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ABSTRACT 

Implanted biomaterials such as orthopedic screws, prosthetic joints, pacemakers, and 
catheters are essential components of modern medicine. Unfortunately, implanted foreign 
bodies are susceptible to biofilm infection, leading to a persistent and difficult to treat disease 
state. Biofilm infections readily tolerate clearance from the immune system, however much of 
our understanding of the mechanisms governing persistence are formulated around the biofilm 
state during advanced infection. By comparison we have a poor understanding of the early 
stages of infection. Specifically, how contaminating organisms initially evade host immune 
defenses and establish a robust infection remains ill-defined. In this work, we interrogated 
interactions between Staphylococcus aureus (S. aureus), a frequent culprit in biomaterial 
infections, and early contributors to host immunity. Using in vitro time-lapse microscopy, we 
observed that human neutrophils readily phagocytose and kill single cells or small clusters of S. 
aureus cells that are attached to a surface. S. aureus cells that go undiscovered during the 
initial stages of neutrophil surveillance form biofilm aggregates that rapidly gain tolerance to 
neutrophil killing. In vivo models of implant infection demonstrated that surface adherent 
bacteria can evade discovery due to delayed or heterogeneous neutrophil recruitment to the 
surface. Biofilm aggregate formation was impaired in a strain deficient in the two-component 
gene regulatory system SaeR/S and the resulting cells were highly susceptible to neutrophil 
killing. Inhibition of aggregation was dependent on serum complement proteins C3 and factor B, 
suggesting that SaeR/S regulated factors actively inhibit host complement to facilitate 
aggregation. Taken together, these data suggest that the formation of immune-tolerant biofilm 
aggregates may contribute to chronic device related infections by protecting bacteria from 
phagocyte killing. These studies provide vital insight into the host pathogen interactions on 
contaminated biomaterial surfaces and highlight early events that may determine infection 
outcome.   
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CHAPTER ONE 

BIOFILM INFECTIONS OF IMPLANTED BIOMATERIALS 

Implant-Associated Infections 

One of the earliest studies to explicitly link biofilm as the causative agent of an implant 

associated infection presents in its case report a description of the hallmark progression of a 

biofilm infection (Marrie et al., 1982). In brief, a man was admitted with Staphylococcus aureus 

(S. aureus) septicemia and treated with intravenous antibiotic treatment. His condition improved, 

however the infection recurred one week following discharge. Following a second treatment of 

antibiotics, he was discharged, only for the infection to return a third time. At this point, a 

transvenous pacemaker implanted six years prior was removed and examined by scanning 

electron microscopy, revealing a significant S. aureus biofilm on the intracardiac portion of the 

pacemaker leads. Replacement of the pacemaker with a new epicardial pacemaker appeared to 

resolve the infection at the time of the studyôs submission 10 months later. Indeed, this case 

study traces a common course for implant associated infections as these infections are 

commonly antibiotic tolerant, recurring, and due to the biofilm state of bacteria or fungi 

(Costerton et al., 1999; Mah and OôToole, 2001; Stewart, 2015; Stewart and Costerton, 2001). 

The lack of success generally seen by antibiotic therapy alone often necessitates the removal 

and/or replacement of the implanted device for successful clearance of the bacteria. In cases 

such as a pacemaker or prosthetic joint, this constitutes major surgery with significant risk to the 

patient and additional economic burden (Kurtz et al., 2012). 

Implanted medical devices are common solutions to a wide range of health problems 

and improve the lives of many thousands of people each year. Indwelling medical devices can 

range in complexity, size, and location from simple orthopedic screws or catheters to total joint 
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replacements and cardiac pacemakers. The risk of infection is a consistent potential 

complication with any implanted biomaterial and unfortunately many decades of research into 

clever antimicrobial surface strategies have not yet produced an actionable solution (Busscher 

et al., 2012; Campoccia et al., 2013). We believe that this is due in part to insufficient focus on 

the early host immune response and a fundamental lack of understanding as to how 

contaminating bacteria evade killing by innate immune defenses. It was observed many 

decades ago that the presence of a foreign body, in this case a suture, reduced the infectious 

dose of S. pyogenes by nearly 10,000 fold compared to an intradermal injection (Elek and 

Conen, 1957). Later observations demonstrated that guinea pigs readily cleared up to 108 CFUs 

S. aureus injected subcutaneously, whereas 102-103 CFUs could cause an infection to a 

subcutaneously implanted ñtissue cagesò (perforated polymethacrylate or 

polytetrafluoroethylene tubes). Importantly, polymorphonuclear leukocytes (PMNs) recovered 

from the tissue cage demonstrated reduced bactericidal capabilities, suggesting immune 

function is impaired near the foreign body (Zimmerli et al., 1982, 1984). 

