other federal statutes and regulations relating to 

animals and is guided by the "U.S. Government Principles for the Utilization and Care of 

Vertebrate Animals Used in Testing, Research, and Training". The policies, procedures 

and guidelines for the NIAID IRP are explicitly detailed in NIH Policy Manual 3040-2, 

“Animal Care and Use in the Intramural Program” (PM 3040-2) and the NIH Animal 

Research Advisory Committee (ARAC) guidelines that are posted on the NIH Office of 

ACUC public website at http://oacu.od.nih.gov. All animals were euthanized by CO2 at 

the end of the studies. Human neutrophils were isolated from venous blood of healthy 

volunteers in accordance with a protocol (No. 99-CC-0168) approved by the Institutional 

Review Board for Human Subjects, NIAID. Informed written consent was obtained from 

all volunteers. 

6.2 Bacterial strains and growth conditions 

S. aureus LAC is a community-associated methicillin-resistant clinical isolate of 

pulsed-field type USA300. Bacteria used in this study were the LAC wild-type (WT) 

strain, its isogenic ∆psmα mutant, an isogenic mutant in which translation of the PSM δ-
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toxin (encoded by the gene hld) is abolished by alteration of the start codon to a nonsense 

codon (∆hld), or an isogenic mutant that was made totally PSM-deficient by sequential 

deletion of the psmα and psmβ genes, in addition to the above-mentioned alteration of 

hld (∆psmαpsmβhld, or abbreviated to ∆psm) (48, 117). 

For intravital imaging, derivatives of LAC and LAC ∆psm were used that contain 

a chromosomal insertion of yfp and constitutively express YFP. These strains were 

constructed as previously described for LAC-GFP (116). Unless indicated otherwise, 

1:100 dilutions of overnight bacterial cultures were grown to mid-log phase (~ 2 h) in 

tryptic soy broth (TSB), with shaking, at 180 rpm at 37 °C. The bacterial cultures were 

then harvested, washed, and resuspended in sterile phosphate-buffered saline (PBS). 

Bacterial concentrations were determined spectrophotometrically at 600 nm optical 

density and verified by plating dilutions of the inoculum onto tryptic soy agar (TSA). In 

some experiments, supernatant filtrates were collected after 8 h post inoculation. The 

culture supernatants were filtered through PES filters (0.2 μm pore size, Millipore) and 

used fresh or stored at - 80 °C until needed. 

6.3 Synthetic peptides 

N-terminal N-formyl methionine synthetic PSMα3 

(fMEFVAKLFKFFKDLLGKFLGNN) and δ-toxin 

(fMAQDIISTIGDLVKWIIDTVNKFTKK) were obtained from commercial vendors at a 

purity of >95%. Dimethyl sulfoxide (DMSO) was used to reconstitute the peptides at 10 

mg/ml and further dilutions were made in water or PBS. N-formylation is characteristic 

of PSMs, as they are secreted without a signal peptide (54). 

6.4 Human neutrophil (PMN) isolation  

Human neutrophils (PMN) were isolated from venous blood of healthy adult 
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volunteers in accordance with protocols approved by NIAID Institutional Review Board 

for Human Subjects as previously described (204). Briefly, the heparinized blood was 

incubated with an equal volume of 3% (v/v) dextran (Sigma) for 20 minutes to remove 

most of the erythrocytes. The supernatant above the sedimented erythrocytes was then 

collected and subjected to centrifugation. The cell pellet was resuspended in 0.9% NaCl, 

layered with Ficoll Hypaque Plus (GE Healthcare), and gently centrifuged. The 

supernatant was then discarded, and the pellet was subjected to a brief hypotonic shock 

with water to lyse the remaining erythrocytes. The cells were then resuspended in RPMI, 

supplemented with 10 mM [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)] 

(HEPES) and adjusted to the desired concentration. 

