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ABSTRACT 

KELLI HUTCHESON FURR. Investigating the role of protective type-I interferon responses in 

primary osteoblasts following Staphylococcus aureus infection. (Under the direction of DR. IAN 

MARRIOTT and DR. M. BRITTANY JOHNSON) 

Osteomyelitis is a serious bacterial infection of bone that is associated with progressive 

inflammatory tissue damage. This condition commonly affects the long bones of children along 

with the vertebrae and pelvis of adults. Staphylococcus aureus, the principal causative agent of 

osteomyelitis, can enter bone via the bloodstream or surrounding tissues following injury or 

surgery resulting in disease that is often refractory to therapies such as debridement or antibiotic 

treatment. Furthermore, the increasing incidence of infections associated with antibiotic resistant 

strains of S. aureus has compounded this problem such that new treatment strategies are needed 

urgently.   

Bone-forming osteoblasts can be infected by S. aureus and serve as an intracellular 

bacterial reservoir for chronic infection. However, this infection can be perceived via an array of 

microbial pattern recognition receptors that are known to be expressed by osteoblasts, triggering 

changes in their function. For example, these cells play a critical role in the control of the 

formation and activity of bone resorbing osteoclasts, and we have shown that they can 

exacerbate inflammation at sites of infection by producing an array of cytokines, chemokines, 

and growth factors. As such, infected osteoblasts play an important role in the abnormal bone 

formation and inflammatory damage associated with S. aureus infection. 

Type I interferons are best known for their antiviral effects, but it is becoming 

increasingly apparent that they can impact host susceptibility to a wide range of pathogens 

including S. aureus. Furthermore, two studies have suggested that osteoblasts might be capable 
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of producing the type I interferon, IFN-β, either constitutively or following exposure to pattern 

recognition receptor agonists.  In the present study, we have assessed the ability of primary 

murine osteoblasts to produce and respond to IFN-β following infection with S. aureus strain 

UAMS-1.  The production of IFN-β and interferon stimulated genes were assessed by specific 

capture ELISAs and immunoblot analyses. 

IFN-β production was confirmed with the demonstration that S. aureus induces its rapid 

and robust release by osteoblasts in a dose-dependent manner.  We have also shown increased 

protein expression of the interferon stimulated gene products IFIT1 and IFIT3 by infected OBs 

and demonstrated that this occurs secondary to the release of IFN-β by these cells.  Finally, we 

have determined that exposure of S. aureus-infected osteoblasts to IFN-β markedly reduces the 

number of viable bacteria harbored by these cells.  Together with studies performed previously 

by our laboratory, these findings indicate an ability of osteoblasts to respond to bacteria by 

producing IFN-β that can act in an autocrine and/or paracrine manner to elicit interferon 

stimulated gene expression and mitigate S. aureus infection. 
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CHAPTER 1: INTRODUCTION 

1.1 Osteomyelitis 

 Osteomyelitis, a bone disorder that results from bacterial infection, is associated with 

severe inflammation and progressive bone loss to the affected area (Sax & Lew, 1999). The three 

types of osteomyelitis are acute, chronic, and vertebral, and can affect all ages and genders. 

However, this disease typically affects the long bones of children and teens, and the vertebrae 

and pelvis of adults. Osteomyelitis affects about 2 to 5 in every 10,000 people in the United 

States annually. There are multiple factors that can contribute to the onset of osteomyelitis such 

as diabetes or certain fungi; however, the bacterium S. aureus is considered the principal 

causative agent. 

The majority of these infections are a result of external factors such as wounds developed 

from trauma or infections that developed post-operation (Boeck, 2005; Dubey et al., 1988; 

Mousa, 2003). These post-operative infections have become so common, that the administration 

of pre-operation antibiotics has become routine. Unfortunately, even with this knowledge and 

use of precautionary measures, the prevalence of osteomyelitis is still increasing (Jensen et al., 

1997; R. et al., 2006). Antibiotic resistance is thought to be one of the main culprits in the rise of 

cases despite treatment.  

The current treatments available for osteomyelitis are expensive and taxing on the body. 

These treatments can include prolonged (even lifelong in severe cases) antibiotic treatments, 

surgical debridement (removal) of the necrotic areas of bone, or even amputation. Even with the 

completion of a specific treatment and the inability to isolate the infection-causing organisms, 

studies have shown that 17% of cases were not cured and those patients showed recurrent 

osteomyelitis post-treatment (Craigen et al., 1992; Priest & Peacock, 2005). Therefore, new 



2 

 

treatment strategies are desperately needed to eliminate infections and reduce inflammatory bone 

loss caused by osteomyelitis. 

1.2 Staphylococcus aureus 

Staphylococci, a spherically shaped bacterium, has traditionally been known to be non-

invasive to host bone cells and does damage by adhering to the host cell’s extracellular matrix 

(Nair et al., 1996). S. aureus produces an array of factors that contribute to the virulence and 

evasion capability of the pathogen. These factors include toxins, immune evasion factors, and 

protein and non-protein factors which all enable host colonization during infection (Cheung et 

al., 2021). During extracellular infection, S. aureus has the ability to produce an array of toxins 

that are detrimental to the targeted host. Bacterial breach through the epithelial layer of the skin 

is necessary for systemic S. aureus infection. Other than breach through trauma or a surgical 

procedure, S. aureus is also capable of producing alpha toxin which breaks the adherens junction 

and weakens the actin cytoskeleton (Cheung et al., 2021; Popov et al., 2015). As an entire 

pathogen, S. aureus can also initiate infection simply by entering the host via a contaminated 

medical device. S. aureus accomplishes this route of infection by adhering to both the medical 

device plastic itself, as well as the matrix molecules established after implantation (Cheung et al., 

2021). A third factor is S. aureus’ ability to be an opportunistic pathogen following other 

pathogens or conditions. For example, in cases where viral lung infections have occurred, a 

secondary S. aureus infection can develop and ultimately cause host death by the subsequent 

binding of the already compromised epithelial lining of the lungs. (Cheung et al., 2021; 

McCullers, 2014).  

