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Abstract 

Methicillin-resistant Staphylococcus aureus (MRSA) is a highly virulent, multidrug –resistant 

pathogen responsible for the majority of soft tissue infections. The role of neutrophils in S. 

aureus soft tissue infections is currently unclear. The objective of this thesis was to characterize 

early neutrophil recruitment to a localized MRSA infection.  Using spinning disk confocal 

microscopy, we developed a mouse model to visualize the behaviour of neutrophils in the skin 

following the introduction of an agarose bead embedded with GFP-expressing MRSA.  We 

observed significant neutrophil recruitment not only in the venules but also in the capillaries, 

which we showed to be mediated by the β2 and α4 integrins.  Blocking these integrins in mouse 

models increased capillary perfusion, reduced cell death at early time points, and altered lesion 

size during infection.  Understanding the contribution of neutrophils in MRSA soft tissue 

infection will help to elucidate novel therapeutic targets in these infections.  
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Chapter One: Introduction 

1.1 Methicillin resistant Staphylococcus aureus  

Staphylococcus aureus is a Gram-positive, facultative anaerobic bacterium that poses 

considerable challenges to human health, as a re-emerging pathogen in both hospital and 

community settings.   As a commensal bacterium, approximately 50% of the general population 

carry S. aureus in the anterior nares (1).  Despite its commensal status, S. aureus has been 

associated with a wide variety of human diseases, from mild to severe.  It is responsible for 

approximately 18,500 deaths per year in the United States, more than all deaths caused by AIDS, 

influenza, or viral hepatitis (2).  S. aureus infections have been increasing in frequency in recent 

years, and now account for the majority of all clinical skin infections (3). Importantly, these 

infections can cause serious complications, such as necrotizing fasciitis, necrotizing pneumonia, 

and sepsis (4).   

 

1.1.1 Antibiotic resistance and definition 

1.1.1.1 Resistance to beta-lactam antibiotics 

Historically, S. aureus is associated with the discovery of penicillin, the first successful 

antibiotic against many serious diseases. Penicillin contains a -lactam ring in its molecular 

structure, similar to the D-Ala-D-Ala, a component involved in peptidoglycan cross-linking 

during cell wall synthesis. Penicillin can bind transpeptidases, named as penicillin binding 

proteins (PBPs), blocking the binding of D-Ala-D-Ala to PBPs, resulting in inhibition of the cell 

wall synthesis and bacterial growth. However, penicillin-resistant S. aureus emerged soon after 
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penicillin was widely used in clinics (5), because they produced -lactamase that hydrolyzes the 

-lactam ring of the penicillin molecule.   

Methicillin, a semisynthetic -lactamase resistant -lactam derivative, was introduced in 

1959 to treat infections caused by penicillin-resistant S. aureus, but the first case of methicillin 

resistant S. aureus (MRSA) infection was reported in 1961 (6). The resistance was mediated by 

mecA gene, encoding the low-affinity penicillin-binding protein PBP2a, which fails to bind 

methicillin and other -lactam antibiotics allowing bacterial growth in the presence of -lactam 

(7, 8). This altered protein is encoded within the staphylococcal cassette chromosome mec 

(SCCmec), SCCmec is a  mobile genetic element which integrates into the orfX gene on the S. 

aureus chromosome, characterized by the presence of terminal inverted and direct repeats, two 

essential genetic components (the mec gene complex and the ccr gene complex), and three 

joining (J) regions. The mec gene complex includes mecA gene and its regulator genes, mecR1 

and mecI. The ccr gene complex encodes recombinases of the invertase/resolvase family 

responsible for the integration and excision of SCCmec. The J regions (J1, J2 and J3) are located 

between and around the mec and ccr complexes, encoding additional virulence factors and 

resistance to other antibiotics (9). To date, according to the organization of the mec complex and 

the ccr complex, 11 different SCCmec types with several subtypes have been identified (8, 9). 

SCCmec I-III are relatively large (34-67 kb), commonly found in HA-MRSA strains. SCCmec 

IV-V are relatively small (21-28 kb) and are associated with CA-MRSA infections. The other 

SCCmec types are uncommon.    
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1.1.2 Epidemiology 

Epidemiologists differentiate between hospital-associated (HA) and community-

associated (CA) S. aureus strains.  HA-MRSA typically infects hospital patients whose immune 

systems are already compromised, whereas CA-MRSA is capable of infecting both hospital 

patients and healthy individuals outside of the hospital setting, generally through skin-to-skin 

contact.   CA-MRSA strains are typically more virulent than HA-MRSA strains (4).    Recent 

emergent CA-MRSA strains (including USA300) have been shown to possess a short SCCmec 

element (10).  Some have speculated that while the longer SCCmec elements found in HA-

MRSA may allow for resistance to antibiotics other than the beta lactams, they also induce a 

fitness cost, resulting in reduced virulence factor expression and slower replication rates (11, 12).   

Thus, the shorter SCCmec found in CA-MRSA may confer a fitness benefit, possibly explaining 

CA-MRSA’s shorter replication time and increased virulence (10, 12).   

 

1.1.2.1 Resistance to other classes of antibiotics 

A more recent development is S. aureus resistance to vancomycin (13).  Vancomycin is 

an antibiotic used as a drug of last resort to combat drug resistant Gram-positive infections.  The 

function of vancomycin is similar to that of beta-lactam antibiotics: to prevent appropriate 

peptidoglycan formation and thus cell wall synthesis.  However, this occurs by a different 

mechanism, as vancomycin binds to the glycan precursor that would be incorporated into the cell 

wall.   As the vancomycin-glycan precursor complex cannot penetrate the cytoplasmic 

membrane, the glycan precursor is effectively stranded inside the cell and cannot be incorporated 

in the cell wall (14).   While resistance to vancomycin is not yet common, it is becoming more 
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prevalent (13).  Mutations that are associated with increased vancomycin resistance have been 

identified, but the mechanism by which S. aureus can protect itself from vancomycin is not 

known (15).  If vancomycin resistance is found, daptomicin is used as an alternative; however, 

there are a number of reports that indicate that vancomycin treatment may increase resistance to 

daptomicin in S. aureus strains (15).  

 CA-MRSA clones have also shown resistance to other antibiotics, such as erythromycin 

and mupirocin, reducing the available treatment options for this infection (16).  Although recent 

studies have begun to address the use of combination therapies to restore the efficacy of 

antibiotics against S. aureus (17), there is no clinically available therapy for treating S. aureus, 

should it prove resistant to these cocktails of currently available antibiotics.  The development of 

novel antibiotics capable of targeting S. aureus has been hindered by the capacity of this 

pathogen to adapt and develop resistance.   As pharmaceutical companies shy away from further 

investment in new antibiotics, the search for new therapeutic approaches is critical.   One area of 

research that has emerged is the examination of the interactions between S. aureus and the host 

immune system.  Understanding these complex interactions may help to elucidate key 

therapeutic pathways, and thus could eventually lead to effective strategies to bypass the 

antibiotic resistance of this problematic pathogen and yield novel approaches for treatment. 

 

1.1.3 CA-MRSA strain USA300 

A single CA-MRSA strain, USA300, is responsible for a substantial proportion of the 

disease burden in North America.  USA300 (known in Canada as CMRSA10) is the dominant 

CA-MRSA strain, and causes the majority of S. aureus infections in the USA (16, 18).  This 
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strain is also responsible for the majority of new MRSA infections in multiple Canadian 

communities (19, 20), and is now the predominant MRSA strain in western Canada (21, 22).  

Reasons for this strain’s dominance are not yet clear.  USA300 does express many genes 

that have been associated with virulence, such as the Arginine Catabolic Mobile Element 

(ACME) (23) and Panton-Valentine Leukocidin (PVL) (24, 25).  A recent study on ACME has 

shown that it may be associated with increased capacity to colonize the skin, by conferring 

additional protection against the skin’s natural acidity (23). Data on PVL is controversial, with 

no clear consensus on whether it plays an important role in soft tissue infections (24-27).  This 

putative virulence factor is difficult to study in vivo, as murine leukocytes are resistant to PVL, 

due to the fact that PVL targets human but not murine C5a receptors (26, 28).  Additionally, 

rabbit studies have recently demonstrated conflicting data on the effect of PVL in soft tissue 

infections.   When PVL-deficient mutants were used to induce skin infections, they yielded either 

no effect (24) or a large reduction in lesion size (25).   This may be due to differences in 

culturing the bacteria.   Lipinska et al. use casein hydrosylate and yeast extract (CCY) media, 

which greatly enhances the production of bacterial PVL prior to infection (25, 29).  This increase 

in the amount of PVL might be the reason why PVL played an important role in the study of 

Lipinska et al. (25).   Additionally, these studies used different strains of rabbits (24, 25), which 

could result in different immunological responses, yielding these divergent results. 

Another hypothesis is that USA300 hypervirulence is due to increased expression of core 

virulence factors, such as α-hemolysin, and phenol-soluble modulins (PSMs), due to changes in 

regulatory genes such as agr (27, 30, 31).  A complete understanding of the genetic factors that 

induce hypervirulence in USA300 has not yet been attained.   Despite understanding much about 

this strain of S. aureus, USA300’s prevalence as the dominant strain of S. aureus in North 
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America make it an important strain to study, in order to more effectively combat S. aureus 

infections. 

 

1.2 Host interactions with S. aureus 

1.2.1 Early innate immune response to S. aureus   

1.2.1.1 Keratinocytes and the passive actions of the skin 

 During a S. aureus infection, bacteria must interact with a multitude of cell types, and 

modulate the responses of those cells, in order to generate a successful infection (Figure 1).  The 

first barrier to infection is the skin, which has several functions to prevent effective pathogen 

invasion.   The outermost layer of the skin consists of dead keratinocytes, which provide a 

physical barrier and slough off the skin to deny pathogenic microbes a foothold (2).  In addition 

to acting as a physical barrier to infection, live keratinocytes have potent anti-microbial 

properties.  Keratinocytes express the toll-like receptors (TLRs) such as TLR1, 2 and 6 (32) and 

can induce pro-inflammatory signalling when exposed to pathogens (2).  They also divide faster 

in response to sub-lytic concentrations of the S. aureus toxin, alpha hemolysin (Hla), due to 

increased activation of the epidermal growth factor receptor (EGFR) (32, 33).   

Keratinocytes can also secrete a wide range of anti-microbial peptides (AMPs), such as the 

cathelicidin LL37 and beta defensins (34) in response to pathogens or inflammatory cues.   LL37 

is microbicidal to a wide range of bacteria, and is also broadly chemotactic, attracting 

neutrophils, monocytes, and T-cells via the formyl peptide receptor like-1 (35).  The beta 

defensins are small molecules that can also be broadly antimicrobial.  Human beta-defensin 3  
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 (HBD3) in particular can kill S. aureus via cell-cell interactions between keratinocytes and 

bacteria (36).  A clinical study by Zanger et al. showed that low HBD3 expression in patients can 

be associated with severe skin infections induced by S. aureus (37).  Keratinocytes can be 

stimulated to produce these molecules by commensals such as Staphylococcus epidermis on the 

skin, generating an inhospitable environment for pathogens (38).    Keratinocyte AMPs have 

synergistic effects when combined with the antimicrobial peptides of skin commensals such as S. 

epidermis (39). These molecules have multiple purposes, including killing microbes, promoting 

proinflammatory cytokine and chemokine production, and inducing recruitment of innate and 

adaptive immune cells (34).   

 There are several ways that bacteria may breach the keratinocyte layer and be introduced 

to the layers below the epidermis.  For example, S. aureus may successfully colonize the skin by 

counteracting the preventative measures of other skin microbiota and the host, through virulence 

factors such as ACME (23).   Skin abrasions or damage to the epidermis by a foreign body can 

also provide an environment in which S. aureus can proliferate (Figure 1).  This mechanism of 

infection is often used to induce reproducible tissue damage in animal models (40, 41), and has 

been identified as a mechanism by which MRSA can effectively induce infection during some 

outbreaks (42).  

 

1.2.1.2 Pattern recognition receptors in response to S. aureus 

As S. aureus penetrates the keratinocyte barrier, a series of innate defenses against 

infection will respond to signals indicating infection.  The skin possesses innate immune cells, 

such as macrophages, dendritic cells, γδ T-cells and keratinocytes, all of which possess pathogen 

recognition receptors (PRRs) and can sense multiple antigens produced by S. aureus (2).   Some 
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of these PRRs become activated when toxins secreted by S. aureus damage the host membrane 

and induce intracellular activation of the cytoplasmic PRR, NOD2, leading to inflammasome 

activation (43).  This leads to the production of interleukin-1 (IL-1β), which is critical for a 

robust inflammatory response against this infection (44).  IL-1β is typically released by resident 

cells such as keratinocytes, macrophages, and dendritic cells (44, 45), where it acts in an 

autocrine/paracrine fashion through its receptor IL-1R and results in robust downstream 

activation of the adapter protein MyD88.  IL-1β also induces IL-17 release from γδ T-cells (46).  

IL-17 acts to promote increased production of AMPs by resident keratinocytes and enhance 

neutrophil recruitment (2).  Together, these cytokines induce a strong neutrophil response (2, 44, 

46), through chemokine production and activation of endothelial cells.    IL-1 receptors, which 

can bind IL-1β, are not required to be present on neutrophils for a strong immune response 

against S. aureus (47).    Furthermore, wild type neutrophils transferred to IL-1
-/-

 mice are 

sufficient to decrease the size of S. aureus-induced abscesses to similar sizes as those induced in 

wild type mice (48), suggesting that IL-1β production by neutrophils is important for responses 

to S. aureus-induced soft tissue infection.   The influx of neutrophils to the site of infection 

appears in some cases to confer protection against S. aureus (49). The complex relationship 

between neutrophils and S. aureus will be discussed in further detail in Section 1.2.5 and Section 

1.3.    

Another PRR involved in S. aureus infection is TLR2, which forms heterodimers with 

TLR1 and TLR6 on the surface of many immune cells.   TLR2 is expressed on a wide range of 

cells that are found in the skin, such as keratinocytes, Langerhans cells, and macrophages (2).  

TLR2 recognizes S. aureus by binding to lipotechoic acid and peptidoglycan (2, 50, 51).  This 

induces proinflammatory signalling through MyD88, leading to NF-κB mediated activation of 
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pro-inflammatory genes (45).  TLR2 is thought to be one of the most important TLRs in S. 

aureus infections.   It is important both in vitro and in systemic infection for neutrophil 

activation and bacterial killing of S. aureus (52, 53) but its importance in skin infection in vivo is 

not entirely clear (45), (54).  In subcutaneous infection models, TLR2-deficient animals have 

been shown to possess a delayed neutrophil response, but resolve tissue damage in 

approximately the same amount of time as healthy mice (45).   TLR2 also plays a role in the 

generation of antimicrobial neutrophil extracellular traps (NETs) during subcutaneous infection 

with S. aureus (54).  Together, these studies show that TLR2’s role in soft tissue infections may 

be multifaceted: during early stages of cutaneous infection, it appears less important than IL-1β, 

but its role in NET production suggests an important secondary role in preventing bacterial 

dissemination from the initial infection site.  

 

1.2.2 S. aureus responses to innate defences prior to neutrophil recruitment 

S. aureus is adept at overcoming various anti-microbial defenses through secreted and 

surface-expressed virulence factors, as well as other responses to antimicrobial peptides.  Many 

molecules produced by S. aureus act in tandem, targeting separate parts of the innate immune 

system to circumvent targeted killing and prevent immune surveillance.  Virulence factors, such 

as iron surface determinant and aureolysin, can act on the AMPs produced by the skin (55, 56).   

Iron surface determinant A, a S. aureus surface protein, increases the resistance of S. aureus to 

lysis by the beta-defensin hBD2 and the cathelicidin LL37 (55) through decreased cellular 

hydrophobicity.  Staphyloxanthin, the protein that gives S. aureus its typical gold colony colour, 

protects against host AMPs (57).  Another protein, aureolysin, can cleave LL37, rendering it 
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non-functional (56).  S. aureus can also make changes to its cell wall, further reducing its 

susceptibility to antimicrobial proteins. For instance, S. aureus incorporates D-alanine into 

techoic acids, resulting in reduced S. aureus susceptibility to AMPs from the beta defensin 

family (58).  These studies demonstrate that S. aureus is exquisitely adapted to survive and evade 

the innate immune killing functions at this stage of the infection.   

To counteract keratinocyte functions, S. aureus produces virulence factors that induce 

cell death and increase its ability to penetrate this layer of the skin.  For example, alpha 

hemolysin can increase keratinocyte growth via EGFR signalling, but is also capable of inducing 

pyroptosis (a caspase-1-dependent form of programmed cell death) in skin keratinocytes, by 

inducing calpain and caspase activity (59).  Alpha hemolysin is a general cell death inducer, 

capable of targeting cells such as endothelial cells, keratinocytes and T-cell (though not 

neutrophils) by forming a beta barrel pore in the cell surface (60).   This function is also 

reproduced in other S. aureus toxins, such as phenol-soluble modulins (PSMs).  The range of 

toxins produced by S. aureus can quickly and efficiently induce cell death in many cell types, 

such as neutrophils, erythrocytes and monocytes (31).   

 

1.2.3 Neutrophil recruitment to the site of infection 

The downstream effect of signalling cascades induced in the host cells in response to S. 

aureus infection is the recruitment of neutrophils to the site of infection.   These cells are critical 

for abscess formation and clearance of the bacteria (49).  Individuals with deficiencies in 

neutrophil function, such as defective leukocyte recruitment (leukocyte adhesion deficiency, or 

LAD type 1) are at greatly increased risk of S. aureus infection (44).  Further evidence for the 
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importance of neutrophils comes from murine studies, in which depletion of neutrophils before 

intradermal infection of S. aureus resulted in impaired healing, and increased likelihood of sepsis 

(61).  

Neutrophil recruitment is mediated via the leukocyte recruitment cascade in response to 

infection (Figure 2).  This is a series of sequential steps that allow neutrophils to leave the 

circulation and interact with localized sites of inflammation.  In the skin, this process is thought 

to occur exclusively in the post-capillary venules, where the shear stress is much lower than 

found in the arterioles.   The first step of the cascade in the skin is tethering and rolling, mediated 

largely by P- and E-selectin on endothelial cells binding with P-selectin glycoprotein ligand-1 

(PSGL-1) on neutrophils (62).  Other molecules on the neutrophil, such as CD44 and E-selectin 

ligand, as well as integrins such as LFA-1, Mac-1 and VLA-4, have been reported to play minor 

roles during rolling (62-64).  The selectins are carbohydrate-binding proteins found on 

endothelial cells and platelets.  In the skin, E-selectin is constitutively expressed (unlike in other 

organs), whereas preformed P-selectin, contained in structures known as Weibal Palade bodies, 

is rapidly mobilized to the endothelial cell surface through fusion of the Weibal Palade bodies 

with the cell membrane in response to pro-inflammatory mediators (62, 65, 66).  Selectins bind 

via “catch-bonds”.  These catch-bonds respond to increases in tension with a concomitant 

increase in binding force, allowing neutrophils to roll effectively while the shear stress typical of 

blood flow is being applied to the selectins.  In fact, removal of shear stress reduces selectin-

mediated rolling of neutrophils (64).  
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Following transient selectin-mediated contact with endothelial cells, neutrophils become 

activated.  This process is mediated both by intracellular changes induced by selectin binding, 

and by chemokine-induced changes.  Selectin-induced activation of the integrin LFA-1 induces 

an intermediate form of this molecule, but does not fully activate it.  In contrast, chemokines 

appear critically important for the full extension of this integrin, and in subsequent activation 

(67).  Chemokines, such as CXCL1 (also known as KC, found in mice) (62) and IL-8 (68) have 

both been shown to interact with neutrophils to promote signalling pathways that activate G-

protein coupled receptors, leading to the production of diacylglycerol and inositol triphosphate 

from phosphointidonositol 4,5-bisphosphate (PIP2).  Both the formation of these substrates and 

the binding of PSGL-1 to the selectins results in guanine exchange factors activating Rap1 via 

guanine triphosphate (GTP) cycling.  Rap1 signalling mediates the redistribution of the β2 

integrins LFA1 (67) and Mac1 (69), and enhances clustering of integrins in lipid rafts on the 

neutrophil surface.  Rap1 also recruits active Talin1.   Talin1 acts upon integrins, cleaving clasp 

structures found between the α and β subunits of these molecules (70).  This allows the integrin 

to switch from an inactive to intermediate activity position, by extending the extracellular region 

and exposing the previously hidden binding portion of the molecule.  During this process, 

kindlin-3 is also recruited.   Signalling via this molecule promotes an influx of intracellular Ca
2+

  

into the neutrophil cytoplasm (62), which (in the case of LFA-1) is critical for multiple integrins 

clustering together to promote firm adhesion (68).  Kindlin-3 also appears important in the 

transition from an intermediate state to a fully activated or high affinity state (67).  The 

clustering, as well as conformational changes of the integrin to its active configuration, allows 

for stable integrin-ligand receptor interactions.  These interactions are critical for neutrophil firm 

adherence to the endothelium. 
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   Neutrophil firm adhesion in post-capillary venules is typically mediated by the integrin 

LFA-1, whereas crawling is mediated by Mac-1.  Crawling is a distinct process, where 

neutrophils migrate along the vessel walls and can move against blood flow (71).  It is thought 

that this process allows neutrophils to find optimal regions for emigration out of the vasculature.  

