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ABSTRACT 

Neutrophilic response against multi-drug resistant Staphylococcus aureus and Pseudomonas 

aeruginosa infections in skin wounds 

Antibiotic resistant skin infections are an emerging threat to public health. This is driven by the ubiquitous 

nature of bacteria, their ability to thrive in hostile environments, and their molecular machinery that 

allows them to quickly develop mechanisms to render antibiotics ineffective. As a result, there is an urgent 

need to develop therapeutic approaches to treat bacterial infections without relying on antibiotics. 

Instead, there should be an emphasis on emerging treatments that rapidly and directly enhance immunity 

against pathogenic infections. Polymorphonuclear leukocytes (PMN) are the most abundant and 

important effector cells of the innate immune system and should be a primary target for strategies aimed 

at enhancing innate immunity. Three PMN-centered approaches are presented in this dissertation. The 

first one revolves around the development and testing of a designed host defense peptide (dHDP) that 

acts synergistically with PMN to tackle multi-drug resistant S. aureus infection in diabetic mouse wounds. 

The second approach involves optimizing PMN production and their antibacterial capacity in vitro with 

the objective of subsequently transferring these cells directly into a site of infection to enhance pathogen 

clearance. The third strategy aims at investigating signaling pathways that govern PMN functions against 

S. aureus and P. aeruginosa, with an emphasis on Toll-like receptor signaling and activation of the 

inflammasome.  

Two pathogens of clinical interest are Methicillin-Resistant Staphylococcus aureus (MRSA) and Multi-Drug 

Resistant Pseudomonas aeruginosa (MDRPA). These are common sources of hospital and community-

acquired skin infections in immunocompromised patients, including the elderly and people with diabetes. 

S. aureus is a gram-positive bacterium capable of forming biofilm and secreting virulence factors that can 

limit the ability of PMN to be recruited into sites of infection. As a result, therapeutic strategies should 

amplify PMN quantity and antibacterial functions. Studies presented in Chapter 3 demonstrate that the 

dHDP RP557 can enhance PMN antibacterial functions in vitro, suppress S. aureus proliferation, and 

enhance wound healing. The studies presented in Chapter 4 demonstrate that PMN production and 

antibacterial capacity can be enhanced through encapsulation of HSPCs in a 3D bone-marrow-like 

environment. These studies are inspired by previous publications demonstrating that local granulopoiesis 

driven by HSPC recruitment into an infected wound is part of the immune response against S. aureus, and 

that adoptive transfer of PMN generated in vitro from HSPC cultures can enhance bacterial clearance and 

survival of immunodeficient mice. This response against S. aureus involves TLR2/MyD88 signaling and IL-
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1β production via activation of the inflammasome. However, the source of IL-1β during this process, the 

nature of its effects (paracrine or autocrine to HSPC), and whether activation of other TLRs elicits similar 

IL-1β-dependent local granulopoiesis, remains elusive. Consequently, the studies presented in Chapter 5 

demonstrate the early MyD88 activation is required to contain P. aeruginosa in wounded skin. In the 

absence of MyD88, P. aeruginosa proliferates and disseminates from the infected wound much faster 

than S. aureus. Compared to wild-type mice, this phenotype correlates with lower levels of IL-1β in 

wounds of MyD88-/- mice, as well as impaired PMN movement, and their ability to undergo pyroptosis 

and NETosis. Thus, suggesting that MyD88 is essential for survival against P. aeruginosa by regulating PMN 

antibacterial functions via IL-1β signaling. Combined, these studies point to the development of 

antibacterial strategies that target these key adaptors to amplify the immune response to infection. 
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CHAPTER 1: BACKGROUND AND SIGNIFICANCE 

Antibiotic-resistant skin infections are an emerging threat to human health and pose a significant 

burden on the healthcare system. People who suffer from diabetes, AIDS, cystic fibrosis, and other 

immunodeficiencies are at higher risk of experiencing intractable infections that can result in sepsis or 

severe tissue necrosis if left untreated. The current standard of care against these infections is delivery 

of antibiotics that directly kill bacteria or disrupt their ability to proliferate. However, this strategy 

comes with significant challenges as some antibiotics are only effective against a limited number of 

bacterial strains and, more concerning, bacteria are equipped with an array of molecular mechanisms 

that allows them to rapidly evolve and become resistant to antibiotics. As a result, there is a need to 

develop alternative, antibiotic-free approaches to combat bacteria and promote tissue repair. 

Polymorphonuclear leukocytes (PMN) are the most important and abundant effector cells of the innate 

immune system that play a critical role in controlling bacteria within hours following infection. Thus, 

enhancing PMN function should be a primary target in the development of immune therapies against 

pathogenic bacteria. Three PMN-centered approaches to tackle skin wound infections are discussed in 

this dissertation: 1) The use of a novel designed host defense peptide that acts synergistically with PMN 

to combat Staphylococcus aureus in diabetic mouse wounds; 2) the enhancement of PMN antibacterial 

and proliferative capacity in vitro via encapsulation in a 3D bone marrow-like structure; and 3) the role 

of Toll-like receptor- and MyD88-dependent signaling pathways that regulate PMN antibacterial 

functions critical to contain Pseudomonas aeruginosa during the early stages of infection. This chapter 

describes key concepts and the overall significance for the research presented in this dissertation. 

 

1.1: Pathogenesis and Clinical Overview of P. aeruginosa and S. aureus Infections 

Staphylococcus aureus and Pseudomonas aeruginosa are two leading causes of pathogenic infections in 

health care settings [1–13]. S. aureus is a gram-positive bacterium that can be both, commensal and 

pathogenic, by being responsible for soft tissue and skin infections [1–6]. Specifically, Methicillin-

Resistant S. aureus (MRSA) was first observed in clinical settings in the 1960s and has rapidly become a 

source of community-acquired infections since the 1990s [1–6, 12]. MRSA virulence is driven by toxins 

such as hemolysins, leukocidins, protein A, and hyaluronidase that work to evade host immune 

responses and promote pathogen persistence [1–6]. P. aeruginosa, on the other hand, is a gram-

negative bacterium characterized by its flagellar motility and ability to rapidly form biofilm, making it 

also very difficult to treat [7–11, 13]. P. aeruginosa infections are commonly seen in individuals with 
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burn wounds or with respiratory disorders, such as cystic fibrosis or chronic obstructive pulmonary 

disorder [8]. The human toll caused by S. aureus and P. aeruginosa is staggering. In 2017 alone, more 

than 100,000 people suffered from intractable bloodstream infections of S. aureus and more than 

20,000 people died as a result [12]. In that same year, P. aeruginosa caused more than 32,000 infections 

and 2,700 deaths among hospitalized patients [13]. This epidemic is on the rise and primarily driven by 

antibiotic resistance [14].  

The current standard of care against bacterial infections is direct application or systemic administration 

of antibiotics. These antimicrobial agents disrupt bacterial viability or capacity to proliferate by 

interfering with cell membrane structures, inhibiting protein or nucleic acid synthesis, or inactivating 

metabolic enzymes [15]. However, this strategy is becoming increasingly ineffective, because bacteria 

have wired-in mechanisms to quickly alter their molecular machinery to circumvent the effects of 

antibiotics [16]. S. aureus, for example, quickly became resistant to penicillin in the 1940s [1]. Resistance 

mechanisms involve enzymes that directly degrade the antibiotic, modify antibiotic target sites, or 

change the cell membrane structure to decrease antibiotic influx or induce antibiotic export via efflux 

pumps [16]. In addition, the number of newly discovered antibiotics has been decreasing since its peak 

in the 1950s [17]. All of this has led to an increasing number of multi-drug resistant bacterial infections. 

According to a global survey, it was estimated that in 2019 close to 2 million people died from illnesses 

attributed to antimicrobial-resistant (AMR) infections, with S. aureus and P. aeruginosa ranking among 

the top six causes [18]. The proportion of bacteria strains resistant to antibiotics is on the rise. It is 

estimated that by 2050 these could cause as many as ten million deadly infections each year [18]. From 

2019 to 2020 alone, the number of drug-resistant, hospital-acquired deaths and infections rose by 15%, 

which was likely exacerbated by the COVID-19 pandemic [19]. The risk of MRSA and P. aeruginosa 

infections is significantly higher in children, the elderly, people with HIV, individuals who suffer from 

cystic fibrosis, diabetics, health-care workers, and institutionalized populations [1, 8, 12–13, 18–19]. 

Because of this, there is an urgent need to develop alternative, antibiotic-free treatments against multi-

drug resistant infections. One way to do this is to enhance the host’s own immunity by targeting and 

enhancing polymorphonuclear leukocyte (PMN) antimicrobial functions. Studies aimed at better 

understanding PMN mechanisms against infections will facilitate the development of therapeutic 

interventions to combat pathogens such as S. aureus and P. aeruginosa. The skin is the largest and most 

important immune barrier and provides an ideal model to study innate immunity. 
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1.2: Overview of Innate Immunity in Skin 

Bacteria are ubiquitous single-cell microorganisms approximately 0.5-3 micrometers in size [20]. The 

vast majority are harmless and can have positive, symbiotic relationships with humans and other 

mammals. Some bacterial strains found in the human lower gastrointestinal tract, for example, help 

with food digestion and in some cases are even required for proper immune development and function 

[21, 22]. There are bacteria strains, however, that can cause tissue necrosis, nutrient depravation, and 

severe disease if left unchecked [23]. As a result, mammals have evolved several defense mechanisms to 

quickly control and eradicate pathogenic bacteria. The first layer of defense consists of physical barriers, 

such as the outmost layer of the skin, the mucus-layered surfaces of the respiratory tract, or the low-pH 

environment of the gastrointestinal tract [24]. However, when these physical barriers are breached, for 

example when the skin is wounded, a cascade of immune responses is immediately triggered to clear 

any potential invading pathogens and to promote tissue repair [24, 25]. In humans, the skin is the 

largest organ and contains a variety of resident immune cells ready to act against invading bacteria, 

when wounding and infection occurs [26]. 

The skin is one of the most important barriers against bacterial infections. It is composed of two primary 

layers: the epidermis and the dermis. The epidermis is the outermost layer and is itself composed of 

various sublayers known as corneal, granular, spinous, and basal [26, 27]. The corneal sublayer is the 

outmost part of the skin and is composed of terminally differentiated keratinocytes that lack organelles 

and are composed of highly crosslinked keratin fibers. The remaining sublayers beneath the corneal 

sublayer are also composed of keratinocytes but at various earlier stages of differentiation. 

Keratinocytes are constantly being turned over from the basal up to the corneal sublayer, where they 

are eventually shed off [27]. Beneath the epidermis is the dermis, which is primarily composed of 

collagen and elastin fibers bordering capillary vessels. Several cell types of the immune system reside in 

the epidermis and the dermis, enabling the skin to play a critical role in early immune responses to 

wounding and infection [27]. When S. aureus enters an open wound, it can form biofilm and engage in 

hemolysis, which is thought to be a mechanism for nutrient acquisition [27]. Skin resident cells must 

quickly respond to infection by initiating a cascade of inflammatory events to mitigate pathogen 

dissemination within the wound and into the circulation. Keratinocytes, for example, secrete 

antimicrobial and pro-inflammatory peptides during cutaneous injury and infection [27]. Macrophages 

can also secrete similar mediators, in addition to engaging in phagocytosis and in the production of 

reactive oxygen species (ROS). Other resident skin cells include dendritic cells, natural killer cells, plasma 

cells, and T and B lymphocytes [27]. These cells work collectively and in conjunction with 
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polymorphonuclear leukocytes (PMN or neutrophils) that recruited from circulation–and are the most 

abundant cells of the immune system–to elicit immune responses upon pathogen recognition that 

ultimately lead to infection resolution and tissue repair [27].  

The immune responses to infection can be categorized as either innate or adaptive. The innate immune 

system, also called nonspecific, refers to the collection of complement proteins, soluble factors, and 

immune cells (polymorphonuclear leukocytes, mast cells, macrophages, natural killer cells, and dendritic 

cells) that respond within minutes or hours after pathogen encounter [25, 28]. The adaptive immune 

system, also known as specific, refers to antibody, B cell, T cell responses that are characterized by 

antigen specificity and memory from prior pathogen exposure, and requires days to activate and 

develop [28]. While the innate and adaptive immune systems work in concert to eradicate infections, 

and the differences between innate and adaptive immunity have become less distinct in recent years 

[28], this dissertation is focused on the indispensable, early immune responses by polymorphonuclear 

leukocytes (PMN) following bacteria detection in an infected wound [27, 28]. 

 
1.3: Toll-like Receptors Facilitate Pathogen Detection and Initiation of Immune Responses 

Innate immune responses are initiated in part because of the ability to distinguish between self and 

pathogens through an array of evolutionarily conserved molecular patterns. These motifs, known as 

PAMPs (pathogen-associated molecular patterns), are identified in microbes by cells of the innate 

immune system and include bacterial DNA, proteins, membranes, and cell wall components [29, 30]. 

Cells of the innate immune system, including PMNs, are equipped with an array of pattern recognition 

receptors (PRRs) that enable recognition of PAMPs in addition to DAMPs (damage-associated molecular 

patterns) upon skin injury and infection [30]. Studies on S. aureus and P. aeruginosa have identified key 

PRRs that can activate certain inflammatory pathways [8, 31–36]. These include Toll-Like-Receptors 

(TLRs) that are activated upon recognition of certain bacterial structures at the early stages of infection. 

For example, TLR2 binds to peptidoglycan, a cell wall component of S. aureus [31,32, 33]. Similarly, TLR4 

binds to lipopolysaccharides (LPS), a cell wall component of gram-negative bacteria such as P. 

aeruginosa [8, 34, 35]. 

TLRs are conserved structures with similar domain organization and downstream signaling pathways. 

Toll was first discovered in Drosophila melanogaster and homologues were later discovered in mammals 

[30, 36]. Today, it is believed that nearly all organisms express TLRs, suggesting that these are one of the 

most ancient classes of PRRs [36, 37, 38]. In humans and mice at least 10 and 12 different TLRs have 
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been identified, respectively [30, 36]. TLRs are considered type I transmembrane proteins with three 

primary structural components: 1) Leucine-rich repeats (LRRs), which facilitate pathogen recognition; 2) 

a transmembrane domain; and 3) a cytoplasmic Toll/IL-1 receptor (TIR) domain that initiates signaling by 

engaging with transduction adaptors [30–38, 41]. After ligand recognition and dimerization, TLR 

activation responses can be classified as either MyD88-dependent or TRIF-dependent [38, 39]. In 

humans and mice, MyD88 (myeloid differentiation primary response protein 88) is an adaptor molecule 

recruited following activation of all TLRs, except TLR3, and binds directly to the TIR domain. Thereafter, 

IRAK4 (IL-1 receptor-associated kinase 4) binds to the death-domain of MyD88, forming a Myddsome 

complex [38, 40]. This leads to autophosphorylation of IRAK1 (IL-1 receptor-associated kinase 1) and 

activation of TRAF6 (tumor necrosis factor receptor-associated factor 6). This subsequently leads to the 

activation of the TAB (TAK1/TGF-b-activated kinase) complex via K-63-linked polyubiquitination of TAK1 

and TRAF6 [38]. The inhibitor IkBa (I kappa B alpha) is then degraded, allowing for the nuclear 

translocation of NF-kB (nuclear factor kappa B), which in turn initiates transcription of genes that 

encode for inflammatory cytokines [38]. On the other hand, TRIF-dependent pathways are specific to 

only a handful of TLRs, including TLR3 and TLR4 in mammals [38], but also result in the activation of NF-

kB in addition to AP-1 (activating protein-1) and IRFs (IFN [interferon] regulatory factors). TRIF-

dependent pathways also result in the production of inflammatory and antiviral cytokines, including 

type 1 interferons [38]. 

The MyD88- and TRIF-dependent pathways downstream of TLR4 are relevant in studies aiming to 

understand the immune response to P. aeruginosa. In mammals, TLR4 and MD-2 (myeloid 

differentiation factor 2) form a heterodimer that recognizes various LPS structures found in the cell wall 

of gram-negative bacteria [50]. The TLR4-MD2-LPS complex induces early-phase NF-kB and MAPK 

(mitogen-activated protein kinase) activation following MyD88 and MAL (MyD88-adapter-like) 

recruitment [38]. The TLR4-MD2-LPS assembly can also enter the cell via endocytosis, where it interacts 

with TRIF and TRAM adaptors (TRAM is also known as TICAM2, TIR domain-containing adapter molecule 

2). The TRIF-dependent pathway results in the production of IFN1 (type 1 interferons) and in the 

activation of IRF7 and late-phase NF-kB [38]. Overall, TLR activation results in the production of 

cytokines that regulate inflammatory responses, including PMN recruitment and antibacterial functions 

[57–59]. This dissertation is primarily focused on the innate immune response following activation of 

TLR2 during S. aureus infection and TLR4 and TLR5 during P. aeruginosa infection and their effects on 

PMN production, recruitment, and antibacterial capacity. 
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1.4: The Role of Polymorphonuclear Leukocytes (PMN) in Innate Immunity against S. aureus 

and P. aeruginosa 

Polymorphonuclear leukocytes (PMN) are the most abundant and important effector cells of the innate 

immune system [59–72]. PMN encompass granulocytes that can be classified as basophils, eosinophils, 

and neutrophils. Neutrophils comprise more than 70% of all circulating leukocytes [63], and thus, the 

terms ‘neutrophil’ and ‘PMN’ are used interchangeably in this dissertation. PMN are produced in the bone 

marrow from self-renewing hematopoietic stem cells (HSC) through a process termed granulopoiesis [63]. 

During granulopoiesis, cells undergo various stages of differentiation [63]. HSCs give rise to MPPs 

(multipotent progenitors), which in turn give rise to GMPs (granulocyte-monocyte progenitors). GMPs 

give rise to mature PMNs under the influence of the cytokine G-CSF (granulocyte colony-stimulating 

factor) [63, 64].  Mature PMN are released from bone marrow into the circulation through CXCR2 and 

CXCR4 interactions [63]. CXCR4-expressing PMN are kept in the bone marrow by stromal cells that 

produce CXCL12. Release of PMN into circulation involves G-CSF-mediated CXCR2 ligand production by 

endothelial cells outside the bone marrow. These ligands reduce the expression of CXCL12 and CXCR4 in 

the bone marrow, resulting in PMN release. In the absence of infection or disease (i.e. homeostatic 

conditions) only 1-2% of bone marrow and marginated PMN in humans are found in blood [63]. Still, PMN 

comprise the vast majority of immune cells. Humans release more than 1011 PMN from the bone marrow 

every day [63]. During homeostatic conditions, PMN in circulation are short-lived, with an average lifetime 

of typically less than 24 hours [63, 65]. However, following skin wounding and infection, several PMN-

mediated mechanisms are mounted by the innate immune system that alter PMN lifetime, production, 

and antibacterial phenotype in order to quickly eradicate invading pathogens and promote wound 

healing. 

PMN are critical for mounting an immune response that leads to resolution of infection in wounded skin. 

Following tissue injury and bacterial breach into an open wound, skin resident cells produce cytokines and 

chemokines that are detected by the PMN in circulation [62–64, 78]. PMN then roll, arrest, and 

transmigrate across the walls of endothelial vessels [62, 63, 78]. These mechanisms are triggered by 

cytokines, including TNF-a and IL-1b, that upregulate chemokines and adhesion receptors on inflamed 

venular endothelium [62, 78]. Once at the site of infection, PMN engage in a variety of antimicrobial 

functions that include degranulation, phagocytosis, elaboration of reactive oxygen species, and release of 

extracellular traps (NETosis) [66–71, 79, 80]. These antibacterial functions are marked by L-selectin 

shedding from the cell surface [72–74] and upregulation of CD11b expression [75–77, 152]. At the site of 



 

 7 

infection, PMN can undergo cell death as a result of pathogen virulence factors or as part of their 

programmed antibacterial functions [71, 78, 79]. a-toxin and g-toxin, for example, are virulence factors 

produced by S. aureus that cause lysis of immune cells, including PMN and resident macrophages [79–

82]. Similarly, during NETosis, PMN deliberately release their DNA and intracellular components–including 

antibacterial peptides, histones, elastase, and DAMPs such as calprotectin (S100A8/A9) and cathelacidin 

(LL37)–in an attempt to contain and kill invading pathogens [71, 83–86]. As a matter of fact, NETosis is 

believed to be an important host mechanism against P. aeruginosa and other gram-negative bacteria that 

may help enable pathogen containment and prevent dissemination into vital tissues [87–89]. However, 

as a result of this constant cell turnover, PMN production and release from the bone marrow is also 

increased during infection as a way to provide a sufficient cell quantity needed to combat bacteria, which 

is in and of itself a process known as ‘emergency granulopoiesis’ [62, 69].  

Studies involving S. aureus infections in full-thickness mouse wounds have uncovered key host strategies 

that govern PMN recruitment into an infected wound [90]. These studies involve longitudinal, in vivo 

imaging of LysM-EGFP mice that produce green-fluorescent granulocytes [90]. These mice undergo dorsal 

wounding and inoculation with bioluminescent S. aureus, which allows for measurement of PMN 

recruitment and bacterial abundance over the course of several days after infection (Figure 1.1) [90–94]. 