In addition to the virulence factors previously mentioned, S. aureus also has the ability to 

prolong infection by evading host immune mediators.  
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Interestingly, although all these factors contribute to successful extracellular S. aureus 

infection, this pathogen has still developed others way to cause infection and avoid host 

detection. 

It is now understood that these bacteria can be internalized by osteoblasts, bone-forming 

cells, persist within the host cell, and possibly even proliferate within the osteoblasts (Ahmed et 

al., 2001; Ellington et al., 1999, 2003, 2006; Hudson et al., 1995; Jevon et al., 1999; Mohamed et 

al., 2014, 2016; Strobel et al., 2016). First, to enter the osteoblasts undetected, S. aureus must be 

taken up by the host cell. The process of internalizing S. aureus into osteoblasts is through the β-

zipper mechanism (Cheung et al., 2021). First, S. aureus targets host fibronectin, an extracellular 

matrix protein that plays a vital role in host tissue repair. Then, fibronectin binding proteins, 

primary attachment components located in the bacteria’s cell wall, latch onto the host’s 

fibronectin (Schwarz-Linek et al., 2003). In host cells such as OBs, Fn receptors such as α5β1 

integrins mediate S. aureus internalization into cells, which allows the bacteria-host interaction 

to continue until the bacteria has been fully internalized (Wen et al., 2020). This stealthy 

internalization allows the bacteria to then evade the immune system as well as many different 

antibiotic therapies. 

Interestingly, there are also significant time-dependent changes in the structure of S. 

aureus following exposure to an intracellular environment in as little as 12 hours. This exposure 

causes S. aureus to develop small colony variants that have lower cytotoxicity (Ellington et al., 

2003; Kalinka et al., 2014). This acquired trait has allowed S. aureus to become less sensitive to 

eukaryotic cell penetrating antibiotics (Ellington et al., 2006; Tuchscherr et al., 2016). It is also 

relevant that the bacteria released following lysis of S. aureus containing human osteoblasts are 

viable and capable of invading other osteoblasts (Ellington et al., 2003). The survival of this 
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bacteria, despite the lysis of the host cell, could explain why antibiotic therapies are not as 

effective as once theorized, given that the antibiotics can eliminate viable bacteria in an 

osteomyelitis model but does not adequately sterilize infected bone (Monzón et al., 2001; 

Tuchscherr et al., 2016).  

Therefore, S. aureus sequestered in osteoblasts potentially provide a bacterial reservoir 

and contribute to the recurrent staphylococcal osteomyelitis that is resistant to current therapies 

such as antibiotic treatment. Naturally, the host can combat these extracellular toxins and other 

evasion mechanisms, as well as the pathogen itself, by using both arms of the immune system. 

For example, the recruitment of neutrophils, important effector cells in the innate arm of 

immunity, have the ability to phagocytose said toxins (Tam & Torres, 2019). Therefore, 

pathogens such as S. aureus have had to adapt and find new ways to infect the desired host while 

also evading the host’s various immune responses. 

1.3 The Role of Osteoblasts in Osteoclastogenesis 

 Osteoblasts, the bone-forming cells, and osteoclasts, the bone-resorbing cells, work in 

conjunction with each other to maintain bone homeostasis (Dirckx et al., 2019). The ability to 

maintain this homeostasis is accomplished by osteoblasts and osteoclasts through bone 

remodeling.  Bone remodeling is the complex process of constantly replacing mature bone with 

new bone, which is achieved by formation and resorption of osteoblasts and osteoclasts, 

respectively (Park-Min, 2018). There are three phases of bone remodeling that occur 

consecutively. First, osteoclasts digest the old or mature bone. Second, mononuclear cells appear 

on the surface of the area of bone being remodeled to initiate reversal. Finally, osteoblasts form 

new bone where the resorption took place until the area of resorbed bone is filled back in with 

new bone (Hadjidakis & Androulakis, 2006). 
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 Osteoclasts have the ability to resorb bone through both acidification and proteolysis of 

the bone matrix. These processes are accomplished following the attachment of osteoclasts to the 

bone’s surface. Integrins expressed in osteoclasts and specific amino acid sequences within 

proteins found at the surface of the bone’s extracellular matrix is where this attachment occurs. 

Podosomes, complexes formed by the integrins previously described, allow a constant 

interaction and subsequent movement of osteoclasts to occur over the surface of bone. However, 

this bone-resorption performed by osteoclasts must be regulated to prevent overactive 

osteoclastic activity (Hadjidakis & Androulakis, 2006). 

 Local regulation of bone resorption is achieved through the OPG/RANK/RANKL 

system. Osteocytes, osteoblast-lineage cells, express both macrophage-colony stimulating factor  

and the receptor activator of nuclear factor κB (RANKL), both of which are required for the 

maturation of osteoclasts (Fumoto et al., 2014). RANKL binds to its receptor, RANK, expressed 

via the stimulation of macrophage-colony stimulating factor on osteoclast precursor cells. 

RANK-RANKL signaling then initiates the osteoclast differentiation process which is necessary 

before the bone resorption step can begin. Finally, once bone resorption has been completed, the 

differentiation of osteoclasts is regulated by osteoprotegerin, also known as OPG. 

Osteoprotegerin, a member of the tumor-necrosis factor superfamily, regulates osteoclast 

differentiation by acting as a decoy receptor and interrupting the RANK-RANKL binding 

(Maruyama et al., 2006; Park et al., 2017; Yasuda et al., 1998). Osteoprotegerin is produced and 

released by osteoblasts which ends the osteoclastogenesis portion of the bone remodeling cycle. 

However, osteoblasts’ role in maintaining bone homeostasis is not the only function this bone-

forming cell serves. 