Other molecules play a role in neutrophil recruitment in some organs.  α4β1 or VLA-4 may play a 

role in neutrophil recruitment into the lung (72), and may be involved in neutrophil recruitment 

during specific infections or conditions, such as sepsis (73).  However, in the periphery, LFA-1 

and Mac1 are believed to be the primary integrins involved in neutrophil post-capillary venular 

recruitment. 

Following adhesion and crawling, neutrophils emigrate either via transcellular or 

paracellular pathways.  Neutrophils emigrate using predominantly the paracellular pathway, but 

can also perform transcellular emigration.  However, transcellular migration is slow, and 

therefore perhaps less efficient compared to paracellular migration (64, 74).  Both paracellular 

and transcellular emigration are mediated by integrin interactions with intracellular adhesion 

molecules (ICAMs).   In addition, platelet/endothelial cell adhesion molecule (PECAM-1, also 

known as CD31), junctional adhesion proteins (JAMs), and endothelial cell selective adhesion 

molecules (ESAM) also play important roles in neutrophil emigration from the vasculature (66, 

75).  Paracellular neutrophil emigration involves disruption of junctional adhesion proteins such 

as cadherin.  Recent studies suggest that neutrophils may preferentially emigrate paracellularly 

via tricellular endothelial cell junctions, possibly as these regions have lower expression of 

junctional proteins (76).  Both paracellular and transcellular emigration involves the formation of 

endothelial transmigratory cell cups which transition into “domes”, structures that effectively 

separate the neutrophil from intravascular space, reducing permeability and preventing loss of 
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endothelial barrier integrity during emigration.   These structures contain high concentrations of 

ICAM-1, and are largely mediated by leukocyte specific protein 1 (LSP1) on the endothelium 

(74, 77).   Without LSP1, dome structure formation during emigration is impaired, while 

vascular permeability is increased (66).   Emigration, whether by transcellular or paracellular 

processes, is crucial for neutrophils to exit the vasculature and be recruited to inflammatory 

stimuli.   

A recent paper has identified another potential step in neutrophil recruitment that occurs 

outside the vasculature.   Following emigration, neutrophils can be primed by capillary and 

arteriolar but not venular NG2+ pericytes.  These are cells located outside of the vasculature in 

the basement membrane which can alter vessel diameter.  This priming process can improve the 

lifespan and motility of neutrophils (78).   

Following emigration (and perhaps subsequent priming by pericytes), neutrophils migrate 

through chemotaxis towards the stimulus along gradients of molecules such as chemokines, but 

also pathogen associated molecular patterns (PAMPs), and danger associated molecular patterns 

(DAMPs).  For example, formylated peptides released from bacteria (as PAMPs) or from 

mitochondria (as DAMPs) are potent chemoattractants.  There is evidence that neutrophils 

respond to chemotactic signals in a hierarchical fashion, favouring end target attractants such as 

DAMPs or PAMPs over chemokine signals such as LTB4 or IL-8 (79, 80).  Chemotaxis is a 

complex process involving multiple signals, with different signalling cascades occurring within 

the uropod and the pseudopod of the cell, to mediate movement along a gradient.   The 

pseudopod of the cell is the site of actin polymerization, which results in the leading edge 

pushing forward.  Integrins and some associated molecules such as talin are critical in mediating 

adherence of this leading edge.  In the uropod, by contrast, actin forms large bundles that can be 



 

17 

used to retract the cell, in a process that appears to be mediated by heat shock protein 27 and 

LSP1 (81). These processes are typically mediated by the phosphorylation of phosphoinositol 3,4 

biphosphate (PIP2) to phosphoinositol 3,4,5, triphosphate (PIP3) at the pseudopod of the cell.  

Simultaneously, molecules such as phosphatase and tensin homologue (PTEN) or SH2 

containing inositol phosphatase (SHIP) dephosphorylate PIP3 to PIP2 in parts of the cell other 

than the pseudopod, inducing the structural changes that lead to chemotaxis (82).  

 

1.2.4 Interactions of neutrophils with S. aureus  

1.2.4.1 Phagocytosis 

Upon recruitment to sites of S. aureus infection, neutrophils utilize multiple mechanisms 

to interact with the bacteria.  Classically, neutrophils interact with S. aureus via phagocytosis, 

engulfing the pathogen through the extension of pseudopods.   This process is initiated when 

pathogens display “eat me” signals.  These can be bacterially-derived PAMPs such as 

peptidoglycan (PGN) and lipotechoic acid (LTA), which enhance bacterial recognition via 

activation of PRRs, or can be molecules generated by components of the immune system such as 

complement receptors or antibodies, which appear to have more direct roles in inducing 

phagocytosis (83).  Neutrophil receptors interact with these molecules, promoting the formation 

and internalization of a membrane-bound vacuole containing the pathogen.  Phagocytosis allows 

neutrophils to sequester infectious organisms or dead cellular components within a vacuole (the 

phagosome) for subsequent destruction (84). Following phagocytosis, other vacuoles (such as 

endosomes and lysosomes) and granules will fuse with the phagosome, resulting in the 

destruction of bacteria.  This is achieved by reactive oxygen species (ROS) and antimicrobial 

molecules, including AMPs.  Antimicrobial molecules are mostly pre-stored in granules within 
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the neutrophil cytoplasm.  A wide range of different antimicrobial molecules are involved in this 

process, such as defensins, cathelicidins, azurocidin, cathepsin, lactoferrin, and elastase (83).  

These molecules can kill bacteria independently of ROS (83).   In the bacterially-occupied 

phagosome, the role of antimicrobial molecules is to act in concert with ROS, generated by 

NADPH oxidase and myeloperoxidase, to kill the pathogen.   Myeloperoxidase (MPO) is an 

enzyme that produces ROS, such as hypochlorous acid, which is a potent antimicrobial molecule, 

and is believed to enhance neutrophil killing of bacteria (83).   ROS, such as hydrogen 

peroxidase, are also produced by NADPH oxidase within the cell.  As a result of these 

antimicrobial molecules, neutrophils are efficient at phagocytosing and killing bacteria.  

 

1.2.4.2 Neutrophil extracellular traps 

   Neutrophils can also secrete antimicrobial proteins through the release of neutrophil 

extracellular traps (NETs) in response to S. aureus.   NETs are produced in response to 

pathogenic stimuli, including both bacteria (85) and viruses (86).  Structurally, NETs are 

composed of deoxyribonucleic acid (DNA), decondensed chromatin, and proteases, which can 

act to trap and possibly kill bacteria, although a recent paper has disputed the latter outcome (87).  

NETs are not entirely beneficial for the host; many of the molecules contained in NETs are 

equally capable of damaging host cells and therefore NET release also induces significant host 

tissue damage (88).  S. aureus is a potent activator of NETs (85); incubation with S. aureus 

supernatant can induce neutrophils to release NETs within one hour (89).   
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1.2.4.3 Recruitment of additional immunocytes 

Finally, neutrophils can also release proinflammatory cytokines, such as IL-1β (48), and 

chemokines (90), such as LTB4, which are capable of attracting other neutrophils and pro-

inflammatory macrophages (91). IL-1β is a potent pro-inflammatory cytokine, which can induce 

a wide variety of reactions in other cells, such as endothelial cells.  It is important to note that the 

production of IL-1β by neutrophils is a matter of some controversy.  Some reports have 

suggested that neutrophils do not use the inflammasome to produce IL-1β (92).   A more recent 

report has suggested that neutrophils indeed use the inflammasome to produce IL-1β (93).  

Regardless, IL-1β production from neutrophils has been reported to play a critical role in the 

context of S. aureus infections (48).  Neutrophils are also capable of producing many cytokines, 

including IL-1α, IL-6, and IL-17 (94). 

Neutrophils also release chemoattractants such as leukotriene B4 in response to 

inflammatory or infectious stimuli, which can attract other pro-inflammatory immunocytes such 

as monocytes and other neutrophils (95).   Neutrophils thus propagate further recruitment of 

other neutrophils during the responses to infection.   Leukotriene B4 and other chemokines, 

including MIP-2 and MCP-1, can attract other cells, such as pro-inflammatory monocytes (94).   

In S. aureus infections, myeloid progenitor cells may differentiate into neutrophil-like cells at the 

site of a lesion (96). 

 

1.2.5 S. aureus responses to neutrophils  

The complex responses and adaptations of S. aureus to the presence of neutrophils further 

demonstrate the difficulty in determining the beneficial or detrimental nature of the neutrophil in 
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S. aureus infection.   Many virulence factors that S. aureus produces have important effects on 

the recruitment of neutrophils and their behaviour.  Others allow the bacteria to escape 

neutrophil killing mechanisms and thus survive when phagocytized.  

During chemotaxis, molecules such as the chemotaxis inhibitory protein of S. aureus 

(CHIPS) bind to the formylated peptide receptor, interrupting neutrophil recruitment and 

disrupting this chemotactic signalling pathway (97, 98).  Another example is the virulence factor 

clumping factor a (Clfa), which can alter neutrophil phagocytosis by binding to fibrinogen, a 

ligand receptor of the β2 integrins (99).    However, not all behaviour-altering S. aureus virulence 

factors act as antagonists for neutrophils.    Some virulence factors, such as alpha hemolysin 

(Hla), can induce the production of chemoattractants for these cells (100).    

Some S. aureus strains alter neutrophil functions in another way: by removing signals and 

molecules that can induce neutrophil-mediated cell killing.  Aureolysin can protect the bacteria 

from neutrophil killing mechanisms by inactivating the complement molecule C3, thereby 

reducing phagocytosis by removing an important “eat me” signal.    

Other molecules can both enhance neutrophil recruitment and induce neutrophil death.  

Phenol soluble modulins have potent pro-inflammatory effects, recruiting neutrophils and 

inducing interleukin-8 (IL-8) production (31).  However, these molecules induce neutrophil lysis 

at high concentrations (31), and can furthermore enhance secondary necrosis of apoptotic 

neutrophils (101).   

Another virulence factor known to influence S. aureus infection is alpha toxin.  Alpha 

toxin can form beta barrel pores, which induce cell death in many different cell types (60), 

though not in neutrophils.  It is, however, expressed at higher levels following neutrophil 

phagocytosis of S. aureus (102).  This toxin is also capable of inducing cell death in association 
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with other bacterial proteins through the nod-like receptor pyd 3 (NLRP3) activation of the 

inflammasome in monocytes (103, 104).  Alpha toxin stimulation can induce neutrophil 

recruitment (100), stimulate neutrophil leukotriene B4 (LTB4) production (105) and increase 

inflammatory responses (43). 

When S. aureus is phagocytosed by neutrophils, the bacteria do not die immediately, and 

can mount a response from within the neutrophil.  Within one hour of being phagocytosed, 

bacteria rapidly increase expression of virulence factors (102).  This is thought to be mediated by 

the agr quorum system; when in a small compartment such as the phagosome, agr becomes 

activated and upregulates virulence factor production (106).    Some of these virulence factors, 

such as catalase and superoxide dismutase, can disrupt the production of ROS inside the 

phagosome (83).   Other virulence factors can disrupt the neutrophil’s antimicrobial molecules.   

Aureolysin can degrade antimicrobial molecules such as LL37, disrupting neutrophil-mediated 

killing of bacteria (56).  S. aureus can also sense and respond to antimicrobial molecules, 

modifying its cell wall to increase its ability to survive within the phagosome (83).   S. aureus 

thus has methods to successfully mitigate the challenge of being phagocytized by an activated 

neutrophil.  

In addition to releasing toxins that can interrupt and alter neutrophil recruitment and 

activation, S. aureus can interfere with the immune system by secreting anti-inflammatory 

signalling molecules recognized by the host.   S. aureus is known to secrete adenosine, via 

adenosine synthase A (107).   Adenosine is well known to suppress neutrophil recruitment by 

reducing selectin and integrin binding to associated ligand receptors, as well as reducing ROS 

production and inhibiting phagocytosis (108).   
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To summarize, neutrophils are an important component in the host response to S. aureus 

soft tissue infections.   Neutrophil depletion or deficiency both increases the likelihood of S. 

aureus infections and increases the severity of those infections (83).  The role of neutrophils is 

further illustrated by the wide variety of different S. aureus toxins that interact with neutrophils, 

although whether these interactions are to the benefit of the host or the pathogen appears to be 

toxin-specific and in many cases is unclear.  Thus, improving our understanding of neutrophil 

recruitment may better elucidate the mechanisms at work in S. aureus soft tissue infections.   

 

1.2.6 Detrimental effects of neutrophils during infection 

The importance of neutrophils in S. aureus infections cannot be understated; neutrophils 

make up much of the lesion that develops during S. aureus infection (47).  Additionally, 

neutrophil deficiencies (either genetic, or due to treatments such as chemotherapy or 

corticosteroids) make individuals highly susceptible to infection with S. aureus (83).  Finally, 

live animal models have demonstrated that neutrophil depletion prior to infection enhances tissue 

damage and reduces resolution of disease (40, 109). 

However, while neutrophils are critically important in protecting the host against 

bacterial infections (83), they are also capable of causing bystander tissue damage, as 

demonstrated in multiple distinct models (88, 110, 111).  Many of the molecules released by 

neutrophils to kill bacteria also have detrimental effects on host cells.   For example, NETs, 

while effective in capturing bacteria in flow chamber assays (88) and in the liver (112), can also 

induce bystander tissue damage to the host.   Molecules such as LL37 and other cathelicidins, 

while effective AMPs, can cause bystander tissue damage, and appear to be involved in 

autoimmune diseases such as arthritis (110).  
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Additionally, studies concerning neutrophil-S. aureus interactions have demonstrated that 

neutrophil recruitment is not always beneficial for the host, particularly because  S. aureus can 

survive when phagocytized by neutrophils (113).  Gresham et al. further demonstrated that 

reduced neutrophil recruitment to S. aureus infections in a mouse model of peritonitis was 

beneficial for the host and enhanced host survival (113).   Neutrophils may act as a “Trojan 

horse”, allowing the bacteria to disseminate from the point of infection and cause additional 

damage to the host (114).   The above studies may aid in understanding the observation made by 

Kim et al, described below (96).  In this study, the authors showed that neutrophil depletion 24 

hours after S. aureus infection led to decreased lesion size and increased wound healing in a 

mouse model.  Thus, neutrophil recruitment to S. aureus, may play a dual role.   Early on, 

neutrophil recruitment is critical to protect the host from the bacterial infection, but later the 

neutrophil recruitment leads to additional bystander tissue damage, and may actually be a 

mechanism by which S. aureus enhances its virulence.  

Neutrophils are therefore a double-edged sword: capable both of bacterial killing (via 

mechanisms such as phagocytosis and NET production) and host tissue damage (via NET 

production and the release of toxic molecules to both bacteria and host).   These dual functions 

are heavily intertwined, with many molecules that play important antimicrobial functions also 

injuring host tissue.  S. aureus may actively manipulate these functions, by altering neutrophil 

signalling and surviving phagocytosis, in order to promote pathogenesis and tissue damage.  

Elucidating the complex interactions between these two roles may aid in modulating neutrophils 

so as to minimize detrimental aspects of neutrophil behaviour. 
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1.2.7 Objectives and hypothesis  

In this thesis, we sought to address the question: how are neutrophils recruited to the site 

of S. aureus infection in the skin? We hypothesized that a localized S. aureus skin infection 

would cause neutrophil recruitment and that this recruitment would have detrimental 

physiological effects on the surrounding tissue.  

To test this hypothesis, three specific objectives were identified:  

1) To develop and validate a model of localized S. aureus skin infection, in which 

neutrophil recruitment and behaviour could be visualized and quantified using 

in vivo spinning disk confocal microscopy  

2) To use this model to quantify neutrophil recruitment and behaviour at the site 

of S. aureus infection  

3) To determine whether inhibition of neutrophil recruitment results in 

physiological changes in the surrounding tissue, and whether these changes 

affect the formation of S. aureus-induced lesions 
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Chapter Two: Materials and Methods  

2.1 Mice 

C57BL6 male mice (Jackson, Bar Harbour), aged 6-8 weeks were used for all experiments.  

Mice had access to tap water and food ad libitum prior to experiments, and during lesion size 

experiments. All animal protocols were approved by the
 
animal care committee of the University 

of Calgary (protocol number AC12-0222).  

 

2.2 Bacteria  

Green fluorescent protein (GFP)-expressing S. aureus was made by Dr. Kaiyu Wu in Dr. Kunyan 

Zhang’s lab from the previously isolated clinical strain USA300-2406 (PVL positive, SCCmec 

type IV, described previously (54)).  The strain ATCC25923 (ATCC, Manassas, VA) was also 

used for several experiments (PVL positive, SCCmec negative).  

 

2.2.1 Bacterial preparation 

Bacteria were grown in 5ml of Bacto
TM

 Brain Heart Infusion (BHI) media (Becton and 

Dickenson, Sparks, MD) in a 17x100mm nylon tube (WVR, Radnor), and were incubated 

overnight in a shaker (Thermo Scientific, Waltham, MA) at 37
o
C and 200 rotations per minute 

(rpm).  GFP-expressing S. aureus (strain USA300, type number: 2406) was grown in 20 µg 

chloramphenicol per ml of media (EMD Biosciences, La Jolla, CA).   The ATCC strain 25923 

was grown in kanamycin sulfate (Merck, Darmstadt, Hessen) at 20 µg per ml of media.   
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2.2.1.1 Injection experiments 

For preliminary experiments involving injection of bacteria in saline, the bacteria were 

subcultured with 250µl of the overnight culture being added to 5ml of fresh BHI (Becton and 

Dickenson, Sparks, MD) with antibiotics (chloramphenicol).  The bacteria were then measured 

for optical density 660 (OD).  An optimal OD of between 0.4 and 0.6 was used.  If the OD 

exceeded 0.6, the bacteria were re-cultured as above and then the OD measurements were 

repeated.  The following equation was then used to identify the number of colony forming units 

(CFU) in the media: 

              

     
 

   

            
 

This was used to identify the number of ml required for 1x10
8
 CFU.  The bacteria were then 

spun at 4000 rpm for 10 minutes in a centrifuge and resuspended in 100µl saline.   This equation 

was determined to be accurate previous to this project.  

 

2.2.1.2  Agarose bead experiments 

After overnight incubation, 5ml of overnight media was mixed with 45ml of fresh BHI with 

20µg/ml chloramphenicol, and grown for a further two hours.  This media was then centrifuged 

in a 50ml conical tube (BD, Franklin Lakes, NJ) at 2000 rpm for 10 minutes.   The supernatant 

was removed, and 250µl of 1x phosphate buffered saline (PBS, 137mM NaCl; 2.68mM KCl; 

8.1mM Na2HPO4; 1.47mM KH2PO4; pH 7.5) was added to the S. aureus, which was then 

vortexed at maximum speed to resuspend the bacteria in the PBS.  For sterile beads without 

bacteria (control beads), 250µl of 1x PBS alone was used.   For strains that did not express GFP 

and sterile control beads, 2µl of Fluoresbrite plan yg 1.0 micron microspheres (Polysciences, 
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Warrington, PA) were added to the solution.  10µl from all solutions containing bacteria were 

taken and serially diluted with 1x PBS, to identify CFUs.  All solutions were then added to 2.25 

ml of liquid 1.5% TSA agar.  This media was prepared by mixing 750µg of TSA agar to 50ml of 

double distilled water, then autoclaved, and microwaved to return it to fluid state 30 minutes 

prior to use, then maintained before experiments in a hot water bath at approximately 37
o
C.   The 

TSA/PBS/S. aureus solution was slowly injected via a 3ml syringe (BD, Franklin Lakes, NJ) 

attached to a 16½ gauge needle (BD, Franklin Lakes, NJ) into a mixture of 40 ml of mineral oil 

(Sigma-Aldrich, St Louis, MO) and 400µl of Tween 20 (Sigma-Aldrich, St Louis, MO), which 

was stirred gently (at the lowest stir setting possible to get uniform stirring) by a magnetic stir 

bar.  This solution was maintained at 4
o
C on ice.  The mixture was stirred for 15 minutes, and 

then spun at 2000rpm for 10 minutes to isolate the beads.  The mineral oil layer was then 

removed.  Beads were further washed with 5 ml of PBS and resuspended, then spun again at 

2000rpm.  The removal of the mineral oil, washing with PBS, and spinning was repeated three 

times.  Beads were then filtered by a 100µl filter twice, and resuspended with PBS.  Following 

this procedure, beads were stored at 4
o
C for up to 6 days for use. 

 

2.2.1.3 Plating of PBS/S. aureus solution 

10µl of the 250ul PBS/S. aureus solution was added to 990µl of PBS, and then serially diluted.  