In this model, the bioluminescent signal produced by S. aureus clearly correlates with a rise in fluorescence 

generated by recruited PMN into the wound [90]. These studies show that PMN recruitment continuously 

rises until its peak on Day 6 [90]. This marked by a continuous decrease in bacterial abundance, which is 

then followed by a decrease of EGFP signal [90]. After Day 6, the decrease in bacterial abundance and 

PMN numbers correlates with a decrease in wound size [90], which is indicative of healing. Furthermore, 

the number of PMN in bone marrow and circulation is also increased in mice infected with S. aureus 

compared to those inoculated with saline [90]. This suggests that emergency granulopoiesis and PMN 

recruitment from circulation is part of the innate immune response to infection. In addition to that, PMN 

are also able to extend their lifetime for up to five days at the site of infection, while the average lifetime 

of PMN in uninfected wounds is closer to one day [90]. This suggest that extended PMN lifetime is an 

additional strategy to combat S. aureus. Interestingly, it has also been demonstrated that PMN can be 

produced from HSPC directly at the site of S. aureus infection, which is a process termed ‘local 

extramedullary granulopoiesis’ [90, 93, 94]. This is evident in studies in which circulating PMN are 

depleted from mice before and after infection [90]. Mice that are depleted before infection with S. aureus 

still show EGFP fluorescence at the site of infection, which continuously rises from Day 1 up to Day 12 

[90]. Surprisingly 80% of these PMN-depleted mice survive and are presumably able to defeat the S. 
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aureus infection [90]. In contrast, less than 50% of mice that are depleted of both PMN and HSPC survive. 

Adoptive transfer studies of HSPC from LysM-EGFP mice into C57BL6 infected mice also show 

granulopoiesis at the site of infection, indicated by an increase in EGFP fluorescence [90]. Thus, local 

production of PMN at the site of infection, extended PMN lifetime, and recruitment from circulation are 

three key strategies deployed by the innate immune system to clear S. aureus in wounded skin (Figure 

1.2). 

The mechanism of local granulopoiesis in response to S. aureus in wounded skin involves TLR2 and MyD88 

signaling, in addition to the virulence factor alpha toxin and the cytokine IL-1β [93, 94]. As discussed 

earlier, alpha-toxin is secreted by S. aureus and causes lysis of immune cells, including PMN and resident 

macrophages. This results in attenuated PMN recruitment into the site of infection. Mice infected with S. 

aureus have lower PMN numbers in the wounded skin during the first three days of infection compared 

to mice infected with an S. aureus mutant lacking a-toxin (DAT) or mice inoculated with only saline [94]. 

As a result of this disruption to PMN trafficking, mice appear to have evolved a response mechanism that 

involves trafficking of HSPC from bone marrow into the site of infection. In fact, HSPC transmigration is 

not affected by a-toxin [94]. Once at the site of infection, HSPC undergo granulopoiesis to provide 

sufficient PMNs to clear the infection [91, 93, 94]. This response appears to be regulated by the cytokine 

interleukin 1β (IL-1b) [94]. In vitro granulopoiesis studies show that production of PMN from HSPC involves 

synergistic stimulation of TLR2 and IL-1b [94]. Enumeration of HSPC in S. aureus-infected wounds shows 

that the number of HSPC at the site of infection is significantly lower in mice lacking TLR2 or MyD88 [93]. 

In fact, MyD88-/- mice that are infected with S. aureus experience mortality within 5 to 10 days after 

infection due to the inability to clear the infection [94]. Mortality, however, can be prevented via adoptive 

transfer of HSPC directly into the site of infection [94]. Interestingly, IL-1b-/- HSPC do not elicit rescue of 

MyD88-/- mice infected with S. aureus [94]. Thus, HSPC recruitment and local granulopoiesis is an 

important defense mechanism against S. aureus a-toxin that involves TLR2 and MyD88 activation in 

addition to secretion of IL-1b. However, key questions remain regarding the source of IL-1b and whether 

its production is paracrine or autocrine of PMN and HSPC, and whether similar mechanisms are observed 

in response to activation of other TLRs, such as TLR4 in response to P. aeruginosa.  

 

1.5: Dissertation Objectives 

One of the key objectives of this dissertation is to better understand the link between TLR and 

inflammasome activation that leads to IL-1β production and the effect on PMN fate during infection. As 
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discussed earlier, a key host defense mechanism in response to S. aureus infection is TLR2 activation that 

leads to production of IL-1β [94, 95]. IL-1β modulates several pro-inflammatory effects, including myeloid 

expansion of HSPC at the site of infection [94]. IL-1β is also involved in PMN recruitment and abscess 

formation to mitigate pathogen dissemination [95]. PMN are the main producers of IL-1β during S. aureus 

skin infection [95] and P. aeruginosa corneal infection [96]. When immunodeficient MyD88-/- mice 

infected with S. aureus undergo adoptive transfer of HSPC, the production of PMN at the site of infection 

is necessary and sufficient for survival and is a rescue mechanism dependent on IL-1β [95]. HSPC can 

produce PMN in vitro via either TLR2 or IL-1β stimulation, but PMN production is highest when both TLR2 

and IL-1β agonists are present [95]. This suggests that TLR2 and IL-1β signals act in synergy in vitro and 

likely in a wound to drive HSPC granulopoiesis. However, it is currently unknown if a similar mechanism 

can be elicited via activation of other TLRs, or whether it’s possible to use HSPC to rescue MyD88-/- mice 

infected with gram-negative bacteria such as P. aeruginosa, which elicits TLR4 and TLR5-dependent 

responses. 

The link between TLR2 activation and IL-1β release during S. aureus infection involves activation of the 

NLRP3 inflammasome [97]. Following TLR2 activation, translocation of NF-kB into the cell nucleus leads to 

generation of pro-IL-1β, which is the non-active form of IL-1β. IL-1β is such a potent pro-inflammatory 

regulator that its activation requires a second signal in addition to TLR2. The second signal can be induced 

by virulence factors, such as a, b, and g gamma hemolysins that are shed by S. aureus [97]. This leads to 

assembly of the NRLP3 inflammasome, which in turn activates caspase-1. Caspase-1 then cleaves pro-IL-

1β to generate active IL-1β [97]. Interestingly, IL-1β generation has also been found to be involved in cell 

pyroptosis, which is a form of programmed cell death. The release of IL-1β occurs through pores on the 

cell membrane formed by Gasdermin D [100]. Gadermin D has also been implicated in NETosis, another 

form of programmed cell death that mediates P. aeruginosa killing and containment, as discussed earlier 

[104]. Thus, a key advancement of this dissertation is to bridge the understanding between TLR and 

MyD88 activation and IL-1β generation as they relate to PMN generation, survival and antibacterial 

functions.  

One key antibacterial function against P. aeruginosa is PMN’s release of extracellular traps (NETs). NETs 

are composed of nucleic acids, histones, and elastase that can entrap and facilitate killing against bacteria 

[84]. This process is mediated by peptidyl arginine deaminase 4 (PAD4) [71, 106, 107]. Scientists have long 

believed that NETosis results in PMN death (‘suicidal NETosis’), though recent research suggests that 

NETosis can also occur without resulting in cell death (‘vital NETosis’) [84, 85]. In fact, non-cell death 
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NETosis can take place in vivo during infection caused by gram-positive bacteria, like S. aureus [83]. Vital 

NETosis allows PMN to quickly release NETs while also phagocytosing live bacteria [84]. However, the role 

of NETosis, especially lytic NETosis, in innate immunity remains controversial and many questions remain 

about the mechanisms that regulate this process. Some researchers believe that lytic NETosis is a 

beneficial immune response that facilitates capture and killing of pathogens, while others have suggested 

that lytic cell death is a pathogen strategy to evade the host immune response [84].  Studies on psoriasis, 

a chronic inflammatory disease characterized by the formation of itchy, red, and thick patches on the 

surface of the skin, suggest that skin resident cells and PMN act in synergy to induce cell-death NETosis 

via TLR4 and MyD88 [108]. Similarly, Gasdermin-D pores, which mediate IL-1β release, also appear to 

mediate release of NETs. An objective of this dissertation is to examine the relationship between TLR4 

activation and NET formation via MyD88 in response to P. aeruginosa infection in wounded skin. 

 

 

 

  



 

 11 

 
A) 

       
 

B) 
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Figure 1.1: Response to S. aureus infection on LysM-EGFP mice. LysM-EGFP mice inoculated with bioluminescent 
S. aureus are useful in understanding PMN recruitment and their role in bacterial clearance and wound healing.  
This is accomplished via in vivo, whole-animal, longitudinal imaging.  
Data are derived from n=6–8 mice per group.  
* denotes p-value ≤0.05 compared to saline group. # denotes p-value ≤0.05 compared to SA-2e6 CFU group.  
 
This research was originally published in Blood. Kim et al. PMN survival and c-kit+-progenitor proliferation in 
Staphylococcus aureus-infected skin wounds promote resolution. Blood. 2011; 117:3343-3352.  
© the American Society of Hematology. 
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Figure 1.2: Contributions to PMN numbers measured in mouse wounds infected with S. aureus. Three key host 
mechanisms contribute to PMN quantity during S. aureus infection: recruitment from circulation (Pinflux), prolonged 
survival (Psurvival), and local extramedullary granulopoiesis (Pckit).  
 
This research was originally published in Blood. Kim et al. PMN survival and c-kit+-progenitor proliferation in 
Staphylococcus aureus-infected skin wounds promote resolution. Blood. 2011; 117:3343-3352.  
© the American Society of Hematology. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1: List of Materials and Reagents 

Name Vendor Catalog Number 
EasySep™ Buffer  StemCell Technologies 20144 
70um Sterile Cell Strainer  Fisher Scientific 22363548 
EasySep™ Mouse Hematopoietic Progenitor Cell Isolation Kit StemCell Technologies 19856 
EasySep™ Mouse CD117 (cKIT) Positive Selection Kit StemCell Technologies 18757 
StemSpan™ SFEM II StemCell Technologies 09655 
Recombinant Murine SCF (Stem Cell Factor) PeproTech Inc. 25003 
Recombinant Murine Flt3-Ligand PeproTech Inc. 25031L 
Recombinant Murine G-CSF (Granulocyte Colony-Stimulating Factor) PeproTech Inc. 25005 
Recombinant Murine IL-3 PeproTech Inc. 21313 
Recombinant Murine IL-6 PeproTech Inc. 21616 
Recombinant Murine IL-1b PeproTech Inc. 21111B 
Pam3CSK4 Synthetic triacylated lipopeptide - TLR1/2 Invivogen Tlrl-pms 
Lipopolysaccharide (LPS) eBioscience ThermoFisher 00-4976-03 
Trypan Blue Solution (0.4% w/v) in PBS Corning Inc 25-900-CI 
OneComp eBeads™ Compensation Beads Thermo Fisher 01-1111-42 
APC/Fire 750 anti-mouse CD45 Antibody Biolegend Inc. 147714  
Brilliant Violet 421 anti-mouse CD117 (c-Kit) Antibody Biolegend Inc. 105828  
Brilliant Violet 711 anti-mouse/human CD11b Antibody Biolegend Inc. 101242  
Alexa Fluor 700 anti-mouse Ly-6C Antibody Biolegend Inc. 128024  
Alexa Fluor® 488 anti-mouse Ly-6C Antibody 100ug Biolegend Inc. 128022 
APC anti-mouse Ly-6G Antibody Biolegend Inc. 127614  
PE anti-mouse/human CD282 (TLR2) Recombinant Antibody Biolegend Inc. 153004  
PE anti-mouse CD284 (TLR4) Antibody Biolegend Inc. 145404  
Zombie Yellow™ Fixable Viability Kit Biolegend Inc. 423104  
PE anti-mouse CD117 (c-Kit) Antibody Biolegend Inc. 105808 
PE anti-mouse Ly-6G/Ly-6C (Gr-1) Antibody Biolegend Inc. 108408 
LIVE/DEAD™ Fixable Far Red Dead Cell Stain ThermoFisher L34974 
LB Agar (Miller) w/ 10ug/ml Tetracycline Plate VM Biological SPECIAL 
BHI Agar w/ 5% Cow-Bld Plate VM Biological 1092 
Tryptic Soy Broth (TSB) Thomas Scientific C838N78 
LB Broth ThermoFisher 10855021 
Kanamycin sulfate Sigma Aldrich K1377-5G 
Tetracycline Sigma Aldrich 87128-25G 
Glycerol ThermoFIsher 17904 
Buprenorphine Hydrochloride, 0.3mg/ml MWI Veterinary 7292 
Sodium Chloride for Injection, 0.9% Pfizer Inc/Medline ABB048881010Z 
FlurisoTM, Isoflurane, 250mL MWI Veterinary 502017 
Povidone-Iodine Solution Geneseesci 72-478 
Biopsy punch, 6mm, disposable Fisher Scientific 124-604-12 
Syringe, Insulin, BD, Lo-Dose, 0.5cc, 28G x 0.5 in. Fisher Scientific 14-826-79 
Mouse neutrophil enrichment kit StemCell Technologies 19762 
CellROX™ Deep Red Reagent ThermoFisher C10422 
N-Formyl-Met-Leu-Phe (fMLP) Sigma Aldrich 47729-10MG-F 
RBC Lysis Buffer (10X) Biolegend Inc. 420302 
Q-VD-OPH, 1mg Cayman Chemical 15260 
Luminol Sigma Aldridch 123-072-5G 
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Acuderm Biopsy Punch, 10mm, Sterile Fisher Scientific NC9236770 
16% Paraformaldehyde Aqueous Solution Fisher Scientific 50-980-487 
RIPA Buffer Sigma Aldrich R0278-50ML 
Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit R&D Systems MLB00C 
Halt™ Protease and Phosphatase Inhibitor Cocktail ThermoFisher 78444 
Ly-6G/Ly-6C Monoclonal Antibody (RB6-8C5), eBioscience™ ThermoFisher 14-5931-85 
Rat IgG1 kappa Isotype Control (eBRG1), eBioscience™ ThermoFisher 14-4301-85 
Albumin from Bovine Serum (BSA), Alexa Fluor™ 594 conjugate ThermoFisher A13101 
Albumin from Bovine Serum (BSA), Alexa Fluor™ 680 conjugate ThermoFisher A34787 
Sodium azide 0.1M solution MiliporeSigma 08591-1ML-F 
Annexin V Fluor 647 ThermoFisher A23204 
Propidium Iodine ThermoFisher P1304MP 
SYTOX Green Nucleic Acid Stain - 5 mM Solution in DMSO ThermoFisher S7020 
SYTOX™ Orange Nucleic Acid Stain - 5 mM Solution in DMSO ThermoFisher S11368 
pHrodo™ Red Phagocytosis Particle Labeling Kit ThermoFisher A10026 
pHrodo™ Red S. aureus Bioparticles™ Conj. for Phagocytosis ThermoFisher A10010 
XenoLight D-Luciferin - K+ Salt Perklin Elmer 122-799 

 

2.2: Mouse Husbandry 

Animal studies were approved by the Institutional Animal Care and Use Committee of the University of 

California, Davis, under protocol numbers 19922, 21790, and 23428. Animal studies were performed 

following the guidelines of the Animal Welfare Act and the Health Resource Extension Act. 

Mice used in these studies were on a C57BL/6, FVB.129 or hybrid genetic background and between the 

ages of 8 and 26 weeks old. Both male and female mice were used in animal experiments. All mouse 

colonies were bred under specific pathogen-free conditions in the Genome and Biomedical Sciences 

Facility (GBSF) Vivarium at the University of California, Davis. 

List of mouse strains 

The following mouse colonies were bred and maintained at the University of California, Davis: 

Wild-type (WT) LysM-EGFP: B6;129-lysEGFP 

MyD88-/- LysM-EGFP: B6;129-lysEGFP x MyD88-/- 

The following mouse strains were initially purchased from the Jackson Laboratories and colonies were 

subsequently bred at the University of California, Davis: 

Wild-type (WT): C57BL6/J  

TLR4-/- : B6(Cg)-Tlr4tm1.2Karp/J 

The following mouse strains were purchased directly from the Jackson Laboratories: 
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MyD88-/-: B6.129P2(SJL)-Myd88tm1.1Defr/J Stock: 009088 

Cas1-/-: B6.Cg-Casp1em1Vnce/J Stock: 032662  

For studies involving topical application of anti-bacterial peptides against diabetic wounds infected with 

S. aureus: Ten-week-old male diabetic TALLYHO/JNGJ mice were obtained from Jackson Laboratories 

(Stock No: 005314) and maintained on LabDiet 5K52 feed (Item 15502, Newco Distributors Inc., 

Hayward, CA, USA, MFG 5K52C3P) at the University of California, Davis. These mice were a model of 

type 2 diabetes, which confirmed by measures of blood hyperglycemia (i.e., glucose level of >300 

mg/dL).  

To generate the MRP8-FFLuc line, the following mouse strains were obtained from the Jackson 

Laboratories (Bar Harbor, Maine) and cross-bred at the University of California, Davis: B6.Cg-Tg(S100A8-

cre,-EGFP)1Ilw/J (Jax Strain #021614)[44] and STOCK Gt(ROSA)26Sortm1(Luc)Kael/J (Jax Strain 

#034320)[45]. To identify and select offspring mice expressing the firefly luciferase reporter, mice were 

subcutaneously administered 250mg/kg of D-Luciferin (Cat#: 122799, Perkin Elmer, Waltham, 

Massachusetts) and imaged in an IVIS Spectrum (Perkin Elmer, Waltham, Massachusetts).  

 

2.3: Isolation of Hematopoietic Stem Cells (HSCs) from Murine Bone Marrow 

Mice, at least 8 weeks old, were humanely euthanized by CO2 asphyxiation in accordance with IACUC 

guidelines at the University of California Davis. Following euthanasia, mouse femurs and tibias were 

extracted, cleared of any muscle and tissue ligands, and crushed using a mortar and pestle while being 

submerged in EasySep™ Buffer (StemCell Technologies, Cat # 20144). The extracted cell solution was 

filtered through a 70um sterile cell strainer (Fisher Scientific, Cat # 22-363-548) and centrifuged at 1200 

RPM for 10 minutes. C-kit+ (CD117) cells were isolated via a two-step magnetic enrichment using a 

EasySep™ Mouse Hematopoietic Progenitor Cell Isolation Kit (StemCell Technologies Cat #19856) 

followed by an EasySep™ Mouse CD117 (cKIT) Positive Selection Kit (StemCell Technologies Cat #18757), 

adhering to the manufacturer’s instructions. Isolation purity was confirmed to be >80% using an Attune 

NxT flow cytometer (ThermoFisher, Waltham, MA) (Figure 4.7A shows a representative flow cytometry 

plot after isolation). 
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2.4: Production of PMN from Murine Hematopoietic Stem Cells (HSCs) 

C-kit+ cells extracted from murine bone marrow via magnetic isolation were seeded in 48-well plates 

(Falcon® Cat # 353230) at a density of 10,000 to 20,000 cells/mL in StemSpan™ SFEM II media (StemCell 

Technologies, Cat # 09655), supplemented with the following growth factors (PeproTech Inc.): 

Name of Reagent Concentration  

Recombinant Murine SCF (Stem Cell Factor) (Cat # 250-03) 100ng/mL 

Recombinant Murine Flt3-Ligand (Cat # 250-31L) 100ng/mL 

Recombinant Murine G-CSF (Granulocyte Colony-Stimulating Factor) (Cat # 250-05) 10ng/mL 

Recombinant Murine IL-3 (Cat # 213-13) 10ng/mL 

Recombinant Murine IL-6 (Cat # 216-16) 10ng/mL 

Recombinant Murine IL-1b (Cat # 211-11b) 25ng/mL 

 

Media was changed every 48 hours and cells were extracted from their wells and analyzed for surface 

marker expression via for flow cytometry using an AttuneNxT cytometer at various timepoints post-

seeding (i.e. days 0, 1, 3, and/or 7). 

 

2.5: Cell Phenotype Characterization by Flow Cytometry 

For surface marker analysis, cells were prepared at a density of 1x106 cells/mL. 1x105 cells in 100uL were 

stained with antibodies of interest at a 1:100 – 1:20 concentration (based on optimal Staining Index). 

Compensation and Fluorescence-Minus-One (FMO) samples were prepared accordingly. Cell samples 

were analyzed in an AttuneNxT flow cytometer (ThermoFisher, Waltham, MA). All flow cytometry data 

was analyzed using FlowJo™ (FlowJo™ Software for Windows, Version 10.8.2. Ashland, OR: Becton, 

Dickinson and Company; 2020–2014). 

 

2.6: S. aureus Bacterial Culture 

Single colonies of bioluminescent MRSA NRS384/USA300 [109] were grown on Brain Heart Infusion (BHI) 

agar plates with 5% cow blood (VMBS, UC Davis), followed by cultured in a shaking incubator (VWR, 

Avantor, Radnor, PA) at 300 RPM, 37 °C in 6mL of Tryptic Soy Broth (TSB) medium with chloramphenicol 

(100µg/mL) and/or kanamycin (50ng/mL). This bacteria culture was diluted in 6mL of TSB the next day, 

and further grown to an optical density of 0.02–0.04, which corresponded to 107 CFU in 50µL, measured 
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with a NanoDrop spectrophotometer device (ThermoFisher, Waltham, MA, USA). This culture was then 

centrifuged at 3750–3850 RPM for 10–15 min at 4°C (Beckman Coulter, Brea, CA, USA), decanted, and 

finally brought to a volume of 1mL in DPBS (Dulbecco's Phosphate Buffered Saline) (Gibco, Waltham, 

MA, USA). A volume of 50µL from this final culture was inoculated into the mouse wounds of infected 

cohorts. 