Despite significant research into the immune response to ñsterileò implanted 

biomaterials, often referred to as the foreign body response (Anderson et al., 2008), there is still 

little consensus on how host immune defenses break down in the presence of a foreign body 

and fail to eliminate contaminating pathogens. Indeed, this problem is somewhat difficult to 

study as most healthy individuals or laboratory animals do not develop infections associated 

with implanted biomaterials. Thus, many models of infection require artificially high doses of 

bacteria to consistently cause infection. It is highly unlikely that an immune response to an 

implant with tens of thousands to millions of bacteria on the surface would be identical to the 

response to an implant with hundreds of bacteria. Indeed, the latter is much more likely to reflect 

true levels of contamination that occur during surgery, which have been estimated to be on the 

order of 102 bacteria/cm2 per hour of surgery (Busscher et al., 2012; Fitzgerald, 1979). Rather, 
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there are likely comorbidities that contribute to impaired immunity and insufficient clearance of 

bacteria from the implant surface (Nguyen et al., 2013; Stewart and Bjarnsholt, 2020). An 

improved description of the immune response in a realistic context is essential to uncover how 

and why immunity fails and contaminating bacteria are able to survive and form a biofilm. This 

specifically necessitates an understanding of the behavior of both the host and the pathogen 

during these early time points following implantation.  

Biofilm Tolerance to Antimicrobials 

Bacterial biofilms can exist as surface associated or otherwise aggregated communities 

of bacteria or fungi that produce a protective matrix and develop distinct structure and 

physiology. As a biofilm community matures, tolerance to antimicrobial chemotherapy tends to 

manifest, creating a significant challenge for killing and removal. Typically, steps to disrupt 

biofilm greatly aid in clearance (e.g. brushing of teeth or wound debridement), however these 

approaches are not practical for indwelling medical devices. The development of tolerance has 

been shown to be associated with both the areal cell density of microorganisms within a biofilm 

and the relative age or maturation state of biofilms (Stewart, 2015). The reduced effectiveness 

of antimicrobials against biofilm can be attributed to several factors. First, there can be 

decreased penetration of an antimicrobial, depending on the agent and organism (de Beer et 

al., 1994; Costerton et al., 1999; Stewart et al., 2001). Neutralization of the antimicrobial by 

organisms towards the top of the biofilm in concert with slower diffusion in cell aggregates 

compared to water may limit antimicrobial penetration and exposure of organisms at the 

substratum or aggregate center (Stewart, 2015). Second, there are localized alterations in cell 

physiology and gene expression, including an upregulation of stress responses, within a biofilm 

compared to planktonic cells. Biofilms are inherently heterogeneous communities due to 

chemical gradients and differences in local microenvironments within the biofilm (Stewart and 
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Franklin, 2008). Consumption of oxygen and nutrients, as well as reduced diffusion into the 

biofilm, create chemical gradients that alter bacterial activity at different points in the biofilm 

(Rani et al., 2007; Xu et al., 1998). The changing availability of nutrients as well as buildup of 

bacterial waste products throughout a biofilm results in differential gene expression within the 

biofilm (Lenz et al., 2008; Williamson et al., 2012) and altered cells states, such as stress-

adapted, dormant, or non-growing states, that contribute to antimicrobial tolerance (Stewart, 

2015). Indeed, many antibiotic classes require active bacterial growth to be effective (Taber et 

al., 1987; Tuomanen et al., 1986), and dormant cells have been shown to be more effective at 

surviving antibiotic treatment (Williamson et al., 2012). Nutrient limitation in biofilm can also lead 

to upregulation of stress responses related to hypoxia, growth arrest, and metal limitation that 

help to protect cells (Hentzer et al., 2005; Stewart et al., 2019). Finally, the active production of 

antimicrobial-inhibiting proteins such as catalase (Elkins et al., 1999), ɓ-lactamase (Anderl et al., 

2000; Bagge et al., 2004) or efflux pumps (Høiby et al., 2010) can directly aid in the protection 

of biofilm cells from specific antimicrobials. Together, the complex chemistry of the biofilm 

microenvironment combined with active stress responses can greatly aid in the tolerance of 

biofilm to antimicrobial therapy. In the context of an implant associated infection, this can result 

in recurrent infections due to insufficient biofilm killing by antibiotics and failure to clear the 

bacteria by host immune responses. 

