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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 study’s 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 O’Toole, 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 “tissue cages” (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 “sterile” 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), β-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 α-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 “frustrated phagocytosis”. 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 Zimmerli’s 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 PSMδ, 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 α-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 (Δagr) 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 “younger” 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 

patient’s 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 – 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 “cryptic” 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 



13 

 
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 “alert” 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 “frustrated phagocytosis”, 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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SUPPLEMENTARY MATERIAL 

Videos can be found at: https://doi.org/10.1016/j.biomaterials.2021.120775  

Video S1: Neutrophils (blue) that attempt to phagocytose large S. aureus (green) aggregates 

often stain with propidium iodide (red) indicating membrane damage (4 h). 

Video S2: Neutrophils (red) can occasionally break up and disaggregate clusters of S. aureus 

(green), resulting in the destruction of the bacteria (4 h). 

Video S3: Minimal neutrophil (red) recruitment to a S. aureus-contaminated coverslip (green) in 

vivo.  

Video S4: Neutrophils (red) interacting with S. aureus-contaminated coverslip (green) in vivo. 

Video S5: Pre-recruitment of neutrophils with MIP-2 to the skin still results in heterogenous 

neutrophil recruitment to the S. aureus coverslip.  

Video S6: Frequency of aggregate discovery by neutrophils (red). Discovered aggregates are 

labeled yellow, undiscovered aggregates remain green.  
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Figure S1: In vitro growth kinetics of S. aureus strain AH2547. (A) Individual S. aureus 
aggregate growth in 10% NHS is heterogeneous in vitro. Growth rate µ was calculated by fitting 
an exponential curve to volume measurements for continuously present aggregates in each field 
of view. (N = 302 individual aggregates measured from 8 FOVs from 4 independent 
experiments). (B) Log difference in GFP area for a given field of view from t = 0 to t = 6 h in 
Hank’s Balanced Salt Solution (HBSS) or HBSS with 10% normal human serum (NHS). Error 
bars indicate mean ± SD (N = 9 FOV per condition from 2 independent experiments. Unpaired t-
test with Welch’s correction ****p<.0001). (C) FOV-averaged GFP area over time for S. aureus 
in HBSS or HBSS with 10% NHS. Error bars indicate mean ± SD (N = 9 FOVs per condition 
from 2 independent experiments).   
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Figure S2: S. aureus aggregates resist clearance by neutrophils through aggregation. (A) Initial 
aggregate area for cases where neutrophils fractured an aggregate into smaller pieces or when 
it was unable to break up the aggregate. Error bars indicate mean ± SD (N = 17 no fracture 
cases, n = 13 fracture cases, collected from 4 independent experiments. Mann-Whitney test ns 
= Not Significant). (B) Number of neutrophils interacting with a given aggregate over the 4 h 
observation period in cases where the aggregate did or did not fracture. Error bars indicate 
mean ± SD (N = 17 no fracture cases, n = 13 fracture cases, collected from 4 independent 
experiments. Mann-Whitney test ***p<.001). (C) Percent change in volume of an aggregate 
from the time of initial interaction with a neutrophil to the final frame where the aggregate is 
present. Percent change was calculated for aggregates that do not break up, the original 
aggregate when fracture occurs, the individual pieces broken off of a fractured aggregate, and 
the sum of the original fractured aggregate and its derivative pieces. Error bars indicate mean ± 
SD (N = 17 no fracture cases, n = 13 fracture cases from 4 independent experiments. Brown-
Forsythe ANOVA with Dunnet’s T3 Multiple Comparisons test *p<.05, **p<.01).  
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Figure S3. Minimal neutrophil recruitment to S. aureus MW2 on a coverslip despite bacterial 
growth. (A) Representative intravital image of a 3D region taken at 10 min after coverslip 
addition to the mouse skin flap (left) and 180 min after coverslip addition (right). Scale bars = 
200 μm. (B) Quantification of neutrophil recruitment to the 4 h S. aureus MW2-contaminated 
coverslip (n = 3 mice from 3 independent experiments, data show 3 fields of view per mouse). 
(C) Quantification of S. aureus MW2 growth in vivo over 180 min of imaging. Reported value µ 
represents the specific growth rate satisfying the equation X = X0eµt using data outside of lag 
phase (starting at 0.75 h). Data is representative from one mouse showing three fields of view.  
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Figure S4. Dynamics of neutrophil recruitment to the S. aureus-contaminated coverslip after 
MIP-2 treatment. Quantification of total neutrophils from 3D regions with (A) 4 h biofilm on 
coverslip and (B) 30 min attached S. aureus on coverslip showing changes in individual mice 
(n=3 per group). (C-D) Heterogeneity of neutrophil recruitment to the S. aureus coverslip with 
(C) 4 h biofilm or (D) 30 min attachment. Each line shows neutrophil recruitment from one field 
of view (3 fields of view per mouse, n=3 per group). (E) Frequency distribution of discovered S. 
aureus aggregates at 180 min post coverslip addition (n=3-4 per group). (F) Association 
between bacterial density and neutrophil recruitment at 180 min post coverslip addition (n=3-4 
per group).  
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Abstract 

Infections caused by biofilm forming microorganisms are a relatively uncommon but 

serious complication for implanted biomaterials, such as orthopedic implants and pacemakers. 

Staphylococcus aureus is a frequent culprit in implant-associated infections and employs an 

impressive collection of virulence factors to escape killing by the host immune system. The 

specific immune evasion strategies S. aureus employs during early biofilm formation on a 

surface are still relatively unknown. Time-lapse confocal microscopy was employed to quantify 

interactions between S. aureus biofilm aggregates and human neutrophils in vitro and identify 

specific mechanisms of tolerance to neutrophil killing. The SaeR/S two-component gene 

regulatory system was essential for aggregate formation and subsequent neutrophil evasion. 

Inhibition of LACΔsaePQRS aggregation required serum complement, as complement inhibition 

restored biofilm aggregation. The ability to prevent aggregation was dependent on complement 

proteins C3 and factor B, but not complement C4 or C5, suggesting that this activity occurs at 

the level of the alternative C3 convertase, C3bBb or the alternative C5 convertase, C3bBbC3b. 

Inhibition of LACΔsaePQRS aggregation was also species dependent, as human, monkey, and 

rabbit serum strongly inhibited aggregation while mouse and guinea pig serum failed to inhibit 

aggregation at all. These data suggest a novel function of serum complement, the ability to 

inhibit S. aureus aggregation, is directly overcome by SaeR/S regulated factors to aid biofilm 

formation and immune evasion.  

Introduction 

Chronic biofilm infections are inherently difficult to treat due to their natural developed 

tolerance to both antibiotic therapies and host immune defenses (Costerton et al., 1999; Parsek 

and Singh, 2003). Staphylococcus aureus (S. aureus) is commonly implicated in biofilm 
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infections associated with orthopedic implants (Arciola et al., 2005, 2018). In addition to readily 

forming biofilms, S. aureus produces many virulence factors to interfere with host immunity 

(Guerra et al., 2017). To date, it remains unclear how small amounts of contaminating bacteria 

successfully evade the potent host innate immune defenses and subsequently develop into 

robust biofilm infections. We have developed a model postulating that delayed discovery of 

contaminating aggregates on a surface by neutrophils, key early responders to S. aureus 

infections, leads to formation of mechanically resilient and difficult to kill biofilm aggregates. 

Indeed, S. aureus aggregates on a surface that reach an approximate size of ~50 µm2 resist 

killing by human neutrophils and cause neutrophil lysis (Pettygrove et al., 2021). The period in 

which bacteria are susceptible to clearance is therefore dependent on the initial size of 

contaminating aggregates, the growth rate of the bacteria in vivo, and the speed of recruitment 

and successful discovery of bacteria by host immune defenses. An improved understanding of 

the mechanisms by which S. aureus aggregates tolerate neutrophil killing will provide crucial 

insight into the events that determine whether bacteria are cleared or persist. Therefore, we 

sought to identify virulence factors that contribute to S. aureus biofilm aggregate tolerance to 

neutrophil clearance. 

While neutrophils constitute a critical cellular component of early innate immunity, the 

complement system is crucial for effective recognition of pathogens and initiation of 

inflammation. Complement is a tightly regulated proteolytic cascade of serum proteins that can 

be activated through three separate pathways - the classical pathway, the lectin pathway and 

the alternative pathway - that begin by recognition of foreign surfaces by host proteins and 

converge at the point of C3. The classical and lectin pathway utilize the classical C4b2a C3 

convertase to cleave C3 into C3a and C3b, while the alternative pathway relies on the C3bBb 

convertase. These convertases further complex with C3b to form C5 convertases that cleave C5 

to release C5a and C5b. C3a and C5a are powerful anaphylatoxins that help to initiate 
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inflammation by recruiting immune cells and priming neutrophils (El-Benna et al., 2016; Lambris 

et al., 2008). Microbial surface-deposited C3b serves as a crucial opsonin to assist phagocytes 

in the recognition and subsequent phagocytosis and killing of foreign microbes. C5b deposited 

on the surface of serum sensitive microbes can lead to lysis by formation of the C5b-9 

membrane attack complex (Lambris et al., 2008). This cascade thus plays a significant role in 

the effective recognition of microbes, recruitment of immune cells, and subsequent killing by 

phagocytes. 

In this work, we demonstrate that the SaeR/S two component system is required for the 

formation of a mechanically stable biofilm aggregate and an isogenic deletion mutant of this 

system becomes highly susceptible to clearance by neutrophils in vitro. The defective 

aggregation phenotype observed in a LACΔsaePQRS (hereafter referred to as LACΔsae) 

mutant was dependent on serum complement proteins, specifically C3 and factor B (fB). 

Depletion of C3 or fB, but not C5, restored aggregation. Together, these results suggest a 

previously undescribed function of human complement that is strongly inhibited by SaeR/S 

regulated factors to evade human neutrophil evasion during early biofilm formation. 

Results 

Neutrophils fail to clear S. aureus USA300 biofilm aggregates in vitro. 

We have previously demonstrated that human neutrophils readily clear single cells and 

very small clusters of methicillin sensitive S. aureus from a surface but struggle to kill larger 

biofilm aggregates (Ghimire et al., 2019; Pettygrove et al., 2021). We utilized the same time-

lapse confocal microscopy approach to confirm these results with a clinically relevant methicillin 

resistant strain of USA300 S. aureus, LAC. LAC cells expressing green fluorescent protein 

(GFP) were briefly attached to a glass surface and subsequently incubated in 10% normal 

human serum (NHS) in Hank’s Balanced Salt Solution for 1, 2, or 3 h to allow biofilm aggregates  
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Figure 1: S. aureus strain LAC biofilm aggregates rapidly gain tolerance to neutrophil killing. (A) 
Survival of aggregates grown for 3 h prior to neutrophil addition, compared to control wells 
without neutrophils (N = 4 independent experiments. Paired t test *p<0.05, **p<0.01). (B) 
Survival of aggregates grown for 2 h prior to neutrophil addition, compared to control wells 
without neutrophils (N = 4 independent experiments. Paired t test *p<0.05). (C) Survival of 
aggregates grown for 1 h prior to neutrophil addition, compared to control wells without 
neutrophils (N = 4 independent experiments. Paired t test). (D) Average bacterial aggregate size 
at the start of imaging (N = 72 – 1474 aggregates per condition from 12 independent 
experiments. Kruskal-Wallis test with Dunn’s multiple comparisons ****p<0.0001). (E) Change in 
aggregate volume following phagocytosis by a neutrophil. (N = 15 – 92 aggregates per bin from 
12 independent experiments. Kruskal-Wallis test with Dunn’s multiple comparisons ***p<0.001, 
****p<0.0001). (F) Percentage of aggregates in a FOV that induce PI staining of at least one 
neutrophil (N = 7 – 12 FOVs per bin. Kruskal-Wallis test with Dunn’s multiple comparisons 
*p<0.05, **p<0.01, ***p<0.001). Error bars indicate mean ± SD. 

to develop prior to neutrophil addition. Neutrophils were added to wells and the S. aureus-

neutrophil interactions were imaged for 4 h. Bacterial aggregates that were grown for 2 or 3 h 

demonstrated population level tolerance to neutrophil killing compared to CFU-matched single 

cell (non-aggregated cells) controls (Figure 1A, 1B). Cells that were grown for 1 hour 

demonstrated little additional tolerance to neutrophil clearance compared to single cell controls 

(Fig. 1C). After 2 h of growth, many aggregates had formed that were approximately 50 – 60 
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µm2, large enough to resist killing by neutrophils (Figure 1D, 1E). In addition to resisting 

neutrophil killing, aggregates of this size began to induce significant neutrophil membrane 

damage, with aggregates greater than 50 µm2 frequently causing propidium iodide staining of at 

least one interacting neutrophil (Figure 1F). Together, these data confirm previous results 

demonstrated in a laboratory strain of S. aureus and more robustly establish that relatively small 

S. aureus biofilm aggregates can tolerate human neutrophil challenge. 

The SaeR/S gene regulatory system is essential for biofilm aggregate 
formation and tolerance to neutrophils. 