6.5 Human neutrophil microarray  

Isolated human neutrophils (1 × 107) were incubated in RPMI/H with synthetic 

PSMs at sublytic concentrations of PSMα3 (330 nM, 870 ng/ml), δ-toxin (330 nM, 992 

ng/ml) or culture filtrate (1:600 dilution) of the indicated strains at 37 °C for 30, 60, or 

180 minutes. The FPR2 inhibitor FLIPr (128) was added in some experiments to 

determine the impact of signal transduction via FPR2. A final concentration of 2 µg/ml of 

FLIPr was used. Sample RNAs (n=3 for each condition) were then isolated using RNeasy 

Mini Kit (Qiagen) and transcriptional changes were measured using GeneChip HU133 

plus 2.0 GeneChips (ThermoFisher, catalogue no. 902483), according to the 

manufacturer's instructions. Microarray data were normalized using GeneChip Operating 

Software, and analyzed with Partek Genomics Suite (Partek, St. Louis, MO, USA). Genes 

were defined as differentially expressed if they were significantly different (p < 0.05, 

two-way ANOVA) and changed twofold or greater in expression, in the comparison of 

interest. Microarray data have been deposited in NCBI’s Gene Expression Omnibus and 
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are accessible through GEO Series accession number GSE103779. 

6.6 qRT-PCR for signal pathway analysis and microarray validation 

Isolated human neutrophils (1×107) in RPMI/H were stimulated with PSMα3 

(330 nM), DMSO control, culture filtrate (1:600 dilution) of the indicated strains, or 

filtered TBS as control, at 37 °C for 30 minutes. In some of the experiments, 20 ng/ml 

FLIPr, 10 µM SP600125, 10 µM SB202190, 10 µM U0126 (or between 1 and 100 µM 

for the dose-response experiment), 10 mM cyclosporin A, and 10 µM FK-506 were 

added to the samples. RNA was then isolated using a RNeasy Mini Kit (Qiagen), and 

samples were treated with DNAse using a DNA-free™ DNA Removal Kit (Invitrogen 

Life Technologies, AM1906). 

Sample RNAs were subjected to One-Step SYBR® Green real-time PCR using 

the SuperScript® III Platinum ® SYBR® Green One-Step qRT-PCR Kit (Invitrogen Life 

Technologies) and an ABI 7500 thermocycler (Applied Biosystems). The expression 

level of EGR1 transcripts was normalized against the housekeeping gene glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) and calculated by the comparative CT method (ΔΔ 

CT method) (205) expressed as the fold change compared to cells treated with DMSO or 

TSB. Primers were purchased from Qiagen (EGR1: QT00218505; GAPDH: 

QT00079247). 

6.7 Microarray mining and pathway analysis 

PSM-FPR2 activated genes were identified as genes that were common to PSM-

stimulated genes (a set of differentially expressed genes derived from the transcriptional 

comparison of human neutrophils stimulated with the isogenic psm mutant supernatant 

versus human neutrophils stimulated with the WT supernatant) and the FPR2-stimulated 

genes (a set of differentially expressed genes derived from the transcriptional comparison 
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of human neutrophils stimulated with the WT supernatant versus human neutrophils 

stimulated with the WT supernatant plus FLIPr) (Excel. Table 1). To qualify as PSM-

FPR2 specific, genes must be common in both sets of comparisons. The criteria used 

were as follows: 1) statistically significant (p < 0.05) on at least one set of comparisons 

(PSM or FPR2 or both), 2) congruent in directionality on both comparisons (direction of 

fold change (up or down-regulated) must be in agreement), and 3) have a defined NCBI 

gene name. PSM-FPR2 genes were then uploaded to Ingenuity Pathway Analysis (IPA) 

(QIAGEN Inc.) and subjected to subsequent network and pathway analyses. 

6.8 Mice 

C57BL/6NCrl (wild-type; WT) were purchased from Charles River Laboratories. 

B6/m FPR-RS2 (-/-) mice (FPR2-/-) were obtained from J. M. Wang. B6N;129-Egr1tm1Jmi/J 

(EGR1-/-) mice were purchased from Jackson Laboratories. Actb-DsRed.T3 transgenic 

mice (Jackson Laboratories), which express the red fluorescent protein variant 

DsRed.MST, under the control of the chicken beta actin promoter, coupled with the 

cytomegalovirus (CMV) immediate early enhancer, were used as donors of red 

fluorescent myeloid cells. Mice were bred and maintained under pathogen-free conditions 

in an AAALAC-accredited animal facility in NIAID. Age-, sex-, and littermate-matched 

mice were randomly assigned into treatment groups in each experiment. Unless otherwise 

indicated, female mice aged between 6 – 8 weeks were used for experiments. 

Bone marrow chimeric mice were generated as previously described (116). 

