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CHAPTER I: 
INTRODUCTION 

 
 Osteomyelitis is a destructive inflammatory state of bone most commonly caused by 

infection of the Gram-positive pathogen Staphylococcus aureus. S. aureus possesses virulence 

factors that allow S. aureus to bind to bone, evade host immune responses, and contribute to host 

tissue damage and cell death. In part because of these virulence factors, S. aureus osteomyelitis 

is difficult to treat and frequently requires long-term antibiotic therapy and surgical intervention. 

Since the introduction of antimicrobial therapy in the mid-20th century, osteomyelitis outcomes 

have remained largely unchanged. Despite effective antimicrobial therapy, chronic infection still 

occurs and is difficult to eradicate. 

To better understand the disease mechanisms underlying bone infection, our lab 

developed a murine model of osteomyelitis. Using this model of osteomyelitis, our lab 

previously established that over the course of infection, tissue hypoxia occurs within the 

infectious niche. We further explored the impact of hypoxia on the response of S. aureus and 

found that hypoxia increased virulence factor production and contributed to poor outcomes. This 

led to an interest in the host response to hypoxia during osteomyelitis. Interestingly, the 

canonical response to hypoxia, hypoxia-inducible factor (HIF) signaling, is critical for bone 

repair as well as antibacterial responses to S. aureus infection in skin. In Chapter II 

(Background), I review the current body of knowledge regarding osteomyelitis pathogenesis, 

HIF signaling, and the role of HIF signaling in skeletal biology and the antibacterial immune 

response. 

In addition to studies related to hypoxia, our lab previously discovered that an 

antivirulence drug (diflunisal) limits infection-mediated bone loss. Antivirulence drugs limit 

virulence factor production without impacting pathogen survival. Since our initial study used a 
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local delivery device that was at risk of bacterial seeding, we sought to develop an alternative 

delivery strategy and investigate the use of polymeric nanoparticles during osteomyelitis. Thus, 

Chapter II continues with a focus on antivirulence therapies and nanoparticle-based drug delivery 

strategies. The goal of Chapter II is to provide the necessary background information and 

rationale for the studies performed in Chapters III and IV. Chapter III focuses on original 

research investigating the role of skeletal cell HIF signaling during osteomyelitis, and Chapter IV 

investigates the impact of diflunisal-loaded nanoparticles during osteomyelitis. 

 The goal of these studies is to develop a systemic drug delivery system for treating 

osteomyelitis and to understand the role of HIF signaling in skeletal cells during osteomyelitis as 

a potential therapeutic target. Treatment of S. aureus osteomyelitis is difficult because of biofilm 

formation that limits drug efficacy, virulence mechanisms that evade immune eradication, and 

widespread antimicrobial resistance among clinical isolates of S. aureus. Improved drug delivery 

will likely help overcome challenges related to drug penetration into biofilm, and alternative 

delivery vehicles may expand the available set of therapeutics that could be delivered to infected 

bone. My data with PPS nanoparticles in our murine model of post-traumatic osteomyelitis is the 

first to demonstrate that systemically administered nanoparticles accumulate at the infectious 

focus of osteomyelitis in vivo. Given the prominent role of HIF signaling during bone 

development and repair as well as during immune responses, understanding HIF in skeletal cells 

during osteomyelitis will determine if HIF augmentation or inhibition will potentially improve 

treatment of bone infections. In this light, the Specific Aims of this study are as follows: 

Specific Aim 1: Determine the role of osteoblast-lineage HIF signaling in bone 

remodeling and antibacterial immunity during S. aureus osteomyelitis. 

Specific Aim 2: Develop a nanoparticle-based drug delivery platform for bone infection 
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Specific Aim 3: Deliver an efficacious therapeutic to improve antibacterial immunity 

and/or bone healing during osteomyelitis 

 The central hypothesis explored in Chapter III is that HIF signaling augments skeletal 

cell immune responses to protect against bone loss during osteomyelitis. This set of studies 

follows the goals of Specific Aim 1. To test this hypothesis, I generated mice with conditional 

deletion of genes of the HIF signaling pathway in cells of both the osteoblast lineage and the 

myeloid lineage. These data show that conditional deletion of Vhl in osteoblast-lineage cells 

increases trabecular bone volume and prevents infection-mediated trabecular bone loss. 

Furthermore, it is shown that manipulation of the HIF signaling pathway through conditional 

deletion of Hif1a in both cell lineages does not impact bacterial burdens during S. aureus 

osteomyelitis. By investigating the impact of Vhl deletion in myeloid-lineage cells, it was found 

that Vhl deletion in the myeloid lineage leads to increased trabecular bone loss during 

osteomyelitis. 

 With an interest in drug delivery methods that could preferentially deliver antivirulence 

drugs or HIF modulators, I investigated poly(propylene) sulfide (PPS)-based nanoparticles as a 

potential drug delivery strategy in Chapter IV. The experiments and data described in Chapter IV 

were designed to fulfill Specific Aims 2 and 3. In Chapter IV, the data demonstrate that PPS-

based nanoparticles preferentially accumulate at the infected femur. Moreover, diflunisal-loaded 

PPS-based nanoparticles decrease cortical bone loss. 

 Chapters III and IV are based on original research data. The final chapter, Chapter V, 

discusses the key findings of the presented studies and the future directions. Following the 

chapters, a four-part appendix is included that details incomplete studies that were initiated as a 

part of this thesis project.  
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CHAPTER II: 
BACKGROUND 

 
Osteomyelitis 

 
Osteomyelitis is a difficult-to-treat disease of bone that has been clinically recognized 

since at least the time of Ancient Egypt [1]. A devastating inflammatory state of bone, 

osteomyelitis is most commonly triggered by invasive infection and is characterized by 

pathologic changes in bone remodeling [2]. The term, “osteomyelitis,” in this dissertation will 

refer to infectious osteomyelitis and does not necessarily refer to noninfectious causes of the 

disease. The incidence of osteomyelitis is increasing for all patterns of disease, most notably 

diabetic foot osteomyelitis due to the increased incidence of diabetes [3]. Three clinical patterns 

of osteomyelitis are recognized: 1) osteomyelitis occurring secondary to vascular insufficiency 

[e.g., diabetic foot infection], 2) osteomyelitis resulting from spread from a contiguous source 

[e.g., accidental trauma or surgical contamination], and 3) hematogenous osteomyelitis, which is 

more common among pediatric patients [2–4]. Each pattern of osteomyelitis has its own 

characteristic array of etiologic pathogens, but across all three patterns of disease, the Gram-

positive Staphylococcus aureus is by far the most common causative agent [3,5,6]. Patients with 

osteomyelitis experience profound morbidity and mortality [3]. Osteomyelitis, particularly 

involving an orthopedic prosthetic, causes a significant economic burden beyond the physical 

hardships of invasive infection [7,8]. On average, diagnosis of S. aureus infection in a patient 

who has undergone orthopedic surgery increases costs by $56,000, increases length of stay by 14 

days, and increases mortality rate by 8% [9]. Of particular clinical importance are strains of S. 

aureus bearing antimicrobial resistance, such as methicillin-resistant S. aureus (MRSA), which is 

responsible for approximately 30-46% of deaths related to antimicrobial-resistant pathogens in 

the United States [10,11]. 
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Due to the difficultly of eradicating established infection in bone, treatment guidelines 

generally suggest long-term antibiotic therapy with or without surgery, though specific strategies 

vary depending on the location and pattern of disease [12–17]. In addition to widespread 

antimicrobial resistance, treatment of osteomyelitis is complicated by a number of microbial and 

host factors such as biofilm formation, molecular reprogramming that promotes bacterial 

tolerance to antibiotics, and poor antibiotic penetration into infected bone [18–20]. S. aureus is 

capable of forming biofilms on both the extracellular matrix of bone and foreign bodies such as 

orthopedic implants [15,21]. The formation of biofilms, frequently defined as aggregates of 

bacteria embedded in an extracellular polymeric matrix, leads to reduced antimicrobial 

susceptibility and prolonged infection [15,22,23]. Furthermore, S. aureus small colony variants 

(SCVs) and persisters are known to enhance the chronicity of infection through antibiotic 

tolerance [19,24–26]. Such bacterial populations are capable of dynamic reversion to the 

wildtype state and can exhibit enhanced virulence when growing in bacterial communities that 

share nutrients [27]. These pathogen-associated treatment challenges necessitate long-term 

antibiotic therapy with high penetration of the infectious foci. However, treatment of 

osteomyelitis is also challenged by host factors, such as the formation of sequestrum, defined as 

avascular and necrotic bone, which limits the penetration of antimicrobial agents into the 

infectious focus and serves as a nidus for relapsing infection [2]. Taken together, these microbial 

and host factors significantly challenge antimicrobial therapy, and therefore it is imperative to 

better understand the mechanisms of disease pathogenesis and develop improved treatments and 

drug delivery strategies. To better understand the pathogenesis of osteomyelitis, one must 

understand the basic principles of skeletal biology. 
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Skeletal biology 
 

Osteomyelitis frequently impacts long bones such as the femur and tibia [3]. Long bones 

of the appendicular skeleton are complex tissues composed of a mineralized matrix housing a 

medullary canal [28]. Anatomically, the mineralized tissue of bone is composed of two 

morphologies: trabecular (cancellous) bone and cortical (lamellar) bone (Figure 1). Trabecular 

bone exists as spongy bone near the physis (growth plate) in the epiphysis and metaphysis while 

cortical bone forms a compact outer shell that is thickest near the diaphysis. Due to their distinct 

geometries, trabecular bone contains most bone surface area, promoting faster turnover, while 

cortical contains most of the mass of bone [29]. Functionally, bones provide a scaffold for 

locomotion, protect vital organs, regulate serum electrolytes and metabolic hormones, and house 

the hematopoietic stem cells of the bone marrow [30–33]. During in utero development and until 

closure of the growth plates, long bones develop through endochondral ossification [28]. Long 

bones are first constructed as avascular, hypoxic cartilaginous scaffolds [34]. With the 

recruitment and invasion of blood vessels, cartilage ossifies to form mineralized bone. Unique 

from the purely intramembranous ossification of flat bones of the axial skeleton, long bones 

maintain a reservoir of propagating avascular cartilage followed by a wave of ossification [34]. 

This area—the physis, known colloquially as the growth plate—continues the process of 

endochondral bone formation until late adolescence when the growth plate fully ossifies as the 

epiphyseal plate [35]. 

The cells at the physis are demonstrative of the breadth of mesenchymal cells within 

bone. At the physis, chondrocytes proliferate, elongating the bone along its long axis [28]. A 

subset of chondrocytes near the ossifying border begin to express osteogenic factors such as 

osterix (Osx, Sp7), a zinc-finger transcription factor, and subsequently ossify [28,36,37]. Newly 
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ossified matrix in the metaphysis is remodeled. While many hypertrophic chondrocytes will 

undergo apoptosis, a subset transdifferentiate into osteoblasts and participate in further bone 

remodeling [38,39]. Remodeling begins with the resorption of osteoclasts, myeloid-derived 

multinucleated cells that degrade the organic matrix of bone (mostly collagen) and the inorganic 

matrix of bone (hydroxyapatite, a calcium-phosphate crystal) through production of proteases 

and acids, respectively [40,41]. Anabolic actions of bone-forming osteoblasts follow the 

resorption of bone. Osteoblasts proliferate, produce an extracellular matrix (ECM) primarily 

composed of type 1 collagen and fibronectin, and mineralize the matrix by depositing 

hydroxyapatite [42]. As osteoblasts become embedded in the new matrix, osteoblasts terminally 

differentiate to become osteocytes, the most abundant cell in bone tissue [43]. 
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Figure 1: Anatomy of a long bone 

The gross anatomical features of the humerus are shown. The epiphyseal plate represents the 

closed growth plate (physis). The trabecular (spongy) bone is present in the metaphysis and the 

epiphysis. The metaphysis and epiphysis are separated by the epiphyseal plate, which is the 

closed, mineralized remnant of the growth plate (physis). Between the proximal and distal 
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physes, the diaphysis exists. Within the diaphysis and between the trabecular bone spicules, bone 

marrow is composed of a mix of hematopoietic stem cells (represented in red) and adipose tissue 

(represented in yellow). The periosteum lines the outer surface of the bone while the endosteum 

lines the inner surface. The bone is capped at its articulating surfaces with articular cartilage. 

Image copied without modification from: (Oregon State University for open access use) 

https://open.oregonstate.education/aandp/chapter/6-3-bone-structure/ 
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Bone resorption and apposition remain in balance throughout postnatal life and are 

intricately linked (Figure 2) [44]. Osteoblast-lineage cells produce the two canonical cytokines 

necessary for osteoclast differentiation, fusion, and function: macrophage colony-stimulating 

factor (M-CSF) and receptor activator of NF-κB ligand (RANKL)—a tumor necrosis factor 

(TNF) family cytokine [41]. M-CSF maintains cell viability and proliferation [45,46]. RANKL 

binds the RANK receptor on the cell membrane of osteoclast precursors [47]. RANK shares 

immense homology with osteoprotegerin (OPG) which lacks the membrane-embedding domains 

of RANK and therefore acts as a soluble decoy receptor that competitively inhibits RANKL [48]. 

Thus, the ratio of RANKL and OPG influences the local resorptive activities of osteoclasts 

[49,50]. Just as osteoblasts are coupled to osteoclasts through the production of RANKL and 

OPG, osteoclasts and osteoclast resorption stimulate bone formation [51]. Osteoclast resorption 

releases embedded osteogenic growth factors (e.g., transforming growth factor-β1 and insulin-

like growth factor 1) from the ECM of bone and thus promotes proliferation and matrix 

production by osteoblasts [52,53]. Furthermore, RANK, present on released vesicles from 

maturing osteoclasts, was recently identified as an osteogenic protein that acts through reverse 

signaling on membrane-bound RANKL on osteoblast-lineage cells [54]. Through balanced bone 

resorption and formation by osteoclasts and osteoblasts, respectively, daily occurring 

microscopic fractures are repaired to maintain the structural integrity of bone and allow 

adaptation to new stress [44]. 
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Figure 2: Coupling of bone formation and resorption 

Blue bone-forming osteoblasts line the endosteal surface of the cortical bone in this cartoon. 

When fully embedded in the bone matrix, osteoblasts differentiate into osteocytes (depicted in 

grey). Purple myeloid precursor cells fuse and differentiate into multinucleated, bone-resorbing 

osteoclasts (shown in pink). Osteoclast differentiation is mediated in part by receptor activator of 

NF-κB ligand (RANKL) which binds RANK receptor on osteoclast precursor cells. RANKL is 

released from and maintained as a membrane-bound protein on osteoblast-lineage cells, coupling 

osteoblast-lineage cells to bone resorption. Osteoblast-lineage cells also secrete soluble 

osteoprotegerin (OPG), which acts as a decoy receptor for RANKL, competitively inhibiting 

RANKL and thus osteoclast activity. Osteoclasts resorb bone through the release of acids and 

proteases. In degrading the bone matrix, embedded growth factors such as insulin-like growth 
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factor-1 (IGF-1) and transforming growth factor-β (TGF-β) are released which contribute to 

anabolic actions of osteoblast-lineage cells to replace resorbed bone with new osteoid that is then 

mineralized to form mature bone. In addition, maturing osteoclasts release vesicles, depicted as 

circular, pink micelles. The released vesicles contain membrane-embedded RANK, which binds 

membrane-bound RANKL on osteoblasts and promotes bone formation through reverse 

signaling. Image created with BioRender.com.  
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Several transcription factors are required for the formation of bone [42]. These 

transcription factors include the canonical osteogenic factor Runx2 (runt-related transcription 

factor 2), which activates Osx (gene: Sp7) to commit osteochondroprogenitor cells to the 

osteoprogenitor lineage [37,55,56]. Sp7-expressing cells in the postnatal skeleton include stromal 

cells in the bone marrow, preosteoblasts, osteoblasts, osteocytes, and even hypertrophic 

chondrocytes [57]. Osx activity is required to form bone, and mice with a germline deletion of 

Sp7 do not produce bone matrix [37]. This population of cells can, thus, be targeted by OsxCre 

when employing Cre-lox mouse breeding strategies to generate conditional knockout mice in the 

osteoblast lineage [58]. OsxCre has been shown previously to target these osteoblast-lineage 

cells (bone marrow stromal cells, preosteoblasts, osteoblasts, and osteocytes) with limited off 

target effects [57]. Osteoblasts at later stages of development may be targeted with alternative 

promoters driving Cre recombinase expression. OcnCre (osteocalcin [Ocn] promoter) targets 

mature osteoblasts, and Dmp1Cre (dentin matrix acidic phosphoprotein 1 [DMP1] promoter) 

targets differentiated osteocytes [58]. For example, OcnCre, targeting mature osteoblasts, was 

used to conditionally delete genes of the hypoxia-inducible factor (HIF) pathway in foundational 

studies demonstrating the coupling of osteogenesis with angiogenesis [59]. Since this seminal 

study, HIF signaling has been further understood to play key roles in skeletal development and 

healing. In the context of osteomyelitis, HIF signaling is intriguing because this signaling 

pathway is intricately linked with both bone biology and the immune response [60,61]. It is, thus, 

conceivable that HIF signaling may offer an attractive therapeutic target during osteomyelitis. 

HIF signaling 
 

HIF signaling (Figure 3) is a canonical response to hypoxic stress conserved across all 

metazoan species [62]. When investigating the mechanisms behind hypoxic regulation of 
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erythropoietin (EPO) production, a transcription factor was identified, now termed HIF-1α 

[63,64]. HIF-1α heterodimerizes to HIF-1β (also known as the aryl hydrocarbon receptor nuclear 

translocator [ARNT]) and regulates transcription in a complex with CREB-binding protein 

(CBP) or p300, a homologous protein [64–66]. The HIF transcriptional complex activates genes 

with a conserved hypoxia response element (HRE) locus upstream of the target gene [67]. 

Though initially studied in the context of EPO production, HIF-1α protein was identified in non-

EPO-producing cells, suggesting broad activities [68]. HIF signaling has now been recognized to 

directly regulate more than 1,000 genes, most notably glycolytic genes and angiogenic genes 

[62]. In this way, HIF-1α permits cells to better withstand hypoxic stress metabolically while 

promoting reoxygenation through angiogenesis. In addition to HIF-1α, HIF-2α (also known as 

EPAS-1; gene: Epas1) has been identified, which also heterodimerizes with HIF-1β, and 

regulates a partially overlapping set of genes [69]. HIF-1α may represent immediate responses to 

hypoxic stress while HIF-2α may represent more chronic responses to hypoxic stress though the 

exact interplay between both genes remains to be fully understood [70]. HIF-3α exists as 

multiple splice alternatives including a truncated protein (IPAS) that acts as a negative-feedback 

inhibitor of HIF-1α, though the full set of functions of HIF-3α are less well understood [71,72]. 

HIF-1α and HIF-2α activity is largely regulated by post-translational modifications that are 

dependent in part upon hypoxic stress [71].  
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Figure 3: Regulation of HIF signaling 

Hypoxia-inducible factor-1α (HIF-1α) heterodimerizes with HIF-1β in hypoxic environments 

(right) and acts as a transcription factor with the coactivator CREB binding protein (CBP) or 

homolog p300. The transcriptional regulators modulate transcription of genes marked with a 

conserved hypoxia response element (HRE). While thousands of genes are regulated, primary 

pathways include glycolysis and angiogenesis. In normoxic environments (left), HIF-1α is post-

translationally modified to inhibit its activity and degrade the protein itself. Prolyl hydroxylase 

domain proteins (PHDs) hydroxylate two proline residues of the oxygen-dependent domain of 

HIF-1α. Upon hydroxylation, von Hippel Lindau protein (VHL) polyubiquinates HIF-1α, 

targeting HIF-1α for proteasomal degradation. In addition to inhibition through PHDs and VHL, 

factor inhibiting HIF-1α (FIH-1) hydroxylates an arginine residue in the transcriptional domain 

of HIF-1α inhibiting binding with coactivator CBP/p300. Image created with BioRender.com.  
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HIF-1α transcription is regulated through cell growth pathways (e.g., mTOR signaling) as 

well as immune response pathways, notably NF-κB signaling [73,74]. Following translation, 

HIF-1α experiences a short half-life, as short as 5-15 minutes in well-oxygenated environments 

[64]. In hypoxic environments, HIF-1α is stabilized in the cytoplasm, allowing 

heterodimerization with HIF-1β and association with co-activators, CBP/p300 [71]. Prolyl 

hydroxylase domain proteins (PHDs) hydroxylate two proline residues of the oxygen-dependent 

domain (ODD) of HIF-1α [75–77]. At least three HIF PHDs exist (PHD-1, PHD-2, and PHD-3) 

with varying activities [71]. PHD-2 is the most influential individual isoform that regulates HIF-

1α activity [78]. Upon hydroxylating proline residues of HIF-1α, von Hippel Lindau protein 

(VHL), an E3 ligase, is recruited and polyubiquinates HIF-1α [79,80]. Polyubiquinated HIF-1α is 

rapidly degraded in the proteasome, preventing activation in inappropriate (oxygenated) 

environments [64,79,81]. To stabilize HIF-1α, oxygen levels must fall to less than approximately 

5%, and concentrations of HIF-1α increase exponentially at oxygen tensions less than 5% 

[82,83]. Hypoxia inhibits PHD activity because oxygen is a necessary co-substrate in the 

hydroxylation reaction; additional cofactors and co-substrates include ascorbic acid (Vitamin C), 

iron (II), and α-ketoglutarate [71,77,84]. In addition to PHD hydroxylation, HIF-1α 

transcriptional activity is further inhibited in oxygenated environments through hydroxylation of 

an asparagine residue by factor inhibiting HIF-1α (FIH-1), which inhibits the interaction of HIF-

1α with its binding partner CBP/p300 [85]. 

Clinically, HIF modulation has been sought through pharmacologic inhibition of PHDs 

that act as competitive inhibitors of α-ketoglutarate binding (e.g., dimethyloxalylglycine 

[DMOG], FG-4592 [Roxadustat]) [77,86]. Roxadustat, for example, has reached clinical trials 

for treatment of anemia by activating HIF signaling to endogenously increase EPO levels and 
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induce red blood cell production [86,87]. Since the initial discovery of HIF-1α as the 

transcription factor responsible for this very process (EPO production), HIF signaling has been 

recognized for its diverse influence on many physiologic and pathologic functions with potential 

therapeutic implications [62]. Notably in the context of osteomyelitis, HIF signaling is 

understood to influence bone repair and immune responses [59,60,88]. 

Role of HIF during skeletal development and healing 
 
 Wang and colleagues first identified a direct link between HIF signaling and bone 

development that has led to many notable discoveries connecting bone biology and HIF 

signaling (Table 1). Deletion of Vhl in osteoblasts through conditional knockout mice using the 

Cre-lox system (Vhlfl/fl, OcnCre) increases trabecular bone volume in the metaphysis as well as 

cortical thickness in the mid-diaphysis. Furthermore, conditional knockout of Hif1a (Hif1afl/fl, 

OcnCre) slightly reduces cortical bone thickness. Finally, a double conditional knockout of Vhl 

and Hif1a (Vhlfl/fl, Hif1afl/fl, OcnCre) causes an intermediate phenotype of increased bone volume 

compared to controls but less compared to the bones of the mice with a single conditional 

knockout of Vhl [59]. Since this seminal study, the role of HIF-1α signaling in osteoblasts has 

been shown to enhance osteoblast bone formation in part through vascular endothelial growth 

factor (VEGF) signaling, which induces angiogenesis and alters osteoblast activity in an 

intracellular, autocrine fashion [89,90].  
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Table 1: Key findings in studies exploring the role of HIF signaling in skeletal cells 

In order of publication year and first-author name, key findings of studies exploring hypoxia-

inducible factor (HIF) signaling in skeletal cells are shown with details including cell type 

targeted, animal model used, and brief details of the methods of HIF manipulation.  

Cell type 
targeted Animal model Method Key finding(s) Reference 

Osteoblasts 
Mouse, bone 

development & 
homeostasis 

OcnCre-mediated 
deletion of Vhl, 

Hif1a, Vhl/Hif1a 

HIF augmentation in osteoblasts 
through Vhl deletion increases 

trabecular bone formation and is 
partially HIF-1α dependent. 

Osteoclast abundance is unchanged. 

[59] 

Osteoblasts 
+ 

Untargeted 
pharmacologic 

Mouse, 
distraction 

osteogenesis 

OcnCre-mediated 
deletion of Vhl, 

Hif1a; 
Pharmacologic: 
deferoxamine 

HIF augmentation in osteoblasts 
through Vhl deletion increases bone 
regeneration following injury while 

Hif1a deletion inhibits bone 
formation. PHD inhibition increases 

bone formation. 

[88] 

Osteoblasts 
Mouse, bone 

development & 
homeostasis 

OcnCre-mediated 
deletion of Hif1a 

and Epas1 

Loss of both HIFα isoforms 
decreases trabecular bone volume in 

6-week-old mice. Bone loss is 
greater with loss of HIF-1α activity 

than loss of HIF-2α activity. 
Osteoclast abundance is unchanged. 

[91] 

Osteoclasts 

Mouse, sex 
hormone-
depleted 

osteoporosis 

CtskCre-mediated 
deletion of Hif1a in 
ovariectomized mice 
and orchiectomized 

mice 

Osteoclast-specific HIF-1α is 
required for bone loss following 

loss of sex hormones. 
[92,93] 

Untargeted 
pharmacologic 

Mouse, post-
menopausal 
osteoporosis 

Ovariectomized 
mice; 

Pharmacologic 
DMOG 

HIF augmentation through DMOG 
administration limits bone loss in 

ovariectomized mice without 
altering osteoclast numbers from 

controls. 

[94] 

Osteoblasts 
Mouse, bone 

development & 
homeostasis 

OsxCre-mediated 
expression of O2-
stabilized HIF-1α 
with and without 
deletion of Vegfa 

HIF-1α augmentation in osteoblasts 
increases trabecular bone volume 

through induction of glycolysis and 
not just VEGF-impacts. Osteoclast 
abundance is reduced with HIF-1α 

stabilization in osteoblasts. 

[95] 

Osteoblasts 
Mouse, bone 

development & 
homeostasis 

OsxCre-mediated 
combinatorial 

deletion of 
PHD1/2/3; OsxCre-

mediated 
combinatorial 

deletion of Hif1a 
and Epas1 

HIF augmentation in osteoblasts 
through PHD deletion increases 

trabecular bone volume with 
PHD1/2, PHD2/3, or PHD1/2/3 are 

deleted. HIF augmentation 
increases OPG production and 
limits osteoclast abundance. 

[96] 

Osteoblasts Mouse, bone 
formation 

OsxCre-mediated 
deletion Vegfa 

and/or Flk1 

Osteoblast-derived VEGF is 
necessary for proper bone repair 
and is only partially recovered by 

[89] 
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following 
pinhole defect 

exogenous VEGF. VEGFR2 (Flk1) 
activation inhibits bone formation. 

Osteoblast-
lineage cells 

Mouse, bone 
injury repair 

following 
stress fracture, 
pinhole defect, 
or transcortical 
femur fracture 

UBCCre-, OsxCre-, 
or Dmp1Cre-

mediated deletion 
Vegfa; all 

tamoxifen-inducible 
Cre models 

VEGF in osteoblast-lineage cells at 
different differentiation states 
impacts bone healing variably 

depending on bone injury model. 
Regarding OsxCre, Vegfa deletion 

in OsxCre model impacts bone 
repair in transcortical fracture and 
stress fracture but not in pinhole 

defect model. 

[97] 

Osteoblasts & 
Osteoclasts 

Mouse, bone 
formation and 

post-
menopausal 
osteoporosis 

Col1a1Cre 
(osteoblasts) and 

CtskCre 
(osteoclasts) 

deletion of Epas1 

HIF-2α negatively impacts bone 
volume in skeletal cells. HIF-2α 
increases RANKL production in 

preosteoblasts, contributing to bone 
loss in 4-month-old mice. HIF-2α 

increases TRAF6 signaling in 
osteoclasts contributing to 

osteoclast formation and bone loss. 

[98] 
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In addition to the anabolic effects of HIF-induced VEGF, HIF-1α increases bone 

formation independent of VEGF through the induction of glycolysis in osteoblasts [95]. In 

osteoblasts (expressing OsxCre) with conditional knock-in of oxygen-stabilized HIF-1α, 

cancellous bone formation is increased and is unchanged by simultaneous conditional knockout 

of Vegfa. On the contrary, inhibition of glycolysis limits enhanced bone formation, establishing 

that HIF-1α-induced glycolysis in osteoblasts increases bone formation independent of VEGF 

[95]. Interestingly, while Wang and colleagues did not observe alterations in osteoclast number 

per bone surface in osteoblasts with conditional deletion of Vhl (OcnCre, Vhlfl/fl mice), Regan 

and colleagues observed reduced osteoclast numbers per bone surface in OsxCre mice 

conditionally expressing oxygen-stabilized HIF-1α [59,95]. These data highlight the complexity 

of HIF signaling and suggest that conditional deletion of Vhl is not equivalent to constitutive 

HIF-1α activity, though other differences such as the age of mice may partially explain such 

differences. 

 HIF signaling has also been studied as a therapeutic pathway in the context of bone 

repair. To study the impact of HIF signaling augmentation as a therapeutic, Wan and colleagues 

modeled distraction osteogenesis in a mouse with conditional deletion of Hif1a or Vhl in 

osteoblasts using OcnCre. Conditional knockout of Vhl improved new bone formation while 

knockout of Hif1a inhibited new bone formation [88]. Furthermore, to pharmacologically alter 

HIF signaling, deferoxamine—which inhibits PHD hydroxylation through iron chelation—was 

administered in vivo and increased new bone formation and angiogenesis similar to conditional 

deletion of Vhl [88]. Since this study, pharmacologic inhibition of HIF-1α degradation has been 

shown to increase fracture callus formation, inhibit bone loss in ovariectomized mice and rats, 

and improve bone formation in osteogenic bone grafts [94,99–102]. 
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 Manipulation of HIF signaling in osteoblasts also impacts osteoblast regulation of 

osteoclast formation through alteration of the RANKL-OPG signaling axis. While ablation of 

VHL activity may be achieved through the deletion of one gene, multiple isoforms of PHD 

proteins exist, and therefore, HIF-1α augmentation through conditional deletion of PHD proteins 

requires combinatorial deletions [96]. Wu and colleagues established that, in osteoblasts, PHD2 

is the dominant isoform for regulation of HIF signaling, and HIF augmentation may be achieved 

through combinatorial deletion of PHD1 and PHD2 or of PHD2 and PHD3 [96]. Deletion of only 

two isoforms of PHD proteins creates a phenotype that is less severe than the high bone 

formation of Vhl deletion or conditional deletion of all three isoforms of PHD proteins [96]. HIF 

stabilization through deletion of the genes encoding PHD proteins increases trabecular bone 

volume as observed with deletion of Vhl [96]. Furthermore, HIF signaling was also found to 

increase OPG and limit osteoclast abundance in trabecular bone while deletion of Hif1a and 

Epas1 in osteoblasts limited OPG and increased osteoclast abundance [96]. 