We sought to explore the mechanisms by which S. aureus tolerates neutrophil killing 

during early biofilm formation by investigating two major regulators of S. aureus virulence, the 

SaeR/S two-component system and the Agr two-component system. The SaeR/S system has 

been demonstrated to be important for disease pathogenesis in a number of models such as 

skin infections (Montgomery et al., 2010; Nygaard et al., 2010), sepsis (Voyich et al., 2009), and 

bacterial pneumonia (Borgogna et al., 2018; Montgomery et al., 2010). The Agr system is 

important for biofilm maturation and detachment (Boles and Horswill, 2008; Yarwood et al., 

2004), neutrophil evasion in the dermis (Matsumoto et al., 2021), phagosome escape 

(Münzenmayer et al., 2016; Pang et al., 2010; Surewaard et al., 2013), bacteremia (Wang et al., 

2007), skin infections, and pneumonia (Montgomery et al., 2010). Together, these two systems 

regulate or co-regulate several important virulence factors such as secreted leukocidins, phenol 

soluble moduluins, hemolysins, complement inhibitors, and MSCRAMMS (Liu et al., 2016; 

Nygaard et al., 2010). We attached LACΔsae or LACΔagr cells to a glass surface, statically 

incubated in 10% NHS, and observed growth over 4 h by confocal microscopy. While LAC and 

LACΔagr cells formed dense aggregates (Figure 2A, 2C), LACΔsae demonstrated a profound 

aggregation defect (Figure 2B, Video S1). Cells regularly broke away from aggregates, 

demonstrating impaired cell-cell adhesion and drifted across the field of view (FOV), suggesting  
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Figure 2: LACΔsae demonstrates an aggregation defect in human serum. Representative 
images LAC (A), LACΔsae (B) and LACΔagr (C) aggregation in NHS after approximately 4 h of 
growth. Scale bar = 50 µm. (D) Number of bacterial objects detected in each FOV. (N = 16 
(LAC) and 8 FOVs (Δsae and Δagr) FOVs per condition) (E) Average aggregate volume in each 
FOV. (N = 16 (LAC) and 8 (Δsae and Δagr) FOVs per condition). Solid and dotted lines indicate 
mean ± SD, respectively. Data collected from 8 (LAC) or 4 (Δsae and Δagr) independent 
experiments. 

impaired cell-surface adhesion. Unlike the wild type (WT) strain, we observed an increase in the 

number of LACΔsae aggregates in each FOV (Figure 2D) and these aggregates remained 

relatively small in size (Figure 2E). Conversely, the number of LAC or LACΔagr aggregates 

remained relatively static (Figure 2D) and these aggregates grew significantly (Figure 2E). 

SaeP, SaeQ, and SaeS are all membrane bound proteins and SaeP has been shown to interact 

with biofilm matrix proteins (Kavanaugh et al., 2019). The aggregation defect that we observe 

does not appear to be due to direct interactions with the SaeP or SaeQ proteins as a 

LACΔsaePQ mutant did not display an aggregation defect (Figure S1A). Furthermore, a 

LACΔsaeRD51A strain, which has an impaired ability to transcribe virulence factors due to 

reduced phosphorylation of the response regulator protein SaeR (Nygaard et al., 2018), still 

demonstrates a moderate aggregation defect (Figure S1B).  
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We next challenged LACΔsae and LACΔagr cells with human neutrophils to determine if 

either system’s absence increased susceptibility to clearance. Because we began to see 

tolerance to neutrophil killing in the WT strain after approximately 2 h of growth (Figure 1B), we 

attached cells and allowed them to grow for 2 h prior to the addition of neutrophils. On average, 

LACΔsae aggregates were significantly smaller at the time of discovery and phagocytosis 

compared to either the LAC or the LACΔagr aggregates (Figure 3A). Both deletion strains 

demonstrated a significant decrease in the fraction of aggregates that induced neutrophil lysis, 

however the LACΔsae strain nearly eliminated all PI staining (Figure 3B). A significantly higher 

fraction of LACΔsae aggregates in each FOV imaged were completely cleared (no visible GFP 

signal remaining) than LAC aggregates (Figure 3C). LACΔagr aggregates demonstrated a 

slight, but not statistically significant, increase in susceptibility compared to WT (Figure 3C). 

These data demonstrate that at the level of individual aggregate-neutrophil interactions, 

LACΔsae is highly susceptible to neutrophil killing. We additionally saw significantly more 

clearance of bacteria across an entire FOV with the LACΔsae strain (Figure 3D), but not with 

the LACΔagr strain (Figure 3E). Thus, SaeR/S regulated factors are essential for biofilm 

aggregate formation in human serum and subsequent tolerance to killing by human neutrophils. 

Biofilm aggregation in serum appears to be protein mediated 

We next aimed to identify the SaeR/S regulated factors that facilitate aggregation in 

human serum. To gain hints into the mechanism of aggregation, we treated WT aggregates with 

varying concentrations of Proteinase K or DNase. Proteinase K treatment led to concentration 

dependent fracturing of biofilm aggregates into smaller groups of cells (Fig. S2A, S2B). Cells 

treated with Proteinase K more frequently moved across the FOV after they were released from 

the static aggregates (Fig. S2C). DNase treatment did not lead to fracturing of aggregates or 

increased cell release (Fig. S2D – F), suggesting that aggregates at this stage form through a  
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Figure 3: LACΔsae but not LACΔagr shows increased susceptibility to neutrophil clearance in 
vitro during early biofilm formation. (A) Biofilm aggregate size at the time of phagocytosis by a 
neutrophil (N = 77 (LAC), 86 (Δsae), and 40 (Δagr) aggregates. ANOVA with Dunnett’s multiple 
comparisons test ****p<0.0001). (B) Percentage of aggregates in a FOV that induce PI staining 
of at least one neutrophil (N = 16 (LAC) and 8 (Δsae and Δagr) FOVs. Brown-Forsythe with 
Dunnett’s T3 multiple comparisons test *p<0.05, ***p<0.001). (C) Percentage of aggregates in a 
FOV that were phagocytosed and had a 100% reduction in volume. (N = 16 (LAC) and 8 (Δsae 
and Δagr) FOVs. Brown-Forsythe with Dunnett’s T3 multiple comparisons test ****p<0.0001). 
(D, E) Log difference in GFP area within a FOV over 4 h of imaging. (N = 8 FOVs per condition. 
Unpaired t test ***p<0.001). Error bars indicate mean ± SD. Data collected from 8 (LAC) or 4 
(Δsae and Δagr) independent experiments. 

protein-dependent mechanism. Many previous reports have identified S. aureus proteins that 

facilitate biofilm formation in vitro in different assays and conditions (Speziale et al., 2014). We 

leaned on this existing literature to suggest potential SaeR/S regulated genes that might be 

responsible for the poor aggregation phenotype that we observe in the LACΔsae strain. Proteins 

of interest that we screened included fibronectin binding proteins (LACΔFnbPs, Fig. S1C) (Gries 
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et al., 2020; O’Neill et al., 2008), extracellular adherence protein (LACΔeap, Fig. S1D) (Johnson 

et al., 2008; Thompson et al., 2010), extracellular matrix binding protein (LACΔempbp, Fig. 

S1E) (Johnson et al., 2008), α-hemolysin (LACΔhla, Fig. S1F) (Caiazza and O’Toole, 2003), 

protein A (LACΔsbiΔspa, Fig. S1G) (Merino et al., 2009). Aggregation did not appear to be 

dependent on coagulation of residual fibrinogen in serum, as a coagulase and von Willebrand 

factor binding protein knockout did not display an aggregation defect (LACΔcoaΔvwb, Figs. 

S2H-J) (Guggenberger et al., 2012) and no effect was observed in clumping factor A or B 

deficient strains (LACΔclfA, Fig. S2K, LACΔclfB, Fig. S2L) (McAdow et al., 2011). Although 

aureolysin has been demonstrated to be upregulated in a LACΔsae mutant (Cassat et al., 

2013), the poor aggregation phenotype is not a product of upregulation of bacterially derived 

proteases, as a mutant deficient in the major S. aureus proteases and SaeR/S (Gries et al., 

2020) still retained the poor aggregation phenotype (Fig. S2M). While these experiments only 

looked at a select few candidate genes, these experiments suggest a novel aggregation 

phenotype in serum. 

Complement proteins prevent biofilm aggregation by the SaeR/S deletion 
mutant 

To gain further clues into what S. aureus proteins may be involved in aggregation, we 

sought to determine if a serum protein, such as residual fibrinogen, was mediating aggregation 

in a manner similar to previous reports (Crosby et al., 2016; Knott et al., 2021; McAdow et al., 

2011; Pestrak et al., 2020). To remove residual fibrinogen and other serum proteins, we 

ethanol-precipitated human serum overnight (Knott et al., 2021). No difference in aggregation 

was observed between NHS and ethanol treated serum for WT, however the LACΔsae strain 

was able to aggregate in ethanol treated serum (Figure S3A - D), suggesting a serum protein 

actively inhibited aggregation rather than facilitated it. Like ethanol precipitation of serum 

proteins, heat inactivation of serum complement prior to incubation with cells resulted in  
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Figure 4: Complement inhibits aggregation by LACΔsae. Representative images of LACΔsae 
aggregation in NHS (A), HIS (B), or CVF-S (C) after approximately 4 h of growth. Scale bar = 50 
µm. (D) Number of bacterial objects detected in each FOV. (N = 6 FOVs per condition) (E) 
Average aggregate volume in each FOV. (N = 6 FOVs per condition). (F) Average aggregate 
area from representative FOVs collected after approximately 4 h of growth. (N = 7530 (Δsae + 
NHS), 113 (Δsae + HIS), 135 (Δsae + CVF-S), and 82 (LAC + CVF-S) aggregates collected 
from 9 FOVs per condition. Brown-Forsythe with Dunnett’s T3 multiple comparisons test. 
****p<0.0001). (G) Distribution of aggregate sizes shown in panel F. Bin size = 200 µm. (H) 
Distribution of aggregate sizes shown in panel I. Bin size = 200 µm (I) Average aggregate area 
from representative FOVs collected after approximately 4 h of growth. (N = 3917 (Δsae + NHS), 
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189 (Δsae + HIS), 218 (Δsae + 232 µM compstatin), and 1161 (Δsae + 23.2 µM compstatin) 
aggregates collected from 9 FOVs per condition. Brown-Forsythe with Dunnett’s T3 multiple 
comparisons test. ****p<0.0001). Data collected from N = 3 independent experiments. Solid and 
dotted lines indicate mean ± SD, respectively. 

restoration of aggregation in LACΔsae (Figure 4A, B, Video S2). Cobra venom factor (CVF), 

which binds to factor B to form a highly stable C3 convertase with C5 convertase activity (Von 

Zabern, 1993), was used to specifically deplete C3 and C5 complement proteins from serum. 

LACΔsae cells grown in serum treated with CVF for 1 h prior to incubation (CVF-S) showed a 

restoration of aggregation (Figure 4C). Growth of WT in CVF-S did not appear different from 

growth in NHS. The number of aggregates in each FOV for LACΔsae in heat inactivated serum 

(HIS) or CVF-S was similar to WT in CVF-S, while LACΔsae aggregates fractured (Figure 4D). 

At 4 h, LACΔsae aggregates in HIS or CVF-S were significantly larger than ones grown in NHS 

(Figure 4E, 4F). LACΔsae cell clusters grown in NHS were almost exclusively < 200 µm2 (24.7 ± 

48.6 µm2) whereas WT or LACΔsae cells grown in HIS or CVF-S regularly formed aggregates 

larger than 750 µm2 (Figure 4G). Addition of compstatin, a peptide that binds C3 and prevents 

cleavage by C3 convertases (Janssen 2007), produced a dose-dependent restoration of 

aggregation by LACΔsae (Figure 4H, 4I). Together these data demonstrate that complement 

proteins downstream of C3 cleavage by convertases can prevent aggregation of LACΔsae and 

further suggest that S. aureus overcomes this aggregation inhibition via SaeR/S regulated 

factors.  

To identify more specifically the complement proteins that prevent LACΔsae 

aggregation, we investigated LACΔsae aggregation in human sera that had been depleted of 

C3 and C5 by immunoaffinity chromatography. S. aureus requires serum supplementation to 

grow in HBSS (Pettygrove et al., 2021) and we observed a severe growth defect in 10% 

depleted serum, suggesting that key nutrients were removed during the chromatography 

process. S. aureus will grow in RPMI 1640 medium alone, and NHS or HIS supplementation in  
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Figure 5: Complement C3 but not C5 is required for inhibition of LACΔsae aggregation. 
Representative images of LACΔsae aggregation in NHS (A), C3-depleted human serum (B), 
and C5-depleted human serum (C) after approximately 8 h of growth. Scale bar = 50 µm. (D) 
Number of bacterial objects detected in each FOV. (N = 6 FOVs per condition. Unpaired t test 
with Welch’s correction *p<0.05). (E) Average aggregate volume in each FOV. (N = 6 FOVs per 
condition. Unpaired t test with Welch’s correction ****p<0.0001). (F) Average aggregate area 
from representative FOVs collected after approximately 8 h of growth. (N = 153 (C3-dep) and 
1341 (C5-dep) aggregates collected from 9 FOVs per condition. Mann Whitney test. 
****p<0.0001). (G) Distribution of aggregate sizes shown in panel F. Bin size = 100 µm. Data 
collected from N = 3 independent experiments. Solid and dotted lines indicate mean ± SD, 
respectively. 

this medium recapitulated our previously observed aggregation phenotypes (Figure 5A, S4). 