1.4 The Role of Osteoblasts in Immunity and Inflammation 
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Although the main role of osteoblasts is to synthesize bone components and regulate 

osteoclast activity and formation, more research is showing that osteoblasts also play a role in the 

initiation/augmentation of inflammation when in the presence of infection. Previous studies 

performed by our laboratory have already shown osteoblast’s ability, in the presence of infection, 

to produce various cytokines and chemokines, which can promote osteoclastogenesis and worsen 

bone loss, while also aiding the recruitment of leukocytes (Johnson, Suptela, et al., 2022).  

The human body is constantly defending itself against various and ever-evolving 

pathogens such a S. aureus. Therefore, the body has had to continually adapt to its environment 

and be able to recognize new, foreign patterns that could cause serious complications. These 

patterns are known as pathogen-associated molecular patterns (PAMPs). The receptors 

responsible for the recognition of these PAMPs are known as pattern-recognition receptors 

(PRRs) (Alonso-Pérez et al., 2018). PAMPs specifically produced by S. aureus include 

lipoproteins, lipopeptides, and peptidoglycans (Soe et al., 2021). The specific PRRs responsible 

for the recognition of these PAMPs located on osteoblasts are known as toll-like receptors. 

An important factor involved in the recognition of a pathogen such as S. aureus are the 

presence of toll-like receptors. Toll-like receptors, specifically TLR2 and TLR4, are members of 

the innate arm of immunity that recognize a variety of microbial molecules including S. aureus 

bacterial components (Kassem et al., 2016). This recognition of S. aureus initiates a signaling 

cascade that leads to the production of various cytokines that serve either to protect the host, 

harm the pathogen, or both, all of which are still widely studied. TLR4 is especially important in 

the regulation of inflammation within the host following pathogen recognition (Alonso-Pérez et 

al., 2018). These toll-like receptors are found on the surface of osteoblasts, but there are even 

more receptors located within. Following internalization, osteoblasts have other ways of 
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recognizing microbial components. For example, a family of nucleotide-binding oligomerization 

domain-containing (NOD) proteins have been shown to serve as intracellular PRRs in both 

immune and non-immune cells. NOD1 and NOD2 have both been shown to recognize microbial 

components of S. aureus following bacterial challenge (Marriott et al., 2005). Both NOD1 and 

NOD2 play a role in the clearance of internalized pathogens and work with toll-like receptors to 

detect the presence of invading pathogens. 

 In contrast, intracellular components of osteoblasts have also been shown to, following 

internalization of the pathogen, lead to the engulfment of the microbial components into the late 

endosomes or lysosomes. This is accomplished via endocytosis within the osteoblast (Jauregui et 

al., 2013). This intracellular infection of S. aureus into the late endosome and/or lysosome 

initiates the upregulation of various inflammatory cytokines. Among these cytokines are 

interleukin-6 (IL-6) and interleukin-12 (IL-12) (Bost et al., 1999). IL-6 functions to stimulate the 

immune system by stimulating both T- and B-cells following pathogen detection (Tanaka et al., 

2014). IL-12 promotes the production of IFN-γ from natural killer (NK) cells and T-lymphocytes 

(Bost et al., 1999). Finally, a large component of the inflammatory responses produced in 

response to S. aureus infection of osteoblasts are the type I interferon. 

1.5 Type I Interferons 

Interferons are a large group of cytokines that have various roles in innate immunity. Of 

these, IFN-α and IFN-β are the most versatile members of the type I class of this cytokine family 

(Parker et al., 2014; Peignier & Parker, 2021). Originally known for their antiviral effects, the 

type I interferons have now also been shown to play a part in cancer and autoimmunity 

conditions. More recently, Type I interferons have been shown to initiate intracellular 

antimicrobial responses via upstream PRR recognition of bacterial pathogen-associated 
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molecular patterns (PAMPs). However, it is currently unknown whether interferon production 

and secretion is beneficial or detrimental to the host, especially in S. aureus infection, where 

contradictory effects have been reported (Peignier & Parker, 2021).  

IFN-β is a cytokine produced by the immune system that naturally responds to biological 

and chemical stimuli. One of these many biological stimuli is the detection of certain pathogens 

such as S. aureus. Following pathogen detection and interferon production and secretion, 

interferon molecules bind to cell surface receptors such as IFNAR1 and IFNAR2 which initiate 

the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling cascade 

(Schneider et al., 2014; Stark & Darnell, 2012). 

Binding of the cell surface receptors to specific cytokines such as IFN-β induces the 

dimerization of the separate subunits that make up the receptor which then activates the receptor 

associated JAKs. Activated JAKs create sites that allow STAT transcription factors to dock. This 

docking is created through phosphorylation of tyrosine residues such as tyrosine kinase (TYK2), 

found on cytokine receptor subunits. Once this JAK-mediated phosphorylation has occurred, the 

STAT transcription factors STAT1 and STAT2 dimerize and translocate from their receptor 

docking sites to the nucleus. However, for this translocation to occur, the phosphorylated 

STAT1/2 dimer must also join with a methylated interferon regulatory factor 9 (IRF9). IRF9 is 

an integral transcription in the mediation of type I interferon responses (Stark & Darnell, 2012). 

Translocation to the nucleus allows the STAT transcription to induce the expression of genes 

containing the appropriate regulatory sequences in their promoter region. The dimer binds to 

specific adjustment zones in the DNA which in turn regulates the transcription process through 

the use of negative feedback loops (Xin et al., 2020).   
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This cascade then leads to the production of interferon stimulated genes. Interferon 

stimulated genes, transcriptionally induced by interferons, have been studied in the past for their 

antiviral properties (Borden et al., 2007; Schoggins & Rice, 2011) and are now of interest when 

in the presence of other pathogens such as bacteria. Currently, the role of type I interferons and 

their gene products in host susceptibility to S. aureus infection of bone tissue has yet to be 

explored. 