 

2.7: P. aeruginosa Bacterial Culture 

Pseudomonas aeruginosa bacteria (PA-xen41, PerklinElmer PN: 119-229, Xenogen Corp., USA) [110], 

were grown on Luria-Bertani broth (LB) agar plates with 10µg/mL Tetracycline (VMBS, UC Davis) and 

then cultured in 6mL of LB medium supplemented with Tetracycline and on a shaking incubator at 300 

RPM, 37°C. This culture was thoroughly vortexed and diluted in 6mL of LB medium the next day, and 

further cultured at 37°C, 300 RPM until it reached an optical density of 0.015–0.030, which 

corresponded to 107 CFU in 50µL, measured using a NanoDrop spectrophotometer device 

(ThermoFisher, Waltham, MA, USA). Bacteria were centrifuged at 3750–3850 RPM for 10-15 min at 4°C 

(Beckman Coulter, Brea, CA, USA), decanted, and brought to a final volume of 1 mL with DPBS (Gibco, 

Waltham, MA, USA). 50µL from this final 1mL suspension were inoculated into the dorsal wounds of 

infected mouse cohorts. 

 

2.8: Mouse Wounding, Infection, and In-Vivo Longitudinal Imaging 

Mice were prepared for wounding, infection, and imaging as previously described [91–94, 157]. 20–30 

min before wounding, all mice received an intraperitoneal, 100uL dose of 0.03 mg/mL of buprenorphine 

hydrochloride (NDC 12496-0757-5CN) in NaCl (NDC 63323-186-01). Mice were subsequently 

anesthetized with 2–4% isoflurane (Vet One® Fluriso™ NDC 13985-528-60) for 10–15 min until loss of 

movement and sensation was observed. Mouse dorsal areas were shaven and sanitized with gauze in 

povidone-iodine solution (Cat # 3955-16, Ricca Chemical Company, Arlington, TX, USA), followed with 

gauze in 70% isopropanol. Subsequently, mice received a full-thickness dorsal wound with a 6mm biopsy 

punch (Integra™ Miltex™, Fisher Scientific, Cat # 12-460-412,). Wounds were immediately 

subcutaneously inoculated with 50uL of bacteria or vehicle control (saline). Wounds were photographed 

using a Nikon D3300 camera (Nikon Inc., Melville, NY) and wound size was measured using ImageJ (Fiji) 

[236]. Wounds were also scanned for bioluminescence and fluorescence using an IVIS Spectrum. Wound 

size and scan measurements were performed starting from the day of the inoculation (denoted as “Day 
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0 Post-Wounding”), unless otherwise noted. Bioluminescence and fluorescence flux from the wounds 

was calculated using LivingImage® software (Version 4.7.3, Perklin Elmer, Waltham, MA, USA) as total 

flux (photons/second or p/s) or average radiance (p/s/cm2/sr), as noted on figure axes, by drawing a 

region of interest (ROI) onto the wound image. 

  

2.9: RP557 Peptide Preparation and Administration 

Solid phase synthesis was used to synthesize RP557 (AmbioPharm, North Augusta, SC, USA) and purity 

was assayed via high-performance liquid chromatography and mass spectroscopy by scientists at 

RIPTIDE Inc [120, 157]. RP557 was received at UC Davis in powder form and a sterile-filtered solution of 

20 mg/mL (2%) of RP557 (molecular weight of 2135 g/mol) was prepared in sterile DPBS (Gibco, 

Waltham, MA, USA). 50uL (1mg) of this RP557 solution was topically applied onto dorsal mouse wounds 

once a day after imaging, or as otherwise noted. Mice were kept under anesthesia after imaging and 

very closely monitored for 30–40 min until the peptide was fully absorbed into the wound [157].  

 

2.10: Detection of Reactive Oxygen Species in vivo via Luminol 

Luminol (Cat #123072-5G, Sigma-Aldrich) solution was prepared in DMSO (4-X, ATCC) at a concentration 

of 100mg/mL. To measure ROS production at the site of infection, mice were administered 100uL of 

100mg/mL of Luminol in DMSO by intraperitoneal injection or directly into the site of infection. Mice 

were then imaged for bioluminescence inside an IVIS Spectrum under 2% isoflurane. Sequential imaging 

was performed for 1 hour (1 minute exposure, 2-4 binning, and 1 minute delay for a total of 30 

segments). 

 

2.11: IL-1b Cytokine Measurements from Wound Tissues 

To measure IL-1b cytokine concentration from infected wounds, mice were euthanized by CO2 

asphyxiation in accordance with IACUC guidelines. Wounds were then excised using a 10mm biopsy 

punch and immediately submerged in liquid nitrogen. Wounds were then weighted and minced with 

tweezers and scissors before being placed in 2mL of digestion buffer. Digestion buffer consisted of RIPA 

(Radio-Immunoprecipitation Assay) buffer (Cat # R0278, Sigma Aldrich Inc, Milwaukee, WI) 

supplemented with 1x Halt Protease and Phosphatase Inhibitor Cocktail and 1x EDTA solution (Cat # 
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78444, ThermoFisher). Tissues were briefly placed on ice for 30 seconds and then incubated in digestion 

buffer for 40 minutes at room temperature under slight vortexing every 10-15 minutes. Digested tissues 

were then centrifuged at 3000 RPM for 15 minutes and supernatants were collected for protein analysis. 

IL-1b cytokine measurements were performed using R&D ELISA kits (Cat # MLB00C-1, R&D Systems Inc, 

Minneapolis, MN) in accordance with the manufacturer’s instructions. 

 

2.12: Wound Tissue Preparation for Histological Analysis 

For histopathological wound analysis, mice were euthanized by CO2 asphyxiation in accordance with 

IACUC guidelines and had their wounds excised with a 10mm biopsy punch. Wound were then 

submerged in 4% PFA (EMS, Cat # 60-980-487, Fisher Scientific, Pittsburg, PA) dissolved in DPBS (Gibco, 

Cat # 14040133, ThermoFisher, Waltham, MA, USA) and stored at 4°C for 24 hours. Wounds were rinsed 

and resuspended in DPBS (Gibco, Waltham, MA, USA). Some wound embedding in paraffin blocks and 

slide sectioning was performed by the Anatomic Pathology Department at the UC Davis Veterinary 

Teaching Hospital. H&E staining, imaging, and analysis were performed by the Comparative Pathology 

Laboratory at UC Davis. 

 

2.13: PMN Isolation and Enumeration from Murine Blood and Bone Marrow 

To isolate PMN from bone marrow, mice were euthanized by CO2 asphyxiation and had their femurs and 

tibias removed. Bones were cleared of any muscle and ligands and crushed in Flow Buffer (Cat # 20144, 

StemCell Technologies), followed by filtration through a 70µm sterile mesh. Isolation of PMN, 

specifically, was performed using a StemCell mouse PMN isolation kit (EasySep™, Cat #19762, StemCell 

Technologies, Vancouver, BC) in accordance with the manufacturer’s instruction manual. Flow 

cytometry revealed >80% cell purity. Enumeration of bone marrow LysM-EGFP PMN was calculated 

using an AttuneNxT flow cytometer with known inputted cell volumes and densities (from cell cultures 

directly isolated from bone marrow) followed by gating on EGFP+ cells. To isolate cells from blood, heart 

puncture was performed on euthanized mice using an insulin syringe and recording the volume 

collected, followed by blood incubation in 10x RBC (Red Blood Cell) lysis buffer (Cat # 420302, 

Biolegend) for 15 minutes at room temperature. Blood was centrifuged at 1200 RPM for 10 minutes and 

incubated again in lysis buffer for a total of two incubations before the cells being resuspended in 1mL 

of flow buffer. PMN were enumerated using an AttuneNxT cytometer as described above.  
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2.14: Systemic PMN Depletion in Mice 

To deplete circulating PMN, LysM-EGFP mice received 100uL of 1mg/mL of anti-Gr1 monoclonal IgG1 rat 

antibody (mAb, RB6-8C5) or rat IgG1 control by intraperitoneal injection (0.1mg in 100uL) one day prior 

to wounding and infection. Mouse wounds were imaged for EGFP fluorescence 12-16 hours after 

infection to confirm PMN depletion, indicated by decreased EGFP recruitment in mice that had received 

the anti-Gr1 antibody treatment. 

 

2.15: PMN Adoptive Transfer and Measurement of Lifetime During Wound Infection 

To measure PMN lifetime in infected wounds after P. aeruginosa infection, C57BL6 (non-LysM-EGFP) 

mice received PMN via tail-vein injection. Isolation of PMN was performed using a StemCell mouse PMN 

isolation kit (EasySep™, Cat #19762, StemCell Technologies, Vancouver, BC) in accordance with the 

manufacturer’s manual. Recipient mice received a 50uL bolus i.v. tail-vein injection with 3x106 PMN in 

HBSS+/+. Two hours later, these C57BL6 mice were dorsally wounded and inoculated with either saline 

or P. aeruginosa. This procedure was also performed on MyD88-/- mice receiving WT or MyD88-/- PMN. 

Mice were imaged in an IVIS Spectrum for bacterial load (bioluminescence) and recruitment of the 

transferred PMN (EGFP fluorescence) at the site of infection. To measure PMN lifetime, an exponential 

decay function was fitted into the fluorescence curve from peak PMN-EGFP fluorescence. To measure 

PMN lifetime upon immediate encounter with P. aeruginosa, C57BL6 mice were dorsally wounded and 

inoculated with either saline or P. aeruginosa. Immediately after wounding and infection, a 50µL bolus 

with 1x106 PMN isolated from LysM-EGFP mice was transferred directly into the site of infection. Mouse 

wounds were then imaged every 4-6 hours for bioluminescence and fluoresceine using an IVIS 

Spectrum. To measure PMN lifetime as a function of MyD88 signaling, C57BL6 mice were systemically 

depleted of their circulating PMN via anti-Gr1 mAb administration. Mice then received LysM-EGFP PMN 

from wild-type or MyD88-/- mice (6x 106 PMN in 50µL) via i.v. tail vein injection. Two hours later, mice 

were dorsally wounded and infected with P. aeruginosa, followed by subsequent wound imaging for 

bioluminescence and EGFP fluorescence. 
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2.16: Wound Permeability Assay 

To assess wound permeability as a result of infection with P. aeruginosa and MyD88 signaling, wounded 

mice were placed under 2-4% isoflurane anesthesia for 5 minutes and injected i.v. via the tail-vein a 

50µL dose of 1.0mg/mL BSA-Alexa 680 conjugate (Cat # A34787, ThermoFisher) (dissolved in sterile 

DPBS) at 12-14 hours after infection.  Mice were then immediately placed inside an IVIS Spectrum and 

wounds were imaged for Alexa-680 fluorescence (680 Ex, 700 Em, 1s exposure, 1 segment per minute, 

for a total of at least 45 segments). Barrier permeability at the wound site was measured as fold-change 

fluorescence flux from t=0 to t=45 min.  

 

2.17: PMN Functionality Assays 

Pyroptosis 

PMN were isolated from bone marrow and matured for four hours at 37°C, 5%CO2 in StemSpan™ SFEM 

II media (StemCell Technologies, Cat # 09655), supplemented with the following growth factors 

(PeproTech Inc.): 

Name of Reagent Concentration  

Recombinant Murine SCF (Stem Cell Factor) (Cat # 250-03) 100ng/mL 

Recombinant Murine G-CSF (Granulocyte Colony-Stimulating Factor) (Cat # 250-05) 10ng/mL 

Recombinant Murine IL-3 (Cat # 213-13) 10ng/mL 

Recombinant Murine IL-6 (Cat # 216-16) 10ng/mL 

 

Cells were incubated with P. aeruginosa, PMA, or control. After four hours, cells were extracted and 

stained with Staining Buffer containing Annexin Binding Buffer (1x), Propidium Iodine (1mg/mL at 

1:500), Zombie Yellow (1:100), anti-Ly6G mAb (1:100), and Annexin V (1:16). After staining, flow 

cytometry analysis was performed in an AttuneNxT flow cytometer (ThermoFisher, Waltham, MA, USA). 

Live, Ly6G+ cells were analyzed for AnnexinV and Propidium Iodine staining using FlowJo. 

NETosis 

PMN isolated from murine bone marrow or generated from HSPC in vitro were seeded into a 96 well 

plate in HBSS +/+ (Hank’s Balanced Salt Solution supplemented with Ca2+) at a density of 1 x 105cells/ml 

and in the presence of P. aeruginosa (1x 108 CFU), PMA, or vehicle control. Plates were then incubated 
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overnight at 37°C then stained with 20uL of 5uM SYTOX Orange and incubated a room temperature for 

15 minutes. Plates were then imaged on the IVIS Spectrum for SYTOX orange to measure NET output.  

Phagocytosis 

Phagocytosis was induced on PMN (that were either produced from HSPC in vitro or isolated from 

murine bone marrow using a pHrodo S. aureus BioParticle Phagocytosis kit (Cat # A10026, 

ThermoFisher, Waltham, MA, USA) according to the manufacturer’s instructions. pHrodo MFI was 

measured on EGFP+ cells using an AttuneNxT flow cytometer.  

 

2.18: Firefly Luciferase Preparation and Administration 

Mice received a daily subcutaneous dose of 250 mg/kg of D-Luciferin (Cat # 122799, PerklinElmer) 

(dissolved in DPBS and sterile-filtered) 5 minutes prior to imaging in an IVIS Spectrum to quantify MRP8-

luciferase activity in vivo. 

 

2.19: Transfer of GelMA Constructs with HSPC into Mouse Wounds 

Seven days after HSPC from S100A8-FFLuc mice were grown in either 3D hydrogels or 2D suspension 

cultures, cells were transplanted into C57BL6 mice in either suspension form or encapsulated in GelMA. 

20–30 minutes prior to surgery, mice received a 100uL intraperitoneal injection of 0.03 mg/mL 

Buprenorphine Hydrochloride (Cat # 7292, MWI Veterinary Supply, Los Angeles, CA). Mice were then 

placed in 2-4% Isoflurane (Cat # 502017, MWI Veterinary Supply, Los Angeles, CA). Dorsal area of each 

mouse was shaven and aseptically sterilized with gauze in povidone iodine, followed with gauze in 70% 

isopropanol. One hydrogel per mouse was transplanted into a dorsal, intradermal pouch [156]. To 

quantify S100A8-luciferase activity at the site of transplantation, mice received a subcutaneous dose of 

250 mg/kg of D-Luciferin (Cat # 122799, PerklinElmer, Waltham, MA, USA) and then placed under 2-4% 

Isoflurane for 5 minutes prior to being imaged under an IVIS Spectrum (PerklinElmer). Imaging was 

performed once a day as previously described [156]. 

 

2.20: Statistical Analysis 

Data from animal studies are presented as Mean ± SEM unless otherwise stated. For in vitro studies, 

data are presented as Mean ± Standard Deviation unless otherwise noted. Statistical analysis was done 
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using one-way ANOVA test, two-way ANOVA with multiple comparisons test, or multiple or single 

Student’s t-test. *, **, ***, and **** denote p-values of ≤0.05, ≤0.01, ≤0.001, and ≤0.0001, respectively. 

Unless otherwise noted, all statistical analysis and plots were generated in GraphPad Prism Version 

10.2.1 (GraphPad Software, Boston, Massachusetts USA, www.graphpad.com). Illustrations 

accompanying data plots were created with BioRender.com under an Academic License.  

http://www.graphpad.com/
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CHAPTER 3: A DESIGNED HOST DEFENSE PEPTIDE FOR THE TOPICAL TREATMENT OF DIABETIC 

WOUNDS INFECTED WITH STAPHYLOCOCCUS AUREUS 

 

3.1: Introduction 

People with diabetes suffer from impaired immune responses as a result of poor cell metabolism and 

cellular senescence caused by insulin resistance [111,112]. At the same time, these individuals have 

elevated levels of inflammatory cytokines and chemokines released from visceral fat that in turn 

prematurely activate PMN and other immune cells during what should otherwise be homeostatic 

conditions [113, 114]. This leads to an inability to mount an effective immune response when pathogens 

breach the skin barrier, which leads to biofilm formation and chronic, intractable wound infections 

[115]. This typically manifests in the form of foot ulcers (DFUs), often seen in diabetic individuals as a 

result of impaired oxidative stress that disrupts pathogen clearance and tissue repair [113, 157]. This 

means that a diabetic foot ulcer (DFUs) is an environment where pathogens proliferate unimpeded, 

which often results in severe tissue necrosis, bone damage, and amputation [116]. Because this problem 

is only exacerbated by the rise in antibiotic-resistant bacteria, it is imperative to develop treatments for 

diabetic infections that directly target and improve host innate immunity [117–119]. The studies 

presented in this chapter evaluate the potential of a relative novel designed host defense peptide 

(dHDP), known as RP557, to act in synergy with PMN to suppress bacterial proliferation and accelerate 

healing of diabetic mouse wounds infected with Methicillin-Resistant S. aureus. The concepts, findings, 

methods, and figures that are part of this chapter were previously published in The International Journal 

of Molecular Sciences. This work was done in collaboration with Dr. L Edwards Clemens, Dr. Katherine 

Woodburn, Gustavo Garcia, and Kathryn Rivara and under the supervision of Dr. Scott I Simon at the 

University of California, Davis. 

3.2: Designed Host Defense Peptide RP557 

As discussed earlier, antimicrobial peptides (AMPs) are found in the dermis layer of the skin and play a  

critical role in defeating bacteria in wound infections [27, 97]. Their mechanism of action involves a β-

sheet structure or amphipathic α-helix that has a net positive charge and disrupts the barrier function of 

negatively-charged bacterial cell walls [27, 97, 157]. Designed host defense peptides (dHDPs) are direct 

analogs to AMPs [120]. While AMPs serve as a line of defense against bacterial infections in healthy 

individuals [121–124], AMP activity is severely impaired in people with diabetes [125]. Thus, dHDPs 

present a promising strategy to restore AMP antibacterial capacity in diabetic individuals. 
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AMPs and dHDPs can directly and quickly eradicate bacteria, including MRSA and P. aeruginosa [126, 

157]. This led to the development of the dHDP RP557 through several cycles of peptide design and 

synthesis [157]. RP557 has already been evaluated for antimicrobial activity both in vitro and in vivo 

[127, 128]. This includes its evaluation against S. aureus and P. aeruginosa in porcine burn wounds, 

where it was shown that bacteria were quickly eradicated after direct application of a single dose of 

RP557 [129]. The studies presented in the following sections build on these previously published reports 

on RP557 by assessing its potential to resolve diabetic infections and enhance PMN antibacterial 

functions in vitro. 

 

3.3: RP557 Enhances PMN Effector Functions in vitro 

One of the first host responses against MRSA and other pathogenic bacteria strains is PMN recruitment 

from circulation into the site of infection. This process involves PMN extravasation and activation 

characterized by upregulation of adhesion receptors such as CD11b and production of reactive oxygen 

species (ROS) [71–77]. Once recruited into the site of infection, PMN can phagocytose bacteria and 

undergo NET formation to stop pathogen proliferation and survival [130]. Therefore, PMN are key in the 

host’s battle against pathogenic infections. Given that PMN are rapidly recruited and present at 

infection sites, the effect of RP557 directly on human PMN phenotype and function was evaluated in 

vitro. PMN viability, CD11b and CD18 expression, L-selecting shedding, migratory capacity, and ROS 

production were measured following cell incubation with RP557 in a dose-dependent manner. At a 

RP557 concentration of 156μg/mL, PMN remained more than 90% viable. Viability decreased to nearly 

60% at 625μg/mL, and was nearly zero at 1mg/mL concentration of RP557 (Figure 3.1A). This suggests 

that higher RP557 concentrations may fasten PMN programmed apoptosis that follows PMN activation. 

To test the effect of RP557 on PMN activation, CD11b expression was measured. RP557 indeed 

upregulated surface CD11b expression nearly three-fold at a concentration of 312μg/mL of RP557 

compared to 0μg/mL (Figure 3.1B) (at 312μg/mL, PMN still remained nearly 85% viable). These changes 

in CD11b upregulation correlated with a nearly six-fold increase in expression of high-affinity CD18 at a 

concentration of 312μg/mL of RP557 compared to 0μg/mL (Figure 3.1C). This phenomenon also 

correlated with measurements of L-selectin, CD62L shedding. L-selectin is expressed on PMN but is 

cleaved during PMN activation following pathogen encounter or stimulation with a chemotactic agent 

such as fMLP [72, 131, 157]. Therefore, lower levels of L-selectin expression correlate with a more 

activated and mature PMN state. PMN incubation with RP557 at a concentration of 16μg/ml resulted in 
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negligible L-selectin shedding compared to the 0μg/mL concentration. However, at 156μg/mL, shedding 

was nearly 60% and at 312μg/mL, RP557 elicited L-selectin shedding to more than 90% compared to 

0μg/mL (Figure 3.2A). The next step was to evaluate the effect of RP557 on PMN migratory capacity. 