While slower, growth of LACΔsae in C3-depleted serum resembled growth in HIS and CVF-S as 

aggregates remained cohesive and grew significantly in size over time (Figure 5B, D, E, Video 

S3). Conversely, growth of LACΔsae in C5-depleted serum resembled growth in NHS in both 

the gradual increase in the number of cell clusters over time and the low, relatively constant, 
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aggregate size (Figure 5C – E, Video S4) (See Figure 4D, E for comparison). After 8 hours of 

growth, aggregates in C3-depleted serum were significantly larger than aggregates in C5 

depleted serum, and aggregates grown in C5 depleted serum were predominantly less than 100 

µm2 in size (Fig 5F, G). These data demonstrate that complement C3, but not C5, is required to 

prevent aggregation of LACΔsae.  

While investigating the potential role of human specific virulence factors (Rooijakkers et 

al., 2005) in complement inhibition and aggregation, we observed differential LACΔsae 

aggregation in sera from different species. We quantified growth and aggregation of LACΔsae in 

human, mouse, goat, horse, guinea pig, pig, rabbit and cynomolgus monkey sera and observed 

varying degrees of aggregation inhibition (Figure S5). Human, monkey, and rabbit sera 

demonstrated the strongest ability to inhibit bacterial aggregation (Figure S5A, G, H). Pig and 

horse sera demonstrated intermediate phenotypes (Figure S5D, F), while guinea pig, mouse, 

and goat sera failed to inhibit bacterial aggregation at all (Figure S5B, C, E). We observed 

differences in growth rate that made direct comparisons between aggregate area difficult. 

However, the sera from different species grouped similarly to their observed phenotypes when 

separated by both average aggregate area and the number of aggregates in each FOV (Figure 

S5I). Differences in aggregation were significant between human sera and goat, mouse, and 

guinea pig sera (Figure S5J). These data demonstrate that the ability to inhibit bacterial 

aggregation is not conserved among different complement systems. 

Inhibition of aggregation is dependent on the alternative pathway 

We next queried whether differences in aggregation were due to differential deposition of 

C3b on the bacterial cell surface, potentially blocking cell-cell adhesion in a previously 

undescribed mechanism. Many complement interfering proteins produced by S. aureus are 

SaeR/S regulated and we had hypothesized that we would observe significant differences in  
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Figure 6: Inhibition of LACΔsae aggregation occurs via the alternative pathway. Representative 
images of LACΔsae aggregation in C4-depleted human serum (A) and factor B-depleted human 
serum (B) after approximately 8 h of growth. Scale bar = 50 µm. (C) Average aggregate area 
from representative FOVs collected after approximately 8 h of growth. (N = 157 (C3-dep), 964 
(C4-dep), and 216 (fB-dep) aggregates collected from 9 FOVs per condition). (D) Distribution of 
aggregate sizes shown in panel C. Bin size = 100 µm. (E) Aggregation score after 8 h of growth 
(N = 9 FOVs collected per condition). Data collected from N = 3 independent experiments. Error 
bars indicate mean ± SD. Kruskal-Wallis test with Dunn’s multiple comparisons. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 

C3b deposition between WT and LACΔsae (Liu et al., 2016; Nygaard et al., 2010). Surprisingly, 

we observed little difference in C3b opsonization of LAC and LACΔsae using either confocal 

immunofluorescence (Figure S6A) or flow cytometry (Figure S6B). We speculate that given the 

low density of S. aureus cells and the high serum concentration used in this assay, bacterially 

derived complement interfering proteins were likely present in insufficient concentrations to fully 

inhibit complement deposition as has previously been reported (Jongerius et al., 2007; Woehl et 

al., 2014). Thus, it appears unlikely that simply the presence of C3b on the surface is 

responsible for the striking difference in aggregation. 
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Impaired LACΔsae aggregation in human, rabbit, and monkey sera is phenotypically 

similar to our proteinase K treatment of WT S. aureus cells (Figure S2). A recent study 

demonstrated that the alternative C3 convertase is capable of cleaving the Neisseria 

meningitidis Neisserial Heparin Binding Antigen (Di Fede et al., 2018). Together, these 

observations raise the possibility that inhibition of aggregation was due to direct protease 

activity on S. aureus surface proteins. Experiments with C3-depleted sera demonstrated that 

inhibition of aggregation is not due to the classical pathway (C4b2a) convertase, however we 

had not yet ruled out direct action by the alternative pathway (C3bBb) convertase. To further 

investigate this possibility and additionally determine if inhibition occurs through both the 

classical/lectin pathway and alternative pathways, we grew cells in C4 and fB depleted sera 

(Figure 6). Aggregation remained strongly inhibited in C4-depleted sera while LACΔsae cells 

aggregated in C3 or fB-depleted serum (Figure 5B, 6A, 6B, Video S5, Video S6). We observed 

significant decreases in aggregate size using C4-depleted sera compared to C3 or fB-depleted 

sera and a concurrent increase in aggregate numbers in the imaged FOVs (Figure 6C – 6E). 

There was a slight decrease in average size between aggregates grown in C3 and fB-depleted 

sera, however the two shared broadly similar phenotypes (Figure 5B, 6B-6E). These data 

demonstrate that neither the classical nor the lectin pathway play a significant role in inhibiting 

bacterial aggregation under the tested conditions, rather this phenomenon occurs specifically 

via the alternative pathway.  

Discussion 

S. aureus is an important pathogen in implant-associated infections as well as skin 

infections, pneumonia, infective endocarditis and sepsis (Arciola et al., 2005; Kobayashi and 

DeLeo, 2009; Lowy, 1998). Specific to biofilm infections, there is scant evidence demonstrating 

how contaminating bacteria evade early host immune defenses, as much of the focus has been 
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on how the pathogen modulates and inhibits immune function later in the infection 

(Bhattacharya et al., 2018; Hanke et al., 2013; Heim et al., 2020; Scherr et al., 2015). In this 

work, we demonstrate that the clinically relevant S. aureus strain LAC rapidly develops 

neutrophil tolerant biofilm aggregates in human serum. Importantly, the development of 

mechanically stable aggregates and resulting tolerance to neutrophil killing is dependent on 

SaeR/S regulated factors. Aggregate formation by a LACΔsae deletion strain was directly 

inhibited by serum complement in a C3 and fB dependent manner. Therefore, we propose a 

model wherein human complement can prevent aggregation of S. aureus, but this effect is 

overcome by SaeR/S regulated virulence factors. While a few studies have demonstrated that 

serum or serum proteases can affect biofilm formation (Abraham and Jefferson, 2010; Arenas et 

al., 2021; Di Fede et al., 2018; Ding et al., 2014; She et al., 2016), this is the first study to our 

knowledge to implicate complement in inhibiting bacterial cell-cell adhesion. This observation 

could have implications beyond implant associated infections, such as in sepsis and infective 

endocarditis. The data in this report demonstrate that even “small” biofilm aggregates can 

become recalcitrant to neutrophil killing. Thus, reduction of bacterial aggregation by complement 

would be a potent defense mechanism as it would greatly improve the ability of phagocytes to 

effectively clear bacteria.  

The observation that WT S. aureus is not affected by complement mediated 

disaggregation is likely due to the numerous, redundant virulence factors known to interfere with 

complement function. Staphylococcal complement inhibitor (SCIN) can inhibit activity for both 

the classical (C4b2a) and alternative (C3bBb) C3 convertases and interfere with C3b deposition 

(Rooijakkers and van Strijp, 2007; Rooijakkers et al., 2005, 2007). The SCIN homologues SCIN-

B and SCIN-C similarly interfere with C3 convertase activity (Jongerius et al., 2007). The C3-

binding domain of extracellular fibrinogen-binding protein (Efb) can bind surface bound C3b to 

block C3b containing convertase from cleaving its substrate (Jongerius et al., 2007; Rooijakkers 
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et al., 2007). Extracellular complment-binding protein (Ecb) can also inhibit C3b containing 

convertases on the microbe surface (Jongerius et al., 2007) and can block C3b recognition by 

CR1 (Amdahl et al., 2017), thereby inhibiting phagocytosis. Additionally, Efb and staphylococcal 

immunoglobulin-binding protein (Sbi) have been demonstrated to bind host plasminogen, which 

can be converted to active plasmin by secreted staphylokinase (Okada et al., 2000), facilitating 

degradation of C3, C3a, and C3b near the cell surface (Koch et al., 2012). Sbi can also directly 

inhibit complement C3 through binding the C3a and C3dg fragments or through its IgG binding 

capabilities (Burman et al., 2008; Upadhyay et al., 2008). Extracellular adherence protein (Eap) 

inhibits the classical C3 convertase through binding to C4b and can reduce classical and lectin 

pathway deposition of C3b on the microbe’s surface (Woehl et al., 2014). SplB can cleave and 

inactivate various complement proteins including C3 and C3b (Dasari et al., 2022). 

Staphylococcal superantigen-like protein 7 (SSL7) was demonstrated to directly bind C5 and 

IgA to reduce C5a production (Bestebroer et al., 2010; Langley et al., 2005; Laursen et al., 

2010). Protein A (Spa) can additionally inhibit the classical pathway through binding of IgG 

(Cruz et al., 2021). Other reports have identified additional evasion mechanisms by interaction 

between clumping factor A (Hair et al., 2008) and SdrE (Sharp et al., 2012) with complement 

regulatory proteins.  

Based on our observation that inhibition of aggregation cannot occur without C3 or fB, 

interference with the alternative C3 convertase or C5 convertase is the most likely step at which 

S. aureus can restore aggregation. Efb, Ecb, and the three SCIN proteins all have demonstrated 

roles for interfering with the alternative convertases (Jongerius et al., 2007), and it is additionally 

possible that Sbi or splB may be able to disrupt convertase function through cleavage of C3b 

(Dasari et al., 2022; Koch et al., 2012). Importantly, these proteins have been demonstrated to 

be regulated by SaeR/S by transcriptional analysis (Nygaard et al., 2010) and identification of 

SaeR binding sequences (Liu et al., 2016). While there certainly may be other SaeR/S regulated 
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genes that could impact the aggregation phenotype described above, Efb, Ecb, Sbi, SCIN, 

SCIN-B, SCIN-C, and SplB represent promising targets to investigate. We believe that it is 

highly likely that some or all these complement inhibiting factors are important to overcome the 

anti-aggregative effects of complement, given the redundant function of many of these virulence 

factors. Indeed, screens of various mutants containing deletions in up to three of these genes in 

various combinations have yet to recapitulate the phenotype observed with LACΔsae (data not 

shown).  

Complement interference is a common strategy by many pathogens such 

Streptococcus, Serratia marcescens, and Porphyromonas gingivalis due to its importance in 

initiating inflammation and phagocytosis (Domenech et al., 2013; Lambris et al., 2008; 

Rooijakkers and van Strijp, 2007). Aggregation and biofilm formation are generalizable defense 

strategies that are employed by many bacterial species to impair phagocytosis and increase 

survival. We therefore hypothesize that complement mediated inhibition of bacterial aggregation 

is not specific to S. aureus and may be overcome by other bacteria that produce tools to disrupt 

complement. Thus, it will be important to gain a mechanistic understanding of how complement 

inhibits S. aureus aggregation and search for this phenotype with other pathogenic organisms. 

Future work on this subject should seek to identify the specific mechanism by which 

complement C3 and fB inhibit bacterial aggregation, whether by direct action of the alternative 

convertases, activation of an additional serum protein, or another novel mechanism. This data 

could inform the design of novel therapeutics aimed at disrupting bacterial aggregation. 

Additionally, further identification of the specific S. aureus virulence factors required to 

overcome complement mediated aggregation inhibition could aid strategies for novel inhibitors 

or vaccine targets, especially in the case of secreted factors such as SCIN or Efb.  
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Materials and Methods 

Bacteria and neutrophil preparation 

All strains used in this study are listed in Table S1. Plasmid pCM29 (Pang et al., 2010) 

was isolated from strain AH1704 (E. coli BW25141) and sequentially transformed into 

competent S. aureus RN4220 and then CG100 to produce strain BP10. S. aureus was grown 

overnight in tryptic soy broth (TSB) or TSB supplemented with 10 μg/ml chloramphenicol when 

required for plasmid maintenance. Overnight cultures were centrifuged for 5 min at 4000 rpm, 

rinsed, resuspended in tryptic soy broth, and serially diluted and adjusted by optical density. 

Cells were attached to a 4-chambered glass bottom Petri dish (Cellvis, CA, USA, Cat no. 

D35C4-20-1.5-N) to facilitate live-cell imaging. To attach cells, 10 µL of diluted cell suspension 

was added to the surface and incubated for 30 min at 37° C. Following incubation, unattached 

bacteria were gently rinsed from the surface with PBS. Each chamber of the Petri dish was filled 

with 0.5 - 1 mL of 10% fresh human serum or modified serum in Hank's Balanced Salt Solution 

(HBSS) with Ca2+ and Mg2+ to condition the surface and opsonize bacteria and incubated at 

37 °C for at least 30 min prior to neutrophil addition. Human neutrophils were isolated from 

heparinized venous blood obtained from healthy donors following a standard IRB-approved 

protocol. All donors provided written consent to participate in the study. Neutrophils were 

isolated under endotoxin-free conditions (<25 pg ml−1) and purity (<1% PBMC contamination) 

and viability (<2% propidium iodide positivity) of neutrophil preparations were assessed by flow 

cytometry as previously described (Voyich et al., 2005, 2009). Neutrophils were kept on ice until 

stained with LysoBrite™ Red (AAT Bioquest, CA, USA, Cat no. 22645) according to the 

manufacturer's instructions. In neutrophil challenge experiments, neutrophils were immediately 

added to the surface following staining and 5 µg/mL propidium iodide was added to each well at 

this time. To enumerate surviving bacteria, bacteria were removed from the surface with a 
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sterile scraper and pipetting, vortexed in dilution tubes with PBS, and plated on tryptic soy agar 

in triplicate. Plates without detectable bacteria were counted as 0.5 colonies prior to log 

transformation. 