1.6 Interferon stimulated genes 

 Some of the most well-known gene products of type I interferons are interferon 

stimulated genes. Interferon stimulated genes are capable of interfering with viral and bacterial 

RNA responses (Carty et al., 2021; Kawasaki & Kawai, 2019). Although interferon stimulated 

genes are well-known for their ability to combat viral infections, their role in response to specific 

bacterial pathogens is still mostly a mystery. In various studies, the role interferon stimulated 

genes play in response to both viral and bacterial challenge starts with assessing the changes in 

the mRNA in host cells and comparing interferon stimulated gene levels in the absence and 

presence of infection. In fact, infected osteoblasts have already been shown to have increased 

levels of interferon stimulated genes following bacterial challenge(Johnson, Furr, et al., 2022). 

These interferon stimulated genes include members of the IFIT family, SLFN2, IRGM2, MX2, 

PLSCR1, IFI205, and IGTP. 

 The interferon-induced protein with tetratricopeptide repeats (IFIT) family is comprised 

of a group of related genes that have previously been shown to inhibit viral replication. Members 

of the IFIT family contain multiple tetratricopeptide repeats which serve to regulate 

transcription, protein transport and folding, and parts of the cell cycle. Interestingly, most cell 

types do not produce IFIT proteins under basal conditions, but rather are induced rapidly in 
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response to infection (Diamond, 2014). For example, IFIT1 proteins act as effector molecules to 

restrict viral translation by blocking the initiation of the viral translation (Diamond, 2014). More 

recently, IFIT1 protein expression has also been shown to be produced in response to 

mycobacterium tuberculosis infection which is indicative of interferon stimulated genes role in 

the immune responses for both viral and bacterial challenges (Andreu et al., 2017). Not 

surprisingly, there is a similar trend shown with the IFIT protein, IFIT3. IFIT3, also generally 

poorly expressed in normal cell conditions, shows increased protein expression in the presence of 

viral infections, interferon treatments, and PAMPs. Also in keeping with the IFIT family trends, 

IFIT3 functions to inhibit viral replication (Zhang et al., 2023). Similarly, in the presence of 

bacterial infections such as tuberculosis, IFIT3 protein expression has been shown to be 

upregulated due to its role in innate immunity (Garlant et al., 2022).  

 The Schlafen (SLFN) proteins, specifically the ones induced by type I IFNs such as 

SLFN2, are found to be expressed during thymocyte maturation and T cell differentiation. 

SLFN2 plays a role in Type I interferon signaling, and has also been shown to be induced by 

RANKL to promote osteoclastogenesis (Fischietti et al., 2018). There have been various studies 

suggesting the antiproliferative effects that SLFN2 proteins have on type I interferons 

(Katsoulidis et al., 2009); however, the connection between the role SLFN2 plays on type I 

interferons and their respective role in response to both viral and bacterial infections is still being 

investigated. 

 The immunity-related GTPase member 2 (IRGM2), is an interferon stimulated gene 

associated with the protection against sepsis and the regulation of the non-canonical 

inflammasome response associated with interferon-inducible guanylate binding proteins (GPBs) 

(Eren et al., 2020). Specifically, following the detection of gram-negative bacteria, IRGM2 is 
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responsible for the regulation of caspase-11, which detects the gram-negative bacterial cell wall 

(Pilla-Moffett et al., 2016). Although the role of IRGM2 has been studied in gram-negative 

bacteria, their role in the presence of gram-positive bacteria has yet to be explored. 

 The Mx GTPases, such as MX2, are known as key antiviral effector proteins. They have 

been shown to inhibit viral infections by blocking the initial steps in the viral replication process 

(Haller et al., 2015). MX2 has even been shown to limit nuclear entry by expressing type I 

interferon-inducible antiviral effectors following to inhibit HIV infection (Bhargava et al., 2018). 

In regards to bacterial infection, MX2 mRNA expression was shown to be upregulated following 

tuberculosis infection which suggests a possible immune response associated with bacterial 

challenge as well (Yi et al., 2021). 

 Phospholipid scramblases (PLSCRs) are a family of single pass transmembrane proteins 

responsible for Ca2+ mediated bidirectional phospholipid translocation in plasma membranes. 

One of the family members, PLSCR1, is the most extensively studied PLSCR due its role in 

apoptosis (Sivagnanam et al., 2017). Following viral infection, PLSCR1 has been shown to play 

a significant role in interferon-mediated antiviral defense and apoptosis via the JAK-STAT 

pathway (Sivagnanam et al., 2017). In fact, PLSCR1 has been reported to have a protective role 

in the presence of certain bacterial pathogens. For example, in the presence of the alpha-toxin 

produced by S. aureus, interferon-induced PLSCR1 was shown to protect the host cells from the 

toxin as well as reduce intracellular leakage of host cell ATP into the extracellular space (Lizak 

& Yarovinsky, 2012; Yarovinsky, 2012). 

 Both IFI205 and IGTP are considered interferon inducible proteins. The interferon-

inducible p205 protein (IFI205), is named/defined for having at least one 200 amino acid region 

and is responsible for the slowing down of bone marrow cell growth. IFI205 has been shown to 
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inhibit cell proliferation, suppress tumor growth, and cause inflammasome activation in bone 

marrow derived macrophages (Ghosh et al., 2017). Interestingly, IFI205 has also been 

discovered to enhance osteoblast differentiation when overexpressed (Li et al., 2016). IGTP is a 

member of the interferon induced GTPases and has previously been shown to be critical for host 

resistance against pathogens (Collazo et al., 2002). More recently, IGTP has also been shown to 

help regulate antimicrobial autophagy induction and autophagosome maturation in response to 

infections (Coers et al., 2018).  

All the interferon stimulated genes either play a part in the innate immune system 

regarding host responses, or responses towards infection, both viral and/or bacterial. However, 

whether the roles of these interferon stimulated genes in response to bacterial infection, such as 

during S. aureus infection, is playing a harmful or protective role is still being investigated. 