Immune Response to Implanted Biomaterials 

The mechanisms by which biofilms tolerate host immunity are not as well described as 

antimicrobial tolerance but are an area of expanding research. Immediately following 

implantation, host proteins such as complement, albumin, fibrinogen, fibronectin, and vitronectin 

within interstitial fluid or blood will adsorb to the biomaterial surface and initiate an inflammatory 

response (Anderson et al., 2008). The immune response to a biomaterial surface will vary 
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based on many factors, such as the implant location, material type, and surface properties and 

is an area of heavy research focus, specifically geared towards concerns of biocompatibility. 

Importantly, host proteins that bind to the implant surface such as fibronectin and fibrinogen can 

help mediate bacterial adhesion via specific adhesins (Arciola et al., 2018). Adsorbed fibrinogen 

has been demonstrated to be proinflammatory, helping to mediate phagocyte adherence to 

implant surfaces (Hu et al., 2001; Kourtzelis et al., 2013; Tang and Eaton, 1993; Tang et al., 

1996). Additionally, complement deposition and activation occurs on the biomaterial surface 

(Tang et al., 1998; Zimmerli and Sendi, 2011). Together, these proteins and other molecular 

signals such as damage-associated molecular patterns (DAMPs) can help to initiate acute 

inflammation and phagocyte recruitment to the implant surface. The exact timing of this acute 

recruitment, especially with respect to neutrophils to the implant surface, remains poorly 

described during the early minutes to hours following implantation.  

Neutrophils exit the blood stream and are recruited to the site of infection where they 

eliminate pathogens through the production of reactive oxygen species (ROS), release of 

antimicrobial peptides, and Neutrophil Extracellular Trap (NET) formation (Kolaczkowska and 

Kubes, 2013). Pathogens opsonized by C3b and IgG are phagocytosed and exposed to 

superoxide, hydroxyl radicals, hydrogen peroxide, and through interaction with the 

myeloperoxidase enzyme (MPO), hypochlorous acid within the phagosome (Amulic et al., 2012; 

El-Benna et al., 2016). Degranulation leads to the release of several bactericidal proteins such 

as Ŭ-defensins, lysozyme, proteases, and chelators into the phagolysosome or extracellular 

environment (Amulic et al., 2012). Antimicrobial NETs that contain histones and antimicrobial 

proteins immobilize and can directly kill extracellular pathogens (Kolaczkowska and Kubes, 

2013). In the presence of a foreign body, an object too large to phagocytose, neutrophils and 

other granulocytes are known to undergo ñfrustrated phagocytosisò. Granulocytes in this state 

demonstrate partial degranulation and release of ROS resulting in localized inflammation and 
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reduced immune cell function (Anderson et al., 2008; Wright and Gallin, 1979; Zimmerli et al., 

1984). Indeed, the impairment in immune cell function near the implant surface observed in 

Werner Zimmerliôs tissue cage model has been proposed as a contributing factor to the 

increased susceptibility to infection (Zimmerli et al., 1982, 1984). 

Biofilm Tolerance to Host Immunity 

Independent of any immune dysfunction caused by the biomaterial surface itself, biofilms 

resist killing by host immune cells through several mechanisms. 1.) Biofilms can secrete 

virulence factors or toxins in large local concentrations to directly interfere with or lyse host cells. 

2.) Biofilms experience decreased penetration, phagocytosis, and killing by leukocytes. 3.) The 

infectious microenvironment surrounding the biofilm can alter immune cell efficacy and function. 