Proteins and serum preparation 

Serum was obtained from healthy donors by venous blood draw as described above. 

Heat inactivated serum was prepared by heating aliquots of fresh human serum to 56 °C for 20 

– 30 minutes. CVF depleted serum was produced by incubating 10 µg/mL CVF (Complement 

Technology, Tyler, TX, USA, Cat no. A150) with serum for 1 h at 37 °C, then diluted to 10% in 

HBSS. C3, C4, C5, and fB-depleted sera were obtained from Complement Technology (Cat no. 

A314, A308, A320, and A335, respectively) and diluted to 10% in RPMI 1640. Compstatin 

(Selleck Chemicals, Houston, TX, USA, Cat no. S8522) was added to 10% NHS in HBSS to a 

final concentration of 232.2 or 23.2 µM and mixed just prior to incubation with bacteria. Ethanol 

precipitated serum was prepared by adding 200 proof absolute ethanol to a final concentration 

of 10% in serum and incubating overnight at 4°C (Knott et al., 2021). Serum was centrifuged 

and the resulting supernatant was diluted 1:10 in HBSS. All animal sera were thawed at 37 °C 

and diluted to 10% in HBSS prior to incubation with bacteria. Guinea pig and cynomolgus 

monkey sera were obtained from Complement Technology (Cat no. GPS and NCYS, 

respectively). Goat and mouse sera were obtained from MP biomedicals (Irvine, CA, USA, Cat 

no. 092939149 and 0215228205, respectively). Horse serum was obtained from Cytiva 

(Marlborough, MA, USA, Cat no. SH30074.02) and pig serum was obtained from Gibco 

(Walthem, MA, USA, Cat no. 26250084). Proteinase K (Cat no. EO0491) and DNase I (Cat no. 

EN0521) were obtained from ThermoFisher Scientific. 

Microscopy 
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A Leica SP5 inverted confocal laser scanning microscope was utilized for all imaging. 

GFP-tagged bacteria and propidium iodide were excited with a 488 nm laser and neutrophils 

were excited with a 561 nm laser. An Okolab (Ambridge, PA, USA) Uno Stage Top Incubator 

with stand-alone humidity controller or a LiveCell (Pathology Devices, CA, USA) environmental 

chamber system was utilized to maintain 5% CO2, 20% O2, 90% humidity, and 37 °C for sample 

incubation during imaging. 12 – 20 µm image stacks with 1-μm z-slices were recorded 

sequentially at 1–2 min intervals over a 4 h time course using a Leica 20x/0.7 NA dry objective 

lens. Two fields of view were imaged per chamber in each experiment. In neutrophil challenge 

experiments, each well was subsequently imaged using a 7 × 7 stitched tile scan with a 10x/0.3 

NA dry objective to quantify total amount of bacteria remaining on the surface. For serum 

aggregation assays, three representative fields of view were imaged following time-lapse 

microscopy from each well. 

Image analysis 

MetaMorph version 7.8.13 (Molecular Devices, San Jose, CA, USA) image analysis 

software was used to measure bacterial aggregate area. Movies were prepared with Imaris 

version 9.8 or earlier (Oxford Instruments, Abingdon, UK). For the analysis of individual 

neutrophil-bacteria interactions, the Imaris Spots feature was used to identify neutrophils and 

propidium iodide staining events and the Surfaces feature was used to dynamically track 

bacterial growth over time. Discovery of bacteria by neutrophils was determined by identifying 

the first frame in which neutrophils co-localized with a bacterial aggregate and remained co-

localized in subsequent frames. Measurements of the bacterial aggregate size were recorded at 

the start and end of each interaction with a neutrophil, and propidium iodide staining events 

were cataloged. The percentage of aggregates inducing propidium iodide staining was 

calculated by dividing the number of aggregates that caused propidium iodide staining of at 
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least one phagocytosing neutrophil by the total number of aggregates discovered by a 

neutrophil in each field of view. 

C3b surface deposition 

LAC and LACΔsae aggregates were grown in 10% NHS in HBSS for 4 hours prior to 

blocking and antibody staining. Surface associated C3b was detected with a mouse anti-human 

C3b antibodies (Invitrogen, Clone 6C9, Cat no. MA1-70053) and Goat anti-mouse secondary 

antibodies conjugated with Alexa Fluor 633 (Invitrogen, Cat no. A-21052) and imaged by 

confocal microscopy. C3b deposition on planktonic cells was determined by incubating cells in 

10% NHS for 30 minutes prior to blocking and antibody staining. Antibody binding was 

quantified using a BD LSRFortessa (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) 

and data was analyzed using FlowJo v10. 
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Supplementary Material 

 

Figure S1: Aggregation phenotypes of selected S. aureus isogenic gene deletion mutants. 
Images are representative of each strain’s behavior. Images taken at varying points in growth 
between 4 and 8 h after addition of NHS. Time stamp is indicative only of the time elapsed 
during imaging, not total incubation time. Scale bar = 30 µm. Strain BP10 (Panel M) is 
LACΔaurΔsspABΔscpAΔsplA-FΔsaePQRS + pCM29. 
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Figure S2: Proteinase K but not DNase treatment inhibits S. aureus LAC biofilm aggregate 
formation. Adherent cells were grown for two hours then treated with varying doses of 
Proteinase K (left column) or DNase I (right column). Number of aggregates per field of view for 
Proteinase K treated (A) or DNase I treated (D) S. aureus. Average aggregate size per field of 
view for Proteinase K treated (B) or DNase I treated (E) S. aureus. Percentage of non-static 
aggregates in a FOV for Proteinase K treated (C) or DNase I treated (F) S. aureus. Solid and 
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dotted lines indicate mean ± SD, respectively. Data collected from 9 FOVs per condition from 3 
independent experiments per treatment. 

 

Figure S3: S. aureus aggregate formation in ethanol-precipitated serum. Surface adherent S. 
aureus was grown for 4 h in the presence of 10% NHS or 10% ethanol-precipitated serum 
(PHS). LAC S. aureus aggregates form aggregates in both normal human serum (A) and 
ethanol-depleted serum (B). LACΔsae fails to form aggregates in NHS (C) but is capable of 
aggregation in PHS (D). Scale bar = 50 µm. 
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Figure S4: S. aureus aggregate formation in RPMI and NHS. LAC and LACΔsae were grown 
for 5 hours in RPMI supplemented with 10% NHS or HIS. LAC formed aggregates in NHS (A) 
and HIS (B). LACΔsae aggregate formation was impaired in NHS (C) but not HIS (D). Scale bar 
= 50 µm. 
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Figure S5: Inhibition of LACΔsae aggregation in serum is species dependent. (A-H) 
Representative micrographs demonstrating differential aggregation phenotypes in varying sera 
after 4 h. Scale bar = 50 µm. (I) Aggregate area and number of aggregates in each FOV. (J) 
Aggregation score in sera from varying species (Kruskal-Wallis test with Dunn’s multiple 
comparisons test. **p<0.01, ****p<0.0001 compared to human serum). Data collected from 9 
FOVs from 3 independent experiments per condition. 
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Figure S6: Surface C3b deposition does not vary between LAC and LACΔsae in 10% NHS. (A) 
Representative confocal immunofluorescence images assessing C3b deposition on biofilm 
aggregates. Bottom two rows contain images from wells that contained no primary antibody to 
C3b. Scale bar = 30 µm. (B) C3b deposition on planktonic cells incubated in 10% NHS or 10% 
HIS (N = 3 independent experiments. Paired t test). 

Table S1: Strains used in this study 

Strain Description Source/Reference 

S. aureus AH1263 LAC erms sensitive isolate Boles 2010 

S. aureusAH1726 LAC (AH1263) ermS + pCM29 (PsarA_sGFP, cmR) Chiu 2013 

S. aureus AH5406 
LAC (AH1263) ΔsaePQRS + pCM29 (PsarA_sGFP, 

cmR) This Study 

S. aureus AH2768 LAC (AH1263) agr::tet + pCM29 (PsarA_sGFP, cmR) Paharik 2017 

E. coli AH1704 E. coli BW25141 + pCM29 (PsarA_sGFP, cmR)   

S. aureus BP1 RN4220 + pCM29 (PsarA_sGFP, cmR) This Study 

S. aureus AH1919 LAC(AH1263)ΔaurΔsspABΔstaphopainA, spl::erm Wörmann 2011 

S. aureus CG100 LAC (AH1919)ΔsaePQRS Gries 2020 

S. aureus BP10 CG100 (AH1919ΔsaePQRS) + pCM29 (PsarA_sGFP) This Study 

S. aureus AH4035 LAC (AH1263)Δcoa Trivedi 2018 

S. aureus AH4060 LAC (AH1263)ΔvWbp Trivedi 2018 

S. aureus AH4062 LAC (AH1263)ΔcoaΔvWbp Trivedi 2018 

S. aureus AH4037 LAC (AH1263)ΔclfA Kwiecinski 2019 

S. aureus AH2905 LAC (AH1263)ΔclfB::Tn Mariner   

S. aureus LACΔFnbPs LAC ermR background This Study 

S. aureus LACΔsaePQ LAC ermR background Collins 2020 

S. aureus 
LACΔsaeRD51A LAC ermR background Nygaard 2018 

S. aureus LACΔeap LAC ermR background This Study 

S. aureus LACΔempbp LAC ermR background This Study 

S. aureus LACΔhla LAC ermR background This Study 

S. aureus 
LACΔsbiΔspa LAC ermR background This Study 
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CHAPTER FOUR 

CONCLUSIONS AND FUTURE STUDIES 

Conclusions 

Implanted biomaterials have become regular components of modern treatment plans for 

a variety of conditions and can vastly improve patient quality of life. Unfortunately, all implanted 

foreign bodies have significantly increased risk for developing infection and despite 

considerable research there are few anti-infective strategies available that have demonstrated 

clinical efficacy (Busscher et al., 2012). In Chapter 1, we reviewed mechanisms used by biofilms 

to subvert host defenses including the production of virulence factors and a protective matrix, as 

well as the altered infectious microenvironment. While these mechanisms of immune tolerance 

help to explain persistence of a biofilm, many of these phenomena require high cell densities 

and a “mature” biofilm infection to manifest. Thus, the research described in this thesis aimed to 

shift the focus to the host immune response at the very early time points following implantation 

and contamination. At these early time points, pathogens may be most susceptible but manage 

to evade the early innate immune response, constituting a potential inflection point in the 

contest between host and pathogen. Identifying the immune evasion strategies or fundamental 

deficiencies in the host immune response may provide pathways to better prophylactic 

treatment strategies. We hypothesized that neutrophils can readily eliminate surface adherent 

bacteria, but clearance is dependent on the swift recruitment of neutrophils and discovery of 

bacteria. 

In Chapter 2, we investigated interactions between human neutrophils and nascent 

Staphylococcus aureus biofilms and the recruitment of neutrophils to a biomaterial surface in 

two models of implant infection. In these studies, we observed via time-lapse confocal 
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microscopy that surface adherent S. aureus will rapidly form biofilm aggregates in the presence 

of serum that are tolerant to neutrophil killing in vitro. Once aggregates reached an area of 

approximately 50 – 75 µm2, we measured diminished killing and increased neutrophil 

membrane damage, resulting to bacterial persistence. In vivo, we found that leukocyte 

recruitment to a peritoneal implant was highly heterogeneous, leading to survival and growth of 

undiscovered bacteria at 24 hours post implantation. In a subcutaneous intravital imaging 

model, neutrophil recruitment and subsequent discovery rarely happened within 3 hours post 

implantation, while bacteria continued to grow and form aggregates. Together, these 

experiments suggest a model wherein the recruitment of neutrophils to a biomaterial surface, 

and subsequent discovery of contaminating bacteria, can take several hours, allowing bacteria 

to grow and form neutrophil-tolerant biofilm aggregates. Furthermore, bacteria inhabiting the 

skin can already exist in relatively large aggregates (Alhede et al., 2020). Thus, bacteria from 

the skin that contaminate the surgical wound or implant surface may have a significant “head 

start” on biofilm formation, further supporting this hypothesized model. 