 While many studies have demonstrated the pro-osteogenic qualities of HIF signaling, HIF 

signaling has also been shown to reduce bone formation or enhance bone resorption. PHD 

inhibition with Roxadustat limits osteoclast formation in mono-culture and in co-culture with 

osteoblasts, mirroring the findings of Wu and colleagues with PHD deletion in osteoblasts in 

vivo [96,103]. However, PHD inhibition was found to also increase osteoclast activity and 

promote greater resorption in mature, differentiated osteoclasts [103]. Furthermore, one study 

has identified Tnfsf11 (the gene encoding RANKL) as having an HRE regulated directly by HIF-

2α [98]. Epas1 (HIF-2α) over-expression increases RANKL production in preosteoblasts in 

vitro, and conditional deletion of Epas1 in osteoblasts (Col1a1Cre, Epas1fl/fl) decreases 

osteoclast abundance and increases bone mass in 4-month old mice [98]. Furthermore, in the 
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same model, osteoclast-specific deletion of Epas1 decreases osteoclast abundance through 

TRAF6 regulation [98]. Curiously, these data are in opposition to a prior publication by 

Shomento and colleagues. Shomento and colleagues compared OcnCre-mediated deletion of 

Hif1a and Epas1 and performed descriptive microcomputed tomography (microCT) and bone 

histomorphometry in 6-weeks-old mice [91]. OcnCre-mediated deletion of both HIFα isoforms 

decreased bone volume in trabecular bone and did not alter osteoclast numbers although the 

decreased bone volume was greater with loss of Hif1a [91]. Differences between these studies 

may be attributed in part to the differences in age of the mice as well as the alternative promoters 

regulating expression of the Cre recombinase. 

 In summary, osteogenesis requires HIF signaling to facilitate angiogenesis and glycolytic 

metabolism [59,95]. HIF-1α and HIF-2α have overlapping and diverging gene targets that may 

have positive and negative impacts on bone volume, and these differences may be dependent 

upon skeletal age and the specific cells targeted [59,71,91,98]. Despite a lack of unified data 

demonstrating the specific impacts of HIF-1α and HIF-2α, HIF augmentation in osteoblasts cells 

through pharmacologic manipulation has consistently been shown to enhance bone repair 

following injury [88,99,101,102]. HIF augmentation has been proposed as a promising technique 

to speed fracture repair and treat complications such as non-union [104]. The impact of HIF 

signaling on bone infection, another common complication of fracture, is unknown, but both 

antibacterial and HIF augmenting strategies are being considered for use in novel bone grafts 

[105]. Recently, Copper (II) was used in bone grafts and implants to enhance angiogenesis via 

HIF signaling induction and to limit bacterial infection [106–109]. Copper (II) inhibits PHD 

hydroxylation of HIF-1α by competitively inhibiting iron (II). Copper is also inherently 

antimicrobial against S. aureus [110]. These studies provide proof of principle that HIF 
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augmentation and infection control are possible in the same bone grafts and demonstrate the 

recognized interest in development of dual-purpose grafts. 

Pathogenesis of osteomyelitis 
 

Contamination at time of fracture or surgical trauma is one of several mechanisms that 

initiate bacterial osteomyelitis. S. aureus is the most commonly identified etiology of 

osteomyelitis in part because it possesses unique qualities that allow bacterial colonization and 

infection of the skeletal environment [2,3]. Microbial surface components recognizing adhesive 

matrix molecules (MSCRAMMs) of S. aureus bind to the ECM of bone [111]. Notable 

components of the bone ECM bound by S. aureus MSCRAMMs are bone sialoprotein, collagen, 

and fibronectin, which are bound by bone sialoprotein binding protein, collagen adhesin, and 

fibronectin binding proteins A/B, respectively [112–115]. After binding to bone, S. aureus adapts 

its metabolism to the unique metabolic environment of bone [116,117]. 

Pathogen-associated molecular patterns (PAMPs) of S. aureus such as peptidoglycan and 

lipoteichoic acids bind pattern recognition receptors (PRRs) of host cells including skeletal cells 

[111]. PRR binding activates NF-κB signaling and cytokine release as part of the innate immune 

response. Professional phagocytes such as neutrophils and macrophages are recruited to the 

infectious focus. Neutrophils and macrophages release antimicrobial peptides and kill S. aureus 

through production of reactive oxygen species (ROS) in the phagolysosomes. Neutrophils and 

macrophages form abscesses around S. aureus microcolonies. 

To resist killing by innate immune cells, S. aureus produces an array of virulence factors 

that undermine the immune response [20]. S. aureus possesses a large set of cytolytic toxins 

including pore-forming toxins and phenol-soluble modulins (PSMs). These cytolytic toxins lyse 

host cells, notably host myeloid cells, by binding to cell-specific receptors and through cell-
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indiscriminate mechanisms [118,119]. Myeloid cells include the professional immune cells, 

macrophages and neutrophils, as well as the specialized, tissue-resident osteoclasts. In fact, pro-

inflammatory immune crosstalk contributes to osteoclast-mediated bone loss during 

osteomyelitis [120,121]. Bacterial cytolytic factors also contribute to bone destruction by lysing 

osteoblasts and other skeletal cells [122,123]. Additionally, S. aureus produces staphyloxanthin 

(a carotenoid antioxidant) and catalase (an enzyme) which both inhibit the toxicity of ROS attack 

from phagocytes [124–126]. To further evade killing by professional immune cells, S. aureus has 

been shown to be internalized in non-professional immune cells such as osteoclasts and 

osteoblasts—sheltering the bacteria from attack [111,127]. Moreover, bone matrix itself provides 

a surface for biofilm formation for S. aureus. Biofilms consist of a mix of nucleic acids, 

carbohydrates, and proteins that form an extracellular matrix surrounding S. aureus bacteria. In 

addition to limiting immune cells from accessing bacteria, biofilms limit the penetration of 

antimicrobials and provide nutrient gradients that contribute to formation of persister cells—cells 

that demonstrate increased antibiotic tolerance [18]. 

Following initiation of the innate immune response, the adaptive immune response is 

activated. B-cells are responsible for the production of antibodies, which often contribute to 

antibacterial immune responses [128]. However, S. aureus displays two immunoglobulin-binding 

proteins on its surface: staphylococcal binding protein (Sbi) and staphylococcal protein A (SpA), 

which both bind antibodies produced by B-cells, inhibiting their activity [129–133]. SpA binds 

the Fc domain of up to five different IgG antibodies, preventing opsonizing recognition by the Fc 

receptor on phagocytes [133–135]. Moreover, SpA binds the Fab of VH3 class B-cell receptors, 

skewing the immune response to poorly effective SpA clones, and, acting as a superantigen, SpA 

promotes the clonal expansion and collapse of off-target antibodies [136–139]. Recently, SpA 
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has been implicated in preventing a robust mucosal immune response, thereby enabling 

persistent colonization of nares of individuals [140]. Thus, S. aureus produces virulence factors 

that limit the innate and adaptive immune responses, promoting chronic infection. Clearance of 

osteomyelitis relies upon an effective immune response in conjunction with adequate 

antimicrobial therapy. 

Role of HIF during immune responses 
 

HIF signaling is an essential element of a robust immune response in myeloid cells 

[141,142]. Hypoxia and HIF signaling activation are general hallmarks of infection due to 

oxygen consumption in the production of ROS, the increased metabolism of immune cells, and 

the decreased vascular supply following tissue necrosis [143,144]. Hypoxia is also triggered 

during osteomyelitis, where there is a drop in the oxygen content of the infected bone marrow 

[117]. S. aureus adapts to hypoxia and the metabolic milieu of infected bone by changing its 

virulence factor production and metabolism [116,117]. The prototypical transcription factor of 

the proinflammatory response, NF-κB, activates HIF-1α transcription, and accumulation of HIF-

1α during infection is dependent upon NF-κB activity [73,145]. Production of ROS during 

infection not only consumes oxygen, but also contributes to HIF-1α stabilization [143,146]. 

Inflammatory cytokines (TNF-α and interleukin [IL]-1) also contribute to increasing Hif1a 

transcripts and stabilizing HIF-1α post-translationally [147–150]. 

 Upon activation, HIF-1α modulates the immune response. Inflammatory immune 

responses require HIF-1α to facilitate a shift to a glycolytic metabolism [141]. HIF-1α inhibits 

apoptosis of neutrophils, prolonging cell survival in the infectious niche [151,152]. Additionally, 

HIF-1α increases production of inflammatory cytokines and production of antimicrobial peptides 

[153]. Trained immunity, the process by which macrophages show increased inflammatory 
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responses following previous exposure to PAMPs, is dependent upon HIF-1α, as well [142,154]. 

Beyond professional immune cells, HIF-1α has been shown to regulate antimicrobial peptides 

and increase IL-1β production in keratinocytes during skin infection [155,156]. At times, HIF 

augmentation during infection may lead to extreme inflammatory responses that may be 

detrimental. For instance, following Gram-positive or Gram-negative endotoxin exposure, HIF-

1α mediates robust cytokine responses, fostering a highly inflammatory immune response that 

contributes to sepsis-induced mortality [157,158]. HIF signaling is interconnected with 

inflammatory responses, and both immune signals and hypoxic signals exhibit modulating 

crosstalk [60,159]. HIF signaling has not been studied in the context of osteomyelitis, and it is 

unclear if modulation of HIF signaling may facilitate bacterial clearance or potentially 

exacerbate bone loss due to a heightened pro-inflammatory response that promotes osteoclast 

bone resorption. Pharmacologic targeting of HIF signaling during infection has been proposed as 

a therapeutic strategy [143,160]. A better understanding of the role of HIF signaling during 

osteomyelitis will elucidate whether pharmacologic targeting of HIF during osteomyelitis would 

be beneficial.  

Advancements in drug delivery and alternative treatment strategies 
 

In addition to the host immune response, the second pillar of bacterial clearance during 

osteomyelitis is antimicrobial therapy. Before the introduction of antibiotics, treatment regimens 

for osteomyelitis emphasized surgical debridement of any infected tissue with limited methods to 

further prevent infection recurrence [161]. Curative treatments often eluded physicians until the 

introduction of penicillin and subsequent antibiotics [1]. Despite advances in infection treatment, 

osteomyelitis is often recalcitrant, progressing from acute to chronic disease. S. aureus biofilm 

formation, toxin production, and immune evasion strategies limit host antibacterial immune 
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responses and effective antimicrobial therapy [20,138]. Therefore, S. aureus osteomyelitis often 

necessitates long-term antibiotics [2,162]. However, widespread antimicrobial resistance has 

highlighted the need to develop additional treatments [163]. 

S. aureus is the leading cause of nosocomial infections among antibiotic-resistant 

organisms, making staphylococcal infections a major target for investigation of antivirulence 

therapies [164,165]. Antivirulence therapies are defined as those that do not inhibit bacterial 

growth in vitro but limit the production or function of virulence factors that promote infection or 

incite host damage in vivo. Antivirulence strategies aim to mitigate host tissue damage as host 

immune responses or conventional antimicrobials eradicate infection. The number of published 

studies on antivirulence techniques has increased dramatically over the last decade [164,166]. 

The primary regulatory pathway studied as an antivirulence target in S. aureus has been 

the accessory gene regulator (agr) system. The proteins of the agr operon enable S. aureus 

quorum sensing and regulate many virulence factors, including pore-forming toxins and PSMs 

[167]. PSMs are a class of cytotoxic alpha-helical peptides and are one of the few toxins to be 

directly regulated by the system’s response regulator, AgrA [168,169]. Given its broad impact on 

virulence factor production, targeting quorum sensing in multiple bacterial species and the agr 

system in S. aureus is a major target for study as an antivirulence treatment [170,171].  

The agr quorum sensing system requires production and sensing of autoinducing peptide 

(AIP). Factors that inhibit agr can inhibit any step in AIP production, sensing, and subsequent 

transcriptional activation of the agr P2 and P3 promoters, as well as the promoter for PSMs 

[170,172]. For example, ambuic acid and solonamide B inhibit AIP production and sensing, 

respectively, while savirin inhibits downstream transcriptional activity of AgrA [173–175]. S. 

aureus contains four distinct AIP peptide sequences that exist in 3 cross-inhibition groups: I/IV, 
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II, and III [176,177]. I and IV differ by one amino acid and cross-activate [176]. Otherwise, the 

presence of alternative AIP sequences from any other agr group competitively inhibits AIP 

autorecognition [177]. This phenomenon has been observed for AIP peptides from many other 

staphylococcal species, which produce AIP molecules that cross-inhibit S. aureus agr signaling 

[178–181].  

Treatment with AIP analogues has been investigated as an antivirulence mechanism 

using rational design and high-throughput screening mechanisms [182]. Changing native amino 

acid residues or the thiolactone ring of AIP can increase or decrease agr signaling [180,183,184]. 

Substitution of the AIP-III thiolactone ring with a lactam was demonstrated to inhibit AIP 

binding for all four agr types of S. aureus in the nanomolar range in vitro but has not yet been 

tested in vivo [185]. High-throughput screening also elucidated natural compounds that 

competitively inhibit AIP binding to its receptor kinase, AgrC. One of the first discovered natural 

inhibitors of agr signaling was solonamide B, a cyclodepsipeptide from Photobacterium 

halotolerans [173]. Solonamide B and its derivatives inhibit binding of AIP to AgrC, and 

through this mechanism, solonamide B mitigates toxin-mediated cytolysis of phagocytes and δ-

toxin-mediated atopic dermatitis in mice [186–188]. Since the discovery of solonamide B, other 

compounds that inhibit AIP binding to AgrC have been discovered. For example, agr-inhibiting 

lipoproteins from Bacillus subtilis promote decolonization in mice, possibly through agr-

regulated adhesins. Furthermore, colonization with probiotic Bacillus species is inversely related 

to S. aureus colonization in the gastrointestinal tract and nares in humans, corroborating the 

findings in mice [189]. 

Inhibitors of agr also target signaling downstream of the receptor kinase (AgrC) and 

response regulator (AgrA). Savirin is a well-characterized antivirulence compound that targets 
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AgrA by interfering with its transcriptional regulation [175]. In an air-pouch infection model, 

mice treated with savirin exhibit reduced dermatonecrosis. While most tested agr inhibitors are 

administered at the time of bacterial inoculation, savirin was tested in a delayed treatment model 

and still showed efficacy, though the effect size was reduced compared to immediate treatment 

[175]. An important future direction is therefore to evaluate the efficacy of antivirulence 

compounds in delayed treatment models, which perhaps more accurately reflect the clinical 

scenario in humans. In addition to novel small molecules, existing drugs have been identified 

that target AgrA and are amenable to drug repurposing. For example, diflunisal is an FDA-

approved nonsteroidal anti-inflammatory drug (NSAID) predicted to inhibit phosphorylation of 

AgrA by AgrC [190,191]. Diflunisal is a derivative of salicylic acid, which also has antivirulence 

properties through effects on Sigma Factor B (SigB) activity [192]. We previously tested local 

delivery of diflunisal in a murine model of osteomyelitis and showed that diflunisal mitigates 

infection-mediated bone loss without impacting S. aureus burden in the infected femur [123]. In 

vitro diflunisal limits cytotoxicity of S. aureus supernatants when tested on several different 

skeletal cell types without impacting S. aureus growth [123]. 

Despite this therapeutic potential, targeting of agr quorum sensing is controversial in part 

because of its role in regulating biofilm dispersal [193,194]. Inactivation of agr in S. aureus 

promotes biofilm formation in vitro and impairs biofilm dispersal during osteomyelitis 

[195,196]. Biofilms are often associated with chronic infections, and agr-deficient mutants have 

emerged during the course of biofilm-associated infections [197–200]. Given that biofilms 

contribute to evasion of immune responses and antimicrobial therapy, agr inhibition may impair 

bacterial clearance at the expense of decreasing virulence factor production. 
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To better understand the impact of diflunisal therapy on antimicrobial recalcitrance, we 

previously delivered diflunisal through a local delivery device while simultaneously 

administering systemic vancomycin [201]. We found that diflunisal does not alter vancomycin 

efficacy in vitro or in vivo [201]. When examining infection-mediated bone loss, we found that 

both diflunisal and vancomycin inhibit cortical bone loss, and the result is not synergistically 

additive [201]. Though 10 mg/kg vancomycin decreased bacterial burdens in the femur, the local 

delivery device was also colonized by bacteria, and vancomycin therapy did not impact bacterial 

burdens on the foreign body [201]. These findings led to interest in developing an alternative 

delivery strategy that did not require a foreign body to be placed at the infected site. One 

alternative drug delivery strategy is polymeric nanoparticles. 

Nanoparticles as drug delivery vehicles during infection 
 

Nanoparticles refers to a class of solid (e.g., gold) or membrane-encapsulated (e.g., 

polymeric micelles) particles that have a diameter in the sub-micron range [202]. Nanoparticles 

have been investigated clinically since the 1980s, and now several polymeric nanoparticles are 

approved in the United States for delivery of chemotherapeutics and vaccines [202–204]. 

Advancements in polymer chemistry have facilitated production of a broad set of synthetic 

polymers capable of forming micelles or bilayer membranes that can encapsulate drug cargo for 

improved solubility, drug targeting, or sustained release [203]. As an anti-infective therapy, 

nanoparticles have previously been employed for treatment of osteomyelitis [205–208]. 

Nanoparticles have been used in vitro and in vivo in the context of bone infection [209–

213]. In vivo studies have included delivery of nanoparticle-sized heavy metals such as silver 

that have inherent antimicrobial properties [207]. Furthermore, synthetic nanoparticles have been 

used to deliver antibiotics systemically to treat and diagnose bone infection [205,206]. Recently, 
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nanoparticles were shown to efficaciously deliver curcumin to sites of bone infection to decrease 

inflammation [208]. However, prior studies have not been designed to determine the nanoparticle 

accumulation patterns in the context of osteomyelitis. Nanoparticles are theorized to accumulate 

at sites of solid organ cancers through passive and active means [214]. Passive accumulation is 

theorized to occur through a set of phenomena known as the enhanced permeability and retention 

(EPR) effect [215–217]. Cancer often exhibits angiogenesis with leaky vasculature but does not 

increase lymphatic drainage which theoretically increases delivery without facilitating removal 

[217]. It is unknown if such accumulation would occur in the context of bone infection. Infected 

sites exhibit increased vascular permeability which may increase nanoparticle delivery [218]. It 

is theorized that inflamed sites may retain nanoparticles as well through the extravasation 

through leaky vasculature and subsequent inflammatory cell-mediated sequestration (ELVIS) 

effect [219,220]. Within the framework of the ELVIS effect, activated phagocytes at inflamed 

tissues phagocytose nanoparticles and act as functional drug depots at the inflamed site 

[219,220]. 

One aspect of nanoparticles as drug carriers is the potential for preferential drug release 

in response to therapeutic demand through careful selection of synthetic polymer chemistry. 

Poly(propylene sulfide) (PPS)-based nanoparticles are one type of polymer capable of such drug 

delivery [221–227]. PPS is hydrophobic in physiologic environments [221]. PPS-based polymers 

can be synthesized with a hydrophobic monomer such as dimethylacrylamide (DMA) or 

poly(ethylene glycol) (PEG) as a diblock copolymer. Thus, the polymer consists of a 

hydrophobic (PPS) tail attached to a hydrophilic tail (e.g., DMA or PEG). When emulsified with 

oil and an excess of water, such amphiphilic molecules spontaneously form micellar 

nanoparticles with hydrophobic cores and hydrophilic coronas [222]. When a hydrophobic drug 
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(such as diflunisal) is added to the emulsifying mixture, the drug is encapsulated in the core of 

the nanoparticle. Unique from other hydrophobic chains, the sulfur atom of the PPS core is liable 

to ROS attack to form sulfoxide and sulfone groups that result in increased hydrophilicity [221]. 

PPS-based nanoparticles have been explored previously in the context of bone disease. 

Vanderburgh and colleagues showed that PPS-based nanoparticles deliver the hydrophobic Gli2 

inhibitor GANT-58 to metastatic breast cancer in bone [226]. In a follow-up study, PPS-DMA 

polymers were modified by grafting the bisphosphonate alendronate to the corona of the 

nanoparticle [227]. Bisphosphonates have been used previously to improve drug targeting to 

bone [228]. PPS-based nanoparticles that had alendronate grafted showed increased 

accumulation in bone and increased drug efficacy [227]. Because of the modularity of 

nanoparticles as drug delivery vehicles, the drug cargo may theoretically be substituted to deliver 

other hydrophobic compounds (such as diflunisal) to bone. 

 
Conclusions 

 
 To summarize this wide breadth of material, osteomyelitis is an often difficult-to-

eradicate infection of bone [2]. The most commonly identified pathogen responsible for 

osteomyelitis is S. aureus [3]. Bone is a dynamic organ that is under constant, coupled 

remodeling to maintain its structural integrity [229]. The canonical cell signaling pathway that 

responds to hypoxic stress is HIF signaling, which is essential for proper bone development 

[59,71]. HIF-1α and HIF-2a both impact HIF signaling in bone with similar and distinct 

phenotypes [91,98]. Pharmacologically induced HIF signaling has been demonstrated to improve 

bone repair within sterile injury models [88]. HIF also impacts innate immune responses, which 

are critical for control of S. aureus infection [60,155,156]. Though its impact during 
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osteomyelitis is unknown, HIF signaling may represent a therapeutic target to improve skeletal 

health during infection and/or control bacterial burden [160]. 

 In addition to the immune response, antimicrobial therapy has been critical for treatment 

of osteomyelitis, and widespread antimicrobial resistance warrants development of alternative 

treatment strategies [2,165]. One alternative treatment strategy proposed is the inhibition of 

pathogen virulence factors [164]. Antivirulence strategies limit pathogen virulence to decrease 

injury to the host without directly impacting pathogen viability. The agr pathway is a commonly 

targeted system as a master regulator of S. aureus virulence pathways [230]. One agr-targeting 

drug that has been studied during osteomyelitis is diflunisal [191]. Diflunisal limits cortical bone 

destruction and does not impact antimicrobial dual therapy [123,201]. Prior studies have used 

local delivery devices to deliver diflunisal but have been colonized by S. aureus [201]. 

Nanoparticles offer the potential to increase targeted drug delivery without the presence of a 

foreign body that may serve as a nidus for biofilm development. A promising polymeric 

nanoparticle formulation uses PPS in its core to create ROS-responsive drug release [222]. Thus, 

PPS-based nanoparticles may be capable of delivering diflunisal and other immunomodulatory 

compounds during osteomyelitis.  
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CHAPTER III: THE ROLE OF HIF SIGNALING IN SKELETAL CELLS DURING 
OSTEOMYELITIS 

 
Introduction 

 
 Osteomyelitis is a highly morbid disease of bone that is most commonly triggered by 

infection by Staphylococcus aureus, a Gram-positive opportunistic pathogen that colonizes about 

one in three individuals [2,3,231]. Osteomyelitis is difficult to treat because of its ability to evade 

antibacterial immune responses and its resistance and tolerance to antimicrobial therapy 

[20,228]. Infection of bone frequently results in chronic infection and concomitant bone 

destruction [2]. Therefore, curative treatment of osteomyelitis requires bacterial clearance and 

repair of pathologic bone loss. 

 Intriguingly, hypoxia-inducible factor (HIF) signaling has been identified as a critical cell 

signaling pathway in the response to S. aureus skin infection and in facilitating bone repair 

[88,155]. HIF signaling is activated in response to hypoxia, a hallmark of many infectious 

niches, including infected bone [117,143,232]. While we have recently demonstrated that S. 

aureus modulates its virulence in response to tissue hypoxia, the impact of host hypoxic 

responses during S. aureus osteomyelitis is unknown [117]. In normoxia, HIF-α activity is 

inhibited by the hydroxylation of proline residues within the oxygen-dependent domain of the 

HIF-α subunit, which is fulfilled by prolyl hydroxylase domain (PHD) proteins [75–77]. 

Following hydroxylation, von Hippel Lindau protein (VHL) polyubiquinates HIF-α, targeting it 

for rapid proteasomal degradation [64,79,81]. Canonically, the HIF-α subunit is stabilized in 

hypoxic environments through inhibition of PHD hydroxylation [71,233]. Stabilized HIF-α 

heterodimerizes with HIF-1β (aryl hydrocarbon receptor nuclear translocator [ARNT]) and binds 

with coactivators CREB-binding protein (CBP)/p300 [64–66]. The active HIF transcriptional 
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complex regulates a wide range of genes containing hypoxia response elements (HREs), 

principally genes of metabolic and angiogenic pathways [71].  

 The two most well studied HIF-α subunits are HIF-1α and HIF-2α (EPAS-1). HIF-1α is 

activated first in response to hypoxia and was the first to be identified [234]. Genetic or 

pharmacologic augmentation of HIF signaling has been shown to enhance bone formation in 

response to sterile injury [88,99,101,102]. Activation of HIF signaling in osteoblasts is thought 

to improve bone formation in part by shifting the metabolism of osteoblasts toward glycolysis 

and increasing the production of vascular endothelial growth factor (VEGF) [89,90,95]. HIF-1α 

is also essential for myeloid inflammatory responses [141]. HIF-1α prolongs myeloid cell 

longevity in the infectious niche; increases antimicrobial peptide production, cytokine production 

and reactive oxygen species production; and shifts the cell metabolism to a glycolytic state that 

supports the energetic demands of myeloid cells [60,141,151]. Moreover, HIF signaling has been 

shown to enhance antibacterial responses in non-professional immune cells such as keratinocytes 

during S. aureus infection [155]. It is possible that HIF signaling may have a similar function in 

bone cells. 

 As a critical signaling pathway during bone repair and antibacterial immune responses, 

HIF signaling may represent a tractable pharmacologic target for adjunctive osteomyelitis 

therapy. In this study, we investigated the impact of HIF signaling in skeletal cells of the 

osteoblast- and myeloid-lineages. To accomplish this, we used two different Cre recombinase 

models to conditionally delete Vhl or Hif1a to model states of high and low HIF signaling, 

respectively. Using these genetic models, we studied the impact on both bacterial clearance and 

pathologic changes to bone architecture in a mouse model of S. aureus osteomyelitis. 
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Materials and methods 

Bacterial strains 

The erythromycin-sensitized strain of USA300 LAC S. aureus (AH1263) was used for in 

vivo infections and is the parent strain of the toxin deficient strain used in vitro [235]. The toxin-

deficient strain used in vitro was a double knockout mutant generated by knocking out spa in 

LAC ∆psmα1-4::erm (Δpsm)—a mutant which has been characterized and used previously 

[121,122]. To generate a double knockout of psmα1–4 and spa, ∆spa::Tcr was transduced into 

∆psm from Newman ∆spa::Tcr (DU5873) with the bacteriophage phi-85 as previously described 

[117,236]. The double knockout strain (herein referred to as ∆psm/∆spa) limits cell death in in 

vitro assays and limits potential interference of staphylococcal protein A in downstream, 

antibody-based assays. Bacteria were grown on tryptic soy agar (TSA) or in a shaking incubator 

at 37°C in tryptic soy broth (TSB). Tetracycline (2 μg/mL) was added for growth of DU5873. 

Erythromycin (10 μg/mL) was added for growth of the Δpsm and ∆psm/∆spa. Bacteria 

(∆psm/∆spa) were grown in RPMI with 10 g/L casamino acids for growth prior to concentration 

of bacterial supernatants as done previously [117]. To prepare the bacterial inoculum for in vivo 

infection, bacteria were grown in TSB overnight at 37°C on an orbital shaker. Then, the 

overnight bacterial culture was sub-cultured in TSB at a 1:100 dilution for 3 h before 

centrifuging to pellet the cells and resuspending in phosphate-buffered saline (PBS) as described 

previously [237]. 

Mouse strains 

OsxCre (Jackson Labs #006361), Vhlfl/fl (Jackson Labs #012933), and Hif1afl/fl (Jackson 

Labs #007561) mice were purchased from Jackson Labs [238–240]. LysMCre+/+ (Jackson Labs 

#004781) mice were obtained from Dr. Carlos Serezani [241]. Cre mice and mice containing 
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floxed alleles were crossed in combination to generate conditional knockout mice: Vhlfl/fl, 

OsxCre+; Hif1afl/f, OsxCre+; Vhlfl/fl, LysMCre+/-; and Hif1afl/f, LysMCre+/-. Thus, the LysMCre 

conditional knockout mice contained one wildtype Lyz2 allele and one nonfunctional Lyz2 allele 

due to the insertion of cre into the transgenic copy of Lyz2. The OsxCre mice were maintained 

with only one copy of the bacterial artificial chromosome with the Cre-containing allele. Cre-

negative littermate controls consisted of mice with corresponding homozygous or heterozygous 

floxed alleles, as shown in the figure legends, and no copy of cre. In some studies, age-matched, 

Cre-positive controls were used, as noted in figure legends, that were either OsxCre+ or 

LysMCre+/- (heterozygous). Mice bred in the OsxCre-containing colonies were maintained on 2 

mg/mL doxycycline water to suppress Cre activity. In experimental studies, mice in the OsxCre-

containing colonies had doxycycline withdrawn at postnatal age 4 weeks except when noted 

otherwise. Mice used in experiments were generated by crossing homozygous floxed mice to 

heterozygous floxed mice containing one copy of the Cre transgene (OsxCre+ or LysMCre+/-). 

The progeny used in experiments were ear-punched and genotyped with Transnetyx, Inc., using 

RT-PCR. 

Murine model of osteomyelitis 

All experiments involving animals were reviewed and approved by the Institutional 

Animal Care and Use Committee at Vanderbilt University Medical Center on the animal 

protocols M12059 and M1800055. All experiments were performed according to NIH 

guidelines, the Animal Welfare Act, and US federal law. Osteomyelitis was induced in 7- to 8-

week-old mice as described previously [122]. Anesthesia was maintained with isoflurane (1-5%). 

Post-operative analgesia was provided pre-operatively and every 8–12 hours for 48 hours post-

infection (buprenorphine 0.5–0.1 mg/kg) or pre-operatively as a slow-release formula 
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(buprenorphine-SR 1 mg/kg) as described previously [121,242]. Briefly, the anterolateral surface 

of the femur was exposed, and a hole was bored through the cortical bone near the mid-diaphysis 

to access the medullary space. After accessing the medullary space, 106 colony forming units 

(CFU) of S. aureus were directly inoculated in 2 μL PBS. In a subset of experiments, 105 CFU 

were inoculated as noted. For the first 72 h post-infection, mice were monitored and weighed 

daily. Mice were weighed and monitored at twice weekly intervals at a minimum following 72 h 

post-infection. The infection continued for up to 14 days. In consultation with the veterinary 

staff, mice that experienced greater than 20% weight loss were euthanized as a humane endpoint. 

These mice were excluded from studies. Mice were euthanized by CO2 asphyxiation with 

cervical dislocation as secondary confirmation. 

Quantification of bacterial burdens 

At post-infection Days 3, 5, or 14, mice were euthanized, and bacterial burdens were 

analyzed as done previously [121]. The femurs were dissected using sterile technique and 

homogenized in 500 μL CelLytic Buffer MT Cell Lysis Reagent (MilliporeSigma) using a 

BulletBlender and NAVY lysis tubes (Next Advance, Inc.). The homogenates were serially 

diluted in PBS and plated for CFU enumeration on TSA plates. 

Analysis of bone architecture by microcomputed tomography 

Microcomputed tomography (microCT) was used to measure changes in cortical and 

trabecular bone as done previously [121,122]. Following euthanasia at post-infection Day 14, 

dissected femurs were scanned using a microCT 50 (Scanco Medical) and analyzed using 

microCT Tomography V6.3–4 software (Scanco USA, Inc.).  Scans were completed with 10 μm 

voxel size at 70 kV, 200 μA, and an integration time of 350 ms in a 10.24 mm view, resulting in 

1088 slices of the femur that included the diaphysis and the distal metaphysis.  
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Cortical bone destruction was measured by drawing contours around the endosteal and 

periosteal surfaces for 818 slices surrounding the cortical defect as done previously [121]. In 

Vhlfl/fl, OsxCre+ mice and their Cre-negative littermate controls, cortical bone loss was measured 

by drawing contours along the periosteal surface for 409 slices surrounding the cortical defect in 

the infected femur and 409 slides surrounding the corresponding mid-diaphysis in the 

contralateral femurs. For Vhlfl/fl, OsxCre+ mice and their Cre-negative littermate controls, 

cortical bone loss is presented as the normalized cortical bone loss. The normalized cortical bone 

loss was calculated by dividing the quantified cortical bone loss per total contoured volume in 

the infected femur by the same calculated value in the contralateral femur of the given animal. 

