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ABSTRACT 
 
 Macrophages play a central role in innate immunity, most notably in tissue 

repair, phagocytosis of dead or infected cells, secretion of chemokine and 

cytokines at sites of infection, as well as the activation of other immune cells.  

These roles are highly dependent on their capacity to migrate throughout the body 

by mediating intercellular adhesion and adhesion to the ECM.  A comprehensive 

understanding of the molecular mechanisms of adhesion and motility of 

macrophages is thus critical to better manipulate the innate immune response.  

Pyk2 and paxillin are key components of the macrophage cytoskeleton.  I 

demonstrated that Pyk2 is found as two biochemically and spatially distinct 

populations in macrophages, based on their binding partners, serine/threonine 

phosphorylation status, and post-translational modifications.  I further 

investigated the role of the protein tyrosine phosphatase CD45 on the regulation 

of the macrophage cytoskeleton.  I found that the absence of CD45 in 

macrophages leads to defects in adhesion and motility; these defects are possibly 

due a decrease in paxillin expression.  Moreover, inhibition of calpain and Pyk2 

activity partially restored paxillin expression in these cells.  Finally, I examined 

whether the absence of CD45 led to defects in macrophage responses to the yeast-

derived particle zymosan. No significant differences in cytokine secretion, 

pathogen recognition receptor expression and rate of phagocytosis were observed 

in CD45-deficient macrophages.  Changes in tyrosine phosphorylation and 

increased particle binding, however, were observed upon treatment with zymosan.  

In all, these results underline the contribution of Pyk2 and CD45 in the regulation 



	
  

of macrophage adhesion as well as the role of CD45 in the regulation of 

macrophage responses to fungal stimulus.  
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CHAPTER ONE: INTRODUCTION 
 

1.1 Overview of the Immune System 

The immune system of vertebrates has evolved as a means to protect against 

stresses such as disease and injury and to maintain homeostasis.  It is divided into 

two components: the innate immune system, which is qualified as non-specific as 

it can only recognize pathogens with a limited number of germline-encoded 

receptors, and the adaptive immune system, which is considered highly 

specialized as it can adapt to recognize virtually any non-self molecule (termed 

antigen) (reviewed in Medzhitov, 2007).  The innate immune system is comprised 

of cells and anatomical barriers that prevent infection.  The first barrier 

encountered is the epithelium, which provides a physical barrier between the 

environment and the body.  If infectious agents make it through the epithelium 

and enter the tissue, they then encounter cells of the innate immune system such 

as macrophages, which function to recognize and destroy them.  Molecules 

conserved within groups of pathogens, which are referred to as pathogen-

associated molecular patterns (PAMPs), allow for recognition of microbes by the 

innate immune cells (and Akira et al., 2006; reviewed in Janeway and Medzhitov, 

2002).  PAMPs are recognized either directly by pathogen recognition receptors 

(PRRs) expressed by immune cells, or by soluble factors that are subsequently 

bound by receptors on the cell surface of immune cells (Janeway and Medzhitov, 

2002). Once innate immune cells recognize pathogens or infected cells, they can 

act in several different ways to eliminate them.  Natural Killer (NK) cells destroy 

infected cells by releasing toxic molecules that induce cell death.  Phagocytes, 
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which include macrophages and neutrophils, can engulf microbes or dead cells at 

sites of infection.  Basophils stimulate vasodilatation through the release of 

histamine and play a role in controlling parasitic infections.  Eosinophils release 

free radicals and toxic proteins that can kill pathogens.  Moreover, all of these 

cells are capable of secreting cytokines and chemokines, which can recruit or 

activate other immune cells.  

Another key function of the innate immune system is to activate the 

adaptive immune system. This process starts by the presentation of antigen by 

innate immune cells, notably dendritic cells (DCs) and macrophages, to cells of 

the adaptive immune system.  After the antigen is loaded onto the major 

histocompatibility (MHC) molecules on these antigen presenting cells (APCs) it 

can bind the appropriate receptor on the adaptive immune cell, notably the T-cell 

receptor (TCR) on the surface of T-cells and the B-cell receptor (BCR) on B-cells.  