PMN migration in response to 10nM IL-8 alone served as a positive control, which was then compared 

to various concentrations of RP557 (Figure 3.2B). At 78μg/mL, the percentage of migratory cells was 

similar to the 0μg/mL condition but increased nearly two-fold from that at 156μg/mL. At 312μg/mL, 

migratory capacity was more than half than what was measured with IL-8 (Figure 3.2B). As discussed 

earlier, once PMN transmigrate into a site of infection, they perform a variety of antibacterial function 

such as ROS production (61–70). Therefore, ROS release was measured as a function of RP557 

concentration. ROS production was induced by RP557 alone at concentrations as low as 156μg/mL and 

increased at 312μg/mL to a level >25% higher than what was observed with 10nM IL-8 alone (Figure 

3.2C). Synergistic stimulation with fMLP further increased ROS levels also in an RP557 dose-dependent 

manner four- to eight-fold of what was measured from baseline. At a 312μg/mL concentration, RP557 

stimulated more ROS production than 10nM IL-8 in the presence of fMLP (Figure 3.2C). Thus, RP557 can 

directly enhance PMN activation and antibacterial state in vitro. 

 

3.4: RP557 Mitigates S. aureus Proliferation and Promotes Closure of Infected Diabetic Mouse 

Wounds 

While RP557 may show promising potential for use as an antibacterial agent in a clinical setting, it must 

also be evaluated for potential cytotoxic effects that could be elicited on host cells and tissues. To 

examine whether RP557 altered the normal would healing process, sterile full-thickness dorsal wounds 

were performed on LysM-EGFP mice that produce granulocytes tagged with EGFP, which enables 

measurement of PMN recruitment into dorsal wounds via fluorescence imaging [90–94]. These wounds 

were treated daily with RP557 or vehicle control (saline) starting on Day 1 after wounding. RP557 did 

not alter the normal rate of wound healing over the course of the experiment (Figure 3.3A). Wounds 

treated with RP557 healed at similar rates as those treated with saline. Furthermore, EGFP imaging of 

these wounds showed that RP557 had negligible effects on PMN migration into the wound sites, 

measured as percent change in fluorescence intensity relative to Day 1 post-wounding (Figure 3.3B). 

This demonstrated that RP557 is likely not cytotoxic in vivo as it did not seem to alter the inflammatory 

processes that regulate PMN recruitment and tissue repair in the absence of infection. 
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A clinical application of interest is to employ RP557 to treat Diabetic Foot Ulcers (DFUs). To evaluate the 

antimicrobial potential in the context of diabetes disease, RP557 was applied directly into type 2 

diabetic mouse wounds inoculated with bioluminescent MRSA [157]. Suppression of bacterial 

proliferation, measured by percent change in bioluminescent signal from the infected wounds, and 

wound healing, measured by percent changes in wound size, were the two primary readouts during 

these studies. SEM scanning of these wound tissues obtained at 24 hours post-infection revealed that 

MRSA had formed biofilm by that timepoint (Figure 3.4A), which is a contributing factor to DFU 

morbidity in people with diabetes [112]. Thus, daily topical treatment with RP557 on infected wounds 

started at 24 hours post-wounding to assess the ability of the dHDP to tackle biofilm-prone infections. 

Bioluminescence flux from these wounds was measured once daily using an IVIS spectrum to quantify 

bacterial growth over time. By Day 3 post-wounding (i.e. at 48 hours after the first application of RP557), 

bacterial proliferation was suppressed and lower on mice treated with RP557 compared to those 

treated with only vehicle control (p<0.01). (Figure 3.4B). Subsequent applications of RP557 continued to 

mitigate bacterial growth, while the control group increased, peaking at Day 3 post-infection, and 

remaining elevated on Day 4 (p=0.069) and slightly elevated on Day 5 (p=0.14).  

The effect of RP557 on wound closure was also examined on infected and uninfected diabetic mouse 

wounds. Wound sizes were measured once daily following mouse imaging and computed as percent 

change relative to Day 1. Uninfected mice were studied to confirm that RP557 did not alter the normal 

healing process of diabetic sterile wounds. Uninfected wounds treated with either RP557 or vehicle 

control closed at similar rates (Figure 3.5A), meaning that RP557 did not alter the wound healing process 

on uninfected mice. However, RP557 did have an effect on closure of diabetic wounds infected with 

MRSA.  Wounds treated with RP557 were smaller than those treated with vehicle control as early as 24 

hours after the first dose (Figure 3.5B). Wound closure continued to accelerate with each subsequent 

daily dose of RP557, while wounds treated with vehicle control steadily increased in size until peaking at 

Day 6 post-wounding. Further analysis of the impact of RP557 on the rate of wound closure, performed 

by calculating the slope of the linear regression fit on wound size data from Day 1 to Day 5 post-

wounding, revealed that RP557 significantly increased the rate of closure of infected wounds (Figure 

3.C). In fact, MRSA-infected wounds treated with RP557 healed at a rate similar to that of uninfected 

wounds, suggesting that RP557 indeed inhibited bacterial proliferation within the wound bed. 
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3.5: Conclusions and Future Directions 

As discussed throughout this dissertation, PMN recruitment into a site of infection is essential for 

bacterial clearance and resolution of infected wounds [61–71, 82, 90–95]. In vitro, RP557 significantly 

enhanced a variety of PMN markers indicative of activation and antibacterial phenotype. In vivo, daily 

topical application of RP557 suppressed bacterial proliferation and accelerated tissue repair on diabetic 

mice. Therefore, RP557 appears to act in two ways: 1) by reducing MRSA growth, biofilm production and 

the associated inflammatory response; and 2) by enhancing PMN chemotactic and antibacterial activity, 

such as ROS production. At the same time, RP557 also did not alter PMN recruitment or healing of non-

infected wounds, suggesting that it was non-cytotoxic and specifically active in the presence of bacteria. 

What remains elusive is the mechanism of action by which RP557 elicits upregulation of CD11b, CD18, L-

selectin shedding, migration, and ROS production. Future studies will examine the effects of RP557 on 

TLR binding and other surface receptors that are engaged before activation, such as G-protein coupled 

receptors. Future studies will also assess PMN state in vivo following infection and treatment with 

RP557 via histology and cytokine measurements from wound tissues, such as TNF-a and IL-1b. 

Diabetic infections are characterized by weakened immune responses as a result of cellular senescence 

and insulin resistance [137, 157]. PMN are impaired, leading to dysfunctional bacterial killing and an 

increase in bacterial growth [82, 138]. As a result, pathogens that breach the skin barrier, such as S. 

aureus or P. aeruginosa have an opportunity to proliferate and form biofilm in diabetic wounds [82, 94, 

97, 112]. Antibiotic resistance developed by S. aureus and other bacterial strains, combined with a 

decrease in the discovery and development of novel and effective antibiotics, further complicates 

bacterial infections in diabetic individuals, and exacerbates the burden on the health care system [1–6, 

12]. Therefore, there is an urgent need to develop therapeutic approached that suppress bacterial 

growth and enhance the immune system to promote resolution and tissue repair. The dHDP RP557 

present a promising viable alternative based on the mouse studies presented in this chapter. These 

studies showed that by Day 3 post-infection, daily topical treatment with RP557 mitigated MRSA 

proliferation in subcutaneously-infected diabetic wounds, while MRSA burden steadily increased in 

wounds treated with only vehicle control. Furthermore, no resistance to RP557 has been known to 

develop by bacteria strains like MRSA or P. aeruginosa [120]. This is a key advantage over antibiotic 

treatments, where antimicrobial resistance complicates the treatment of diabetic foot ulcers and 

infected wounds. With that being said, the bacteria burden data shows that there is room for 
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improvement to further and more rapidly diminish bacterial abundance in diabetic mouse wounds. For 

that end, additional SEM analysis of wound tissues should be performed in future studies at Day 3 post-

wounding and later to confirm that MRSA is fully and evenly eradicated at the wound surface and deep 

into the tissue. In addition, alternative routes of RP557 delivery, such as systemic or subcutaneous 

injection should also be explored. Lastly, the long-term application of RP557 to treat DFUs and diabetic 

wound infections in a clinical patients will need to be performed in conjunction with other strategies 

that tackle disease morbidity, including plasma glucose level regulation, adoptive cell transfer from 

healthy donors, and the use of multifunctional wound dressings, additional dHDPs, virulence factor 

neutralizers, off-loading devices, superparamagnetic iron oxide nanoparticles, and growth factors that 

exert healing effects [82, 94, 112, 117–119,  135–139, 157].  
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A) 

     

B) 

   

C) 

 
Figure 3.1: Effect of RP557 on PMN viability and integrin expression. A) Viability of human PMNs that were 
incubated for 30 minutes with different concentrations of RP557. Viability was determined using propidium iodine 
staining B) Measurement of CD11b and C) CD18 via flow cytometry from human PMNs that were incubated with 
the indicated concentrations of RP557 for 20 min at 37 °C. Paired Student’s t-tests were performed comparing the 
average value of a given condition to the control condition (e.g. 0 μg/mL) of the same donor.  
Data are derived from n = 4 replicates per group. 
*, **, ***, and **** denote p-values of ≤0.05, ≤0.01, ≤0.001, and ≤0.0001, respectively. 
MFI = Mean Fluorescence Intensity. 
 
Data were first published in MDPI International Journal of Molecular Sciences by Vargas et al., 2023. 
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B) 

  

 

 

C) 

 

 
 
Figure 3.2: Effect of RP557 on PMN effector functions. A) L-Selectin (CD62L) expression, B) migratory capacity, and 
C) ROS elaboration by human PMNs after being incubated with varying concentrations of RP557. 
Data are derived from n=3 replicates per group. 
*, **, *** denote p-value ≤0.05 ≤0.01, and ≤0.001, respectively.  
MFI = mean fluorescence intensity. 
ROS = Reactive Oxygen Species 
fMLP = N-Formylmethionyl-leucyl-phenylalanine (PMN chemotactic factor) 
 
Data were first published in MDPI International Journal of Molecular Sciences by Vargas et al., 2023. 
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A) 
  

 
 

 

B) 
 

  

 
 
Figure 3.3: Effect of RP557 on PMN recruitment and would healing of wild-type, uninfected wounds. Nondiabetic 
LysM-EGFP mice that produce EGFP-tagged granulocytes were dorsally wounded and treated with RP557 or 
vehicle control. A) PMN recruitment into the wound was measured using an IVIS spectrum as a function of 
fluorescence flux. B) Wound closure measured as changes in wound size over time.  
Data are derived from n = 11 mice per group.  
 
Data were first published in MDPI International Journal of Molecular Sciences by Vargas et al., 2023. 
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B) 

 

 

 

C) 

 

 

 
 
Figure 3.4: RP557 prevents S. aureus proliferation in infected, diabetic mouse wounds. Diabetic (TALLYHO) mice 
received a full-thickness dorsal wound that was immediately inoculated with bioluminescent MRSA USA300 (this 
timepoint is denoted as “Day 0”). Starting at 24 hours after bacterial inoculation (i.e. “Day 1”), mouse wounds 
were treated once daily with either saline (control) or RP557. A) SEM scan of wound tissue extracted at 24 hours 
post-inoculation showing that MRSA had proliferated and underwent biofilm formation. B) Measurements of 
bioluminescence flux from the wound acquired with an IVIS machine as photons/second and normalized to their 
value on “Day 1.” C) Representative bioluminescence scans of mouse wounds acquired on “Day 1” and “Day 5.” 
Data are derived from n = 5–10 mice per group.  
*, **, *** denote p-value ≤0.05 ≤0.01, and ≤0.001, respectively. Scale bar is 5mm.  
 
Data and figures were first published in MDPI International Journal of Molecular Sciences by Vargas et al., 2023. 
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Figure 3.5: RP557 accelerates closure of diabetic mouse wounds infected with S. aureus. Diabetic (TALLYHO) mice 
received a full-thickness dorsal wound on Day 0. Starting on Day 1 (i.e. 24 hours after wounding), wounds were 
treated at each timepoint with either control treatment (saline or FBS) or RP557. A) Change in wound size of 
uninfected diabetic (TALLYHO) wounds relative to wound size on Day 1 (these wounds were treated from Day 1 to 
Day 5 and from Day 8 to Day 11. Data are from one experiment (n = 3–5 mice per group). B) Change in wound size 
of MRSA-infected diabetic (TALLYHO) wounds relative to wound size on Day 1. Data are from two independent 
experiments (n = 5 to 10 animals per group). C) Slope value of the simple linear regression fit of the data shown in 
A and B, from Day 1 to Day 5, expressed as a positive value. D) Representative images of mouse wounds from the 
uninfected and infected groups (vehicle control-treated vs RP557-treated). Scale bar is 5mm. 
*, **, *** denote p-value ≤0.05 ≤0.01, and ≤0.001, respectively.  
 
Data and figures were first published in MDPI International Journal of Molecular Sciences by Vargas et al., 2023. 
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CHAPTER 4: PMN EXPANSION FROM HEMATOPOIETIC STEM CELLS VIA ENCAPSULATION IN 

3D GELATIN MICROGELS TO ENHANCE INNATE IMMUNITY AGAINST STAPHYLOCOCCUS 

AUREUS 

 

4.1: Introduction 

Methicillin-resistant Staphylococcus aureus (MRSA) is a common source of hospital-acquired infections 

that can result in severe pain and tissue damage. Individuals who suffer from cancer, diabetes, or HIV, or 

are otherwise immunocompromised, often experience severe infections [1–6]. MRSA infections can 

become chronic and intractable because of its resistance to a wide range of antibiotics, including 

methicillin, penicillin, linezolid, and daptomycin [140]. An alternative approach to treat MRSA infections 

is via delivery of PMN produced from hematopoietic and pluripotent stem cells (HSPC) directly into the 

site of infection. PMN are the most important and abundant effector cells of the immune system, and 

previous studies have shown that a single dose of HSPC transferred into immunodeficient mice 

enhances the immune response and increases overall survival rates [94]. However, the signaling 

mechanisms that govern PMN production from HSPC as well as strategies to optimize cell number 

production and antibacterial function remain at large. The following studies employ porous hydrogels 

for HSPC encapsulation to optimize PMN proliferation and antibacterial function for the potential use in 

adoptive transfer studies in the future. 

Recent studies have shown that hematopoietic stem and pluripotent cells (HSPC) traffic into the site of 

MRSA infection and are essential for full bacterial clearance. To demonstrate this, in previous studies, 

PMN were depleted from the circulation of LysM-EGFP mice with mAb Gr-1, an anti-PMN mAb, either 

before (pre-Gr1) or after (post-Gr1) bacterial inoculation (Figure 4.1A) (The term “Pre-Gr1” denotes 

antibody administration one day before infection and “Post-Gr1” denotes antibody administration one 

day after infection. This experimental overview is shown on Figure 4.1A) [90]. In the pre-Gr1 group, the 

number of PMN detected at the site of infection still increased over time (Figure 4.1B SA-pre Gr-1) 

despite receiving anti-Gr1 antibody one day prior to infection and on days 1 and 3 post-infection, and 

surprisingly, the majority of these mice survived the infection [90]. At the same time, in the post-Gr1 

cohort, the number of PMN began to decrease after day 1 as expected, but it began to increase again on 

day 4 despite continuing Gr1 treatments (Figure 4.1B SA-post Gr-1) [90]. In order to show that the 

source of EGFP-PMN at the site of infection was indeed from HSPC, an adoptive transfer of HSPC from 

LysM-EGFP mice was performed into the tail-vein of ‘dark’ (non-LysM-EGFP) C57BL6 mice (Figure 4.2A) 
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[90]. HSPC were labeled with Qtracker 705 and observed migrating from circulation into the wound site 

in mice inoculated with Saline and in mice inoculated with S. aureus. (Figure 4.2B) [90]. EGFP signal, 

indictive of PMN differentiation, continuously rose for eight consecutive days on mice infected with S. 

aureus wounding (Figure 4.2C) [90]. Combined, these studies demonstrate that HSPC migrate into a 

wound, undergo extramedullary granulopoiesis, and play a critical role in providing sufficient PMN 

numbers at the site of a MRSA infection [90]. 

Furthermore, previous studies have shown that it is possible to rescue immunodeficient MyD88-/- mice 

infected with S. aureus via adoptive transfer of PMN expanded from HSPC in vitro. MyD88 is a key 

adaptor molecule necessary to launch an effective immune response against S. aureus. MyD88-/- mice 

are more likely to show an inability to defeat the infection. Kim et al., proposed that hematopoietic stem 

cells are recruited to and experience granulopoiesis at the site of infection via a MyD88-dependent 

pathway [90]. As discussed earlier, MyD88 is recruited following Toll-like Receptor 2 (TLR2) activation by 

peptidoglycan and lipoteichoic acid from the cell wall of S. aureus [62]. Survival rates of MyD88-/- mice 

infected with S. aureus are lower compared to those of wild-type mice [94]. Falahee et al., also showed 

that mortality due to sepsis is partially reversed when HSPC are transferred into MyD88-/- mice infected 

with S. aureus [94]. This inspires the development of methods to enhance PMN production from HSPC in 

vitro as a potential strategy to enhance the immune response against drug-resistant infections via 

adoptive cell transfer into sites of infection. 

This chapter presents a series of studies demonstrating that PMN production can be enhanced in vitro 

by encapsulating HSPC in a 3D hydrogel-based microenvironment. Previous studies have shown that cell 

survival can be prolonged within collagen-based 3D hydrogels compared to 2D suspension cultures 

[141], which is critical for HSPC granulopoiesis during bacterial infection that often leads to lysis of 

immune cells due to pathogen virulence factors [94]. Previous studies have demonstrated that gelatin 

methacrylate (GelMA) hydrogels can maintain stem and progenitor cell populations [142]. The studies 

presented herein show that 3D GelMA hydrogels increase PMN production without resulting in loss of 

cell functionality against pathogenic bacteria. The ultimately goal is to use these hydrogels as a delivery 

vehicle in PMN transplantation studies to enhance the immune response to infection. Some of the 

figures, ideas, and methods presented as part of this chapter were previously published in Advanced 

Healthcare Materials [156] as noted in the figure legends. This work was done in collaboration with Dr. 

Tomas Gonzalez-Fernandez and Evan Cirves under the supervision of Dr. Scott I Simon at the University 

of California, Davis. 
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4.2: Encapsulation of HSPC in 3D GelMA Hydrogels Increases Production of GMP and PMN  

One of the main objectives of this chapter is to address whether a 3D microenvironment can enhance 

HSPC survival, proliferative capacity, and overall granulopoiesis. It is known that cell mechano-

transduction plays an important role in stem cell differentiation, but whether a 3D microenvironment 

can enhance or sustain HSPC survival and PMN production is still an active area of research [142, 156]. 

To fill in this gap in knowledge, HSPC were extracted from LysM-EGFP mice and maintained either inside 

3D GelMA constructs or in 2D suspension culture. LysM-EGFP mice produce granulocytes that are 

tagged with the green fluorescent protein, while undifferentiated HSPC are not [94, 143]. This easily 

enables detection and quantification of PMN production via flow cytometry, especially when used in 

conjunction with other PMN markers such as CD11b and Ly6G. In this experiment, cells were cultured 

for three days and then quantified and analyzed via flow cytometry. The results showed that there were 

similar total number of cells in both suspension and GelMA gels. However, closer analysis revealed that 

there were more GMP (LysMhiLy6Chi cells) and PMN (LysMhiLy6GhiCD11bhi cells) detected in the 3D 

cultures (Figure 4.3A-C). Furthermore, fold-expansion measurements, calculated as the total number of 

cells divided by the initial HSPC cell density [94], show that the 3D hydrogels produce more GMP and 

PMN cells per input HSPC compared to the 2D suspension cultures (Figure 4.3D). Combined, this data 

shows that the 3D GelMa hydrogels significantly enhance the production of PMN from HSPC relative to 

the 2D suspension cultures.  

The ability of the cells to exit or remain inside the 3D hydrogels was also examined. The results show 

that cells can “escape” out of the 3D hydrogel microenvironment (Figure 4.4A). In these studies, cells 

were cultured in either 3D hydrogels or 2D suspension culture for 7 days. The rationale for this longer 

culture period was to allow for more cells to escape the hydrogel so they could be then analyzed via 

flow cytometry and compared with the cells inside the hydrogel (In-GelMA) and those grown in 

suspension. At 7 days, the GelMA hydrogels showed slightly more cells with an LSK phenotype, but this 

was not statistically significant when compared to the suspension group (Figure 4.4B). The phenotype of 

the cells that remained specifically inside the gel (In-GelMA) was then directly compared with the 

phenotype of the cells that escaped. The cells grown in suspension served as a positive control. There 

were fewer total cells outside the hydrogels (Escaped) compared to inside the hydrogels (In-GelMA) 

(Figure 4.4C). However, inside the hydrogel there was a higher fraction of LSK cells. This fraction was 

also higher than what was measured in suspension cultures (Figure 4.4D). This suggests that LSK cells 
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underwent self-renewal at higher rates inside the hydrogel, meaning that the 3D GelMA constructs 

maintained HSPC survival and proliferative capacity. Outside the hydrogel, the majority of cells exhibited 

a GMP phenotype, which was also a higher fraction than what was measured from suspension cultures 

(Figure 4.4D). Although the number of PMN was similar both inside and outside the GelMA hydrogels, 

the EGFP Mean Fluorescence Intensity (MFI) was higher on the cells found inside the hydrogel (Figure 

4.4E). Higher EGFP MFI is indicative of more mature granulocytes, meaning that cells inside the GelMA 

were at later stages of differentiation [143]. It is possible, however, that once outside the hydrogel, 

mature PMN undergo programmed cell death at faster rates, resulting in overall similar PMN fractions 

when compared to the other groups. It is also unclear whether cell release is marked by increased cell 

migratory capacity, another indication of a more mature cell state, or by cell enzymes that degrade 

collagen and other ECM components [144–145, 156]. 