These dilutions were then plated onto BHI agar (Becton and Dickenson, Sparks, MD) plates, in 

three 10ml aliquots per dilution.  These plates had chloramphenicol (Calbiochem, La Jolla, CA) 

added at a concentration of 20µg per ml for the GFP USA300, and kanamycin added at 20µg/ml 

for ATCC25923.   Plates were incubated overnight, and were examined the following day for 
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CFUs.   Total CFU was determined by the number of CFU present in each of the three aliquots at 

the lowest dilution at which CFU could be identified (typically 10
-10

 dilutions) and were then 

divided by 4 to determine the total CFU being used to produce S. aureus beads.  

 

2.2.1.4 Assessment of change in CFUs per bead over time 

10µl of the PBS/S. aureus bead solution was serially diluted on chloramphenicol plates and 

grown overnight in an incubator.  This process was repeated at two, four, six and eight days 

following construction of S. aureus beads.  

 

2.3 Imaging of the Murine Skin Tissue 

2.3.1 Anesthetic for Mice 

Male C57B6 mice were anesthetised with 200mg/kg ketamine (Rogar/STB, London, ON) and 

10mg/kg xylosine chloride (MTC Pharmaceuticals, Cambridge, ON) injected intra-peritoneally 

20 minutes prior to surgery.   After 20 minutes, and throughout the experiment, mice were tested 

via squeezing of either footpad to determine degree of consciousness.   If the mouse responded to 

footpad squeezing, mice were given approximately 50µl of the ketamine/xylosine chloride 

mixture immediately, and retested in five minutes. 

 

2.3.2 Jugular vein cannulation 

Following anesthesia, surgical tape was used to immobilize both forelimbs.   4.0 silk (Look, 

Reading, PA) was inserted underneath the teeth, and was secured with surgical tape, to expose 

the neck.  The neck between the skull and the shoulder was coated with mineral oil, and then a 
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small incision was made, exposing the jugular vein.  The tissue surrounding the jugular vein was 

cleared using surgical tweezers, and then 1 line of 4.0 silk was threaded underneath the jugular 

vein.   This was secured with tape.   The region around the jugular vein was further cleared, and 

two more silk lines were threaded underneath the jugular vein.  A 1 ml syringe (BD, Franklin 

Lakes, NJ) was filled with heparinized saline to approximately 600ul.  The heparinized saline 

was created by diluting heparin (Sandoz, Boucherville, QC) to 100unit/ml with saline.   This 

syringe was then connected to PE10 surgical tubing (Becton Dickinson, Sparks, NV), via 

insertion of a 30 gauge needle into one side of the PE10 surgical tubing.   A 30 gauge needle 

(BD, Franklin Lakes, NJ) was bent at 45° and then inserted and removed from the jugular.  The 

tubing was then inserted into the jugular vein at the site of the 30 gauge needle insertion.  To test 

for proper insertion, the syringe plunger was withdrawn 50µl and the tubing was monitored to 

ensure that tubing was inside the vessel and blood could be withdrawn.   

 

2.3.3 Superfusion solution preparation 

Approximately 150 ml of superfusion solution (NaCl 7.70g/L, KCl 0.350g/L, CaCl2 0.222g/L, 

MgSO4 0.144 g/L, NaHCO3 1.68g/L) was stirred at room temperature.  The pH was then 

measured by a pH probe (Fischer Scientific, Ottawa, ON).    Hydrocloric acid (HCl) and sodium 

hydroxide were used to achieve a pH of 7.4 (+ 0.10).  

 

2.3.4 Skin preparation of anesthetized mice 

During skin preparation and imaging, mice were maintained on a heat pad (Fine Science Tools, 

Foster City, CA), on a plastic board made in house.  The dorsal flank on the right side of the 



 

30 

mouse was painted with mineral oil, and then the hair was parted along the spinal cord.  The skin 

was then cut along the spinal cord and exteriorized on the right flank.   A 4-0 suture (Ethicon, 

Markham, ON) was used to pierce and thread through the skin tissue 3-4 times at the edge of the 

exteriorized skin tissue, with threads corresponding to the region closest to the tail, the region 

closest to the skull and the region in between those two.  The sutures were attached to the board 

via surgical tape.  3 bead clusters, of a diameter between 250 and 350µm were selected and 

inserted into the exteriorized skin tissue at different locations, and inserted to a depth of 

approximately 50µm underneath the exterorized tissue surface.  Each bead cluster was located a 

minimum of 5 mm away from the edge of the skin tissue.  Following insertion of a bead cluster, 

the tissue was then rinsed with superfusion solution to displace any beads that were not firmly 

inserted into the exteriorized tissue.  The skin was then covered with a cover slip (VWR, Radnor, 

PA), which was connected to the plastic board with high vacuum grease (Dow Corning, 

Midland, MI).  A pump (Mandel, Guelph, ON) was connected to the plastic board (constructed 

in house), connecting the superfusion buffer (above, section 2.3.3) to the region of exteriorized 

skin tissue, and allowing for the fluid to be perfused over the mouse skin tissue.  Mice were 

imaged for up to 4 hours after anesthetization with 10mg/kg xylosine chloride/ketamine. 

 

2.3.5 Spinning disk intravital microscopy 

Spinning disk confocal microscopy was performed using an Olympus BX51 (Olympus, Center 

Valley, PA) upright microscope.   The microscope used a confocal light path (WaveFx, Quorum) 

based on a modified Yokogawa CSU-10 head (Yokogawa Electric Corporation).  Laser 

excitation at 488, 561 and 647 was used in rapid succession and fluorescence in green, red and 
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far red channels was visualized with long pass filters (Semrock).  Exposure time and sensitivity 

setting were uniformly maintained for each set of experiments.   For imaging, velocity 

acquisition software (Improvision Inc. Lexington, KY) was used to drive the microscope.  A 

512x512 pixel back thinned EMCCD camera (C9100-13 Hamamatsu) was used for fluorescence 

detection.  Mice were imaged using a 4x/0.16 (approximately 1mm
2
 field of view FOV) air 

objective (Olympus, Center Valley, PA) for approximately two hours following introduction of 

the S. aureus bead cluster.   Data on neutrophil numbers was collected at the 30, 60, 90 and 120 

minute timepoints.  Images were collected once every 15 seconds.  Some mice were also imaged 

as required following 2 hours of infection with a 10x/0.30 (approximately 500µm
2
 FOV) 

numerical aperture air objective (Olympus, Center Valley, PA).   Mice were imaged for 10 

minutes per video at maximum speed using this objective, approximately 18-19 images per 

minute.  Some experiments also collected individual images using a 20x/0.45 (approximately 

250µm
2
 FOV) numerical aperture air objective. 

 

2.3.6 Labelling antibodies  

Mice were injected with 10µl of anti-Ly6G (clone RB6-8C5) conjugated with PE (Ebioscience, 

San Diego, CA), at a concentration of 0.2 mg/ml.   In experiments where propidium iodide was 

used, mice were injected alternatively with 10µl anti-Ly6g (clone RB6-8C5) conjugated with 

Alexa680 (Ebioscience, San Diego, CA) at a concentration of 0.2 mg/ml, or 10µl of anti-Ly6g 

(clone 1A8) conjugated with PE (BioLegend, San Diego, CA)at a concentration of 0.2mg/ml.  

Mice were also labelled with 10µl of CD31 (Clone 390, Ebioscience, San Diego, CA) conjugated 

to Alexa647 (Molecular Probes, Eugene, OR), at 1.0 mg/ml.  CD31 was conjugated in house to 

Alexa647 with Alexa Fluor ® labeling kit (Molecular Probes, Eugene, OR).  For experiments 
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where ICAM-1 expression was measured, mice were injected with 10µl 1.0mg/ml anti-ICAM-1 

antibodies conjugated to PE (EbioKAT-1, Ebioscience, San Diego, CA) or 20µl 1.0mg/ml anti-

VCAM-1 antibodies conjugated to FITC (Clone 429, Ebioscience, San Diego, CA).  

 

2.3.7 Subcutaneous injection experiments  

Mice were injected with ketamine/xylosine chloride, and the right dorsal flank was shaved.  

Bacteria were injected subcutaneously in the right dorsal flank in 100µl of saline.  The skin prep 

was then performed as described above, without any beads being inserted.  Mice were imaged 

for up to two hours following infection.  Mice were imaged for 5 minute videos at the 1 hour 

timepoint up to the 2 hour timepoint. 

 

2.4 Lesion size experiments 

Individual beads were selected and isolated in 100µl of saline.  2-3 beads from every group were 

vortexed for approximately 60 seconds and then serially plated on BHI agarose (Becton and 

Dickenson, Sparks, MD) plates with 20µg/ml chloramphenicol.  The remaining beads were 

placed in 1ml syringes (BD, Franklin Lakes, NJ).  Mice were temporarily anesthetized by 

isoflouride and the right dorsal region of the mouse between the shoulder and thigh was shaved.   

A single bead per mouse was then injected using a 16 gauge needle (BD, Franklin Lakes, NJ) 

subcutaneously.  Mice were then returned to their cages.   Mice were sacrificed 48 hours after 

infection, and skin (epidermis to subcutaneous) was harvested around the area of the bead 

injection (up to 2x2cm
2
.)  The tissue was photographed and measured with a ruler and then 

placed in 10% neutrophil buffered formalin (EMD Chemicals, Gibbstown, NJ) for storage. 
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2.5 Reagents 

2.5.1  Blocking antibodies 

Blocking antibodies were administered intravenously in saline in most imaging experiments two 

hours following introduction of the bacteria into the host.   Video recordings for quantifying the 

effect of blocking antibodies were performed 20 minutes after antibody injection.  In 

experiments using propidium iodide, blocking antibodies were administered 5 minutes before the 

introduction of S. aureus.   In lesion studies, blocking antibodies were administered two hours 

before or after introduction of bacteria into the host as indicated.  Isotype control antibodies 

were: IgG2b at 100µl and 50µl volumes at a concentration of 1.0 mg/ml (Pharmigen, San Diego, 

CA), IgG2a, at 100µl and 30 µl, at a concentration of 1.0 mg/ml, (Pharmigen, San Diego, CA) 

and IgG1, at 30µl at a concentration of 1.0mg/ml (Pharmigen, San Diego, CA).   For blocking 

the β2 integrins, 30µl of the monoclonal anti-CD18 antibody clone game46 was used at a 

concentration of 1.0g/ml (Pharmigen, San Diego, CA).   For blocking LFA1, 20µl of the 

monoclonal anti-CD11a antibody clone M17/4 was used at a concentration of 1.0 mg/ml 

(Ebioscience, San Diego, CA).  For blocking Mac1, 20µl of the monoclonal anti-CD11b clone 

M1/70 at a concentration of 1.0 mg/ml (Ebioscience, San Diego, CA).  For blocking VLA-4, 

50µl of the anti-α4 integrin antibody clone r1-2 was used at 1.0mg/ml (Pharmigen, San Diego, 

CA).  For blocking ICAM-1, 100 µl of the monoclonal anti-ICAM-1 antibody YN1/1.7.4 at a 

concentration of 1.0mg/ml was used (Ebioscience, San Diego CA).   For blocking VCAM-1, 

50µl of the monoclonal and anti VCAM-1 antibody clone 429 at 1.0mg/ml was used 

(Ebioscience, San Diego CA). 
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2.5.2 FITC albumin experiments 

FITC albumin was prepared in house.  Bovine fluorescein isothyiocyanate albumin (Sigma-

Aldrich, St Louis, MO) was diluted to 5mg/ml.   Approximately 50µl of this solution was 

injected IV with saline into anesthetized mice, with exteriorized skin tissue.  Mice skin preps 

were imaged as the FITC albumin was being injected. 

 

2.5.3 Propidium iodide experiments 

50µl of 2µM propidium iodide was superfused over the skin.  Cell death was measured by 

counting the number of PI positive cells present.  Mice were anesthetized with ketamine/xylosine 

and the skin tissue was exteriorized.  Mice were then injected with CD31 and Ly6g labelling 

antibodies, as well as isotype controls or dual blocking antibodies intravenously at approximately 

the same time as the bead was inserted.   Mice were treated with propidium iodide at the 2 hour 

timepoint.   Propidium iodide was superfused across the tissue for 30 seconds, and then rinsed 

off with superfusion buffer.  Images were then collected for up to 5 minutes after the superfusion 

of propidium iodide. 

 

2.6 Analysis 

2.6.1 Neutrophil recruitment to bead 

Images at 4x Magnification of were analyzed by removing light collected from the 488 

and 561 and 649 nanometer channels of the spinning disc confocal microscope.  The contrast and 

brightness used to analyze data was held constant for analysis of each set of experiments.  The 

number of neutrophils at 30, 60, 90, and 120 minutes was counted by using the point tool 

function of Volocity (Perkin-Elemer, Waltham, MA).   For analysis of location of neutrophils, 
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the 649 channel was used to examine the vasculature.  Neutrophils that co-localized with CD31 

labelled vessels were considered to be inside capillaries if the vessels did not exceed 10µm in 

width.  Neutrophils both inside and outside the capillaries were counted using the point tool 

function of Volocity. 

 

2.6.2 Cell tracking and meandering index measurements 

Cell tracking was performed as previously described (80), with several modifications.  During 

the last 15 minutes of a 2 hour 4x magnification video, 20 red cells were characterized at 

particles using the Volocity trackng function.  These 20 particles (or all particles if <20 present) 

outside of the microvasculature (as determined by not colocalizing with CD31 expressing cells) 

were randomly selected and tracked.   Tracking and chemotaxis parameters (tracking plots and 

meandering index) were measured using Volocity software.  Tracking plots were normalized to 

place the bead above the neutrophil, resulting in a Cartesian plane with all neutrophils starting at 

the 0, 0 point.  The meandering index is quantified by the following equation: 

                 
                              

                       
 

 This equation generates a number between 1.0 and 0.   A high meandering index implies that the 

cell is moving in a uniform direction, whereas a low meandering index implies that a cell is 

moving randomly. 

 

2.6.3 Neutrophil recruitment within the capillaries 

Videos were used to quantify the number of neutrophils in the capillaries using 

10xmagnification.  The image was focused on the capillaries in the proximity (within 500µm) of 
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the S. aureus bead.  The number of neutrophils that were adherent or crawling within the 

microvasculature in 10 minutes was quantified.  Neutrophils were classified as adherent if they 

remained stationary within the FOV for thirty or more seconds.  Neutrophils were classified as 

crawling if they remained within the FOV for thirty or more seconds, and moved at time of data 

collection.  If a neutrophil crawled it was not counted as adherent.  The definitions for these 

parameters were based on measuring adhesion and crawling in the post-capillary venules, as 

described previously (71).  The number of neutrophils overall (crawling + adherent) and the 

individual parameters of crawling and adhering  neutrophils were then normalized by dividing 

the total number of neutrophils by the total number of capillaries, then multiplying by 10 to get 

the normalized number of neutrophils per 10 capillaries.  To quantify behaviour, multiple videos 

(at minimum four) were analyzed, and then averaged per mouse to generate the data. 

 

2.6.3.1 3D image generation of neutrophils within the capillaries 

For some experiments, Z-stacks were taken during imaging of the skin at 10x magnification.  Z-

stacks were taken after two hours of imaging.   Z-stacks consisted of 10 slices, taken 2 µm apart.   

Z-stacks were imaged for 10 minutes.  The images were then processed using Volocity software 

(Perkin-Elmer, Waltham, MA).   

 

2.6.3.2 Neutrophil length and width inside the capillaries versus outside of the vasculature 

The length of individual neutrophils was measured in terms of length using Volocity line tool.  

Neutrophils were selected randomly, and were measured every two minutes for a ten minute 

video, with the lengths and widths over those timeframes being averaged.  Neutrophils were 

determined as inside a capillary if they entirely co-localized with any CD31 expressing vessels 
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that were <10um in width.  Neutrophils were defined as extravascular if they did not entirely co-

localize with CD31 expressing cells. 

 

2.6.4 Measurement of venule parameters 

During subcutaneous injection experiments, venules within 500µm of the injection site which 

were 20-40µm were quantified for the velocity, rolling flux, adhesion and emigration of 

neutrophils.  The parameters of adhesion and emigration were also measured in some bead 

experiments.  In this case, venules were measured which were within 500µm of the bead. 

 

2.6.4.1 Velocity 

Neutrophil rolling velocity was determined by quantifying the time it took the first 20 

neutrophils imaged to pass through a 100 µm length of the venule being examined.  This length 

of the vessel was chosen randomly before the video was analyzed, to avoid the possibility of 

bias. 

 

2.6.4.2 Rolling flux 

Rolling flux was determined as the number of neutrophils passing through the same 100µm 

length of the venule over one minute (the first minute of the video).  This was repeated for the 

second minute, and the third minute of the video, and then averaged to achieve the rolling flux 

per minute.  
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2.6.4.3 Adhesion 

The number of adherent neutrophils within the 100µm section of the venule was quantified over 

5minutes of the video.   Neutrophils were defined as adherent if they remained stationary for 30 

or more seconds. 

 

2.6.4.4 Emigration 

The number of neutrophils per FOV external to any vascular bed at the 5 minute timepoint of the 

video in question was defined as the number of emigrated neutrophils. 

 

2.6.5 Lesion size experiments 

Photographs were analyzed using imageJ (National Institutes of Health, USA) to quantify the 

size of the lesion.  The lesion was traced and the size in pixels was determined.  This was then 

divided by the number of pixels required for single millimeter squared, to determine the overall 

area of the lesion. 

 

2.6.6 FITC albumin experiments 

The image was analyzed 30 seconds after FITC albumin became visible within the 

vasculature.  The number of capillaries were quantified and then scored as either perfused 

(green) or not perfused (not green) at the 30 second timepoint.  This number was then converted 

into a percentage of the total capillaries quantified.   
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2.6.7 Propidium iodide experiments 

Greater than four images per mouse were quantified for propidium iodide, at 10x 

magnification.   The number of red cells was quantified per FOV.  Images were selected 

randomly in the region surrounding the bead (within 500µm).   The total numbers of propidium 

iodide positive cells were averaged over the FOVs per mouse. 

 

2.6.8    Statistical tests 

Data was analyzed using unpaired Students t-tests to compare the number of recruited 

neutrophils under different conditions.     When more than one comparison was made in the same 

graph, a bonferroni correction was used to correct for false positives.  When three variables were 

all compared with one another in the same graph, a one-way analysis of variance (ANOVA) with 

a Bonferroni correction was used.  All statistical analysis was performed using the statistical 

software GraphPad prism 4, version 4.03 (GraphPad Software Inc., La Jolla, CA). 
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Chapter Three: Model Development  

3.1 Introduction: mammalian models of S. aureus soft tissue infection 

Many models have been designed to examine tissue damage induced by S. aureus during 

soft tissue infections.  The variety of infections that S. aureus can cause has resulted in many 

different experimental protocols, even when focusing exclusively on soft tissue infections (Table 

1). The simplest method of examining S. aureus soft tissue infection involves using a needle to 

inject S. aureus in saline into a mammalian host.   Injections are often performed intradermally 

(25) or subcutaneously (24, 45, 115) into tissue, resulting in different responses depending on 

which level of the skin or soft tissue is infected.  There are a variety of animal models available 

to study S. aureus.   Many studies use mice, but when studying some virulence factors, such as 

PVL, rabbits are used instead (24, 25), due to the resistance of mouse neutrophils to this 

virulence factor (26).  The intradermal or subcutaneous injection method is used in examining 

the effect of different numbers of CFUs in soft tissue infections without much bystander tissue 

damage due to the delivery.  It has been used to examine the importance of specific virulence 

factors when targeted to specific regions of the skin (31, 116, 117).   These methods can also be 

used to compare the virulence of different strains of S. aureus.  However, the injection of S. 

aureus in a fluid does not generally mimic clinical types of infection.  Rare S. aureus cases may 

involve S. aureus infection via contaminated IV lines, but even then, this infection is 

intravascular, rather than in the surrounding tissue. 

An alternate model involves damaging the skin of a mammalian host and applying S. 

aureus into these open wounds.  Methods vary widely but all result in removal or disruption of 

various levels of the skin to generate easily reproducible infections.  The tools to achieve this 
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vary: one can induce a mechanical injury using dermal punches (118), surgical scalpels (119, 

120), large bore needles (40), or even tape (41).  These tools cause superficial damage to the 

host, resulting in exposure of layers of the skin to the external environment.  The tools used 

allow measurement of the depth of penetration into the skin, which thus determines the type of 

soft tissue infection being modelled.   In all of these models, the original wound is colonized by 

S. aureus (either by infecting immediately following injury or by placing S. aureus on the 

mechanical device used to induce injury).  Generally, the result of these experiments is the 

formation of lesions and generation of secondary complications of infection.  These models may 

also resemble soft tissue infections resulting from poor aseptic technique during surgery.   

Others methods involve altering the suspension used to infect the host.   As early as 1965, 

W.C. Noble injected S. aureus mixed with cotton dust to mimic a contaminated wound (121).  

He used this model because the number of CFUs required to successfully induce a reproducible 

S. aureus soft tissue lesion without cotton was orders of magnitude higher, suggesting that the 

addition of foreign particles could enhance the pathogenicity of the bacteria (121, 122).  More 

recently, researchers have replaced cotton dust with microparticles.  The overall effect is similar: 

abscess formation occurs at lower CFUs compared with S. aureus injected with saline alone 

(approximately 2x10
3

 to 3x10
3 

versus 1x10
6
) (123, 124).  