Activation of a specific subset of T-cells termed cytotoxic T-cells (CTL) allows 

for destruction of infected cells, a process known as cell-mediated immunity 

while the activation of B-cells leads to the secretion of antibodies, which is known 

as humoral immunity.  The activation of a second subset of T-cells called helper 

T-cells leads to cytokine secretion that assists these processes.  Type 1 helper T 

cells (Th1) produce interferon-γ (IFN-γ) and tumor necrosis factor- β (TNF-β), 

which assist killing of microbes by macrophages and stimulate the proliferation of 

CTL.  Type 2 helper T cells (Th2) produce interleukins (IL)-4, -5, -6, and -13 and 

aid in the humoral response by stimulating B-cell proliferation and neutralizing 

antibody production.  The highly specific nature of the adaptive immune system 
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stems from the capacity of these cells to undergo somatic hypermutation and 

V(D)J recombination. This leads to the generation of BCRs and TCRs capable of 

recognizing a large number of antigens.   Another key aspect of the adaptive 

immune system is its capacity to generate immunological memory, which insures 

rapid protection in case of future attacks from the same pathogen.   

Although the adaptive immune system is highly specific and can generate 

immunological memory in comparison to the innate immune system, the lag time 

between the pathogen encounter and immune reaction takes days, whereas the 

innate immune system is capable of immediate action.  Therefore, in the case of a 

pathogenic attack, it is essential for the innate immune system to contain infection 

until the adaptive immune system is fully activated to eliminate the pathogen.  

Macrophages are key innate immune cells with both the capacity to eliminate 

pathogens and infected cells as well as the ability to activate the adaptive immune 

response, making them an essential player in the fight against infection.   

 

1.2 Macrophage Biology 

1.2.1 Development and activation 

As is the case of all immune cells, macrophages originate from 

hematopoietic stem cells (HSCs) in the bone marrow (and reviewed in Gordon 

and Taylor, 2005; and Lawrence and Natoli, 2011; Volkman and Gowans, 1965).  

A portion of these HSCs has the potential to differentiate successively into 

common myeloid progenitor cells, granulocyte-macrophage precursors and 

macrophage/DC progenitors.  From there, macrophage/DC progenitors can 
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differentiate either into monocytes, which will eventually mature to become 

macrophages, or into the common DC progenitor, which will give rise to classical 

DCs.  Monocytes then exit the bone marrow into the blood stream where they will 

circulate until they are recruited into tissues under inflammatory conditions.  In 

these conditions, monocytes can give rise to inflammatory DCs or macrophages 

(Van Furth et al., 1973).  It is also thought that local proliferation of macrophages 

also contributes to population density in tissues (Murray and Wynn, 2011).   

Depending on the cytokines and the pathogenic stimuli present in the 

environment, macrophages can be activated through two general pathways: the 

classical (M1) or alternative (M2) macrophage activation pathways (reviewed in 

Gordon, 2003; and Lawrence and Natoli, 2011).  M1 macrophages are generally 

considered highly microbicidal, phagocytic, pro-inflammatory and promote 

extracellular matrix (ECM) destruction whereas M2 macrophages promote tissue 

repair by stimulating ECM construction, angiogenesis, and cell proliferation, as 

well as aiding in combatting extracellular and parasitc pathogens.  M1 

macrophages arise in a T helper 1 (Th1) environment where IFN-γ “primes” 

macrophages and are subsequently activated by stimuli such as TNF-α or LPS 

(Gordon, 2003; Lawrence and Natoli, 2011; Mosser, 2003).  This mode of 

activation induces transcription factors involved in the transcription of IFN-α/-β, 

which promote an antiviral response, as well as genes involved in the production 

of nitric oxide, which promote an antibacterial response. Macrophages are 

alternatively activated in the presence of Th2 cytokines IL-4 and IL-13 (Gordon 

and Martinez, 2010; Lawrence and Natoli, 2011). These cells activate signal 
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transducer and transcriptional activator 6 (STAT6), a transcription factor 