Virulence Factors 

Pseudomonas aeruginosa biofilms have a well-documented mechanism for evading 

neutrophil killing through the production of rhamnolipids, a class of biosurfactants. Rhamnolipid 

production is dependent on quorum sensing (QS) that commonly occurs in biofilms and results 

in the direct lysis of neutrophils (Jensen et al., 2007). Elimination of QS signaling decreased 

phagocytosis, PMN infiltration into the biofilm, and improved clearance in in vivo models of 

biomaterial infection (van Gennip et al., 2009, 2012). Phenol-soluble modulins (PSMs) are 

surfactant-like peptides that are produced by both S. aureus and S. epidermidis. Directly 

regulated by the Agr QS system, PSMs can lyse eukaryotic cells, including neutrophils, to evade 

host immunity (Cheung et al., 2014; Peschel and Otto, 2013; Surewaard et al., 2013). Lysis due 

to PSMs is more commonly observed in S. aureus. While S. epidermidis encodes the highly 

cytolytic PSMŭ, it is expressed at low levels (Cheung et al., 2010). Additionally, in a 

subcutaneous implant model, the PSMs produced by S. aureus were demonstrated to 
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contribute to biofilm structuring, detachment, and dissemination of cells to lymph nodes 

(Periasamy et al., 2012). S. aureus biofilms secrete five bicomponent leukocidins (LukAB, 

LukED, PVL, HlgAB, HlgCB) that can lyse neutrophils and induce premature NET formation 

(Bhattacharya et al., 2018). Deletion of these toxins resulted in significantly decreased survival 

of bacteria in a chronic porcine burn wound model, demonstrating a significant role for these 

released toxins in biofilm survival. LukAB specifically was subsequently shown to be essential 

for evasion of neutrophils that were in direct contact with and actively phagocytosing S. aureus 

biofilm (Bhattacharya et al., 2020). Similarly, LukAB and Ŭ-hemolysin have been implicated in 

macrophage lysis and protection of biofilm on a femoral implant from immune clearance (Scherr 

et al., 2015). S. aureus biofilms grown in mammalian cell culture medium will produce 

staphylococcal complement inhibitor (SCIN) and chemotaxis inhibitory protein of staphylococci 

(CHIPS) during the first few hours following attachment, demonstrating an early strategy aimed 

at impairing immune recognition and phagocyte recruitment (Sultan et al., 2018). 

Protection from phagocytosis 

The biofilm extracellular matrix is composed of extracellular polymeric substance (EPS) 

that can include polysaccharides, proteins, extracellular DNA (eDNA) and lipids. EPS aids in 

cellular adhesion and cohesion and provides protection to cells within the matrix. There is a 

growing body of evidence for the benefit of EPS in protection from immune cell killing is 

mediated by its ability to physically shield biofilm cells from harm. While bacterially derived 

eDNA has long been recognized an important component of the biofilm matrix (Montanaro et al., 

2011; Qin et al., 2007; Whitchurch et al., 2002), the presence of host-derived DNA in biofilm 

infections is more commonly being recognized. Neutrophil derived DNA was found to contribute 

to biofilm formation in CF sputum (Walker et al., 2005) and a more recent study found host-

derived DNA surrounding P. aeruginosa biofilms in a murine implant model (Alhede et al., 
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2020a). This neutrophil derived DNA is most likely due to NETosis or necrotic cell death. The 

demonstration that secreted S. aureus leukocidins can induce NETosis without physical contact 

suggests an active strategy to both impair neutrophil function and establish a barrier of host-

derived eDNA between the bacterial cells and recruited leukocytes (Bhattacharya et al., 2018). 

S. aureus can subsequently produce nuclease to degrade surrounding NETs and allow 

dispersal of cells (Berends et al., 2010; Bhattacharya et al., 2020; Sultan et al., 2019). NETosis 

has also been demonstrated as a strategy to contain P. aeruginosa biofilm keratitis to prevent 

dissemination to the brain, at the cost of increased antibiotic tolerance, highlighting the role of 

NETs in containing pathogens (Thanabalasuriar et al., 2019). Additionally, S. aureus has been 

demonstrated to co-opt host fibrinogen through formation of protective fibrin barriers in a 

coagulase and von Willebrand factor binding protein dependent manner (Guggenberger et al., 

2012). Cells encased in fibrin barriers were physically shielded from neutrophil phagocytosis 

and killing.  