This alternative approach was used to limit artifact from the trabecularization of cortical bone in 

the Vhlfl/fl, OsxCre+ mice as has been noted previously [243]. Normalization with the calculated 

bone loss in the contralateral limb also accounts for artifacts from increased vascularity in the 

cortical bone of Vhlfl/fl, OsxCre+ mice that may be falsely measured as infection-mediated bone 

loss. Trabecular bone volume-per-total volume (BV/TV) was measured as done previously 

[121]. Briefly, trabecular bone (excluding cortical bone) in the distal metaphysis of the femur 

was analyzed across 101 slices 300 μm (30 slices) from the growth plate to measure BV/TV. 

Bone histomorphometry 

Following microCT scanning and analysis, femurs were analyzed for osteoclast 

abundance in the distal metaphyseal trabecular bone using histomorphometry, as done previously 

[121]. Femurs were decalcified in 20% EDTA for 3 days, embedded in paraffin, and sectioned 

on a Leica RM2255 microtome at a thickness of 4 μm. Sections were stained for tartrate-resistant 

acid phosphatase (TRAP) with hematoxylin counterstain. TRAP-stained slides were imaged with 

a Leica SCN400 Slide Scanner in brightfield at 20X and loaded into Bioquant software 
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(Bioquant Image Analysis Corporation). Bioquant software was used to measure osteoclast 

number, osteoclast surface, and bone surface in the trabeculae of the distal metaphysis of the 

femur proximal to the growth plate on the TRAP-stained slides. According to ASBMR standards 

[244], osteoclast number, osteoclast surface, and bone surface were measured to calculate 

osteoclast number per bone surface (N.Oc/BS) and osteoclast surface per bone surface 

(Oc.S/BS).  

Concentration of bacterial supernatants 

Bacterial supernatants for ∆psm/∆spa were prepared as done previously [117]. In brief, 

supernatants from overnight cultures of bacteria growth in RPMI supplemented with 10 g/L 

casamino acids were centrifuged in Amicon® Ultra 3 kDa molecular weight cutoff filter tubes to 

concentrate 45 mL to approximately 1.5 mL. Filter-sterilized, concentrated supernatants were 

aliquoted and stored at -80°C until being thawed for use in in vitro experiments. 

Primary osteoblast isolation 

Primary calvarial osteoblasts were obtained from neonatal Vhlfl/fl as described previously 

[245]. Briefly, calvariae were dissected from 24- to 48-h-old mice and digested five times in 

dispase (MilliporeSigma) and type II collagenase (MilliporeSigma). Digest fractions 2-5 were 

pooled and plated on tissue-culture treated 10-cm dishes (Corning) in α-minimal essential media 

(α-MEM; Gibco #A1049001; Thermo Fisher Scientific) containing 10% fetal bovine serum 

(FBS; Bio‐Techne) and 1x penicillin/streptomycin (Thermo Fisher Scientific). At near 

confluency, the cells were passaged in 0.25% trypsin with 2.21 mM EDTA (Corning) to 24-well 

plates for experiments and maintained in α-MEM with 10% FBS and 1x penicillin/streptomycin. 
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Adenovirus infection and bacterial stimulation 

Primary calvarial osteoblasts were treated with adenovirus (Vector Biolabs) containing 

green fluorescent protein (GFP) or adenovirus containing Cre recombinase and GFP (AdGFP or 

AdCre, respectively) at a multiplicity of infection of 100. 3 days following infection with 

adenovirus, the media was removed and replaced with fresh media containing 5% (v/v) bacterial 

supernatants from ∆psm/∆spa S. aureus. ∆psm/∆spa S. aureus was used to limit rapid toxin-

mediated cell death and potential confounding of staphylococcal protein A in downstream 

antibody-based assays. The vehicle control for bacterial supernatants was RPMI media (Corning) 

containing 10 g/L casamino acids (MilliporeSigma). 6 h following bacterial supernatant 

exposure, cells were washed in PBS and lysed in RLT buffer (Qiagen) containing 1% (v/v) β-

mercaptoethanol (MilliporeSigma).  

RT-PCR 

RNA was isolated from primary osteoblasts using the RNeasy Mini Kit (Qiagen) 

according to manufacturer’s instructions with on-column treatment with RNase-Free DNase 

(Qiagen). Following isolation, cDNA was synthesized using qScript™ cDNA SuperMix 

(QuantaBio) according to manufacturer’s instructions. RT-PCR was conducted on a 

thermocycler using diluted cDNA, with primers as shown (  
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Table 2), and iQ SYBR Green Supermix (Bio-Rad) for up to 40 cycles with a melting 

temperature of 55°C. Fold change in gene expression was determined by normalizing the 

threshold values (CT) by the vehicle (RPMI)-AdGFP condition according to the 2-∆∆CT method as 

described previously [246]. 
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Table 2: Primer sequences used for RT-PCR 

For each gene (protein in parentheses) tested by RT-PCR, the forward and reverse primer 

sequences are shown along with the Harvard PrimerBank ID for each primer pair. PrimerBank 

(available at: https://pga.mgh.harvard.edu/primerbank/index.html) was used as the reference for 

each primer set. 

Gene  Sequences PrimerBank ID 
Actb (β-
actin) 

Forward 5’-GGCTGTATTCCCCTCCATCG-3’ 6671509a1 Reverse 5’-CCAGTTGGTAACAATGCCATGT-3’ 
Tnfsf11 

(RANKL) 
Forward 5’-CAGCATCGCTCTGTTCCTGTA-3’ 6755833a1 Reverse 5’-CTGCGTTTTCATGGAGTCTCA-3’ 

Tnfrsf11b 
(OPG) 

Forward 5’-ACCCAGAAACTGGTCATCAGC-3’ 31543882a1 Reverse 5’-CTGCAATACACACACTCATCACT-3’ 
Vhl 

(VHL) 
Forward 5’-ACATCGTCAGGTCACTCTATGA-3’ 118130344c3 Reverse 5’-CTCTTGGCTCAGTCGCTGTAT-3’ 

Sp7 (Osx) Forward 5’-ATGGCGTCCTCTCTGCTTG-3’ 18485518a1 Reverse 5’-TGAAAGGTCAGCGTATGGCTT-3’ 
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Statistical analysis 

Differences in post-infection weights, trabecular bone microCT analysis, 

histomorphometry measurement of osteoclasts in vivo, and RT-PCR following AdCre treatment 

were assessed by two‐way analysis of variance (ANOVA) with multiple comparisons as shown. 

Differences in trabecular bone microCT analysis in Figure 9C were assessed by two-tailed, 

paired t-test. Differences in bacterial burdens were generally assessed by two-tailed, unpaired 

Student's t‐test. Bacterial burdens in Figure 14C were compared by one-way ANOVA. Bacterial 

burdens in Figure 6 were compared by two-way ANOVA with multiple comparisons. 

Differences in cortical bone loss were assessed by two-tailed, unpaired Student's t‐test. A p value 

of 0.05 was considered significant for all analyses. All statistical analyses were performed with 

GraphPad Prism. 

Results 
 
Conditional knockout of Vhl or Hif1a in osteoblast-lineage cells does not alter bacterial 

burdens at post-infection Day 14 

Osteoblast-lineage conditional deletion of Vhl or Hif1a was achieved through Cre-lox 

breeding employing OsxCre and Vhlfl/fl or Hif1afl/fl, respectively. Bacterial burdens recovered 

from infected femurs of female conditional knockout mice at Day 14 post-infection did not differ 

from those of littermate controls that lack the OsxCre transgene (Figure 4A,B). Over the course 

of infection, the relative weight loss did not significantly differ between Hif1afl/fl, OsxCre+ mice 

and controls (Figure 4C). For Vhlfl/fl, OsxCre+ mice, the relative weight loss significantly 

differed at early time points (Figure 4D), though the differences were small. To account for 

potential sex-dependent differences, parallel data were obtained for male mice, and no significant 

differences were observed for Day 14 post-infection bacterial burdens or post-infection weights 
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(Figure 5). Importantly, in the data obtained in male Vhlfl/fl, OsxCre+ mice and controls, the 

weights did not differ from Cre-negative littermate controls at early time points.  
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Figure 4: Conditional knockout of Hif1a or Vhl in the osteoblast lineage in female mice 

does not impact bacterial burdens at post-infection Day 14 

Bacterial burdens in infected femurs of female mice containing conditional knockouts of Hif1a 

(A) and Vhl (B) were measured at post-infection Day 14 (n=7-10 as shown). The bacterial 

burdens were compared to those of Cre-negative littermate controls that were homozygous for 

the respective floxed alleles. ns denotes not significant (p > 0.05) as determined by unpaired, 

two-tailed Student’s t-tests. The relative weights of the corresponding infected animals analyzed 

in (A) and (B) are shown in (C) and (D), respectively. The weights were measured daily and 
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normalized to the pre-operative, uninfected animal weights before comparison by two-way 

ANOVA. (C) The weights of mice with conditional knockout of Hif1a were not found to 

significantly differ from those of littermate controls. (D) The weights of mice with conditional 

knockout of Vhl were found to significantly differ from those of littermate controls at post-

infection Day 3. Error bars represent mean ± SEM. *p < 0.05 as determined by two‐way analysis 

of variance (ANOVA) with multiple comparisons. CFU=colony forming units. 
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Figure 5: Conditional knockout of Hif1a or Vhl in the osteoblast lineage in male mice does 

not impact bacterial burdens at post-infection Day 14 

Bacterial burdens in infected femurs of male mice containing conditional knockouts of Hif1a (A, 

n=13) and Vhl (B, n=3-4) were measured at post-infection Day 14. The colony forming units 

(CFU) were compared to those of Cre-negative littermate controls that were homozygous for the 

respective floxed alleles. ns denotes not significant (p > 0.05) as determined by unpaired, two-

tailed Student’s t-tests. The weights of the corresponding infected animals analyzed in (A) are 

shown in (C) (n=13). The weights shown in (D) represent those of animals analyzed for changes 
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in bone architecture, as well as those analyzed for bacterial burdens in (B) (n=9-10). The weights 

were measured daily and normalized to the pre-operative, uninfected animal weights before 

comparison by two-way analysis of variance (ANOVA). The relative weights of mice with 

conditional knockout of Hif1a (C) and Vhl (D) were not significantly different from those of 

littermate controls. Error bars represent mean ± SEM. CFU=colony forming units. 
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Conditional knockout of Vhl in osteoblast-lineage cells does not alter bacterial burdens at 

early time points 

Because the weights statistically differed at early time points in Vhlfl/fl, OsxCre+ mice, 

bacterial burdens were investigated to determine if transient differences in antibacterial 

responses were present. Post-infection days 3 and 5 were selected because these times 

represented critical times for control of bacterial burdens in prior studies in our laboratory [121]. 

At both days 3 and 5 post-infection, the bacterial burdens in Vhlfl/fl, OsxCre+ mice did not differ 

from controls (Figure 6), suggesting that no substantial differences exist for bacterial burden 

control in these mice. Combined, the data from bacterial burdens and post-infection weights 

suggest that conditional knockout of Hif1a or Vhl in osteoblast-lineage cells does not 

substantially impact antibacterial responses during S. aureus osteomyelitis in this mouse model.  
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Figure 6: Bacterial burdens at early infection time points in Vhlfl/fl, OsxCre+ mice do not 

differ from those of controls 

The bacterial burdens of osteoblast-lineage Vhl conditional knockout mice were measured at 

post-infection Day 3 and Day 5. The bacterial burdens of conditional knockout mice were 

compared to those of homozygous floxed littermate controls (n=5-7 female mice as shown). 

Error bars represent mean ± SEM, and ns denotes not significant (p > 0.05) as determined by two‐

way analysis of variance (ANOVA). CFU=colony forming units. 
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 The OsxCre model employs a unique transgene which enables suppression of Cre-

mediated conditional deletion of floxed alleles through a Tet-off system [238]. With this 

transgene, doxycycline in the water suppresses Cre recombinase expression and activity to delay 

conditional gene deletion. Prior studies have demonstrated that constitutively active deletion of 

Vhl in osteoblasts causes profound changes in bone architecture [59,243]. To limit baseline 

differences in bone architecture, doxycycline was administered to delay onset of Cre-mediated 

gene deletion. Initial studies were modeled after previously published investigations of the role 

of intracellular VEGF in osteoblasts that employed the same OsxCre transgene to regulate Cre-

mediated conditional gene deletion [89]. Based on the previous work, Cre activity was 

suppressed with continuous doxycycline exposure during in utero and early postnatal 

development until postnatal age 4 weeks, when doxycycline was withdrawn. Following 3-4 

weeks of doxycycline washout and Cre activation, the infection took place at postnatal age 7 to 8 

weeks of age. However, given the absence of differences in bacterial burdens, we investigated 

bacterial burdens in mice with an extended washout of doxycycline. To accomplish this, 

doxycycline was withdrawn at postnatal age 1 week and infections still took place at postnatal 

age 7-8 weeks. Similar to findings with withdrawal of doxycycline at postnatal age 4 weeks, no 

differences in bacterial burdens were observed in infected femurs of mice with withdrawal of 

doxycycline at postnatal age 1 week (Figure 7A,C,E). Similarly, no differences were observed 

in post-infection weights over the course of the infection (Figure 7B,D,F). 
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Figure 7: Bacterial burdens in mice with osteoblast-lineage conditional knockouts of Hif1a 

or Vhl do not differ from controls with extended doxycycline withdrawal 

Following withdrawal of doxycycline at postnatal age 1 week, bacterial burdens of male Vhlfl/fl, 

OsxCre+ mice and Vhlfl/fl controls (A, n=5-7), male Hif1afl/fl, OsxCre+ mice and Hif1afl/fl 

controls (C, n=7), and female Hif1afl/fl, OsxCre+ mice and Hif1afl/fl controls (E, n=6,7) were 

measured in infected femurs at post-infection Day 14. Error bars represent mean ± SEM, and ns 

denotes not significant (p > 0.05) as determined by unpaired, two-tailed Student’s t-tests with 

comparison to burdens of Cre-negative littermate controls. For each experiment in (A), (C), and 

(E), corresponding post-infection weights were recorded as a fraction of the uninfected, pre-

operative weight (B, male Vhlfl/fl, OsxCre+ mice and Vhlfl/fl controls; D, male Hif1afl/fl, OsxCre+ 

mice and Hif1afl/fl controls; and F, female Hif1afl/fl, OsxCre+ mice and Hif1afl/fl controls). For 

each assessment of changes weights over the course of the 14-day infection, no significant 

differences were observed between the conditional knockout animals and the corresponding 

control group as determined by two‐way analysis of variance (ANOVA). Error bars represent 

mean ± SEM. CFU=colony forming units.  
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Osteoblast-lineage knockout of Vhl limits trabecular bone loss during S. aureus 

osteomyelitis 

After confirming that the bacterial burdens of osteoblast-lineage conditional knockout 

mice did not differ from those of controls, we tested the impact of osteoblast-lineage deletion of 

Hif1a on changes to bone architecture incurred during infection. To do this, we performed 

microCT on infected femurs and the corresponding uninfected, contralateral femurs. In previous 

studies in our lab, we have observed changes in trabecular bone volume between the infected and 

contralateral femurs in response to S. aureus osteomyelitis [121]. The distal metaphyseal 

trabecular bone was analyzed to determine the bone volume-per-total volume (BV/TV). OsxCre-

mediated deletion is repressible in this Cre model by administration of doxycycline in a Tet-OFF 

system. Animals with doxycycline withdrawal at postnatal age 4 weeks were used to limit the 

changes in bone at baseline because animals with doxycycline withdrawal at postnatal age 1 

week demonstrate greater baseline differences in trabecular bone (Figure 8). In Hif1afl/fl, 

OsxCre+ mice, the trabecular BV/TV did not differ from those of genotypic controls. Consistent 

with prior studies, the infection-induced decline in BV/TV was present in both the Hif1afl/fl, 

OsxCre+ mice as well as the Cre-negative littermate controls (Figure 9A). While the BV/TV 

was not different between Hif1afl/fl, OsxCre+ mice and Cre-negative littermate controls, the 

trabecular BV/TV was markedly increased in Vhlfl/fl, OsxCre+ mice compared to Cre-negative 

littermate controls (Figure 9B). The dramatic increase in trabecular BV/TV has been reported 

previously and supports the appropriate activity of the Cre-lox model [59,243]. Furthermore, 

when measuring changes in BV/TV in response to infection, no difference in trabecular bone 

loss was observed relative to the contralateral limb in Vhlfl/fl, OsxCre+ mice (Figure 9B). As 

previously observed, the Cre-negative littermate control group demonstrated significant loss of 
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BV/TV during the course of infection between the infected and contralateral femurs (Figure 

9C). These data suggest that loss of osteoblast-lineage Hif1a does not impact S. aureus-mediated 

changes in trabecular BV/TV during infection, but loss of osteoblast-lineage Vhl limits infection-

mediated decreases in trabecular BV/TV during S. aureus osteomyelitis. 

 In addition to analyzing changes in trabecular bone, cortical bone loss was also measured 

by microCT. Despite observing genotype-specific changes in trabecular bone loss, no differences 

in cortical bone loss were observed for mice with osteoblast-lineage conditional knockout of 

Hif1a or Vhl (Figure 10). Prior studies have identified that cortical bone is trabecularized (with 

gaps in the cortical shell) along the diaphysis in Vhlfl/fl, OsxCre+ mice, most prominently near the 

metaphyses. Therefore, methods for cortical bone analysis were altered for this genotype to limit 

falsely elevated measurement of cortical bone lysis that may be mixed with trabecularized 

cortical bone. Thus, the area of analysis for cortical bone lysis was confined to a central region of 

the diaphysis that further excluded the metaphyseal area where trabecularized cortical bone is 

most prevalent. Additionally, the cortical bone analysis was completed on the equivalent region 

of the contralateral femur. The value of the measured bone “lysis” on the contralateral limb was 

then used to normalize the measured lysis in the infected limb. This modification was used for 

both the Vhlfl/fl, OsxCre+ and the Vhlfl/fl littermate control mice. For the standard analysis in the 

Hif1afl/fl, OsxCre+ and for modified analysis in the Vhlfl/fl, OsxCre+ mice, cortical lysis was not 

found to significantly differ between the conditional knockout mice and their Cre-negative 

littermate controls, respectively (Figure 10A,B). 
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Figure 8: The duration of doxycycline withdrawal impacts trabecular bone volume in 

Vhlfl/fl, OsxCre+ mice 

MicroCT reconstructions of trabecular bone from the distal metaphysis of the right femur of a 

Vhlfl/fl control (A) is shown in relation to that of its corresponding Vhlfl/fl, OsxCre+ littermate (B). 

The animals in (A) and (B) were both maintained on doxycycline until postnatal age 1 week, at 

which time doxycycline was no longer administered to allow for activation of the Cre 

recombinase. (C) and (D) represent equivalent regions of the trabecular bone of femurs from 

Vhlfl/fl and Vhlfl/fl, OsxCre+ littermates for which doxycycline was withdrawn at postnatal age 4 

weeks. All femurs analyzed are the right (contralateral) femur of mice at post-infection Day 14. 
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Figure 9: Vhlfl/fl, OsxCre+ mice do not exhibit declines in trabecular bone volume during 

osteomyelitis 

(A) Trabecular bone volume-per-total volume (BV/TV) in Hif1afl/fl, OsxCre+ mice and Hif1afl/fl 

littermate control mice (n=8-9) was measured in the distal metaphysis of infected and 

contralateral femurs using microCT. Squares represent males, and circles represent females.  

*p < 0 .05, **p < 0.01 as determined by two‐way analysis of variance (ANOVA) with multiple 

comparisons. ns denotes that the genotypes (two bracketed groups) are not significantly different 

Vhlfl/fl, OsxCre+ Vhlfl/fl
0.0

0.2

0.4

0.6

0.8

B
V

/T
V

 (f
ra

ct
io

n)

Infected
Contralateral

✱✱✱✱

ns ✱✱

Hif1afl/fl, OsxCre+ Hif1afl/fl
0.0

0.1

0.2

0.3

B
V

/T
V

 (f
ra

ct
io

n)

Infected
Contralateral

✱ ✱✱

nsA

B

Contra
lat

er
al

In
fe

ct
ed

0.00

0.05

0.10

0.15

0.20

0.25
B

V
/T

V
 (f

ra
ct

io
n)

Vhlfl/fl

✱✱✱

C



 61 

(p > 0 .05) as determined by two-way ANOVA. (B) BV/TV was measured in the infected and 

contralateral distal metaphyses of femurs in Vhlfl/fl, OsxCre+ mice and Vhlfl/fl littermate control 

mice (n=7-10). Squares represent males, and circles represent females. **p < 0 .01 and ns 

denotes not significant (p > 0.05) as determined by two‐way analysis of variance (ANOVA). 

Comparison of bracketed genotypes refers to two-way ANOVA comparison of genotypes, 

denoted with ****p < 0.0001. Error bars represent mean ± SEM. (C) The data from Vhlfl/fl 

littermate control mice (n=10) analyzed in (B) are shown in an enlarged graph for clarity with 

lines denoting paired contralateral and infected femurs. ***p < 0.001, as determined by paired, 

two-tailed Student’s t-test. Error bars represent mean ± SEM. 
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Figure 10: Osteoblast-lineage Hif1a or Vhl conditional knockout does not alter cortical 

bone loss compared to littermate controls 

(A) Volume of cortical bone loss in the infected femur in n=8 Hif1afl/fl, OsxCre+ or Hif1afl/fl 

littermate control mice was determined using microCT at post-infection Day 14. Squares 

represent males, and circles represent females. (B) Cortical bone loss at post-infection Day 14 in 

the infected femurs of n=5-7 male Vhlfl/fl, OsxCre+ or Vhlfl/fl littermate control mice was 

determined using microCT and is expressed as a normalized ratio relative to equivalent analysis 

performed on the contralateral (uninjured, uninfected) femur. ns denotes not significant 
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(p > 0.05) as determined by unpaired, two-tailed Student’s t-test. Error bars represent 

mean ± SEM.  
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Recognizing that injury itself may contribute to trabecular bone loss, we investigated 

changes in trabecular BV/TV following sterile injury (mock infection). Animals were subjected 

to the same procedure used to induce osteomyelitis; however, sterile PBS was injected into the 

medullary space instead of S. aureus. Following mock infection, no changes were observed in 

the trabecular BV/TV between the injured and contralateral femurs of Vhlfl/fl, OsxCre+ mice 

(Figure 11). No changes were also observed between the injured and contralateral femurs of 

Cre-negative littermate control mice (Figure 11). These data suggest that trabecular bone loss 

occurs to a greater extent in infected femurs compared to mock-infected femurs. Moreover, the 

observed difference between the genotypes (i.e., the Cre-negative mice show a decline in BV/TV 

in the infected femur versus the contralateral unlike the Vhlfl/fl, OsxCre+ mice) is dependent upon 

infection. 
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Figure 11: Trabecular bone loss does not occur in Vhlfl/fl, OsxCre+ mice or Cre-negative 

littermate controls following sterile mock infection 

Trabecular bone volume-per-total volume (BV/TV) was assessed in the distal metaphysis of left 

femurs of Vhlfl/fl, OsxCre+ and Vhlfl/fl littermates (n=3) following sterile mock infection (injury 

only) and compared to the BV/TV of the trabecular bone in the contralateral femur. 

****p < 0.0001 (comparison of bracketed genotypes) and ns denotes not significant (p > 0 .05) as 

determined by two‐way analysis of variance (ANOVA). Error bars represent mean ± SEM.  
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Conditional knockout of Vhl in osteoblast-lineage cells limits infection-induced increases in 

osteoclasts in vivo 

Previous studies in our lab showed that trabecular bone loss during S. aureus 

osteomyelitis is associated with an increase in osteoclasts in trabecular bone [121]. To better 

understand the processes that prevent decreases in BV/TV in Vhlfl/fl, OsxCre+ mice, we 

performed bone histomorphometry on bone sections from infected mice. Vhlfl/fl, OsxCre+ mice 

demonstrated a decreased number of osteoclasts and osteoclast surface relative to bone surface 

compared to age-matched OsxCre+ mice lacking the Vhl floxed alleles (Figure 12A,B). These 

data show that loss of Vhl in the osteoblast lineage limits osteoclast formation in trabecular bone 

during S. aureus osteomyelitis in vivo. 
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Figure 12: Fewer osteoclasts are present in trabecular bone of Vhlfl/fl, OsxCre+ mice during 

osteomyelitis compared to age-matched OsxCre+ controls 

(A) Osteoclast surface per bone surface (Oc.S/BS) is expressed as a fraction from bone 

histomorphometry performed on trabecular bone in the distal metaphysis of infected and 

contralateral femurs for Vhlfl/fl, OsxCre+ mice (n=4) and Vhl+/+, OsxCre+ mice (age-matched, 

n=4). ***p < 0.001, ****p < 0.0001, and ns denotes not significant (p > 0 .05) as determined by 

two‐way analysis of variance (ANOVA) with multiple comparisons. (B) Equivalent analysis of 

sections analyzed in (A) were performed to measure the number of osteoclasts per bone surface 

(N.Oc/BS). *p < 0 .05, ***p < 0 .001, and ns denotes not significant (p > 0 .05) as determined by 

two‐way analysis of variance (ANOVA) with multiple comparisons. Straight lines refer to 

comparison between contralateral and infected femurs in each genotype; comparison between 
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bracketed groups refers to two-way ANOVA comparison of genotypes. Error bars represent 

mean ± SEM.  
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Vhl deletion blunts S. aureus-mediated induction of Tnfsf11 (RANKL) transcription 

relative to that of Tnfrsf11b (OPG) 

 One of the primary ways that osteoblast-lineage cells (the cells targeted by OsxCre) 

impact osteoclast abundance is through RANKL and OPG signaling [41]. During S. aureus 

osteomyelitis, osteoblastic RANKL is increased, which facilitates bone loss [120]. We 

previously found that S. aureus supernatants are potently cytotoxic to osteoblasts, and this 

cytotoxicity is dependent upon phenol-soluble modulins (PSMs) [122]. To understand if the 

RANKL-OPG signaling axis impacts differences in observed osteoclast numbers during S. 

aureus osteomyelitis, in vitro studies were performed in which osteoblasts were treated with 

toxin-deficient bacterial supernatants that lack PSMs. Bacterial stimulation with toxin-deficient 

bacterial supernatants limits concomitant cell death that may confound interpretations [122]. As 

published previously, adenovirus containing green fluorescent protein (AdGFP) or containing 

Cre recombinase with GFP (AdCre) was used to transfect Vhlfl/fl osteoblasts in vitro [243]. The 

transfection with AdCre causes deletion of the floxed Vhl exon resulting in knockout. Following 

transfection with AdGFP or AdCre, osteoblasts were stimulated with toxin-deficient bacterial 

supernatants. Because the ratio of RANKL-to-OPG is known to impact osteoclast formation, 

real-time polymerase chain reaction (RT-PCR) was used to assess changes in Tnfsf11 (RANKL) 

transcription relative to Tnfrsf11b (OPG) transcription. When analyzed as the normalized ratio 

between RANKL and OPG gene transcription, the differences reach statistical significance, 

suggesting that knockout of Vhl blunts the induction of RANKL gene transcription relative to 

that of OPG (Figure 13A). To further validate the in vitro experiments, transcription of Vhl was 

analyzed between the samples and confirmed that Cre-mediated deletion significantly reduced 

Vhl transcription (Figure 13B). Moreover, Sp7 (Osx) transcription was measured to confirm that 
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the cells assayed match the cells targeted in the Vhlfl/fl, OsxCre+ mouse. Sp7 transcription was 

transcribed in all conditions and did not differ between groups (Figure 13C). 

These data demonstrate that osteoblast-lineage conditional knockout of Hif1a is 

dispensable for control of bacterial burdens and pathologic changes to bone architecture. 

Similarly, conditional knockout of Vhl in the osteoblast lineage does not alter bacterial burdens. 

Despite this, Vhlfl/fl, OsxCre+ mice exhibit reduced trabecular bone loss during infection 

compared to Cre-negative littermate control mice. In vivo bone histomorphometry revealed that 

osteoclast abundance following infection is reduced in Vhlfl/fl, OsxCre+ mice, and in vitro data 

indicate that Vhl deletion in osteoblasts diminishes S. aureus-mediated increases in the 

transcription of Tnfsf11 (RANKL) relative to Tnfsf11b (OPG). 
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Figure 13: Deletion of Vhl in osteoblasts blunts the S. aureus-induced increase in 

transcription of Tnfsf11 relative to Tnfrsf11b 

(A) Fold change in Tnfsf11 (RANKL) is shown relative to Tnfrsf11 (OPG) using the 2-∆∆CT 

method and normalized to the RPMI-AdGFP condition. RPMI is the vehicle control for toxin-
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deficient (∆psm/∆spa USA300 S. aureus) bacterial supernatant. Fold changes in transcription of 

Vhl (B) and Sp7 (Osx) (C) relative to the control gene Actb are shown as determined by the  

2-∆∆CT method and normalized to the RPMI-AdGFP condition. *p < 0.05, ****p <0 .0001, and ns 

denotes not significant (p >0 .05) as determined by two‐way analysis of variance (ANOVA) of 

the log-transform of the fold changes in gene expression. Straight lines refer to comparison 

between RPMI and bacterial supernatant in each adenovirus-treated group; comparison between 

bracketed groups refers to two-way ANOVA comparison between AdGFP- and AdCre-treated 

cells. Error bars represent mean ± SEM. n=4 independent replicates, each with 3 technical 

replicates of cells. AdGFP=adenovirus containing GFP, and AdCre=adenovirus containing Cre 

recombinase and GFP.  
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Conditional knockout of Vhl or Hif1a in myeloid cells does not alter bacterial burdens 

during osteomyelitis 

With an interest in better understanding the impact of HIF signaling in skeletal cells in 

response to S. aureus osteomyelitis, we next focused on the myeloid lineage which gives rise to 

bone-resorbing osteoclasts and important innate immune cells such as neutrophils and 

macrophages. To test the impact of myeloid cell HIF signaling on antibacterial responses and 

maintenance of bone architecture during S. aureus osteomyelitis, a second set of conditional 

knockout mice were generated. Using LysMCre and the corresponding floxed Hif1afl/fl and Vhlfl/fl 

alleles, myeloid-lineage conditional knockouts of Hif1a (Hif1afl/fl, LysMCre+/-) and Vhl (Vhlfl/fl, 

LysMCre+/-) were generated and subjected to S. aureus osteomyelitis. Unlike the OsxCre model, 

this LysMCre model does not use doxycycline as there is no inherent repressor or inducer. 

Therefore, the Cre recombinase is active throughout in utero and postnatal development. 

First, bacterial burdens in both groups were assessed to understand the impact of myeloid 

HIF-1α and VHL on antibacterial responses. As observed with conditional knockout in the 

osteoblast lineage, bacterial burdens at post-infection day 14 did not differ between control mice 

versus those with conditional knockout of Hif1a or Vhl in the myeloid lineage (Figure 14). 