1.7 Bacterial Survival 

 S. aureus is still regarded as an extracellular pathogen that damages host cells by binding 

to the extracellular matrix. This is despite the knowledge that various mammalian cells have now 

been shown to internalize S. aureus, including osteoblasts (Ahmed et al., 2001; Ellington et al., 

1999, 2003, 2006; Hudson et al., 1995; Jevon et al., 1999; Mohamed et al., 2016; Strobel et al., 

2016). Importantly, S. aureus can persist within osteoblasts once internalized and undergo rapid 

small colony variant phenotypic changes. These phenotypic changes allow S. aureus to be less 

sensitive to both bacteriostatic and bactericidal antibiotics. Subsequently, bacteria that is released 

from lysed human cells have been shown to be viable and capable of invasion into other 

osteoblasts (Ellington et al., 2003). S. aureus’ ability to create these reservoirs of infection may 

explain how staphylococcal osteomyelitis persists despite recurrent antibiotic therapies and 

seemingly sufficient humoral responses.  
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1.8 Hypothesis of the Present Study 

 In the present study, we have tested the hypothesis that osteoblasts infected with S. 

aureus infection will directly stimulate the expression of type I interferons, and that this 

expression of type I interferons will cause the upregulation of various interferon stimulated genes 

(Figure 1). We have also tested the hypothesis that type I interferons function to limit bacterial 

burden associated with osteomyelitis (Figure 1). In previous studies, Type I interferons have 

been reported to have both protective and deleterious effects on S. aureus infections depending 

on the model and/or the pathogen (Martin et al., 2009; Parker et al., 2014; Parker & Prince, 

2012). Since the expression of IFN-β has previously been shown to have both antiviral and 

antibacterial properties, we sought to determine if IFN-β plays the same role in osteoblasts when 

in the presence of infection.  

 Given the known importance of IFN-β in establishing an antiviral state within host cells, 

we sought to test the hypothesis that treatment of osteoblasts with IFN-β will show a decrease in 

the number of live intracellular bacteria following infection. This could be due to IFN-β also 

having antibacterial properties in the presence of infection. We sought to demonstrate that IFN-β 

treatment may play a protective role in osteoblasts during bacterial challenge (Figure 1). 
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Figure 1: Schematic indicating proposed mechanism for type I interferon and interferon 
stimulated gene production following S. aureus infection. S. aureus PAMPs are recognized 
either by membrane associated or cytosolic PRRs. The recognition and subsequent bacterial 
invasion of these microbial components trigger osteoblasts to initiate gene transcription of the 
type I interferon, IFN-β or interferon stimulated genes. IFN-β protein production and release then 
either acts back on osteoblasts in an autocrine and/or paracrine manner. IFN-β is perceived by an 
interferon receptor, which then could initiate interferon stimulated gene transcription and protein 
production. IFN-β and interferon stimulated gene production following S. aureus infection has 
the potential to affect levels of inflammation and the overall protection of the host following 
bacterial challenge. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 S. aureus propagation 

 S. aureus strain UAMS-1 was grown on Luria broth (LB) agar plates overnight at 37℃ in 

a 5% CO2 atmosphere and was cultured in Luria broth on an orbital rocker at 37℃ in 5% CO2 

overnight.  Prior to use, the cultures were grown to mid-log phase in Luria broth at 37℃ with 5% 

CO2 and the number of colony forming units was determined by spectrophotometry using a 

Genespec3 spectrophotometer (MiraiBio Inc.). 

2.2 Isolation and Culture of Mouse Calvaria and Osteoblasts 

 Murine osteoblast cultures were obtained from the skull caps of murine neonates 2-3 days 

after birth. Skulls from C57BL/6J neonates were surgically detached from the body with sterile 

scissors. Sterile scissors and forceps were used to remove the skull cap from the rest of the 

detached skull. Surgical forceps were used to remove any remaining tissue from the skull caps 

before digestion. The prepared skull caps were then placed in digest media containing low 

glucose Dulbecco's Modified Eagle Medium (DMEM), collagenase P, and 0.25% Trypsin. Skull 

caps are rocked in 2mLs of digest media for 15 minutes per well in a 6-well plate. The 

supernatant in the first well is discarded, and the remaining wells supernatants (10mLs total) are 

collected into a conical where an equal amount of plating media containing Dulbecco's Modified 

Eagle Medium (DMEM), 10% Fetal Bovine Serum (FBS), and 1% penicillin/streptomycin is 

added. The total 20mLs of media containing the digested osteoblasts are then spun down at 1000 

RPM for 5 minutes. The supernatant is discarded, and the primary osteoblasts are resuspended in 

fresh plating media and stored at 37°C in a 5% CO2 atmosphere. At 24 to 72 hours, primary OBs 

were plated at a density of 2 x 105 cells per well in a 6-well plate and differentiated in alpha 

minimum essential medium (αMEM) supplemented with 10% FBS, 0.1M ascorbic acid, 1M β-
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glycerol phosphate, and 1% penicillin/streptomycin at 37°C in a 5% CO2 atmosphere. The 

differentiation media was changed every other day until day 10, the day of experiment/infection. 

The presence of mature osteoblasts was confirmed using an alkaline phosphatase staining kit 

(abcam) on day 10. Positive staining was assessed by light field microscopy. 

2.3 In vitro S. aureus infection of murine osteoblasts 

 Differentiated osteoblasts were infected with S. aureus at multiplicities of infection 

(MOI) between 50:1 and 150:1 bacteria to each bone cell in antibiotic-free media at 37°C in a 

5% CO2 atmosphere for 2 hours, and then the media was discarded. A quick wash of 1X 

phosphate buffered saline (PBS) was used to remove any residual media. Antibiotic containing 

media was placed in each well to kill residual extracellular bacteria. At the indicated time points 

following infection with S. aureus, cell supernatants and whole cell protein lysates were 

collected. In the studies evaluating interferon stimulated gene expression following S. aureus 

infection, osteoblasts were lysed with either 1X triton-lysis buffer or tissue protein extraction 

reagent (T-PER).  