Biofilm architecture has been implicated in leukocyte resistance. Investigation of QS 

dysfunction in S. aureus demonstrated a clear fitness advantage to QS cheaters in biofilms 

through changes in biofilm structure (He et al., 2019). As previously discussed, QS in S. aureus 

induces expression of PSMs that remodel biofilm and promote detachment (Periasamy et al., 

2012). QS deficient mutants (ȹagr) developed dense biofilms that were resistant to leukocyte 

penetration and killing, resulting in increased survival in an in vivo catheter infection model (He 

et al., 2019). S. aureus biofilms show increased tolerance to neutrophil penetration and 

phagocytosis as they mature, with ñyoungerò biofilms being more susceptible to phagocytic 

killing (Günther et al., 2009). Similarly, differential penetration by peripheral blood leukocytes 

was observed depending on the growth conditions (static vs. shear conditions) and the age of 

the biofilm, however impaired phagocytosis was observed in both conditions (Leid et al., 2002). 

Human neutrophils remain phagocytically active but display reduced motility and penetration 
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into P. aeruginosa biofilm, undergo partial degranulation and produce a reduced oxidative burst 

without effectively clearing biofilm bacteria (Jensen et al., 1990; Jesaitis et al., 2003). 

Further evidence for the protective role of EPS can be found in studies that disrupt the 

biofilm matrix to improve susceptibility to killing. P. aeruginosa lacking genes for the production 

of the exopolysaccharide alginate is more susceptible to killing by human leukocytes (Leid et al., 

2005). S. epidermidis deficient in the major EPS component poly-N-acetylglucosamine (PNAG) 

was more susceptible to neutrophil killing in vitro and in a catheter infection model (Kristian et 

al., 2008). The Bakaletz lab has produced an extensive body of work investigating antibody 

mediated disruption of biofilm in otitis media. Antibodies to PNAG protected mice against 

Streptococcus pyogenes, Streptococcus pneumoniae, Listeria monocytogenes, and Neiserria 

meningitidis (Cywes-Bentley et al., 2013). Antibody targeting of DNABII proteins, proteins that 

bind and crosslink eDNA in the biofilm of many species, have been shown to disrupt biofilm, 

increasing antibiotic susceptibility and immune clearance, again demonstrating a critical role of 

the biofilm matrix in persistence (Devaraj et al., 2018; Martyn et al., 2020; Novotny et al., 2013, 

2021). Together, there is a clear body of evidence demonstrating the role of the biofilm matrix in 

the protection of biofilm bacteria from host immune defenses. 

The infectious microenvironment  

The high density of bacterial cells within a biofilm aid in the formation of an infectious 

microenvironment that harbors nutrient and oxygen gradients (Bjarnsholt et al., 2022; Stewart 

and Franklin, 2008). This altered environment, while influencing bacterial metabolism and 

antibiotic tolerance as described above, also has a profound effect on the activity of host 

immune defenses within the environment and directly contributes to bacterial persistence. The 

observation that the S. aureus biofilm microenvironment can skew macrophage polarization 

towards an anti-inflammatory phenotype that was ineffective at clearing biofilm cells has 
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sparked an extensive line of work investigating the cellular immune response to biofilm infection 

and its role in biofilm survival (Thurlow et al., 2011). Pro-inflammatory macrophages primarily 

utilize aerobic glycolysis while anti-inflammatory macrophages utilize oxidative phosphorylation 

(Yamada and Kielian, 2019). Thus, the nutrients available within the microenvironment can 

directly influence the activity of recruited macrophages, affecting antimicrobial activity and 

cytokine production. Myeloid derived suppressor cells (MDSCs) are recruited to sites of biofilm 

infection via IL-12 (Heim et al., 2015b) and play a significant role in creating an anti-

inflammatory environment through IL-10 production (Heim et al., 2015a, 2014) that allows 

bacterial persistence, potentially in an attempt to prevent tissue damage from sustained 

inflammation in response to the infection. Notably, MDSCs and elevated IL-10 levels can be 

isolated from tissues associated with prosthetic joint infections (Heim et al., 2018). Specifically, 

biofilm derived lactate was demonstrated to increase IL-10 expression by MDSCs through 

inhibition of specific histone deacetylases, linking biofilm metabolites to the anti-inflammatory 

environment observed surrounding biofilm infections (Heim et al., 2020). Importantly, 

macrophages that were stimulated to be pro-inflammatory were more effective at clearing S. 

aureus biofilm than non-activated macrophages or neutrophils in an adoptive transfer catheter 

infection model, further linking the anti-inflammatory polarization to bacterial persistence (Hanke 

et al., 2013). In a similar study, metabolic reprogramming of monocytes towards a pro-

inflammatory state via an oxidative phosphorylation inhibitor increased clearance of biofilm 

(Yamada et al., 2020). Contrary to these studies, a chronic tibial pin infection has been reported 

to produce sustained pro-inflammatory cytokines, and the authors suggested that the 

inflammatory tissue damage may contribute to S. aureus persistence (Prabhakara et al., 2011). 