Shortly, C57BL/6NCrl mice were irradiated, and then reconstituted with bone marrow 

from Actb-DsRed.T3 transgenic mice, which was injected into the tail vein of irradiated 

recipient mice. Donor cells were injected at 2 × 106 cells/mouse in pharmaceutical-grade 

sterile PBS. Mice were recruited to experiments at least 8 weeks after bone marrow 
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reconstitution. 

6.9 Mouse model of S. aureus skin infection 

~ 1 × 107 CFUs of LAC wild-type (WT) in 50 μl of PBS (prepared as described 

above) were injected subcutaneously into the left or right flank of shaved, aged-match 

EGR1 and WT littermate mice. Animals were examined for skin lesions at 24-h intervals 

for a total of 14 days. Skin lesion dimensions (Length and Width) were measured daily 

with an electronic caliper daily, for 14 days. Total skin abscess size was determined using 

the formula of Length × Width. 

6.10  Ear infection and intravital two-photon laser scanning microscopy (TP-LSM) 

of chimeric mice   

Non-invasive intravital imaging of mouse ears was performed over the course of 6 

h, either immediately or 6 h after injection of bacteria (~1.5 × 107 CFUs of S. aureus 

LAC-YFP or S. aureus LAC ∆psm-YFP in 5 μl of sterile PBS, intradermally into the 

pinnae of each ear), as well as for one hour 24 h after injection (yielding 0 - 6, 6 - 12, and 

24-h timepoints/courses). This timeframe is due to a maximally allowed time span in the 

animal protocol of 6 h for mouse imaging under these conditions, because longer periods 

under anesthesia may have a fatal outcome. A DMi8 inverted confocal microscope (Leica 

Microsystems) equipped with dual multiphoton lasers (Spectra Physics) was used. The 

microscope was equipped with ultra-sensitive HyD detectors, L 25.0 water-immersion 

objective, 0.95 NA (Leica Microsystems), a motorized stage, and environmental chamber 

(NIH Division of Scientific Equipment and Instrumentation Services) to maintain 37 °C 

and 5 % CO2. A temperature sensor was positioned near the anesthetized animal. Blood 

vessels and hair follicles were visualized via intravenous injection of 0.5 % Evans Blue 

dye (Sigma Aldrich). Mai Tai (Spectra Physics) was used for excitation of YFP, and 
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InSight Deep See for red and far-red probes. Mai Tai was tuned to 910 nm excitation, and 

InSight to 1150 nm excitation wavelength. For time-lapse imaging, small tiled images of 

3 × 3 fields were defined using Tilescan application of Leica Application Suite X (LAS 

X), and Z stacks consisting of 3 - 5 single planes (5 - 7 µm each over a total tissue depth 

of 30 - 50 µm) were acquired every 45 s for a total observation time between 1 to 6 h. 

Post-acquisition image processing was performed using LAS X (Leica Microsystems), 

Imaris (Bitplane), and Huygens (SVI) software. For measurement of tissue bacterial 

burden, at a certain hour post infection, the ears were minced using sterile scalpels, 

placed into a 2-ml tube containing 500 μl of sterile PBS with 500 mg of 2-mm 

borosilicate glass beads (Sigma). The tissue was homogenized in a Fast Prep bead beater 

(Thermo Savant) at 6 m/s twice for 20 s each. An aliquot of the homogenate was 

collected, diluted in PBS, plated onto TSB agar plates, and incubated overnight at 37 °C 

for CFU counting. 

6.11  Cytokine analysis of infected ears 

WT mice were intradermally infected with ~1 × 107 CFUs of S. aureus LAC or 

isogenic psm mutant in the ear pinnae. Infected ears were then harvested 3-4 hours post 

infection, finely minced, and resuspended in 2 ml tubes containing 500 mg of borosilicate 

glass beads and 500 μl of sterile PBS. Samples were homogenized in a FastPrep 96 (MP 

Bio) homogenizer, 2 × 20 seconds at 6 m/s with the 2 × 24 rotor, and then centrifuged for 