associated with Th2-related processes, and activate the enzyme arginase type I, 

which promotes collagen production (Gordon and Martinez, 2010; Lawrence and 

Natoli, 2011; Rutschman et al., 2001).  It is worth noting that although 

designations such as M1 and M2 exist, it is becoming increasingly evident that 

macrophages display heterogeneity and plasticity among subpopulations (and 

Geissmann et al., 2010; reviewed in Taylor et al., 2005).  The M1 and M2 

designations can instead be viewed as describing opposite ends of a spectrum in 

which macrophages are polarized more or less strongly to one of these (Mosser 

and Edwards, 2008).  Therefore, it is increasingly difficult to clearly assign 

functions and markers to specific macrophage populations. 

 

1.2.2 Functions 

1.2.2.1 Pathogen Recognition  

The innate immune system is able to recognize a wide variety of infectious 

agents due to the expression of PRRs (reviewed in Akira et al., 2006). These 

receptors are germline-encoded, non-clonal and independent of immunological 

memory.  They have evolved to recognize PAMPs that are often essential for 

pathogen survival, therefore are not subjected to high mutation rates.  These 

include LPS, peptidoglycan, flagellin, double-stranded RNA, beta-glucans and 

mannans.  PRRs can be divided in functionally diverse classes: endocytic, 

signalling, and secreted PRRs (Janeway and Medzhitov, 2002; Jeannin et al., 

2008).  This classification system merely distinguishes between the main 
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functions and capacities of PRRs, as endocytic PRRs and secreted PRRs are also 

capable of triggering signalling events.  Representative examples of these 

receptors are illustrated in Figure 1.1.  Macrophages express both endocytic and 

signalling PRRs on their surface, in the cytoplasm and in endocytic compartments, 

whereas secreted PRRs are used as an intermediary between pathogens and 

receptors expressed on the cell surface.  Recognition of microbes by these 

receptors culminates in a variety of inflammatory and anti-microbial responses 

that include phagocytosis and the secretion of inflammatory factors (Janeway and 

Medzhitov, 2002). 

 

1.2.2.1.1 Endocytic Pathogen Recognition Receptors 

Endocytic PRRs lead to engulfment of microbes following their 

recognition.   They include Dectin-1, Dectin-2, the mannose receptor (MR) and 

the complement receptor 3 (CR3; also known as CD11b/CD18, macrophage-1 

antigen, integrin αMβ2) (Figure 1.1a).  Dectin-1 and Dectin-2 are type II 

transmembrane proteins of the C-type lectin family that recognize fungal beta-

glucan and mannans, respectively, through their single carbohydrate recognition 

domain (CRD) in their extracellular region (Adachi et al., 2004; McGreal et al., 

2006).  Signalling by Dectin-1 occurs through its immunorecptor tyrosine-	
  based 

activation motif (ITAM) located on its cytoplasmic tail whereas Dectin-2 

associates with an adaptor, the ITAM-containing Fc receptor common γ  
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chain (FcRγ) (Ariizumi et al., 2000; Gantner et al., 2003; and reviewed in Saijo 

and Iwakura, 2011; Sato et al., 2006).  The many signalling pathways downstream 

of these receptors lead to phagocytosis, cytokine production and ROS production 

and involve spleen tyrosine kinase (Syk) and Src Family Kinases (SFK) (Brown, 

2006; Robinson et al., 2009; Rogers et al., 2005; Saijo and Iwakura, 2011; Sato et 

al., 2006).   