Chapter 3 described studies elucidating the mechanisms of biofilm aggregate tolerance 

to neutrophil killing through the identification of specific relevant virulence factors. S. aureus 

mutants defective in the SaeR/S two component gene regulatory system or the Agr quorum 

sensing system were challenged with neutrophils and interactions were again quantified using 

time-lapse confocal microscopy. LACΔsae demonstrated a significant aggregation deficiency 

and cells were highly susceptible to neutrophil clearance. Inhibition of aggregation by LACΔsae 

was dependent on serum complement C3 and fB, suggesting a mechanism dependent on the 

alternative C3 or C5 convertase. These data highlight a novel interaction during the 

pathogenesis of an implant infection: serum complement can reduce S. aureus aggregation, 

rendering bacteria more susceptible to neutrophil clearance, but is inhibited by SaeR/S 

regulated factors to allow aggregation.  
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In the appendices, we detail related preliminary studies seeking to identify specific 

SaeR/S regulated virulence factors that contribute to neutrophil evasion and find evidence to 

suggest that bacterial aggregation, rather than the production of lytic toxins, provide protection 

from neutrophil clearance during early biofilm formation. Additionally, we performed preliminary 

experiments investigating the role of biomaterial surface adsorbed host proteins, namely iC3b 

and fibrinogen, in mediating adhesion to and motility on a surface. Together, the data presented 

here help to describe a new model of implant infection wherein disease can occur through a 

combination of delayed neutrophil recruitment and bacterial discovery and concurrent formation 

of neutrophil-tolerant biofilm aggregates. 

Future Studies 

The work presented here has opened many avenues for continued exploration. In the 

intravital imaging studies described in Chapter 2, we could not fully describe the time scale of 

neutrophil recruitment as technical limitations prevented imaging beyond three hours. We rarely 

observed significant recruitment or bacterial discovery within three hours post implantation. 

Thus, the exact timing of neutrophil recruitment and the subsequent discovery of bacteria 

remains an open question. Future studies should utilize both conventional mouse models and a 

modified intravital imaging model to measure recruitment at time points beyond three hours to 

determine when neutrophils arrive and consequently, the approximate window of unimpeded 

growth that bacteria may experience post implantation. In this work, we deliberately focused on 

neutrophil recruitment and interactions with S. aureus due to their important role as early 

responders and controllers of staphylococcal infections. However, the role of resident and 

recruited macrophages and monocytes should be determined in vivo during these early time 

points as well. 
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Several key questions raised in Chapter 3 remain unanswered and warrant additional 

investigation. While we have determined that inhibition of LACΔsae aggregation is dependent 

on C3 and fB, the exact mechanism must still be determined. One possibility is that the C3 or 

C5 alternative convertase is directly cleaving S. aureus surface proteins required for cell-cell 

adhesion. There is evidence of the alternative C3 convertase acting on bacterially derived 

proteins in a report documenting cleavage of Neisserial Heparin Binding Antigen, a virulence 

factor produced by Neisseria meningitidis, by the alternative C3 convertase (Di Fede et al., 

2018), which provides a precedent for this hypothesis. Alternatively, the convertase(s) may 

simply activate another serum zyomgen or protease that is responsible for inhibiting biofilm 

formation. Plasma kallikrein and plasmin were recently described to inhibit biofilm formation for 

Neisseria meningitiidis, Neisseria gonorrhoeae, Haemophilus influenzae, and Bordetella 

pertussis (Arenas et al., 2021). To test these two hypotheses, experiments assaying LACΔsae 

aggregate formation in the presence of the alternative C3/C5 convertase and other serum 

proteases such as plasmin or kallikrein will be conducted. 

On the pathogen side, it is clear that several redundant SaeR/S regulated factors inhibit 

complement to protect aggregation. An isogenic deletion mutant of genes known to produce 

proteins involved in complement interference at the C3bBb level should be constructed to 

attempt to recapitulate the phenotype observed in the LACΔsae mutant. In the event that 

knocking out the known complement interfering genes does not fully explain the phenotype, 

RNA sequencing experiments can also be conducted to compare transcriptional activity 

between LAC and LACΔsae to suggest any additional proteins that may not have known 

complement interfering activity. The observation that LACΔsae forms aggregates in complement 

deficient serum (C3-dep, fB-dep, CVF-dep, compstatin inhibited) does suggest that cell-cell 

adhesion is mediated by an SaeR/S independent factor or factors. Studies should seek to 

identify these protein(s) through SDS-PAGE detection of proteins cleaved in serum and mass 
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spectrometry, followed by validation with isogenic deletion mutants. The role of impaired 

aggregation must also be confirmed in vivo to determine its effect on biofilm establishment, 

persistence, and dissemination. We observed that 10% mouse serum fails to prevent LACΔsae 

aggregation, suggesting that a murine model may not recapitulate the phenotype observed in 

vitro. Thus, a rabbit model may be best suited for these studies as rabbit serum robustly 

inhibited aggregation. Finally, the ability of complement to inhibit aggregation of other bacterial 

or fungal species must be investigated to determine 1.) If this action by complement represents 

a universal defense mechanism and 2.) What, if any, other pathogens have adapted strategies 

to overcome it. Preliminary experiments growing Staphylococcus epidermidis in normal and 

heat inactivated serum suggest aggregation inhibition occurs and is not overcome by wild type 

bacteria (data not shown). 

While specific S. aureus virulence factors that inhibit complement may represent 

interesting vaccination targets in the future, we believe that our data suggest a potential 

prophylactic role for immunomodulatory therapies. Several pre-clinical studies have suggested 

cytokine or cell-therapy based approaches to preventing or treating biofilm infections through 

improved leukocyte activation or polarization (Boelens et al., 2000; Boyce et al., 2012; Hanke et 

al., 2013; Li et al., 2009, 2010; Rózalska et al., 1996, Hamilton et al., 2021). In Chapter 2, we 

pre-recruited neutrophils to the dermis via injection of MIP-2 prior to biomaterial implantation 

and this greatly increased the number of neutrophils recruited to the surface and bacterial 

clearance, demonstrating a proof of concept immunomodulatory approach. We believe that 

stimulation of leukocyte recruitment or local delivery of ex vivo isolated leukocytes (as in 

Zimmerli et al., 1984) could serve as novel prophylactic strategies to improve early discovery 

and killing of contaminating bacteria. 
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It is my hope that this research provides some small insight or spark of inspiration for 

others in the scientific community, so that progress, and eventually therapies, may steadily 

advance. 
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FURTHER INVESTIGATION OF S. AUREUS VIRULENCE FACTORS AND THEIR ROLE IN 

NEUTROPHIL EVASION DURING EARLY BIOFILM FORMATION. 

Brian A. Pettygrove, Jovanka M. Voyich, Philip S. Stewart 

Introduction 

We have previously observed that small S. aureus biofilm aggregates rapidly develop 

tolerance to killing by human neutrophils as they increase in size (Chapters 2 and 3). Once 

aggregates achieved approximately the same size as a neutrophil (~50 – 75 µm2), we observed 

little reduction in aggregate volume following phagocytosis and significantly higher rates of 

propidium iodide staining, indicating damage to the neutrophil membrane. In addition to large 

aggregates becoming mechanically more difficult for neutrophils to phagocytose (or break apart 

and phagocytose a smaller piece of the biofilm aggregate), we hypothesize that the 

concentrations of secreted virulence factors in the local environment or phagolysosome become 

sufficient to interfere with neutrophil function. In a strain lacking the genes for the SaeR/S two-

component system, we observed deficiencies in both aggregate formation and neutrophil lysis 

and this strain was highly susceptible to neutrophil killing. Based on these observations, we 

posed two questions. 1.) Does the ability to form aggregates or lyse neutrophils play a greater 

role in defense against neutrophils, or do they have a synergistic effect? 2.) Which SaeR/S 

regulated genes are specifically required for neutrophil tolerance? We broadly sought to answer 

these questions by identifying isogenic mutants deficient in SaeR/S regulated genes that are 

either unable to aggregate or unable to lyse neutrophils. 

We screened several available deletion mutants and identified a strain with a slight, 

albeit inconsistent, aggregation defect, LACΔecbΔefbΔsbiΔFnbPs (LACΔ4-agg, for short). This 

strain contains deletions of fibronectin binding proteins A and B (FnbPs), the extracellular 
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complement-binding protein (ecb), extracellular fibrinogen-binding protein (efb), and the second 

binding protein of immunoglobulin (sbi). FnBPs are LPXTG-anchored surface proteins that have 

previously been implicated in exopolysaccharide independent biofilm formation in MRSA strains 

(O’Neill et al., 2008). Efb is a secreted protein known to bind to both fibrinogen and complement 

C3 as a method to avoid complement mediated immunity and help shield S. aureus from 

phagocytosis (Jongerius et al., 2007; Ko et al., 2013; Koch et al., 2012). Ecb is a homolog of Efb 

with similar complement inhibiting interfering capabilities (Jongerius et al., 2007). Sbi is a 

surface associated protein known to bind to IgG, inhibiting phagocytosis, and can additionally 

recruit plasminogen to the cell surface to enhance cleavage of C3/C3b (Burman et al., 2008; 

Guerra et al., 2017; Koch et al., 2012). A previous study demonstrated that a mutant deficient in 

the 5 secreted bicomponent leukotoxins (LACΔ5) failed to lyse neutrophils and had 

compromised virulence in a porcine burn wound model (Bhattacharya et al., 2018). Importantly, 

these toxins, PVL, HlgAB, HlgCB, LukAB, and LukED, are highly regulated by the SaeR/S 

system in response to neutrophil derived stimuli (Liu et al., 2016; Nygaard et al., 2010; Spaan et 

al., 2017). The results presented here demonstrate that elimination of neutrophil lysis by 

deletion of the 5 bicomponent leukotoxins failed to significantly increase bacterial clearance. 

While the phenotype was somewhat inconsistent, preliminary results with the LACΔ4-agg 

mutant suggest that a failure to aggregate increases susceptibility to neutrophil clearance. 

Results 

LACΔ4-agg is slightly more susceptible to neutrophil killing 

We screened several available isogenic deletion mutants using brightfield time-lapse 

microscopy to identify SaeR/S regulated genes that contribute to the ability to form aggregates 

in normal human serum (NHS). These observations suggested that the LACΔ4-agg strain had a 

slight aggregation deficiency, so a constitutively expressed GFP was introduced via plasmid to  
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Figure 1: Differential growth of LACΔ4-agg and LACΔ5. Representative confocal microscopy 
images at t = 0 h (2.5 h after attachment, A, C) and t = 4 h (6.5 h after attachment, B, D). Many 
cells shed from LACΔ4-agg aggregates during growth leave the FOV. Scale bar = 50 µm. 

allow for quantitative assessment of the strain’s aggregation. The LACΔ4-agg demonstrated a 

propensity to shed cells from growing aggregates, resulting in smaller groups of cells drifting 

through the field of view (Figure 1A, 1B, Video SA1.1), albeit to a much lesser degree than the 

LACΔsaePQRS mutant (discussed in Chapter 3). To determine if this aggregation defect 

resulted in increased susceptibility to neutrophil killing, we attached cells to the surface, allowed 

them to grow for approximately 2.5 h in NHS, and challenged with human neutrophils. In these  

experiments, we compared LACΔ4-agg to LAC AH1726, a USA300 isolate that has been cured 

of a plasmid carrying erythromycin resistance but is commonly considered in the literature to be 

a WT strain. As expected, the average aggregate size at the time of discovery and phagocytosis  
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Figure 2: LACΔecbΔefbΔsbiΔFnbPs (LACΔ4-agg) forms smaller aggregates that are more 
susceptible to killing compared to LAC (Strain AH1726, ermS). (A) Aggregate size at the time of 
phagocytosis by a neutrophil (N = 45 aggregates for LAC and 93 aggregates for LACΔ4-agg). 
(B) Percentage of aggregates in a FOV that induce PI staining of at least one neutrophil (N = 8 
FOVs each). (C) Change in aggregate volume over the duration of an interaction compared to 
the aggregate size at the time of phagocytosis (N = 45 aggregates for LAC and 93 aggregates 
for LACΔ4-agg). (D) Percentage of aggregates in a FOV that were phagocytosed and had a 
100% reduction in volume (N = 8 FOVs each). Error bars indicate mean ± SD. Data collected 
from 4 independent experiments. Mann-Whitney test **p<0.01, ***p<0.001, ****p<0.0001. 

by a neutrophil was significantly lower for the LACΔ4-agg mutant compared to LAC (Figure 2A). 

Despite retaining the full complement of secreted toxins that may contribute to neutrophil lysis, 

we observed a significant decrease in the rate of neutrophil propidium iodide (PI) staining, 

possibly due to the smaller average aggregate size (Figure 2B). Phagocytosed LACΔ4-agg 

aggregate volumes were significantly more reduced than LAC (Figure 2C) and a higher fraction 

of LACΔ4-agg aggregates were completely eliminated from the field of view (FOV) (Figure 2D). 

We observed a slight increase in the number of CFUs recovered from control wells compared to 

WT LAC, suggesting that LACΔ4-agg aggregates were more effectively disrupted by vortexing 

and pipetting during plating (Figure 3A, 3B), an observation we have also made with a 

LACΔsaePQRS mutant (data not shown). Overall, we observed greater killing of LACΔ4-agg 

compared to WT, suggesting a diminished ability to tolerate neutrophil clearance during early 

biofilm formation (Figure 3C). We additionally observed greater decreases in total GFP area 

within a FOV over time for the LACΔ4-agg mutant (Figure 3D). 
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Figure 3: LACΔecbΔefbΔsbiΔFnbPs (LACΔ4-agg) is more effectively cleared from a surface 
compared to LAC (strain AH1726, ermS). (A) Total viable bacteria recovered from the surface (N 
= 4 independent experiments. Unpaired t test ***p<0.001). (B) Total GFP signal remaining on 
the surface following neutrophil challenge, as determined by a tile scan (N = 4 independent 
experiments. Unpaired t test with Welch’s correction *p<0.05, **p<0.01). (C) Log difference in 
CFUs/cm2 and total GFP area following neutrophil treatment, compared to control wells (N = 4 
independent experiments. Paired t test *p<0.05, **p<0.01). (D) Log difference in GFP area 
within a FOV over 4 h of imaging (N = 8 FOVs from 4 independent experiments. Unpaired t test 
with Welch’s correction **p<0.01). Error bars indicate mean ± SD.  