  These models create a penetrating injury to the skin, resulting in a mixture of both the 

bacteria and the other foreign particles being deposited in the wound.  This method of infection 

may have contributed to a college outbreak of MRSA when both the particles and tissue damage 

caused from artificial turf burns and body hair shaving are believed to have enhanced infection 

rates in football players in the USA (42).  While foreign body/S. aureus mixtures are capable of 
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inducing much greater tissue damage to the host relative to the CFU introduced (121, 123, 124), 

the mechanism involved is not entirely clear.    

Based on these observations, we developed a model introducing bacteria on a foreign 

particle.  A number of additional issues were considered, including the reproducibility of the size 

of the foreign particle, as well as an experimental design that would allow for state of the art 

imaging using spinning disk microscopy.  This permitted us to examine the entire process of 

immune cell recruitment into the infected site, allowing for effective localization of the 

pathogen, and clear visualization of changes in neutrophil behaviour and motility. 
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Skin Tissue Infection Models Type of S. aureus 

infection being 

modeled 

References 

Epidermis Tape Stripping 

followed by S. aureus 

application 

Impetigo (41) 

Dermis Injection (with foreign 

particles or in fluid), 

Mechanical injury 

(via needle) 

Furunculosis, 

folliculitis 

(40, 123) 

Subcutaneous Injection (with foreign 

particles or in fluid), 

Mechanical injury 

(scalpel, punch 

biopsy, needle) 

Cellulitis (118, 119, 121, 

124) 

 

  
Table 1 : Models of S. aureus infection targeting different layers of the skin and soft tissue 

Different models are used to target different depths of the skin, resulting in different soft tissue 

models of infection, dependent on the goal of the study and the type of S. aureus infection being 

mimicked.   
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3.1.1  Spinning disk microscopy 

Spinning disk confocal microscopy is a recent innovation in the development of 

microscopes capable of providing high quality resolution with high frame rate, resulting in a 

powerful tool for examining not just the location of cells, but also their identities and behaviour 

in real time.    

To understand the benefits of using a spinning disk, we must first describe the benefits of 

a confocal microscope over that of a bright field microscope.   A confocal microscope works by 

excluding light originating from areas other than that of the focal region being imaged via a 

pinhole, which reduces the light from out of focus regions that can be collected from the 

specimen (125).   Altering the size of the pinhole alters the amount of light being collected, with 

smaller pinholes decreasing the amount of light being collected and larger ones increasing it.  

This allows us to focus on a single section of the sample, and collect the light from only that 

section, resulting in a clear image with less background light from other sections of the sample 

compared to a bright field microscope.  

Confocal microscopy provides major benefits over bright field microscopy by providing 

improved image clarity (greater resolution), but has some limitations.   The use of a single 

pinhole means that the pinhole must scan across the entire FOV to collect a complete image, 

resulting in a low frame rate.  This allows for collection of high-resolution pictures, but not for 

effective imaging of real time cellular activity.   A spinning disk system resolves this problem by 

the introduction of a nipkow disk (125).  This is a disk that rotates at high speed (faster than 1800 

rotations per minute), and contains multiple pinholes, which each collect images from the FOV 

in parallel.  The pinholes are spaced on the disk to allow every location to be imaged as the disk 

is rotated (125).   These multiple pinholes can collect images at a much higher rate than that of 
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single pinhole scanning confocal microscope, thus yielding both a high frame rate and high 

resolution.  

  A major limitation of this tool is the depth that it can penetrate host tissue (to a 

maximum of 50µm).   While providing high quality images, spinning disk microscopy has poor 

penetrance; it is difficult to image thick tissue (125, 126).   As a result, any imaging of a 

specimen needs to be of thin tissue, or must be imaged on the surface of this tissue in order to 

collect usable information.  Thus, the model needed to image S. aureus infections in soft tissue 

must utilize a relatively thin tissue. To achieve this, our imaging set up makes use of exteriorized 

skin tissue.  The model also perfuses fluid over the exteriorized skin tissue to keep it warm and 

moist, in order to better resemble physiologically normal conditions.   Thus, we identified further 

parameters that we required for our model: we needed a model that localized the S. aureus in an 

easily viewable tissue bed, as well as effectively anchoring the bacteria in order to prevent the 

perfused superfusion buffer from washing away the bacteria applied to the tissue.  

 

3.2 Preliminary observations 

Preliminary data were collected to examine the recruitment of neutrophils to S. aureus 

induced by injecting 1x10
8 

CFU of S. aureus in 100l of saline subcutaneously, then 

exteriorizing the skin tissue 1 hour after infection.  Neutrophils were quantified in terms of the 

number of cells rolling within a 100µm length of a venule during 60 seconds (rolling flux), the 

speed with which the neutrophils were rolling (velocity), as well as the number of adherent and 

crawling neutrophils.   This demonstrated increased neutrophil adhesion within   
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Figure 3:  Changes in neutrophil parameters following subcutaneous injection of S. aureus    

S. aureus was grown overnight and then recultured for 2 hours prior to infection.   The OD
660

 of 

the subcultured sample was then taken, and provided the optical density at 660nm (OD
660

) was 

between 0.4 and 0.6, the volume required for 1x10
8
 CFU was determined.  This quantity was 

centrifuged for 10 minutes at 5000 rpm, and then resuspended in 100µl of saline.  Mice were 

injected subcutaneously.  The venules (the width of which was between 20µm and 40µm) were 

examined near the S. aureus injection and the neutrophil behaviours were quantified.  3a: Rolling 

flux - the number of neutrophils rolling in a 100m length of venule was measured over 60 

seconds.   This process was repeated 3 times per venule.   3b: Velocity - the speed of the first 20 
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neutrophils to travel through the 100m length of the venule was quantified.  3c: Adherence - the 

number of adhering neutrophils (neutrophils which remained in the same location for 30 

seconds) was determined in 100m of venule.  Adhering neutrophils were measured over 5 

minutes. 3d: Emigration - the number of neutrophils outside of the vasculature in the FOV was 

quantified.  N=5 independent experiments for both S. aureus and control conditions, with 2-3 

venules examined and averaged per experiment.  * p<0.05 
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the venular vasculature at one hour after infection (Figure 3), allowing us to conduct some 

preliminary experiments to interrogate neutrophil responses to S. aureus.  However, this model 

had significant limitations and did not achieve the desired objectives for our project.   It was 

difficult to determine the proximity of these venules to the infection and to confirm whether we 

had similar concentrations of bacteria in different FOVs.   This model also did not include a 

foreign body, which can increase the pathogenicity of S. aureus and may have been important in 

community-associated outbreaks of S. aureus (42).  

 

3.3 Development of agarose bead model 

Given the limitations of subcutaneous injection, we developed a model that used a solid 

agarose bead as a vehicle for delivering pathogen into the skin (Figure 4a).  Agarose beads have 

previously been used to induce a long lasting Pseudomonas aeruginosa infection in mouse lungs 

to model cystic fibrosis (127, 128).  This model had the benefit of providing an immobile nidus 

of infection, allowing us to focus on the dynamics of immune cells in response to the S. aureus 

insult.   Most importantly, the placement of agarose beads subcutaneously meant that the tissue 

could be exteriorized and imaged in vivo in real time (Figure 4d).  The beads were inserted below 

the superficial fascia, within the subcutaneous tissue (Figure 4e).  An added benefit was that S. 

aureus, when mixed with foreign particles, is more pathogenic (121, 123, 124), thus requiring 

fewer CFUs to induce an infection, and better modelling some CA-MRSA outbreaks (42). 
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Figure 4: Parameters for S. aureus infection 

4a: Flow chart of experimental model.  Mice were anesthetized, and then either an agarose bead 

with GFP-expressing S. aureus or an agarose bead with GFP fluorescent microspheres was 

inserted into the subcutaneous tissue below the superficial fascia.  The mice were then treated IV 
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with 10µl at 0.2 g/ml anti-GR1 antibodies conjugated to PE (to enable neutrophil detection) and 

10µl at 1 g/ml of anti-PECAM-1 antibodies conjugated to alexa-647 (blood vessel detection).   

Mice were then imaged for 2 hours at 4x magnification, and then treated with blocking 

antibodies or molecular treatments to interrogate different aspects of the model system.  4b:  

CFU used for bead preparation.   5ml of BHI and chloramphenicol (20g/ml) containing an 

overnight S. aureus culture was subcultured with 45ml of BHI and chloramphenicol (20µg/ml) 

over 2 hours.   The bacteria were spun down, and then resuspended in 250µl of PBS.  10l of the 

250l resuspension was then serially diluted and plated to determine the total CFU being used to 

make the beads.   N=10 independent experiments for the GFP expressing USA300strain and 4 

independent experiments for strain ATCC25923.  Each independent experiment consisted 

serially diluting and plating a 10µl volume of S. aureus/PBS prior to the addition of agarose.  4c: 

CFU of beads over time.  Following bead construction, the GFP-expressing USA300 strain beads 

were resuspended in 5ml of PBS.  10µl of the bead/PBS mixture was vortexed, then serially 

diluted and plated on BHI plates with 20µg/ml chloramphenicol.  The CFU was measured via 

serial dilution of 10µl every two days up to 8 days post bead construction.  N=4 independent 

experiments.   4d: Image of mouse skin prep.  Mice were anesthetized, and then an incision was 

made on the dorsal region above the spine.  The skin tissue was then exteriorized, and sutures 

were used to attach it to a board by surgical tape, as shown.   4e: Schematic depicting physical 

insertion of agarose beads into the subcutaneous tissue.  The skin prep results in the 

exteriorization of subcutaneous, dermis and epidermis.   Beads were then physically embedded 

into the exteriorized skin tissue in the subcutaneous layer.  
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As shown in Figure 4b, the bead process resulted in approximately 1x10
10

 CFU’s in 2.5 

ml of agarose/PBS mixture.   CFUs did not vary significantly between different strains of S. 

aureus used (p=0.4242).  Individual beads produced a CFU of between 10
5
 and 10

7
 depending on 

the size of the bead, with larger beads producing a commensurately larger CFU.  We therefore 

controlled for bead variability by imaging only smaller beads (250-350µm in diameter), which 

produced CFUs of ~10
5
.  Bead CFU (as measured by plating the PBS-CFU mixture produced by 

generating the beads) remained relatively stable up until approximately day 8, when variation in 

recoverable CFUs began to increase (Figure 4c).  Due to this observation, beads were used up to 

6 days after being produced. 

As a control, we used beads that contained fluorescent nanoparticles, with no bacteria, to 

represent the surgery without the infection.   These sterile microspheres were highly fluorescent, 

allowing the beads to be clearly imaged (Figure 5a).  Additionally, they do not appear to leave 

the beads following insertion, allowing us a clear view of the agarose bead.   We also tested heat-

killed bacteria (Figure 5d) as a further control and saw low levels of neutrophil recruitment, 

similar to the recruitment seen with sterile microspheres.  

3.4 Quantification of neutrophils 

We inserted three clusters of beads, with a diameter of approximately 250-350µm, 5mm 

apart from one another into the subcutaneous tissue of the mouse, and then quantified the number 

of neutrophils being recruited to one of those beads over two hours.   There were significantly 

more neutrophils (p=0.0311) recruited to the infected beads when comparing sterile beads with 

those containing USA300 S. aureus (Figure 5).   There were no significant ( p=0.1527) 

differences in neutrophil recruitment to S. aureus beads used 1-2 days  
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Figure 5: Neutrophil recruitment towards S. aureus beads   

5a: Representative images of neutrophil recruitment to a bead with microspheres (left) and a 

bead with GFP-expressing S. aureus (right).  Images were taken 2 hours after insertion of the 

bead into the subcutaneous skin tissue.   The neutrophils are shown in red, labelled with anti-

Ly6g.  In green (on the left) is the bead with sterile microspheres.  On the right, the green is the 

bead with GFP-expressing S. aureus.  5b: The number of neutrophils being recruited to a S. 

aureus bead over two hours.  The number of neutrophils was quantified at 30, 60, 90 and 120 

minutes post-insertion of the bead into the skin tissue.  The 0 timepoint was not quantified as the 

amount of time needed to place the prep on the scope varied from one experiment to the next. 

N=4 for control beads, and N=11 for S. aureus beads. * p<0.05.  5c: The recruitment patterns of 

neutrophils to S. aureus beads either 1-2 days old or 4-6 days old.  Experiments were divided 

based on the age of the beads in order to determine whether there were any differences in the 

number of neutrophils recruited to the beads depending on their age.  N=5 for 1-2 days old, and 

N=3 for 4-6 days old.  5d: Comparison between beads containing live S. aureus and beads 

containing S. aureus that had been heat killed (HK) prior to bead construction.  Bacteria were 

killed at 90
o
C for 30 minutes prior to being used in bead construction.   Beads with GFP-

expressing USA300 S. aureus were compared to beads with heat-killed GFP-expressing USA300 

S. aureus.  N=3 independent experiments for heat killed S. aureus beads, and 11 independent 

experiments for USA300 beads.  The data from a single 4x FOV around a bead over 2 hours 

made up a single independent experiment. 
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after bead generation as compared to 4-6 days after bead generation, further demonstrating that 

the beads remain viable and induce the same neutrophil response throughout the period that the 

beads were used. 

Examination of neutrophil behaviour revealed that neutrophils crawled directionally 

towards the site of the infection.  Comparisons between sterile beads and beads containing S. 

aureus indicated that neutrophils were not just being recruited to the area proximal (within 

approximately 500 m) to the bead, but would actively crawl towards the site of infection 

(Figure 6a and 6b).   Furthermore, neutrophils imaged from infected mice crawled in a more 

linear fashion than those from mice with sterile agarose beads (Figure 6c), as determined by the 

meandering index.  

 

  

3.5 Neutrophil recruitment to capillaries 

During directional crawling studies, a subset of neutrophils did not appear to be crawling 

in a directional fashion, but instead crawled back and forth in a linear fashion proximal to the 

bead insertion site.   These observed neutrophils were extremely elongated and moved in a linear 

fashion.  To better examine this cell subset, labelling of the vasculature with PECAM-1 was 

performed.  This allowed for labelling of venules, capillaries, and arterioles in the skin, and 

revealed that the linear movement occurred in the smallest vessels, the capillaries.   When the 

location of neutrophils in sterile or S. aureus bead conditions was compared, there were 

significant differences in the number of neutrophils both external to the vasculature, as well as in 

the capillaries (Figure 7a and 7b). In particular, there were approximately eight times more 

neutrophils per FOV in the capillaries in the mice with S. aureus beads, when compared with 



 

55 

FOV from mice with sterile beads inserted into the skin (p=0.0172).  For these experiments, we 

had used the RB6-8C5 anti-Ly6g antibody, which can label Ly6c (a molecule found on 

monocytes as well as neutrophils) as well as Ly6g.  To test whether these cells were neutrophils, 

or a combination of neutrophils and monocytes, we compared the anti-Ly6g RB6-8C5 clone with 

the anti Ly6g antibody clone 1A8, which is known to only label Ly6g (and thus is neutrophil 

specific)(129).  Labelling with the anti-Ly6g antibody 1A8 revealed similar levels of Ly6g 

positive cell recruitment as that seen when using the anti-Ly6g antibody RB6-8C5.  This was 

seen both in terms of overall recruitment to the bead (Figure 8a, p=0.5433) and in the capillaries 

(Figure 8b, p=0.7248). 

To further provide evidence that neutrophil recruitment occurred within the capillaries, z-

stack imaging was performed and 3D images were reconstructed from this technique.  Z-stack 

imaging allows for multiple images to be taken at varying depths of the tissue, which can then be 

reconstructed into a 3D image to better examine where the cells are located.  This technique 

clearly demonstrates that neutrophils were being recruited within the capillary microvasculature 

(Figure 7d).   Further observation also determined that neutrophils within the capillaries were 

shaped differently from those found outside the capillaries.  The maximum lengths and width of 

the neutrophils either inside the capillaries or outside of the vasculature were determined every 2 

minutes over a 10 minute period.  Neutrophils inside the capillaries appear to be both longer (p 

=0.0094) and thinner (p=0.005), when comparing length and width with neutrophils outside the 

capillaries (Figure 9).   
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Figure 6: Directional motion and recruitment of neutrophils  

Figure 6a: Directional crawling of neutrophils.  The path of individual neutrophils over 10 

minutes was quantified using the “track objects” tool in the Volocity analysis program.  The 

pathways of the neutrophils were then placed on a Cartesian plane with track start point placed at 

x=0 and y=0.  The location of the bead (with either S. aureus or sterile microspheres) was 
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normalized to be in the positive y-axis. 6b: The absolute distance (the change in the x and y 

coordinates) that neutrophil travelled was divided by the total distance the neutrophil travelled 

(the length of the neutrophil path), yielding the meandering index.  N=3 independent 

experiments for both sterile and S. aureus conditions.  In each independent experiment, 10 

neutrophils (or fewer if there were less than 10 neutrophil visible outside of the vasculature) 

from a single 4x FOV over 10 minutes were quantified.  **p<0.01



 

58 

                                     

                                                        
                                                          

 
 

 

Figure 7:  Neutrophil recruitment to capillaries during S. aureus infection   

7a: The numbers of neutrophils external to any vascular bed were quantified per FOV at 4x 

magnification, 2 hours after insertion of the bead into skin tissue. N=3 independent experiments 

for sterile beads, and 4 independent experiments for S. aureus.  Each independent experiment 
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consisted of neutrophils numbers from a single 4x FOV around an agarose bead.   7b: The 

number of neutrophils in the capillaries was quantified per FOV, at 4x magnification after 

insertion of the bead into the skin tissue.  7c: Image of neutrophil recruitment to the capillary 

microvasculature, taken at 10x magnification.  In red are the neutrophils, in green is the S. aureus 

bead, and in blue is the vasculature.   White arrows indicate the location of neutrophils in the 

capillary microvasculature.  7d: 3D reconstruction of a capillary with a neutrophil inside it.  

Neutrophils are in orange, the capillaries in blue.  The upper panel shows the capillaries alone, 

without any neutrophils.  The middle panel shows a neutrophil without any capillaries.  The 

bottom panel shows the overlap of the red and blue channels, with the orange neutrophil inside 

the blue capillary, and thus not visible.  *p<0.05 

  



 

60 

  

Figure 8:  Comparison of the recruitment of cells labelled by the anti-Ly6g antibody clones 

RB6 8C5 and 1A8.   

Mice were treated with 10µl at 0.2mg/ml of either antibody conjugated to PE, as well as 10µl at 

1.0mg/ml anti-CD31 conjugated to Alexa647, IV.  8a: Overall recruitment of cells labelled with 

either RB6 8C5 or 1A8The number of neutrophils was quantified at 30, 60, 90 and 120 minutes 

post-insertion of the bead into the skin tissue.  The 0 timepoint was not quantified, as the amount 

of time needed to place the mouse on the scope varied from one experiment to the next.  8b:  

Overall recruitment of neutrophils to the capillaries over ten minutes after labelling with either 

anti-Ly6g antibody clone RB6 8C5 or anti-Ly6g antibody clone 1A8 control antibodies. 

Differences between the clones were non-significant at p<0.05, which indicates that the majority 

of cells being recruited to the bead and crawling in the capillaries are neutrophils, and not 

monocytes.  N=11 independent experiments for the anti-Ly6g antibody clone RB6 8C5 and 4 

independent experiments for the anti-Ly6g antibody clone 1A8.  Independent experiments 

consisted of one 4x magnified FOV for figure 8a and four or more 10x magnified FOV’s 

(averaged) for figure 8b.  In 10x FOVs, the number of neutrophils per 10 capillaries was 
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averaged.  Neutrophils were quantified as “recruited” if they remained in the FOV for >30 

seconds during a ten minute 10x magnification video of the region within 500µm of the bead. 
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Figure 9:  Differences in neutrophil shape when in capillaries 

 10 minutes videos were taken at 10x magnification.   Neutrophils were quantified by averaging 

the maximum length and width from measurements taken every 2 minutes during the 10 minute 

video.  Approximately 10 neutrophils were quantified per independent experiment within a 

single 10x FOV (approximately 500µm
2
).  N=3 independent experiments.  9a: Images of 

neutrophils crawling during ten-minute videos, either outside of the vasculature or inside the 

capillaries.  9b: The length (in µm) of neutrophils in the capillary microvasculature or external to 

the vasculature.  9c: The width (in µm) of neutrophils external to the vasculature.  **p<0.01, 

***p<0.001. 
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As neutrophils were recruited to the capillaries, we examined their behaviour.   We 

initially sought to characterize behaviours at each step of the leukocyte recruitment cascade: 

rolling, adherence, crawling, and emigration.  However, we saw no neutrophils in the 

subcutaneous capillaries of the skin rolling or emigrating from the capillaries during any 

experimental conditions, controls, or antibody treatments.  Therefore, we focused exclusively on 

neutrophil adherence and crawling.  There were very few neutrophils in the capillaries in basal 

conditions (Figure 7).  In contrast, in mice that have been given S. aureus beads, there were 

significantly elevated numbers of neutrophils in the capillaries, compared with mice given sterile 

beads.  The majority of these neutrophils within the capillaries were crawling within the 

vasculature (Figure 10).   This observation was made using both the anti-Ly6g antibody clone 

RB6-8C5 and the anti-Ly6g antibody clone 1A8. 