These data further support that myeloid-lineage conditional knockout of Hif1a or Vhl does not 

impact bacterial burdens at Day 14 post-infection. 

Prior studies have shown that Vhl inactivation improves myeloid cell longevity and 

bacterial phagocytosis [152]. Therefore, we further explored bacterial burdens at earlier time 

points when phagocytes are interacting with S. aureus at the time of abscesses formation. 

Bacterial burdens at an early time point, Day 5 post-infection, were measured to determine if 

transient changes occurred early during infection. As at Day 14 post-infection, bacterial burdens 
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were not found to differ between Vhlfl/fl, LysMCre+/- mice and those of their Cre-negative 

littermate controls at Day 5 post-infection (Figure 15). However, it should be noted that the 

mean difference in log(CFU/mL) of 0.4 yielded a p-value of 0.0512 with n=4-5, meaning that we 

may have been underpowered to detect a significant difference. In a second experiment, a 

reduced bacterial inoculum (105 CFU) was delivered with the hypothesis that a standard 

inoculum of 106 CFU may overwhelm antibacterial responses. In this second experiment, again 

bacterial burdens between Vhlfl/fl, LysMCre+/- mice and Cre-negative littermate control mice did 

not differ, indicating that Vhl conditional knockout in the myeloid lineage does not significantly 

alter bacterial clearance during S. aureus osteomyelitis in this infection model (Figure 16). 

Overall, the studies suggest that no differences in bacterial burdens occur that substantially alter 

the clearance of S. aureus by post-infection Day 14.  
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Figure 14: Myeloid-lineage conditional knockout of Hif1a or Vhl does not alter bacterial 

burdens at Day 14 post-infection 

(A) Day 14 post-infection bacterial burdens from infected femurs of Hif1afl/fl, LysMCre+/- mice 

are shown with bacterial burdens from Cre-negative controls, which are comprised of both 

Hif1afl/f and Hif1afl/+ littermates. Mice (n=7-8) are female except for those marked with blue 
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squares, which represent data from male mice. Error bars represent mean ± SEM, and ns denotes 

not significant (p > 0.05) as determined by unpaired, two-tailed Student’s t-tests. (B) Day 14 

post-infection bacterial burdens from infected femurs of female Vhlfl/fl, LysMCre+/- mice are 

shown with those of female Cre-negative controls comprised of both Vhlfl/f and Vhlfl/+ littermates 

(n=7-9). Error bars represent mean ± SEM, and ns denotes not significant (p > 0.05) as 

determined by unpaired, two-tailed Student’s t-tests. (C) Day 14 post-infection bacterial burdens 

from infected femurs of male and female (as labeled) age-matched LysMCre+/- mice (n=4) that 

do not contain floxed alleles are shown along with the data displayed in (A) and (B) for 

comparison between all groups. Error bars represent mean ± SEM, and ns denotes not significant 

(p > 0.05) as determined by 1-way analysis of variance (ANOVA). CFU=colony forming units. 
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Figure 15: Myeloid-lineage conditional knockout of Vhl does not substantially alter 

bacterial burdens at Day 5 post-infection 

(A) Bacterial burdens were determined in the infected femurs of Vhlfl/fl, LysMCre+/- mice and 

Cre-negative littermate controls (Vhlfl/fl or Vhlfl/+) at Day 5 post-infection (n=4-5). Error bars 

represent mean ± SEM, and ns denotes difference did not meet the p<0.05 standard for 

significance (p=0.0512) as determined by unpaired, two-tailed Welch’s t-test. CFU=colony 

forming units. (B) The relative post-infection weights corresponding to the experiment shown in 

(A) are shown relative to the pre-infection starting weight. Relative post-infection weights do not 

differ between genotypes as compared by two-way analysis of variance (ANOVA). Error bars 

represent mean ± SEM.  
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Figure 16: Bacterial burdens in femurs infected with a lower inoculum do not differ 

following conditional deletion of Vhl in the myeloid lineage 

Bacterial burdens were determined in the infected femurs of Vhlfl/fl, LysMCre+/- myeloid-lineage 

conditional knockout mice and Cre-negative littermate controls (Vhlfl/fl) at Day 14 post-infection 

following infection with a lower initial inoculum of 105 CFU. Error bars represent mean ± SEM, 

and ns denotes difference did meet the p < 0.05 standard for significance (p=0.4663) as 

determined by unpaired, two-tailed Student’s t-tests. CFU=colony forming units.  
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Conditional knockout of Vhl in myeloid cells enhances bone loss during S. aureus 

osteomyelitis 

After confirming that bacterial burdens do not significantly differ during S. aureus 

osteomyelitis following genetic ablation of Hif1a or Vhl in the myeloid lineage, we next tested 

the impacts of such genetic knockouts on pathologic changes to bone architecture. Active HIF 

signaling in myeloid-lineage cells increases proinflammatory cytokines that are known to alter 

osteoclastogenic bone resorption [60,120]. Thus, we investigated the impact of myeloid-lineage 

conditional knockouts of Hif1a or Vhl on pathologic changes to bone architecture using microCT 

following 14 days of infection. Initial studies have been conducted in male mice. In Vhlfl/fl, 

LysMCre+/- mice, the average BV/TV in the trabecular bone was decreased compared to the 

trabecular BV/TV in Cre-negative littermate control mice as assessed by two-way ANOVA 

comparing the two genotypes at post-infection Day 14 (Figure 17A). As published previously in 

wildtype mice [121], the trabecular BV/TV in infected femurs was significantly lower than that 

in contralateral limbs. By two-way ANOVA with multiple comparisons, we observed this 

difference between the infected and contralateral limbs was present in both Vhlfl/fl, LysMCre+/- 

and Cre-negative littermate control mice. There was no evidence of an interaction between the 

genotype and the laterality of the limb by two-way ANOVA (Figure 17A). In Hif1afl/fl, 

LysMCre+/- mice, BV/TV in trabecular bone did not differ between the Hif1afl/fl, LysMCre+/- mice 

and the Cre-negative littermate controls by genotype but again showed significant declines in 

BV/TV in the infected femurs of both genotypes (Figure 17B). For Hif1afl/fl, LysMCre+/- mice, 

female mice have also been assessed and showed similar results to males (Figure 18). Therefore, 

we can conclude that conditional knockout of Hif1a does not impact trabecular bone changes. On 
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the contrary, Vhlfl/fl, LysMCre+/- mice have lower trabecular BV/TV compared to that of Cre-

negative littermate controls following S. aureus osteomyelitis. 

The differences in trabecular BV/TV between Vhlfl/fl, LysMCre+/- mice and Cre-negative 

littermate control mice at post-infection Day 14 are unlikely caused by baseline differences as 

mice subjected to mock infection showed no differences between genotypes as post-injury Day 

14. To better understand why differences in trabecular BV/TV exist between Vhlfl/fl, LysMCre+/- 

mice and Cre-negative littermate control mice following infection, animals were injured in a 

mock infection model for 14 days and analyzed for changes in BV/TV as done in infected 

animals. In the mock-infected (injured) mice, the differences in BV/TV between genotypes were 

not present (p=0.8725) (Figure 19). Thus, differences between the genotypes are dependent 

upon the inoculation of S. aureus at time of injury. The injury itself in mock-infected animals 

caused a significant difference in trabecular BV/TV compared to the contralateral limbs as 

assessed by two-way ANOVA (p=0.0309); however, no difference was observed within 

individual genotypes upon multiple comparisons, suggesting that injury itself causes a mild 

decrease in trabecular BV/TV (Figure 19). Though studies were not powered to directly 

compare S. aureus-infected and mock-infected trabecular BV/TV directly, the BV/TV in 

contralateral femurs of infected mice were lower than BV/TV in contralateral femurs in mock-

infected femurs for Vhlfl/fl, LysMCre+/- mice and their Cre-negative littermate control mice as 

well as Vhlfl/fl, OsxCre+ mice and their Cre-negative littermate control mice. 
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Figure 17: Conditional knockout of Vhl in myeloid cells decreases trabecular bone volume 

during S. aureus osteomyeltis 

(A) Trabecular bone volume-per-total volume (BV/TV) in Vhlfl/fl, LysMCre+/- mice and Cre-

negative littermate Vhlfl/fl or Vhlfl/+ control mice (n=7-8, male) at post-infection Day 14 was 
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measured in the distal metaphysis of infected and contralateral femurs. The differences between 

the groups were compared by two-way analysis of variance (ANOVA), which revealed that the 

genotypes (two bracketed groups) significantly differ with p=0.0169 (denoted as *, p < 0.05). 

***p < 0.001, as determined by two-way ANOVA with multiple comparisons of the infected and 

contralateral limbs for each genotype individually. (B) Trabecular BV/TV in Hif1afl/fl, 

LysMCre+/- mice and littermate Hif1afl/fl control mice (n=5-8, male) at post-infection Day 14 was 

measured in the distal metaphysis of infected and contralateral femurs. The genotypes (two 

bracketed groups) did not significantly differ (ns, p=0.8607) as compared by two-way analysis of 

variance (ANOVA). **p < 0.01, as determined by two‐way ANOVA with multiple comparisons 

of the infected and contralateral limbs for each genotype individually. Error bars represent 

mean ± SEM.  
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Figure 18: Trabecular bone changes in female Hif1afl/fl, LysMCre+/- mice do not differ from 

that of Cre-negative littermate controls 

The bone volume-per-total volume (BV/TV) in Hif1afl/fl, LysMCre+/- and littermate Hif1afl/fl 

control mice (n=3-8, female) at post-infection Day 14 was measured in the trabecular bone of the 

distal metaphysis of infected and contralateral femurs. Infection significantly reduced BV/TV 

compared to contralateral femurs in all genotypes (p < 0.0001), and genotypes (3 bracketed 

groups) did not significantly differ from one another (p=0.6229) as compared by two-way 

analysis of variance (ANOVA) with multiple comparisons. ***p < 0.001, ****p < 0.0001, and ns 

denotes not significant (p > 0.05) as determined by two‐way ANOVA with multiple 

comparisons. Error bars represent mean ± SEM.  
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Figure 19: Mock infection in myeloid-lineage Vhl conditional knockout mice does not cause 

genotype-specific differences in trabecular bone 

The bone volume-per-total volume (BV/TV) in Vhlfl/fl, LysMCre+/- mice and littermate Vhlfl/fl 

control mice (n=4, male) at post-injury Day 14 was measured in the trabecular bone of the distal 

metaphysis of injured and contralateral femurs. Injury significantly reduced BV/TV compared to 

contralateral femurs (p < 0.0309, not depicted), but injury did not significantly reduce trabecular 

BV/TV within individual genotypes as compared by two-way analysis of variance (ANOVA) 

with multiple comparisons. The genotypes (bracketed groups) did not significantly differ 

(p=0.8725) as compared by two-way ANOVA. ns denotes difference did not meet the p < 0.05 

standard for significance as determined by two-way ANOVA with multiple comparisons. Error 

bars represent mean ± SEM. 
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 In addition to analyzing infection-mediated bone loss in trabecular bone, cortical bone 

loss was also analyzed in mice with conditional deletion of Hif1a and Vhl in the myeloid lineage. 

Similar to data obtained in the trabecular bone, the average volume of cortical bone loss was 

lower in Vhlfl/fl, LysMCre+/- mice compared to cortical bone loss in Cre-negative littermate 

controls; however, this difference was not significantly different (Figure 20A). Notably, the 

mean difference in cortical bone loss of 0.3 mm3 (25% higher in Vhlfl/fl, LysMCre+/- mice) 

yielded a p-value of 0.1085 with n=5-8, meaning that we may have been underpowered to detect 

a significant difference. Consistent with other outcomes analyzed with conditional knockout of 

Hif1a, conditional knockout in the myeloid lineage does not alter cortical bone loss during S. 

aureus osteomyelitis (Figure 20B). Thus, Hif1a conditional knockout in the myeloid lineage 

does not impact bacterial burdens or pathologic changes in bone architecture; however, 

trabecular BV/TV in Vhlfl/fl, LysMCre+/- mice is significantly lower at post-infection Day 14 

compared to trabecular bone of Cre-negative littermate control mice. 
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Figure 20: Conditional knockout of Vhl or Hif1a in the myeloid lineage does not 

significantly impact cortical bone loss during osteomyelitis 

(A) The volume of cortical bone loss in male Vhlfl/fl, LysMCre+/- mice and littermate controls at 

post-infection Day 14 was assessed by microcomputed tomography (n=5-8). The difference in 

cortical bone loss was compared by unpaired, two-tailed Student’s t-test and did not meet the 

p<0.05 standard for significance (ns) with p=0.1085. Error bars represent mean ± SEM. (B) The 

volume of cortical bone loss in male Hif1afl/fl, LysMCre+/- mice and littermate controls at post-

infection Day 14 was assessed by microcomputed tomography (n=5-8). The difference in cortical 

bone loss was compared by unpaired, two-tailed Student’s t-test and did not meet the p<0.05 

standard for significance (ns) with p=0.6775. Error bars represent mean ± SEM.  
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Discussion 

 Osteomyelitis is a complex disease that involves many different cell signaling pathways 

to regulate bone architecture and immune responses. HIF signaling is critical during bone 

development and augmentation of HIF signaling is known to improve bone regeneration 

following injury [59,88]. Furthermore, HIF signaling is intricately linked to innate immune 

responses and has been proposed as a therapeutic target during infection [60]. While studied in 

the context of other infection models [155], the role of HIF signaling during osteomyelitis is 

unknown despite the interest in HIF signaling modulation in both bone repair and infection 

treatment, independently. Two different Cre recombinase mouse strains, OsxCre and LysMCre, 

were used to target osteoblast- and myeloid-lineage cells, respectively, to determine the cell-

specific contributions of HIF signaling during osteomyelitis [57,238,241]. Paired in combination 

with both Cre models, Hif1afl/fl and Vhlfl/fl alleles were crossed to generate mice with conditional 

knockout of Hif1a or Vhl in either the osteoblast or myeloid lineages. These two Cre models 

target the lineages that give rise to the canonical cell types present in bone: 

osteoblasts/osteocytes (osteoblast lineage) and osteoclasts (myeloid lineage). In addition to 

targeting osteoclasts, LysMCre targets innate immune cells such as granulocytes and 

macrophages, cells in which HIF signaling has been shown to be essential for inflammatory 

responses [141]. 

 Conditional knockout of Hif1a in both the osteoblast and myeloid lineages did not appear 

to impact bacterial burdens or infection-associated changes in bone architecture, suggesting that 

Hif1a does not contribute to pathogenesis during S. aureus osteomyelitis. It is possible that HIF-

1α may play an important role in bacterial clearance in other models of osteomyelitis or that 

differences may exist at time points not investigated in this study. However, it has also been 



 88 

suggested that, despite distinct gene targets between HIF-1α and HIF-2α, the overlap of large 

sets of genes may allow HIF-2α to compensate for much of HIF-1α influences [59,71]. To 

confirm such a theory, it will be important to test a double knockout of Hif1a and Epas1 or a 

knockout of the joint heterodimer Arnt to better understand the impact of loss of HIF signaling 

during osteomyelitis and not just HIF-1α. Direct measurement of HIF-2α by 

immunohistochemistry in mice lacking Hif1a may provide insight into such compensation, as 

well.  

MicroCT analysis of trabecular and cortical bone revealed no differences in bone changes 

during S. aureus infection following conditional knockout of Hif1a in both cell lineages tested. 

Prior bone phenotypes following osteoblast-lineage knockout of Hif1a have frequently revealed 

relatively subtle phenotypes, which may not have been readily detected in these studies given the 

potentially overwhelming influence of infection in our model. The role of HIF target, VEGF, is 

dependent upon skeletal injury model [97]. Similarly, it is possible that alternative infection 

models that employ a prosthetic and/or transcortical fracture of the femur may reveal differences 

not observed following a pinhole defect, in which only a small hole is drilled through the cortical 

bone. However, given the data regarding bacterial burdens and microCT findings, no evidence 

from these data exists to indicate that HIF-1α is essential during S. aureus osteomyelitis. 

Conditional knockout of Vhl in osteoblast versus myeloid lineages cause different 

phenotypes in the trabecular bone following infection. Conditional knockout of Vhl in the 

osteoblast lineage caused a profound increase in trabecular BV/TV as observed previously 

[59,243]. Unlike Cre-negative control mice, Vhlfl/fl, OsxCre+ mice did not demonstrate a decline 

in BV/TV in infected bone suggesting that deletion of Vhl in osteoblast-lineage cells alters bone 

formation or bone destruction during infection. Investigation of osteoclasts in vivo showed that, 
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compared to trabecular bone of age-matched control mice, surface-normalized osteoclast 

numbers and resorbing surface did not increase in the infected femur of Vhlfl/fl, OsxCre+ mice 

following infection. Testing osteoclast abundance in littermate control mice will be an important 

next step to confirm this phenotype. It will be important to perform studies to understand how 

Vhl deletion in osteoblast-lineage cells alters S. aureus-induced osteoclast formation. In vitro 

data indicate that deletion of Vhl in osteoblasts decreases transcription of the gene for RANKL 

relative to that for OPG, indicating that Vhl deletion in osteoblasts may regulate osteoclast 

formation through impacts on the RANKL-to-OPG ratio. Such an impact may explain observed 

differences in osteoclast abundance in vivo. Functional in vitro studies that test osteoclast 

formation in co-culture with osteoblasts lacking Vhl will help to establish if Vhl deletion in 

osteoblasts impacts osteoclastogenesis. Direct measurements of RANKL and OPG from in vivo 

bone samples may further validate if such a mechanism occurs in vivo during infection. While 

alternative mechanisms may also impact osteoclast formation in vivo, these data suggest Vhl 

deletion in osteoblasts limits infection-mediated RANKL production and downstream loss of 

trabecular bone. It will be important to directly test this hypothesis in future studies. The 

mechanism by which Vhl deletion alters the RANKL-to-OPG ratio is unknown. Prior studies 

investigating HIF-1α have not directly linked HIF signaling to RANKL production [96]. 

Investigation of HIF-2α in osteoblasts-lineage cells has suggested that HIF-2α activation 

increases RANKL production and osteoclast formation [98]. However, this phenotype was not 

observed in another study, which instead found that HIF-2α increases OPG production and limits 

osteoclast formation [96]. The findings of our study are consistent with a prior investigation 

which found that Vhl knockout inhibited osteoclast formation in co-culture and decreased 

RANKL gene expression [247]. Conditional deletion of Vhl in osteoblasts has also been shown 
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to inhibit osteoclasts through increased OPG and through a microRNA-IL-33-Notch1 signaling 

axis, which may be an alternative mechanism [248]. Beyond HIF signaling, VHL interacts with 

several other proteins that may impact the response of osteoblasts to S. aureus stimulation 

independent of HIF signaling [249]. To better understand if HIF signaling mediates the 

observations in Vhlfl/fl, OsxCre+ double knockout mice lacking Vhl along with Hif1a, Epas1, or 

Arnt could be tested. 

While Vhlfl/fl, OsxCre+ mice display protection from declines of trabecular BV/TV 

during osteomyelitis, Vhlfl/fl, LysMCre+/- mice exhibit BV/TV values lower than that of Cre-

negative control mice, indicative of increased bone loss. Interestingly, the contralateral femurs 

show a similar decline in trabecular BV/TV relative to that of littermate control mice, indicating 

that the increase in trabecular bone loss may be global in the mouse during infection. Multiple 

studies have shown that increased cytokines, such as osteoclastogenic TNF-α and IL-1β, and 

increased hematopoiesis (which both occur during osteomyelitis) are associated with increased 

trabecular bone loss [121,250–252]. Given that prior studies associate increased HIF signaling in 

myeloid lineage cells with increased pro-inflammatory cytokine production [60], it is possible 

that more robust cytokine responses at early time points or throughout the infection course could 

enhance trabecular bone loss. It will be important to perform cytokine analyses and bone 

histomorphometry on S. aureus-infected and mock-infected femurs from Vhlfl/fl, LysMCre+/- mice 

and their genotype controls to determine if cytokines contribute to bone loss and if osteoclast 

formation is associated with increased bone loss, respectively.  

While these data lay the framework for understanding the impact of HIF signaling on 

antibacterial responses and bone remodeling during S. aureus osteomyelitis, multiple questions 

remain unanswered that must be investigated through future studies. Vhlfl/fl, LysMCre+/- mice 
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may exhibit enhanced bacterial clearance at early time points and increased cortical bone loss 

during infection, but the current data sets are underpowered and must be tested further. Based on 

this initial study, a sample size of n=7 is required to test for differences in bacterial burdens in 

Vhlfl/fl, LysMCre+/- mice at Day 5 post-infection for adequate power (β=0.8) with a type I error of 

0.05 (α=0.05), and a sample size of n=16 is required to test for differences in cortical bone 

destruction in Vhlfl/fl, LysMCre+/- mice at Day 14 post-infection for β=0.8 and α=0.05. It may be 

advantageous to test early time points in mice infected with a lower inoculum (105 CFU), as 

well.  

Though not tested statistically, the average trabecular BV/TV in the contralateral femurs 

of mock-infected animals was higher than the BV/TV in contralateral femurs of S. aureus-

infected femurs for all genotypes tested (Vhlfl/fl, LysMCre+/- mice and their Cre-negative 

littermate controls as well as Vhlfl/fl, OsxCre+ mice and their Cre-negative littermate controls). 

These experiments were not designed to make such comparisons statistically. However, the 

consistency of these data suggests that a systemic response to infection such as granulopoiesis or 

increased circulation of inflammatory cytokines alters trabecular bone architecture. Supporting 

the hypothesis that systemic inflammatory responses during S. aureus osteomyelitis cause 

trabecular bone loss, multiple diseases that trigger systemic inflammation have been associated 

with bone loss [253–255]. Future studies should directly test if trabecular bone loss occurs in 

non-infected bones of mice infected with S. aureus (or other pathogens) in the bone or non-

osseous sites. 

Genetic studies were conducted with an interest in understanding the basic biology and 

potential for therapeutic intervention. Thus, future studies should investigate pharmacologic 

targeting of the HIF signaling pathway. Pharmacologic studies would allow investigation of cell 
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agnostic manipulation of HIF signaling to understand overall cell signaling influences. 

Furthermore, baseline differences in Vhlfl/fl, OsxCre+ mice may substantially impact trabecular 

bone biology outside of cell signaling itself. Pharmacologic intervention would permit 

investigation of augmented HIF signaling without extreme differences in bone architecture prior 

to infection. The potential to target VHL [256] or HIF PHDs [257] will also improve 

understanding of HIF-independent VHL functions versus HIF-dependent functions of VHL. 

Pharmacologic targeting of HIF during osteomyelitis could also offer attractive therapeutic 

solutions such as dual-purpose copper (II) treatment which inhibits HIF PHDs and is inherently 

antibacterial [106,109]. 

 There are multiple limitations to the studies performed. While most experiments were 

performed in male and female mice, not all studies were powered to necessarily draw sex-

specific conclusions, though generally the data do not support a dramatic difference between the 

sexes. Expanding the number of animals to confirm whether sex-specific phenotypes exist may 

be important. Not all studies have included age-matched, Cre-positive controls, which may more 

appropriately control for Cre-mediated effects independent of deletion of floxed alleles. These 

studies explored a single model of osteomyelitis, and alternative models may reveal different 

findings. Additionally, only discrete time points were selected up to 14 days and transient 

phenotypes may have been missed as well as phenotypes dependent upon chronic infection 

exceeding the 14-day experiment. The mechanisms by which Vhl deletion in osteoblast and 

myeloid cells alters trabecular bone loss has not been established. Despite using Vhl deletion 

with the aim to model augmented HIF signaling, HIF-independent mechanisms remain possible 

and have not been explored. Despite these limitations, these studies demonstrate that skeletal cell 

Hif1a does not contribute to control of bacterial burdens and pathologic changes in bone 
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architecture during osteomyelitis. Furthermore, Vhl has been shown to impact trabecular BV/TV 

in response to infection in distinct ways in a cell-type specific manner. These studies support 

further investigation of HIF signaling during osteomyelitis as a means to regulate skeletal 

architecture.  
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CHAPTER IV: DIFLUNISAL-LOADED POLY(PROPYLENE SULFIDE) (PPS) 
NANOPARTICLES DECREASE BONE DESTRUCTION DURING S. AUREUS 

OSTEOMYELITIS 
 

Introduction 
 

Osteomyelitis, or inflammation of bone, is commonly caused by bacterial infection. This 

disease afflicts an estimated 1 in 4000 people annually and is projected to impact up to 30% of 

orthopedic procedures [3,258]. Due in part to the widespread emergence of antimicrobial 

resistance, treatment of osteomyelitis can be extremely difficult [164,259]. Efforts to cure 

osteomyelitis often involve invasive debridement procedures and long‐term antibiotic therapy 

that together result in substantial strain on the patient and healthcare system [2,162,258,260]. 

Staphylococcus aureus, a Gram‐positive bacterium, is the most common etiologic agent of 

osteomyelitis [3]. S. aureus possesses an arsenal of virulence factors that lyse host cells, 

including skeletal cells, thereby contributing to osteomyelitis‐induced bone loss [122]. Thus, 

effective therapies are necessary to ameliorate concomitant morbidities, such as bone loss, that 

may increase the risk of fracture or treatment failure. 

Antivirulence therapies inhibit bacterial virulence pathways without directly impacting 

bacterial viability and are actively being investigated as adjunctive treatment strategies for 

infection [164]. We have recently demonstrated the antivirulence potential of diflunisal, a 

nonsteroidal anti‐inflammatory drug, to decrease S. aureus‐induced bone destruction in a murine 

osteomyelitis model [123]. Diflunisal inhibits the quorum‐sensing agr pathway of S. aureus, 

limiting production of numerous virulence factors, including cytolytic toxins [191]. In previous 

studies, local delivery of diflunisal from resorbable poly(ester urethane) foams significantly 

reduced bone resorption [123,201]. While local delivery presents the advantage of achieving 

high drug concentrations near target sites, the avascular delivery depot can function as a nidus 
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for bacterial colonization [201,261,262]. Thus, effective delivery of diflunisal and other 

antivirulence compounds requires an alternative method to avoid exacerbation of infection. 

While parenteral therapy potentially circumvents the challenges of local delivery devices, 

diflunisal is hydrophobic and therefore has low aqueous solubility. Encapsulation of compounds 

within nanoparticles has enabled effective systemic delivery of hydrophobic drugs and 

demonstrated distribution to target sites [212,226,263–265]. Our group has previously shown 

that poly(propylene sulfide) (PPS) nanoparticles provide a reactive oxygen species (ROS)‐

responsive carrier for delivery of the Gli2 inhibitor, GANT58, to sites of bone cancer metastases 

[226]. The PPS nanoparticles distributed preferentially to tumor‐bearing limbs compared to 

contralateral limbs, presumably due to increased vascular permeability at tumor sites that allows 

for nanoparticle extravasation and decreased lymphatic drainage. These phenomena allow for 

nanoparticle retention and are known as the enhanced permeability and retention (EPR) effect 

[215]. Furthermore, PPS‐based biomaterials break down in the presence of high levels of ROS, 

providing a potential mechanism for targeted drug release at inflamed sites [221–223]. However, 

few studies have investigated systemically (e.g., intravenously) delivered nanoparticles in the 

context of osteomyelitis [205–208]. 

The objectives of this study were to understand the biodistribution of PPS nanoparticles 

during osteomyelitis and evaluate the efficacy of diflunisal‐loaded nanoparticles in limiting S. 

aureus‐induced bone loss. We hypothesized that PPS nanoparticles would accumulate at 

infectious foci during osteomyelitis and that diflunisal‐loaded PPS nanoparticles would limit S. 

aureus‐mediated cortical bone destruction. To test these hypotheses, we evaluated PPS 

nanoparticle delivery in a murine model of osteomyelitis and investigated the efficacy of 

diflunisal‐loaded PPS nanoparticles both in vitro and in vivo. 
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Materials and methods 
 
Cell lines, bacterial strains, and reagents 
 

The murine preosteoblast MC3T3‐E1 subclone 4 cell line was obtained from the 

American Type Culture Collection. The cells were propagated in a humidified 37°C incubator 

with 5% CO2 and maintained in ⍺‐MEM (Gibco #A1049001; Thermo Fisher Scientific) 

supplemented with 10% fetal bovine serum (Bio‐Techne) and 1X penicillin–streptomycin 

(Thermo Fisher Scientific). An erythromycin‐sensitive derivative of the methicillin‐resistant S. 

aureus (MRSA) USA300‐lineage strain LAC (AH1263) was used for all experiments, as it 

represents the most commonly isolated clonal complex causing musculoskeletal infection in the 

United States [235,266]. For bacterial growth, unless otherwise noted, 5‐mL cultures were grown 

in tryptic soy broth at 37°C, shaking at 180 rpm. Diflunisal, dimethylformamide (DMF), 

dioxane, N,N‐dimethylacrylamide (DMA), propylene sulfide, dimethyl sulfoxide (DMSO), 2,2’‐

azobis(isobutyronitrile) (AIBN), Nile red, and hydrogen peroxide (H2O2) were purchased from 

MilliporeSigma. Cy7‐amine was purchased from Lumiprobe. DMA was purified by distillation 

under reduced pressure before polymerization. PPS (10 kDa), poly(propylene sulfide)‐4‐cyano‐4‐

(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (PPS135‐ECT), and poly(benzoyloxypropyl 

methacrylamide) (pHPMA‐Bz) were synthesized as described previously [227].  

Synthesis and characterization of the polymer 
 

The diblock copolymer consists of PPS (135 repeat units) and DMA (149 repeat units). 

All copolymer solutions were synthesized with 1 repeat unit of pentafluorophenyl acrylate 

(PFPA) for which Cy7‐amine was substituted to provide a fluorescent marker for in vivo 

tracking. Synthesis of PPS135‐b‐p(Cy71‐ran‐DMA149) was conducted as previously 

published18 with modifications as follows. Reversible addition–fragmentation chain‐transfer 
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(RAFT) polymerization of the second block (i.e., the DMA block with single repeat unit of 

PFPA) of PPS135‐b‐p(PFPA1‐ran‐DMA149) was performed with a 5‐to‐1 molar ratio of PPS135‐

ECT (macro chain transfer agent, macroCTA) to initiator (AIBN). The polymerization was 

conducted in a 10‐mL, round‐bottom reaction vessel containing 0.02687 mmol (268.7 mg) 

macroCTA, 4.02 mmol (415 μL) DMA, 0.0067 mmol (1.1 μL) PFPA, 0.0054 mmol (88.3 μL of 

10‐mg/mL AIBN dioxane) AIBN, and 4 mL of 1:1::DMF:dioxane solvent. The reaction vessel 

was purged with nitrogen, and the resulting solution was stirred at 65°C for 24 h, after which 

time the reaction was quenched at −80°C. To graft Cy7‐amine, 0.5 mL of thawed polymer 

solution was removed and replaced with 0.5 mL of DMSO containing 0.00672 mmol (4.8 mg) of 

Cy7‐amine for 24 h, stirring at room temperature. The resulting solution was dialyzed against 

methanol and deionized water for 24 h each before lyophilization. A 1H NMR spectrum of 

polymer was collected in CDCl3 with a Brüker 400 MHz spectrometer as before [224].  