 

4.3: Evaluation of Antibacterial Function of PMN Produced in 3D Hydrogels vs 2D Culture 

While PMN production measured as cell number or percent fraction is a key indicator on the promising 

potential of GelMA hydrogels to serve as cell culture microenvironments, it is equally important to 

confirm that any cells generated are competent and can act against pathogenic bacteria. As a result, it 

was important to assess antibacterial capacity of cells grown in 3D hydrogels and in suspension culture. 

Two main functions were assessed in these studies: phagocytosis against S. aureus bioparticles and 

NETosis against live P. aeruginosa (Figure 4.5A). HSPC were cultured in equal numbers in either a 3D 

hydrogel culture or in a 2D suspension culture for three days. Cells isolated from bone marrow served as 

a control. To measure NETosis, cells in equal numbers were either exposed to live P. aeruginosa, PMA or 

vehicle control and then extracellular DNA was quantified with SYTOX staining. When exposed to P. 

aeruginosa, cells from suspension cultures and GelMA cultures showed nearly similar levels of 

extracellular DNA as cells from bone marrow (Figure 4.6B). Although the signal from cells in bone 

marrow was statistically higher, it is noteworthy to highlight that the cells cultured in vitro from HSPC 

and exposed to live P. aeruginosa still possessed the capacity to release NETs at higher rates than the 

control group and the PMA group (Figure 4.6B). Similarily, the results from the phagocytosis assay 

showed that cells from both suspension and GelMA had higher antibacterial capacity than cells from 

bone marrow when exposed to S. aureus bioparticles in equal numbers (Figure 4.6C). The cells from 

suspension had similar but statistically higher activity than those from the GelMA hydrogels (Figure 

4.6C). Taken together, these studies demonstrate that HSPC grown in vitro can lead to the production of 
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functionally active granulocytes that could be adoptively transferred into immunodeficient hosts to 

tackle bacterial infections.   

 

4.4: Potential of 3D GelMA Hydrogels to Enable PMN Transplantation 

The ultimate goal of these studies is to employ the 3D GelMA hydrogels not only as an environment to 

grow functional PMN from HSPC but also to use as a delivery vehicle to transplant PMN into infected 

wounds to enhance pathogen clearance and healing. To track these cells in vivo under the skin, a mouse 

line, herein known as S100A-FFLuc, with higher imaging sensitivity was developed. These S100A8-FFLuc 

mice have the firefly luciferase (FFLuc) reporter inserted in the myeloid related protein 8 

(MRP8/S100A8) promoter region. This reporter enables PMN imaging deeper in tissue and at a high 

sensitivity (i.e., detection of luciferase signal relative to background can be achieve with 104 PMN, which 

is a lower cell number compared to cells from to LysM-EGFP mice) [91] (Figure 4.6, Supplemental Figure 

5.1). There is in fact a linear correlation between increasing PMN number seeded in vitro and increasing 

Firefly signal measured using an IVIS Spectrum (Figures 4.6 and 4.7).  

To determine the effects of the 3D hydrogel environment alone on granulopoiesis, HSPC from S100A8-

FFLuc mice were cultured in suspension or GelMA in either basal media (denoted CTLR) or in media 

supplemented with myeloid-inducing factors (denoted DIFF). Luciferase activity was not observed in 

HSPC immediately after their extraction from bone marrow and seeding (Day 0), indicating that any 

firefly signal was produced solely by maturing PMN (Figure 4.7). Firefly signal was started to be detected 

in both 2D (suspension) and 3D (GelMA) cultures as early as Day 3 (Figure 4.7C). By Day 7, the firefly 

signal was significantly higher from cells cultured in DIFF media, suggesting more granulocyte 

maturation by this timepoint (Figure 4.7D). Interestingly, cells cultured inside the GelMA hydrogel in the 

absence of differentiation factors (CTRL) still produced firefly signal at a higher rate than what was 

measured on Day 3 (Figure 4.7D). When cultured in CTRL media, luciferase activity was only detected 

from cells grown in the 3D GelMA hydrogels and not in the 2D suspension cultures (Figure 4.7C-D), 

suggesting that the 3D GelMA microenvironment was sufficient to induce granulopoiesis likely via a 

mechano-transduction pathway. Flow cytometry analysis of these cells showed that the number of LSK, 

GMP, and PMN was higher in cell groups grown in DIFF media compared to those grown in CTLR media 

(Figure 4.8). Cells cultured in GelMA also had higher numbers of GMP and PMN compared to their 

suspension counterparts (Figure 4.8B-C), even when grown in CTRL media. All of this data reaffirms that 
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the 3D GelMA hydrogels serve as an environment that is better at producing PMN compared to 2D 

cultures. 

To assess the ability of the GelMA construct to maintain cell survival in vivo, cells were transplanted 

directly into the dorsal area of C57BL6 mice. HSPC were extracted from S100A8-FFLuc mice and grown in 

either suspension or in 3D hydrogels in differentiation for 7 days before transplantation. Mice were then 

imaged daily under an IVIS Spectrum. Mice that received a GelMA transplant showed luciferase signal at 

Day 5 post-transplantation, while those that received cells from suspension cultures did not (Figure 4.9). 

Quantification of this signal showed 40% less luciferase flux from the mice with cells from suspension 

compared to mice with GelMA hydrogels [156]. The signal from the GelMA hydrogels was also more 

localized, highlighting the potential to use these constructs for controlled cell transplantation into 

specific wound infection sites. More replicates will need to be performed in future studies to confirm 

these observations and optimize the hydrogel transplantation process. 

4.5: Conclusions and Future Directions  

PMN are the first line of defense against bacterial infections. In response to S. aureus infection in skin, 

Hematopoietic Stem and Progenitor Cells (HSPC) traffic to the site of infection and undergo 

extramedullary granulopoiesis to produce PMN in sufficient quantity necessary to resolve infection. 

Furthermore, MyD88-/- mice that lack sufficient granulopoiesis are able to boost their immune response 

against S. aureus via adoptive transfer of wild-type PMN and HSPC into the site of infection. However, 

the ability to scale up production of functional PMN remains elusive. There is currently a need to 

address challenges of in vitro PMN production from HSPC as a way to provide sufficient functional PMN 

to immunodeficient individuals, such as those who are undergoing chemotherapy, for example. Previous 

studies have shown that delivery of a single dose of PMN generated from HSPC in vitro via 2D 

suspension culture was sufficient to enhance the survival of immunodeficient mice that had been 

dorsally wounded and infected with S. aureus [94]. The studies presented in this chapter demonstrate 

the ability to produce functional PMN in a 3D microenvironment that enhances HSPC granulopoiesis 

compared to 2D suspension cultures. Furthermore, these 3D constructs have the potential to be 

implanted into specific sites of infection to boost granulocyte counts and overall innate immune 

function.  

One of the main objectives in the cell adoptive transfer studies presented in this chapter is to ensure 

that the survival and self-renewal capacity of HSPC populations that are critical for sustained production 

of PMN is both maintained and enhanced [156]. A strategy to achieve this is to build a 3D 
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microenvironment with similar mechanical properties as the bone marrow, such as porosity and 

stiffness. 4% GelMA constructs have been shown to maintain LSK populations at up to 20% frequency 

after one week following encapsulation [142]. In the studies presented in this chapter, 5% GelMA 

constructs resulted in the highest expansion efficiency compared to other GelMA concentrations, 

including 10% and 20% [156]. A 5% GelMA was shown to maintain HSPC populations and increase GMP 

and PMN production over suspension cultures at Day 3 post-HSPC encapsulation. These results are 

consistent with previous studies reporting that 3D collagen substrates can enhance HSC proliferation 

[141] and show that a 5% GelMA 3D hydrogel is a suitable environment to maintain HSPC survival and 

self-renewal capacity and leads to increased production of PMN and GMP [156].  

The effect and efficacy of 3D GelMA hydrogels to generate and maintain GMP and PMN populations 

from HSPC was examined. CD117hi HSPC were isolated from the femurs and tibias of LysM-EGFP mice. 

These mice produce granulocytes that are tagged with the green fluorescence protein, while HSPC are 

not [143]. The HSPC were either cultured in suspension culture or encapsulated into 3D GelMA 

hydrogels on the same day they were isolated from mice. The process of encapsulation involved 

polymer UV-crosslinking and resulted in the production of hydrogels with desired sizes and mechanical 

properties [156]. HSPC were cultured in media factors that promoted differentiation towards a PMN 

phenotype (see section 2.4 in Chapter 2). After three or seven days after culture, cells were analyzed via 

flow cytometry to assess GMP and PMN phenotype. The results show that HSPC encapsulation and 

culture in 3D GelMA hydrogels leads to higher numbers of GMP and PMN compared to HSPC cultures 

grown in 2D (suspension). Although the total cell expansion between 3D GelMA and 2D suspension 

cultures remained similar, when the phenotype of these cell populations was further classified via flow 

cytometry analysis, it was clear that the 3D GelMA microenvironment had promoted production of more 

GMP and PMN cell populations than the 2D suspension cultures. It remains unclear whether the media 

growth factors that promote PMN production can reach the cells inside the 3D hydrogel at similar 

concentrations as the cells grown in suspension culture, as suggested by previous studies [146, 147]. 

Future studies will examine fluid dynamics to optimize and adjust media growth factor concentration to 

cells inside a 3D environment and whether this further optimizes cell survival, HSPC renewal capacity, 

and PMN production. 

The ability of cells to exit the 3D GelMA microenvironment was also observed. By Day 7 after 

encapsulation, nearly 40% of all cells were found outside the 3D constructs, with the majority of the 

cells exhibiting a GMP phenotype [156]. Interestingly, the majority of the cells that remained inside the 



 

 42 

3D construct exhibited an LSK phenotype, as measured via flow cytometry analysis. This supports the 

notion that the 3D GelMA hydrogels can maintain HSPC survival and possibly self-renewal capacity. 

Although the differences in PMN frequency were not significant between inside and outside the GelMA 

construct, it is possibly that mature PMN produced inside the GelMA undergo cell release similar to 

what occurs in vivo when PMN exit the bone marrow and enter the circulation, which is a continuous 

process during both inflammation and during homeostatic conditions that is followed by programmed 

cell death via apoptosis [71]. It is possible that once cells exit the GelMA construct, more mature PMN 

undergo programed cell death, resulting in similar PMN numbers measured both inside and outside the 

3D microenvironment. Future studies will further examine the apoptotic state of cells inside and outside 

the GelMA hydrogels and compare with those grown in suspension. It is also unclear if cell escape is 

mediated by increased PMN/GMP migratory capacity or by secretion of collagenase enzymes that 

degrade or otherwise alter the 3D environment, as some studies have suggested [148].  Future studies 

will examine the mechanisms governing this cell escape out of the 3D constructs and how this 

phenomenon can be optimized to enable controlled delivery of GMPs and PMNs into infected skin 

wounds.  

The capacity to activate and perform antibacterial functions was also investigated in cells grown in 

GelMA and suspension. This involved measuring CD11b expression, phagocytosis, and NETosis. CD11b is 

an integrin that is key in mediating PMN recruitment into sites of infection [150–152, 156]. Since one of 

the ultimate objectives is to deliver PMN grown in vitro to sites of inflammation in vivo, measuring 

CD11b expression was a critical marker indicative of not only cell maturity but also activation and 

antibacterial capacity. Cells grown in the 3D GelMA constructs were capable of more upregulation of 

CD11b expression than cells grown in suspension cultures following stimulation with PMA [156]. This 

highlights the superiority of the GelMA constructs at producing not only more mature but also more 

competent PMN. This is further supported by phagocytosis assays performed on cells from GelMA and 

suspension cultures. Flow cytometry-based assays using S. aureus bioparticles revealed that PMN from 

suspension and GelMA cultures were capable of performing phagocytosis, both groups at higher levels 

than PMN directly isolated from bone marrow. Another indicator of PMN maturation and competency is 

their ability to undergo NETosis in response to infection [83–87, 103, 104, 107]. When exposed to live P. 

aeruginosa or PMA, equal numbers of cells from the suspension group and the GelMA group produced 

NETs at similar levels to each other, but both to a lesser extent in comparison to cells that were directly 

isolated from bone marrow. This still demonstrates, however, that the 3D GelMA constructs lead to the 

production of functional, competent PMN. Taken together, this data supports the conclusion that HSPC 
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encapsulated in a 3D GelMA hydrogel microenvironment can generate functional PMN that could be use 

to combat pathogenic infections caused by bacterial strains of clinical interest, including P. aeruginosa 

and S. aureus. 

To further assess expansion efficiency and the potential to transplant GelMA constructs into sites of 

bacterial infection to provide sustained PMN numbers, a mouse line expressing the firefly luciferase 

reporter on granulocytes was developed. This line was generated by cross-breeding mice expressing a 

Cre-MRP8 promoter with mice expressing a FFLuc-Lox reporter. The resulting mice produced 

granulocytes expressing Firefly luciferase in the S100A8 protein that could be imaged and quantified 

through skin tissue. This S100A8-FFLuc reporter acted as a mature PMN tracker that could be imaged 

and quantified in vivo at higher sensitivity and tissue penetration compared to the LysM-EGFP reporter 

mouse line (compare Figure 4.6 and Supplemental Figure 5.1). The use of S100A8-FFLuc cells made it 

possible to observe cell maintenance under the skin of C56BL6 mice following transplantation of the 

GelMA constructs or cells grown in suspension form into the dorsal area. Cells transplanted inside the 

3D hydrogel retained bioluminescence signal for up to 5 days. On the other hand, cells transplanted in 

suspension form dissipated and their FFLuc signal was diminished throughout the course of the study 

[156]. This highlights the potential to use GelMA hydrogels for targeted and possibly controlled delivery 

of self-renewing HSPC and mature PMN into specific, desired sites of infection. HSPC from S100A8-FFLuc 

mice were also grown in both 2D and 3D culture with and without differentiation growth factors, 

denoted CTRL (without) and DIFF (with). The purpose of this was to assess the direct biomechanical 

effects of the 3D GelMA microenvironment on HSPC self-renewal capacity and PMN differentiation. Cell 

phenotype analysis and classification of these cells via flow cytometry showed that the number of both 

GMP and PMN populations were higher in the 3D GelMA constructs than in the 2D suspension cultures. 

The results also showed that cells grown inside the GelMA constructs produced FFLuc signal, and thus 

mature PMN, even when cultured without any differentiation growth factors. This was observed only on 

cells cultured inside the 3D hydrogels and not on those grown in suspension form. Therefore, the 3D 

environment alone was sufficient to promote cell renewal and expansion. This interesting discovery 

highlights the effects and the importance of a 3D microenvironment and its mechanical properties that 

influence cell proliferation and granulopoiesis. 

Future work will focus on optimizing PMN production and delivery in the GelMA environment to 

evaluate its therapeutic potential to combat antibiotic-resistant wound infections. Part of this 

optimization will involve examining the signaling pathways that govern and could be targeted to 
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enhance HSPC granulopoiesis in vitro. For example, TLR2 and IL-1β have been shown to synergistically 

increase PMN proliferation from HSPC in suspension cultures. This is further supported by the fact that 

TLR2-/- and MyD88-/- HSPC undergo granulopoiesis less effectively than HSPC from wild-type mice [93]. 

As a result, MyD88-/- mice infected with S. aureus become septic [93, 94]. Therefore, future studies 

should examine the effect TLR and IL-1 agonists on PMN production from HSPC. Adoptive transfer 

studies into transgenic and chimeric MyD88-/-, TLR-/-, and IL-1-/- mice would also guide our 

understanding of signaling pathways that govern HSPC expansion and the role of hematopoietic and 

non-hematopoietic cells alike in this process. Furthermore, when HSPC from LysM-EGFP mice are 

directly transferred into the wounds of C57BL6 mice two hours after infection with P. aeruginosa, there 

was a significant increase in EGFP fluorescence emanating from these wounds (Figure 4.10), suggesting 

that local production may also be induced in response to gram-negative bacteria. Therefore, future 

studies should also focus on understanding and enhancing the immune response to gram-negative 

bacteria like P. aeruginosa that induce TLR4-dependent immune responses. Lastly, the safety regarding 

the use 3D hydrogels to transplant and deliver immune cells into a patient should also be investigated. 

For example, these studies should examine whether transplanted PMN could be rejected by the immune 

system of a recipient patient, the optimal transplantation dose and dosing schedule, as well as any side 

effects caused as a result of hydrogel degradation following transplantation [153-156]. 
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Figure 4.1: PMN depletion via mAb Gr-1 administration showing that HSPC recruitment and extramedullary 
granulopoiesis in an infected wound is an important tactic against S. aureus infection. A) Experimental design 
noting timepoints of anti-Gr1 administration. B) EGFP-PMN recruitment showing that even mouse that undergo 
depletion show recruitment/granulopoiesis at the site of S. aureus infection. C) Bacterial abundance showing that 
depleted mice are still able to combat the infection. “Post” denotes mAB Gr1 treatment after SA infection and 
“Pre” denotes mAB Gr1 treatment before SA infection. 
Data are derived from n=5–6 mice per group. * denotes p-value ≤0.05 compared to IGG1-isotype control.  
EGFP = Enhanced Green Fluorescent Protein | SA = Staphylococcus aureus 
 
This research was originally published in Blood. Kim et al. PMN survival and c-kit+-progenitor proliferation in 
Staphylococcus aureus-infected skin wounds promote resolution. Blood. 2011; 117:3343-3352.  
© the American Society of Hematology. 
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Figure 4.2: Adoptive transfer studies of HSPC from LysM-EGFP mice into ‘dark’ C57BL6 mice showing recruitment 
and extramedullary granulopoiesis. A) Experimental design of isolation and adoptive transfer of HSPC from LysM-
EGFP mice into C57BL6 mice. B) Labeling and tracking of HSPC into S. aureus wounds denoting recruitment. C) 
Extramedullary granulopoiesis at the site of infection of the aforementioned transferred and recruited HSPC 
denoted by an increased in EGFP fluorescence at the site of infection.  
Data are derived from n=3–5 mice per group 
* denotes p-value ≤0.05 compared to saline control.  
 