2.4 Enzyme-linked immunosorbent assays 

 Specific capture ELISA was performed to quantify the production of IFN-β following S. 

aureus infection. An IFN-β DuoSet kit provided the capture and detection antibodies (R&D 

Systems; Cat # DY8234-05; Lot # P332744). Streptavidin-HRP (R&D Systems; Lot # P198628) 

was added prior to the addition of tetramethylbenzidine substrate. The reaction was stopped with 

1:30 H2SO4 and the absorbance was measured at 450 nm. Recombinant murine IFN-β (R&D 

Systems; Lot # P296488) was utilized to generate standard curves. Extrapolation of the 

absorbance of the to the standard curve was used to determine the concentration of IFN-β in the 

cell supernatants. 
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2.5 Immunoblot analyses 

 Total cell lysates were evaluated using immunoblot analysis for the presence of IFIT, 

IFIT3, and PLSCR1. After blocking in 5% milk in tris-buffered saline with 0.1% Tween (TBS-

T) for at least 1 hour, immunoblots were incubated with a monoclonal antibody directed against 

IFIT1 (Novus Biologicals, clone OTI3G8), a polyclonal antibody directed against IFIT3 

(Invitrogen), or a monoclonal antibody directed against PLSCR1 (Invitrogen, clone ARC2028), 

overnight at 4°C. Immunoblots were then washed and incubated with a horseradish peroxidase 

(HRP)-conjugated anti-mouse or anti-rabbit secondary antibody. Bound antibody was detected 

with a Pierce enhanced chemiluminescence (ECL) immunoblotting substrate (ThermoFisher 

Scientific). The HRP-conjugated anti-mouse or anti-rabbit secondary antibody was then 

deactivated by washing in 30% hydrogen peroxide for 20 minutes. Immunoblots were then 

reprobed with a mouse monoclonal antibody against β-actin (Abcam, Cat# 49900; 13μg/ml) to 

assess total protein loading. The immunoblots shown are representative of at least three separate 

experiments. Densitometric analysis was performed using ImageLab software (BioRad). IFIT1, 

IFIT3, and PLSCR1 protein levels were normalized to β-actin expression. 

2.6 Bacterial Viability Assays 

Differentiated osteoblasts were infected with S. aureus at multiplicities of infection 

(MOI) of 75:1 bacteria to each bone cell in antibiotic-free media at 37°C in a 5% CO2 

atmosphere for 2 hours, and then the media was discarded. A quick wash of 1X phosphate 

buffered saline (PBS) was used to remove any residual media. 400 microliters of a 1% Saponin 

solution was added to each well of the 6-well plate, and the plate was incubated at 37°C in a 5% 

CO2 atmosphere for 10 minutes. While the plate was incubating, a 96-well plate was set up for 

the bacterial dilution by adding 90 microliters of Luria broth to each well. Following the 10-
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minute incubation of the 6-well plate, 600 microliters of Luria broth was added to each well to 

bring the volume in each well up to 1mL. The contents of each well were rhythmically pipetted 

up and down. 10 microliters were retrieved from each well and placed in one of the top wells in 

the 96-well plate. A serial dilution was performed for each treatment until a dilution of 10-6 had 

been achieved. Each treatment condition’s serial dilution was then pipetted onto Luria broth agar 

plates in triplicate and incubated at 37°C in a 5% CO2 atmosphere for 24 hours. The surviving 

bacteria were enumerated at the highest dilution factor where it was still possible to get an 

accurate count.   

2.7 Statistical analysis 

Data is expressed as the mean ± standard error of the mean (SEM). Commercially 

available software (GraphPad Prism, Graphpad Software, La Jolla, CA) was used to conduct 

statistical analyses including Student’s t test, one-way analysis of variance (ANOVA) with 

Dunnet’s post hoc test, or two-way ANOVA with Tukey’s post hoc test. For all experiments, a p-

value of less than 0.05 was considered statistically significant.   
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CHAPTER 3: RESULTS 

3.1 S. aureus induces the expression of IFN-β by isolated primary murine osteoblasts. 

Recent studies performed by our laboratory determined the contribution made by resident 

bone cells to IFN-β production by assessing the changes in mRNA expression by primary murine 

osteoblasts following S. aureus challenge via RNA Tag-Seq analysis.  This analysis 

demonstrated that osteoblasts displayed increased levels of gene products associated with type I 

interferons, interferon stimulated genes, and/or interferon-mediated cellular effects, following S. 

aureus challenge (Sipprell et al, Under Revision).  Specifically, this analysis revealed that 

osteoblasts showed a marked increase in the expression of mRNA encoding IFN-β as early as 4 

hours post infection.  Importantly, we have confirmed that such upregulation results in this type I 

interferon protein production with the demonstration that S. aureus challenge elicits the rapid 

release of IFN-β by osteoblasts and does so in a dose-dependent manner (Figure 2).   

3.2 Murine osteoblasts express interferon stimulated genes in response to S. aureus infection 

The RNA Taq-Seq analysis previously performed by our laboratory also indicated the 

upregulated expression of an array of interferon stimulated genes in primary murine osteoblasts 

following S. aureus infection.  Specifically, osteoblasts showed marked increases in the 

expression of mRNA encoding IFIT1, IFIT3, SLFN2, IRGM2, MX2, PLSCR1, IFI205, and 

IGTP, as early as 4 hours post-infection.  In the current study, we determined whether such 

upregulation results in increased interferon stimulated gene protein product levels in infected 

osteoblasts. As shown in Figure 3, S. aureus challenge induced the production of IFIT1 by 

osteoblasts in a time and dose-dependent manner.  Similarly, bacterial challenge also elicited an 

increase in IFIT3 protein expression by osteoblasts over constitutive levels as determined by 

immunoblot analysis (Figure 4).  In contrast, S. aureus infection failed to elevate PLSCR1 
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expression in osteoblasts above the robust levels seen in uninfected cells (Figure 5) despite an 

apparent increase in mRNA expression encoding this interferon stimulated gene product in the 

previously performed RNA Tag-Seq analysis.  