To ensure that differences that we observed between LAC AH1726 (ermS) and LACΔ4-

agg were not due to the slight difference in genetic background between LAC AH1726 and WT 

LAC (ermR) used to generate the LACΔ4-agg strain, we tagged the original WT LAC strain with 

GFP (strain BP25, ermR) and repeated the neutrophil challenge experiments. While we 

observed similar results between LAC AH1726 and BP25, in 3 of 4 experiments we surprisingly 

saw a less pronounced or no aggregation deficiency in LACΔ4-agg, suggesting an inconsistent 

phenotype for this mutant (Video SA1.2). There was still a slight decrease in the average 

aggregate size (Figure 4A), however this difference was less prominent than in the previous set 

of experiments (Figure 2A). As the strain aggregated well in most of the experiments, we tended 

to see only slight differences between BP25 and LACΔ4-agg clearance (Figures 4B – 4D). 

These two sets of experiments suggest that a deficiency in aggregation may lead to increased 

clearance, however the aggregation phenotype in this mutant is too inconsistent to conclusively 

demonstrate this claim. 
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Figure 4: LACΔecbΔefbΔsbiΔFnbPs (LACΔ4-agg) is only slightly more susceptible to killing 
compared to LAC (strain BP25) due to increased aggregation (A) Initial aggregate area at the 
start of imaging, collected from wells containing PMNs only (N = 78 aggregates for LAC and 87 
aggregates for LACΔ4-agg collected from 4 independent experiments. Mann-Whitney test 
**p<0.01). (B)  Total viable bacteria recovered from the surface (N = 4 independent 
experiments. Unpaired t test *p<0.05). (C) Log difference in CFUs/cm2 and total GFP area 
following neutrophil treatment, compared to control wells (N = 4 independent experiments. 
Paired t test *p<0.05). (D) Log difference in GFP area within a FOV over 4 h of imaging (N = 8 
FOVs from 4 independent experiments. Mann-Whitney test *p<0.05). Error bars indicate mean ± 
SD. 

LACΔ5 is unable to lyse neutrophils but is not more susceptible to 
clearance 

To investigate the effect of secreted lytic toxins on S. aureus biofilm aggregate survival, 

we again grew LAC and LACΔ5 for 2.5 h in NHS to form aggregates and challenged cells with 

neutrophils. Importantly, LACΔ5 had no aggregation deficiency and aggregates were similar in 

size to LAC at the time of discovery by a neutrophil (Figure 1C, 1D, 5A). Deletion of the bi-

component leukotoxins completely eliminated lysis of interacting neutrophils (Figure 5B). We 

observed that LACΔ5 aggregates were more not more effectively killed following phagocytosis 

compared to WT (Figure 5C) and saw no significant difference in the percentage of aggregates 

that were eliminated from a FOV (Figure 5D). Recovered CFUs and total GFP area remaining 

on the surface were similar between LAC and LACΔ5 (Figure 6A, 6B) and we measured no 

significant differences in overall clearance for either individual FOVs or across the entire surface  
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Figure 5: LACΔ5 aggregates do not lyse neutrophils but are not more susceptible to killing 
compared to LAC (Strain AH1726). (A) Bacterial aggregate size at the time of phagocytosis by a 
neutrophil (N = 34 aggregates for LAC and 37 aggregates for LACΔ4-agg). (B) Percentage of 
aggregates in a FOV that induce PI staining in at least one neutrophil (N = 8 FOVs each). (C) 
Change in aggregate volume over the duration of an interaction compared to the aggregate size 
at the time of phagocytosis (N = 34 aggregates for LAC and 37 aggregates for LACΔ4-agg). (D) 
Percentage of aggregates in a FOV that were phagocytosed and had a 100% reduction in 
volume (N = 8 FOVs each). Error bars indicate mean ± SD. Data collected from 4 independent 
experiments. Mann-Whitney test **p<0.01. 

(Figures 6C, 6D). These results suggest that the ability to lyse neutrophils alone is not 

significant driver of S. aureus aggregate persistence. 

Discussion 

S. aureus lacking the SaeR/S two-component system is deficient in the ability to lyse 

neutrophils and form cohesive aggregates. These smaller aggregates are highly susceptible to 

neutrophil clearance and suggest that SaeR/S regulated factors are essential for effective 

defense against neutrophil killing during early biofilm formation. We sought to identify specific 

SaeR/S regulated genes that contribute to neutrophil lysis and aggregate formation, 

respectively, to determine if either defense mechanism plays a dominant role in aggregate 

survival. We identified a strain lacking several SaeR/S regulated genes that displayed a mild 

aggregation defect in NHS, LACΔecbΔefbΔsbiΔFnbPs. The degree to which the LACΔ4-agg 

mutant failed to aggregate varied from experiment to experiment, but in experiments where  
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Figure 6: LACΔ5 clearance is similar to LAC (strain AH1726). (A) Total viable bacteria 
recovered from the surface (N = 4 independent experiments. Unpaired t test *p<0.05). (B) Total 
GFP signal remaining on the surface following neutrophil challenge, as determined by a tile 
scan (N = 4 independent experiments. Unpaired t test with Welch’s correction *p<0.05). (C) Log 
difference in CFUs/cm2 and total GFP area following neutrophil treatment, compared to control 
wells (N = 4 independent experiments. Mann-Whitney test). (D) Log difference in GFP area 
within a FOV over 4 h of imaging (N = 8 FOVs from 4 independent experiments. Mann-Whitney 
test). rror bars indicate mean ± SD. 

cohesive aggregates failed to form, neutrophils were far more successful at killing bacteria. It is 

unclear why the aggregation phenotype of this strain is inconsistent, however it is possible that it 

is due to donor to donor variability in serum complement activity. We demonstrated in Chapter 3 

that the inability of the SaeR/S mutant to form aggregates is due to complement C3 and factor B 

dependent activity. Three of the genes missing in the LACΔ4-agg mutant, namely ecb, efb, and 

sbi, have functions related to complement inhibition at the level of C3 or the C3b containing 

alternative C3/C5 convertases (Amdahl et al., 2017; Burman et al., 2008; Jongerius et al., 2007; 

Koch et al., 2012; Upadhyay et al., 2008). S. aureus produces several other SaeR/S regulated 

proteins that have been demonstrated to interfere with complement at the level of C3, 

specifically the staphylococcal complement inhibitor (SCIN) and its homologues SCIN-B and 

SCIN-C (Jongerius et al., 2007; Rooijakkers et al., 2005, 2007) and recently the protease SplB 

(Dasari et al., 2021). Thus, the LACΔ4-agg mutant would be expected to have a diminished 

capability to interfere with the inhibitory effects of complement but may still be able to sufficiently 
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aggregate depending on the serum complement activity present. To our knowledge, FnBPs 

have not yet been demonstrated to interfere with complement function, however we have not 

ruled out that these proteins may be contributing to the phenotype observed in the LACΔ4-agg 

mutant. This topic will be further investigated as we seek to identify the SaeR/S regulated genes 

that are responsible for overcoming the ability of complement to inhibit aggregation. That line of 

inquiry should produce a strain defective in the ability to form aggregates while maintaining 

functional leukotoxin expression, thus allowing us to better interrogate the specific role of 

aggregate formation in survival against neutrophil challenge. 

Neutrophil challenge of nascent biofilm aggregates demonstrated that a mutant deficient 

in the 5 bicomponent leukotoxins regulated by SaeR/S was unable to lyse neutrophils, but 

aggregates persisted at similar rates as WT. These data suggest that at this early stage of 

biofilm formation, neutrophil lysis may be less important that the ability to form a mechanically 

resilient aggregate. Bhattacharya et al. demonstrated that spent media from 24 h grown biofilm 

contained sufficient leukotoxin concentrations to induce significant neutrophil lysis 

(Bhattacharya et al., 2018). Additionally, LACΔ5 biofilms were more susceptible to neutrophil 

killing than WT in vitro and in vivo (Bhattacharya et al., 2018, 2020). Together these data 

suggest that mature biofilms produce high enough concentrations of leukocidins to induce 

neutrophil lysis prior to physical contact with the biofilm, protecting bacteria from phagocytosis 

and killing. In our system, we almost exclusively observe neutrophil lysis occurring after 

colocalization of bacteria and neutrophils, suggesting that the local concentration of these toxins 

surrounding bacterial aggregates is not yet sufficient to induce lysis before phagocytosis. LukAB 

specifically has been implicated in the lysis of neutrophils during phagocytosis of mature biofilm 

(Bhattacharya et al., 2020). The fact that the LACΔ5 mutant induced negligible PI staining of 

neutrophils indicates that the bicomponent leukocidins are the key toxins responsible for the 

membrane damage observed during interaction with WT bacteria.  
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From interrogation of the two mutants, we have gained insight that suggests that the 

ability to form nascent biofilm aggregates is a crucial defense against neutrophil phagocytosis 

and killing on a surface. While the ability to secrete high concentrations of lytic toxins has been 

demonstrated to be important for dense biofilms (Bhattacharya et al., 2018), our data suggests 

that the concentrations produced by small biofilm aggregates are not sufficient to lyse 

neutrophils prior to colocalization. Despite an inability to lyse neutrophils, LACΔ5 aggregates 

survived neutrophil challenge at similar levels as WT LAC. Slight defects to aggregation 

however, significantly increased bacterial susceptibility despite unimpaired expression of 

bicomponent leukotoxins. In addition to identifying the genes required for aggregation in human 

serum, future studies should explore strategies for disrupting biofilm aggregates to render them 

more susceptible to killing by immune cells. 

Materials and Methods 

Bacteria and neutrophil preparation 

Staphylococcus aureus strain AH1726 (LAC + pCM29, courtesy of Alex Horswill), with 

constitutive expression of green fluorescent protein (GFP), was grown overnight in tryptic soy 

broth (TSB) supplemented with 10 μg/ml chloramphenicol. Plasmid pCM29 (Pang et al., 2010) 

was isolated from strain AH1704 (E. coli BW25141) and sequentially transformed into 

competent S. aureus RN4220 and then LAC, LACΔecbΔefbΔsbiΔFnbPs, or LACΔ5 (courtesy of 

Victor Torres) to produce strains BP25, BP2, and BP3, respectively. Isolates were subsequently 

screened for GFP fluorescence and growth defects. For neutrophil challenge assays, overnight 

cultures were centrifuged for 5 min at 4000 rpm, rinsed, resuspended in tryptic soy broth, and 

serially diluted and adjusted by optical density. Cells were attached to a 4-chambered glass 

bottom Petri dish (Cellvis, CA, USA, Cat no. D35C4-20-1.5-N) to facilitate live-cell imaging. To 

attach cells, 10 µL of diluted cell suspension was added to the surface. After 30 min of 
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incubation at 37° C, unattached bacteria were gently rinsed from the surface with PBS. Each 

chamber of the Petri dish was filled with 1 mL of 10% fresh human serum in Hank's Balanced 

Salt Solution (HBSS) with Ca2+ and Mg2+ to condition the surface and opsonize bacteria and 

incubated at 37 °C for 2.5 - 3 h to allow biofilm aggregates to form. Human neutrophils were 

isolated from heparinized venous blood obtained from healthy donors following a standard IRB-

approved protocol. All donors provided written consent to participate in the study. Neutrophils 

were isolated under endotoxin-free conditions (<25 pg ml−1), and purity (<1% PBMC 

contamination) and viability (<2% propidium iodide positivity) of neutrophil preparations were 

assessed by flow cytometry as previously described (Voyich et al., 2005, 2009). Neutrophils 

were kept on ice until stained with LysoBrite™ Red (AAT Bioquest, CA, USA, Cat no. 22645) 

according to the manufacturer's instructions. Neutrophils were immediately added to the surface 

following staining and 5 µg/mL propidium iodide was added to each well at this time. To 

enumerate surviving bacteria, bacteria were removed from the surface with a sterile scraper and 

pipetting, vortexed in dilution tubes with PBS, and plated on tryptic soy agar in triplicate. Plates 

without detectable bacteria were counted as 0.5 colonies prior to log transformation. 

Microscopy 

A Leica SP5 inverted confocal laser scanning microscope was utilized for all in 

vitro imaging. GFP-tagged bacteria and neutrophils were excited with the 488 nm and 561 nm 

laser lines, respectively.  A LiveCell (Pathology Devices, CA, USA) environmental 

chamber system was utilized to maintain 5% CO2, 20% O2, 50% humidity, and 37 °C for sample 

incubation during imaging. 12-µm image stacks with 1-μm z-slices were recorded sequentially at 

1–2 min intervals over a 4-h time course using a Leica 20x/0.7 NA dry objective lens. One field 

of view was imaged per control chamber and two fields of view per neutrophil treated chamber 
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in each experiment. Each well was then imaged using a 7 × 7 stitched tile scan with a 10x/0.3 

NA dry objective to quantify total amount of bacteria remaining on the surface. 