Fabrication and characterization of nanoparticles 

Following synthesis of the polymer, micellar nanoparticles were fabricated using an oil‐

in‐water emulsion technique. Nanoparticles were fabricated using two techniques: bulk solvent 

evaporation for small batches to optimize drug loading parameters and a microfluidics approach 

to scale up nanoparticle production for animal experiments. For diflunisal loading experiments, 

batches of nanoparticle solutions were fabricated using a bulk solvent evaporation procedure 

performed previously [226]. Briefly, PPS135‐b‐p(Cy71‐ran‐DMA149) (10.0 mg) was co-dissolved 

with diflunisal (1.0 mg) in chloroform (0.1 mL) and added dropwise to a vial containing 

vigorously stirring phosphate‐buffered saline (PBS). In addition, pHPMA‐Bz was added to a 

subset of batches at a ratio of 1:1 pHPMA‐Bz:diflunisal by mass to determine the influence of 

facilitated π–π stacking on diflunisal encapsulation as shown before [267]. The chloroform‐PBS 
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biphasic solution was left stirring overnight to allow chloroform evaporation and micelle 

formation. The resulting micelle solution was passed through a 0.45‐μm syringe filter. Diflunisal 

loading was quantified by the aqueous concentration calculated from the measurement of 

diflunisal fluorescence (Ex. 310 nm, Em. 420 nm) with reference to a standard curve using a 

microplate reader (Tecan Infinite 500; Tecan Group Ltd.). To characterize ROS‐mediated release 

of loaded agents, Nile red release from nanoparticles was measured as previously reported at the 

stated H2O2 concentrations [222,225,226].  

After determining optimal parameters for drug loading, nanoparticles were fabricated in 

large batches by microfluidics processes as described previously for animal studies 

[268]. Briefly, PPS135‐b‐p(Cy71‐ran‐DMA149) (60.0 mg) was co-dissolved with pHPMA‐Bz 

(6.0 mg) and/or diflunisal (6.0 mg) in methanol (0.6 mL) and mixed with sterile PBS using a 

benchtop NanoAssemblr (Precision Nanosystems, Inc.). All formulations were prepared with a 

10:1::aqueous:organic flow rate ratio and 4 mL/min total flow rate. Methanol was removed using 

a rotovap heated to 40°C for 30 min. Resulting solutions were passed through 0.45‐μm syringe 

filters. All nanoparticles contained Cy7‐grafted polymer for imaging purposes. Dif‐NPs refers to 

nanoparticles loaded with diflunisal and pHPMA‐Bz. Blank‐NPs refers to blank nanoparticles 

containing pHPMA‐Bz only and serves as the vehicle control for Dif‐NPs. Empty‐NPs refers to 

empty nanoparticles and are used to visualize biodistribution of the nanoparticle. Dynamic light 

scattering (DLS) was used to measure the hydrodynamic diameter of synthesized nanoparticles 

in PBS using a Malvern Zetasizer Nano‐ZS (Malvern Instruments Ltd.) equipped with a 4 mW 

He–Ne laser operating at λ = 632.8 nm. 

Biodistribution of PPS nanoparticles 
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Empty‐NPs were delivered to 7–8‐week‐old female FVB/NJ mice (n = 4 mice) by tail 

vein injection. Mice were imaged at 1 h (under 1%–5% isoflurane anesthesia) and 24 h 

(immediately post‐euthanasia) following nanoparticle‐injection using an IVIS Spectrum imaging 

system (PerkinElmer). Cy7 detection (Excitation: 675 nm, Emission: 780 nm) was used to 

characterize nanoparticle distribution in whole‐body images with a 5‐s fluorescent exposure on 

high intensity and small binning with an f/stop value of 8. Images were analyzed using ROI 

analysis with Living Image Software. 

Synthesis, fabrication, and biodistribution of alendronate-tagged nanoparticles 
 

Synthesis and fabrication of empty alendronate-containing PPS nanoparticles (Empty-

AlnNPs) was performed as for Empty-NPs, except as follows. At time of synthesis of the second 

block (predominantly DMA), the monomer input feed was altered such that DMA was reduced 

and replaced by additional PFPA. As a result, PFPA consisted of 10% of the monomer feed and 

DMA consisted of 90% of the polymer feed. As performed with non-alendronate-containing 

polymer (polymer for Empty-NPs, Blank-NPs, and Dif-NPs), Cy7 amine was incubated to graft 

approximately 1 repeat unit to the polymer backbone as described above. Following Cy7 

grafting, alendronate (Aln) was grafted to replace the remaining PFPA as described by the Cy7 

grafting process above. Aln was chosen because it is a bisphosphonate with calcium binding 

potential that has been used previously to enhance delivery to bone and because it has a primary 

amine that permits grafting to PFPA repeat units of the polymer. The polymer product (PPS135‐b‐

p(Cy71‐ran‐Aln14-ran‐DMA135)) was dialyzed and fabricated into nanoparticles by bulk solvent 

evaporation as described above. As done previously, infected mice were injected at 24 hours 

post-infection and analyzed by IVIS for biodistribution in the infected and contralateral femurs at 

2, 8, and 24 hours post-injection. 
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Alendronate bone-binding assay 
 

Bilateral femurs from two healthy mice (C57BL/6J) were harvested using sterile 

technique. The epiphyses were cut off with scissors, and the bone marrow was flushed by 

centrifugation at 12,000g in a microcentrifuge tube. The diaphysis of each bone was then cut at 

the midpoint to generate a total of 4 halves. The bone pieces were then placed in wells of a 96-

well plate and submersed in 190 μL PBS. To the solution, 10 μL of Empty-NPs or Empty-

AlnNPs (both prepared by bulk-solvent evaporation) were added. The plate was shaken 

overnight at room temperature. The following day, the bone pieces were washed three times in 

fresh PBS before imaging on IVIS for Cy7 signal intensity as described. 

Preparation of concentrated supernatants 
 

One colony of S. aureus from a tryptic soy agar plate was used to inoculate a 15‐mL 

sample of Roswell Park Memorial Institute (RPMI; Corning) supplemented with 10 g/L 

casamino acids (MilliporeSigma) in a 50‐mL conical tube. Samples were supplemented with 

either 15 µL DMSO, 10 µg/mL diflunisal (solubilized in 15‐μL DMSO), Blank‐NPs, or Dif‐NPs 

(at a final concentration of 10‐μg/mL diflunisal). Samples were prepared in triplicate. Bacteria 

were grown for 15 h at 37°C and 180 rpm. The triplicate cultures of each group were combined 

into a single culture of approximately 45‐mL volume and concentrated in Amicon Ultra 3‐kDa 

nominal molecular weight columns as done previously [123,201]. Resulting samples were filter‐

sterilized and frozen at −80°C. 

To measure the effect of diflunisal and nanoparticles on bacterial growth, 15‐mL cultures 

were supplemented with DMSO, 10μg/mL diflunisal, PBS, or Blank‐NPs. The bacterial cultures 

were subsequently grown in 200‐μL volumes in round‐bottom, tissue culture‐treated 96‐well 

plates for 15 h at 37°C. The optical density at 600 nm (OD600) was recorded each hour to monitor 
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bacterial growth using a BioTek Synergy HT microplate reader (BioTek Instruments, Inc.). The 

initial OD600 reading was subtracted from each well to serve as a baseline. 

MC3T3 cytotoxicity assay 
 

MC3T3 cytotoxicity was analyzed as reported previously [123,201]. Cells were 

intoxicated 12–24 h after initial seeding in 96‐well plates with either prepared supernatants or 

vehicle (RPMI containing casamino acids) at 20% vol/vol for 22 h. Cell viability was determined 

using CellTiter 96® AQueous One Solution (Promega) according to manufacturer's instructions. 

The percent viability following treatment was expressed as a percentage of the absorbance of the 

vehicle‐treated wells. 

Murine model of osteomyelitis 
 

This study was approved by the Institutional Animal Care and Use Committee of 

Vanderbilt University Medical Center and conducted in compliance with Animal Welfare 

Regulations and the principles of the Guide for the Care and Use of Laboratory Animals. All 

procedures were performed in an ABSL‐2 facility. Following 1 week of acclimation, 

osteomyelitis was induced in 7–8‐week‐old female C57BL/6J, FVB/NJ, or BALB/cJ mice 

(Jackson Laboratory) as previously described with the difference that buprenorphine (analgesic) 

was administered as a long‐acting dose (Buprenorphine‐SR; ZooPharm) [122]. An inoculum of 

106 colony‐forming units in 2 μL PBS was delivered into femurs. Mice that experienced more 

than 20% weight loss following infection (humane endpoint determined a priori in consultation 

with veterinary staff) were euthanized and excluded from analyses. Dif‐NPs and Blank‐NPs 

(n = 12) were injected via tail vein daily at a volume of 100 μL starting approximately 1 h post-

infection. N = 12 was based on power calculations from the initial pilot study (n = 5) analyzing 

cortical bone loss between these groups and is the primary comparison of the study. These 
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treatments were performed in an unblinded manner and using a random group assignment by 

cage. The Dif‐NP group received the nanoparticle treatment immediately before the Blank‐NP 

group. A PBS injection was used as a control (n = 5) for comparison. Mice were euthanized at 

multiple time points up to 14 days post-infection and imaged by IVIS as above. The infected 

femur, contralateral femur, liver, kidneys, and spleen were then removed and imaged ex vivo by 

IVIS. To account for intrinsic autofluorescence of tissues, the fluorescence intensity of all ex 

vivo organs was normalized to the fluorescence intensity of the respective organs harvested from 

a PBS‐injected control mouse at each time point. Following IVIS imaging, infected femurs were 

then analyzed by microCT as described previously [122]. Briefly, axial images of each femur 

were captured with 5.0‐μm voxels at 70 kV, 200 μA, 2000 projections per rotation, and an 

integration time of 350 ms in a 10.24 mm field‐of‐view. Each imaging scan comprised 1635 

slices (8.125 mm), centered on the mid‐diaphysis near the inoculation site. Volume of interest 

was limited to the original cortical bone, and any destruction was selected by drawing contours 

on the endosteal and periosteal surfaces. A subset (n = 5) of Blank‐NP and Dif‐NP femurs were 

decalcified, paraffin‐embedded, and stained by a modified hematoxylin and eosin stain as 

reported previously [121].  

To understand the effect of systemically delivering a nanoparticle‐free diflunisal 

formulation, mice were treated with a saturated solution of free diflunisal in PBS (n = 16) and 

compared to mice receiving Dif‐NP injections in studies adding additional mice (n = 9) to the 

Dif‐NP treatment group. Within these studies an additional PBS control (n = 4) served as a 

baseline. Across three experimental trials analyzing cortical bone destruction, group sizes were 

as follows: PBS (n = 9), Blank‐NP (n = 12), Dif‐NP (n = 21), and free‐drug diflunisal (n = 16). 

The free‐drug diflunisal solution was prepared by mixing twice the maximum aqueous solubility 
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of diflunisal (maximum solubility: 14.5 μg/mL) in PBS, heating in a 37°C water bath for 30 min, 

and vortexing for 30 min. The solution was passed through a 0.45‐μm syringe filter before 

treatment. In a separate experiment to further determine the impact of Dif‐NPs on bacterial 

burdens in vivo, an additional group of mice (n = 5) were treated and euthanized at Day 7, and 

bacterial burdens were assessed as conducted previously [121].  

To determine the impact of Dif-NPs during vancomycin treatment, a combinatorial study 

was completed with 10 mg/kg of vancomycin delivered subcutaneously at twelve-hour intervals 

starting at the time of infection as done previously [201]. Normal saline served as the vehicle 

control. In combination, Blank-NPs and Dif-NPs were delivered daily by tail vein injection. 

Thus, groups consisted of normal saline with Blank-NPs (n=5), normal saline with Dif-NPs 

(n=5), 10 mg/kg vancomycin with Blank-NPs (n=5), and 10 mg/kg vancomycin with Dif-NPs 

(n=5) in a study with 20 total animals. At Day 14 post-infection, the infected femurs of the mice 

were harvested and analyzed for cortical bone destruction as stated previously. 

In total, 94 animals were used to complete these studies. 

Statistical evaluation 
 

Differences in diflunisal encapsulation, Nile red release, supernatant‐mediated 

cytotoxicity, and OD600 growth curves were assessed by two‐way analysis of variance 

(ANOVA). Differences in nanoparticle biodistribution and Cy7 signal in alendronate binding 

assays were assessed by paired Student's t‐test. Differences in fluorescence intensity of organs 

were assessed by one‐way ANOVA or two‐way ANOVA as stated. Differences in cortical bone 

destruction and bacterial burdens were compared using a one‐way ANOVA. A p value of 0.05 

was considered significant for all analyses. All statistical analyses were performed with 

GraphPad Prism. 
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Results 
 
PPS diblock copolymer nanoparticle synthesis and cargo release 
 

To generate the building blocks necessary for fluorescent nanoparticle synthesis, PPS‐b‐

p(Cy71‐ran‐DMA149) polymer (Figure 21A) was synthesized by RAFT polymerization. Polymer 

structure was confirmed by 1H NMR (Figure 22). An oil‐in‐water emulsion formed the micellar 

nanoparticles in which the hydrophilic DMA blocks compose the hydrophilic corona and the 

hydrophobic PPS blocks compose the ROS‐responsive core which releases loaded drug upon 

destabilization (Figure 21B). 
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Figure 21: PPS135‐b‐p(Cy71‐ran‐DMA149) forms reactive oxygen species (ROS)‐responsive 

nanoparticles 

(A) PPS135‐b‐p(Cy71‐ran‐DMA149) structure contains repeat units of propylene sulfide (orange), 

Cy7 (red), and N,N‐dimethylacrylamide (DMA; blue). (B) Schematic of micellar poly(propylene 

sulfide) (PPS) nanoparticles encapsulating a loaded agent. Upon oxidation by ROS, PPS 

nanoparticles become unstable due to PPS conversion from hydrophobic to hydrophilic, 

releasing the loaded agent.  
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Figure 22: 1H NMR spectral analysis of PPS135-b-p(Cy71-ran-DMA149) in CDCl3 

Hydrogen peaks of monomer repeats shown with corresponding labels α through ζ. 

Tetramethylsilane (TMS) reference and CHCl3 contaminant also labeled at expected chemical 

shifts.  
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Formation of diflunisal‐loaded PPS nanoparticles for drug delivery 
 

To determine the optimal process for encapsulation of diflunisal within PPS nanoparticles 

(Dif‐NPs), the quantity of loaded drug and encapsulation efficiency of two different drug‐to‐

polymer ratios were characterized. The addition of pHPMA‐Bz as an excipient was also tested to 

determine the benefits of facilitated π–π stacking on diflunisal encapsulation. Increasing the 

drug‐to‐polymer ratio from 1:10 to 1:4 was found to improve drug loading (Figure 23A); 

however, the encapsulation efficiency was substantially greater for the 1:10 formulation (Figure 

23B). Use of pHPMA‐Bz approximately doubled diflunisal loading in a 1:10 formulation 

compared to PPS nanoparticles without pHPMA‐Bz (Figure 23A), resulting in the formulation 

with the highest weight percentage of diflunisal. Thus, the optimal Dif‐NP formulation was 

determined to be a drug‐to‐polymer ratio of 1:10 with addition of pHPMA‐Bz in a 1:1 mass ratio 

with diflunisal. To examine the influence of diflunisal loading on nanoparticle size, Dif‐NPs and 

Blank‐NPs were evaluated by DLS to determine the average hydrodynamic diameter (Figure 

23C). The observed diameters for Blank‐NPs and Dif‐NPs were 65.4 ± 0.4 and 65.4 ± 0.4 nm, 

respectively, showing no change upon drug loading. Similarly, the polydispersity indices for 

Blank‐NPs and Dif‐NPs were 0.138 ± 0.004 and 0.163 ± 0.009, respectively, demonstrating a 

comparable dispersity of nanoparticle size within each formulation. Therefore, a 1:10 drug‐to‐

polymer ratio co-encapsulated with pHPMA‐Bz was chosen as the optimal formulation for 

diflunisal loading in PPS nanoparticles. Finally, to confirm ROS potentiates drug release from 

PPS nanoparticles, Nile red‐loaded nanoparticles were treated with H2O2 and loss of 

fluorescence was measured as a sign of drug release (Figure 23D).  
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Figure 23: PPS nanoparticles effectively load diflunisal with no effect on nanoparticle size 

Diflunisal encapsulation by bulk solvent evaporation was quantified by (A) loading and (B) 

encapsulation efficiency. For both drug‐to‐polymer ratios, the excipient pHPMA‐Bz was tested 

(gray bars). N = 3. Error bars represent mean ± SEM. *p < .05, ***p < .001, ****p < .0001, and ns 

denotes no significance (p > .05) as determined by two‐way analysis of variance (ANOVA). (C) 

Nanoparticle hydrodynamic diameter was analyzed by dynamic light scattering for Blank‐NPs 

and Dif‐NPs. (D) Cumulative release measured as the loss of fluorescence of Nile red (a dye that 

is fluorescent in hydrophobic environments such as the PPS core) from PPS nanoparticles 

exposed to various concentrations of the reactive oxygen species H2O2. Error bars represent 
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mean ± SEM. ****p < .0001 between the individual 0.33% and 3.3% H2O2 groups and all other 

groups at the given time point as determined by two‐way ANOVA 
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Systemically administered nanoparticles accumulate at infected femurs 
 

Having identified an optimal nanoparticle formulation, we sought to determine the 

systemic biodistribution of PPS nanoparticles to infectious sites in vivo. To first understand the 

biodistribution in healthy animals, uninfected FVB/NJ mice were injected with Empty‐NPs via 

the lateral tail vein and imaged in the IVIS system at 1 and 24 h post-injection for Cy7 

fluorescence. As expected, un-injected animals showed autofluorescence in the gastrointestinal 

tract from regular chow [269]. Measurements of Cy7 fluorescence demonstrated that Empty‐NPs 

distributed systemically throughout the mouse within 1 h post-injection, consistent with 

intravenous administration (Figure 24A). The Cy7 signal persisted after 24 h at a decreased 

intensity, suggesting that nanoparticles were still present at lower concentrations (Figure 24A). 

Next, FVB/NJ mice were subjected to osteomyelitis and injected with Empty‐NPs 24 h post-

infection to assess the biodistribution of nanoparticles following infection. Previous experiments 

in our group have predominantly used C57BL/6J mice to model osteomyelitis; however, we 

sought a nonpigmented mouse for imaging and confirmed that bacterial burdens on post-

infection Day 7 did not differ between C57BL/6J, BALB/cJ, and FVB/NJ mice (Figure 25). 

Organs were dissected and immediately assessed by IVIS to determine Cy7 fluorescent signal 

intensity at 2, 8, and 24 h post-injection. The infected femurs showed accumulation compared to 

the contralateral femurs over 24 h (Figure 24B). Nanoparticle accumulation was also compared 

to three highly vascularized organs (livers, kidneys, and spleens) up to 24 h post-injection 

(Figure 24C-F). At all tested time points, the well‐vascularized organs displayed consistently 

high Cy7 signal intensity. These data establish that a single administration of Empty‐NPs yields 

greater accumulation at the infected femur relative to the contralateral femur 24 h post-injection.  
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Figure 24: PPS nanoparticles accumulate at infected femurs 

(A) Whole‐body IVIS images of Cy7 in uninfected mice at 1 and 24 h following injection with 

Empty‐NPs 1‐ and 24 h post-injection. ROI analysis of the entire animal was quantified at 1‐ and 

24 h post-injection (n = 4). **p < .01 as determined by paired Student's t‐test. (B) A 

representative image with corresponding numerical analysis of Cy7 fluorescent signal in infected 

(Inf) and contralateral (Con) femurs following injection of Empty‐NPs in infected mice at 2‐, 8‐, 

and 24 h post-injection. Blue outlines represent ROIs used for numerical analyses. A set of 

femurs from a phosphate‐buffered saline (PBS)‐injected animal is shown as the nonfluorescent 

control to which the fluorescence intensity was normalized. N = 3 mice per group. Error bars 

represent mean ± SEM. *p < .05 as determined by two‐way analysis of variance (ANOVA). At 

2 h (C), 8 h (D), and 24 h (E), organs (spleen, liver, and kidneys) were dissected and similarly 

analyzed to determine difference from fluorescent intensity of the femurs and organs of the same 

mice in (B). As before, n = 3 mice per group. Error bars represent mean ± SEM. **p < .01 as 

determined by one‐way ANOVA. (F) A representative image at 8 h post-injection is shown for 

each organ from an Empty‐NP‐injected mouse relative to that of the PBS‐injected control mouse 

to demonstrate the ROIs used for the analyses 
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Figure 25: Bacterial burdens of S. aureus in different mouse strains are similar 

Quantification of bacterial burden by CFU enumeration 7 days post-infection in C57Bl/6J, 

FVB/NJ, and BALB/cJ mice. N=5 mice per group. Error bars represent mean ± SEM. ns denotes 

no significance (p>0.05) as determined by 1-way ANOVA.  
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Dif‐NPs limit S. aureus cytotoxicity 
 

To determine the antivirulence efficacy of Dif‐NPs, we utilized a previously published in 

vitro method to assess the influence of Dif‐NPs on staphylococcal cytotoxicity towards a 

preosteoblast cell line [123]. MC3T3 cells were exposed to concentrated S. aureus supernatants 

prepared from bacterial cultures treated with Blank‐NPs, Dif‐NPs, or diflunisal as a free drug. 

Diflunisal, delivered either as free drug or encapsulated within PPS nanoparticles, significantly 

inhibited the cytotoxicity of S. aureus supernatants (Figure 26A). To determine the effects of 

diflunisal and PPS nanoparticles on bacterial growth, optical density of S. aureus cultures grown 

in the presence of 10‐µg/mL diflunisal or Blank‐NPs was assessed over a 15 h time period. 

Bacterial growth was also assessed in the presence of DMSO and PBS as vehicle controls for 

free‐drug diflunisal and Blank‐NPs, respectively. We did not observe a significant difference in 

OD600 between any of the groups (Figure 26B), suggesting that neither component of Dif‐NPs 

(diflunisal or Blank‐NPs) hinders bacterial growth. Thus, diflunisal released from Dif‐NPs 

inhibits S. aureus cytotoxicity, and neither component of Dif‐NPs affects bacterial growth. 
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Figure 26: Dif‐NPs inhibit S. aureus cytotoxicity toward MC3T3s 

(A) MC3T3 murine preosteoblast cells were intoxicated with 20% (vol/vol) of concentrated 

supernatant from S. aureus grown in the presence of vehicle control (dimethyl sulfoxide 

[DMSO]), nanoparticle vehicle control (Blank‐NP), diflunisal (10 µg/mL in DMSO), or 

diflunisal‐loaded nanoparticles (10 µg/mL encapsulated in poly(propylene sulfide) 

nanoparticles). MC3T3 viability is depicted as a percentage relative to mock intoxication with 

sterile Roswell Park Memorial Institute. N = 3 independent replicates. Error bars represent 

mean ± SEM. **p < .01 and ***p < .001 as determined by two‐way analysis of variance. (B) 

Optical density of S. aureus grown in presence of vehicle controls (phosphate‐buffered saline 

[PBS] and DMSO), diflunisal (10 µg/mL in DMSO), or Blank‐NPs. N = 3 independent replicates. 

Error bars represent mean ± SEM 
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Dif‐NPs decrease S. aureus‐induced cortical bone loss during osteomyelitis 
 

Given the observations that Dif‐NPs inhibit the cytotoxicity of S. aureus in vitro and that 

nanoparticles accumulate at infectious foci, we sought to investigate the therapeutic capability of 

Dif‐NPs. First, to characterize the distribution of diflunisal‐loaded nanoparticles, femurs and 

organs of mice injected daily with Dif‐NPs or Blank‐NPs for 14 days were assessed by 

fluorescent imaging. On Day 14 post-infection, mice treated with either Dif‐NPs or Blank‐NPs 

were both found to have significant increases in fluorescence intensity in the infected limb 

compared to the contralateral limb (Figure 27A,B). When assessed ex vivo post-dissection, 

infected femurs at Day 14 post-infection showed significantly greater signal intensity compared 

to the intensities of all other tested organs (Figure 27C,D). Thus, Dif‐NPs and Blank‐NPs 

accumulated at the infected femur following 14 days of daily injections. 

To determine the ability of Dif‐NPs to decrease S. aureus‐induced bone loss during 

osteomyelitis, infected mice were treated with daily injections of Dif‐NPs or Blank‐NPs starting 

1 h post-infection. Infected femurs were isolated at Day 14 and analyzed by microCT to quantify 

bone loss. Femoral reconstructions upon which calculations were made are shown in Figure 28. 

Mice treated with Dif‐NPs demonstrated significantly less cortical bone destruction compared to 

mice treated with Blank‐NPs at Day 14 (Figure 29A). Thus, diflunisal‐loaded PPS nanoparticles 

decrease S. aureus‐induced bone loss in infected femurs. To compare the efficacy of delivering 

free‐drug (unencapsulated) compared to nanoparticle‐encapsulated diflunisal, infected mice were 

injected daily with free‐drug diflunisal in PBS or Dif‐NPs. Mice treated with Dif‐NPs 

demonstrated significantly lower bone destruction than mice treated with free‐drug 14 days post-

infection (Figure 29A). Notably, cortical bone loss in PBS‐injected mice did not differ from that 
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of Blank‐NP‐injected mice or free‐drug diflunisal‐injected mice (Figure 29A). Thus, 

nanoparticle encapsulation resulted in enhanced efficacy of systemically delivered diflunisal, 

likely as a function of overcoming the limited aqueous solubility of free‐drug diflunisal. 

To assess the effect of Dif‐NPs on bacterial burden, a separate cohort of mice were 

injected with PBS, Dif‐NPs, or Blank‐NPs daily for 7 days post-infection. No differences in 

bacterial enumeration were measured between the groups (Figure 29B), and histological sections 

revealed evidence of abscesses in all mice treated with either Blank‐NPs or Dif‐NPs (Figure 

29C, Figure 30), suggesting that Dif‐NPs had no effect on bacterial burdens. Thus, diflunisal‐

loaded PPS nanoparticles decrease S. aureus‐induced bone loss in infected femurs during 

osteomyelitis without significantly influencing bacterial burdens. Taken together, these data 

support findings that PPS nanoparticles efficaciously deliver diflunisal to infectious foci to 

decrease bone destruction during osteomyelitis.  
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Figure 27: PPS nanoparticles accumulate at the infected femur during osteomyelitis 

(A) Representative IVIS images of mice 14 days post-infection following daily tail vein 

injections of either Dif‐NPs (n = 5) or Blank‐NPs (n = 5). Blue circles denote ROIs for 

quantitative analyses. (B) Fluorescence of infected and contralateral limbs in both groups of mice 

were assessed using ROI analysis of the limbs. Filled circles represent mice treated with Blank‐

NPs, and open circles represent mice treated with Dif‐NPs. Fluorescence intensity was 

normalized to the intensity of the corresponding ROI of phosphate‐buffered saline (PBS)‐

injected animals. Error bars represent mean ± SEM. ****p < .0001 as determined by Student's t‐

test. (C) Quantification of dissected organs ex vivo 14 days post-infection following daily tail 

vein injections of Dif‐NPs or Blank‐NPs (same groups of mice as in A). Filled circles represent 

organs of mice treated with Blank‐NPs, and open circles represent organs of mice treated with 
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Dif‐NPs. Error bars represent mean ± SEM. **p < .01 and ****p < .0001 as determined by one‐

way analysis of variance (ANOVA). (D) A representative image of the analyzed dissected organs 

of (C) is shown: livers, spleens, kidneys, infected (Inf) femurs, and contralateral (Con) femurs. 

Organs of a PBS‐injected mouse and a Dif‐NP‐injected mouse are shown with ROIs. The organs 

of the PBS‐injected animal do not show fluorescence intensity above the image threshold. 
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Figure 28: MicroCT three-dimensional reconstructions of infected femurs following 

diflunisal nanoparticle treatment during osteomyelitis 

MicroCT reconstructions of femurs subjected to either PBS, Blank-NPs, Dif-NPs, or free-drug 

diflunisal via tail vein injection. N=9, 11, 21, or 16 mice per group as shown. One mouse in the 

Blank-NP group experienced >20% weight loss and was euthanized. 
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Figure 29: Dif‐NPs decrease S. aureus‐induced bone destruction during osteomyelitis 

(A) Quantification of cortical bone destruction 14 days post-infection with S. aureus and 

following daily treatment with PBS, Blank‐NPs, Dif‐NPs, or free‐drug diflunisal via tail vein 

injection. N = 9–21 mice per group. One mouse in the Blank‐NPs group experienced more than 

20% weight loss and was euthanized. Different symbols (circles, triangles, and squares) 

represent three independent trials that included the groups as indicated by the corresponding 

symbols. Effect size (Hedges’ g) between Blank‐NP and Dif‐NP groups = −1.500 (95% 

confidence interval: −0.684, −2.317). The median femur from each group is shown in a three‐

dimensional reconstruction to the right of the graph. Error bars represent mean ± SEM. **p < .01 

and ****p < .0001 as determined by one‐way ANOVA. (B) Quantification of bacterial burden by 

colony‐forming units enumeration 7 days post-infection following daily treatment with PBS, 

Blank‐NPs, or Dif‐NPs. N = 5 mice per group. One mouse in the PBS group was euthanized 
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following an adverse response to anesthesia. Error bars represent mean ± SEM. ns denotes no 

significance as determined by one‐way ANOVA. (C) Representative histology images of femurs 

harvested from mice treated with Blank‐NPs or Dif‐NPs and stained with a modified 

hematoxylin and eosin stain. Scale bars are as shown in the lower right corner of images.  
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Figure 30: Qualitative images of bacterial abscess formation following diflunisal 

nanoparticle treatment of osteomyelitis 

Representative histology images of S. aureus microcolonies within abscesses of infected femurs 

harvested from mice treated with Blank-NPs or Dif-NPs and stained with a modified 

hematoxylin and eosin stain. Each image corresponds to a S. aureus microcolony of a unique 

femur as abscesses were present in all ten sectioned femurs, five femurs per group. Scale bars at 

bottom right of each image represent 100 μm. 
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Addition of Aln to PPS nanoparticles improves adherence to cortical bone ex vivo and early 

delivery in vivo 

For use as micellar nanoparticles, synthetic polymers offer tunable properties as the 

monomers used during synthesis may be adjusted to alter desired qualities of the nanoparticle. 

Therefore, we sought to investigate the effect of a targeting moiety in the polymer composition 

on the accumulation of PPS nanoparticles at the infectious site. Prior studies have investigated 

the influence of bisphosphonates (such as Aln) in PPS nanoparticles to promote delivery to 

diseased bone in the setting of bone metastasis [227]. To determine if Aln covalently linked to 

the nanoparticle corona would enhance nanoparticle delivery to infected bones, Empty-AlnNPs, 

containing 10% Aln monomer in the hydrophilic, coronal block, were fabricated. Empty-AlnNPs 

were first tested in an ex vivo assay to determine if Aln improved binding to bone. Cortical bone 

pieces (comprising half of the diaphysis) were flushed of bone marrow and incubated overnight 

in 96-well plates with Empty-AlnNPs or Empty-NPs (no Aln) with PBS, shaking at room 

temperature. The next day, the cortical bone pieces were washed 3 times in fresh PBS and 

imaged for Cy7 signal on IVIS. The bones that incubated with Empty-AlnNPs showed 

significantly higher Cy7 signal intensity, indicating greater adherence to the cortical bone pieces 

(Figure 31). The fluorescence intensity of Empty-AlnNPs or Empty-NPs in PBS was compared 

and found to not significantly differ (data not shown). 
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Figure 31: Aln-conjugation increases Cy7 signal intensity in an ex vivo bone-binding assay 

Normalized Cy7 fluorescent signal intensity from cortical bone treated overnight with Empty-

NPs and Empty-AlnNPs (n=5). Error bars represent mean ± SEM. ***p < 0.001 as determined by 

unpaired, two-tailed Student’s t-test. 
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After finding that Empty-AlnNPs displayed greater Cy7 signal intensity in a bone-

binding assay, Empty-AlnNPs were compared to Empty-NPs in our in vivo osteomyelitis model. 