As a final control, we questioned whether these responses were specific to the USA300 

strain of S. aureus.   We tested another strain of bacteria of S. aureus (strain ATCC25923, Figure 

11) in our model, using beads containing the bacteria as well as fluorescent microspheres used in 

the sterile control experiments.  This strain showed no significant differences in recruitment of 

neutrophils to the bead per FOV, and no significant differences in recruitment of neutrophils to 

the capillaries from MRSA (p=0.3683), demonstrating that this response is not exclusive to the 

strain USA300.  
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Figure 10: Behaviours of neutrophils within the capillaries   

Neutrophil numbers were normalized for every 10 capillaries. The number of neutrophils was 

determined from approximately 4 fields of view per mouse imaged.  Neutrophils were labelled 

with the anti-Ly6g antibody RB6 8C5 in figures 10a and 10b. 10a:   Number of crawling 
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neutrophils.   Neutrophils were determined to be crawling if they moved within the capillary 

microvasculature, and remained in the FOV for 30 or more seconds.  10b: Number of adherent 

neutrophils.  Neutrophils were quantified as adherent if they stayed in a single location for 30 or 

more seconds, and did not move from that location during the duration of the video. N=3 

independent experiments for sterile beads, 6 independent experiments for S. aureus beads.  Each 

independent experiment consisted of collecting data from 4 or more 10x FOVs and averaging the 

results.  10c: Comparison of the number of crawling cells identified using the anti-Ly6g antibody 

clone RB6 8C5 and the anti-Ly6g antibody clone 1A8.  10d: Comparison of the number of 

adherent cells identified using the anti-Ly6g antibody clone RB6 8C5 and the anti-Ly6g antibody 

clone 1A8. Differences between the clones were non-significant at p<0.05, which indicates that 

the majority of cells being recruited to the bead and crawling in the capillaries are neutrophils, 

and not monocytes.  N=6 independent experiments for the anti-Ly6g antibody clone RB6 8C5 

and 4 independent experiments for the anti-Ly6g antibody clone 1A8. ** p<0.01  
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Figure 11: Recruitment of neutrophils to a bead containing S. aureus of either the strain, 

USA300 or the strain ATCC25923   

11a: The number of neutrophils per FOV at a 4x magnification was quantified at the 30, 60, 90 

and 120 minute time points for both the strain USA300 and the strain ATCC25923.  N=11 for 

USA300 and N=3 for ATCC25923. 11b: The number of neutrophils quantified at 10x FOV and 
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then normalized per 10 capillaries.  Only neutrophils that remained in the FOV for 30 seconds or 

more were quantified. N=5 independent experiments for USA300 and 3 independent experiments 

for ATCC25923.  Each individual experiment consisted of collecting data from one 4x FOV of 

view, and collecting data from 4 or more 10x FOVs and averaging the results.   
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To summarize, we designed and tested a model for recruiting neutrophils to a nidus of S. 

aureus infection.   We determined the number of CFUs being used in this infection model, and 

then began to investigate the behaviour of the neutrophils in this model. We saw an increase of 

neutrophil recruitment in response to the S. aureus infection, and also saw an increase in 

neutrophil recruitment to the capillaries near the bead, when compared with sterile beads.   We 

then examined the capillary neutrophils in more depth, showing changes in the shape of these 

neutrophils, as well as the performance of specific components of the leukocyte recruitment 

cascade, namely crawling and adhesion, but not rolling or emigration.   Finally, we also 

determined that this behaviour was not specific for the strain in use, USA300, as another strain of 

S. aureus (ATCC25923) could also induce this behaviour in neutrophils. 
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Chapter Four: Molecular Mechanisms of Neutrophil Recruitment to the Capillaries 

4.1 Introduction: integrins and their role in neutrophil adhesion and crawling 

As neutrophils within the capillaries underwent only two of the steps of the leukocyte 

recruitment cascade (crawling and adhesion), we decided to investigate what molecules could be 

involved in this behaviour in greater detail.   Given that firm adhesion and crawling of 

neutrophils are mediated by integrins in the venules (71), we postulated that integrins are 

important in the recruitment of neutrophils to the capillaries of the skin. 

 

4.1.1 Integrin function: overview 

Integrins are heterodimeric transmembrane molecules consisting of α and β subunits, 

which can bind molecules found either in the extracellular milieu or on other cells.  They are 

involved in a wide range of biological processes, ranging from tissue morphogenesis (130) to 

immunocyte recruitment (64, 75).   Integrins are particularly important for cell-to-cell and cell-

to-extracellular matrix component binding and are often found in an inactive state, in which the α 

and β subunits are bound together by a salt bridge.  This interaction prevents exposure of the 

extracellular binding region, thus preventing interactions with ligand receptors (130).  During 

leukocyte recruitment, cellular interactions with chemokines or selectins alter this inactive state, 

triggering integrins to assume their active conformation (67, 131).  Cytokines induce selectin-

based neutrophil rolling that leads to the recruitment of important intermediates, such as Talin1 

and kindlin-3, which alter the structure of the integrin to a high affinity active form, exposing the 

binding region to the extracellular milieu (67, 69, 70). The now-active integrin interacts with 

extracellular ligand receptors, such as the ICAMs or fibronectin, resulting in downstream cellular 
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signalling that is necessary for firm adhesion and actin rearrangement within the cell (131).   In 

neutrophils, this “outside in” signalling also induces ROS production and degranulation (131).  

 There are at least 24 distinct integrin heterodimers described in the literature (132).   We 

focused our studies on integrins specific to neutrophils that play roles in adhesion and crawling.  

We targeted the β2 integrins lymphocyte function antigen 1 (LFA-1) and macrophage 1 antigen 

(Mac-1) as well as the β1 integrin, very late leukocyte antigen 4 (VLA-4). 

 

4.1.2 Lymphocyte function-associated antigen (LFA-1) 

Firm adhesion of neutrophils in the peripheral venules is mediated by the integrin     

LFA-1(71).  This integrin can be found in an inactive, active, or intermediate activity state, 

whereby the integrin is extended but the headpiece of the molecule containing the ligand receptor 

binding region is not fully exposed to the external environment (67).   LFA-1 binds to the 

ICAMs to mediate cell-cell adhesion (131). Following activation, LFA-1 induces downstream 

signalling through the Src family kinases (133), which are important for ROS production and 

degranulation in neutrophils (134, 135). 

 

4.1.3    Macrophage 1 antigen (Mac-1)  

Although the signalling pathways of Mac-1 are similar to those involved in LFA-1, Mac-

1 plays a different role in neutrophils.  Mac-1 is primarily involved in the intravascular crawling 

of neutrophils during recruitment (71).  This integrin is critical for crawling; when Mac-1 is 

blocked, neutrophils do not crawl within the peripheral post-capillary venules (71).   Crawling 

can occur either with or against blood flow, and allows for neutrophils to migrate to regions 
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where they may emigrate more easily.   Interaction of Mac1 with a ligand receptor results in 

activation and can lead to actin reorganization.   In addition to ICAM-1 and ICAM-2, Mac1 can 

bind to many other molecules, such as fibronectin, the coagulation cascade factor X and 

complement cascade factor C3b (131).   Mac-1 can also interact with virulence factors from S. 

aureus such as LukAB (136).   

It is difficult to distinguish differences between LFA1 and Mac-1 in terms of downstream 

signalling following “outside in” signalling.   Many molecules, such as the Src family kinases, 

have been found to be activated downstream of both integrins (135).   This suggests that 

common pathways found for LFA-1 are also important in Mac-1 integrin interactions, possibly 

because Mac1 shares a common β subunit with LFA-1 and has common ligand receptors, such as 

ICAM-1 and ICAM-2 (131).   However, some studies have demonstrated differences in 

activation of these two β2 integrins; for instance, Li et al found that Mac 1 and LFA1 had 

different binding affinities for ICAM-1, particularly at intermediate activations states (137), and 

Jakob et al. found that the molecule hematopoietic progenitor kinase 1 (HPK1) was important for 

LFA-1 activation and function, but not for Mac-1 (138).   It is likely that these integrins are 

activated through overlapping but not entirely homologous pathways, due to the different but 

closely related roles these molecules play during the neutrophil recruitment cascade.  Due to the 

complex roles that LFA-1 and Mac-1 play in neutrophil recruitment from the post-capillary 

venules, we decided to block these molecules individually (via antibodies targeting the differing 

α subunits of these integrins) as well as together (via antibodies targeting the common β subunit). 
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4.1.4 Very late antigen-4 (VLA-4) 

Another integrin we decided to investigate was VLA-4.   VLA-4, or α4β1, is believed to 

have a distinct signalling pathway from both LFA-1 and Mac1. This may be partly due to the 

structural differences of this integrin when compared to LFA-1 and Mac-1; VLA-4 possesses 

both a different α and β subunit than either of the latter integrins, and therefore belongs to a 

different family of integrins (the β1 family rather than the β2 group to which LFA-1 and Mac-1 

belong) (131).   Many parts of the VLA-4 signalling pathway are not well described.  It is known 

that VLA-4 plays a role in neutrophil recruitment to specific tissues, such as the lung (72).  It is 

also known that VLA-4 may play a role in some types of infections, such as sepsis (73). VLA-4 

may also be constitutively expressed on murine neutrophils (139), though this is controversial.   

There are several ligand receptors that VLA-4 can bind to, such as vascular cell adhesion 

molecule (or VCAM-1), fibronectin and junctional adhesion molecule B (or JAM-B) (140).   The 

result of this molecular binding involves activation and respiratory burst, mediated by Src family 

kinases such as fgr, lyn and hck (139).   Since α4β1 is involved in neutrophil activation and may 

play important roles in some infections, we decided to examine its role in the vascular bed during 

S. aureus infection. 

 

4.2 Blocking recruitment of neutrophils to the capillaries 

4.2.1 Blocking molecules on the neutrophil 

As neutrophils were either adhering or crawling within the capillaries (Figure 9, Chapter 

3), we decided to focus our preliminary experiments on the integrins described above.  All 
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experiments conducted in this chapter involve blocking antibodies administered two hours post 

infection.  This ensured that preliminary recruitment of neutrophils occurred normally and we 

would only be influencing the behaviour of the neutrophils after they had been recruited, and 

would thus limit the effects the blocking antibodies had on the initial recruitment of neutrophils 

to the S. aureus bead. 

Initially, we blocked the function of both LFA-1 and Mac-1 using an antibody targeting 

the β2 subunit (CD18) found in both of these integrins, two hours after infection.  When we 

administered the anti-CD18 antibody, we observed a significant reduction in the number of 

neutrophils recruited to the capillaries, compared with administration of an IgG1isotype control 

(Figure 12a).   The majority of the remaining neutrophils that were visible within the capillaries 

were crawling (Figure 12b), with no change in the number of adherent neutrophils (Figure 12c). 

Having established that the β2 integrins play significant roles in neutrophil crawling in the 

capillaries, we examined whether blocking specifically Mac-1 or LFA-1, two important β2 

integrins found on the neutrophil, could significantly change the recruitment or behaviour of the 

neutrophils.  Initially we targeted Mac-1, as the majority of the neutrophils seen in the capillary 

microvasculature were crawling.  Since Mac-1 is important in venular crawling, we targeted it to 

reduce neutrophil recruitment to the capillary microvasculature.   Surprisingly, there were no 

significant changes in neutrophil recruitment to this vascular bed with administration of anti-

CD11b antibodies (p=0.6249 when compared with isotype controls), which block Mac-1 binding 

(Figure 13a).  There were also no significant changes in behaviour, either in terms of crawling or 

adhesion (p=0.8401, Figure 13b, and p=0.1425, Figure 13c, respectively), of neutrophils treated 

with Mac-1 blocking antibodies, when compared with isotype controls. 
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Figure 12: The role of CD18 in mediating neutrophil recruitment in the capillaries    

Two hours after the bead had been inserted into the subcutaneous dorsal skin of C5BL6 mice, 30 

µg of monoclonal IgG1 anti-CD18 blocking antibodies, or isotype control antibodies were 

injected intravenously.  Multiple videos per mouse were imaged for 10 minutes at 10x 

magnification, and the number of neutrophils as well as their behaviours within the capillaries 

was quantified   12a: Overall recruitment of neutrophils to the capillaries over ten minutes after 

treatment with either anti-CD18 antibodies or isotype control antibodies.  Multiple 10x FOVs 
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were then imaged per mouse for 10 minutes, and the total number of neutrophils within the 

capillaries was quantified.  12b: Number of crawling neutrophil in the capillaries.  12c: Number 

of adherent neutrophils in the capillaries.  A neutrophil was identified as adherent if it remained 

in the same location for 30 seconds, and was quantified as crawling if it moved, but remained 

within the FOV for 30 seconds or more.   N=3 independent experiments for mice given anti-

CD18 antibodies, and 4 independent experiments for mice given isotype control antibodies. Each 

experiment consisted of collecting data from 4 or more 10x FOVs from a single mouse and 

averaging the results.  ** p<0.01. 
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Figure 13: Neutrophil behaviour following treatment of mice with anti-CD11b blocking 

antibodies  

Mice were treated with 30g of blocking antibodies or IgG2b isotype controls 2 hours following 

infection.   Multiple videos per mouse were imaged for 10minutes at 10x magnification, and the 

number of neutrophils as well as their behaviours within the capillaries was quantified.   13a:  

Overall recruitment of neutrophils to the capillaries over ten minutes after treatment with either 

anti-Mac 1 antibodies or isotype control antibodies.  13b: Number of crawling cells recruited to 

the capillaries following treatment with anti-Mac-1 antibodies or isotype control antibodies.  13c: 
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Number of adherent cells following treatment with anti-Mac-1 antibodies or isotype control 

antibodies.   N=5 independent experiments for Mac-1 and for isotype control experiments.  Each 

experiment consisted of collecting data from 4 or more 10x FOVs from a single mouse and 

averaging the results. 
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We then targeted LFA-1.  Administration of blocking antibodies targeted towards LFA-1 

resulted in no reduction in neutrophil recruitment (p = 0.10, Figure 14a).   Nonetheless, 

administration of antibodies blocking LFA-1 caused significant changes in neutrophil behaviour, 

drastically decreasing the number of neutrophils that were crawling within the capillaries 

(p<0.001, Figure 14b), although there was no significant change in the number of adherent cells 

(p=0.1859, Figure 14c). 

The drop in recruitment we observed following the blocking of CD18 did not result in a 

complete absence of neutrophils being recruited to the capillaries.  While there was a significant 

reduction in neutrophil recruitment, there were still neutrophils recruited to the capillaries when 

anti-CD18 antibodies were administered.  The reduction in neutrophil recruitment was 

approximately 50% of the neutrophil recruitment seen with isotype controls.  This suggested that 

another molecule may have been involved.   We therefore set out to examine other integrins that 

might be involved in this behaviour.  We targeted the integrin VLA-4, by administering anti-α4 

blocking antibodies into the system 2 hours following infection.  This resulted in a significant 

drop in neutrophil recruitment to the capillaries (Figure 15a).  This recruitment was roughly 

equivalent to the drop in neutrophil recruitment seen in the administration of anti-CD18 

antibodies, approximately 50% (p=0.0341).  It is important to note that this behaviour did not 

correspond to any differences in the number of crawling cells (p=0.1807, Figure 15b), but did 

correspond with a significantly reduced number of adhering cells (p=0.0210, Figure 15c) in the 

capillary microvasculature. 
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Figure 14: Neutrophil behaviour following treatment of mice with anti-CD11a blocking 

antibodies 

  Mice were treated with 30µg of blocking antibodies or IgG2a isotype controls 2 hours 

following infection.   Multiple videos per mouse were imaged for 10 minutes at 10x 

magnification, and the number of neutrophils as well as their behaviours within the capillaries 

was quantified.   14a: overall recruitment of neutrophils to the capillaries over ten minutes after 

treatment with either anti-LFA1 antibodies or isotype control antibodies.  14b: number of 

crawling cells recruited to the capillaries following treatment with anti-LFA-1 antibodies or 
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isotype control antibodies.  14c: number of adherent cells following treatment with anti-LFA-1 

antibodies or isotype control antibodies.  N=5 independent experiments for mice treated with 

LFA-1 blocking antibodies and 4 independent experiments for isotype controls.  Each 

experiment consisted of collecting data from 4 or more 10x FOVs from a single mouse and 

averaging the results.  *** p<0.001 
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Figure 15: Neutrophil behaviour following treatment of mice with anti-α4 blocking 

antibodies 

Mice were treated with 50 µg of blocking antibodies or IgG2b isotype control antibodies 2 hours 

following infection.   Multiple videos per mouse were imaged for 10minutes at 10x 

magnification, and the number of neutrophils as well as their behaviours within the capillaries 

was quantified.   15a: Overall recruitment of neutrophils to the capillaries over ten minutes after 

treatment with either anti-α4 antibodies or isotype control antibodies.  15b: Number of crawling 

cells recruited to the capillaries following treatment with anti-α4 antibodies or isotype control 
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antibodies.  15c: Number of adherent cells following treatment with anti- α4 antibodies or isotype 

control antibodies.  N=3 independent experiments for α4 blocking antibodies, and 5 independent 

experiments for isotype control treatment.  Each experiment consisted of collecting data from 4 

or more 10x FOVs from a single mouse and averaging the results.  * p<0.05. 
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Our next goal was to examine whether blocking both VLA-4 (via anti-α4 antibodies) and 

the β2 integrins (via anti-CD18 antibodies) had additive effects on the recruitment of neutrophils 

to the capillaries.  We administered both anti-CD18 antibodies and anti-α4 antibodies together.  

Interestingly, we saw a complete absence of neutrophil recruitment to the capillaries (Figure 

16a).   This complete absence corresponded to significant reductions in crawling when compared 

with CD18 isotype antibodies (p<0.0001, Figure 16b), and significant reduction in the number of 

both crawling and adhering neutrophils when compared with isotype control antibodies for anti-

α4 (p=0.0183 for crawling, Figure 16b, and p=0.0218 for adherence, Figure 16c).  

 

4.2.2 Blocking molecules on the endothelium 

We then sought to determine which ligand receptors these integrins were binding to in the 

capillaries.  As described above, there are many potential ligand receptors that can bind to both 

Mac-1 and LFA-1.   VLA-4 also has several ligand receptors that it can bind to in order to induce 

activation.  However, we decided to focus on molecules that have been shown in the literature to 

be expressed in some skin endothelial cells following stimulation.   Our primary targets were the 

molecules ICAM-1 and VCAM-1. We focus on these molecules because they are known to be 

expressed on endothelial cells, and have been shown to be upregulated on endothelial cells in 

vitro after stimulation with components of the S. aureus cell wall (141).  Furthermore, VCAM-1 

expression has been shown to occur in the deep vascular plexus, a layer of vessels which drains 

into the SC (142).  We conducted preliminary experiments to determine whether ICAM-1 was 

expressed on the endothelium in the capillaries, showing that both ICAM-1 and VCAM-1 were 

expressed in the capillaries 2 hours after infection (Figures 17 and 18). 
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Figure 16: Neutrophil behaviour following treatment of mice with anti CD18 and anti-α4 

blocking antibodies 

  Mice were treated with blocking antibodies or a cocktail of IgG1 and IgG2b isotype controls 2 

hours following infection.   Multiple videos per mouse were imaged for 10minutes at 10x 

magnification, and the number of neutrophils as well as their behaviours within the capillaries 

was quantified.   16a:  Overall recruitment of neutrophils to the capillaries over ten minutes after 

treatment with either CD18 and anti-α4 antibodies or isotype control antibodies for both of those 
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conditions.  16b: Number of crawling cells recruited to the capillaries following treatment with 

anti CD18 and anti-α4 antibodies or isotype control antibodies.  16c: Number of adherent cells 

following treatment with anti-CD18 and anti- α4 antibodies or isotype control antibodies.   N=3 

independent experiments for dual block and 4 for the isotype controls.   Each experiment 

consisted of collecting data from 4 or more 10x FOVs from a single mouse and averaging the 

results.   ** p<0.01, *** p<0.001. 
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Figure 17: Expression of VCAM-1 in the microvasculature 2-3 hours post bead infection    

Mice were infected with a GFP-expressing S. aureus bead and treated with 10µl at 0.2mg/ml 

anti-Ly6g (clone 1A8) conjugated to PE as well as 10µl 1.0mg/ml CD31 conjugated to Alexa647 

IV.   After ~2.5 hours of imaging, mice were also treated with 20µl of anti-VCAM-1 at 0.5 

mg/ml conjugated to FITC.  Additionally, control experiments were also performed, where mice 

were anesthetized and treated with control microsphere containing beads as well as 10µl at 

0.2mg/ml anti-Ly6g (clone 1A8) conjugated to PE and 10µl 1.0mg/ml CD31 conjugated to 

Alexa647 IV.  The skin tissue was then exteriorized, and images of the tissue where taken.  17a: 

Neutrophil recruitment to the microvasculature at 10x magnification within 500µm of a S. 

aureus bead. 17b: Expression of CD31 on the microvasculature. 17c: Expression of VCAM-1 on 

the microvasculature.  VCAM-1 expressing vessels are denoted by white arrowheads 17d: 

Composite image.   Images 17a-17d are representative of 3 independent experiments.  Figure 

17e: Neutrophil recruitment in the microvasculature within 500µm of the sterile bead.  17f: 

expression of CD31 on the microvasculature of a mouse given sterile beads.  Figure 17g: 

expression of VCAM-1 in the sterile bead treated mouse.  Figure 17h: composite image.   The 
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uniform staining is indicative of an absence of VCAM-1, as auto contrast was used in all 

experiments.  Images 17e-17h are representative of 2 independent experiments. 
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Figure 18: Expression of ICAM-1 in the microvasculature 2-3 hours post bead infection   

Mice were infected with a GFP-expressing S. aureus bead and treated with 10µl 1.0mg/ml CD31 

conjugated to Alexa647 IV.   After ~2.5 hours of imaging, mice were also treated with 10µl of 

anti-ICAM-1 at 1.0mg/ml conjugated to PE.  Additionally, control experiments were also 

performed, where mice were anesthetized and treated with sterile beads as well as 10µl 1.0mg/ml 

CD31 conjugated to Alexa647 IV. 18a: ICAM-1 expression in the microvasculature at 10x 

magnification within 500µm of a S. aureus bead near the S. aureus bead. 18b: Expression of 

CD31 on the microvasculature. 18c: The fluorescent S. aureus bead. 18d: Composite image.  