5 minutes at 1400 rpm. Supernatant from samples were then collected in multiple aliquots 

and stored at -80 °C. Amount of cytokines in the infected ears were determined using a 

customized comprehensive, proinflammatory cytokine panel (R&D Systems, Quotation 

Number: QT73480) containing the following cytokines: CCL11/Eotaxin (BR74), 

CCL2/MCP-1/JE (BR18), CCL20/MIP-3 alpha (BR48), CCL22/MDC (BR75), 
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CCL3/MIP-1 alpha (BR46), CCL4/MIP-1 beta (BR51), CCL5/RANTES (BR38), 

CCL7/MARC (BR39), CXCL1/KC (BR13), CXCL10/IP-10 (BR37), CXCL12/SDF-1 

alpha (BR54), CXCL13/BLC/BCA-1 (BR21), CXCL2/MIP-2 (BR20), GM-CSF (BR12), 

IFN-gamma (BR33), IL-1 alpha (BR47), IL-1 beta (BR19), IL-10 (BR28), IL-12 p70 

(BR15), IL-17A (BR30), IL-2 (BR22), IL-23 p19 (BR42), IL-27 (BR56), IL-4 (BR25), 

IL-6 (BR27), and TNF-alpha (BR14). Briefly, 50 μl of antigen-coated beads (1:10 

dilution from stock) in RD1W buffer were mixed with 50 μl of samples (1:2 dilution) or 

50 μl of serially diluted standards, as recommended by the manufacture in a microplate 

that came with the kit. The microtiter plate was shielded from light and incubated 

overnight at 4 °C on an orbital shaker at 12 rpm, +/-8 degrees. The next day, samples 

were washed 3 times with 200 μl wash buffer, prepared according to manufacturer’s 

protocol. 50 μl of goat anti-mouse biotinylated antibody (1:10 dilution) was added to 

each well and plates were incubated with shaking at room temperature for 30 minutes. 

Samples were then washed again 3 times with PBS and incubated with 50 μl of 

streptavidin R-phycoerythrin conjugate for 30 minutes, at the same agitation speed and 

rotation. After subsequent washes with 200 μl wash buffer/well, the beads were 

resuspended in 100 μl wash buffer and analyzed on a Multiplex MAGPIX system 

(Millipore, Burlington, MA, USA). Antibody binding was represented by median 

fluorescence intensity (MFI). From the concentration obtained from Magpix, amounts of 

cytokines produced in the ears were then back calculated. 

6.12  Phenotypic analysis of leukocytes in infected ears 

Murine single-cell suspensions from infected ears were isolated as previously 

described (206). Briefly, ears were harvested, separated into the ventral and dorsal sheets, 

and digested in supplemented RPMI containing 0.25 mg/ml Liberase purified enzyme 
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blend (Roche), and incubated for 2 hours at 37 °C and 5% CO2. Digested skin sheets 

were homogenized using the Medicon/Medimachine tissue homogenizer system (Becton 

Dickinson). Cells were stained with fluorochrome-conjugated antibodies against CD11b 

(M1/70), CD11c (N418), CD45 (30-F11), CD68 (FA-11), Ly6C (HK1.4), MHCII 

(M5/114.15.2), F4/80 (BM8). Staining was performed in the presence of Mouse BD Fc 

Block (Becton Dickinson). To discriminate between live and dead cells, single-cell 

suspensions were stained with LIVE/DEAD Cell Stain Kit (Invitrogen) in PBS. Cells 

were then fixed for 15 min at 4 °C using 2% paraformaldehyde solution (BD). All 

antibodies were purchased from Biolegend, eBioscience, or BD Biosciences. Cell 

acquisition was performed on an LSRII flow cytometer using FACSDiVa software (BD 

Biosciences) and data were analyzed using FlowJo software (TreeStar). 

6.13  Optimization of bacterial labeling and confocal microscopy 

Since this thesis aimed to characterize the role of the PSM-mediated response in 

the context of a localized S. aureus skin infection, it was imperative that the adoptive 

transfer experiments reflect this important objective. This goal was achieved through the 

usage of labeled bacteria. To this end, a series of experiments were performed to optimize 

bacterial labeling with AF700 dye, and to assess fluorophore compatibility of the AF700-

labeled bacteria with the labeled bone marrow cells, and blood vessels. 

To label S. aureus, we identified two strategies: use of succinimidyl ester-

mediated dye (207), which has been used previously to label murine bone marrow cells 

or antibody-directed labeling (208). 1:100 dilutions of overnight cultures of S. aureus 

LAC were grown to mid-log phase (~ 2 h) in TSB, with shaking at 180 rpm at 37 °C. 