In parallel to studies described previously (Figure 24B), Empty-AlnNPs were injected into mice 

24 h post-infection and femurs were dissected and measured for Cy7 signal intensity via IVIS at 

2, 8, and 24 h post-injection. At early time points, Empty-AlnNPs exhibit increased Cy7 signal 

intensity relative to that of Empty-NP-injected femurs (Figure 32A-C). However, by 24 h post-

injection, the signal intensity from infected femurs in Empty-AlnNP-injected mice and Empty-

NP-injected mice no longer differ (Figure 32D). Furthermore, at 8 h and 24 h post-injection, 

both Empty-AlnNPs and Empty-NPs show significantly greater accumulation in the infected 

femurs relative to the contralateral femurs (Figure 32C,D). These data indicate that the inclusion 

of a bone-targeting moiety such as Aln in the PPS nanoparticle corona may expedite delivery to 

infected bone compared to Empty-NPs. 
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Figure 32: Empty-AlnNPs show increased early nanoparticle accumulation at the infected 

femur compared to Empty-NPs 

(A) Mice (n=3-4) were injected with Empty-NP (previously graphed in Figure 24) or Empty-

AlnNP at 24 h post-infection, and the dissected femurs were analyzed for Cy7 fluorescent signal 

intensity at 2 h, 8 h, and 24 h post-injection. Normalized to a signal intensity from femur of PBS-
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injected control mouse, the Cy7 signal intensity from infected and contralateral femurs of 

Empty-NP- and Empty-AlnNP-injected mice is shown at 2, 8, and 24 h post-injection. The data 

represented in (A) at 2 h (B), at 8 h (C), and at 24 h (D) post-injection is graphed and compared 

by two-way analysis of variance (ANOVA). Error bars represent mean ± SEM. *p < 0.05, 

**p < 0.01, ***p < 0.001 and ns denotes not significant as determined by two-way ANOVA. 
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Vancomycin therapy significantly decreases cortical bone loss, and co-administration of 

Dif-NP does not further decrease cortical bone loss 

 In addition to modifying the polymer chemistry, changing the overall treatment regimen 

by incorporating standard-of-care antibiotics is important to understand the influence of 

antivirulence compounds on antibiotic efficacy. Previously, we demonstrated that vancomycin 

significantly decreased cortical bone destruction and that dual delivery of diflunisal in a local 

delivery device did not further reduce cortical bone loss during S. aureus osteomyelitis [201]. To 

test for potential synergism of a sub-therapeutic dose of vancomycin with Dif-NPs, a 

combinatorial experiment was conducted in which daily Dif-NP (or Blank-NPs as vehicle) and 

twice daily 10 mg/kg vancomycin (normal saline as vehicle) was delivered to mice for 14 days 

before analyzing cortical bone destruction in the infected femurs. Vancomycin was found to 

significantly decrease cortical bone destruction relative to that of normal saline-treated groups 

(Figure 33). In this small pilot study (n=5), Dif-NPs+normal saline-treated mice showed a lower 

but not significantly lower cortical bone destruction than Blank-NPs+normal saline-treated mice 

(Figure 33). Dif-NPs did not further decrease cortical bone destruction in mice treated with 10 

mg/kg vancomycin relative to the Blank-NPs+vancomycin-treated group (Figure 33). These data 

in conjunction with prior data demonstrate that Dif-NPs show a mild decrease in cortical bone 

destruction but do not decrease cortical bone destruction beyond that achieved by monotherapy 

of vancomycin, the standard-of-care treatment for MRSA. 
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Figure 33: Dif-NPs fail to improve decreases in cortical bone destruction following 

vancomycin treatment 

Cortical bone destruction was measured in infected femurs of mice treated with combinatorial 

therapy with Blank-NP or Dif-NP and normal saline or 10 mg/kg vancomycin at post-infection 

Day 14. Error bars represent mean ± SEM. ****p < 0.0001 and ns denotes not significant as 

determined by two-way analysis of variance (ANOVA). 
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Discussion 
 

Delivery of hydrophobic drugs such as diflunisal is limited by low aqueous solubility, 

which can lead to unfavorable pharmacokinetic profiles and poor biodistribution when delivered 

parenterally [270,271]. Local delivery systems have been designed to overcome solubility 

limitations; however, foreign devices are known to be a nidus for bacterial colonization and 

biofilm formation [201,261,262]. While some compounds (including diflunisal) can achieve 

systemic delivery through oral delivery, oral administration is not feasible in all clinical settings 

(e.g., moribund or perioperative patients), and alternative parenteral options may be 

advantageous. For such compounds without parenteral compatibility, nanoparticle delivery 

systems offer a parenteral delivery vehicle for pharmaceuticals to target sites. Although 

nanoparticle accumulation has not been extensively studied in the context of osteomyelitis, 

effective treatment of bone infection with systemically administered nanoparticles has been 

reported [205–208]. Delivery of antimicrobial compounds using locally administered 

nanoparticles has also been investigated both in vitro [212,213] and in vivo [209–211], but 

systemic delivery of nanoparticles capable of carrying hydrophobic drugs is under‐investigated 

in osteomyelitis. Delivery of diflunisal using nanoparticles may provide effective therapy and 

limit potential complications associated with avascular local delivery devices. 

In this study, we evaluated the efficacy of PPS nanoparticles to deliver diflunisal, which 

we previously demonstrated inhibits S. aureus‐induced cortical bone destruction when delivered 

locally from resorbable poly(ester urethane) scaffolds [123,201]. We hypothesized that 

diflunisal‐loaded PPS nanoparticles would accumulate at infectious foci during osteomyelitis and 

inhibit S. aureus‐mediated bone destruction. Reconciling this hypothesis in a model of 

invasive S. aureus disease is crucial given the known limitations of avascular drug depots. Our 
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results indicate that PPS nanoparticles accumulate at infected femurs in a murine model of 

posttraumatic osteomyelitis. Moreover, we discovered that diflunisal‐loaded PPS nanoparticles 

effectively mitigated osteomyelitis‐induced bone destruction. Importantly, we also determined 

that bacterial burdens were unaffected by nanoparticle presence compared with mice treated with 

PBS alone. Therefore, PPS nanoparticles provide efficacious treatment of diflunisal without 

exacerbating the infection. Given that PPS nanoparticles accumulate at the site of infection, 

investigation into other drug cargoes such as novel antivirulence compounds or antimicrobials 

should be performed. When studying diflunisal-loaded nanoparticles relative to standard-of-care 

vancomycin, vancomycin alone decreased cortical bone destruction to a greater extent than 

diflunisal-loaded nanoparticles, and co-administration of diflunisal-loaded nanoparticles did not 

further prevent cortical bone loss. These data indicate that effective antimicrobial control is more 

effective at limiting disease pathology such as cortical bone loss during S. aureus osteomyelitis 

than antivirulence treatment via diflunisal administration. Concern about emerging antimicrobial 

resistance still warrants investigation into alternative therapies such as diflunisal or other 

antivirulence compounds [230]. Given the observed increases in nanoparticle accumulation, the 

data from the vancomycin co-administration experiment may also suggest that future 

investigations should employ more well-established drugs such as hydrophobic antimicrobials in 

the near-term. Future investigations should explore the efficacy of delayed treatment and the 

optimal timing between administrations of diflunisal‐loaded PPS nanoparticles. 

Compared to free‐drug administration via intravenous or oral delivery routes, synthetic 

nanoparticles offer the potential to accumulate and release loaded compounds at target sites 

[212,226,263–265]. As described by the EPR effect, both tumors and inflammation result in 

enhanced vascular permeability allowing for extravasation of nanoparticles [216]. Our results 
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suggest that PPS nanoparticles accumulate at the infectious foci; however, the exact mechanisms 

that drive nanoparticle retention during posttraumatic osteomyelitis must be investigated further. 

One possible mechanism may include phagocytic cell uptake as described in the “ELVIS” effect 

(extravasation via leaky vasculature followed by inflammatory cell sequestration) 

[219,220]. Nevertheless, modifications to the nanoparticle chemistry have shown enhanced 

retention at target sites and allow for further improvement of nanoparticle accumulation in bone 

in other disease models [227]. Our data suggest that Aln conjugation improves nanoparticle 

accumulation at time points early time points (8 h post-injection) but not at later time points (24 

h). Further studies should test whether such a difference in time to delivery alters efficacy of 

bioactive cargo such as diflunisal. Testing nanoparticle abundances at times beyond 24 h post-

injection could reveal if Aln-conjugated nanoparticles and non-Aln-conjugated nanoparticles 

demonstrate different delivery or retention dynamics at the infected femur at later time points 

post-injection. Such a finding may suggest that a hybrid therapy may be advantageous in which a 

tailored mixture of PPS nanoparticles and Aln-conjugated PPS nanoparticles are delivered to 

maximize sustained nanoparticle accumulation at the infected femur. 

Considering that sites of inflammation and infection are known to produce ROS and that 

release of compounds from PPS nanoparticles is responsive to ROS concentration, it is likely 

that ROS levels at infected sites contribute to drug cargo release within bone [272]. However, 

more extensive in vivo analyses must be performed to conclude that ROS‐mediated degradation 

is the primary mechanism of drug release at the infectious site. 

Limitations of this study include the use of only one bacterial strain and a single infection 

model. Due to the different virulence and metabolic profiles of various bacterial pathogens, 

future studies should explore the use of alternative bacterial species to understand PPS 
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nanoparticle delivery to different infectious foci. S. aureus was chosen to model infection in 

bone due to its high association with bone infection, but PPS nanoparticles delivered to 

infections in other infected organs have yet to be studied. Similarly, a focus on treatment times 

greater than 14 days should be investigated to understand the extent to which longer treatments 

may impact therapeutic outcomes. In the future, experiments should test the ability of PPS 

nanoparticles to decrease deleterious side effects of toxic agents that would otherwise limit 

systemic delivery of the drug. Nevertheless, this study suggests PPS nanoparticles efficaciously 

deliver drug to infectious foci and promotes investigation of nanoparticles as small molecule 

carriers for osteomyelitis therapy. 
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CHAPTER V: CONCLUSIONS AND FUTURE DIRECTIONS 
 

Summary of experimental findings: HIF signaling during osteomyelitis 

 Despite first being described millennia ago, osteomyelitis continues to cause substantial 

morbidity and frequently results in chronic infection despite modern antibiotic treatments [1,2]. 

Difficulty in the treatment of osteomyelitis is in part because of the unique features of the most 

common pathogenic etiology, Staphylococcus aureus [3]. The work of this thesis was designed 

to better understand the basic biology at the host-pathogen interface during S. aureus 

osteomyelitis and to explore alternative treatment strategies. Discovery of the hypoxia-inducible 

factor (HIF) signaling pathway was recently recognized with a Nobel Prize because of the broad 

impacts that HIF signaling has in physiology and pathophysiology [273]. Of note, HIF signaling 

has demonstrated crosstalk with immune response pathways and has been studied in the context 

of several infections [60]. The work outlined in Chapter III of this thesis has begun to investigate 

the role of components of the HIF signaling pathway during S. aureus osteomyelitis. 

Specifically, the objective of experiments described in Chapter III was to determine the role of 

skeletal cell HIF signaling in bone remodeling and antibacterial immunity during S. aureus 

osteomyelitis. 

I investigated HIF signaling in osteoblast-lineage and myeloid-lineage cells through 

lineage-specific genetic knockout of Hif1a and Vhl to model states of low and high HIF-1α 

signaling, respectively. The osteoblast lineage includes bone marrow stromal cells, osteoblasts, 

and osteocytes, which are responsible for forming the extracellular matrix of bone [28]. The 

myeloid lineage includes osteoclasts, which are responsible for bone resorption [41]. 

Additionally, the myeloid lineage includes immune cells like neutrophils and macrophages, 

which are derived from the hematopoietic niche in the bone marrow and are important for 
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controlling S. aureus infection [274]. By using two different Cre systems to target osteoblast-

lineage and myeloid-lineage cells and two different floxed genes for conditional deletion, studies 

of Chapter III tested (1) the role of osteoblast-lineage Hif1a, (2) the role of osteoblast-lineage 

Vhl, (3) the role of myeloid-lineage Hif1a, and (4) the role of myeloid-lineage Vhl, on 

antibacterial immune responses and pathologic bone remodeling during S. aureus osteomyelitis. 

The following text discusses the key findings in each of these conditional knockout models 

during S. aureus osteomyelitis. 

The role of osteoblast-lineage Hif1a during S. aureus osteomyelitis 

 Analyzing bacterial burdens and bone architecture changes in Hif1afl/fl, OsxCre+ mice 

revealed that HIF-1α in osteoblast-lineage (Sp7-expressing cells) is largely dispensable in our 

model of osteomyelitis. Despite published data supporting the essentiality of HIF-1α in 

inflammatory responses of other cells types including myeloid-lineage cells and keratinocytes, 

conditional deletion of HIF-1α in osteoblast-lineage cells did not impact bacterial burdens at 

post-infection Day 14 [141,155]. Prior studies have shown that conditional deletion of HIF-1α in 

osteoblast-lineage cells (OcnCre) causes a mild decrease in bone volume [59]. No difference in 

cortical bone architecture was detected following infection. This may be because the Cre 

recombinase was repressed until postnatal age 4 weeks, because the subtle phenotype was 

overshadowed by the dominant effects of the infection and injury, or because the two 

experiments used different Cre recombinase models. The lack of impact of Hif1a deletion under 

the action of the OsxCre may also be related to the method of injury. Prior studies testing the role 

of VEGF-A in Sp7-positive (Osx-expressing) cells have shown that loss of VEGF-A (a HIF 

target) in this population was impactful in sterile transcortical femur fracture but not in sterile 

pinhole defects like that used in our model of osteomyelitis [97]. It may also be possible that 
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HIF-2α (EPAS-1) compensates for HIF-1α in osteoblast-lineage cells as suggested in prior 

studies exploring Hif1a deletion in osteoblast-lineage cells [59]. While Hif1afl/fl, OsxCre+ mice 

may demonstrate a phenotype in other osteomyelitis models that include transcortical injury or 

an metallic implant, the data presented in Chapter III suggest that HIF-1α in osteoblast-lineage 

cells does not contribute to the measured outcomes during S. aureus post-traumatic 

osteomyelitis. 

The role of osteoblast-lineage Vhl during S. aureus osteomyelitis 

 Similar to findings in Hif1afl/fl, OsxCre+ mice, Vhlfl/fl, OsxCre+ mice did not display 

differences in bacterial burdens at post-infection Day 14. Because of differences in trabecular 

bone, early time points of infection were also explored to test if transient differences in bacterial 

burdens occurred. However, at post-infection Day 3 and Day 5, no significant differences in 

bacterial burdens were present. Therefore, Vhl deletion in osteoblast-lineage cells does not 

significantly impact bacterial clearance during osteomyelitis. 

 Prior studies have demonstrated that Vhl deletion in osteoblast-lineage cells dramatically 

increases trabecular bone volume [59,243]. The data in Chapter III support this finding. 

Furthermore, data are presented that demonstrate that trabecular bone in Vhlfl/fl, OsxCre+ mice is 

protected from infection-mediated declines in bone volume-per-total volume (BV/TV) compared 

to that of controls. Moreover, histomorphometry data suggest that the lack of decline in 

trabecular BV/TV may be related to differences in osteoclast abundance following infection. 

These data suggest that one mechanism by which trabecular bone is protected from bone loss is 

through inhibition of infection-mediated osteoclast activation; however, alternative mechanisms 

may be at play such as increased bone formation that compensates for concomitant bone loss. 

Additionally, the mechanism by which Vhl deletion in osteoblast-lineage cells prevents 
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osteoclast formation is not determined. One possible way that condition deletion in osteoblast-

lineage cells impacts osteoclast formation is through regulation of receptor activator of NF-κB 

ligand (RANKL) and osteoprotegerin (OPG). Chapter III presents data from an in vitro study 

that shows that Cre-mediated deletion of Vhl in calvarial osteoblasts from Vhlfl/fl mice limits S. 

aureus-mediated induction of Tnfsf11 (RANKL) transcription relative to that of Tnfrsf11b 

(OPG). However, this change has not yet been shown to be directly impactful in osteoclast 

formation in vitro (co-culture assays) or in vivo (direct measurement of RANKL and OPG from 

infected bone). The data represent a plausible theory by which Vhl deletion limits S. aureus-

mediated production of RANKL relative to OPG, which limits osteoclast-mediated resorption of 

trabecular bone. It will be important to explore causal links to validate such a mechanism. 

The role of myeloid-lineage Hif1a during S. aureus osteomyelitis 

 Relative to control mice, Hif1afl/fl, LysMCre+/- mice exhibited no differences in bacterial 

burdens or changes in pathologic bone remodeling. This result was surprising because prior 

studies have demonstrated the essentiality of HIF-1α for myeloid inflammatory responses in 

different models [141,153]. Specifically, HIF-1α has been shown to be essential for myeloid cell 

recruitment and infiltration to inflamed skin following application of tetradecanoylphorbol 

acetate, a Protein Kinase C activator (and thereby NF-κB) [141]. Moreover, loss of Hif1a in the 

myeloid lineage allows higher bacterial burdens during cutaneous infection by group A 

Streptococcus (GAS) skin [153]. However, prior publications have noted myeloid-lineage 

deletion of Hif1a to be dispensable during other inflammatory diseases, such as in endotoxin-

induced uveitis [275]. It is clear that within different models of infection and inflammation, the 

impact of myeloid HIF-1α has differed. Additionally, each Cre-lox model expresses cre at 

different levels, and not all genes are equally excised. For the LysMCre model, a mouse model 
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used in experiments of Chapter III, cre has been inserted in the Lyz2 gene in chromosome 10 of 

the mouse [241]. Therefore, experiments using the LysMCre mouse model can breed the mice 

such that conditional knockout mice are homozygous for the LysMCre allele or heterozygous. In 

the experiments of Chapter III, mice heterozygous for LysMCre (LysMCre+/-) were used, which 

preserves a functional copy of Lyz2 in the mouse. While it is possible that Hif1afl/fl, LysMCre+/- 

mice do not experience a complete deletion of Hif1a, mice heterozygous for the LysMCre allele 

have demonstrated successful deletion of floxed alleles in prior studies [276]. In the initial 

characterization of the LysMCre mouse model, LysMCre mice crossed to Polbfl/fl mice (Polbfl/+, 

LysMCre+/-) demonstrated deletion efficiencies of the floxed Polb allele ranged from 75-99% 

among macrophage and neutrophil populations [241]. Future studies should test the level of 

Hif1a deletion achieved within the Hif1afl/fl, LysMCre+/- mice. In sum, the data from Chapter III 

suggest that HIF-1α activity in osteoblast- and myeloid-lineage cells (OsxCre+ or LysMCre+/-) is 

not essential for host responses in our model of S. aureus osteomyelitis. 

The role of myeloid-lineage Vhl during S. aureus osteomyelitis 

 As in studies of the osteoblast lineage, myeloid-lineage conditional deletion of Vhl 

appeared to be more phenotypically impactful than deletion of Hif1a. Chapter III demonstrates 

that Vhlfl/fl, LysMCre+/- mice may have a mild decrease in bacterial burdens at early time points. 

However, this study is currently underpowered. If this phenotype is substantiated, it may indicate 

a more robust immune response early in the infection in Vhlfl/fl, LysMCre+/- mice. It is plausible 

that a more robust immune response may also contribute to osteomyelitis pathology by 

increasing bone loss. Prior studies have linked cytokines involved in the immune response to S. 

aureus infection with bone loss during S. aureus osteomyelitis in vivo [121]. Indicative that such 

a phenomenon may be present, Vhlfl/fl, LysMCre+/- mice demonstrate reduced trabecular BV/TV 
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compared to that of Cre-negative littermate control mice. The decrease in BV/TV appears to be 

infection specific as genotype-dependent differences were not present in trabecular bone of 

mock-infected (sterile) animals. Though underpowered, the average volume of cortical bone loss 

in Vhlfl/fl, LysMCre+/- mice was also greater than that Cre-negative littermate control mice. It will 

be important to validate these results with further studies and to investigate the underlying 

mechanism behind this increased bone loss during infection. Vhl deletion may increase HIF-

mediated cytokines, alter metabolism, or even act through HIF-independent mechanisms. 

Furthermore, LysMCre targets osteoclasts, a myeloid cell, and it is possible that osteoclast 

intrinsic changes from Vhl deletion drive changes in bone architecture. 

 By characterizing bacterial and skeletal outcomes in four different Cre-lox mice, the 

studies outlined in Chapter III have investigated role of HIF signaling in skeletal cells during 

osteomyelitis. A summary of the results is outlined (Table 3). 
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Table 3: Summary of experimental findings from Chapter III 

For each conditional knockout mouse generated in experiments of Chapter III, the impact on 

bacterial burdens, cortical bone destruction, and trabecular bone is shown relative to that of 

control mice. BV/TV=bone volume-per-total volume. 

Cell lineage 
targeted Gene deleted Bacterial 

burdens 
Cortical bone 
destruction 

Trabecular 
bone 

Osteoblast 
(OsxCre) 

Hif1a No impact No impact No impact 

Vhl No impact No impact 

Protection from 
infection-

mediated decline 
in BV/TV; 
decreased 
osteoclast 
abundance 

Myeloid 
(LysMCre) 

Hif1a No impact No impact No impact 

Vhl May decrease 
early burdens* 

May increase 
cortical bone 

loss* 

Decreased 
BV/TV  

*underpowered, requires further study for confirmation 
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Future directions: Investigating HIF signaling in the context of S. aureus osteomyelitis 

 The work outlined in this thesis has expanded the understanding of how components of 

the HIF signaling pathway impact host responses during osteomyelitis. However, many 

questions remain unanswered or incompletely understood. There are multiple future directions 

for this project. Several future directions outlined in the following paragraphs aim to clarify and 

confirm results of Chapter III. 

Determine the percentage of excision of floxed alleles in conditional knockout mice 

 To assuredly conclude that the conditional knockout mice differ as expected from the 

Cre-negative littermate control mice, measurement of Cre-mediated gene knockout is necessary. 

To confirm excision of the floxed alleles in the OsxCre+ mice, I propose to isolate long bone 

osteoblasts from the cortical bone of femurs and tibias of the conditional knockout mice. The 

long bone osteoblasts can be differentiated in α-minimal essential media (α-MEM) containing 

10% fetal bovine serum (FBS) and 1x penicillin/streptomycin in addition to 50 μg/mL ascorbic 

acid. After one week in culture, the cells can be alkaline phosphatase stained to confirm the cells 

exhibit osteogenic differentiation. In the LysMCre+/- mice, cells can be isolated and differentiated 

by plating whole bone marrow in the presence of M-CSF for 5 days to drive bone marrow 

macrophage proliferation and longevity. Then, RNA from the differentiated cells (osteoblast and 

bone marrow macrophage) can be isolated, and RT-PCR can be conducted to measure transcript 

levels of Hif1a and Vhl in the respective mice for comparison to Cre-negative controls. RT-PCR 

using a primer set in which at least one primer is within the floxed allele can be used to indicate 

successful gene deletion. Relative declines in RNA abundance will be indicative of excision. 

Theoretically, genomic DNA may be used as a template as well using the same or similar 

primers. 
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Investigate osteoclast formation in Vhlfl/fl, OsxCre+ mice 

 One of the most exciting phenotypes identified was the lack of trabecular bone loss in the 

Vhlfl/fl, OsxCre+ mice relative to the control mice in conjunction with histomorphometry data 

showing lower trabecular osteoclasts in Vhlfl/fl, OsxCre+ mice following infection. This 

histomorphometry data has been done in comparison to age-matched controls. It will be 

necessary to confirm this phenotype with littermate, Cre-negative control mice. An in vitro assay 

can also be performed to corroborate the in vivo data using a functional assay. One in vitro assay 

that will help confirm that osteoclast formation is altered in Vhlfl/fl, OsxCre+ mice is a whole 

bone marrow culture containing osteoclast precursors and osteoblast-lineage stromal cells. 

Whole bone marrow culture using cells from Vhlfl/fl, OsxCre+ mice or Cre-negative littermate 

control mice can be used to test the hypothesis that deletion of Vhl in the osteoblast-lineage 

limits osteoclast production. In a pilot study conducted with whole bone marrow from Vhlfl/fl, 

OsxCre+ mice (n=3) and Vhlfl/+ (Cre-negative) mice (n=2), 5x105 cells were plated in each well 

with 5 wells per mouse per condition. The assay had two treatment conditions: 5% (v/v) RPMI 

with 10 g/L casamino acids or 5% (v/v) ∆psm supernatant. All the wells received 10 nM 24,25-

dihydroxyvitamin D₃. The cells were fed new media every other day for 14 days by replacing 

half of the media with fresh media. At day 14, the wells were stained for tartrate-resistant acid 

phosphatase (TRAP), a marker of osteoclasts. The results of this pilot study indicate that Vhlfl/fl, 

OsxCre+ whole bone marrow culture may in fact have a blunted increase in S. aureus-mediated 

osteoclastogenesis (Figure 34). The data represent a small n, and the data show high variability. 

It will be important to repeat this study to better understand if Vhl deletion in the osteoblast 

lineage limits osteoclast formation in a functional assay. A robust in vitro assay will allow 

careful study of HIF signaling cascade. Vhlfl/fl, OsxCre+ whole bone marrow cultures can be 
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tested with different inhibitors of HIF-1α or HIF-2α to test which isoforms of HIF-α are 

potentially responsible for the observed phenotypes with deletion of Vhl. Finally, differences in 

bone mineral apposition rate should be measured in Vhlfl/fl, OsxCre+ mice and their littermate 

controls to understand if bone formation differs and contributes to the observed phenotype in 

trabecular bone of Vhlfl/fl, OsxCre+ mice as it is possible that increased bone formation occurs 

which offsets bone destruction.   
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Figure 34: Osteoclast formation in whole bone marrow culture from Vhlfl/fl, OsxCre+ mice 

and controls 

Whole bone marrow was flushed from long bones (femur, tibia, and humerus) of Vhlfl/fl, 

OsxCre+ mice and Vhlfl/+ (Cre-negative) littermate controls. 5x105 cells were seeded per well in 

96-well plates. Media containing 10 nM 24,25-dihydroxyvitamin D₃ and 5% (v/v) RPMI with 

casamino acids (10 g/L) or concentrated bacterial supernatants from ∆psm S. aureus was 

changed every other day for 14 days before staining for tartrate-resistant acid phosphatase 

(TRAP), a marker of osteoclasts. The percentage TRAP-positive area (%TRAP+ area) of each 

well was measured by imaging the wells on a Biotek Cytation at 20x and via a color thresholding 

macro on ImageJ. N=2-3 mice, as shown, each with 5 well replicates per condition. Error bars 

represent mean ± SEM. 
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Determine the mechanism by which conditional deletion of Vhl in osteoblasts limits 

transcription of Tnfsf11 relative to Tnfrsf11b 

The purpose of the whole bone marrow culture is to better understand if Vhl deletion in 

osteoblast-lineage cells limits S. aureus-mediated osteoclast formation. This hypothesis is based 

on in vitro data using an adenovirus to deliver Cre to Vhlfl/fl calvarial osteoblasts. This 

experiment, outlined in Chapter III, demonstrated the Vhl deletion in the osteoblast lineage limits 

Tnfsf11 (receptor activator of NF-κB ligand, RANKL) transcription relative to that of Tnfrsf11b 

(osteoprotegerin, OPG). The underlying hypothesis is that Vhl deletion impacts osteoblasts 

through augmentation of HIF signaling. However, it is possible that HIF-independent 

mechanisms cause the observed phenotype. To test the hypothesis that this phenotype in 

osteoblast-lineage cells lacking Vhl is dependent upon HIF-1α, a double conditional knockout of 

Vhl and Hif1a may be important and necessary to see if double knockout rescues the induction of 

Tnfsf11 transcription relative to Tnfrsf11b transcription. Such a finding would suggest that this 

phenotype is mediated through von Hippel Lindau protein (VHL) regulation of HIF-1α. An 

additional method to test the hypothesis that HIF signaling is responsible for the blunting of S. 

aureus-mediated induction of Tnfsf11 transcription relative to Tnfrsf11b transcription is to use 

pharmacologic approaches to model states of high HIF signaling. If the phenotype is consistent 

across genetic and pharmacologic models of HIF augmentation, then this will support the 

hypothesis that VHL acts through HIF and not an independent mechanism. 

Dimethyloxalylglycine (DMOG) inhibits prolyl hydroxylation of HIF-1α upstream of VHL 

polyubiquination and proteasomal degradation. DMOG is a commonly used drug to model 

hypoxia in vitro. Using RT-PCR primers outlined in Chapter III, a pilot study was conducted 

with one replicate containing n=3-4 technical replicates (wells of a 24-well plate). DMOG 
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treatment of wildtype calvarial osteoblasts was found to blunt the induction of Tnfsf11 

transcription and prevent a rise in the RANKL/OPG ratio at the transcriptional level in response 

to stimulation with toxin-deficient bacterial supernatant (Figure 35). It will be important to 

repeat this experiment to validate this finding. Additional studies should use alternative 

pharmacologic agents that augment HIF to confirm that this finding is intrinsic to HIF and not 

off-target effects. 
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Figure 35: Treatment with DMOG limits S. aureus-mediated transcription of Tnfsf11 

(RANKL) in a pilot study 

(A) Pretreatment (24 h) with 1 mM DMOG or PBS (vehicle) defines two experimental groups in 

a pilot study (n=3-4 technical replicates [wells of a 24-well plate] as shown). Fold change in 

transcription of Tnfs11 (RANKL) relative to Actb (β-actin) is shown normalized to the PBS-

RPMI group. (B) In the same study, fold change in transcription of Tnfrs11b (OPG) relative to 

Actb (β-actin) is shown normalized to the PBS-RPMI group. (C) Fold change in transcription of 

Tnfs11 (RANKL) relative to Tnfrs11b (OPG) is shown normalized to the PBS-RPMI group. Fold 

change was calculated by the 2-∆∆CT method. **p<0.01, ***p<0.001, and ns denotes not 

significant as determined by two-way analysis of variance (ANOVA) with multiple comparisons. 

Error bars represent mean ± SEM. 
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Test pharmacologic manipulation of HIF in vivo 

In addition to studying pharmacologic augmentation of HIF in vitro, pharmacologic 

augmentation of HIF should be tested in vivo to determine if alternative methods of HIF 

augmentation cause similar phenotypes to those observed with genetic knockout of Vhl. DMOG 

has been used previously to test HIF signaling in bone following sterile fracture or ovariectomy 

[94,101]. In similar studies, DMOG treatment can be tested in vivo during S. aureus 

osteomyelitis. In a pilot study, mice were injected subcutaneously over the infected femur with 

20 μL of 500 μM DMOG dissolved in PBS (or PBS vehicle) every other day starting on the day 

of infection for a total of five doses. This dosing schedule has been used previously in a femur 

fracture model in mice [101]. Following 14 days of infection, mice were euthanized, and the 

femurs were removed using sterile technique. The femurs were processed for bacterial burdens 

and for cortical bone loss as described previously [242]. Bacterial burdens were assessed in both 

male and female mice, and cortical bone loss was assessed in female mice (n=4 

mice/group/study). In both males and females, bacterial burdens were found to not significantly 

differ (Figure 36A,B). The infected femurs from female mice were analyzed by microcomputed 

tomography (microCT). The microCT analysis did not reveal any differences in cortical bone 

destruction between the groups following DMOG treatment with the given dosing schedule 

(Figure 36C). It is possible that DMOG administration did not substantially alter HIF signaling. 