Of note, the two models differed in their initial inoculum, with work from the Kielian group often 

employing a low (103 CFUs) inoculum and the study by Prabhakara et al. inoculating with a 

higher (105 CFUs) dose. It is unclear if this distinction would significantly alter the course of the 
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immune response or not. In addition to the immunoregulatory changes that can occur in the 

biofilm microenvironment, availability of oxygen can greatly alter the efficacy of neutrophil killing. 

Oxygen can be depleted by the biofilm itself or by neutrophils surrounding the biofilm, resulting 

in diminished capability for ROS production and bactericidal activity by neutrophils (Kolpen et 

al., 2010; Mandell, 1974; Wu et al., 2018). Indeed, neutrophils demonstrated impaired motility 

and reduced killing of surface attached S. aureus in hypoxic (2% O2) and anoxic (0% O2) 

conditions (Ghimire et al., 2019). These studies provide direct evidence demonstrating the 

immune-limiting and immune-modulating properties of the infectious microenvironment that aid 

in biofilm survival and persistence. 

Pathogenesis of Implant Infections: More to Uncover 

Four decades of research have reinforced a common theme: biofilm infections are 

incredibly difficult to eliminate once established. The mechanisms described above provide a 

basic model for bacterial persistence within the host, but largely depend on the presence and 

development of a mature biofilm infection. Specifically, many of the mechanisms would require 

densities of bacteria sufficient to: 1.) Produces localized concentration gradients of nutrients or 

oxygen. 2.) Produce concentrations of effector molecules such as toxins or antimicrobial 

inhibitors sufficient to allow bacterial survival. 3.) Produce sufficient EPS to inhibit phagocytosis, 

immune cell killing, or antimicrobial transport. Thus, a fundamental question remains: How do 

small amounts of contaminating microorganisms that are introduced to the implant surface or 

peri-implant tissue initially evade host immune defenses and form a mature biofilm?  

To answer this question, it is helpful to consider the events that might occur immediately 

following implantation. Two of the most plausible routes of implant contamination are through 

hematogenous seeding and contamination during surgery. Hematogenous seeding of implanted 

surfaces is a commonly proposed route of implant infection, especially if the infection occurs 
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several years after the initial device placement. Indeed, patients are at a significantly higher risk 

of periprosthetic joint infection following bouts with Staphylococcus aureus bacteremia (Lalani et 

al., 2008; Sendi et al., 2011). In the case study presented at the beginning of this chapter, the 

patientôs transvenous pacemaker became infected following an elbow injury, six years after the 

procedure, suggesting a hematogenous route of infection (Marrie et al., 1982). Hematogenous 

seeding has also been produced in experimental models, however these models require 

relatively high bacterial burdens to achieve implant infection (Wang et al., 2017; Zimmerli et al., 

1985). Thus, hematogenous seeding may occur predominantly in cases where there is an 

exceedingly high bacterial burden in the bloodstream, such as during sepsis. Conversely, the 

high fraction of implant-associated infections caused by microbes commonly found within the 

skin microbiome suggests contamination of the surgical wound during implantation. For 

example, S. epidermidis is a frequent culprit in orthopedic implants (Arciola et al., 2005, 2018; 

Costerton et al., 1999) and Cutibacterium acnes, associated with the upper back, can cause 

infections to shoulder implants (Fatima et al., 2021; Kolakowski et al., 2018). Bacteria can exist 

in the skin in large aggregates 10 ï 50 µm in diameter, which may offer them a significant level 

of protection from phagocytosis and killing by immune cells and antimicrobials (Alhede et al., 

2020b; Ring et al., 2017). Additionally, the prospect of ñcrypticò infections, infections that present 

few symptoms and are not detected by traditional methods, may occur at rates higher than 

appreciated and potentially result in active infections long after the initial contamination, making 

it difficult to identify the origin of contamination (Moojen et al., 2010). In practice, both skin and 

hematogenous contamination may contribute to the problem, and likely have slightly different 

pathogeneses. 