3.3 IFN-β can limit intracellular bacterial burden in S. aureus-infected osteoblasts 

The ability of osteoblasts to produce IFN-β in sufficient quantities to induce interferon 

stimulated gene expression in an autocrine and/or paracrine manner following bacterial challenge 

raises the possibility that such responses serve to limit S. aureus infections.  To begin to test this 

hypothesis and assess the relevance of osteoblast type I interferon responses to this bacterium, 

we have determined whether IFN-β impacts the ability of S. aureus to persist/replicate 

intracellularly in these bone cells.  As shown in Figure 6, treatment of S. aureus-infected 

osteoblasts with recombinant IFN-β results in rapid and time-dependent reductions in the number 

of viable intracellular bacteria.  These results support the contention that osteoblasts produce 

IFN-β in response to S. aureus to induce antibacterial responses that limit intracellular bacterial 

burden. 
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Figure 2: Osteoblasts produce the type I interferon IFN-β following S. aureus challenge. 
Murine osteoblasts were either uninfected or infected with S. aureus (bacteria: OB 75:1 or 
1:150). Treatment with IFN-β was used as a positive control. Supernatants were collected at 4 
hours and IFN-β secretion was determined by specific capture ELISA. Data are expressed as 
mean ± SEM for a minimum of at least three independent experiments. A two-way ANOVA was 
performed. Asterisks denote statistical significance compared to unchallenged cells as 
determined by Tukey’s multiple comparison test (p < 0.05).  
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Figure 3: Murine osteoblasts show increased levels of IFIT1 protein expression following 

bacterial challenge.  Murine osteoblasts were stimulated with 1 ng/mL of murine IFN-β, 
uninfected, or infected with S. aureus (OB: bacteria 1:50, 1:75, and 1:150) and lysates were 
collected 8 (A) or 20 (B) hours post infection. Cell lysates were analyzed for protein expression 
of IFIT1 and the housekeeping gene, β-actin, via immunoblot analysis. Relative IFIT1 protein 
expression normalized to β-actin is displayed graphically below the representative immunoblot. 
Data are expressed as mean ± SEM for six independent experiments. Asterisks denote statistical 
significance compared to unchallenged cells as determined by Student’s t test (p < 0.05). 
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Figure 4: Murine osteoblasts show increased levels of IFIT3 protein expression following 

bacterial challenge. Murine osteoblasts were stimulated with 1 ng/mL of murine IFN-β, 
uninfected, or infected with S. aureus (OB: bacteria, 1:75 and 1:150) and lysates were collected 
at 8 hours post infection. Cell lysates were analyzed for protein expression of IFIT3 and the 
housekeeping gene, β-actin, via immunoblot analysis. Relative IFIT1 protein expression 
normalized to β-actin is displayed graphically below the representative immunoblot. Data are 
expressed as mean ± SEM for four independent experiments. Asterisks denote statistical 
significance compared to unchallenged cells as determined by Student’s t test (p < 0.05). 
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Figure 5: Murine osteoblasts show no significant increase of PLSCR1 protein expression 

following bacterial challenge. Murine osteoblasts were stimulated with 1 ng/mL of murine IFN-
β, uninfected, or infected with S. aureus (OB: bacteria, 1:75 and 1:150) and lysates were 
collected at 8 hours post infection. Cell lysates were analyzed for protein expression of PLSCR1 
and the housekeeping gene, β-actin, via immunoblot analysis. Relative PLSCR1 protein 
expression normalized to β-actin is displayed graphically below the representative immunoblot. 
Data are expressed as mean ± SEM for three independent experiments. Asterisks denote 
statistical significance compared to unchallenged cells as determined by Student’s t test (p < 
0.05). 
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Figure 6: IFN-β can limit bacterial burden in S. aureus challenged osteoblasts. Osteoblasts 
were infected with S. aureus (MOI of 75:1) in the absence or presence of recombinant IFN-β 
(1ng/ml). At 2-, 6-, 24-, and 48-hours following infection, cells were lysed, and the number of 
viable intracellular bacteria were determined by colony count. Data is shown as the mean +/- 
SEM for six independent experiments and asterisks indicate a statistically significant difference 
from untreated cells (p< 0.05). 
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CHAPTER 4: DISCUSSION 

It is becoming increasingly apparent that type I IFNs, including IFN- β can impact host 

susceptibility to a wide range of pathogens including bacteria (Peignier & Parker, 2021).  Type I 

interferons have been reported to have both protective and deleterious effects on S. aureus 

infections, with decreased mortality observed with IFNAR deficient mice in a staphylococcal 

pneumonia model (Martin et al., 2009; Parker et al., 2014; Parker & Prince, 2012), while an anti-

IFNAR1 subunit antibody has been reported to increase lung S. aureus burden (Spolski et al., 

2019).  In support of our hypothesis that type I interferons are produced in response to S. aureus 

infection and impact subsequent disease progression and severity, our laboratory has now 

demonstrated the local production of IFN-β in infected bone tissue in a mouse model of 

staphylococcal osteomyelitis (Johnson, Furr, et al., 2022).   

In keeping with our hypothesis, we have now shown S. aureus PAMPs are recognized 

either by membrane associated or cytosolic PRRs. The recognition and subsequent bacterial 

invasion of these microbial components trigger osteoblasts to initiate gene transcription of the 

type I interferon, IFN-β. IFN-β protein production and release then either acts back on 

osteoblasts in an autocrine and/or paracrine manner. IFN-β is perceived by an interferon 

receptor, which then initiates interferon stimulated gene transcription and protein production. 

Finally, IFN-β and interferon stimulated gene production following S. aureus infection has the 

potential to affect the overall protection of the host following bacterial challenge (Figure 7). 