This research was originally published in Blood. Kim et al. PMN survival and c-kit+-progenitor proliferation in 
Staphylococcus aureus-infected skin wounds promote resolution. Blood. 2011; 117:3343-3352.  
© the American Society of Hematology. 
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Figure 4.3: Effect of HSPC encapsulation on granulopoiesis and proliferative capacity. A) HSPCs were isolated 
from murine bone marrow and cultured in 3D hydrogels or 2D suspension and stained with various markers of 
interest to assess PMN production. B) After 72 hours of in vitro culture in either 2D suspension or 3D GelMA 
hydrogels, cells were isolated, and the total number of viable cells was measured via flow cytometry. C) Cell 
fractions of LSK, GMP and PMN populations were also quantified. D) GMP or PMN production per input HSPC and 
E) the total fold expansion of all enumerated cells per input HSPCs were also determined.  
Data are derived from n = 3–4 replicates per group.  
* and ** denote p-value ≤0.05 and ≤0.01 respectively (relative to the suspension group). 
HSPC = Hematopoietic Stem and Progenitor Cell 
LSK = Lineage-negative, Sca-1-positive, and c-kit-positive cells 
GMP = Granulocyte-Monocyte Progenitor defined as Ly6C-positive and c-kit-positive cells 
PMN  = Polymorphonuclear Leukocyte defined as CD11b-positive and Ly6G-positive cells 
 
Data and figure were first published in Advanced Healthcare Materials by Cirves and Vargas et al., 2024. 
© John Wiley & Sons, Inc or related companies 
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Figure 4.4: Flow cytometry characterization of cells that remained inside the 3D hydrogels, escaped the 
hydrogel, or were grown in 2D culture. A) Graphical representation of analyzed cell populations defining the cells 
that remained encapsulated in the GelMA gels (In-GelMA) versus cells that escaped the hydrogel (Escaped). B) 
Percentage of LSK, GMP and PMN cells in suspension or GelMA (Escaped + In-GelMA cells) after 7 days. C) Total cell 
viability of the population inside the hydrogel vs outside (“escaped”). D) Percentage of LSK, GMP and PMN cells in 
suspension, in-GelMA and escaped after 7 days of differentiation culture. E) Median Fluorescence Intensity (MFI) 
of LysM-EGP+ cells after 7 days of differentiation culture.  
Data are derived from n=3 replicates per group. 
* and ** denote p-value ≤0.05 and  ≤0.01, respectively. 
EGFP = Enhanced Green Fluorescent Protein 
LSK = Lineage-negative, Sca-1-positive, and c-kit-positive cells 
GMP = Granulocyte-Monocyte Progenitor defined as Ly6C-positive and c-kit-positive cells 
PMN  = Polymorphonuclear Leukocyte defined as CD11b-positive and Ly6G-positive cells 
 
Data and figure were first published in Advanced Healthcare Materials by Cirves and Vargas et al., 2024. 
© John Wiley & Sons, Inc or related companies 
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Figure 4.5: Functionality assessment via NETosis and Phagocytosis of PMN derived from HSPC cultures.  
A) Biological abstract of the performed assays. B) Average fluorescence of SYTOX Orange (an analog for NETosis) 
following stimulation with either P. aeruginosa or PMA. SYTOX Orange is a cell-impermeant, nucleic-acid stain 
measured on the IVIS spectrum. C) Average fluorescence pH-reactive S. aureus bioparticles phagocytosed by 
EGFP+ cells and measured via AttuneNxT flow cytometer. Cells in both experiments were seeded and expanded for 
7 days.  
Data are derived from n=3–4 replicates per group. 
*, **, ***, and **** denote p-value ≤0.05, ≤0.01, ≤0.001), and ≤0.0001, respectively. 
MFI = Mean Fluorescence Intensity 
 
Data and figure were first published in Advanced Healthcare Materials by Cirves and Vargas et al., 2024. 
© John Wiley & Sons, Inc or related companies 
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Figure 4.6: In vitro correlation between PMN number and Firefly (S100A8-FFLuc) signal flux. 
Mice expressing a Cre MRP8-EGFP promoter (Tg(S100A8-cre,-EGFP)1Ilw) were cross-bred with mice expressing a 
ffLuc-Lox reporter (Gt(ROSA)26Sortm1(Luc)Kael/J) to generate mice expressing Firefly luciferase (FFLuc) in 
granulocytes. Offspring received a subcutaneous dose of 5mg/mL of D-Luciferin and imaged in an IVIS Spectrum to 
identify mice expressing the FFLuc reporter (FFLuc+). Bone marrow neutrophils (CD11bhi Ly6Ghi confirmed by flow 
cytometry) were isolated from FFLuc+ mice and a known number of cells were placed in a 96-well plate containing 
5mg/mL D-Luciferin. The plate was imaged in an IVIS Spectrum to correlate FFLuc total flux (p/s) with neutrophil 
number. 
Data are derived from n=3 replicates per group. 
FFLuc = Firefly Luciferase (reporter) 
 
Data and figure were first published in Advanced Healthcare Materials by Cirves and Vargas et al., 2024. 
© John Wiley & Sons, Inc or related companies 
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Figure 4.7: PMN production from HSPC in 2D or 3D culture measured by luciferase activity. A) Confirmation of 
>80% of CD117+ HSPCs after cell isolation from the bone marrow of MRP8-FFLUC mice. (B) Luciferase activity at 
day 0 after isolation in cells in suspension or encapsulated in 5% GelMA gels. (C) Luciferase activity after 3 and 7 
days of in vitro culture in cells cultured in suspension or encapsulated in GelMA gels and maintained in basal (CTRL) 
or differentiation (DIFF) media. (D) Quantification of luciferase activity. 
Data are derived from n=4 replicates per group. 
** and *** denote p-value ≤0.01 and ≤0.001, respectively. 
CTRL =  Basal Media (i.e. no addition of myeloid differentiation factors noted in Section 2.4) 
DIFF = Media supplemented with myeloid differentiation factors (noted in Section 2.4) 
 
Data and figure were first published in Advanced Healthcare Materials by Cirves and Vargas et al., 2024. 
© John Wiley & Sons, Inc or related companies 
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Figure 4.8: Flow cytometry characterization of HSPC-derived cells grown in 2D vs 3D cultures in non-
supplemented (CTRL) vs PMN-differentiation (DIFF) media. HSPC derived from S100A8-FFLuc mice were grown in 
2D (Suspension) or 3D culture (encapsulated in GelMA hydrogel) in the absence (CTRL) or presence (DIFF) of 
granulopoiesis-inducing growth factors. Data shows the number of A) LSK (Sca-1+c-kit+), B) GMP (Ly6C+c-kit+) and 
C) PMN (Ly6G+CD11b+) after 7 days of culture.  
Data are derived from n=5 replicates per group. 
*, **, and **** denotes p-value ≤0.05, ≤0.01, and ≤0.0001, respectively. 
LSK = Lineage-negative, Sca-1-positive, and c-kit-positive cells 
GMP = Granulocyte-Monocyte Progenitor defined as Ly6C-positive and c-kit-positive cells 
PMN  = Polymorphonuclear Leukocyte defined as CD11b-positive and Ly6G-positive cells 
 
Data and figure were first published in Advanced Healthcare Materials by Cirves and Vargas et al., 2024. 
© John Wiley & Sons, Inc or related companies 
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Figure 4.9: S100A8-FFLuc HSPC-derived PMN transplantation into C57BL6 mice. Luciferase activity of cells in 
suspension or in GelMA at days 0 and 5 after transplantation into C57BL/6J mice. Bioluminescence flux was 
obtained as radiance average (p/s/cm2/sr) by drawing a region of interest (ROI) on top of the site of 
transplantation. 
Data are derived from n=1 mouse per group. 
 
Data and figure were first published in Advanced Healthcare Materials by Cirves and Vargas et al., 2024. 
© John Wiley & Sons, Inc or related companies 
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Figure 4.10: Production of PMN from HSPC delivered into P. aeruginosa-infected mouse wounds. C57BL6 mice 
were dorsally wounded and inoculated with S. aureus or P. aeruginosa followed with subcutaneous transfer of 
HSPC isolated from LysM-EGFP mice at 2-4h after infection. EGFP fluorescence was measured on an IVIS spectrum 
to quantify production of PMN from HSPC. A) Experimental design schematic of HSPC isolated from LysM-EGFP 
mice and then transferred into ‘dark’ C57BL6 mice 2 hours after these were wounded and infected. Illustration was 
created with BioRender.com. B) EGFP fluorescence from C57BL6 mice showing local production of PMN from HSPC 
at the site of infection. C) Bioluminescence flux from bacteria at the wound site. D) Wound closure over time. E) 
Kaplan-Meier curve showing animal survival. 
Data are derived from n=2 mice per group.  
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CHAPTER 5: ROLE OF MYD88 SIGNALING IN PMN-MEDIATED IMMUNITY AGAINST 

PSEUDOMONAS AERUGINOSA INFECTION IN WOUNDED SKIN  

 

5.1: Introduction 

Antibiotic resistance to community and hospital-acquired infections is a major threat to public health 

[1–19]. As a result, there is an urgent need to better understand the mechanisms mounted by the innate 

immune system against infection and to develop host-based therapies that enhance bacteria clearance 

and tissue repair. Polymorphonuclear leukocytes, or PMN, are the most abundant and one of the 

primary effector cells of the innate immune system [60–71].  During the early stages of infection, PMN 

are quickly recruited from circulation into sites of infection, where they launch an array of antibacterial 

functions to eliminate bacteria [27, 62, 63, 66–71, 90, 94, 97]. These functions are governed by a 

complex series of signaling pathways that are initiated by pathogen recognition via conserved molecular 

patterns that activate toll-like receptors (TLR). These signals tightly regulate PMN production in bone 

marrow, release into the circulation, and transmigration from blood vessels at the site of tissue insult 

[51–75].  TLR stimulation prime PMNs for enhanced responses against pathogens via potentiation of 

chemokine signaling of antibacterial functions, including reactive oxygen species production, 

phagocytosis, and formation of PMN extracellular traps (NETosis) [27, 61–71, 78, 83–86, 90–95, 97]. 

Mutations that dysregulate TLR signaling and activation of the inflammasome lead to impaired pathogen 

killing, severe tissue damage, and sepsis [59–71]. Persistent, chronic infections often require antibiotic 

treatments for bacterial clearance [1–19]. One major obstacle to this is the ability of bacteria to rapidly 

develop mechanisms that render antibiotics ineffective [15–19]. As a result, alternative therapeutic 

approaches need to be developed that rely on enhancing PMN numbers and their antibacterial capacity. 

In fact, previous studies have shown that tuning the number and function of PMN at the site of skin 

infections can improve host prognosis [94]. However, key signaling molecules that govern PMN 

production, recruitment, and antibacterial functions during the early stages of infection remain elusive 

[90, 93, 94].  

Previous studies on mouse wounds have shown that discrete populations of PMN mount an effective 

response to bacterial virulence factors. S. aureus in wounded skin elicits prolongation of PMN lifetime 

within the wound. They also induce local granulopoiesis by HSPC that traffic into the infected wound to 

generate and maintain sufficient PMN numbers for clearing the infection [27, 90, 93, 94, 97]. These 

mechanisms are regulated through host pathways that signal via MyD88 through TLR2 and IL-1b, and 
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are a direct response to virulence factors such as Hematoxylin A, which impairs PMN extravasation by 

lysing perivascular macrophages in mouse skin [94]. In the absence of MyD88, the host response to 

infection is severely impaired as noted by decreased PMN recruitment, increased bacterial 

dissemination, and mortality within 5 to 10 days after infection [82,93,94]. We chose to further 

investigate the role of MyD88 on PMN-mediated host defense in response to P. aeruginosa, a flagellated 

gram-negative pathogen that induces TLR4- and TLR5-dependent immune responses [7–11]. Although P. 

aeruginosa infections are common in pneumonia patients suffering from cystic fibrosis, it can also cause 

invasive and life-threatening infections in skin, particularly in individuals with diabetes [82, 157–161]  

P. aeruginosa is a primary cause of opportunistic infections and sepsis in immunocompromised 

populations [7–11, 13]. These infections are notoriously difficult to treat because P. aeruginosa has a 

remarkable capacity to readily proliferate, form biofilm, and resist antibiotic treatments [7–11]. One of 

the main mechanisms of host defense against infectious bacteria is infiltration of circulating PMN 

produced in the bone marrow into the site of infection [27, 61–71, 94, 97]. Quick and sufficient PMN 

recruitment and activation of their antibacterial functions is necessary to contain and subsequently clear 

pathogenic bacteria [61–-71, 87, 90, 94, 95, 97]. These mechanisms are triggered by TLR4 activation of 

MyD88 that signals via MAPK and NF-kB inducing production of cytokines, including IL-1b and TNFa [27, 

82, 94, 95, 97]. This ultimately results in PMN production, recruitment, and activation of antibacterial 

functions at the site of infection. However, the rate at which PMN and produced and recruited into an 

infected wound, and whether local granulopoiesis induced by TLR4 stimulation is a host tactic to control 

P. aeruginosa, remains unknown. Similarly, the direct role of TLR4 and MyD88 on PMN functions like 

migration, phagocytosis, and NETosis during the critical first 24 hours of infection, that can mitigate 

pathogen dissemination, is unclear. Furthermore, during inflammation, PMN undergo programmed cell 

death via mechanisms that involve TLR detection of pathogen-associated molecular patterns (PAMPs) 

and virulence factors that lead to inflammasome and resident macrophage activation [6-12]. Whether 

these programmed cell mechanisms are beneficial for the host to be able to contain and defeat the 

infection remains unclear [84–86, 100, 101, 103–105]. In the studies presented here, we use a mouse 

wounding model to show that MyD88 activation is required for an effective immune response within 

hours after infection with P. aeruginosa, through IL-1b generation and sufficient PMN migration, 

pyroptosis, and NET formation. In the absence of MyD88, P. aeruginosa quickly proliferates and 

disseminates from the infected wound and into vital tissues, resulting in severe sepsis. The phenotype 

correlates with lower levels of IL-1b production in MyD88-/- wounds, as well as impaired PMN 

movement and inability to undergo pyroptosis and NETosis in vitro.  Taken together, these studies 
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suggest that MyD88 activation in PMN is essential for host survival from P. aeruginosa infection by 

regulating lifetime and antibacterial functions regulated by IL-1b.  

The data in Figure 5.15 were collected in collaboration with Dr. Maryam Rahmati at UC Davis. The data 

and figures in 5.16 were obtained in collaboration with Stefan Lundgren from the Collins Lab at UC 

Davis. All histopathological H&E images and analysis were performed in collaboration with the 

Comparative Pathology Lab at UC Davis. 

 

5.2: Early PMN Recruitment is Essential to Control P. aeruginosa Cutaneous Infection 

LysM-EGFP mice were employed to measure PMN recruitment into an infected wound. These mice 

express the enhanced green fluorescent protein (EGFP) downstream of the lysM gene, which enables 

the quantification of granulocyte recruitment into a dorsal wound using an IVIS Spectrum device [90, 91, 

94, 143]. To validate this model, a known number of PMN isolated from LysM-EGFP mice were 

inoculated subcutaneously into the dorsal wounds of non-LysM-EGFP, C57BL6 mice. We found a direct, 

linear correlation between the number of PMN and the EGFP flux measured from the wound 

(Supplemental Figure 5.1).  To characterize the role of PMN during the innate immune response to 

infection, LysM-EGFP mice were dorsally wounded and inoculated with S. aureus, P. aeruginosa, or 

saline control (Figure 5.1). In response to S. aureus, the number of PMN recruited into the site of 

infection by day one post-wounding were 70% lower than those in Saline or P. aeruginosa wounds. This 

is consistent with previous findings showing that S. aureus virulence factor alpha-toxin attenuates PMN 

recruitment by lysing immune cells at the site of infection [82, 94]. These studies also demonstrated that 

PMN local granulopoiesis and prolonged PMN lifetime are host mechanisms that augment the cell count 

within the wound that is needed to reduce S. aureus abundance [90, 94]. On the other hand, P. 

aeruginosa exhibited two-fold higher PMN numbers at the site of infection by day one post-wounding 

and continued to rise to a maximum at day five post-infection that was 25% above saline and 160% 

above S. aureus. This higher number correlated with lower bacterial abundance and faster wound 

closure than S. aureus wounds. Furthermore, PMN enumeration in bone marrow and circulation at 16 

hours after wounding revealed that P. aeruginosa-infected mice have 60% less PMN in bone marrow 

and more than 10-fold higher PMN counts in circulation compared to mice only inoculated with saline 

(Figure 5.2). Taken together, this suggests that rapid PMN production in bone marrow and recruitment 

from circulation is necessary to defeat P. aeruginosa in an infected wound. 
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A strategy to further evaluate the importance of early PMN release from bone marrow and recruitment 

to the site of infection is to deplete circulating PMN in LysM-EGFP mice via intraperitoneal 

administration of anti-Gr1 mAb one day before wounding and inoculation with P. aeruginosa. Within 16 

hours of infection PMN production was increased in bone marrow in both IgG control and anti-Gr1 

cohorts. This resulted in PMN release into circulation that correlated with their rapid recruitment into 

infected wounds in the IgG control group but not the PMN-depleted mice (Figure 5.3A-C).  P. aeruginosa 

infected and PMN depleted mice were unable to contain the infection and survived for less than 24 

hours after infection (Figure 5.3D). These mice were also more likely to exhibit higher levels of P. 

aeruginosa abundance in blood than the IgG control (Figure 5.3E). Histopathological analysis revealed 

the presence of P. aeruginosa in lung, liver, and spleen. These studies indicate that within 24 hours of 

detection of P. aeruginosa at the site infection, rapid bone marrow production and recruitment of 

sufficient numbers of PMN from circulation is critical to prevent pathogen dissemination and fatal 

sepsis. This differed from the response to S. aureus, where PMN depleted mice were still able to defeat 

the infection via a mechanism that involved HSPC recruitment from bone marrow and PMN production 

directly at the site of infection through TLR2 and IL-1b signaling [91–94]. 

 

5.3: PMN that Encounter P. aeruginosa Undergo Rapid Cell Death 

To characterize PMN recruitment as a function of initial P. aeruginosa abundance, mice were wounded 

and inoculated with 104 or 107 CFU of bacteria, or saline control. Previous studies of S. aureus infected 

wounds revealed that PMN infiltrated the wound bed most rapidly over the first 24 hours and that a 

five-fold increase in S. aureus inoculant correlated with a 100% increase in the rate and extent of PMN 

recruitment [90]. In contrast, in the case of P. aeruginosa an increase in inoculant correlated with a 

decrease in PMN recruitment, especially over the initial 48 hours and this was accompanied with a 

significant decrease in survival of 25% of infected mice (Figure 5.4A-C).   

We hypothesized that following recruitment to infected wounds, PMN undergo rapid cell death 

proportional to bacterial abundance, which is responsible for the 50% lower rate and extent of PMN 

numbers in wounds inoculated with 107 versus 104 CFU of P. aeruginosa. To assess whether PA 

interfered with phagocyte recruitment from the circulation and contributed to depletion within infected 

compared with saline control wounds, PMN from LysM-EGFP mice were isolated and injected directly 

into wounds, or delivered via tail vein injection, into non-LysM-EGFP mice inoculated with P. aeruginosa. 

Within 6 hours of injection into circulation, equivalent numbers (~5x105 PMNs) were recruited into PA 
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and saline wounds. However, over the ensuing 24 hours only 25% of PMN remained within infected 

wounds compared with 75% in wounds inoculated with saline (Figure 5.5A). This indicates that PMN 

undergo rapid lysis in the presence of P. aeruginosa. This is consistent with published studies 

demonstrating that NETosis is a primary PMN response to P. aeruginosa and is necessary to control 

biofilm formation and subsequent vascular dissemination [87].  Similarly, when PMN from LysM-EGFP 

mice were placed into the tail vein of C57BL6 mice, 2 hours before wounding and inoculation with either 

Saline or P. aeruginosa, fewer PMN were detected in infected wounds over the course of the first 24 

hours post-wounding, compared to wounds that had only been inoculated with saline. PMN in wounds 

inoculated with saline followed a linear increase in the number of PMN measured, consistent with the 

recruitment data shown in Figure 5.1. In infected wounds, on the other hand, recruitment kinetics 

formed a “zig-zag” pattern characterized by rapid increase followed by a flattened slope. By 28 hours 

post-wounding, P. aeruginosa wounds had only 25% of the number of PMN observed in saline wounds, 

further supporting the conclusion that 75% of PMN recruited within the first 24 hours post-wounding 

undergo cell death (Figure 5.5B). 

Three distinct mechanisms act in concert to maintain sufficient numbers of PMN for host defense in S. 

aureus infected wounds. These include: 1) sustained mobilization of PMN produced in the bone marrow 

that correlated with infection burden, 2) prolonged survival within the wound, and 3) local proliferation 

of PMN produced from hematopoietic progenitor stem cells that traffic to the wound and undergo 

myeloid differentiation [91,94]. Previously, it was reported that PMN extended their lifetime within S. 

aureus infected wounds by up to six days once recruited into the site of infection [91-94. In the case of 

P. aeruginosa, the half-life of the 25% of PMN remaining after 24 hours post-infection was closer to 3 

days compared with 1 day for saline control (Figure 5.6B). This further supports the conclusion that PMN 

have shorter survival in P. aeruginosa-infected wounds.  

MyD88 is a key mediator of TLR signaling. It also determines cell fate via pyroptosis and apoptosis upon 

stimulation of proinflammatory signals like IL-1b and TNF-α [95, 162–164]. To further assess the 

mechanisms underlying PMN survival within P. aeruginosa wounds, PMNs were isolated from the bone 

marrow of wild-type and MyD88-/- mice expressing LysM-EGFP and cultured in vitro in the presence of 

basal media (control) or media with P. aeruginosa or PMA (Figure 5.7). 24 hours after culture, cells were 

analyzed via flow cytometry for relative expression of EGFP as a marker indicative of cell viability. Only 

10% of wild-type PMN incubated with P. aeruginosa remained viable after 24 hours compared to 40% of 

those incubated in basal media. This means that P. aeruginosa induced a 75% decrease in wild-type 
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PMN viability (i.e. from 40% in CTRL group to 10% in P. aeruginosa group). This further confirms that in 

the presence of P. aeruginosa, nearly 75% of PMN undergo cell death within hours of pathogen 

encounter. On the other hand, nearly 25% of MyD88-/- remained viable after 24 hours, indicative of 

impaired cell death in response to P. aeruginosa.  

5.4: Early MyD88 Signaling is Required to Contain P. aeruginosa and Avert Sepsis 

Previous studies with S. aureus infections have shown that MyD88 signaling downstream of TLR2 

mediates IL-1b production, which is necessary to elicit PMN production and antibacterial functions to 

clear the bacteria [94, 95].  LysM-EGFPxMyD88-/- that lack MyD88 and have the capacity to produce 

EGFP-tagged granulocytes were dorsally wounded and inoculated with bioluminescent P. aeruginosa. In 

contrast to wild-type mice, none of the MyD88-/- mice survived beyond 24 hours after infection. By 16 

hours post-infection, bioluminescence revealed 10-fold higher levels of P. aeruginosa abundance and 

dissemination in MyD88-/- mice. In contrast, wild-type mice exhibited a continuous drop in bacterial 

abundance that was contained within the wound bed (Figure 5.8A). Interestingly, imaging of eGFP 

fluorescence from the wound tissue, which is indicative of PMN abundance at the site of infection, were 

not significantly different between MyD88-/- and wild-type mice during the 24-hour duration of the 

study (Figure 5.8B). Further analysis of PMN numbers in the bone marrow and blood between PA 

infected wild-type and MyD88-/- mice revealed equivalent levels, consistent with whole animal 

fluorescence imaging.   

Histopathological analysis of organs obtained post-mortem at 14 hours post-infection of MyD88-/- mice 

revealed that P. aeruginosa exited the wound and was detected in blood, liver, kidney, and lung, while 

bacterial dissemination did not occur in wild-type mice (Figure 5.9). To evaluate whether a breach in 

microvascular barrier function at 24 hours correlated with dissemination of PA into vital organs of 

MyD88-/- mice, permeability was measured by tail-vein infusion of fluorescently labeled albumin.  

MyD88-/- wounds exhibited more than a 2-fold increase in permeability compared with wild-type 

wounds at 14 hours post-infection indicative of a break down in barrier function (Figure 5.8I). 