The MR is also a C-type lectin and possesses eight CRDs of which CRDs 

4 to 8 are necessary for binding and internalizing mannosy/fucosyl or N-

acetylglucosamine conjugates on the surface of pathogens (Taylor et al., 1992; 

Taylor and Drickamer, 1993).  Downstream events following pathogen 

recognition by this receptor include the release of reactive oxygen intermediates 

(ROI) and cytokines such as IL-1, IL-6, TNF-α and GM-CSF (Berton and Gordon, 

1983; Ezekowitz et al., 1991; Garner et al., 1994; Stein and Gordon, 1991; 

Yamamoto et al., 1997).  The extracellular portion of MR also includes a 

cysteine-rich region and a type II fibronectin (FN) domain in its extracellular 

portion (reviewed in Fraser et al., 1998).  The cysteine-rich domain has been 

shown to bind to sulphated carbohydrates found on glycoprotein hormones such 

as thyrotropin and lutropin and is thought to be involved in hormone homeostasis 

(Fiete and Baenziger, 1997; Fiete et al., 1998).  It also mediates MR binding to 

sulphated forms of sialoadhesins, a macrophage-specific membrane molecule and 

the leukocyte common antigen, CD45 (Pomares et al., 1999).  It has been 

proposed that the soluble form of the MR participates in antigen transport as it 

binds pathogens through its CRDs and delivers them to sialoadhesin- or CD45-
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positive cells in lymphoid organs through interaction with the cysteine-rich 

domain (Martinez-Pomares and Gordon, 1999).   

CR3 is a heterodimeric protein consisting of the integrin subunits β2 

(CD18) and αM (CD11b) (reviewed in Ehlers, 2000).  In addition to its role as an 

endocytic receptor, it functions as an adhesion receptor and a receptor for secreted 

PRR, which will be reviewed in a later section.  Its role as an endocytic receptor is 

possible due to the direct recognition of PAMPs such as beta-glucans and LPS on 

the surface of fungi or bacteria, respectively; the C-terminal lectin-like domain of 

the αM subunit is responsible for beta-glucan binding whereas the binding site for 

LPS is thought to be within the “inserted” (I) domain (Matsuno et al., 1998; Ross 

et al., 1985; Ross et al., 1987; Thornton et al., 1996; Wright and Jong, 1986; Xia 

and Ross, 1999).  Receptor recognition of these PAMPs by CR3 has been shown 

to trigger phagocytosis, nitric oxide production and superoxide production in 

phagocytes (Le Cabec et al., 2000; Matsuno et al., 1998; Steadman et al., 1990).  

In addition, the recognition of beta-glucans by CR3 has the unique capacity of 

“priming” this receptor, i.e. inducing a higher affinity state (Vetvicka et al., 1996).  

This results in increased phagocytosis of pathogens coated with iC3b, a secreted 

PRR that is also a ligand for CR3.  Ligation of CR3 through the lectin site as well 

as via iC3b thus mediates the most efficient response to pathogens.  It is important 

to note, however, that this beta-glucan-induced priming is distinct from the usual 

high affinity state induced by “inside-out” signalling during integrin-mediated 

adhesion, which will be discussed in a latter section.  
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1.2.2.1.2 Signalling Pathogen Recognition Receptors 

Upon recognition of their ligand, signalling PRRs trigger cell activation 

responses, such as gene transcription and cytokine secretion.  The Toll-like 

receptors (TLRs) represent the prototypical family of signalling PRRs (Janeway 

and Medzhitov, 2002; Kawai and Akira, 2010).  Thirteen TLRs have been 

identified in mice and humans thus far.  Although they are similar in structure in 

that they are type I transmembrane receptors with N-terminal leucine-rich repeats 

and a C-terminal Toll/interleukin-1 receptor (TIR) domain (Figure 1.1b), they 

differ in ligand specificity, cellular expression and cellular localization.  To allow 

for recognition of PAMPs and to induce signalling, they can either homodimerize, 

heterodimerize, or associate with a variety of other receptor or adaptor molecules.   

The first mammalian TLR characterized as a PRR, and probably the most 

extensively studied, is TLR4 whose homodimerization allows for signalling 

downstream of LPS (Medzhitov et al., 1997; Ozinsky et al., 2000a; Shimazu et al., 

1999).  An example of a TLR heterodimer is TLRs 2 and 6, which recognize a 

variety of PAMPs including diacylated lipopeptides of gram-positive bacteria and 

the fungal-derived particle zymosan (Ozinsky et al., 2000a; Ozinsky et al., 2000b).  