Images 18a-18d are representative of 3 independent experiments.  Figure 18e: expression of 

ICAM-1 on the microvasculature of a mouse given a sterile bead.  Figure 18f: expression of 

CD31 on the microvasculature of a mouse given a sterile bead.    Figure 18g: the fluorescent 

microspheres in the image associated with the sterile bead (bead is located below and to the left 

of the image.  Figure 18h: composite image.  Images 18e-18h are representative of 2 independent 

experiments. 

18g 

S
. 
a
u
re

u
s 

b
ea

d
  
  
  
  
  
  
  
  
  

  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 I

C
A

M
-1

 

 

C
o
m

p
o
si

te
 i

m
ag

e 
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 P

E
C

A
M

-1
 

 

18h 

S
te

ri
le

 B
ea

d
 

 C
o
m

p
o
si

te
 i

m
ag

e 
 



 

92 

Blocking ICAM-1 via anti-ICAM-1 antibodies resulted in a significant reduction in the 

number of neutrophils recruited to the capillaries, when compared with IgG2b isotype controls 

(p=0.0246, Figure 19a).  However, there was no significant change in crawling (p=0.1437, 

Figure 19b) or adherent neutrophils (p=0.6022, Figure 19c) when ICAM-1 was blocked. When 

VCAM-1 was blocked, there was a significant decrease in the number of recruited neutrophils 

(p=0.0087), as well as in the number of crawling neutrophils in the capillaries (p=0.0030), with 

no change in the number of adherent neutrophils (p=0.3097, Figure 20).   Finally, blocking both 

VCAM-1 and ICAM-1 resulted in no significant differences in recruitment or behaviour 

compared with either ICAM-1 or VCAM-1 alone (p=0.4815 and p=0.2446, Figure 21).  

Blocking these ICAM-1 and VCAM-1 then did not have an additive effect comparable to what 

was seen by blocking of CD18 and α4 integrin.   

 

4.3 Effect of blocking antibodies on recruitment in the venules 

As we observed that the β2 integrins and VLA-4 prevented neutrophil recruitment to the 

capillaries, we tested the effect of these blocking antibodies on the venules in the bead model.   

Blocking CD18 and α4 resulted in significantly reduced adhesion compared to isotype controls 

(Figure 22a, p=0.0004 for CD18 isotype controls and p<0.0001 for α4 isotype controls).   This 

treatment also significantly altered emigration compared to CD18 isotype controls (Figure 22b, 

p=0.0008).  There was decreased neutrophil adhesion and emigration following treatment with 

anti-CD18 and anti-α4 antibodies.     
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 Figure 19: Neutrophil behaviour following treatment of mice with ICAM-1 blocking 

antibodies 

Mice were treated with 100µg of blocking antibodies or IgG2b isotype controls 2 hours 

following infection.   Multiple videos per mouse were imaged for 10minutes at 10x 

magnifications, and the number of neutrophils as well as their behaviours within the capillaries 

was quantified.   19a:  Overall recruitment of neutrophils to the capillaries over ten minutes after 
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treatment with ICAM-1 antibodies or isotype control antibodies.  N=4 independent experiments 

for ICAM-1 and isotype controls.   Each experiment consisted of collecting data from 4 or more 

10x FOVs from a single mouse and averaging the results.   19b: Number of crawling cells 

recruited to the capillaries following treatment with anti ICAM-1 antibodies or isotype control 

antibodies.  19c: Number of adherent cells following treatment with anti-VCAM-1 antibodies or 

isotype control antibodies.  *p<0.05. 
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Figure 20: Neutrophil behaviour following treatment of mice with VCAM-1 blocking 

antibodies.  

Mice were treated with 50µg of blocking antibodies or IgG2a isotype controls 2 hours following 

infection.   Multiple videos per mouse were imaged for 10minutes at 10 x magnifications, and 

the number of neutrophils as well as their behaviours within the capillaries was quantified.   20a:  

Overall recruitment of neutrophils to the capillaries over ten minutes after treatment with 

VCAM-1 antibodies or isotype control antibodies.  N=4 independent experiments for both 
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VCAM-1 and isotypes.  Each experiment consisted of collecting data from 4 or more 10x FOVs 

from a single mouse and averaging the results.   20b: Number of crawling cells recruited to the 

capillaries following treatment with anti VCAM-1 antibodies or isotype control antibodies.  20c: 

Number of adherent cells following treatment with anti-VCAM-1 or isotype control antibodies.  

** p<0.01 
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Figure 21:  Neutrophil behaviour following treatment of mice with VCAM-1 and ICAM-1 

blocking antibodies 

 Mice were treated with either 50µg of anti-VCAM-1 blocking antibodies, 100µg of anti-ICAM-

1 antibodies, or both treatments 2 hours following infection.   Multiple videos per mouse were 

imaged for 10 minutes at 10 x magnifications, and the number of neutrophils as well as their 
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behaviours within the capillaries was quantified.   21a:  Overall recruitment of neutrophils to the 

capillaries over ten minutes after treatment with anti-ICAM-1, anti-VCAM-1, or both blocking 

antibodies.  N=4 independent experiments for VCAM-1, 5 independent experiments for ICAM-

1, and 5 independent experiments for ICAM-1+VCAM-1.  Each independent experiment 

consisted of collecting data from 4 or more 10x FOVs from a single mouse and averaging the 

results.  21b: Number of crawling cells recruited to the capillaries following treatment with anti-

ICAM-1 antibodies, anti-VCAM-1 antibodies, or both blocking antibodies.  21c: Number of 

adherent cells following treatment with anti-ICAM-1 antibodies, anti-VCAM-1 antibodies, or 

both blocking antibodies. 



 

99 

   

Figure 22: Effect of CD18 and α4 blocking antibodies on venular recruitment   

The numbers of adherent and emigrated neutrophils from venules were measured over 5 minutes 

in multiple FOVs near the S. aureus bead.  22a: the number of adherent neutrophils in a 100µm 

stretch of 20-40µm venule was measured over 5 minutes.  Neutrophils were considered adherent 

if they remained stationary for more than 30 seconds.  22b: the number of emigrated neutrophils 

in the FOV was determined over the 5-minute period.  Any neutrophil outside of the vasculature 

was determined to be emigrated.   N=3 independent experiments.  Each independent experiment 

consisted of quantification of 3 or more venules at 10x magnification.   **p<0.01, ***p<0.001. 
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In summary, in this chapter we have identified several molecules responsible for 

neutrophil recruitment into the capillaries.   We have examined the molecules on the neutrophil, 

identifying that the β2 integrins (Mac-1 and LFA-1) play an important role in recruitment 

behaviour.  Notably, neither Mac-1 nor LFA-1 is individually responsible for neutrophil 

recruitment; blocking either alone did not significantly change the number of neutrophils 

recruited.  However, we did see a reduction in neutrophil crawling following LFA-1 treatment.   

VLA-4 also appears to play an important role in mediating neutrophil recruitment, as blocking 

this molecule significantly reduced the number of neutrophils in the capillaries.   Furthermore, 

blocking both CD18 and VLA-4 simultaneously led to a complete abrogation of neutrophil 

recruitment in the capillaries, suggesting that these molecules together are the major molecules 

on the neutrophil which mediate this behaviour.   The ligand receptors associated with this 

behaviour appear to be ICAM-1 and VCAM-1, as blocking both of those molecules led to a 

reduction in the number of neutrophils recruited to the capillaries, though notably this did not 

lead to the complete abrogation of neutrophils in the capillaries as seen when using anti-CD18 

antibodies and anti-α4 antibodies simultaneously.   Finally, using the anti-CD18 and anti-VLA-4 

antibodies also appears to have a significant impact on the venules, completely abrogating 

neutrophil adhesion. 
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Chapter Five: Functional effects of neutrophil recruitment 

 

5.1 Introduction: local consequences of S. aureus infections 

Typically, MRSA soft tissue infections result in purulent cellulitis or subcutaneous 

abscesses (143).  These abscesses are usually hypoxic regions containing necrotic cells (117), 

large numbers of neutrophils (61) (which are recruited rapidly following infection) and, after 

several days, proliferating myeloid cells (96).   These cells have prolonged survival rates within 

the abscess, but in the case of neutrophils, this may not be to the benefit of the host (96, 144).  In 

mouse models, the maximum amount of tissue damage or spontaneous open wound formation 

typically occurs between two and four days following infection (96, 116, 117), though these 

results are not universal (61).  Abscesses and lesions containing S. aureus can release bacteria to 

disseminate, leading to secondary tissue abscess formation (145) as well as life threatening 

systemic complications, such as sepsis (4).   

In this chapter, we examine the influence of neutrophil recruitment in the formation of 

abscesses, and the local physiological consequences of neutrophil recruitment.  Better 

understanding of neutrophil function in abscess formation may direct more effective treatment of 

S. aureus infections, through modification of neutrophil behaviour.  We began by investigating 

the recruitment of neutrophils to the capillaries, to identify whether this unexpected behaviour 

might have an effect upon the microvasculature or the tissue surrounding the capillary bed. Of 

particular interest was the question of whether neutrophils in the capillaries were occluding the 

microvasculature. We then examined cell death in the tissue near the bead, in order to determine 

whether the influx of neutrophils to the nidus of infection might induce cell death in the 

surrounding tissue.  This led to another set of experiments in which we investigated how 
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neutrophil recruitment might have a gross impact on the formation and expansion of S. aureus 

induced lesions. 

 

5.2 Microvasculature perfusion 

To better understand the consequences of localized neutrophil recruitment to the 

capillaries, we queried whether neutrophil recruitment to these vessels occluded the 

microvasculature.  We investigated this question using an intravenous injection of FITC-

albumin.  Following intravenous injection, this protein flows freely through the 

microvasculature, labelling it green (146, 147). However, an obstruction in the microvasculature 

will prevent FITC-albumin from flowing through the vessel, and thus the vasculature 

immediately downstream from the obstruction will not be labelled.   

In our experiments, prior to the injection of FITC-albumin (green), vessels were labelled 

using Alexa 647 conjugated to anti-CD31 antibodies (blue).  If a vessel was occluded, the 

vasculature did not become labelled by the FITC-albumin, but remained labelled with Alexa-

647, and thus appeared blue.  In this manner, we were able to clearly visualize which vessels 

were perfused and which were occluded.   As shown by the representative image in Figure 23a, 

vascular occlusion of the capillary beds is apparent during S. aureus bead infection. Upon visual 

inspection, we observed that this vascular occlusion (shown in blue) was associated with 

neutrophils (shown in red) present in the capillary microvasculature while perfused vessels 

remained green and had no neutrophils (white arrowheads).  When we quantified these results, 

we saw significantly greater occlusion of the microvasculature in S. aureus-treated mice than 

when mice were treated with sterile beads (Figure 23b).   Almost all of the capillaries in mice 

treated with sterile beads showed perfusion, with virtually no occlusion of the microvasculature.   
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Figure 23: Occlusion of the capillary microvasculature following insertion of S. aureus 

bead 

 23a: Image of capillary occlusion adjacent to a S. aureus bead.   Mice were treated with10µl at 

1.0 g/ml of CD31 and 10µl of Ly6g at 0.2 g/ml conjugated to PE, as well as S. aureus beads, for 

two hours prior to image acquisition.  Mice were then injected with approximately 50 µl of 

FITC-albumin solution after video acquisition began.  Neutrophils are labelled in red, the 

vasculature in blue, and the flow of blood in green.  The S. aureus containing bead is located to 

the right of the image, just out of view. 23b: Graphical representation of occlusion of the 

capillary microvasculature.  Vessels were considered occluded if, 30 seconds after FITC albumin 

labelling became present in the FOV, the vessels were not positive for FITC albumin 

fluorescence.   One FOV was selected randomly for quality of visual microvasculature prior to 

FITC albumin injection and then quantified per independent experiment.   The numbers of 

occluded capillaries were quantified as a percentage of the total capillaries present in the FOV.  

Mice were given blocking antibodies (anti-CD18 and anti-α4) 20 minutes before injection of 

FITC albumin.  N=3 independent experiments for mice with sterile control beads, 4 independent 

experiments for S. aureus beads, and 3 independent experiments for mice given S. aureus beads 

and treated with blocking antibodies.  **p<0.01 
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In contrast, mice treated with S. aureus beads had significantly more occlusion of the 

microvasculature (p= 0.0042) with ~50% of the capillary microvasculature occluded.  

We next decided to test whether neutrophil presence was associated with microvascular 

occlusion, by quantifying occlusion following treatment with antibodies that we had shown to 

inhibit neutrophil recruitment to the capillaries (Figure 16 from Chapter 4). When we treated S. 

aureus bead-injected mice with anti-CD18 and anti-α4 antibodies to block neutrophil 

recruitment, we found that capillary occlusion was significantly reduced compared to S. aureus 

mice (p= 0.0108, Figure 21b).  Capillary occlusion in the antibody-treated S. aureus mice was 

not significantly different from mice treated with the control sterile beads (p=0.4372, Figure 

21b). Through this rescue experiment, we demonstrated that preventing neutrophil recruitment to 

the site of S. aureus infection was sufficient to reverse the vascular occlusion phenotype and 

restore perfusion to baseline conditions.  

 

5.3 Cell death 

Neutrophil recruitment during infection is not entirely beneficial to the surrounding 

tissue.   Neutrophils are potent antimicrobial cells, but many of the molecules that neutrophils 

use to kill microbes, such as ROS and NETs, are also toxic to mammalian cells (88).  We 

investigated the degree of cell death that occurred during S. aureus investigations using 

propidium iodide, and determined whether this cell death was associated with neutrophil 

recruitment.   Propidium iodide is a fluorescent cell marker for death; when applied, it 

intercalates with DNA and increases its fluorescence.  Propidium iodide is membrane-

impermeable, and thus only stains cells with disrupted plasma membranes, or extracellular DNA.  

We used propidium iodide to investigate the degree of cell death both with and without 
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neutrophil recruitment, by using the antibodies blocking CD18 and α4 integrins, which we had 

previously shown to abrogate neutrophil recruitment (Figure 15).   We treated mice with these 

blocking antibodies before S. aureus treatment, to better understand the role of neutrophil 

recruitment in causing cell death. 

 Before using our blocking antibodies, we tested several controls to ensure that we were 

not quantifying any artefacts caused by the surgery involved in preparing the exteriorized skin or 

any constitutive cell death that may normally occur in skin and cause background noise (Figure 

24).   We first tested if there was increased cell death near the S. aureus bead, compared to cell 

death in other areas of skin (minimum 2000µm away from the bead, Figure 24).   This confirmed 

that there was increased cell death near the S. aureus bead, as compared to farther away, 

suggesting that the presence of the S. aureus bead was responsible for the increased cell death, 

above and beyond baseline cell death in the exteriorized skin.  We then quantified the differences 

in cell death when beads containing sterile microspheres were inserted as compared to S. aureus 

beads and confirmed significant increases in cell death with the S. aureus beads (Figure 25a, 

p=0.0258), as compared to the beads with sterile microspheres.  Finally, we treated with either 

blocking antibodies (anti-CD18 and anti-α) or isotype control antibodies, and observed a 

significant (Figure 25b, p=0.0247) reduction in the number of dead cells when mice were given 

the blocking antibodies before S. aureus bead insertion.   These cells did not appear to be 

neutrophils; we did not see evidence of colocalization between Ly6g labelled cells and 

propidium iodide (Figure 26). 
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Figure 24:  Effect of S. aureus bead on cell death 

 Multiple 10x magnification FOVs in mice were quantified to compare the amount of cell death 

which occurs near versus away from the bead.  Mice were treated with 50µl of 2 µg/ml 

propidium iodide superfused over the tissue.  Away from the bead was defined as a minimum of 

2000µm from a S. aureus bead.   24a: A FOV away from a S. aureus bead. Propidium iodide 

positive cells are in red, the vasculature is in blue, and the neutrophils are in bright blue.   24b: A 

 

Away from Bead Near Bead 

24a 24b 

24c 
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FOV near a S. aureus bead. Propidium iodide positive cells are in red and the GFP-S. aureus 

bead is in green.  24c: Graphical analysis of the number of propidium iodide positive cells ~2000 

µm away from the bead versus adjacent (within 500µm) of the bead.  N=3 independent 

experiments.  Each independent experiment consisted of collecting data from 3 different 10x 

FOVs. *p<0.05.  
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Figure 25: Quantification of cell death induced by beads   

25a: Image of a sterile bead and nearby propidium iodide positive cells. Propidium iodide 

positive cells are in red, the vasculature is labelled blue, and the bead is labelled green. 25b: 

Image adjacent to a GFP-S. aureus bead.  Propidium iodide positive cells are in red, the 

vasculature is in blue, and the neutrophils are in bright blue.  The bead is located just above the 

FOV.  25c: The number of propidium iodide positive cells found in 10x magnification FOVs 

25a 

25c 25d 

25b 
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near a bead when comparing sterile and S. aureus beads.   Data is from multiple fields of view 

per mouse.  N=3 independent experiments for sterile beads and 5 independent experiments for S. 

aureus beads. 25d: The number of propidium iodide positive cells found in 10x magnification 

FOVs near an S. aureus bead when comparing mice treated with anti-CD18 and anti α4 

antibodies, and isotype controls.  Mice were treated with antibodies at the same time as insertion 

of S. aureus beads.  N=3 for isotype control treatment, N=4 for the dual block treatment.  

*p<0.05 
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Figure 26: 10x magnification of propidium iodide positive cells and Ly6g positive cells.   

Mice were treated with 10µl at 0.2mg/ml of anti-Ly6g (clone RB6-8C5, in blue) at the time of 

bead insertion (in green), as well as 10 µl at 1.0mg/ml anti-CD31 (also in blue).  Mice were 

treated with 50µl of 2 µg/ml propidium iodide (red) superfused over the tissue two hours after 

infection.  Bead is located adjacent to the FOV, above the image.   26a: Ly6g (RB6 8C5) and 

CD31 expressing cells within 500µm of the bead.  26b: propidium iodide positive cells within 

500µm of the bead.  26c: edge of the GFP-SA bead (located north of the bead).  26d: Composite 

image.   Image is representative of 4 independent experiments examining single FOVs at 4x 

magnification. 
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5.4 Lesion size 

We then examined whether preventing neutrophil recruitment could significantly alter the 

size of the lesion caused by a S. aureus bead 48 hours after infection.   We administered blocking 

antibodies, either two hours before or after the injection of S. aureus beads containing 5x10
5
 

CFU, and then examined the size of the lesion 48 hours after infection.   We found that blocking 

neutrophil recruitment two hours after infection resulted in reduced lesion size at 48 hours 

(Figure 27a).  Paradoxically, we found that blocking neutrophil recruitment two hours before 

infection resulted in increased lesion size (Figure 27b).  Furthermore, the only group of mice 

which had recoverable CFU’s of S. aureus in the blood at the time of tissue harvest were those 

treated with blocking antibodies two hours before infection (Figure 27c and d), suggesting that 

the reduced lesion size seen in mice given anti-CD18 and anti-α4 integrin after infection did not 

result in S. aureus escaping the abscess and causing bacteremia, which would be detrimental to 

the health of the host.  

 In conclusion, in this chapter we have examined the functional consequences of 

neutrophil recruitment to a S. aureus infection, both immediately surrounding the bead and in the 

nearby capillaries.  In the capillaries, we saw increased vascular occlusion with S. aureus 

infections.  This occlusion could be reduced by blocking the recruitment of neutrophils to the 

capillary microvasculature.  When we examined recruitment to the beads, we saw increased cell 

death with S. aureus beads as compared to sterile controls, which could be prevented by 

inhibiting neutrophil recruitment at the early stages of infection.  Furthermore, blocking 

neutrophil recruitment at a  specific timepoint (2 hours after infection) decreased lesion size.   In 

contrast, preventing neutrophil recruitment 2 hours before infection caused larger lesions sizes,  
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Presence or Absence of S. aureus in the blood of mice 48 hours after infection  

Time point of injection 2 hours before bead injection 2 hours after bead injection 

Treatment Isotype control Dual Block Isotype control  Dual block 

Replicate 1 

Replicate 2 

Replicate 3 

Replicate 4 

Yes Yes No No 

No Yes No No 

No No No No 

No No No N/A 
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Figure 27:  Effect of blocking antibodies on lesion formation 48 hours after bead injection. 