Elevated IFN-β expression in S. aureus infected bone tissue may be attributable to 

production by infiltrating leukocytes. However, both our laboratory and others have 

demonstrated that resident osteoblasts produce an array of products in response to S. aureus 

challenge that can regulate both bone homeostasis and inflammation (Sipprell et. al, Under 
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Revision).  Interestingly, a murine osteoblast-like cell line has been shown to express mRNA 

encoding IFN- β in response to the TLR3 agonist poly(I:C), and the ability of an IFN- β 

neutralizing antibody to partially inhibit their responses to this stimulus appears to support the 

ability of activated osteoblasts to release this cytokine (Nakamura et al., 2007).  In addition, 

constitutive IFN- β production has recently been reported by mature osteoblasts/osteocytes in a 

3D in vitro co-culture system (Hayashida et al., 2014).  Recent findings by our laboratory have 

described the upregulated expression of 122 genes in murine osteoblasts following S. aureus 

challenge via RNA sequencing and gene ontology analysis (Sipprell et al, Under Revision) and 

our laboratory recently reported that these genes include those encoding type I interferon 

proteins, IFNAR and associated signaling components, and interferon stimulated genes (Johnson, 

Furr, et al., 2022). Previous findings from our laboratory have also shown that these cells display 

increased expression of mRNA encoding IFN- β, IFNAR1, and STAT1/2, following infection 

(Johnson, Furr, et al., 2022; Johnson, Suptela, et al., 2022). Importantly, we subsequently 

confirmed the significant release of IFN-β by infected osteoblasts and showed that it occurred in 

a bacterial dose-dependent manner.  As such, these findings represent the first demonstration of 

S. aureus-induced production of IFN-β by osteoblasts. 

While the mechanisms underlying IFN- β induction by S. aureus remain to be 

determined, internalized S. aureus can escape to the cytoplasm via the production of cytotoxic 

phenol-soluble modulins (El-Aouar Filho et al., 2017).  There, they could be detected NOD2, 

that we have shown to be functionally expressed by osteoblasts (Chauhan & Marriott, 2010; 

McCall et al., 2007), which can trigger interferon regulatory factor activation and initiate type I 

interferon gene expression (Stark & Darnell, 2012).   
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The potential importance of osteoblast-mediated IFN-β production is underscored by our 

laboratories previous demonstration that levels of mRNA encoding the ISGs, IFIT1, IFIT3, 

SLFN2, IRGM2, MX2, PLSCR1, IFI205, and IGTP, are markedly elevated in these cells 

following S. aureus challenge due, in large part, to autocrine and/or paracrine IFN-β signaling 

via IFNAR (Figure 7).  While IFIT1 is an RNA-binding protein that can act as a sensor of viral 

single-stranded RNAs and inhibit viral mRNA expression, it has also been suggested to function 

as a negative regulator of inflammatory mediator production and a defective IFIT1-dependent 

interferon response has been shown to increase susceptibility to intracellular bacterial infection 

(John et al, 2018).  Similarly, other interferons, including SLFN2, have been reported to be 

protective against bacterial infection (Mavrommatis et al., 2013).  As such, interferon stimulated 

gene upregulation could serve to limit intracellular bacterial burden and this possibility is 

supported by the present demonstration that exposure of S. aureus infected osteoblasts to 

exogenous IFN- β markedly decreases the number of viable bacteria within these cells. 

Interestingly, IFN-β can also have major effects on bone cell formation and/or function 

(Amarasekara et al., 2018, 2021).  IFN-β  is a potent inhibitor of osteoclastogenesis 

(Amarasekara et al., 2018) and has been reported to inhibit RANKL-induced osteoclastogenesis 

via a reduction in the expression of the critical signal transduction component c-Fos (Avnet et 

al., 2007; Ha et al., 2008; Takayanagi et al., 2005). This suggests that type I interferons may 

serve as a negative feedback inhibitor of RANKL-induced osteoclastogenesis (Takayanagi et al., 

2005).  However, ascribing a bone-preserving anti-osteoclastogenic role to type I interferons is 

complicated by the fact that IFN- β can directly augment pro-osteoclastogenic inflammatory 

cytokine production.  Additionally, IFN- β has also been reported to be anti-osteoblastogenic 

(Amarasekara et al., 2021), and can inhibit bone formation and matrix mineralization by 
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reducing the expression of multiple matrix components by osteoblasts (Deng et al., 2020; 

Woeckel et al., 2012).  Furthermore, the finding that RANKL deficient mice show increased 

susceptibility to endotoxic shock while exogenous RANKL administration is protective 

(Maruyama et al., 2006), suggests that IFN- β mediated decreases in RANKL production could 

exacerbate detrimental inflammation.  As such, the net impact of type I interferon production by 

resident bone cells on the progressive inflammatory damage associated with staphylococcal 

osteomyelitis remains to be determined. 

Collectively, the present study has identified a previously unknown type I interferon 

response as well as the upregulation in subsequent interferon stimulated gene production by 

osteoblasts to S. aureus challenge, one that could have protective effects by limiting intracellular 

bacterial survival/propagation within these resident bone cells and has the potential to mitigate 

the pro-osteoclastogenic effects of mediators such as RANKL that are produced at sites of bone 

infection. 
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Figure 7: Schematic showing the mechanism underlying interferon responses in S. aureus-
infected osteoblasts based upon the results of the present study. S. aureus PAMPs are recognized 
either by membrane associated or cytosolic PRRs. The recognition and subsequent bacterial 
invasion of these microbial components trigger osteoblasts to initiate gene transcription of the 
type I interferon, IFN-β. IFN-β protein production and release then either acts back on 
osteoblasts in an autocrine and/or paracrine manner. IFN-β is perceived by an interferon 
receptor, which then initiates interferon stimulated gene transcription and protein production. 
IFN-β and interferon stimulated gene production following S. aureus infection has the potential 
to affect the overall protection of the host following bacterial challenge. 
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