Histopathological and H&E image analysis of internal tissues of MyD88-/- mice confirmed that the cause 

of death was sepsis (Figure 5.10). MyD88-/- livers, for example, showed hepatocellular necrosis 

associated with rod shaped bacteria consistent with P. aeruginosa and hepatocellular necrosis 

associated with neutrophilic infiltration. MyD88-/- kidneys exhibited glomerular tuft emboli of rod-

shaped bacteria consistent with P. aeruginosa, indicative of circulating bacteria and sepsis. MyD88-/- 

lungs showed thickened alveolar septa by congested blood vessels with circulating neutrophilia, while 
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the pancreas exhibited zymogen depletion in the exocrine pancreas acinar cells, indicative of hyporexia. 

Lastly, MyD88-/- thymus showed lymphocytolysis with increased number of tangible body macrophages, 

while the spleen exhibited lymphoid hyperplasia. Taken together, these studies demonstrate that lack of 

MyD88 signaling leads to P. aeruginosa dissemination due to breach in the vascular barrier, resulting in 

mortality by sepsis in less than 24 hours after infection.  

MyD88 is required to contain P. aeruginosa regardless of initial inoculation abundance. To test the effect 

of initial bacterial inoculation on survival of MyD88-/- mice, wounds were inoculated with either live 

(104 CFU or 107 CFU) or heat-killed P. aeruginosa (Figure 5.11). Compared with wild-type mice 

inoculated with 107 CFU that succumbed to infection before 24 hours, those inoculated with 104 CFU 

survived up to ~48 hours, whereas ~50% of mice inoculated with heat-killed P. aeruginosa survived up to 

Day 3 post-infection. Mice from all groups exhibited equivalent numbers of PMN recruitment into the 

site of infection, indicating that survival is dictated by the time delay for P. aeruginosa to proliferate up 

to a critical level before dissemination into circulation.  

Since lack of MyD88 signaling appears to cause a significant delay in PMN recruitment compared to wild-

type infected wounds (Figure 5.12), we performed an experiment in which MyD88-/- mice were 

wounded. This was done to allow equivalent PMN recruitment into the wound site for 36 hours before 

inoculation with P. aeruginosa. Delaying the infection to allow for increased PMN recruitment, however, 

did not significantly enhance relative number of PMN in the wounds or change the survival probability 

of MyD88-/- mice (Figure 5.12). Following inoculation, MyD88-/- mice experienced a rapid rate of P. 

aeruginosa proliferation compared to no increases in wild-type mice (Figure 5.12A-B). MyD88-/- mice 

experienced 100% mortality within 16 hours after inoculation compared to 100% survival of wild-type 

mice (Figure 5.12E).  To further investigate the relationship between PMN recruitment numbers, 

bacterial proliferation, and survival after PA infection, MyD88-/- mice were depleted of their circulating 

PMN via intraperitoneal administration of anti-Gr1 mAb one day prior to infection. Following 10 hours of 

infection, depleted MyD88-/- mice registered 50% fewer PMN at the site of infection compared to the 

non-depleted control-treated MyD88-/- mice (Figure 5.13A). By comparison, bacterial abundance at 10 

hours after infection was nearly the same between PMN depleted and non-depleted mice (Figure 

5.13B), which correlated with equivalent survival up to 16 hours (Figure 5.13C). Had the MyD88-/- PMN 

exhibited normal anti-bacterial capacity against P. aeruginosa, bacterial abundance would likely be 

higher in the IgG control non-depleted MyD88-/- mice, following the pattern observed in anti-Gr1 PMN-

depleted wild-type mice (Figure 5.3). However, the observation that depleted and non-depleted mice 
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exhibited the same levels of P. aeruginosa abundance raises the possibility that PMN antibacterial 

functions are deficient in MyD88-/- mice. 

To test the effect of key virulence factors in the MyD88-/- phenotype, MyD88-/- mice were dorsally 

wounded and inoculated with various P. aeruginosa mutants (Figure 5.14). The T3SS secretion system in 

P. aeruginosa is a key virulence regulator that induces host tissue toxicity and necrosis [165–169]. 

Similarly, nonplius adhesins are critical in P. aeruginosa’s ability to form biofilm and adhere to host 

surfaces [170–173]. We hypothesized that T3SS and nonplius adhesins must play a critical role in the 

ability of P. aeruginosa to evade the immune response, proliferate, and cause sepsis in mice. Therefore, 

MyD88-/- mice were inoculated with the P. aeruginosa DexsA mutant, which lacks a key gene necessary 

to initiate T3SS transcription [174–176]. Similarly, a second cohort of MyD88-/- mice were dorsally 

wounded and inoculated with the P. aeruginosa DfliF mutant that exhibits impaired motility and 

adhesion in vitro [172, 177–179]. Survival of mice infected with either DexsA  or DfliF mutants was 

significantly prolonged compared with the wild-type PAO1F strain. However, all infected mice exhibited 

mortality by 36 hours post-infection (Figure 5.14) and only saline-inoculated mice survived for the 

duration of the study. This is consistent with published studies demonstrating that MyD88-/- epithelia 

was still susceptible to P. aeruginosa infection despite mutations in exsA expression [176]. Given the 

similarity in survival of MyD88-/- mice inoculated with either 104 or 107 CFU of wildtype xen41, it can be 

concluded that it is the capacity of P. aeruginosa to proliferate and breach the wound site that is 

primarily responsible for dissemination and mortality in MyD88-/- mice, due to reduced anti-bactericidal 

activity of the MyD88-/- PMN. 

 

5.5: MyD88 Contributes to PMN Antibacterial Functions Elicited by P. aeruginosa  

To mount a successful immune response, PMN must detect invading pathogens and reach the site of 

infection, where they perform a variety of antibacterial functions including ROS elaboration, 

phagocytosis, and NET formation. Histological analysis and imaging of wound tissue collected at 12-16 

hours after wounding and infection of wild-type and MyD88-/- mice confirmed that PMN recruitment 

was robust in response to PA infection (Figure 5.15A-B). H&E staining revealed that PMN transmigrated 

from blood vessels into infected skin in MyD88-/- mice (Figure 5.15B).  This motivated further analysis of 

PMN navigation to the site PA infection, since it was previously reported that PMN swarming is 

necessary to defeat bacteria, including P. aeruginosa, and involved LTB4 signals [181–185]. PMN were 

isolated from bone marrow of wild-type and MyD88-/- mice expressing the LysM-EGFP gene and then 
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exposed to basal media or LTB4 chemoattractant to activate PMN migration and swarming capacity. 

Although basal and LTB4-induced migratory speed was not significantly different between wild-type and 

MyD88-/- PMN, MyD88-/- PMN were less effective at directional chemotaxis as demonstrated by their 

lower angular bias in migration to the LTB4 source (Figure 5.16A). Migratory path maps of individual 

PMN resembled the patterns observed in H&E histological images of infected skin confirming that 

MyD88-/- PMN were more diffuse than wild-type due to defective swarming (Figure 5.16B). 

We next determined the role of MyD88 signaling on phagocytosis and NETosis in bone marrow PMN 

isolated from wild-type or MyD88-/- mice. In vitro phagocytosis measurements revealed that MyD88-/- 

PMN were ~30% less efficient at engulfing S. aureus bioparticles than wild-type PMN (Figure 5.17A). 

Similarly, when exposed to live P. aeruginosa and stained with SYTOX, a marker for extracellular DNA 

(eDNA) released during NETosis, it revealed that MyD88-/- PMN were also less effective at producing 

NETs compared to wild-type (Figure 5.17B). The defects in phagocytosis and NETosis also correlated with 

higher levels of P. aeruginosa bioluminescence in wells containing MyD88-/- PMN than in those 

containing wild-type cells, indicative of impaired bacterial killing capacity. This motivated examination of 

the in vivo functional capacity of MyD88-/- mice. Production of reactive oxygen species (ROS) is a critical 

function for effective bacterial killing [186–188], and its elaboration within infected wounds was 

quantified by detection of luminol bioluminescence within infected wounds of MyD88-/- compared to 

wild-type mice (Figure 5.18A). Remarkably, we detected ~2-fold higher levels of ROS production at 12 

hours following infection in MyD88-/- compared with wild-type mice.  In order to assess the relative 

survival of PMN accessing the wound, PMN from MyD88-/- or wild-type LysM-EGFP mice were isolated 

and administered into the tail-vein of wild-type dark mice that had been depleted of circulating PMN by 

introduction of anti-Gr1 mAb 24 hours before infection with P. aeruginosa.  Wounds of mice with the 

MyD88-/- PMN registered 2-fold higher EGFP fluorescence compared to mice that were infused with 

wild-type PMN (Figure 5.19A). This suggests that MyD88-/- PMN were able to reach the site of infection 

but were incapable of undergoing programmed cell death to levels observed in wild-type PMN, which is 

consistent with the data shown in Figure 5.7. H&E histological imaging of these wounds revealed that 

mice with MyD88-/- PMN appear to experience vascular congestion compared to wounds with wild-type 

PMN (Figure 5.19B). These images confirmed that while both MyD88-/- and wild-type PMN reached the 

site of infection, MyD88-/- survived for a longer period of time, which is consistent with the in vitro data 

shown in Figure 5.7. 
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To investigate whether the defect in killing and containment of P. aeruginosa was due to defective PMN, 

2 hours before wounding and inoculation, infected MyD88-/- mice were adoptively transferred with a 

bolus of either wild-type or MyD88-/- PMN via tail vein injection. Following 12 hours of infection, mice 

that had received the wild-type PMN had ~25% less P. aeruginosa abundance than mice that had 

received PMN from MyD88-/- mice (Figure 5.20).  Taken together, these studies suggest that PMN 

dependent migratory and anti-bacterial functions over the initial 12 hours, signaled at least in part via 

MyD88, are critical for host survival from P. aeruginosa infected wounds.  

 

5.6: MyD88-Dependent Host Strategies to Contain P. aeruginosa are TLR4-Independent but 

Involve IL-1b-Dependent Mechanisms 

Detection of P. aeruginosa’s lipopolysaccharide (LPS) and virulence factors leads to activation of TLR4 

and the NLRP3/NLRC4 inflammasome and activation of caspase-1 that initiates release of IL-1b [96, 189–

191]. MyD88 is a common adaptor downstream of TLR2 activation that leads to IL-1b generation, 

previously shown to be necessary to control MRSA [93–95, 97]. To evaluate the role of TLR4 in the host 

response, TLR4-/- mice were dorsally wounded and infected with P. aeruginosa. In contrast to no 

survival of infected MyD88-/- mice, we observed a 50% probability of survival at 24 hours for TLR4-/- 

mice (Figure 5. 21A). Moreover, TLR4-/- mice were able to suppress bacterial colonization equivalent to 

wild-type mice and to levels significantly lower than MyD88-/- mice (Figure 5.21B). To evaluate the 

relative capacity to activate the inflammasome, IL-1b was measured in wild-type, MyD88-/-, and TLR4-/- 

wounds 14 hours after wounding and inoculation with P. aeruginosa. TLR4-/- and wild-type wounds 

contained equivalent concentrations of IL-1b, while MyD88-/- wounds produced ~6-fold less.  

The process of IL-1b release from Gasdermin-D pores during inflammasome activation of PMNs is 

termed pyroptosis and is detected by Annexin V and Propidium Iodine staining [192–194]. PMN isolated 

from MyD88-/- mice were less pyroptotic than either TLR4-/- or wild-type PMN, the latter two exhibited 

equal frequencies of pyroptosis, consistent with the IL-1b wound measurements. To further examine 

the role of caspase-1 on host immunity against P. aeruginosa, an in vitro killing assay was performed 

using PMN from Cas1-/-, TLR4-/-, MyD88-/- , and wild-type mice (Figure 5.22). The results revealed 

higher levels of P. aeruginosa bioluminescence in wells containing Cas1-/- and MyD88-/- PMN, indicative 

of an inability to combat the bacteria in vitro. Wells containing TLR4-/- and wild-type PMN showed lower 



 

 65 

and similar levels of bacterial abundance.  This suggests that PMN ability to combat P. aeruginosa may 

be Caspase-1-dependent.  

Systemic administration of the pan-caspase inhibitor Q-VD-OPH is another way to investigate the role of 

caspase activation on the immune response against P. aeruginosa. Previous studies using Q-VD-OPH, 

which irreversible blocks caspases 1, 3, 7, and 12 via covalent binding [195], was shown to enhance the 

immune response against MRSA and P. aeruginosa in wild-type mice, by suppressing immune cell 

apoptosis, pyroptosis, and necrosis [196]. However, when MyD88-/- mice were systemically 

administered Q-VD-OPH 4 hours before and at the time of wounding, no significant difference in 

survival, PMN recruitment, or bacterial dissemination was observed between control and Q-VD-OPH-

administered animals (Figure 5.23A-C). This data suggest that caspase activity may be dispensable or 

already absent in MyD88-/- mice. That is, if caspase activity was necessary and active in MyD88-/- mice, 

then caspase-inhibited mice would fare worse in response to P. aeruginosa than non-inhibited mice. 

However, further in vivo studies using Cas-1-/- mice are required to demonstrate that the phenotype 

observed in MyD88-/- mice is directly correlated to Caspase-1 activation. 

 

5.7: Discussion and Future Directions 

This chapter explores the host mechanisms that regulate the immune response against P. aeruginosa 

infection in skin. They are an extension of previous studies using a similar mouse model of wounding 

and infection with S. aureus, observing the dynamics of PMN recruitment and bacterial abundance in 

wounds and their effect on host survival.  In the context of PMN innate immunity via TLR, MyD88, and 

IL-1b signaling, we observed a very different early immune response to S. aureus compared with P. 

aeruginosa infection. S. aureus-infected wounds elicit lower numbers of PMN recruitment, which is 

consistent with previous studies demonstrating that the infection alters PMN recruitment dynamics via 

virulence factors that decrease PMN transmigratory capacity.  It was previously shown that the host 

response to S. aureus involves immune regulation resulting in a prolonged PMN lifetime and local 

expansion by HSC that home to the wound in addition to PMN recruitment from circulation. In contrast, 

P. aeruginosa infection is characterized by rapid unimpeded PMN recruitment from circulation that is 

equivalent to uninfected wounds during the first 24 hours after infection. PMN numbers continue to rise 

to levels higher than those in saline-inoculated wounds when accounting for the fact that nearly 75% of 

PMN undergo cell death upon encountering P. aeruginosa. Of those that are recruited and survive in the 

wound, we estimated a half-life of ~3 days, a value less than S. aureus but twice that of PMN in 
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uninfected wounds. This rapid turnover of PMN produced in bone marrow and recruited and sustained 

in a P. aeruginosa is sufficient for 80-90% mouse survival in wild-type mice. 

Pseudomonas aeruginosa is a gram-negative bacterium that, upon infecting skin wounds, typically forms 

biofilm to protect itself against the host’s innate immune response, resulting in rapid pathogen 

replication and antibiotic resistance.   As a result, as demonstrated by our studies, rapid and sufficient 

PMN recruitment is required to control the infection and avert systemic dissemination and sepsis. Wild-

type mice depleted of circulating PMN a day before wounding and infection are unable to survive for 

more than 24 hours after inoculation, and their demise involves sepsis due to bacterial dissemination 

into circulation and to vital organs including lung and liver. Histopathological analysis revealed that the 

lungs of these animals were characterized by moderate intravascular neutrophilia with numerous 

migrating neutrophilic and small fibrin aggregates. Our studies also show that nearly 75% of PMN 

undergo rapid cell death upon encountering P. aeruginosa. This was shown with PMN from LysM-EGFP 

mice that were adoptively transferred directly into the wound or into the tail-vein of C57BL6 mice that 

were dorsally wounded and inoculated with either Saline or P. aeruginosa. P. aeruginosa-infected 

wounds showed 75% less PMN within hours after infection compared to saline wounds. Further 

measurements revealed that the remaining 25% PMN were able to prolong their lifetime for up to three 

days, as measured by exponential decay from the peak florescence. Overall, these studies show that 

emergency granulopoiesis in bone marrow and rapid release of PMN into circulation and migration to 

the site of bacterial insult is necessary to sustain numbers over the initial 6-12 hours of the infection is 

indispensable to control P. aeruginosa dissemination and host survival against infection. 

Our studies demonstrate also that TLR4- and MyD88-deficient mice are more susceptible than wild-type 

mice to P. aeruginosa in an infected wound. Thus, an intact NLRP3 inflammasome response along with 

IL-1β production are critical for host survival. However, the severity of infection is far greater in MyD88-

deficient mice compared with TLR4-deficient mice. MyD88-/- experience systemic and lethal bacterial 

proliferation within 16 hours after infection. At the time of death, MyD88-/- wounds show lower levels 

of IL-1β, while TLR4 and wild-type mice produce similar levels at that timepoint. These data suggest that 

inflammasome activation and IL-1 receptors that also signal via MyD88 significantly contribute to the 

early immune response against P. aeruginosa, which is primarily driven by PMN infiltration from 

circulation and activation in the wound. Interestingly, early recruitment and maintenance of PMN over 

the initial 18 hours is equivalent between wild-type and MyD88-/- wounds. This suggests that IL-1β and 

MyD88 signaling is dispensable for production in bone marrow and homing to the vasculature 
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surrounding the wound. However, we demonstrate that MyD88 is required for adequate PMN migration 

from microcirculation in the dermis and to the site of infection. Previously, it was reported that 

swarming of PMN is critical to controlling dissemination by facilitating contact with P. aeruginosa and 

activation of antibacterial functions such as phagocytosis and ROS production. However, the ancillary 

role of MyD88 on resident cells, including macrophages and dendritic cells remains unknown.  

Particularly in the context of facilitating PMN swarming, migration, and killing capacity and in mitigating 

vascular breach that enables pathogen dissemination.  

Future studies should employ chimeric mice to further investigate the role of TLR4, IL-1, and MyD88 on 

myeloid and non-myeloid cells in response to P. aeruginosa in infected skin, in addition to the role of 

these signaling pathways on PMN recruited from bone marrow compared to skin resident cells. In lungs, 

for example, inflammation is more tightly regulated by alveolar macrophages, which are critical in 

mitigating tissue destruction. It has been shown that lung macrophages are better able to control S. 

aureus infection via a MyD88-independent mechanism but require MyD88 signaling to defeat P. 

aeruginosa in the lung [219].  Similarly, NF-kB activation on resident macrophages, which is downstream 

of MyD88 in the inflammasome signaling pathway, can act as a negative regulator of inflammasome 

activation and is necessary for regulation of the immune response.  Lastly, in the skin, PMN swarming is 

an immune response known to involve complex signaling between resident cells and recruited PMN, but 

the timing of these events following infection remains elusive, yet is of high interest for controlling 

pathogen dissemination. Combined, these studies should guide the development of therapeutic 

approaches that tune not only the number of PMN at the site of infection but also their ability to mount 

an effective immune response via TLR priming and inflammasome activation.  
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Figure 5.1: Host response to S. aureus and P. aeruginosa infection in wounded skin.  LysM-EGFP mice were 
dorsally wounded and inoculated with either Saline or P. aeruginosa and imaged in an IVIS spectrum to measure A) 
bacterial abundance, B) PMN recruitment,  and C) would closure over time. Representative D) bioluminescence, E) 
fluorescence, and F) photographs of mouse wounds depicting bacterial abundance, PMN recruitment, and wound 
closure respectively.  
Data are derived from n=5 mice per group. 
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001, respectively.  
* denotes S.a. vs P.a., # denotes Saline vs S.a., and $ denotes Saline vs P.a. 
EGFP = Enhanced Green Fluorescent Protein 
MRSA = Methicillin-Resistant Staphylococcus aureus 
PA = Pseudomonas aeruginosa 
PMN = Polymorphonuclear Leukocytes 
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Figure 5.2: PMN enumeration in bone marrow and circulation at 16 hours post-wounding. Pseudomonas 
aeruginosa indices rapid PMN release out of bone marrow into circulation. LysM-EGFP mice were dorsally 
wounded and inoculated with either Saline or P. aeruginosa and the number of PMN in A) bone marrow and in B) 
circulation were quantified at 16 hours post-infection.   
Data are derived from n=3 animals per group.  
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001respectively. 
BM = Bone Marrow 
PMN = Polymorphonuclear Leukocytes 
PW = Post-Wounding 
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Figure 5.3: Effect of PMN depletion on animal survival and pathogen dissemination following wounding and 
inoculation with P. aeruginosa. LysM-EGFP mice were intraperitoneally administered either mAb anti-IgG1 
(control cohort) or mAb anti-Gr1 antibody (PMN-depleted cohort) (0.1mg in 100uL injection) one day prior to 
being dorsally wounded and infected with P. aeruginosa. PMN were quantified in A) bone marrow and B) 
circulation at 16 hours after infection via flow cytometry. C) PMN were also measured at the site of infection via 
animal imaging using an IVIS Spectrum. D) Kaplan-Meier survival curve of non-depleted (IgG1) and PMN-depleted 
(Gr1) mice showing that depleted animals did not survive for more than 24 hours after infection. E) Bacterial 
abundance at the site of infection measured as bioluminescence flux using an IVIS Spectrum.  
Data are derived from n=3-5 animals per group. 
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001, respectively. 
IgG1 = Rat IgG1 kappa Isotype Control Antibody (eBRG1) 
GR1 = Ly-6G/Ly-6C Monoclonal Antibody (RB6-8C5) 
PA = Pseudomonas aeruginosa 
PW = Post-Wounding 
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Figure 5.4: PMN number at the site of infection response inversely correlates with initial P. aeruginosa 
abundance. LysM-EGFP mice were dorsally wounded and inoculated with either Saline, 104, or 107 CFU of P. 
aeruginosa and imaged in an IVIS spectrum to measure A) bacterial abundance and B) PMN recruitment over time. 
C) Kaplan-Meier curve showing probability of survival for each group. 
Data are derived from n=5 mice per group.  
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001, respectively between Saline and 107 groups. 
CFU = Colony Forming Unit 
EGFP = Enhanced Green Fluorescent Protein 
PA = Pseudomonas aeruginosa 
PMN = Polymorphonuclear Leukocytes 
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Figure 5.5: Pseudomonas aeruginosa decreases PMN numbers detected at the site of infection. A) Transfer of 
LysM-EGFP PMN into the wounds of C57BL6 mice right after wounding and inoculation with either Saline or PA. B) 
Transfer of LysM-EGFP PMN into the tail vein of C57BL6 two hours before wounding and inoculation with either 
Saline or PA.  Data are derived from n=3 mice per group. 
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
EGFP = Enhanced Green Fluorescent Protein 
PA = Pseudomonas aeruginosa 
PMN = Polymorphonuclear Leukocytes 
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Figure 5.6: A viable subset of PMN that reach the wound site prolong their lifetime in response to Pseudomonas 
aeruginosa. A) Tail-vein adoptive transfer of WT PMN from LysM-EGFP mice into C57BL6 mice 2 hours before 
being wounded and inoculated with either saline or Pseudomonas aeruginosa (PA). B) PMN lifetime measured by 
half-life exponential decay from peak florescence in A. Data are derived from n=3 mice per group. 
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
EGFP = Enhanced Green Fluorescent Protein 
PA = Pseudomonas aeruginosa 
PMN = Polymorphonuclear Leukocytes 
  