Beads (approximately 10
5
 CFU) were injected SC into mice.  Mice were treated with a cocktail 

of either isotype control IgG1 and IgG2b antibodies or anti-CD18 and anti-α4 antibodies (via tail 

vein injection) either two hours before or two hours after injection of beads.  Tissue was excised 

48 hours following infection, and then the lesion was photographed and analyzed using ImageJ 

software to identify the size in mm
2
. 27a: Effect of blocking antibodies administered two hours 

after infection by injection of S. aureus beads.  N=4 independent experiments for isotype control 

treatment, and 4 independent experiments for dual blocking treatment.  Each independent 

experiment consisted of analysis of a single lesion.   27b: Effect of blocking antibodies injected 

two hours before infection.   N=4 independent experiments for isotype control treatment and3 

independent experiments for dual block two hours before infection.   Each independent 

experiment consisted of analysis of a single lesion.    27c: Presence or absence of CFUs in blood 

of mice harvested 48 hours after infection.   Blood was harvested via cardiac puncture and plated 

to determine absence or presence of CFUs.  “Yes” indicates the presence of S. aureus CFUs in 

the blood, “no” indicates the absence of S. aureus CFUs. 27d: CFUs/ml of blood found in mice 

following treatment with blocking antibodies or isotype controls either two hours before or after 

infection.  Blood was plated on BHI agarose with 20µg/ml chloramphenicol. 
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suggesting that neutrophil recruitment is important during the early stages of infection, but may 

also cause additional bystander tissue damage.    
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Chapter Six: Discussion 

6.1 Summary and significance of this study 

S. aureus is a serious pathogen, responsible for the majority of soft tissue infections (3) and 

approximately 18,500 deaths per year in the United States (2).  It can cause significant 

complications following infection, such as necrotizing fasciitis and sepsis (4), which are 

potentially fatal.  S. aureus remains a serious clinical challenge due to its capacity to rapidly 

adapt and mitigate the effect of many types of antibiotics, including beta-lactams, vancomycin, 

and daptomicin (13, 15, 16).  A more sophisticated understanding of this pathogen’s behaviour at 

the molecular level is of utmost importance, in order to combat it and prevent mortality in 

infected patients. 

 Recent research has focused on the complex and often paradoxical role that the innate 

immune system plays in S. aureus infection. In particular, neutrophil recruitment to S. aureus 

during infection has been well-documented in the literature (2, 83).   This recruitment is 

considered critically important to control S. aureus infections, since deficiencies in neutrophil 

function can impair the host’s ability to combat S. aureus infections, as demonstrated in both 

patients and experimental mouse models (44, 109).  However, neutrophil recruitment is not 

entirely to the host’s benefit, as neutrophils are also highly cytotoxic.  As suicidal pro-

inflammatory “foot soldiers” of the innate immune system, they can cause substantial bystander 

tissue damage in the process of controlling infections (88, 110).  In this study, we probed the 

complex role that neutrophils play during S. aureus skin infections in vivo using spinning disk 

confocal microscopy.   We developed and validated a novel in vivo model of localized S. aureus 

skin infection, and used this model to characterize neutrophil behaviour in real time, in order to 

better understand the role of these cells in S. aureus infections. 
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6.2 Analysis of model development 

In Chapter 3, we developed a model that used viable S. aureus immobilized on an agarose 

bead. This model generated significant recruitment of neutrophils towards S. aureus infection 

sites (Figures 5 and 6), which occurred in spite of the many virulence factors (such as CHIPs and 

SSL5) that S. aureus secretes that can inhibit neutrophil recruitment in vitro (98, 148).  In our 

model, neutrophils are recruited swiftly and en masse to the site of S. aureus infection, 

recapitulating the results of similar studies by multiple other groups (2, 83).  Is it to the 

advantage of the host or the pathogen to have large numbers of neutrophils recruited to the 

infection site?  Despite the crucial role neutrophils play in containing S. aureus infection, the 

capacity of neutrophils to cause bystander tissue damage suggests that their presence may not be 

entirely beneficial.   Many studies (102, 149-151) have shown that S. aureus is capable of 

surviving neutrophil phagocytosis, and furthermore, that S. aureus possesses the ability to lyse 

neutrophils and contribute to infection after phagocytosis.   Some have even speculated that 

neutrophils may act as a “Trojan horse” for S. aureus, allowing the pathogen to disseminate more 

easily throughout the body and cause secondary infections via migration of infected neutrophils 

(114).   This suggests that, paradoxically, neutrophil recruitment may be of benefit to the 

pathogen (facilitating bacterial dissemination) and to the host (facilitating bacterial clearance), 

whilst simultaneously being detrimental to the pathogen (via ROS-mediated bacterial killing and 

trapping with NETs, for example) and to the host (via bystander tissue damage). Although this 

study did not attempt to conclusively resolve this complex paradoxical relationship, our goal was 

to further elucidate the neutrophil-S. aureus interaction through an in-depth characterization of 

neutrophil behaviour at the localized site of S. aureus infection in vivo.     
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To approach this challenge, we adapted a previously established agarose bead model of 

infection. In the cystic fibrosis literature, the agarose bead approach was used to immobilize P. 

aeruginosa in the lung (127).   We developed a similar agarose bead model of S. aureus for a 

number of reasons.  Firstly, immobilization simplified the bacterial infection in our experiments, 

allowing us to concentrate on examining the leukocyte behaviours to a nidus of infection using 

real-time imaging with spinning disk confocal microscopy.  The bead model also focused on a 

specific region (the areas within 500 to 1000µm of the bead) rather than dealing with variable 

concentrations of bacteria that can be found when S. aureus is injected subcutaneously.  

Importantly, we believe this method of S. aureus inoculation also recapitulates an important 

clinical scenario in patients: the bead represents a physical vector that carries the bacteria 

underneath the cutaneous layers of the skin, which we consider to be equivalent to a wooden 

splinter or fragment of broken glass.  This is relevant to a clinical infection with S. aureus, where 

infection is not typically caused by fluid being injected underneath the skin (the method used in 

our preliminary studies and elsewhere in the literature (24, 25, 117).  Furthermore, introducing 

beads into the skin creates a mixing of S. aureus with a foreign particle, which has been shown to 

enhance pathogenicity compared to S. aureus in saline alone (121, 124).    It is possible the 

increased pathogenicity caused by S. aureus with foreign particles may be because this mixture 

“confuses” the immune system, reducing its ability to detect the severity of a S. aureus infection 

and respond appropriately, and may help to explain why S. aureus does not need large CFUs to 

induce soft tissue infections in patients.  Alternatively, foreign particles may allow for S. aureus 

biofilm formation, which can enhance virulence (152). 

 We used male C57B6 mice in this model for several reasons.  There are many knockouts 

available on this genetic background of mice (for example, mice deficient in the β2 integrins 
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LFA1 and Mac1 (153, 154), which could be relevant to this project).  When we selected the 

strain of mice, we were uncertain whether to use knockouts or blocking antibodies, and were 

considering the use of LysmGFP mice (which we have on a C57B6 background) to label 

neutrophils.  We ultimately decided against this option because of the bacterial strains used in 

our experiments.  The brightest USA300 fluorescent strain we had was GFP-expressing.   While 

we also had access to red fluorescent protein (RFP) expressing USA300, these bacteria were not 

bright enough to consistently identify beads.  Using LysmeGFP mice in conjugation with GFP 

expressing S. aureus would have made differentiation of neutrophils and bacteria difficult; 

therefore, we decided to use PE-conjugated antibodies to label the neutrophils.   We used only 

male mice to avoid the possibility of sex-related differences confounding our experiments.  As a 

control, future experiments could try this model in another strain of mouse (like BalbC) to 

determine whether the observed neutrophil behaviour varies between strains, as well as examine 

whether female C57B6s show similar neutrophil behaviour. 

 In order to get an indication of the early neutrophil responses to S. aureus, our 

preliminary data, collected following subcutaneous injection of S. aureus, was analyzed at one 

hour post infection.   Others have demonstrated that neutrophil activation to S. aureus in the skin 

is a fairly rapid response, occurring within 2hrs (47), both due to the extreme sensitivity of the 

skin to any perturbation, as well as the fact that S. aureus potently stimulates innate immune 

responses (32).  

Prior to using our model for experimentation, the bead characteristics were thoroughly 

analyzed and quantified.   We measured the CFUs prior to bead construction in order to estimate 

the overall number of bacteria being used (Figure 4b) and subsequently identified the best 

mechanisms to measure CFUs in individual beads in later experiments, via plating of individual 
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beads. The CFU total better reflects the concentration of CFUs, compared with measuring 

individual beads, where the size of the bead must also be taken into account to determine CFUs. 

We also verified the length of time that S. aureus beads retain viability (Figure 4c), and so 

tailored our experiments to avoid variation in S. aureus numbers due to the age of the beads.  

  Importantly, our model corroborates the results of other studies (24, 31, 45, 61, 83, 117) 

that demonstrate that neutrophils are actively recruited to the site of S. aureus infection (Figures 

5 and 6).  Typical of neutrophil recruitment, we see neutrophils both adhering and emigrating 

from the venules (Figure 22). In this model of infection, neutrophils clearly exit the vasculature 

(Figure 22) and move through the extravascular compartment toward the nidus of infection 

(Figure 6). It is likely that neutrophils are being recruited by bacterial proteins, as well as 

chemokines released by damaged cells and other immunocytes.  

Following validation of our model, we conducted an in-depth examination of neutrophil 

behaviour near the site of localized infection. In particular, we observed neutrophil adhesion and 

crawling inside the capillaries, in addition to inside the venules, during neutrophil recruitment to 

S. aureus beads, a phenomenon that has not been previously observed and described, to our 

knowledge.  Nonetheless, it is difficult to label the capillaries specifically.   Therefore, capillaries 

were identified as vessels that were a) ≤ 10μm in size, as described in the literature (155) and b) 

that transitioned into venules.  We used 3D imaging (Figure 7d) to confirm that neutrophils were 

inside the capillaries.  This disproved the alternative hypothesis that neutrophils were crawling 

on the surface of the capillaries, instead of within them. Further evidence supporting our 

assertion that neutrophils were inside the capillaries is the effect these cells had on perfusion in 

the capillaries (Figure 19), clearly showing that the neutrophils were associated with occlusion of 

the vasculature, something that they are highly unlikely to do from outside the capillary.  
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 Thus, it was clear that neutrophil recruitment to the bead was occurring not only through 

the venules, but also in the capillaries, a previously undescribed behaviour in the context of S. 

aureus infections.  This recruitment occurred in response to the S. aureus present in the bead, 

and not to the bead alone (Figure 5) demonstrating that this was not an artefact caused by 

surgical manipulation of the mouse or the insertion of the bead.  It is difficult to see how this 

capillary recruitment could be beneficial to the host, as the neutrophils were not observed to 

emigrate from this vascular bed, but instead crawled in close proximity to the bead within the 

capillaries.  It is possible that neutrophils are recruited in order to prevent any bacterial 

dissemination through the vasculature from the initial infection point.   Activation of neutrophil 

host defense mechanisms such as NETs could protect against further dissemination, should the 

bacteria enter the capillary microvasculature. The presence of neutrophils would also allow for 

phagocytosis and potentially killing of netted bacteria.   A method to begin testing this 

hypothesis in vivo would be to use molecules such as SYTOX green or orange as well as 

antibodies against neutrophil elastase and histones to label NETs, as has been used previously 

(54, 112).  An alternative hypothesis for the capillary recruitment behaviour is that S. aureus 

promotes this neutrophil recruitment for its own benefit, increasing the tissue damage and 

subsequent neutrophil recruitment in order to promote dissemination of infection via neutrophils, 

as suggested by the literature (114).   This is supported by the fact that the capillaries are 

occluded by the neutrophils, and this occlusion likely causes damage to those capillaries.  When 

we labelled with propidium iodide to examine cell death, we observed that some of the 

propidium iodide cells appeared to co-localize with the CD31-labelled endothelial cells (Figure 

23b).   This could be examined in greater detail by quantifying the percentage of propidium 

iodide positive cells that co-localize with the capillaries, to determine if cell death is associated 
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with proximity to the capillaries.  Another possibility is that capillary recruitment has no effect 

on infection, being neither beneficial nor detrimental to the host, but is a side effect of the 

massive neutrophil influx.  As there are still far fewer neutrophils in the capillaries than the 

venules, these intra-capillary neutrophils may be a side effect of neutrophils being signalled to 

migrate to the bead site, and may not cause any physiologically significant change in cell death 

or local tissue damage.  Unfortunately, when we inhibited neutrophil recruitment to the 

capillaries, we also altered neutrophil recruitment to the venules (Figure 18, chapter 4), so 

deciphering the precise role of neutrophil recruitment to the capillaries was not possible.  

The observation of neutrophils within the capillaries as elongated cells (Figure 8) 

suggests that these neutrophils are capable of crawling within small vessels (5-10µm in 

diameter).  Neutrophils within small vessels crawl independently in a dynamic fashion.  This 

observation is supported by the data showing that integrin inhibiting antibodies were capable of 

inhibiting neutrophil recruitment (Figures 11, 14, 15), demonstrating that this behaviour was not 

mechanically mediated. In other words, neutrophils are being actively recruited rather than 

passively lodged in the capillary bed.  The number of adherent neutrophils in the capillaries was 

not reduced by administration of integrin inhibiting antibodies (Figure 10a), so it is possible 

there were some neutrophils getting “stuck” and unable to move through the capillaries by means 

other than the integrins we investigated.  However these numbers were exceedingly low, so even 

if this does occur, it likely does not play an important role in recruitment to the capillaries.   This 

has interesting implications for other tissues where neutrophils transit through relatively small 

microvasculature.   In the lung, for instance, some have hypothesized (156-158) that the size of 

lung capillaries results in a mechanical inability for activated neutrophils pass easily through this 

vascular bed; the neutrophils are trapped due to their size.  This trapping was hypothesized to be 
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part of the reason why there is a delay in neutrophil transits through the lung.  Furthermore, this 

was suggested to occur during infection or lung injury, as these insults result in cytoskeletal 

changes of neutrophils (156-158).  Our data supports a different hypothesis: if neutrophils are 

capable of crawling through microvasculature such as the capillaries of the skin during infection, 

it is less likely that they are being mechanically trapped in the similarly sized capillaries of the 

lung. 

This leads to another important feature: the heterogeneity of the endothelium.   Endothelial 

cells vary both between different organs of the host, as well as between various different vascular 

beds within the same organ (66, 159).   This coincides with different physiological pressures on 

different regions of the endothelium.  Shear force is typically lower in the capillaries than in 

many other vascular bodies, but in vessels that have a diameter 10µm or less, the shear stress can 

be comparatively high (160).   This may be why neutrophils crawl and adhere within capillary 

vessels of this diameter, as integrins are known to have catch bond functions and thus may prove 

an effective means of recruiting cells at high shear stress regions of the capillary 

microvasculature.   

After we observed neutrophil recruitment to the capillaries, we sought to determine 

whether this phenomenon was unique to the strain of S. aureus we were using (USA300).  We 

found no significant differences in neutrophil recruitment, either to the bead or in the capillaries, 

when we compared ATCC25923 with the USA300 strain. This experiment confirms that 

neutrophil recruitment to the capillaries is not unique to USA300. However, it does not confirm 

whether or not all S. aureus strains cause this behaviour.    An important future direction would 

be to examine other Staphylococcal strains in this model, particularly non virulent ones.  Strains 

which differ significantly in terms of virulence from the strains used here, such as a colonization 
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strain like M92, may not cause this effect in the capillaries.   Clearly some S. aureus strains are 

capable of inducing this behaviour; this is not dependent on methicillin resistance or HA versus 

CA designation (ATCC25923 is a MSSA strain originally derived from a hospital infection, 

whereas USA300 is a CA MRSA strain).  Testing closely related species, such as Staphylococcus 

epidermis, may give further insight into what distinguishes S. aureus from its less pathogenic 

cousin.  Furthermore, it would be instructive to examine other common skin pathogens, like 

Streptococcus pyogenes, to see if similar behaviours occur in response to other skin pathogens.   

These observations raised the question of why there was no emigration from the 

capillaries.  It is possible that the capillary endothelium lacks some proteins or molecules 

necessary for neutrophil emigration, such as JAMs or VE-cadherin.  There may be differences in 

the junctions of capillaries as compared to venules in the skin, or the signals provided by the 

endothelium to the neutrophil in this vascular bed may inhibit neutrophil emigration.  The lack of 

emigration is worth further study in the future, as defining the difference between the venular 

and capillary endothelium and the possible reasons why this behaviour occurs may provide 

further insight into whether this behaviour contributes to S. aureus virulence.  To examine 

differences in capillary endothelium, future experiments could stain for molecules such as JAMC 

VE-cadherin, or Claudin 5, which are typically found at endothelial junctions and involved in 

emigration from the venules.  Claudin 5, in particular, has been found at the tight junctions 

between both murine dermal endothelial cells and in human dermal capillary endothelial cells 

(161, 162).   This, combined with 3D imaging, might allow us to assess whether or not these 

proteins are present, and thus determine whether the inability to emigrate from the capillaries is 

based on the protein surface expression of the endothelium.   Another possibility is that the 

vasculature here is less permeable to larger molecules, so there is no signal (such as an 
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extravascular chemokine gradient) that can be recognize to induce emigration out of the 

vasculature. 

 

6.3 Analysis of the molecular components of capillary recruitment 

In Chapter 4 of this study, we interrogated the role of integrins in neutrophil recruitment 

to the capillaries, and demonstrated that the β2 integrins and the α4 integrin VLA4 are important 

in mediating this phenomenon.  

We chose to investigate the role of the β2 integrins with blocking antibodies, rather than 

using mouse knock-outs. We found previously that neutrophil recruitment to the capillaries 

occurred consistently at ~2 hours (Figure 5) and wanted to investigate the importance of various 

molecules in mediating neutrophil recruitment at this timepoint.  Using mice deficient in these 

integrins would not give us the ability to conduct time-specific blocking of neutrophil 

recruitment.  We also wanted to avoid any side effects of blocking neutrophils for the first two 

hours.  Additionally, CD18
-/-

 mice have significantly more circulating neutrophils than wild type 

mice (163), and, to our knowledge, there is no α4 integrin knockout mouse.  If we prevented the 

gross neutrophil recruitment at earlier timepoints, this reduction in neutrophil numbers could 

alter the recruitment of neutrophils in the capillaries by preventing the production of 

chemoattractants (such as LTB4) by emigrated neutrophils.  Thus we could be causing indirect 

effects on capillary recruitment, rather than directly changing behaviour within them.  

Furthermore, it is possible for mice deficient in integrins to develop mechanisms for 

compensating for these deficiencies, whereas mice treated with antibodies do not typically suffer 

from this limitation, due to the rapid nature of the blocking effect.  However, antibody treatment 

does introduce the risk of non-specific binding.  The antibodies can then alter the behaviour of 
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cells by crosslinking with Fc receptors found on the surface of many immunocytes.  This can 

change the behaviour of the cells in question, through mechanisms unrelated to the direct 

blocking of the molecule being targeted.  Additionally, the blocking antibody could bind and 

alter the function of the cell where non-specific binding is occurring, and could induce cell-cell 

interactions that are again not related to the molecule being targeted.  In order to address some of 

these limitations, we treated with isotype control antibodies, and in most analyses, we observed 

significant differences between the blocking antibodies and their isotype controls.  

The importance of the β2 integrins in this system was confirmed.  It has been previously 

shown that the β2 integrins play important roles in leukocyte recruitment in the peripheral tissues, 

such as skin and cremasteric vein (71, 164).  The fact that removing CD18 significantly reduced 

the number of crawling cells, but not the number of adherent cells, suggests that adherent cells 

are not heavily influenced by the β2 integrin in this vascular bed.   An important corollary, 

mentioned earlier, is that there were very low levels of adherent neutrophils to begin with; thus 

neutrophil adhesion may be caused by factors other than adhesion molecules (i.e. mechanical 

stresses on the cells or an inability to crawl for other reasons), and did not play an important role 

in the behaviour of the neutrophils. 