DMOG may have been inadequately dosed to increase HIF signaling during infection or may not 

have reached the target at sufficient levels. In order to conclude that HIF augmentation did not 

alter outcomes in this study, further analysis of HIF-1α accumulation following DMOG 

treatment must be conducted because it is possible that the dose was not high enough in this 

model. More potent HIF modulators have recently been developed that may impact HIF 
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signaling to a greater extent and thereby elucidate impacts of pharmacologic modulation of HIF 

during osteomyelitis [257]. Finally, future studies should investigate infection-induced changes 

in trabecular bone as trabecular bone changes were the most striking within the genetic studies of 

Vhl conditional knockout of Chapter III. 
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Figure 36: DMOG treatment does not alter bacterial burdens or cortical bone loss during 

S. aureus osteomyelitis 

Mice were injected subcutaneously over the infected femur with 20 μL of 500 μM DMOG 

dissolved in PBS (or PBS vehicle) every other day starting on the day of infection for a total of 

five doses. (A) At post-infection Day 14, infected femurs from PBS- and DMOG-injected mice 

(n=4 male C57Bl6/J mice) were measured for colony forming units (CFU)/mL following 

homogenization in CelLytic Buffer with serially dilution and counting of CFU. The bacterial 

burdens do not significantly differ (ns) as determined by unpaired, two-tailed Student’s t-test. (B) 

Similarly to males in (A), bacterial burdens were enumerated in infected femurs from PBS- and 
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DMOG-injected female mice (n=4 female C57Bl6/J mice). The bacterial burdens do not 

significantly differ (ns) as determined by unpaired, two-tailed Student’s t-test. (C) Cortical bone 

loss was quantified in the infected femurs of PBS- and DMOG-injected mice (n=4 female 

C57Bl6/J mice) at post-infection Day 14. Cortical bone loss does not significantly differ (ns) as 

determined by unpaired, two-tailed Student’s t-test. Error bars represent mean ± SEM. 
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Test alternative Cre-lox models and mouse models of osteomyelitis 

 It is possible that phenotypes in Hif1afl/fl, OsxCre+ mice and Hif1afl/fl, LysMCre+/- mice 

are masked by compensation from HIF-2α. To better determine if HIF signaling at large is 

dispensable during osteomyelitis, double knockout with Hif1afl/fl and Epas1fl/fl mice may reveal 

phenotypes previously not observed with individual knockout. Alternatively, knockout of the 

gene for the common HIF subunit, HIF-1β (also known as the aryl hydrocarbon receptor nuclear 

translocator [ARNT]) may offer a single knockout method to achieve the same result as both 

HIF-1α and HIF-2α heterodimerize with HIF-1β to regulate transcription. 

 Particularly when assessing knockout of genes in the osteoblast lineage in which baseline 

phenotypes are noted with Vhl knockout, alternative Cre models may be advantageous. Inducible 

Cre models in which Cre is activated days prior to infection may help reveal the influence of cell 

signaling pathways divorced from baseline architectural changes. An inducible OsxCre and other 

osteoblast-lineage-targeting Cre models have been used to investigate the role of HIF target 

genes in sterile fracture healing [97]. In a study by Buettmann and colleagues, the authors 

demonstrate that fracture model greatly impacts the observed role of VEGF-A, a HIF-target [97]. 

It is also possible that changing the infection model by allowing transcortical femur fracture (as 

opposed to a pinhole defect) or by incorporating a metallic orthopedic implant will alter the role 

of HIF signaling during infection. The presence of metallic implants substantially changes the 

infectious niche in bone. With an implant, bacterial inoculation as low as 102 CFU reliably cause 

stable infection, compared to the standard doses used in our model of osteomyelitis, 105-106 CFU 

[121,277]. A comparison of outcomes between infection models may reveal the role of cell 

signaling pathways previously thought to be necessary or dispensable. 
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Understand the mechanism by which Vhl deletion in the myeloid lineage alters outcomes 

during osteomyelitis 

In addition to increasing the sample sizes for several studies investigating the role of 

VHL in myeloid-lineage cells during osteomyelitis, it is important to further understand the 

mechanism by which deletion of Vhl in myeloid-lineage cells decreases trabecular BV/TV in 

infected Vhlfl/fl, LysMCre+/- mice compared to the BV/TV of Cre-negative littermate controls. Vhl 

deletion has been shown to increase HIF signaling and thereby increase pro-inflammatory 

cytokine production in myeloid cells [60]. We have previously shown that IL-1 cytokine 

signaling contributes to bone loss during S. aureus osteomyelitis [121]. In future studies, 

cytokines should be measured at early and late time points from in vivo femur samples in Vhlfl/fl, 

LysMCre+/- mice and compared to levels in control mice. If cytokines are found to be different 

between the groups, future studies should investigate specific blockade of cytokines to reveal 

which factors cause changes in trabecular bone. Additionally, bone histomorphometry should be 

performed on infected and contralateral femurs from Vhlfl/fl, LysMCre+/- mice to determine if, in 

fact, changes in osteoclast abundance are present relative to that of control mice during infection. 

If such changes are observed, whole bone marrow culture in vitro may help determine specific 

mechanisms as described for Vhlfl/fl, OsxCre+ mice. 

While investigating trabecular bone changes in Vhlfl/fl, LysMCre+/- mice, mock infection 

was used to compare trabecular BV/TV in injured and contralateral femurs of Vhlfl/fl, LysMCre+/- 

mice and Cre-negative littermate controls. It was observed that the average trabecular BV/TV in 

contralateral limbs was higher in the respective mock-infected femurs of both Vhlfl/fl, LysMCre+/- 

mice and Cre-negative littermate control mice. This finding was not tested statistically as it was 

not a comparison that was initially considered, and the initial data were not powered for this 
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additional comparison. However, the difference in the average BV/TV measurements is 

suggestive that systemic factors (circulating cytokines or infection-associated hematopoiesis) 

may contribute to declines in trabecular BV/TV. The hypothesis that S. aureus osteomyelitis 

causes global declines in trabecular bone can be tested by comparing trabecular BV/TV of 

wildtype littermate mice randomly assigned to S. aureus infection or mock infection with 

subsequent comparison at post-infection/post-injury Day 14. By comparing the injured/infected 

and contralateral trabecular BV/TV, it may be determined if global changes occur due to S. 

aureus infection. If such a change is found, S. aureus infection in other tissue types could be 

incorporated as a variable to determine if the location (osseous or otherwise) of infection impacts 

changes in trabecular BV/TV or not. 

Investigation of incidental findings 

Though the experiments in Chapter III were designed to investigate phenotypes related to 

S. aureus osteomyelitis, several incidental findings were observed that warrant future 

investigation. Vhlfl/fl, LysMCre+/- mice were observed to bleed from the nares following CO2 

asphyxiation unlike Cre-negative littermate control mice (Figure 37). This phenotype was 

reproducible and present in every mouse of this genotype that was euthanized in this study 

regardless of sex, active infection, or age (data not shown). With the help of the Bastarache 

group at Vanderbilt University Medical Center, the lungs from Vhlfl/fl, LysMCre+/- mice were 

examined for histology and demonstrated diffuse alveolar hemorrhage, unlike the lungs of Cre-

negative littermate control mice (data not shown). Alveolar hemorrhage has been observed 

previously secondary to CO2 asphyxiation and varies by mouse strain [278]. One mechanism 

theorized to contribute to acute lung injury is production of reactive oxygen species (ROS) 

during acute hypoxia [279]. HIF signaling has been described to contribute to ROS production in 
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myeloid cells [60]. Therefore, it may be possible that pro-inflammatory-primed myeloid cells in 

Vhlfl/fl, LysMCre+/- mice cause a more profound hemorrhage. The lungs of mice with conditional 

deletion of Vhl in macrophages have been studied previously. Previous studies have shown that 

Vhl deletion in alveolar macrophages impacts cell differentiation and metabolism [280,281]. 

However, increased alveolar hemorrhage upon euthanasia was not described in these studies 

despite a focus on lungs. This may be due to the method of euthanasia, as isoflurane and 

pentobarbital overdose cause substantially less alveolar hemorrhage and edema upon histology in 

wildtype mice compared to CO2 asphyxiation [282,283]. This phenotype of hemorrhage is robust 

and dramatic. Given the prominent role myeloid cells have during infection, future studies 

should also investigate the role of Vhl in myeloid-lineage cells during infectious pneumonia. 

Elucidating the underlying mechanism behind CO2 asphyxiation-induced hemorrhage in this 

mouse may have broad ramifications for understanding lung homeostasis in wildtype mice and 

even human patients suffering from acute lung injury.  
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Figure 37: Vhlfl/fl, LysMCre+/- mice exhibit nasal and pulmonary hemorrhage upon CO2 

asphyxiation 

(A) Cre-negative littermates (Vhlfl/fl or Vhlfl/+) are shown post-mortem from CO2 asphyxiation (3 

minutes with CO2 flowing at 5 L/min with a Euthanex SMARTBOX system per Vanderbilt 

University Medical Center guidelines). N=4 female mice. At right, a representative lung shown 

from a male Vhlfl/fl mouse is shown following dissection after CO2 asphyxiation. (B) Vhlfl/fl, 

LysMCre+/- mice (littermates of [A]) are shown post-mortem from CO2 asphyxiation. N=4 

female mice. At right, a representative lung shown from a male Vhlfl/fl, LysMCre+/- mouse is 

shown following dissection after CO2 asphyxiation. The representative lung shown (B) is from 

littermate of that shown in (A). All mice shown were euthanized on post-infection Day 14 in our 

murine model of S. aureus osteomyelitis. 
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An additional incidental finding from studies of Chapter III was the profound decrease in 

lymphocytes in peripheral blood when analyzing complete blood counts of Vhlfl/fl, OsxCre+ mice 

(Figure 38). This phenotype has been observed previously in published studies with knockout of 

Vhl in the osteoblast-lineage cells, and prior studies have shown that B-cells decline but not T-

cells [284]. However, the mechanism is unclear how Vhl deletion in the osteoblast-lineage 

(including stromal cells of the bone marrow) alters B-cell production in the bone marrow. It was 

previously established that stromal cells in the bone marrow regulate the B-cell hematopoietic 

niche [285]. Recent studies have shown that stromal cells in the bone marrow regulate 

lymphocytes upon mechanical stimulation, by the release of exosomes, and through production 

of cytokines [286–288]. It is possible that the differences in bone architecture alter mechanical 

sensing in the bone marrow or the predominance of stromal cell subpopulations. It is also 

possible that perturbation of B-cell development in Vhlfl/fl, OsxCre+ mice is by another 

mechanism such as sclerostin. It has been suggested that Vhl deletion in osteoblasts decreases 

sclerostin which thereby alters B-cell development [289]. However, the phenotype is greater in 

Vhl knockout than in mice lacking sclerostin suggesting that alternative mechanisms are 

contributing. Future studies should investigate the mechanisms by which Vhl deletion in 

osteoblasts impacts lymphocyte development. 
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Figure 38: Vhlfl/fl, OsxCre+ mice have reduced lymphocytes in the peripheral blood 

(A) The percentage of total white blood cells (WBC) is shown for neutrophils (NE), lymphocytes 

(LY), monocytes (MO), eosinophils (EO), and basophils (BA) from the blood of Vhlfl/fl, 

OsxCre+ mice and littermate Vhlfl/fl mice (n=3 males) following euthanasia at post-infection Day 

3 in our murine model of S. aureus osteomyelitis. Of note, these mice had doxycycline 

withdrawn from the drinking water at postnatal age 1 week unlike most experiments presented in 
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Chapter III. ***p<0.001 and ns denotes not significant as determined by two-way analysis of 

variance (ANOVA) with multiple comparisons. (B) The same data presented of (A) is shown as 

absolute numbers in thousand cells per μL (K/μL) for the corresponding cell populations and the 

total count for WBC. ***p<0.001, ****p<0.0001, and ns denotes not significant as determined 

by two-way ANOVA with multiple comparisons. Error bars represent mean ± SEM. 
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Summary of experimental findings: Development of a poly(propylene sulfide) (PPS)-based 

nanoparticle delivery system for treatment during osteomyelitis 

 In addition to exploring the basic biology of HIF signaling during osteomyelitis, a major 

objective of this dissertation work was to explore alternative treatment delivery mechanisms for 

osteomyelitis. S. aureus, the most common cause of osteomyelitis, has demonstrated dynamic 

flexibility to weather antimicrobial attack through direct resistance and mechanisms of 

antimicrobial tolerance [20]. It is critical that novel therapeutics be developed to maintain 

superiority in the antimicrobial-antimicrobial resistance arms race between treatments and 

pathogens [230]. Many therapeutics in developmental pipelines exhibit poor aqueous solubility, 

which prevents parenteral delivery without the aid of a carrier such as nanoparticles [270,271]. In 

Chapter IV, poly(propylene sulfide) (PPS)-based nanoparticles were investigated for delivery of 

diflunisal, an antivirulence compound with poor aqueous solubility. The aims of Chapter IV 

were to (1) develop a nanoparticle-based drug delivery platform for bone infection and (2) 

deliver an efficacious therapeutic to improve antibacterial immunity and/or bone healing during 

osteomyelitis. In Chapter IV, it is shown that diflunisal-loaded PPS nanoparticles accumulate in 

infected femurs and limit cortical bone loss during S. aureus osteomyelitis [242]. 

A nanoparticle-based drug delivery platform for bone infection 

 Data from experiments performed in Chapter IV demonstrated that PPS nanoparticles 

that are approximately 65 nm in diameter accumulate at infected femurs preferentially compared 

to the uninfected, contralateral femur. To our knowledge, these are the first studies to 

demonstrate that a synthetic polymeric nanoparticle itself accumulates at infected bone. One 

advantage of developing a nanoparticle carrier for the treatment of infections is the intrinsic 

modularity. The pharmacologic carrier may be substituted for any drug with similar chemistry—
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in this case hydrophobic—that is compatible with the hydrophobic PPS core of the nanoparticle. 

We demonstrate that PPS nanoparticles accumulate preferentially in the first 24 h after injection 

and that repeated, daily injection during the 14-day study results in significantly greater 

accumulation relative to any other organ tested, including well-vascularized organs such as the 

kidney, liver, and spleen. The studies outlined in Chapter IV also begin to test the influence of 

alendronate (Aln) conjugation to the nanoparticle corona. Aln is a bisphosphonate that has been 

used previously to enhance drug delivery of PPS nanoparticles to bone [227]. We show that Aln-

conjugation may improve delivery kinetics by accelerating accumulation. Overall, these studies 

demonstrate that nanoparticles accumulate at infected femurs during S. aureus osteomyelitis and 

are a viable drug-delivery treatment strategy. 

Diflunisal-loaded PPS nanoparticles limit cortical bone loss during osteomyelitis 

After confirming that nanoparticles accumulate, we went on to show that loading 

diflunisal, an antivirulence compound, decreases cortical bone destruction without impacting 

bacterial burdens. We have previously shown that diflunisal decreases toxin-mediated cell death 

and limits cortical bone destruction when released from a local device [123]. We confirmed that 

diflunisal limits cortical bone destruction during S. aureus osteomyelitis in vivo following an 

alternative drug delivery strategy. 

In Chapter IV, we went on to investigate the delivery of diflunisal-loaded PPS 

nanoparticles with vancomycin, an antibiotic used to treat methicillin-resistant S. aureus 

(MRSA) infections. We showed that vancomycin limits cortical bone destruction, and co-

administration of diflunisal-loaded nanoparticles does not further limit cortical bone destruction 

beyond that of vancomycin alone. Continuing to explore antivirulence treatments in the context 
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of standard-of-care treatments is important to properly define the potential translational impact of 

such therapeutics. 

Future directions: Investigating poly(propylene sulfide) (PPS)-based nanomaterials for 

treatment of invasive infection 

 The future directions for the experiments described in Chapter IV can be divided into 

those focused on modifying the polymer carrier, the drug cargo, and the infection model. 

Modification of the polymer carrier 

 One of the advantages of synthetic polymeric nanoparticles is that the desired properties 

(e.g., tissue targeting, circulation time) can be tuned by adjusting the monomers used to 

synthesize the polymers. In the studies outlined in Chapter IV, PPS nanoparticles were 

synthesized with a dimethylacrylamide (DMA) corona. DMA is not thought to be inherently 

targeted to bone. For this reason, alendronate was considered as a grafted agent to improve 

targeting to bone in Chapter IV. Study of how alendronate alters nanoparticle tracking during 

osteomyelitis should be continued. However, the use of multiple monomers may further improve 

drug delivery compared to DMA for untargeted nanoparticles. It would be important to test such 

compounds as poly(ethylene glycol) (PEG) or polymers with similar chemistries (i.e., 

poly[(oligoethylene glycol)9 methyl ether acrylate], POEGA). PEG and its derivative, POEGA, 

are thought to prolong circulation times because of high hydrophilicity [226]. It is important to 

consider the best polymer for both bone-targeted and untargeted nanoparticles. Future studies 

could compare the drug delivery between these chemistries during osteomyelitis. 

 Though Chapter IV investigated the use of nanoparticles to avoid a local delivery device, 

it may be beneficial to use a demand-responsive, hydrogel device. Recently a PPS-based 

polymer was designed that can encapsulate hydrophobic drugs in the PPS core as nanoparticles. 
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These nanoparticles behave as a viscous liquid in solution but reversible crosslinking above 

physiologic body temperature (37°C) forms a hydrogel [224]. In addition, hydrophilic 

compounds can be delivered using this hydrogel by avoiding initial nanoparticle fabrication and 

relying upon hydrogel crosslinking to maintain the drug delivery depot. Such a drug delivery 

system can also be delivered percutaneously by injection. 

To understand if a PPS-based hydrogel drug delivery system can deliver drug to the 

infected femur during osteomyelitis, I collaborated with Mukesh Gupta, Ph.D., (Duvall lab 

group, Vanderbilt University) to deliver a HIF-modulating drug within such a polymeric vehicle. 

The hydrogel polymer, poly(propylene sulfide)-b-poly(dimethylacrylamide)-b-poly(N-

isopropylacrylamide)—abbreviated PDN, was used to encapsulate FG-4592 (Roxadustat), a 

next-generation inhibitor of HIF-1α hydroxylation to stabilize HIF-1α and augment HIF 

signaling [103,224]. FG-4592 was encapsulated by dissolving PDN polymer and FG-4592 in a 

1:1 methanol-tetrahydrofuran solution and adding the resulting solution to water dropwise. PDN 

nanoparticles with encapsulated FG-4592 were measured by dynamic light scattering to 

determine nanoparticle size (Figure 39A). Encapsulated FG-4592 and free FG-4592 were 

delivered to cultured primary calvarial osteoblasts from ODD-Luc mice. ODD-Luc mice 

constitutively express a luciferase that is post-translationally modified similarly to the oxygen-

dependent domain (ODD) of HIF-1α [290]. Thus, luminescence can be measured to determine 

drug activity. It was confirmed that, like free FG-4592, PDN nanoparticles loaded with FG-4592 

caused increased luminescence in a dose-responsive manner (Figure 39B,C). Of note, 

excessively high doses of FG-4592 appear to be toxic and decrease luminescence in the assay 

(Figure 39B,C). FG-4592-loaded PDN hydrogels (~30 mg FG-4592 per kg mouse) were 

subsequently delivered to ODD-Luc mice at the conclusion of surgery (i.e., the beginning of the 
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S. aureus infection). At post-infection Day 3, the mice were injected with luciferin (3 mg/mouse, 

200 μL of 15 mg/mL luciferin via intraperitoneal injection) and imaged via IVIS Spectrum for 

luminescence. Mice receiving the FG-4592-loaded PDN hydrogel displayed higher luminescent 

signal at the infected limb compared to that of empty PDN hydrogel-treated animals (p=0.0551, 

Figure 39D). At post-infection Day 7, mice were euthanized, and bacterial burdens were 

enumerated from the infected femurs. No difference in bacterial burdens was detected in the 

infected femurs of mice injected with FG-4592-loaded PDN hydrogel or empty PDN hydrogel 

(Figure 39E). These data indicate that the PDN hydrogel successfully delivered FG-4592 to the 

infected femur of ODD-Luc mice. However, it is unclear if FG-4592 was active at times after 

post-infection Day 3. It is possible that the drug was exhausted shortly thereafter. We can 

conclude that delivery of FG-4592 at 30 mg/kg in a PDN hydrogel does not impact bacterial 

burdens at post-infection Day 7. It will be important in future studies to determine the kinetics of 

drug release to test if HIF augmentation requires a second administration of FG-4592 via PDN 

hydrogels. Furthermore, the primary phenotypes observed with conditional deletion of Vhl (HIF 

augmentation like FG-4592 treatment) in skeletal cells were in trabecular bone. Trabecular 

BV/TV was not assessed in this trial. Future studies should investigate if HIF augmentation via 

FG-4592 impacts bone remodeling during S. aureus osteomyelitis. 
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Figure 39: Delivery of FG-4592 in a hydrogel-forming PPS-based nanoparticle 

(A) Dynamic light scattering was used to measure the hydrodynamic diameter of FG-4592-

loaded poly(propylene sulfide)-b-poly(dimethylacrylamide)-b-poly(N-isopropylacrylamide) 

(PDN) nanoparticles. (B) Primary calvarial osteoblasts from ODD-Luc mice were treated with 

FG-4592 delivered in dimethyl sulfoxide (DMSO) vehicle at the doses shown. The “0” condition 

received DMSO vehicle only. The fold luminescence above the vehicle-only treatment is 

displayed. Luminescence was read on a Biotek plate reader after treatment with SteadyGlo 

(Promega). N=5 wells from a single biologic replicate. (C) Primary calvarial osteoblasts from 

ODD-Luc mice were treated with FG-4592-loaded PDN nanoparticles at the concentrations 

shown. Concentrations are displayed in percent volume-per-volume (v/v). The “0” condition 

received PBS vehicle only. The fold luminescence above the vehicle-only treatment is displayed. 

N=5 wells from a single biologic replicate. For (B) and (C), *p<0.05, ***p<0.001, 

****p<0.0001, and ns denotes not significant as determined by one-way analysis of variance 

(ANOVA) with multiple comparisons relative to the vehicle control group. (D) ODD-Luc mice 

infected with 106 colony forming units (CFU) S. aureus had 30 mg/kg FG-4592 administered via 

PDN hydrogel at time of surgery. Mice were anesthetized with isoflurane on post-infection Day 

3. Approximately 15 minutes after intraperitoneal injection of 3 mg luciferin, mice were imaged 

to detect luminescence from the infected left hindlimb of the animals. N=5; 2 mice in empty 

group did not display any luminescence likely due to poor injection of luciferin and were 

excluded. Raw luminescent counts are shown. p-value is as shown as determined by Welch’s t-

test. (E) At post-infection Day 7, bacterial burdens (shown as colony forming units [CFU] per 

mL) were enumerated from infected femurs of the same mice analyzed in (D). N=5. p-value is as 

shown as determined by unpaired, two-tailed Student’s t-test. Error bars represent mean ± SEM.  
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Alternative drug cargo for biomaterial-based treatment of S. aureus osteomyelitis 

 HIF modulators are an important drug class to study as cargo in PPS nanoparticles given 

the data presented in Chapter III that demonstrate that Vhl deletion in osteoblasts limits 

osteoclast abundance in infected trabecular bone and that Vhl deletion in myeloid-lineage cells 

may impact early bacterial burdens. Even if HIF modulators are not demonstrated to be superior 

therapies to antimicrobials, PPS nanoparticles or other biomaterial-based treatment strategies 

(e.g., PDN hydrogels) offer important tools for testing basic biologic questions. By providing 

preferential or local delivery, biomaterial-based treatments help deliver drugs to the intended 

target. Genetic approaches like those outlined in Chapter III have the potential consequence of 

triggering baseline differences in bone architecture that may impact outcomes unrelated to cell 

signaling during infection. Effective and efficient pharmacologic approaches avoid baseline 

differences because the drugs are not delivered until the time of infection. Thus, PPS 

nanoparticles and related biomaterials should be used as tools to administer difficult-to-deliver 

drugs to test hypotheses, regardless of translational potential as a therapeutic in itself. 

 An obvious drug class to consider as cargo in PPS nanoparticles is antimicrobials, the 

standard-of-care for treatment of osteomyelitis. Some antibiotics like fusidic acid are relatively 

hydrophobic, a characteristic amenable to encapsulation in PPS nanoparticles. It will be 

important to test antimicrobials as cargo in nanoparticles as these offer the swiftest path to 

clinical translation. For any drug cargo used, it will be important to test drug delivery directly at 

the site of infection to determine percentage of drug delivered that reaches the target site.  

Use of diflunisal-loaded nanoparticles for treatment of other infections 

Exploration of diflunisal for the treatment of S. aureus infection should not be limited to 

osteomyelitis. While diflunisal has been shown to limit cortical bone destruction in osteomyelitis 
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secondary to inhibition of virulence pathways, these same virulence pathways directly contribute 

to disease mortality in other infection models such as systemic infection and pneumonia. 

Diflunisal-loaded PPS nanoparticles were shown to accumulate at the infected femur. Although 

surgical trauma likely also contributes to nanoparticle accumulation at the infected femur, it is 

likely that infection itself contributes to this accumulation. The hypothesis that PPS nanoparticles 

accumulate at infected sites in other organs should be tested. During systemic infection via 

intravenous inoculation of S. aureus, the kidneys are frequently infected. Testing if nanoparticle 

accumulation in the kidneys increases following S. aureus infection of the organ would test this 

hypothesis. In this same model, the hypothesis that diflunisal-loaded nanoparticles limit disease 

mortality during S. aureus systemic infection may also be tested. Because of the strong 

preclinical work demonstrating that diflunisal limits toxin production in S. aureus, further 

research is necessary to understand the impacts of such treatment strategies in other infection 

models. 
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APPENDIX 
 
 The appendix consists of data that did not pertain directly to key studies in the thesis 

proposal and that are less well-established. Four parts comprise the appendix. The titles of the 

appendix subsections are as follows: 

 A: Impact of ascorbic acid on osteomyelitis 

 B: Post-operative systemic infection with S. aureus 

 C: Development of a fluorescent-luminescent double reporter strain of S. aureus  

 D: Interference of staphylococcal protein A in a multiplexed cytokine analysis technique 
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A: Impact of ascorbic acid on osteomyelitis  

Introduction 

Osteomyelitis, inflammation of bone, is most commonly caused by infection from the 

Gram-positive bacterium Staphylococcus aureus [2,3]. High rates of antimicrobial resistance 

have fostered interest in alternative therapies and improved drug delivery strategies [10,228]. 

Ascorbic acid (Vitamin C) is an essential vitamin for humans as the gene, Gulo, necessary for 

synthesis, is nonfunctional [291,292]. In 1932, ascorbic acid was identified as the critical 

Vitamin C found in citrus fruits that when absent causes scurvy [293,294]. Ascorbic acid is an 

antioxidant that has been implicated in multiple diseases and physiologic functions [295]. In 

bone, ascorbic acid is critical for collagen synthesis by serving as a cofactor for collagen prolyl 

hydroxylation [296–298]. Many of the hallmark phenotypes observed in scurvy are secondary to 

deficient collagen synthesis [297]. Interestingly, ascorbic acid is also a cofactor for the related 

hydroxylation of proline residues on HIF-1α, a transcription factor that is critical for proper bone 

formation and healing [59,77,299]. 

In addition to its critical role in collagen synthesis and as an antioxidant, ascorbic acid 

also impacts immune responses [300,301]. Ascorbic acid has been studied in the context of 

multiple infection models; however, ascorbic acid has not been extensively studied in the context 

of osteomyelitis [300]. It has been observed that ascorbic acid excretion decreases over the 

course of infection in human patients with osteomyelitis and oxidation of ascorbic acid is 

increased in patients with osteomyelitis suggesting that transient increases in ascorbic acid 

demand may occur in humans with osteomyelitis [302,303]. 

 Ascorbic acid is a relatively cheap supplement that could be rapidly employed in the 

treatment of S. aureus osteomyelitis if evidence suggests its importance in vivo. These studies 
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test the hypotheses that (I) ascorbic acid supplementation improves control of bacterial burdens 

during osteomyelitis in vivo and (II) ascorbic acid deficiency alters bacterial clearance and 

maintenance of bone architecture during S. aureus osteomyelitis. 

Results 

To determine if ascorbic acid supplementation impacts antibacterial responses and bone 

healing during S. aureus osteomyelitis, mice were treated with 2 g/kg of ascorbic acid by 

intraperitoneal injection daily during the course of infection. Normal saline, the diluent, served as 

the vehicle control. 7-week-old, female C57Bl/6J mice were infected using a previously 

validated mouse model of S. aureus osteomyelitis by directly inoculating 106 colony forming 

units (CFU) of AH1263, a USA300-lineage strain of methicillin-resistant S. aureus (MRSA) 

[122,235]. After 14 days of infection, infected femurs were dissected using sterile technique, 

homogenized, and serially diluted to measure bacterial burdens as done previously [242]. 

Bacterial burdens and post-infection weight loss did not differ between the ascorbic acid 

supplementation group and the vehicle control showing that ascorbic acid supplementation does 

not impact bacterial clearance at post-infection Day 14 (Figure 40). 
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Figure 40: Ascorbic acid supplementation does not alter bacterial burdens or infection-

mediated weight loss 

At left, the bacterial burdens in infected femurs at post-infection Day 14 are shown for C57Bl/6J 

mice treated with PBS (vehicle) or 2 g/kg ascorbic acid daily by intraperitoneal injection. At 

right, the corresponding animal weights are graphed over the course of the infection normalized 

to the pre-infection starting weights. The bacterial burdens are not significantly different (ns) as 

determined by unpaired, two-tailed Student’s t-test. The post-infection weights are not 

significantly different as determined by mixed effects analysis. N=7-8 mice. Error bars represent 

mean ± SEM. 
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In addition to testing if ascorbic acid supplementation impacts outcomes during 

osteomyelitis, we also tested if ascorbic acid deficiency alters pathologic changes to bone 

architecture during osteomyelitis. Unlike humans, mice, like most mammals, produce ascorbic 

acid de novo because of the presence of a functional Gulo gene which codes for L-gulonolactone 

oxidase (GULO) [304,305]. GULO is necessary for the final step of de novo ascorbic acid 

synthesis [291,292,306]. Thus, ascorbic acid deficiency in mice requires not only dietary 

limitation but also genetic ablation of the functional Gulo gene [307]. Gulo-/- mice were kindly 

provided by Fiona Harrison, Ph.D., (Vanderbilt University Medical Center). At 3 weeks of age, 

half of the Gulo-/- mice were switched from standard water containing 1 g/L ascorbic acid 

(denoted as high ascorbic acid) to 0.03 g/L ascorbic acid (denoted as low ascorbic acid). The 

mice were fed the standard rodent diet LabDiet 5L0D1, which does not contain ascorbic acid. 