The bacterial cultures were then harvested, washed, and resuspended in sterile PBS. ~1.5 

× 109 CFUs in 300 μl PBS were incubated with mouse anti-protein A antibody (Abcam, 
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ab 37644) at 1:100 dilution for 20 minutes at room-temperature (RT). Concurrently, the 

same amounts of bacteria in 300 μl PBS were incubated with Alexa Fluor 700 NHS (N-

Hydroxysuccinimide) Ester dye (Life Technologies, A20010) at a final concentration 

of 5 μM, 15 μM, or 30 μM for 20 min in a 37 °C incubator. Antibody-coated S. 

aureus were then washed twice with 1 ml PBS, incubated with AF700 goat anti-mouse 

antibody in 300 μl PBS at 1:100 dilution for 20 minutes at RT, washed twice again with 1 

ml PBS, and then resuspended in 500 μl. Dye-labeled bacteria were incubated with 1 

ml of sterile PBS on ice for 10 min to stop the reaction. The samples were washed 

twice with 1 ml PBS and resuspended in 500 μl of PBS. To determine cytotoxicity 

of each labeling condition, serial dilutions of labeled bacteria, spotting on agar 

plates, and subsequent CFU analysis were performed. 1 × 107 CFUs of labeled 

bacteria from each experimental condition in 3 μl were then injected into the ears 

of WT mice that had been retro-orbitally injected with labeled CellTrace CFSE-

labeled bone marrow cells two hours prior. 9 hours post infection (1 hour prior to 

sacrifice), 20 mg of CD31 Alexa Flour 594 antibodies (Clone: MEC13.3, 

Biolegend) were intravenously delivered into the mice via retroorbital injections. 

Ears were harvested 10 h post infection and subjected to confocal microscopy 

(Supplemental Figure A2, A). 

CFU analysis revealed that labeling S. aureus LAC with Alexa Fluor 700 NHS 

Ester dye at a final concentration greater than 5 μM, or AF700 anti-protein A antibody 

at 1:100 dilution, can induce significant cytotoxicity (Supplemental Figure A2, B). It 

is likely that the cytotoxicity observed with anti-protein A antibody labeling was 

an artifact due to antibody-mediated clumping. Confocal analysis showed that S. 

aureus labeled with Alexa Fluor 700 NHS Ester dye (Supplemental Figure A2, D-F) 
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but not with AF700 anti-protein A (Supplemental Figure A2, C) were detectable 

under our confocal microscopy set-up. No significant overlap in fluorescence was 

observed between labeled bacteria detected using the AF700 dye or our CFSE-

labeled bone marrow cells and AF594 CD31-labeled blood vessels, as we were 

able to differentiate each of these components in the confocal images 

(Supplemental Figure A2, C-F). 

6.14  Adoptive transfer of labeled, bone-marrow derived leukocytes 

Bone marrow cells were flushed from femurs and tibias of WT, EGR1-/-, and 

FPR2-/- mice (sex, and age-matched, 6 - 21 weeks old) using sterile, cold PBS containing 

2 mM EDTA, and filtered through a 100-μm filter. Red blood cells were then lysed with 

1 ml ACK lysis buffer (GIBCO) at room temperature. After three minutes, 15 ml of cold 

PBS was added, and cells were washed twice with the same volume. Purified WT, EGR1-

/-, and FPR2-/- bone marrow cells were then labeled with CellTrace Far Red (Life 

Technologies, C34564), CellTrace Violet (Life Technologies, C34557), and CellTrace 

CFSE (Life Technologies, C34554), respectively, according to the manufacturer’s 

instructions and recommended dilutions. The working concentrations of CellTrace Far 

Red, CellTrace Violet, and CellTrace CFSE were 2 μM, 5 μM, and 5 μM respectively, 

and all staining was performed with 1 × 108 cells/ml. Viability of labeled cells was 

determined by the trypan blue exclusion method, cell numbers were normalized to equal 

proportions in PBS/2 mM EDTA (~ 3 × 107 of each type of labeled cells), and the 

resulting 1:1:1 mixture of labeled cells was adoptively transferred via retroorbital 

injections into 6 - 8 weeks-old recipient WT, EGR1-/-, or FPR2-/- mice. 