   Of note, blocking either Mac1 or LFA-1 alone did not have significant effects on 

neutrophil recruitment within the capillaries (although blocking LFA1 did alter neutrophil 

behaviour, see Figure 14).   This suggests that these integrins perform different roles in the 

capillaries, as compared to the venules.  This is supported by the fact that blocking LFA 1 

reduced neutrophil crawling (Figure 14), whereas blocking Mac1 had no effect on neutrophil 

behaviour (Figure 13).  This implies that the neutrophils are capable of adhering via either LFA1 

or Mac1 in the capillaries (possibly due to the differing structure of these vessels as compared to 
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the venules), but require LFA1 in order to move through the capillary microvasculature.  This 

data also suggests that Mac 1 and LFA1 play overlapping roles in the capillaries, and both must 

be blocked in order to prevent neutrophil recruitment to the capillaries.  While it is possible that 

another β2 integrin is responsible for these behaviours, we feel this is unlikely.  Mac1 and LFA1 

are expressed at high levels constitutively in neutrophils, and are thought to be the primary 

molecules involved in crawling and adhesion (71, 75, 82, 165).  Other α subunits of the β2 

integrins are probably not involved in this behaviour. For example, CD11d is primarily 

expressed on monocytes and macrophages, not neutrophils (166).   In contrast, CD11c may be 

expressed on neutrophils, but is not expressed in large amounts and has never been assigned any 

function (167, 168).  

The role that α4 integrin played in this model warrants discussion.   The presence of α4 

integrin on neutrophils is controversial, with some authors suggesting that neutrophils do not 

express this integrin (169).   Others have suggested that this molecule only plays a role in 

specific tissue beds in the body, such as the lung (72), or in cases of infection, such as sepsis 

(73).  It is possible that this molecule is externalized on the cell surface of neutrophils during 

infections, and thus the reason why we saw α4 integrin playing a role in the capillaries (Figure 

14) and venules (Figure 18) was due to infectious stimuli (the S. aureus in our model).  Future 

studies could use a sterile model of inflammation in the skin, which is similar in function to the 

bead (possibly filter paper or another mechanical structure that releases chemoattractants like 

MIP2, FMLPs or LTB4), and analyze different behaviours.   Such studies, combined with 

treatment of blocking antibodies of α4 integrin, might address the importance of this integrin on 

the neutrophil. Further validation experiments, such as colocalization of the β2 and α4 integrins 

and the neutrophil marker Ly6g (specifically with the 1A8 antibody to label neutrophils 
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exclusively), should also be performed in vivo to ensure that the integrins are localized on the 

expected cell types. Such experiments would also provide insight into which other cell types, if 

any, are being inhibited by these antibodies.  

We also used blocking antibodies to examine the potential ligand receptors involved in 

neutrophil recruitment in the bead model, and found a role for ICAM-1.  ICAM-1 is known to 

bind to both LFA-1 and Mac1, and is upregulated on endothelial cells during infection (170, 

171).  Indeed, we saw expression of ICAM-1 on the endothelium at the two hour timepoint in 

both infected and control mice (Figure 18), and blocking ICAM-1 resulted in reduced neutrophil 

recruitment to the capillaries (Figure 19). 

We also used blocking antibodies to examine VCAM-1, which is well known to be an 

important ligand receptor for α4.  This molecule is expressed at low levels constitutively in 

murine skin endothelium (172). Furthermore, expression on endothelial cells is increased by 2 

hours following an inflammatory stimulus (173).   In line with these data, we could see 

expression of VCAM-1 in specific regions of the capillaries within 2-3 hours of treatment with S. 

aureus beads, though not in mice treated with control beads (Figure 17).  Furthermore, blocking 

VCAM-1 yielded a significant reduction in the number of neutrophils in the capillaries (Figure 

20), suggesting that VCAM-1 is an important molecule for neutrophil crawling in the capillaries.  

With this in mind, we decided to block VCAM-1 and ICAM-1 together, to see if blocking both 

of them could abrogate neutrophil recruitment, similar to effect seen by blocking α4 and 

CD18(figure 15). 

 VCAM-1 and ICAM-1 together did not result in an additive effect (Figure 21), 

suggesting that these molecules are not the only important ligand receptors for neutrophil 

recruitment, and that another ligand receptor can mediate neutrophil recruitment to the 
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capillaries.   It is possible that α4 is binding to another molecule, such as fibronectin (another 

potential binding partner for this molecule (174) in the capillaries, and inducing changes in 

neutrophil recruitment through indirect binding to endothelial cells.  It would be interesting to 

investigate further whether other ligand receptors of α4 might be responsible for this change in 

behaviour.  Another future experiment would be to investigate the co-localization of VCAM-1 

and the crawling neutrophils seen in the capillary microvasculature, to further interrogate if 

VCAM-1 expression is directly associated with the crawling of neutrophils in the capillaries.  

Furthermore, one could stimulate the endothelium with IL-4 prior to infection with a S. aureus 

bead (which is known to increase expression of VCAM-1 (174), and examine if there are 

increased numbers of neutrophils in the capillaries, again interrogating the role for VCAM-1 in 

this model in greater depth.  

Additionally, the structure of the endothelium varies with the size of the vessel, the type 

of vessel, and the depth of the vessel within the skin tissue (142).  Thus VCAM-1 and ICAM-1 

expression may not be heterogeneous throughout the skin capillaries, but rather may vary 

depending on depth.  Therefore, the roles of these integrin ligand receptors which we saw on the 

vasculature may not be uniform.   Other integrin ligand receptors may play roles at different 

depth or even different sizes of the capillary vasculature.  

 

6.4 Functional consequences of infection analysis 

In Chapter 5 of this investigation, we examined the local consequences of neutrophil 

recruitment in the capillaries, and investigated some of the broader consequences of inhibiting 

total neutrophil recruitment.  
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The absence of perfusion (Figure 23) further confirms that neutrophils are within the 

capillaries, rather than outside them.  We analyzed the images 30 seconds after FITC albumin 

became visible within the capillaries to allow for blood flow to pass through the 

microvasculature.   Analyzing at later times following FITC administration would have allowed 

for passive diffusion of the FITC into vessels that were occluded, and thus limited our ability to 

determine the occlusion of the microvasculature.   Additionally, we did not test the effect in the 

capillaries with isotype controls.  This was because the purpose of these antibodies in this assay 

was to inhibit neutrophil recruitment, and we already tested their ability to perform this action 

against isotype control treatments in Chapter 4 (Figure 15).  FITC albumin is useful for vascular 

perfusion and flow, but is less useful in measuring microvascular permeability in the periphery, 

due its large size (66Kda).  Future permeability experiments could be performed with other tools 

such as nanoparticles, like the ones used to label the sterile control beads.   These molecules not 

only can be varied in size (yielding different optical properties), but are also very bright.  

We next examined cell death, via propidium iodide staining, to determine the influence of 

S. aureus, and the associated neutrophil recruitment, on cell death in the skin.  We saw increased 

numbers of propidium iodide positive cells within 500µm of the bacteria stimulus, as compared 

to regions without bacteria.  This was found when comparing regions without S. aureus in the 

same mouse (Figure 24c) or comparing mice given S. aureus with those given sterile beads 

(Figure 25c).   We also saw a reduction in the number of propidium iodide positive cells when 

mice were treated with blocking antibodies against CD18 and α4 with the introduction of the S. 

aureus beads.   Thus, neutrophil recruitment results in cell death, as measured by propidium 

iodide.  This was at two hours following infection.  One would assume if an infection progressed 

without neutrophils being recruited, the lack of inflammatory response to the bacteria would 
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allow for bacterial replication and increase the number of toxins being produced, leading to an 

increase in the number of dead cells at later timepoints.  Many studies have demonstrated that 

either neutrophil depletion or defects in neutrophil functionality can result in increased tissue 

damage and increased severity of S. aureus infections (83, 109).  This demonstrates the central 

paradox involved in neutrophil recruitment to a S. aureus infection site.  Obviously neutrophils 

are important for controlling the infection.  However, it may be that the bacteria adapt to 

neutrophil recruitment, and thus an excess of neutrophils do not lead to effective control of the 

infection but rather increased bystander tissue damage.  

It is possible that some of the dead cells we observed were neutrophils.  However, not all 

neutrophils appear to be dying in response to the S. aureus stimuli (Figure 25b, blue cells within 

the capillaries).  The majority of the cells in the FOVs that we examined did not co-stain with the 

Ly6g neutrophil marker (Figure 26), suggesting that some other cell type is dying due to 

neutrophil influx.  This could be a resident immune cell population in the skin, like γδ T-cells, or 

tissue resident macrophages.  This is particularly interesting given that γδ T-cells are thought to 

be important in the neutrophil recruitment to sites of S. aureus infection in the skin (46).  These 

dead cells could also be resident skin cells, such as keratinocytes. It is likely that more than one 

type of cell is dying in this model, given that both the neutrophils and the S. aureus are capable 

of releasing widely cytotoxic molecules (2, 31, 60, 88).  Future studies could focus on 

distinguishing what type of cells we are seeing in this model during cell death, by labelling with 

different cell markers.  Furthermore, as propidium iodide is a general cell death marker, it would 

be interesting to use alternate methods to examine the type of cell death, such as 

immunofluorescence for caspase-1 cleavage to identify pyroptosis or caspase 3/7 cleavage to 

identify apoptosis (175).    One could also examine whether dead cells co-localize with 
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neutrophil NETs.  NETs are produced in the skin following S. aureus infection (54) and are 

known to cause bystander tissue damage (88).  Thus, it is possible that NETs may be 

contributing to some of the cell death we observed. 

 After identifying a critical role for neutrophils in cell death, we next examined the effect 

of neutrophil recruitment on lesion formation 48 hours after introduction of a bead into the 

mouse skin.  We saw that blocking neutrophil recruitment 2 hours after infection caused a 

significant reduction in lesion size at 48 hours, suggesting that excessive neutrophil recruitment 

may exacerbate the damage caused by S. aureus to the host. One possibility is that the reduced 

lesion size was caused by the dissemination of the bacteria away from the lesion site and into the 

bloodstream.  To address this, we observed that there were no S. aureus CFUs in blood at the 48 

hour timepoint, suggesting that the reduction in lesion size did not correspond with bacteria 

“escaping” the infection site and causing more serious systemic infections (Figure 27c and 27d). 

Nonetheless, it is worth noting that blood borne bacteria often cause secondary infections in 

different tissues, and are often rapidly cleared from the bloodstream.   It is thus often easier to 

isolate bacterial CFUs from other organs rather than the blood. Recent work in the Kubes and 

Zhang labs has suggested that the liver and lungs of mice become infected with S. aureus 

following systemic infection with these bacteria.  Therefore, an important future direction would 

be to harvest these tissues to examine CFUs at the 48 hour timepoint, to better identify whether 

this infection is remaining localized following treatment with antibodies blocking neutrophil 

recruitment two hours following infection.  

By contrast, treatment with anti-CD18 and anti-α4 antibodies two hours before infection 

increased the size of the lesion, suggesting that entirely preventing neutrophil recruitment is 

detrimental for the host.  With too few neutrophils recruited to a S. aureus infection site, the 
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bacteria can replicate and cause increased infection, as the bacteria are not being properly 

controlled by the host immune system.   It is possible that an excess of neutrophils at the 

infection site is also detrimental, allowing the bacteria to escape, possibly via disruption of 

neutrophil-mediated bacterial killing following phagocytosis (83, 102, 150).   From the host’s 

perspective, it is logical that a massive and immediate response to an infection with S. aureus or 

another skin pathogen would be evolutionarily conserved.   

One interesting feature of the S. aureus bead model is that it induced less tissue damage, 

at a later timepoint, when compared with SC injection of S. aureus in saline into the skin.  This is 

not unexpected; the CFU for our bead injections was several orders of magnitude less than that 

used in the S. aureus-saline injections.   Bacteria in the beads are also not introduced to the host 

during log phase; they are less metabolically active (having been placed in a bead at 4
o
C for up 

to six days) as compared to bacteria injected in saline and thus may not secrete as many toxins at 

this stage.  Furthermore, our model involved injecting a solid bead, which allows for less 

bacterial spread than the S. aureus-saline injection model.  Experiments performed within our lab 

have recently shown that the injection of several beads can cause large open wounds (Surewaard 

and Kubes, unpublished data), suggesting that this bead model may be able to potently induce 

tissue damage in subcutaneous infections, given an increase in CFUs to levels comparable to the 

10
8
 CFUs used in the subcutaneous injections in saline. 

Given the relatively moderate severity of infections induced by the bead model, it is 

possible that this model could be adapted to generate a longer lasting infection model, compared 

with saline injections.   This is a possibility, especially given that this model was adapted from a 

cystic fibrosis P. aeruginosa infection model that induces lasting infections in rat lungs (127).  

Therefore, a future direction would be to examine the bead at later timepoints, from several days 
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to several weeks.  This would determine whether this bead model can establish a persistent S. 

aureus infection, as well as identifying further complications at later timepoints.   

The capacity of S. aureus to manipulate and alter neutrophil behaviours (83, 114), 

combined with the data demonstrating the detrimental nature of neutrophil recruitment (after the 

first two hours) on lesion size for the host (Figure 27b) suggests that S. aureus-neutrophil 

interactions may be a means by which this pathogen has evolved to survive and reproduce, to the 

detriment of the host, in the subcutaneous microenvironment.   S. aureus appears to be able to 

survive phagocytosis by neutrophils, disrupting both the phagocytic pathway and manipulating 

neutrophil cell death following phagocytosis (83, 102, 149, 150).  S. aureus may also be able to 

thrive in the subcutaneous region of the skin, in part as a response to being a skin and nasal 

commensal.   Although some commensal bacteria typically evolve to downregulate inflammation 

and cell death in the host, S. aureus strains also incorporate genes that enhance bacterial survival 

while being actively targeted by the host immune system (30, 102, 150).  Thus, commensalism 

may allow for the evolution of effective anti-immune strategies by this pathogen.  

 

6.5 Limitations 

There are several limitations of this model.  The time required to construct beads means 

that the bacteria are not in log phase when they are inserted into the skin, but are more likely to 

be in stationary phase.   Log phase bacteria are ideal for infection, as they are metabolically 

active and secrete exotoxins more readily.  However, this also means that our infection model is 

more likely to recapitulate an infection in a patient, as it is unlikely that patients are infected by 

S. aureus while they are in log phase.  The bead component is also a limitation.   The agarose 

used may encourage the overproduction of specific virulence factors.   For example, the CCY 
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media used by Lipinska et al. encourages the production of PVL (25, 29).  Therefore, the use of 

TSA agar may encourage the production of specific virulence factors.   Future experiments could 

involve characterizing the bacterial response to bead generation with different types of agar.  

This could allow us to refine our model further and enhance the production of various virulence 

factors in order to better study them.   Also, since this model involves exteriorization of the skin, 

there is a limit to the amount of time that the animal can be imaged, making other endpoints 

(such as survival, bacterial dissemination, or lesion size) difficult to accommodate. For these 

reasons, the model has been adjusted when necessary in this study to accommodate later 

endpoints.  We selected individual beads, and injected them in a large bore needle (the same size 

as used to create the beads originally, to prevent breakup of the bead).  These beads were 

injected in 100l of saline SC, in order to generate a model similar to our imaging model that 

could be followed for several days. 

 We also used the Ly6g antibody clone RB6-8C5 to label neutrophils.  It is well known 

that this specific antibody does not bind only to Ly6g, but also to Ly6c, and thus recognizes not 

only neutrophils, but also other cells types such as monocytes (129, 176).  Therefore, one could 

argue that our data could be representative of monocytes crawling in the capillaries, rather than 

neutrophils.  In fact, monocytes are known to patrol within the vasculature (177), thus the 

“neutrophil” population that was recruited to the capillaries during S. aureus infection could 

actually be monocytes.  To examine this possibility, we used the anti-Ly6g monoclonal antibody 

1A8 (Appendix Figure 3), a clone that is known to target neutrophils exclusively (129).  We 

observed no statistical differences in overall neutrophil recruitment per FOV or numbers of 

neutrophils in the capillaries, when compared with mice given the Ly6g antibody clone RB6-
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8C5.  Thus we can conclude that the cells being labelled by the Ly6g antibody clone RB6-8C5 

that crawl within the capillaries are likely neutrophils. 

Another limitation of this model is the influence that the dual blocking antibodies, anti-

CD18 and anti-α4, have on the venules in the subcutaneous soft tissue.   For the cell death assay 

(Figure 25) and changes in lesion sizes (Figure 27), the observed effects of decreased cell death 

and decreased lesion size may be due to changes in neutrophil recruitment within the capillaries, 

within the venules, or within some combination of the two.  Our ability to individually study the 

effect of behaviours in the capillaries or venules separately from one another is thus limited.  

Nonetheless, these experiments provide important information about the physiological effects of 

total neutrophil recruitment.  

Another limitation is that in both the FITC albumin experiments and the propidium 

iodide experiments, there is the potential that CD18 and α4 blocking antibody are inducing 

changes in other, unlabelled cell types present in the vasculature.  CD18 and 4 are not found 

only on neutrophils, but are rather found on a wide variety of other blood borne immunocytes, 

such as monocytes (169, 178) and T-cells (72).   Thus other cell types may be involved in the 

blockage of capillaries, and might be responsible for the change in perfusion.  

 The latter limitation also applies to the lesion experiments.  Injecting anti-α4 and anti-

CD18 antibodies systemically likely had effects on cells that were not neutrophils.   This may be 

of less importance at a 2 hour timepoint, when both the imaging and the infection were focused 

on a short timeframe.  It is less likely that the anti-CD18 and α4 antibodies would have an effect 

on other immunocytes leading to changes in neutrophil recruitment and cell death at this 

timeframe, as within two hours neutrophils are the predominant immunocyte recruited to S. 

aureus infections.   However, with the 48 hour lesion studies, this may be of more concern. As 



 

137 

many other cells have these integrins, including other myeloid and lymphoid cells, like 

monocytes and T-cells (72, 169, 178), they will be affected by the treatment with blocking 

antibodies.   A simple future direction to address this concern would be to deplete neutrophils 

and then examine whether the treatment with the blocking antibodies had any effect on the lesion 

size, when compared with neutrophil-depleted mice treated with isotype control antibodies. 

One common limitation is that many mouse models do not effectively reproduce 

inflammatory changes found in humans (179).   In the S. aureus literature in particular, much of 

the controversy concerning PVL has been due to the fact that neutrophils from different 

mammals appear to have different susceptibilities to PVL (24, 25).   It is possible that neutrophil 

crawling within the capillaries does not occur in humans.  However, examining this possibility is 

problematic, due to the difficulties in imaging humans.  Using an in vitro model of human tissue 

may also prove problematic, as many of the observations we have made occur in the 

microvasculature of the capillary beds.  An in vitro model would have to generate vessels that 

are  <10 µM in diameter and would need to use endothelium that was cultured in order to reflect 

capillary conditions, as it is possible that these behaviours occur due to functional heterogeneity 

between capillary and venular endothelial cells.   A possible future direction to address the 

limitation of this behaviour would be to examine neutrophils in vivo in another mammalian 

species, to assess whether or not crawling within the capillaries, and the effect of blocking 

neutrophils at different timepoints on lesion formation, is a mouse-specific phenomenon.  

Alternatively, a humanized mouse where human skin is placed on a SCID mouse, as was 

performed by Ho et al. (180) could be performed.  

It would also be interesting to investigate whether other cell types are interacting in the 

capillaries, either directly with adherent and crawling neutrophils or as a downstream effect of 
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neutrophil occlusion of the capillary microvasculature.   Typically, when capillaries are 

occluded, other cells are unable to move through the capillary vasculature.  Platelets, which have 

recently been shown to play anti-microbial functions in the liver (181) and can be activated and 

form thrombi following damage to endothelial cells (182), may not be able to pass by these 

occluding neutrophils.  Furthermore, platelets and neutrophils have been shown to interact in 

deep vein thrombosis, which results in intravenous thrombosis in the microvasculature (183, 

184).  Do platelets become activated and form thrombi in the capillary microvasculature 

following neutrophil occlusion of the capillaries, further inhibiting perfusion?  Investigating this 

could further aid in determining whether these neutrophils perform a beneficial or detrimental 

role to the host; if there are thrombi forming in the capillaries, one could hypothesize that these 

are either the beginnings of abscess formation to protect the host, or alternately, are another 

method by which bystander tissue damage occurs. 

 

6.6 Significance and final Conclusions 

To conclude, in this study we have examined the role of neutrophils in S. aureus 

subcutaneous infections.  Using spinning disk confocal microscopy, we have developed a new 

model for examining neutrophil recruitment using an agarose bead containing S. aureus and have 

characterized the behaviour of neutrophils recruited to this bead.  We found that neutrophils are 

not only recruited in the venules surrounding the bead site, but also are recruited in the 

capillaries surrounding the bead, which is a novel observation in the S. aureus literature.  We 

determined that the molecules responsible for this behaviour were the β2 and α4 integrins, 

binding with ICAM-1 and VCAM-1, and causing occlusion of the capillary microvasculature.  

Blocking neutrophil recruitment reduces cell death, and if performed ~2hrs after the initial stages 
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of neutrophil recruitment, will reduce lesion size several days after infection with the bead. 

Future investigations will aim to elucidate whether this model can be translated into a persistent 

infection, as well as further interrogate the potential detriments to reducing neutrophil 

recruitment to a S. aureus infection site, and the effects of variable neutrophil recruitment on 

other cell types, such as platelets.  These future investigations will hopefully lead to the 

development of clinically translatable strategies to modulate pathogen-host interactions in S. 

aureus infections.
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