Image analysis 

MetaMorph version 7.8.13 (Molecular Devices, San Jose, CA, USA) image analysis 

software was used to measure the change in bacterial biomass by quantifying the threshold 

area of bacterial green fluorescence over the period of 4 h. Movies were prepared with Imaris 

version 9.8 (Oxford Instruments, Abingdon, UK). For the analysis of individual neutrophil-

bacteria interactions, the Imaris Spots feature was used to identify neutrophils and propidium 

iodide staining events and the Surfaces feature was used to dynamically track bacterial 

growth. Discovery of bacteria by neutrophils was determined by identifying the first frame in 

which neutrophils co-localized with a bacterial aggregate and remained co-localized in 

subsequent frames. Measurements of the bacterial aggregate size were recorded at the start 

and end of each interaction with a neutrophil, and propidium iodide staining or aggregate 

breakup events were cataloged. The percentage of aggregates inducing propidium iodide 

staining was calculated by dividing the number of aggregates that caused propidium iodide 

staining of at least one phagocytosing neutrophil by the total number of aggregates discovered 

by a neutrophil in each field of view. 
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PRELIMINARY STUDIES INTO THE ROLE OF HOST PROTEINS IN NEUTROPHIL 

ADHESION, MOTILITY, AND DISCOVERY OF STAPHYLOCOCCUS AUREUS ON AN 

ABIOTIC SURFACE 

Brian A. Pettygrove, Jovanka M. Voyich, Philip S. Stewart 

Introduction 

Early work in the biomaterials field sought to understand the mechanisms by which 

foreign bodies induce inflammation and the fibrotic foreign body response. Various reports have 

demonstrated potential roles for surface adsorbed fibrinogen (Fg) and possibly complement 

protein C3 in the recruitment and adherence of monocytes and neutrophils in vitro and in vivo 

(Kao, 2000; Kourtzelis et al., 2013; McNally and Anderson, 1994; Szott and Horbett, 2010; Tang 

and Eaton, 1993; Tang et al., 1996). We have hypothesized that the ability to adhere to and 

chemotax on a biomaterial surface is an essential step leading to discovery and eventual killing 

of surface adherent bacteria (Pettygrove et al., 2021). Thus, host proteins that adsorb onto the 

biomaterial surface may be critical mediators of immunity by facilitating leukocyte adherence 

and motility. Importantly, our lab has previously observed that neutrophils added directly to 

glass are not motile while neutrophils are highly motile on glass that has been conditioned with 

normal human serum (NHS) (Unpublished observation and Ghimire et al., 2019; Pettygrove et 

al., 2021). In this preliminary study, we sought to elucidate the role of serum proteins in 

facilitating neutrophil adhesion, motility, and discovery of bacteria on a glass surface. We 

observed that neutrophil motility in our system is likely dependent on neutrophil receptor MAC-1 

binding of surface deposited iC3b. Surface bound Fg may also be able to facilitate motility. 
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Results 

Heat inactivation of serum abolishes neutrophil adherence to the surface 
and reduces bacterial clearance. 

We utilized our existing in vitro confocal microscopy assay of S. aureus-neutrophil 

interactions to investigate neutrophil motility and discovery of bacteria in modified serum 

conditions (Ghimire et al., 2019; Pettygrove et al., 2021). To broadly eliminate heat-labile serum 

components such as complement and any residual fibrinogen remaining in the serum, we heat 

inactivated the serum at 56 °C. Bacteria were attached to the surface, non-adherent cells were 

rinsed off, and either NHS or heat inactivated serum (HIS) was added to bathe the surface. 

Labeled neutrophils were added and imaged continuously for 4 h. In NHS, neutrophils attached 

to and migrated on the surface, leading to the discovery of S. aureus aggregates (Figure 1A). 

On a surface coated with HIS, neutrophils failed to consistently associate with the glass surface, 

often drifting across the field of view (FOV) and only interacting with attached bacteria when the 

neutrophil directly contacted an aggregate. The observed drift is likely due to slow natural 

convection present in the well. This resulted in most neutrophils simply entering the FOV and 

exiting without engaging the bacteria (Figure 1B, Video SA2.1). When neutrophil motion was 

tracked, the paths traveled by neutrophils in heat inactivated serum were significantly straighter 

than those for neutrophils in normal serum, suggesting less random walk patrolling of the 

surface (Figure 1C). A significantly higher fraction of neutrophils followed a nearly straight line 

across the FOV in heat inactivated serum compared to normal serum (Figure 1D). When 

neutrophils in HIS were unable to properly patrol the surface, fewer of the attached S. aureus 

cells were discovered, resulting in high densities of bacteria remaining on the surface after 4 h 

(Figures 1E and 1F). Phagocytosis and killing of bacteria were still occasionally observed when 

a neutrophil directly encountered bacteria, however this happened at a sharply reduced rate as 

neutrophils were far less effective at finding the bacteria (Video SA2.1). These results suggest  
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Figure 1: Heat inactivation of serum prevents proper neutrophil adhesion, motility, and 
clearance of attached S. aureus. (A) Representative image showing neutrophil (red) tracks. 
Colored lines indicating the positions of a given neutrophil over time in NHS and (B) in HIS. 
Scale bar = 50 µm. (C) Average track straightness (track displacement divided by track length) 
in NHS and HIS. Error bars indicate mean ± SD (N = 3387 individual tracks for the NHS group 
and n = 2155 individual tracks for the HIS group from 5 independent experiments. Mann 
Whitney test ****p<.0001). (D) The percentage of neutrophil tracks with a calculated 
straightness value ≥ 0.9. Each point indicates the average of two FOVs. Error bars indicate 
mean ± SD (N = 5 independent experiments. Unpaired t test with Welch’s correction *p<.05). (E) 
Colony forming units (CFUs) recovered from wells initially seeded with 2.49 ± 2.01 x 103 
CFUs/cm2 of S. aureus and grown for four hours. Wells with neutrophils received 1.29 ± 0.46 x 
104 PMNs/cm2 on average. Error bars indicate mean ± SD (N = 3 or 5 independent experiments. 
Unpaired t test with Welch’s correction *p<.05, ns = Not Significant). (F) The log difference in 
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CFUs/cm2 (left) or total GFP area remaining on the surface (right) was calculated by subtracting 
the amount of bacteria in the control well from the amount in the neutrophil treated well. Error 
bars indicate mean ± SD (N = 3 or 5 independent experiments. Unpaired t test with Welch’s 
correction **p<.01, ***p<.001). 

that host immune cells must be able to bind to and chemotax along the biomaterial surface to 

effectively discover and phagocytose attached bacteria as this process is an essential step in 

the effective clearance of the bacteria. 

Identification of blood proteins that facilitate neutrophil adherence and 
motility 

Neutrophils and other leukocytes are known to utilize the integrin αMβ2 (CD11b/CD18, 

MAC-1) for diapedesis, adhesion and motility (Ding et al., 1999; Moyle et al., 1994) and 

protection from bacterial infection (Prince et al., 2001). Both Fg and inactivated C3b (iC3b) are 

known ligands of MAC-1, suggesting that one or both proteins may facilitate adhesion and 

motility on a biomaterial surface (Diamond et al., 1993; Mazzone and Ricevuti, 1995). We 

conducted preliminary experiments to quantify neutrophil motility under inhibition by a selective 

MAC-1 inhibitor, Neutrophil Inhibitory Factor (NIF) (Moyle et al., 1994), to confirm the role of 

MAC-1 in motility and subsequent discovery of bacteria. To identify the protein ligands required 

for motility, we also investigated neutrophil motility in complement depleted conditions and in 

conditions with supplemental Fg. We observed vast qualitative differences in the motility 

between each of the tested conditions (Figure 2). Neutrophils in NHS displayed random-walk 

and chemotactic motility, while neutrophils in HIS failed to associate with the surface and tended 

to drift across the FOV, as described above (Figure 1, 2A, 2B, Video SA2.1). Neutrophils in the 

NIF treated wells adhered to the surface but demonstrated a dose-dependent reduction in 

overall motility (Figure 2C, 2D, Video SA2.2). These cells were able to move but appeared 

slower and to remain nearer to their initial location compared to cells in NHS. We next 

attempted to see if Fg added to the bulk media or coated on the glass surface prior to media  
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Figure 2: Neutrophil motility under tested treatment conditions. Colored lines trace neutrophil 
(blue) motility over 4 h. S. aureus shown in green. Representative images of neutrophil motility 
in (A) NHS, (B) HIS, (C) 10 µg/mL NIF, (D) 25 µg/mL NIF, (E) HIS + Fg added to the bulk 
media, (F) HIS added to a Fg coated surface, (G) CVF-depleted serum, and (H) C3-depleted 
serum. 
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addition would restore motility in HIS. Addition of Fg to the bulk media failed to restore motility 

and neutrophils displayed motility similar to HIS alone (Figure 2E). Conversely, pre-coating the 

surface with Fg appeared to restore some neutrophil motility (Figure 2F, Video S2A.3). This 

observation preliminarily indicates that Fg can adsorb to the glass surface to serve as a ligand 

for leukocyte adhesion but may not effectively adsorb in the presence of other serum proteins. 

Finally, we assayed neutrophil motility in serum depleted by cobra venom factor (CVF) and in 

C3-depleted serum. Motility appeared unaffected in CVF (Figure 2G, Video SA2.4), while 

neutrophils in C3-depleted serum resembled neutrophils in HIS (Figure 2H, Video SA2.5), 

suggesting that complement, and possibly iC3b in particular, is required for adhesion and 

motility. 

We sought to quantify the observed differences in phenotypes by measuring neutrophil 

track length, displacement, and straightness (Figure 3). While the average track length was 

similar between neutrophils in NHS and HIS, we measured greater displacement and overall 

track straightness in HIS due to the “drifting” phenotype that we observed (Figure 3). We 

observed a significant decrease in track length and displacement upon treatment with our higher 

dose of NIF (Figure 3A, 3B). In keeping with their qualitative similarity to HIS, neutrophils 

incubated in HIS + Fg and C3 depleted serum displayed significantly higher track displacements 

and increased track straightness compared to NHS (Figure 3B, 3C). Conversely, while variable, 

we observed motility similar to NHS in serum that was depleted by CVF or on a surface that was 

pre-coated with Fg prior to addition of HIS (Figure 3B, 3C). Together, these results suggest that 

adsorbed C3 or Fg may be sufficient for neutrophil motility on glass. 

Impaired motility decreases discovery and clearance of adherent bacteria 

As a result of compromised motility and ineffective surveillance of the biomaterial surface by 

neutrophils, we observed a decrease in the efficacy of S. aureus clearance (Figure 4). 

Importantly, successful phagocytosis is still possible when a neutrophil directly contacts a  
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Figure 3: Neutrophil motility is dependent on MAC-1 and complement C3. (A) Average track 
length by individual neutrophils. (B) Average track displacement by individual neutrophils. (C) 
Average track straightness for individual neutrophils. Each point represents one FOV. Error bars 
indicate mean ± SD (N = 12 FOVs from 6 independent experiments for NHS and HIS conditions. 
N = 4 FOVs from 2 independent experiments for all other conditions. Welch ANOVA test with 
Dunnett’s T3 multiple comparisons test compared to NHS condition. *p<0.05, **p<.01, 
***p<.001, ****p<0.0001). 

bacterial aggregate (Mankovich et al., 2013 and Figure 4A). Under the conditions tested, 

specifically a high neutrophil to bacteria ratio in each well, this occurred quite frequently as 

neutrophils drifted through a FOV (see track densities in Figure 2B, 2E, 2H). However, in the 

absence of complement and the chemotactic gradient created by C5a production near the 

microbe surface there was delay in aggregate discovery (Figure 4B) and discovery in HIS 

appeared to be more dependent on chance physical contact. Importantly, as we previously 

observed, there is a significant decrease in killing of bacteria in HIS compared to NHS (Figure 

4C). In experiments with NIF treatment, we observed a slight decrease in the number of 

aggregates that were discovered (Figure 4A) and a delay in aggregate discovery (Figure 4B). 