6.15  Infection of ear pinnae with labeled bacteria 

Two hours after the transfer, 1 × 107 CFUs of labeled S. aureus LAC were 
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intradermally injected into the ears. Both ears in a given mouse were used. Data from all 

ears were included in the evaluation, unless the technically challenging injection of 

bacteria had failed. To obtain labeled S. aureus for the inoculum, 1:100 dilutions of 

overnight cultures of S. aureus LAC were grown to mid-log phase (~ 2 h) in TSB, with 

shaking, at 180 rpm and 37 °C. The bacterial cultures were then harvested, washed, and 

resuspended in sterile PBS. 2 × 109 CFUs in 300 μl PBS were incubated with Alexa Fluor 

700 NHS Ester dye (Life Technologies, A20010) at a final concentration of 5 μM for 

20 min in a 37 °C incubator. To stop the reaction, 1 ml of sterile PBS was added, 

and the sample was incubated on ice for 10 min. The sample was washed twice 

with 1 ml PBS. 

6.16  Confocal microscopy and intravital imaging of whole ear pinnae 

Mouse ears were harvested 10 h post infection, immersed in saline, and imaged 

using a Mi8 DIVE (Deep In Vivo Explorer) inverted confocal microscope (Leica 

Microsystems), which was equipped with a full range of visible lasers, internal ultra-

sensitive hybrid detectors (HyDs), a motorized stage, and an Lx25.0 water-immersion 

objective with 0.95 NA (Leica Microsystems) and 2 mm working distance. A diode laser 

was used for 405 nm excitation; an argon laser for 488 nm excitation; a DPSS laser for 

594 nm excitation; and a HeNe laser for 633 nm excitation wavelengths. Detection gates 

were set as follows: channel one, 415-460 nm; channel two, 498-530 nm; channel three, 

604-630 nm; channel four, 643-680 nm; channel five ,700-750 nm. All lasers were tuned 

to minimal power (between 1 and 5 %). Tiled images of infected tissue in the middle of 

ear pinnae were acquired using Tilescan application of LAS X. Z stacks consisting of 8 

single planes (5 μm each over a total tissue depth of 40 μm) were acquired. 

Similar to intravital imaging performed using chimeric mice, small tiled images of 
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3 × 3 fields were defined using Tilescan application of Leica Application Suite X (LAS 

X), and Z stacks consisting of 3 - 5 single planes (5 - 7 µm each over a total tissue depth 

of 30 - 50 µm) were acquired every 45 s in 30 min to 1 h intervals for a total observation 

time of 2 h, 6-8 h post infection. Post-acquisition image processing was performed using 

LAS X (Leica Microsystems), Imaris (Bitplane), and Huygens (SVI) software. Time 

series were acquired as single tile for specified periods of time, stitched together into one 

continuous movie, and subsequently normalized for drift and motion artifact using the 

stabilization tool of the Huygens Pro software package (version 19.04.0-p4, Scientific 

Volume Imaging BV, Hilversum, The Netherlands). 

6.17  Processing and quantification of confocal images 

To process ear confocal images, the spot function of Imaris was used to localize 

and count different cell populations. 3D surface models of hair particles were used to 

create an additional masked channel representing non-specific signal and hair. This 

channel was used to filter out non-specific staining and clean up the signal, as well as 

remove non-specific spots from the dataset. 3D surface models of bacterial regions were 

created as surface objects. The distance transformation XTension of Imaris was used to 

create a channel representing the distance from the surface of the bacteria. The region of 

interest (ROI) for calculating cell numbers was then defined as a 300 μm distance region 

from the bacterial surface in the 3D environment. Finally, the spot module of Imaris was 

used to specify numbers and location of different cell populations in the images. 

To process spleen images, 3D surface models and other nonspecific signal were 

used to create a masked channel and filter out non-specific staining, and the spot module 

of Imaris was then used to specify numbers of different cell populations in the whole 

spleen sections. 
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Numbers of cell populations in spleens and ROIs in ears were extracted and 

analyzed using Microsoft Excel and Graph Pad Prism software. The spleen cell numbers 

were used to normalize those obtained in the ears of a given mouse. To that end, the 

relative proportion of labeled leukocytes from different donors was determined in the 

spleen, those with the maximal value set to 1, and the reciprocal value of the other 

determined proportions were used to correct ear data (ear value × 1/spleen proportion = 

normalized ear value). 