0 2 4 6 8 10 12 14
0

1

2

3

4

5

6

Days Post-Wounding

E
G

FP
 F

lu
or

es
ce

nc
e

(x
10

8 
p/

s)

SALINE
PA

***

*

EGFP-PMN TRANSFER
C57BL/6 TAIL-VEIND)

SALINE PA
0

1

2

3

4

5

6

EG
FP

 H
al

f-L
ife

(D
ay

s)

✱

WOUND PMN 
LIFETIMEE)A) B) 



 

 74 

 

 

 
 
 
Figure 5.7: Changes in PMN viability induced by PA as a function of MyD88. Wild-type (WT) and MyD88-/- PMN 
from LysM-EGFP mice were cultured in vitro using basal media, media containing PA, or media containing PMA.  
Data are derived from n=3 replicates per group.  
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
CNTRL = control basal media 
EGFP = Enhanced Green Fluorescent Protein 
PA = Pseudomonas aeruginosa 
PMA = Phorbol Myristate Acetate 
PMN = Polymorphonuclear Leukocytes 
WT = Wild-type  
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Figure 5.8: PA infection studies on MyD88-/- and wild-type mice. Wild-type and MyD88-/- mice that express eGFP 
in the lysosome gene (lys) were dorsally wounded and infected with PA. PMN recruitment (A) and bacterial 
abundance (A) were measured as a function of eGFP fluorescence and bioluminescence flux from the wound using 
an IVIS Spectrum. C) Mice were closely monitored to assess survival time following wounding and infection.  
Data are derived from n=5-7 mice per group.  
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
EGFP = Enhanced Green Fluorescent Protein 
PMN = Polymorphonuclear Leukocytes 
WT = Wild-type 
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Figure 5.9: Effect of MyD88 absence on PMN recruitment and PA dissemination. A-C) PMN number in blood and 
at the site of infection in WT and MyD88-/- at 14h Post-wounding and PA infection. Measurements of PA 
abundance at wound site (D), in blood (E), and into vital tissues (F-H) at 14h post-wounding and infection. I) 
Vascular permeability measured as the change in BSA-Alexa680 fluorescence from t=0 to t=45 minutes after BSA-
Alexa 680 administration into the tail vein of WT and MyD88-/- mice at 12-14h after wounding and inoculation 
with PA. 
Data are derived from n=3-5 mice per group. 
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
BM = Bone Marrow | EGFP = Enhanced Green Fluorescent Protein | PA = Pseudomonas aeruginosa  
PMN = Polymorphonuclear Leukocytes | PW = Post-Wounding | WT = Wild-type 
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A) LIVER 

 

B) KIDNEY 

 
 

C) LUNG 

 

 

D) PANCREAS 

 
 

E) SPLEEN 

 

 

F) THYMUS 

 
 
Figure 5.10: H&E from various tissues from MyD88-/- mice at 14h post wound infection with Pseudomonas.  
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A) Liver (40x) showing hepatocellular necrosis with associated rod-shaped bacteria consistent with P. aeruginosa 
and hepatocellular necrosis associated neutrophilic infiltration. B) Kidney (40x) exhibiting glomerular tuft emboli of 
rod-shaped bacteria consistent with P. aeruginosa indicating circulating bacteria and sepsis. C) Lung tissue (20x) 
with thickening alveolar septa by congested blood vessels with circulating neutrophilia. D) Pancreas (40x) showing 
zymogen depletion in the exocrine pancreas acinar cells indicating hyporexia. E) Spleen (10x) showing lymphoid 
hyperplasia. F) Thymus (40x) with lymphocytolysis and increased number of tangible body macrophages. Scale bars 
represent 100µm. 
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Figure 5.11: Effect of initial PA abundance on immune response in MyD88-/- mice. MyD88-/- mice were dorsally 
wounded and inoculated with either 10^4 CFU, 10^7 CFU, or HK PA. Mice were imaged to measure PMN 
recruitment (A) and bacterial abundance (B), and monitored to assess survival rates over time (C).  
Data are derived from n=3-5 mice per group. 
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
CFU = Colony Forming Unit 
EGFP = Enhanced Green Fluorescent Protein 
HK = heat-killed (95 °C for 45 minutes) 
PA = Pseudomonas aeruginosa 
PMN = Polymorphonuclear Leukocytes 
PA = Pseudomonas aeruginosa 
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Figure 5.12: Effect of increasing PMN recruitment by delaying PA infection on MyD88-/- vs WT mice. WT and 
MyD88-/- mice were wounded 36 hours before infection with PA as a strategy to increase PMN number at the site 
of infection. A) Bioluminescence flux measured from the wound over time using an IVIS Spectrum. B) Rate of 
change in Bioluminescence from the wound following inoculation with PA. C) EGFP fluorescence flux measured 
from the wound using an IVIS Spectrum indicative of PMN recruitment over time. D) Rate of change in EGFP-PMN 
fluorescence following inoculation with PA. E) Survival curve of WT and MyD88-/- mice. t=0 denotes the time when 
PA was inoculated. Data are derived from n=3 mice per group. 
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
EGFP = Enhanced Green Fluorescent Protein 
PA = Pseudomonas aeruginosa 
PMN = Polymorphonuclear Leukocytes 
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Figure 5.13: Effect of PMN depletion on MyD88-/- mouse response against PA. MyD88-/- mice were either 
deplete or not depleted of circulating PMN via anti-IgG1 or anti-Gr1 antibody administration one day before 
wounding and infection with PA. A) EGFP fluorescence flux measured from the wound using an IVIS Spectrum 
indicative of PMN recruitment at 0- and 10-hours post-wounding. B) Bioluminescence flux measured from the 
wound over time using an IVIS Spectrum. C) Survival curve of depleted and non-depleted MyD88-/- mice. 
 Data are derived from n=3 mice per group. 
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
EGFP = Enhanced Green Fluorescent Protein 
PA = Pseudomonas aeruginosa 
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PMN = Polymorphonuclear Leukocytes 
 

  

 
 

 

 

 

 

 

Figure 5.14: Effect of PA T3SS secretion system and fliF adhesins on MyD88-/- mouse response against PA. 
MyD88-/- mice were wounded and inoculated with Saline, wild-type PAO1, or PA mutants lacking the T3SS system 
or fliF adhesins. A) EGFP fluorescence flux measured from the wound using an IVIS Spectrum indicative of PMN 
recruitment over time. B) Survival curve of MyD88-/- mice. Data are derived from n=3 mice per group. 
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
EGFP = Enhanced Green Fluorescent Protein 
PA = Pseudomonas aeruginosa 
PMN = Polymorphonuclear Leukocytes 
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Figure 5.15: Tissue histology from WT and MyD88-/- wounds excised at 14h after infection with PA. AB) H&E 
staining of wound sections of WT and MyD88-/- mice. C) Ly6b staining on WT and MyD88-/- wound sections. D) 
CD31 staining on WT and MyD88-/- wound sections. E) Overlap of C and D. J) Measurement of percent Ly6b 
expression on each section. Data are derived from n=3 mice per group. Scale bars represent 100µm. 
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
PMN = Polymorphonuclear Leukocytes 
WT = Wild-type 
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Figure 5.16: In vitro PMN chemotaxis assay as a function of MyD88. WT and MyD88-/- PMN from LysM-EGFP 
mice were isolated and evaluated for A) migratory speed and B) angular bias between wild-type and MyD88-/- 
PMN. C-F) Individual cell paths in response to basal media or LTB4 on WT and MyD88-/- PMN. Data are from n=3 
independent experiments. Plots and statistical analysis performed in MATLAB (R2023b, Natick, Massachusetts: The 
MathWorks Inc.; 2023). 
LTB4 = Leukotriene B4  
WT = Wild-type 
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      A) 
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Figure 5.17: In vitro PMN functionality assays as a function of MyD88. WT and MyD88-/- PMN from LysM-EGFP 
mice were isolated and evaluated for A) phagocytosis and B) eDNA release (NETosis) capacity. 
Data are derived from n=3 replicates per group.  
*,  **, ***,**** denote p value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
eDNA = Extracellular DNA 
MFI = Mean Fluorescence Intensity 
PA = Pseudomonas aeruginosa 
PMA = Phorbol Myristate Acetate 
PMN = Polymorphonuclear Leukocytes 
WT = Wild-type 
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Figure 5.18: Measurement of ROS elaboration in vivo. WT and MyD88-/- mice received administration of Luminol 
into the site of infection 12 hours after wounding and inoculation with the non-bioluminescent P. aeruginosa PAO1 
strain.  
Data are derived from n=4 mice per group.  
* denotes p-value ≤.05. 
PW = Post-Wounding 
ROS = Reactive Oxygen Species 
WT = Wild-type 
  

WT MyD88-/-
0

2×105

4×105

6×105

8×105

Bi
ol

um
in

es
ce

nc
e

(p
/s

)

ROS
12h PW

✱



 

 88 

 

 

 

 

A) 

 
 

 
B)             WT PMN Transferred (4x) 

 

B 
)             WT PMN Transferred (4x) 

 
 

WT PMN Transferred (20x) 

 

 
MyD88-/- PMN Transferred (20x) 

 
 
Figure 5.19: Adoptive transfer of WT or MyD88-/- PMN into C57BL6 mice depleted of their native PMN. A) 
MyD88-/- PMN persist longer than WT in PMN-depleted, P.a.-infected C57BL6 wounds. EGFP signal measured at 6 
hours after infection. Data are derived from n=3 mice per group. B) H&E staining from wound tissue of P.a.-
infected mice that received TV adoptive transfer of either WT of MyD88-/- PMN 2 hours before infection. Mice 
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carcasses were fixed and processed for tissue collection at 21 hours post-infection. The host response to infection 
is dramatically different when compared to wild-type AT. In the MyD88-/- AT mouse, the host response is 
predominantly edema and vascular congestion with pronounced bacterial colonization of the subcutis, dermal 
vessels and underlying muscle. In the WT AT mouse, the host response to infection is neutrophilic and focused on 
regions of epithelial barrier breach (erosion or ulceration).  Images are derived from one representative mouse per 
group. Scale bars represent 100µm. 
*,  **, ***,**** denote p-value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
AT = Adoptive Transfer 
PA = Pseudomonas aeruginosa 
PMN = Polymorphonuclear Leukocytes 
TV = Tail-Vein 
WT = Wild-type 
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Figure 5.20: WT vs MyD88-/- PMN killing capacity against P. aeruginosa in MyD88-/- mouse wounds. WT or 
MyD88-/- PMN were isolated from LysM-EGFP mice and transferred via tail-vein into MyD88-/- mice. These mice 
were then wounded and infected with P. aeruginosa. Bacterial abundance was measured at 12 hours post-
infection as a function of bioluminescence flux (p/s) using an IVIS Spectrum.  
Data are derived from n=3 mice per group 
** denotes p-value ≤ 0.01 
PA = Pseudomonas aeruginosa 
WT = Wild-type 
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Figure 5.21: TLR4-/- mice have better survival and ability to contain bacteria than MyD88-/-. MyD88-/- defect 
does not seem to be LPS-detection-dependent. TLR4-/- wounds show similar IL-1β concentration as WT. Similarly, 
TLR4-/- show similar pyroptotic phenotype in response to HK-P.a. as WT. However, MyD88-/- are both deficient in 
IL-1β and less pyroptotic than WT in presence of P.a.  
Data in A-C are derived from n=5 mice per group.  
Data in D-F are derived from n=3 replicates per group. 
*,  **, ***,**** denote p-value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
MFI = Mean Fluorescence Intensity 
PA = Pseudomonas aeruginosa 
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Figure 5.22: PMN killing capacity against P. aeruginosa as a function of Cas1, TLR4, and MyD88 activation. 
MyD88-/- and Cas1-/- PMN showed the higher levels of P.a. abundance in vitro, suggestive of impaired killing 
capacity.  
Data are derived from n=3 replicates per group. 
*,  **, ***,**** denote p-value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
PA = Pseudomonas aeruginosa 
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Figure 5.23: Effect of caspase inhibition on the immune response against P. aeruginosa in MyD88-/- mice. 
MyD88-/- mice were administered either the Pan-caspase inhibitor Q-VD-OPH or vehicle control at 4h before and 
at 0h post- wounding and infection. After wounding, mice were scanned in an IVIS Spectrum to measure bacterial 
abundance (A) and PMN recruitment (B). C) Kaplan-Meier curve showing % survival.  
Data are derived from n=2 mice per group. 
*,  **, ***,**** denote p-value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
PA = Pseudomonas aeruginosa 
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Supplemental Figure 5.1: Correlation between LysM-EGFP PMN number EGFP flux from a mouse wound. 
PMN were isolated from LysM-EGFP mice bone marrow and a known number of PMN was directly transferred into 
the wounds of C57BL6 mice. Wounds were imaged for EGFP flux (p/s) before and after PMN inoculation. A) EGFP 
fluorescence emanating solely from the known number of LysM-EGFP PMN transferred into the wound (i.e. flux 
after inoculation minus flux before inoculation). Data are derived from n=3 mice per data point. B) Slope of the 
regression line shown in A, indicating EGFP fluorescence flux (p/s) per PMN. 
*,  **, ***,**** denote p-value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001respectively. 
Inoc. = PMN Inoculation into ‘dark’ C57BL6 mouse wounds. 
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Supplemental Figure 5.2: P. aeruginosa detection in blood in non-depleted (α-IgG1) versus in PMN-depleted (α-
Gr1) LysM-EGFP mice at 16 hours after being dorsally wounded and infected with P. aeruginosa.  
Data are derived from n=3 mice per group. 
p-value = 0.2 between non-depleted (a-IgG1) and depleted (a-Gr1) groups. 
PA = P. aeruginosa 
16h PW = 16 hours Post-Wounding 
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Detection of P. aeruginosa 16h PW  

 α-IgG1 

(non-

depleted) 

α-Gr1  

(PMN-

depleted) 

 

 

 

 

 

 

     –  No detection 

     +  P. aeruginosa growth 

Wound + + 
Lung – + 
Liver – + 
Spleen – + 

 

Table 1: Mice depleted of circulating PMN a day before P. aeruginosa wound infection experience bacterial 
dissemination into lung, liver, and spleen. Thus, PMN are essential to contain P. aeruginosa in a wound during the 
early phase (first 24 hours) of the infection. 
16h PW = 16 hours Post-Wounding 
PMN = Polymorphonuclear Leukocytes 
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A) 

 
α-IgG1 

NON-DEPLETED 

B) 

 
α-Gr1 

PMN-DEPLETED 

 

Supplemental Figure 5.3: H&E staining (20x) from lung tissue at 14 hours post-infection. Lungs of PMN-depleted 
mice infected with P. aeruginosa are characterized by moderate intravascular neutrophilia with numerous 
migrating neutrophilic and small fibrin aggregates.  
Images obtained at 20x resolution and are derived from n=1 representative mouse from a group of 3-5.  
Scale bars represent 50µm. 
PMN = Polymorphonuclear Leukocytes 
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C) 

     

 
Supplemental Figure 5.4: A viable subset of PMN that reach the wound site prolong their lifetime in response to 
Pseudomonas aeruginosa. Mice were treated with mAb anti-IgG1 24 hours prior or with mAb anti-Gr1 24 hours 
after wounding and infection with P. aeruginosa. A) Bacterial abundance, B) PMN recruitment, and C) Survival 
were measured. From this stusy, it appears that a some PMN are prolong their lifetime in response to P. 
aeruginosa infection.  
Data are derived from n=2-5 mice per group. 
*,  **, ***,**** denote p-value ≤.05  ≤ 0.01, ≤ 0.001, and  ≤ 0.0001 respectively. 
P.a. = Pseudomonas aeruginosa | PMN = Polymorphonuclear Leukocytes  
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CHAPTER 6: DISSERTATION SUMMARY AND FUTURE DIRECTIONS 

 

Throughout their existence, organisms on Earth have developed strategies to keep harmful pathogens at 

bay and persist through the millennia. Mammals have evolved various adaptions of physical barriers to 

prevent microorganism infections. In addition, they are equipped with innate and adaptive immune 

mechanisms to quickly respond to and combat invading pathogens when physical barriers, such as the 

skin and gut, are breached. Innate responses are elicited within minutes after infection, while adaptive 

mechanisms can take days or a lifetime to develop and activate. Innate responses are considered less 

specific than adaptive responses because cells of the innate immune system employ similar defense 

mechanisms regardless of the particular nature of a virus or bacteria. While toll-like receptors help 

identify specific motifs found in pathogens, their activation follows predictable signaling pathways and 

elicits similar defense mechanisms. In the case of bacterial infections, TLR activation leads to 

transcription of NF-kB, which in turn results in production of pro-inflammatory cytokines and 

chemokines that coordinate a more tissue-specific set of events. These responses lead to the 

recruitment and increased production of polymorphonuclear leukocytes (PMN) to the site of infection. 

PMN function as a legion to launch a variety of antimicrobial functions, such as degranulation, ROS 

production, migration, phagocytosis, and NETosis. Furthermore, in an infected wound the total numbers 

and phenotypes of PMN are tuned to the nature of the insult, maximally enhancing the host’s immune 

response against infections.  

While antibiotics can be effective at eradicating infections, their ability to do so has diminished over 

time. This is because bacteria can evolve and develop mechanisms that evade the effects of antibiotics. 

In addition, the number of newly developed antibiotics has stalled over the past few decades due 

to economic and regulatory obstacles. As a result, multi-drug resistant bacterial strains are on the rise 

worldwide, which has resulted in increased hospitalizations and deaths. Two abundant causes of disease 

are infections caused by S. aureus and P. aeruginosa. Given the rise of antibiotic resistant infections 

caused by these strains, it is imperative to develop alternative approaches to antibiotics with which to 

combat infections with these bacteria. One approach is to enhance a host’s innate immune system to 

combat bacteria by augmenting the numbers and antibacterial capacity of PMN. 

This dissertation presents three strategies to enhance the immune response against infection. The first 

makes use of the antibacterial peptide RP557 demonstrating enhanced killing of S. aureus in diabetic 

mouse wounds. In addition, RP557 demonstrated synergistic antibacterial capacity in vitro by boosting 
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the activation of human PMNs. Future studies will explore the signaling pathways that govern this 

interaction and determine whether RP557 is effective at killing muti-pathogen virulent infections. The 

second strategy makes use of bone-marrow-like 3D structures designed to enhance myeloid progenitor 

differentiation and expansion of PMN with enhanced antibacterial function. Future studies will explore 

whether implantation of HSPCs within gelatin constructs can produce local PMN expansion on demand 

to enhance pathogen clearance from healthy and immunodeficient hosts. The third strategy aims to 

increase our understanding of TLR and inflammasome signaling during the innate immune response to 

gram negative bacteria. For that, a mouse model of P. aeruginosa infection was employed, uncovering 

the significance of early MyD88 inflammasome signaling in the PMN responses to infected wounds. 

MyD88 is shown to be critical in controlling pathogen growth and dissemination through enhancing an 

array of antibacterial functions in PMN. MyD88-/- PMN are deficient in NET formation, phagocytosis, 

migratory capacity and pyroptosis. They underwent rapid cell death in the presence of P. aeruginosa, a 

phenotype that was MyD88-dependent. MyD88 was shown to be critical also for PMN to demonstrate 

appropriate responses, such as swarming, a response necessary to contain the pathogen to the site of 

initial infection.  Future studies will look at the direct link between capase-1 and caspase-11 in addition 

to Gasdermin-D specifically in PMN deficient in MyD88 combating P. aeruginosa.  
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