The low ascorbic acid mice were maintained on low ascorbic acid water for 4 weeks before 

being subjected to osteomyelitis using our murine osteomyelitis model [122]. The bacterial strain 

used was the same used in ascorbic acid supplementation experiments; however, the strain was 

modified to include a green fluorescent protein fluorophore and the luxBADCE operon to permit 

bacterial burden measurement using an In Vivo Imaging System (IVIS). For reference to strain 

development, please see Appendix C: Development of a fluorescent-luminescent double reporter 

strain of S. aureus. 4 weeks on low ascorbic acid water has been used previously to induce low 

ascorbic acid levels in Gulo-/- mice without detrimental impacts on overall animal health [308]. 

After 14 days of infection, the mice were euthanized. The post-infection weights did not 

significantly differ, suggesting that neither group experienced greater morbidity during the 

 
1 LabDiet. 5L0D - PicoLab Laboratory Rodent Diet. Available at: 
https://www.labdiet.com/cs/groups/lolweb/documents/web_content/ndjf/ndy1/~edisp/36142_465407.pdf (Accessed: 
13 February 2021) 
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course of infection for females and males (Figure 41A,B). The infected femurs and contralateral 

femurs of infected mice were dissected using sterile technique. To gain an initial understanding 

of bacterial burdens in the mice, the femurs were imaged by IVIS for luminescence on 

autoexposure. The quantification of luminescent intensity did not differ between the high 

ascorbic acid and low ascorbic acid groups for females and males (Figure 41C,D). In vitro data 

(see Appendix C: Development of a fluorescent-luminescent double reporter strain of S. aureus) 

suggest that bacterial burdens correlate with luminescent signal, suggesting that the bones did not 

have dramatically different bacterial burdens. This assumption must be confirmed directly in 

future studies.  
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Figure 41: Ascorbic acid deficiency does not alter detected luminescent signal from 

luminescent S. aureus 

(A) The relative weights shown as a fraction of the pre-infection weights are shown for female 

Gulo-/- mice receiving either high (sufficient) or low (insufficient) ascorbic acid supplementation 

(n=4). The weights were compared by two-way analysis of variance (ANOVA) and found to not 

significantly differ (p=0.1750). (B) For the mice shown in (A), the corresponding infected and 

contralateral femurs were imaged on IVIS Spectrum for luminescent signal following dissection 

on post-infection Day 14. The infected and contralateral femurs are shown with the regions of 

interest used to quantify luminescent intensity (average radiance: p/s/cm2/sr). At right, 

quantifications for only the infected femurs displayed are graphed and found to not significantly 

differ (ns) by unpaired, two-tailed Student’s t-test (p=0.2573). (C) The weights shown as a 

fraction of the pre-infection weights are shown for male Gulo-/- mice receiving either high 

(sufficient) or low (insufficient) ascorbic acid supplementation (n=5). The weights were 

compared by two-way analysis of variance (ANOVA) and found to not significantly differ 

(p=0.9140). (D) For the mice shown in (C), the corresponding infected femurs were imaged on 

IVIS Spectrum for luminescent signal following dissection on post-infection Day 14. The 

infected femurs are shown with the regions of interest used to quantify luminescent intensity 

(average radiance: p/s/cm2/sr). At right, quantifications for only the infected femurs displayed are 

graphed and found to not significantly differ (ns) by unpaired, two-tailed Student’s t-test 

(p=0.3341). Error bars represent mean ± SEM. 
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To measure changes in pathologic bone remodeling, the infected femurs were imaged 

using microCT after IVIS imaging. Neither the cortical bone loss or the trabecular bone loss 

differed between the high and low ascorbic acid groups (Figure 42). Furthermore, when 

assessing differences in cortical bone loss between the high and low ascorbic acid 

supplementation groups of Gulo-/- mice, the male and female mice displayed opposite trends 

(Figure 42A,C). This could reflect a sex-specific difference or that no difference exists between 

the groups. The trabecular bone analysis showed that infection causes a significant decline in 

trabecular bone volume-per-total volume (BV/TV) as has been observed in wildtype mice 

previously [121]. In female mice, no difference was observed between the high and low ascorbic 

acid supplementation groups of Gulo-/- mice (Figure 42B). However, in the male mice, the low 

ascorbic acid group exhibited a significantly higher BV/TV (p=0.0140) by two-way analysis of 

variance (ANOVA) (Figure 42D). These data indicate that ascorbic acid deficiency may 

significantly impact pathologic bone loss during S. aureus osteomyelitis in male mice. Observing 

the trend in the male mice for decreased cortical bone destruction and the significant increase in 

BV/TV of low ascorbic acid mice may indicate a difference in bone remodeling in mice with low 

ascorbic acid during S. aureus osteomyelitis. 
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Figure 42: Male Gulo-/- mice with ascorbic acid deficiency have higher trabecular bone 

volume-per-total volume than male Gulo-/- with ascorbic acid supplementation following S. 

aureus osteomyelitis 

(A) Cortical bone loss at post-infection Day 14 was measured via microcomputed tomography 

(microCT) in female Gulo-/- mice receiving either high (sufficient) or low (insufficient) ascorbic 
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acid supplementation (n=4). ns denotes not significant as determined by unpaired, two-tailed t-

test (p=0.4483). (B) For the same bones analyzed in (A), trabecular bone volume-per-total 

volume (BV/TV) at post-infection Day 14 was measured via microCT (n=4). ns denotes not 

significant as determined by two-way analysis of variance (ANOVA) with multiple comparisons. 

Despite no difference when assessing multiple comparisons, the analysis found that infection 

caused a significant decrease in BV/TV (p=0.0329). (C) Cortical bone loss at post-infection Day 

14 was measured via microCT in male Gulo-/- mice receiving either high (sufficient) or low 

(insufficient) ascorbic acid supplementation (n=5-6). ns denotes not significant as determined by 

unpaired, two-tailed t-test (p=0.1297). (D) For the same bones analyzed in (C), trabecular bone 

volume-per-total volume (BV/TV) at post-infection Day 14 was measured via microCT (n=5-6). 

*p<0.05 indicates that the treatment groups significantly differed; ****p<0.0001 indicates that 

infected and contralateral limbs significantly differed as determined by two-way ANOVA with 

multiple comparisons. Error bars represent mean ± SEM.  
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Discussion 

 Ascorbic acid has been studied in several different infection and inflammatory settings 

with mixed results [309–315]. In this study, the impact of ascorbic acid was tested in a murine 

model of S. aureus osteomyelitis. Using high doses of ascorbic acid administered daily, 

experiments tested the hypotheses that ascorbic acid supplementation impacts antibacterial 

responses and pathologic changes to bone architecture during S. aureus osteomyelitis. 

Furthermore, a genetic model of ascorbic acid deficiency was used to test the hypothesis that 

physiologically normal levels of ascorbic acid are necessary for antibacterial responses and bone 

remodeling during osteomyelitis. 

 Overall, these data show that excess administration of ascorbic acid is not beneficial to 

antibacterial responses and preventing pathologic bone loss. Additionally, while ascorbic acid is 

required for homeostasis in immune responses and bone remodeling, mild deficiency of ascorbic 

acid does not significantly alter bacterial clearance. It is possible that greater ascorbic acid 

deficiency through further reduction of ascorbic acid supplementation in the low ascorbic acid 

water group would elucidate the necessity of ascorbic acid during osteomyelitis. Alternatively, a 

prolonged period with low ascorbic acid greater than 4 weeks could achieve a similar result. 

Prior studies have found that, while low ascorbic acid treatment (~0.03 g/L ascorbic acid in 

water) causes significant declines in ascorbic acid in Gulo-/- mice, further withdrawal causes 

more profound phenotypes to emerge within one week [316]. 

 Overall, these data do not support the supplementation of ascorbic acid as a therapeutic in 

nutritionally replete subjects suffering from S. aureus osteomyelitis though it is important to 

recognize the limitations of extrapolating data from animal experiments to clinical settings [317]. 

Ascorbic acid is critical for healthy immune responses and minimizing damage to the host during 
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oxidative attack of pathogens [301]. Ascorbic acid supplementation has been tested and 

recommended in the care of patients suffering from several infectious diseases [318]. Despite 

this, the data supporting ascorbic acid supplementation during management of patients with well-

studied infectious sequalae, like sepsis, are mixed [314,315]. Each individual pathogen and 

infectious niche must be uniquely tested to determine the impact of ascorbic acid in such 

contexts. 

 Interestingly, while luminescence as a surrogate for bacterial burdens did not suggest a 

difference between Gulo-/- mice receiving either high (sufficient) or low (insufficient) ascorbic 

acid supplementation, the analysis of trabecular BV/TV indicated there may be a sex-dependent 

difference. Infected males with low ascorbic acid demonstrated higher trabecular BV/TV 

compared to male Gulo-/- mice that were maintained on a nutritionally replete regimen of 

ascorbic acid. It will be important to test if differences in ascorbic acid deficiency occurred in a 

sex-dependent manner and to confirm this finding with additional studies. 

 Limitations to these experiments include the use of only one bacterial strain and infection 

model. Furthermore, only post-mortem endpoints were tested for bacterial burdens and changes 

in bone architecture. Such studies lack longitudinal data and may miss transient differences. 

Furthermore, it is possible that ascorbic acid deficiency is more influential during chronic 

osteomyelitis rather than acute infection like that studied in this model. In future investigations, it 

will be important to confirm that changes in ascorbic acid in the drinking water of mice caused 

sufficient changes in ascorbic acid levels in the mice in vivo at time of infection. Despite this, 

these data suggest that ascorbic acid supplementation does not improve infection outcomes 

during S. aureus osteomyelitis and that mild deficiencies in ascorbic acid do not impact bacterial 

burdens during osteomyelitis. 
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It is also possible that ascorbic acid deficiency might have subtle impacts on bacterial 

clearance that are only elucidated when mice are subjected to standard-of-care treatments such as 

vancomycin, a bactericidal antibiotic. Furthermore, antibiotic administration has been shown to 

influence ascorbic acid levels [319]. To determine if ascorbic acid deficiency impacts bacterial 

clearance in the setting of standard-of-care therapy, mice could be subjected to a sub-therapeutic 

dose of vancomycin to prevent complete eradication. In this experiment, vancomycin would be 

administered every 12 hours for 7 days, and normal saline, the diluent, would be delivered as the 

vehicle control as done previously [201]. The vancomycin and normal saline groups would be 

tested in combination with both the high and low ascorbic acid groups. Infected femurs at post-

infection Day 7 would be dissected using sterile technique, homogenized, and serially diluted to 

measure bacterial burdens as done previously [242]. By quantifying the bacterial burdens in 

vancomycin-treated mice with and without ascorbic acid deficiency, we would test the 

hypothesis that ascorbic acid is necessary for bacterial clearance of S. aureus during 

osteomyelitis. 
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B: Post-operative systemic infection with S. aureus 
 

The Gram-positive bacterium Staphylococcus aureus is the most common etiologic agent 

of infectious osteomyelitis [2,3]. Trauma is a frequent cause of osteomyelitis due to direct 

bacterial seeding through breaks in the protective epithelial barrier of the skin [3]. Beyond direct 

seeding, trauma is theorized to precede episodes of hematogenous osteomyelitis that occur 

without clear preexisting conditions, primarily in pediatric populations [320]. To better 

understand if prior trauma predisposes to bacterial infection of bone, a set of experiments was 

conducted in which animals were injured using sterile technique using a sham model of our 

murine osteomyelitis model [122,237]. Following injury, mice were systemically infected via 

retroorbital injection (first set of experiments) or tail vein injection (second set of experiments) 

with 107 colony forming units (CFU) of a USA300-lineage strain of methicillin-resistant S. 

aureus (MRSA), AH1263 [122,235]. Nonoperative control mice were also injected in both 

experiments, which served as controls. Bacterial burdens from intravenous infection of S. aureus 

were measured in the injured (left) and contralateral (right) limbs of injured animals and in the 

left and right limbs of uninjured animals. 

 In the first experiment, retroorbital injection of 107 CFU of S. aureus was performed 

under Avertin sedation 48 h following sterile surgery with pinhole injury to the left femur. 

Following 4 days of infection, mice were euthanized to enumerate bacterial burdens in the 

kidney and femurs. For both the kidneys and femurs, bacterial burdens did not significantly 

differ between the groups with 1 or 2 animals exhibiting bacterial seeding in excess of 104 

CFU/mL recovered from the femurs (Figure 43). In the kidneys, the bacterial burdens did not 

differ, and a large spread was observed in the uninjured group (Figure 43A).  
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Figure 43: Prior injury does not alter bacterial burdens following retroorbital injection of 

S. aureus 

48 h post-injury, mice were intravenously injected with 107 colony forming units of S. aureus 

along with uninjured control mice (n=4). On Day 4 post-infection, bacterial burdens were 

determined for kidneys and femurs as shown. Organs were homogenized in 500 μL PBS, serially 

diluted in PBS, and plated on tryptic soy agar to count bacterial colony forming units (CFU). 

Injured (left) and contralateral (right) femurs are shown separately for injured mice. For 

uninjured mice, the left and right femurs are aggregated as shown for a total of 8 femurs from 4 

mice. When bacterial burdens were not detected, the limit of detection (102 CFU/mL) was 

arbitrarily set as the numerical value for graphing purposes (graphed at 2 on log10 scale). 

Bacterial burdens for kidneys are not significantly (ns) different as compared by unpaired, two-

tailed Student’s t-test. Bacterial burdens for femurs were not compared statistically as the data 
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are not normally distributed and appear to be stochastic with few femurs showing CFU above the 

limit of detection. Error bars represent mean ± SEM. 
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A second model of systemic infection following injury was used in which S. aureus was 

injected via the tail vein rather than via the retroorbital vein. Both injection sites have been used 

in prior studies in which an implant was inserted into bone prior to systemic infection [321,322]. 

It is possible that one injection model may demonstrate greater seeding to bone. As with the 

retroorbital-based method described previously, injury was induced via our osteomyelitis model. 

48 h post-injury, 107 CFU S. aureus was injected via the lateral tail vein without sedation. The 

animals were monitored daily for 4 days prior to euthanizing the animals to assess bacterial 

burdens. The bacterial burdens were assessed by sterile dissection of the respective organ, 

homogenization in 500 μL PBS, serially dilution in PBS, and plating on tryptic soy agar to count 

CFU. The bacterial burdens in the kidneys and livers of the injured and uninjured mice were 

compared by two-way analysis of variance (ANOVA) and found to significantly differ (Figure 

44A). With multiple comparisons, the CFU burdens in the liver were found to be higher in the 

uninjured mice (Figure 44A). These data suggest that prior trauma limited bacterial burdens in 

organs frequently seeded during systemic S. aureus infection. The bacterial burdens in the 

femurs were also compared between the groups. Though not reaching significance when 

analyzed by the Kruskall-Wallis test (p=0.3365), the average bacterial burdens in the femurs of 

uninjured animals were higher than those of the other groups, which is similar to the results seen 

in the livers and kidneys (Figure 44B). The data were analyzed by a non-parametric test because 

the data for the uninjured femurs appears bimodal and non-Gaussian. These results suggest that 

prior injury may be protective from systemic infection by an unclear mechanism.  
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Figure 44: Prior injury decreases bacterial burdens in the liver following tail vein injection 

of S. aureus 

(A) Bacterial burdens at post-infection Day 4 are displayed for both the kidneys and livers of 

mice following systemic infection via tail vein injection of 107 colony forming units (CFU) S. 

aureus. The groups compared are uninjured control mice and mice that were injured in a sterile 

mock infection of post-traumatic osteomyelitis. The bacterial burdens were compared by a mixed 

effects model and found to significantly differ between experimental groups (p=0.0180).*p<0.05 

and ns denotes not significant as determined by multiple effects model with multiple 

comparisons. (B) Injured (left) and contralateral (right) femur bacterial burdens from injured 

mice are graphed in blue alongside burdens from right and left femurs from uninjured animals at 

post-infection Day 4. Femurs with no detectable bacterial burdens are arbitrarily graphed at the 
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limit of detection, 2. ns denotes not significant as determined by Kruskall-Wallis test (p=0.3365). 

N=8 (2 mice succumbed in the uninjured group and are not displayed; one kidney in the 

uninjured mouse group was contaminated during harvest and excluded). Error bars represent 

mean ± SEM. 
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Intriguingly, two mice in the uninfected group also succumbed to infection during the 4-

day experiment while no mice in the injured group succumbed (Figure 45A). This finding is 

underpowered to draw clear conclusions but with the data showing significantly lower bacterial 

burdens in the livers may suggest that prior injury has a protective impact on antibacterial 

immunity. Over the course of the infection, the weights significantly differed between the 

groups. Because of the nature of the experimental design, the weights of the injured mice were 

perturbed by the surgical injury prior to the infection itself. Therefore, the data are graphed in 

two ways. In the first method, weights are normalized to the animal weights immediately prior to 

intravenous injection of S. aureus to initiate systemic infection in both groups (Figure 45B). In 

the second method, weights are normalized to the measured animal weights prior to initial 

perturbation. That is, weights in the injured group are normalized to the pre-surgical weight 

recorded two days prior to infection, and in the uninjured group, the weights are normalized to 

the pre-infection weight. (Figure 45C). When normalized to the weights just prior to infection 

via lateral tail vein injection, the uninjured animals demonstrated significantly greater percent 

weight loss relative to the injured group (Figure 45B). When normalized to weights prior to 

injury or infection depending on the group, the weights initially deviate as the injury itself caused 

weight loss not experienced by the uninjured mice; however, the weights equilibrated as weight 

loss was greater in the uninjured group following infection onset (Figure 45C). These data 

indicate that prior injury may limit the ability of S. aureus to infect the host. It is possible that 

prior injury causes an inflammatory response that trains the immune system or induces a hyper-

inflammatory state that is more capable of limiting bacterial survival at early time points. 

However, given the lack of such findings in the model in which retroorbital injection was used, 

this may be coincidental. Future studies should determine whether such a protective phenotype 
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exists. Follow-up studies could then be conducted to understand what mechanism may be 

causing the observed differences between these groups.  



 193 

  
Figure 45: Prior injury alters systemic responses to S. aureus infection via tail vein 

injection 

(A) The mortality curves are shown for injured (blue) and uninjured (orange) mice following 

systemic infection of S. aureus via lateral tail vein injection of 107 CFU. For the mice described 
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in the survival curve of (A), fraction of pre-infection weight (B) and fraction of absolute starting 

weight (C) are displayed for the duration of the experiment. *p<0.05, **p<0.01, and ***p<0.001 

as determined by mixed effects analysis with multiple comparisons.  N=8 (2 mice in the 

uninjured group succumbed as displayed in [A]). Error bars represent mean ± SEM. 
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C: Development of a fluorescent-luminescent double reporter strain of S. aureus 
 
 Fluorescent and luminescent reporter strains have been used in multiple animal infection 

models including bone infection models [323–325]. Fluorescent strains permit evaluation of 

bacterial localization in post-mortem samples and intravital imaging. Luminescent strains have 

been used as a surrogate for bacterial burdens in longitudinal evaluation [323]. Luminescent 

strains require active metabolism unlike many fluorophores which often maintain fluorescent 

capability in flash-frozen samples. Thus, double labeled strains allow longitudinal tracking 

through the luminescent reporter and post-mortem detection through identification of the 

fluorophore. 

To generate dual fluorescent-luminescent strains of S. aureus, I used the phi-85 

bacteriophage to transduce a previously published luxBADCE operon (chloramphenicol 

resistance) into erythromycin-sensitized LAC USA300 strains containing superfolder-green 

fluorescent protein (sfGFP, Cd resistance) or mCherry (tetracycline resistance) [127,324]. That 

is, the construct PgapA-luxBADCE, integrated into the chromosome within pseudogene 

USA300HOU_1102 [324], was transduced with phi-85 into LAC attC::PsarA-sfGFP [127] and 

into LAC attC::PsarA-sodRBS-mCherry. Prior to transducing the luminescent allele, 

LAC attC::PsarA-sodRBS-mCherry was generated as follows. The allele attC::PsarA-sodRBS-

mCherry was integrated into LAC USA300 by the lab Victor Torres (New York University). 

The attC::PsarA-sodRBS-mCherry allele was PCR amplified from the genomic DNA of this 

strain by Valeria M. Reyes Ruiz (Laboratory of Eric Skaar, Vanderbilt University Medical 

Center) and cloned into PJC1306 using Gibson assembly. PJC1306 containing this allele was 

electroporated into RN9011 and integrated into the genome with tetracycline selection for 

successful integration. The attC::PsarA-sodRBS-mCherry allele was transduced with phi 85 into 
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an erythromycin-sensitized USA300-lineage S. aureus, AH1263 [235], by Brittney Gimza 

(Laboratory of Jim Cassat, Vanderbilt University Medical Center). The resulting 

LAC attC::PsarA-sodRBS-mCherry was the mutant into which the construct PgapA-

luxBADCE was transduced. The resulting dual fluorescent-luminescent strains were confirmed 

by imaging on IVIS Spectrum to detect given fluorescent and luminescent markers (Figure 

46A,B). sfGFP-Lux denotes the strain that contains sfGFP and the luxBADCE operon. mCherry-

Lux denotes the strain that contains mCherry and the luxBADCE operon. To confirm that the 

gross virulence of S. aureus was maintained, the new strains were grown on sheep blood agar 

plates to observe hemolysis relative to the wildtype parental strain, an erythromycin-sensitized 

USA300-lineage S. aureus, AH1263 [235]. The hemolysis on the sheep blood agar plates 

(Remel: #01200) was similar between the samples tested (Figure 46C,D). These data suggest 

that two dual fluorescent-luminescent strains were generated that have similar hemolysis to the 

wildtype parental strain, AH1263. 
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Figure 46: Confirmation of sfGFP-lux and mCherry-lux strains 

(A) A transduction clone of sfGFP-Lux streaked out on tryptic soy agar containing CdCl2 was 

imaged by IVIS for GFP fluorescence (Em: 465 nm/Ex: 540 nm, 5s exposure, small binning, 

high intensity f/stop of 2) and luminescence (5 second exposure). (B) A transduction clone of 

mCherry-Lux streaked out on tryptic soy agar containing tetracycline was imaged by IVIS for 

mCherry fluorescence (Ex: 570 nm/Em: 640 nm, 5s exposure, small binning, high intensity 

f/stop of 2) and luminescence (5 second exposure). (C) Sheep blood agar plates plated with 

wildtype (WT, image left) or sfGFP-Lux (image right) are shown after overnight growth 

displaying similar levels of hemolysis. (D) Sheep blood agar plates plated with WT (image left) 

or mCherry-Lux (image bottom right) are shown after overnight growth displaying similar levels 

of hemolysis.  
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 Next, to understand if luminescence may be able to act as a surrogate for bacterial 

burden, the luminescence of sfGFP-Lux and mCherry-Lux strains was measured and compared 

to the concentration of S. aureus colony forming units (CFU) per mL. An overnight culture of 

sfGFP-lux and mCherry-lux strains was diluted in fresh tryptic soy broth (1:100). The 

subcultures were grown for 3 h prior to serial dilution in warm (37°C) tryptic soy broth in a 

sterile 96-well plate. The plate was imaged via IVIS imaging for luminescence. The bacterial 

concentrations of the wells were then evaluated by serial dilution and enumeration of CFU. Both 

strains demonstrated a strong relationship between CFU/mL and luminescence (Figure 47). The 

calculated R2 for log10(photon counts) graphed against log10(CFU/mL) was 0.9895 and 0.9825 

for sfGFP-Lux and mCherry-Lux, respectively. 
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Figure 47: Luminescence as a function of S. aureus abundance 

The measured luminescence (counts) from sfGFP-Lux and mCherry-Lux is graphed on a 

logarithmic scale as a function of log10(CFU/mL). N=3 independent replicates each with 3 

technical replicates. Error bars represent mean ± SEM. R2 for log10(CFU/mL) by log10(photon 

counts) was 0.9895 and 0.9825 for sfGFP-Lux and mCherry-Lux, respectively. CFU=colony 

forming units. 
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 After confirming that sfGFP-Lux and mCherry-Lux generate light in proportion to 

bacterial concentration, I next investigated whether the double-labeled S. aureus could be used in 

vivo to detect the presence of active infection. Mice were infected with sfGFP-Lux using our 

previously characterized murine model of post-traumatic osteomyelitis [122]. On post-infection 

Day 5, mice were anesthetized with 1-5% isoflurane and imaged via IVIS Spectrum for 

luminescence and GFP signal. Using the Diffuse Luminescence Imaging Tomography (DLIT) 

and Fluorescence Imaging Tomography (FLIT), the IVIS Spectrum with Living Image Software 

can generate three-dimensional renderings of the bioluminescent or fluorescent source, 

respectively [326]. DLIT and FLIT images showed roughly overlapping signals originating about 

the left femur, indicative of the sfGFP-Lux S. aureus (Figure 48). These results are 

representative of several mice in the study and suggest that sfGFP-Lux (and likely mCherry-Lux) 

will be useful for in vivo tracking of infection during S. aureus osteomyelitis. An important next 

step will be to correlate the signal intensity with CFU burdens in vivo. The best first step would 

be to test an antimicrobial therapy and monitor bacterial clearance over the course of infection as 

described previously for a soft tissue infection model of S. aureus [323]. These studies 

demonstrate that bioluminescent and fluorescent markers may be a tractable method for 

monitoring bacterial burdens in our model of S. aureus osteomyelitis. 
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Figure 48: Diffuse Luminescence Imaging Tomography and Fluorescent Imaging 

Tomography of the infectious focus in mice infected with sfGFP-Lux 

On post-infection Day 5, mice (n=5) infected with sfGFP-Lux in our osteomyelitis model were 

imaged via IVIS Spectrum using Diffuse Luminescence Imaging Tomography (DLIT) and 

Fluorescent Imaging Tomography (FLIT). A rendering of the surface of the caudal half of a 

representative mouse is shown with the three-dimensional rendering of the calculated 

luminescent/fluorescent source using Living Image Software. DLIT images are shown at left. 

FLIT (excitation: 500nm, emission: 540nm) images are shown at right in corresponding planes. 

The grey outline represents the surface of the caudal half of the mouse including the left and 

right hindlimbs and the tail. The red plane represents a frontal plane. The blue plane represents a 

sfGFP
500/540nm

luxBADCE
Luminescence
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sagittal plane. The green plane represents a transverse plane. The planes have been positioned to 

intersect at the luminescent/fluorescent focus.  
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D: Interference of staphylococcal protein A in a multiplexed cytokine analysis technique 
 

In prior studies in the lab, Luminex cytokine analysis has been used to quantify cytokine 

production during osteomyelitis [121]. When testing cytokine production in vitro, 

Staphylococcus aureus-stimulated cells appeared to display exceptionally high signal intensity 

for several cytokines (data not shown). These samples contained small amounts of concentrated 

bacterial supernatant from LAC ∆psmα1-4::erm (USA300-lineage, from parent strain: AH1263) 

grown in RPMI with casamino acids [122,235]. I hypothesized that staphylococcal protein A 

(SpA) interfered with this assay because Luminex is an antibody-based assay. SpA is known to 

bind the Fc domain of several IgG antibodies to subvert immune responses [20]. I generated a 

double-knockout strain (∆psm/∆spa) to compare to the standard ∆psm mutant used for prior 

experiments. 

The parent strain of the mutants tested in the subsequent assays is an erythromycin-

sensitized strain of USA300 LAC S. aureus (AH1263) [235]. The toxin-deficient strain LAC 

∆psmα1-4::erm (Δpsm) is a mutant of AH1263 and has been characterized previously [121,122]. 

To generate a double knockout of psmα1–4 and spa and a single mutant of spa in the AH1263 

background, ∆spa::Tcr was transduced into ∆psm [122] and AH1263 [235], respectively, from 

Newman ∆spa::Tcr (DU5873) [236] with the bacteriophage phi-85 as previously described [117]. 

The knockouts, herein referred to as ∆spa and ∆psm/∆spa for the single and double knockout, 

respectively, were confirmed by PCR. By PCR, ∆spa and ∆psm/∆spa possessed the arginine 

catabolic mobile element (ACME), which is characteristic of USA300 but not Newman (parent 

of ∆spa::Tcr) strains of S. aureus (Figure 49A). Furthermore, primers (Table 4) flanking the spa 

gene revealed that the knockout of spa caused a shift in the band length from the predicted 

~2300 bp to a larger size that matched that of the parent strain of the spa mutant (Figure 49B). 
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Additionally, ∆spa and ∆psm/∆spa demonstrated growth on appropriate antibiotic plates (data 

now shown). Concentrated supernatants from ∆psm and ∆psm/∆spa were prepared as done 

previously [117]. The concentrated ∆psm and ∆psm/∆spa supernatants were diluted to 5% (v/v) 

in α-minimal essential media (α-MEM) with 10% fetal bovine serum (FBS) and 1x 

penicillin/streptomycin. Theoretically, no cytokines should be present as no murine cells have 

conditioned the media. Cytokine abundance was measured in the media containing concentrated 

supernatants using Luminex, specifically the 32-plex Mouse Cytokine/Chemokine Magnetic 

Bead Panel (MCYTMAG-70K-PX32) on a FLEXMAP 3D, instrument as done previously [121]. 

The data demonstrated that several cytokines were at levels 1,000- to 10,000-fold higher than the 

minimal detection concentration for the kit when spa has not been knocked out (Figure 50). 

Several cytokines still showed signal greater than 10-fold higher than background in ∆psm/∆spa, 

suggesting that additional mechanisms contribute to false positives (Figure 50). It is possible 

that Staphylococcal binding immunoglobulin protein (Sbi) may also contribute to crosslinking 

antibodies to produce a false-positive signal. The data strongly suggest that, when present at 

sufficiently high levels, SpA is capable of crosslinking antibodies in the 32-plex Mouse 

Cytokine/Chemokine Magnetic Bead Panel to produce falsely elevated cytokine abundance 

signals.  
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Figure 49: PCR demonstrates maintenance of ACME and acquisition of spa knockout 

Ethidium bromide-containing 0.8% agarose gels are shown for equivalent samples using primers 

to identify the arginine catabolic mobile element (ACME, A) and the product size for primers 

flanking the spa gene (B). Both gels show equivalent samples with 1 kb ladder (Promega) as 

shown. The parental strains are shown at left in black. ∆spa Newman was used to harvest phi-85 

phage and transduce the ∆spa genetic material into wildtype (WT) USA300 (erythromycin-

sensitized AH1263) and ∆psm. The resulting transduced strains are shown at right in blue. The 

parental Newman strain lacks ACME unlike the transduced strains which mirror the USA300-

lineage parental strains. PCR was conducted with Go-Taq DNA polymerase (Promega) for 30 

cycles with a melting temperature of 47°C for ACME or 32 cycles with a melting temperature of 

53°C for spa.  
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Table 4: Primers used for ACME and spa PCR 

The forward and reverse primer sequences for ACME and spa PCR are shown. 
Primer Name Sequence Source 

ACME, #1 5’-CACGTAACTTGCTAGAACGAG-3’ (Montgomery et al., 2009) ACME, #2 5’-GAGCCAGAAGTACGCGAG-3’ 

spa, #1 5’-CCATTGCGACTGCAGCTGTT-3’ 
Developed with Primer-

BLAST tool from the 
National Center for 

Biotechnology Information 
(NCBI) 

spa, #2 5’- CCTCAGCACATTCAAAGCCC-3’ 
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Figure 50: The interference of staphylococcal protein A in an antibody-based cytokine 

assay 

The quantified pg/mL of each cytokine is displayed normalized by the stated minimal detection 

concentration for the assay. The data has been sorted in increasing intensity from left to right for 

the ∆psm supernatant containing media. The corresponding values for the ∆psm/∆spa condition 

are shown to the left for each cytokine in the assay. The data represent the mean from technical 

duplicate from one replicate of the experiment.  
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