6.18  Statistics 

No statistical methods were used to predetermine sample size. The experiments 

were not randomized, and the investigators were not blinded to allocation during 

experiments and outcome assessment. 

Samples were compared using Prism 8 software (GraphPad Software, Inc., CA) 

by unpaired, two-tailed Student’s t-tests when comparing two, or one-way or two-way 

ANOVA when comparing more than two groups. In ANOVAs, Tukey’s, Dunnett’s, or 

Holm-Sidak's post-tests were used. The Prism program automatically uses a mixed model 

instead of ANOVA with missing data points, which occasionally occurred, as noted in 

figure legends. ANOVAs were only used when data passed normality tests (Anderson-

Darling, D’Agostino-Pearson, Shapiro-Wilk, Kolmogorov-Smirnov). Otherwise, non-

parametric tests were used. All error bars show the mean ± standard deviation (SD). 
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CHAPTER 7: SUPPLEMENTARY INFORMATION GUIDE 

Excel. Table 1: PSM-FPR2 stimulated genes at 30, 60, or 180 minutes. 

Supplementary Video 1. Kinetics of donor leukocyte recruitment (6-8 h) in a WT 

recipient mouse ear infected with WT S. aureus LAC. 

Bacteria are in cyan, blood vessels are in red, and bone-marrow derived leukocytes 

from WT, FPR2-/-, and EGR1-/- mice are in magenta, green, and blue, respectively.  

Supplementary Video 2a. Kinetics of leukocyte recruitment (6-8 h) in a WT recipient 

mouse ear infected with WT S. aureus LAC. 

The videos shown are from one representative WT recipient mouse. Supplementary 

Video 2a shows the kinetics of leukocyte influx of the left ear infected with WT S. aureus, 

while Supplementary Video 2b shows the kinetics of leukocyte influx of the right ear 

infected with isogenic psm mutant. Bacteria are in cyan, blood vessels are in red, and 

bone-marrow derived leukocytes from WT, FPR2-/-, and EGR1-/- mice are in magenta, 

green, and blue, respectively. 

Supplementary Video 2b. Kinetics of leukocyte recruitment (6-8 h) in a WT recipient 

mouse ear infected with isogenic psm mutant. 

The videos shown are from a representative WT recipient mouse. Supplementary 

Video 2a shows the kinetics of leukocyte influx of the left ear infected with WT S. aureus, 

while Supplementary Video 2b shows the kinetics of leukocyte influx of the right ear 

infected with isogenic psm mutant. Bacteria are in cyan, blood vessels are in red, and 

bone-marrow derived leukocytes from WT, FPR2-/-, and EGR1-/- mice are in magenta, 

green, and blue, respectively. 
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APPENDIX 

 

 

Supplemental Figure A1. Flow cytometry gating strategy. Representative flow 
cytometry plots illustrating gating strategy for neutrophils from skin tissue. Neutrophils are 
defined as CD45 +, CD11b+, Ly6G+, and CD68-.  
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Supplemental Figure A2. Optimization and labeling of S. aureus. A, Scheme of 
experimental setup. WT S. aureus LAC were labeled with AF700 NHS Ester dye at final 
concentrations of 5 μM, 15 μM, or 30 μM, or AF700 anti-protein A antibody. Labeled S. 
aureus were then subjected to CFU analysis and, concurrently, 1 × 107 CFUs were 
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intradermally injected into the ears of WT mice.  CFSE-labeled bone marrow cells were 
adoptively transferred into the WT mice 2 hour prior to the ear infection, and 1 h prior to 
sacrifice, AF594 anti-CD31 antibody were intravenously injected into their 
circulation. B, CFU analysis of S.aureus labeled with different methods. n=2. Error bars 
show the mean ± SD. Statistical analysis is by 1-way ANOVA with Tukey’s post-test 
versus unlabeled. C-F, Representative of confocal images of infected ears intradermally 
injected with S. aureus labeled with anti-protein A. In these images, labeled S. aureus are in 
cyan, donor CFSE-labeled cells are in green, blood vessels are in red.  C, anti-protein A. 
D, 5 μM AF700 NHS Ester dye. E, 15 μM AF700 NHS Ester dye, F, 30 μM AF700 NHS 
Ester dye. 
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