Once bacteria have reached the implant surface, host defense may be compromised in 

several ways that contribute to increased susceptibility. Importantly, implanted biomaterials are 

not vascularized and may cause significant trauma to the local area. Thus, there may be 
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decreased delivery of oxygen, nutrients, and serum factors to the implant surface. In their tissue 

cage model of implant infection, Zimmerli and colleagues demonstrated diminished complement 

C3 levels (18.6% of serum values) and decreased antibiotic concentrations compared to serum 

levels within tissue cage fluid (Widmer et al., 1990; Zimmerli et al., 1982). Furthermore, immune 

cells must be recruited from the blood stream or surrounding tissue to the implant surface, 

which may take a significant amount of time depending on the local geometry and degree of 

damage to the vasculature. Implanted biomaterials also fail to ñalertò the host of contamination. 

While host cells and tissue may recognize foreign microbes and initiate an immune response 

through cytokine secretion, generating a highly directed immune response, the inert biomaterial 

has no mechanism to identify microbial contamination and communicate with the host. 

Discovery of a few contaminating bacteria may thus be predicated on the immune response to 

the biomaterial itself. Finally, the presence of the biomaterial itself has been shown to induce 

immune cell dysfunction. Leukocytes recovered from tissue cage fluid demonstrated reduced 

phagocytic capability, reduced superoxide production, and reduced levels of granule enzymes 

(Zimmerli et al., 1984). However, injection of PMNs isolated from peripheral blood directly into 

the tissue cage reduced infection rates, suggesting that the initial response to the biomaterial, 

and the subsequent ñfrustrated phagocytosisò, impaired the ability of early responders to clear 

bacteria. However, it has previously been demonstrated that neutrophil phagocytosis and killing 

of single surface attached S. aureus cells can readily occur in vitro (Ghimire et al., 2019). It is 

likely that the material type, location, conditioning film, and local immune milieu contribute to the 

function, or dysfunction, of immune cells on a biomaterial surface. 

It is clear that we have an incomplete understanding of the early immune response to 

biomaterials in the context of infection and the factors that determine whether bacteria are 

cleared or persist. The research described in this thesis sought to characterize interactions 

between neutrophils and surface adherent bacteria, specifically S. aureus, at the earliest time 
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points following attachment. Our fundamental goal is to better understand the conditions that 

allow for successful clearance of contaminating bacteria and to identify the mechanisms by 

which nascent biofilm can escape immune clearance. We contend that bacteria are readily 

cleared from an implant surface and the surrounding peri-implant tissue if the following steps 

occur. 1.) Neutrophils must be recruited to the implanted surface from the bloodstream; 2.) 

Neutrophils must adhere to and surveil the surface to discover contaminating bacteria; 3.) 

Discovered bacteria must be successfully phagocytosed and killed. If these events do not occur 

in a timely manner, bacteria will proliferate and form immune tolerant biofilm aggregates that 

can evade killing and persist (Figure 1). Chapter 2 describes studies that investigate the 

conditions on a surface that allow for neutrophil persistence through delayed discovery and 

biofilm aggregate formation. The experiments in Chapter 3 identify the SaeR/S two-component 

regulatory system as essential for neutrophil-tolerant biofilm aggregate formation by regulating 

virulence factors that interfere with serum complement. Two appendix chapters are also 

included that explore specific S. aureus virulence factors involved in neutrophil evasion 

(Appendix A) and the role of biomaterial surface adsorbed serum proteins in facilitating 

neutrophil motility and discovery of bacteria (Appendix B). Together, this work thoroughly 

interrogates the recruitment of neutrophils and the subsequent discovery and killing of surface 

associated S. aureus. We have identified areas in which this immune response can fail, 

suggesting mechanisms of pathogenesis and providing targets for the development of novel 

prophylactic therapies. 
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Figure 1: Proposed steps required for successful clearance of contaminating microorganisms 
from a biomaterial surface. (A) Neutrophils (pink) are recruited from the local vasculature to the 
implant surface as part of the immune response to a foreign body. (B) Neutrophils adhere to the 
surface and discover bacteria (green) through chemotaxis or random motility. (C) Phagocytosed 
bacteria are killed through production of ROS and degranulation. We hypothesize that these 
events must occur prior to the formation of immune-tolerant biofilm aggregates for clearance to 
occur. 
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