Aggregates that remained undiscovered grew prolifically (Figure 4C). Results for the HIS + Fg 

condition were quite similar to HIS alone suggesting little benefit when Fg is not effectively 

adsorbed to the surface (Figure 4). Interestingly, while motility was somewhat restored when Fg  
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Figure 4: Interference with motility delays bacterial aggregate discovery and increases 
persistence. (A) Percentage of aggregates in a FOV that are discovered and phagocytosed by a 
neutrophil. Each point represents one FOV. Error bars indicate mean ± SD (N = 12 FOVs from 6 
independent experiments for NHS and HIS conditions. N = 4 FOVs from 2 independent 
experiments for all other conditions. Welch ANOVA test with Dunnett’s T3 multiple comparisons 
test compared to NHS condition. *p<0.05, **p<.01). (B) Elapsed time after imaging start when 
bacterial aggregates are phagocytosed by a neutrophil. Error bars indicate mean ± SD (N = 140 
and 183 events from 12 FOVs from 6 independent experiments for NHS and HIS conditions, 
respectively. N = 12 – 84 events from 4 FOVs from 2 independent experiments for all other 
conditions. ANOVA test with Dunnett’s multiple comparisons test compared to NHS condition. 
***p<.001, ****p<0.0001). (C) Log difference in GFP area within a FOV over 4 h of imaging. 
Each point represents one FOV. Error bars indicate mean ± SD (N = 12 FOVs from 6 
independent experiments for NHS and HIS conditions. N = 4 FOVs from 2 independent 
experiments for all other conditions. Welch ANOVA test with Dunnett’s T3 multiple comparisons 
test compared to NHS condition. *p<0.05, **p<.01, ***p<0.001, ****p<0.0001). 

was coated on the surface, we still observed slower and a decreased overall rate of aggregate 

discovery (Figure 4A, 4B). Overall, we observed significant bacterial persistence under this 

condition (Figure 4C), possibly due to the lack of complement to drive chemotaxis and effective 

discovery of aggregates. Interestingly, we observed that neutrophils “swarmed” towards a 

bacterial aggregate after it had been phagocytosed by a discovering aggregate, suggesting 

production of a neutrophil derived chemoattractant (Video SA2.3). Finally, in CVF-depleted 

serum motility was not impaired and we subsequently observed effective discovery and killing of 

bacteria. Conversely, significant defects in discovery were observed in C3-depleted serum 
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(Figure 4). Importantly this experiment cannot accurately assess the impact on bacterial killing 

in C3-depleted serum as S. aureus grown in HBSS + 10% depleted serum demonstrates a 

significant growth defect, as described above in Chapter 3. Together, these results strongly 

implicate a role for MAC-1 and C3 in the successful discovery and clearance of bacteria and 

suggest that Fg alone is likely insufficient for effective clearance. 

Discussion 

The data presented in this report demonstrate a key role for surface adsorbed heat-labile 

serum proteins in the effective attachment to and surveillance of a biomaterial surface by human 

neutrophils. Neutrophils readily adhere to and chemotax on a glass surface that has been 

conditioned in NHS, enabling them to effectively discover and kill adherent S. aureus. Heat 

inactivation of serum greatly inhibits the ability of neutrophils to adhere to the surface and 

significantly impairs the timely discovery and killing of bacteria, resulting in persistence. 

Together, these data highlight both the importance of serum proteins adsorbed onto the 

biomaterial surface and neutrophil surveillance for successful host defense of a foreign body. 

We found evidence to suggest that effective motility and subsequent discovery of 

bacteria is mediated via the MAC-1 integrin through direct inhibition with NIF or selective 

removal of the MAC-1 ligands Fg or iC3b. However, inhibition of MAC-1 via NIF still resulted in 

neutrophil adherence and slight motility that was not observed in HIS, suggesting either partial 

inhibition or a secondary receptor that can mediate adhesion, and possibly to some degree, 

motility. While CD11c is most commonly associated with dendritic cells, the CD11c/CD18 

integrin has been described to facilitate neutrophil adhesion to Fg coated surfaces and can also 

bind to iC3b (Loike et al., 1991; Mazzone and Ricevuti, 1995). The potential role for this integrin 

is a matter for future investigation. The defective neutrophil motility observed in HIS 

supplemented with Fg suggests that other serum proteins, such as albumin, may prevent 
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effective Fg adsorption or block neutrophil adherence. Conversely, pre-coating the surface with 

Fg prior to HIS addition appears sufficient to restore neutrophil adherence and motility, although 

a significant defect in discovery remains, potentially due to the lack of complement components 

C3a and C5a to aid in neutrophil activation and chemotaxis. Interestingly, we observed 

qualitatively “normal” motility in CVF depleted serum. CVF binds to Factor Bb to form a highly 

stable C3 convertase with C5 convertase activity and specifically depletes C3 and C5 from 

serum (Von Zabern, 1993). This will lead to production of C3b and eventually, iC3b, which we 

hypothesize is serving as the ligand for MAC-1 and facilitating motility. In C3-depleted or heat 

inactivated serum, there is no C3b or iC3b present to bind, thus resulting in a failure to adhere 

to and move on the surface. These results will be further investigated and confirmed through the 

direct addition and adsorption of C3b or iC3b to C3-depleted serum.  

The differences in discovery and clearance between CVF-depleted serum and the Fg-

coated surface are slightly puzzling. While both conditions allowed for neutrophil motility, we 

would not expect complement mediated chemotaxis in either. It is possible that residual C3a 

and C5a in the CVF-depleted serum or differences in the numbers of neutrophils in the FOVs 

caused the observed difference and will be further scrutinized in future experiments. 

Importantly, much of the data presented in this report are preliminary and require refinement 

and additional replicates to confirm some of the initial observations. A lower number of 

neutrophils in each well may help to further discriminate differences in aggregate discovery 

between conditions and clarify the discrepancy between CVF-depleted serum and the Fg-

coated surface. Additionally, blocking MAC-1 via NIF did not interfere with neutrophil adherence, 

a defect clearly observed in HIS, suggesting that the doses employed may not be fully blocking 

the receptor or there may be another receptor involved in attachment. 

We additionally observed significant neutrophil swarming in our assay under 

complement deficient conditions, implicating a neutrophil derived chemotactic factor. We 
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previously have observed swarming in dermal and peritoneal implant infection models 

(Pettygrove et al., 2021), suggesting that it may play a significant role in the discovery and 

clearance of bacteria in vivo. The data from our peritoneal implant model also suggests that 

swarming may lead to preferential surveillance of specific areas of the implant surface, resulting 

in undiscovered bacteria on other areas of the biomaterial (Pettygrove et al., 2021, Figure 2). 

Previous studies have demonstrated roles for the chemoattractant LTB4  and both LFA-1 

(CD11a/CD18) and MAC-1 in in vivo swarming (Bogoslowski et al., 2018). Thus, we aim to 

further investigate the role and mechanism of neutrophil swarming both in vitro and in vivo. 

While glass is not a canonical or even useful biomaterial, it does allow for effective time-

lapse imaging and has produced a more robust understanding of interactions between 

neutrophils and surface-adherent bacteria. This data will be further supplemented by confirming 

these observations using more relevant biomaterials such as titanium and silicone via more 

traditional methods of viable plate counts and endpoint microscopy. Together, these results 

begin to inform the key molecular requirements for successful adherence to and surveillance of 

a biomaterial surface, leading to discovery and clearance of contaminating bacteria. Our 

findings suggest a novel strategy to reduce infection rates by engineering biomaterial coatings 

with selected host proteins to improve leukocyte attachment, motility, and clearance of bacteria, 

more effectively leveraging the host’s potent immune response. 

Methods 

Bacteria and neutrophil preparation 

Staphylococcus aureus strain AH1726 (LAC + pCM29, courtesy of Alex Horswill), with 

constitutive expression of green fluorescent protein (GFP), was grown overnight in tryptic soy 

broth (TSB) supplemented with 10 μg/ml chloramphenicol. Overnight cultures were centrifuged 

for 5 min at 4000 rpm, rinsed, resuspended in tryptic soy broth, and serially diluted and adjusted 
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by optical density. Cells were attached to a 4-chambered glass bottom Petri dish (Cellvis, CA, 

USA, Cat no. D35C4-20-1.5-N) to facilitate live-cell imaging. To attach cells, 10 µL of diluted cell 

suspension was added to the surface. After 30 min of incubation at 37° C, unattached bacteria 

were gently rinsed from the surface with PBS. Each chamber of the Petri dish was filled with 0.5 

- 1 mL of 10% fresh human serum or modified serum in Hank's Balanced Salt Solution (HBSS) 

with Ca2+ and Mg2+ to condition the surface and opsonize bacteria. The dish was incubated at 

37 °C for 30 min. Human neutrophils were isolated from heparinized venous blood obtained 

from healthy donors following a standard IRB-approved protocol. All donors provided written 

consent to participate in the study. Neutrophils were isolated under endotoxin-free conditions 

(<25 pg ml−1), and purity (<1% PBMC contamination) and viability (<2% propidium 

iodide positivity) of neutrophil preparations were assessed by flow cytometry as previously 

described (Voyich 2005, Voyich 2009). Neutrophils were kept on ice until stained with 

LysoBrite™ Red (AAT Bioquest, CA, USA, Cat no. 22645) according to the manufacturer's 

instructions. 

Proteins and serum preparation 

Heat inactivated serum was prepared by heating aliquots of fresh human serum to 56 °C 

for 20 – 30 minutes. Neutrophil inhibitory factor stock solution (R&D Systems, Minneapolis, MN, 

USA, Cat no. 5845-NF-050) was warmed to 37 °C and added to 10% NHS to a final 

concentration of 10 µg/mL or 25 µg/mL and mixed just prior to addition of serum to the dish. 

Human fibrinogen (MilliporeSigma, Burlington MA, USA, Cat no. 341576) stock solutions (42 

mg/mL in sterile water) were thawed to 37 °C and added to warmed 10% HIS (4.2 mg/mL final 

concentration) or used to coat the dish surface directly. To coat the surface, 100 µL of fibrinogen 

stock solution was added to the glass surface. 50 – 100 µL of HBSS without Ca2+ or Mg2+ was 

gently mixed in to fully cover the surface and allowed to incubate at 37 °C for 1 hour. The 
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solution was then removed prior to attachment of bacteria. CVF depleted serum was produced 

by incubating 10 µg/mL CVF (Complement Technology, Tyler, TX, USA, Cat no. A150) with 

serum for 1 h at 37 °C. C3-depleted serum was obtained from Complement Technology (Cat no. 

A314). 

Microscopy 

A Leica SP5 inverted confocal laser scanning microscope was utilized for all in 

vitro imaging. GFP-tagged bacteria and neutrophils were excited with the 488 nm and 561 nm 

laser lines, respectively. An Okolab (Ambridge, PA, USA) Uno Stage Top Incubator with stand-

alone humidity controller was utilized to maintain 5% CO2, 20% O2, 90% humidity, and 37 °C for 

sample incubation during imaging. 12-µm image stacks with 1-μm z-slices were recorded 

sequentially at 1–2 min intervals over a 4-h time course using a Leica 20x/0.7 NA dry objective 

lens. Two fields of view were imaged per chamber in each experiment.  

Image analysis 

MetaMorph version 7.8.13 (Molecular Devices, San Jose, CA, USA) image analysis 

software was used to measure the change in bacterial biomass by quantifying the threshold 

area of bacterial green fluorescence over the period of 4 h. Movies were prepared with Imaris 

version 9.8 (Oxford Instruments, Abingdon, UK). The Spots module in Imaris was utilized to 

track neutrophils over time, display their path, and quantify their motility. Neutrophils were 

automatically identified as spots based on size and manually edited and confirmed when 

needed. Motion was tracked using the autoregressive motion algorithm. Discovery of bacteria 

by neutrophils was determined by identifying the first frame in which neutrophils co-localized 

with a bacterial aggregate and remained co-localized in subsequent frames. Aggregates 

remaining in a field of view at the end of the imaging period that never co-localized with a 

neutrophil were considered undiscovered. 
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APPENDIX C 

 
EXPERIMENTAL DESIGNS TO STUDY THE AGGREGATION AND COLONIZATION OF 

BIOFILMS BY VIDEO MICROSCOPY WITH STATISTICAL CONFIDENCE 
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LIST OF SUPPLEMENTARY VIDEOS 

Video S3.1: LACΔsae growth in normal human serum (NHS). LACΔsae was attached to the 

dish surface and grown for 4 hours in 10% NHS diluted in Hank’s Balanced Salt Solution. 

Video S3.2: LACΔsae growth in heat inactivated human serum (HIS). LACΔsae was attached to 

the dish surface and grown for 4 hours in 10% HIS diluted in Hank’s Balanced Salt Solution. 

Video S3.3: LACΔsae growth in C3-depleted human serum. LACΔsae was attached to the dish 

surface and grown for 8 hours in 10% C3-depleted serum diluted in RPMI. Video shows growth 

from hours 4 – 8. 

Video S3.4: LACΔsae growth in C5-depleted human serum. LACΔsae was attached to the dish 

surface and grown for 8 hours in 10% C5-depleted serum diluted in RPMI. Video shows growth 

from hours 4 – 8. 

Video S3.5: LACΔsae growth in C4-depleted human serum. LACΔsae was attached to the dish 

surface and grown for 8 hours in 10% C4-depleted serum diluted in RPMI. Video shows growth 

from hours 4 – 8. 

Video S3.6: LACΔsae growth in fB-depleted human serum. LACΔsae was attached to the dish 

surface and grown for 8 hours in 10% fB-depleted serum diluted in RPMI. Video shows growth 

from hours 4 – 8. 

Video SA1.1: LACΔ4-agg demonstrating a partial aggregation defect in NHS. Cells were grown 

for approximately 2.5 hours prior to the start of imaging. Growth was imaged for 4 hours. 

Video SA1.2: LACΔ4-agg demonstrating no aggregation defect in NHS. Cells were grown for 

approximately 3 hours prior to the start of imaging. Growth was imaged for 4 hours. 

Video SA2.1: PMNs fail to adhere to the dish surface in HIS. 

Video SA2.2: PMNs have reduced motility in 25 µg/mL NIF. 
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Video SA2.3: PMNs demonstrate surface adherence and motility on a fibrinogen coated 

surface. PMN swarming is observed following phagocytosis. 

Video SA2.4: PMNs demonstrate surface adherence and motility in CVF-treated serum. 

Video SA2.5: PMNs fail to adhere to the dish surface in C3-depleted serum. 

. 
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