Upon recognition of their ligands, TLRs trigger the production of inflammatory 

cytokines and chemokines as well as the expression of costimulatory, MHC and 

antimicrobial molecules on the ligated APC (Akira et al., 2006; Janeway and 

Medzhitov, 2002).  In macrophages, this is accomplished through one of two 

signalling pathways: the MyD88-dependent and MyD88-independent (or TRIF-

dependent) pathways (Akira and Takeda, 2004) (Figure 1.2).  The MyD88 
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pathway is used by all TLRs (except TLR3) whereas the MyD88-independent 

pathway is used by TLRs 3 and 4 (Akira and Takeda, 2004; Kawai and Akira, 

2010).  In the MyD88-dependent pathway, the MyD88 adaptor molecule is 

recruited via its TIR domain to the cytoplasmic tail of TLRs where it mediates a 

homophilic interaction with the TLR TIR domain.  For TLR2 and TLR4, an 

additional TIR-containing adaptor molecule is recruited MyD88 then recruits a 

variety of kinases that lead to the activation of the mitogen-activated protein 

kinase (MAPK) signalling cascade and the activation of the transcription factor 

NF-κB, which lead to the transcription of genes encoding for pro-inflammatory 

cytokines such as TNF-α, IL-1 and IL-6.  The MyD88-independent pathway 

signals through the TIR-containing TRIF and TRAM adaptor molecules.  It also 

leads to the activation of MAPK signalling cascade and NF-kB, although the 

kinetics of this activation are delayed in comparison to the MyD88-dependent 

pathways.  In addition, the MyD88-independent pathway leads to the activation of 

the IRF3 transcription factor, which is involved in the transcription of type I 

interferons (IFN) and IFN-inducible genes involved in the anti-viral response.  
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Figure 1.2. Diagram of TLR signalling.  TLRs can signal through two signalling 
pathways: The MyD88-dependent pathway and the TRIF-dependent pathway.  All 
TLRs except TLR3 signal through the MyD88-dependent pathway whereas TLRs 3 
and 4 can signal through the TRIF-dependent pathway.  In the MyD88-dependent 
pathway, the MyD88 adaptor, as well as in some cases the TIRAP adaptor, are 
recruited to the TLR TIR domain.  In the TRIF-dependent pathway, adaptors TRIF and 
TRAM are recruited to the TLR TIR domain.  Both these pathways result in activation 
of the MAPK signalling cascade and the transcription factor NF-κB, and culminate in 
inflammatory cytokine production.  The TRIF-dependent pathway additionally 
activates the transcription factor IRF3 and results in the secretion of type I IFNs. 
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1.2.2.1.3 Secreted Pathogen Recognition Receptors 

Several humoral components act as PRRs and assist in the recognition and 

elimination of microbes by phagocytes.  They include antibodies, which are 

recognized by Fc family of receptors (FcRs), and complement components, which 

are bound by complement receptors of phagocytes (Figure 1.1c).  The FcRs 

responsible for the phagocytosis of IgG-coated pathogens and involved in 

phagocytosis are the FcγRI, FcγRIIA and FcγRIIIA receptors in human 

macrophages and FcγRI and FcγRIII in murine macrophages (reviewed in 

Nimmerjahn and Ravetch, 2007).  Apart from FcγRIIA, which possesses an 

ITAM in its cytoplasmic tail, FcγRs must associate with adaptor molecules such 

as FcRγ to induce signalling (Ernst et al., 1993; Kurosaki and Ravetch, 1989).  

Signalling is similar for all of these receptors: 1) ITAMs are tyrosine 

phosphorylated by various SFKs, followed by 2) recruitment of Syk to 

phosphorylated ITAMs and 3) activation of various signalling pathways and 

molecules downstream of Syk, including pathways culminating in gene 

transcription, cytokine secretion, cytoskeletal rearrangement and phagocytosis 

(Ghazizadeh et al., 1994; Kiener et al., 1993; Wang et al., 1994).  

The complement system consists of over 30 secreted and transmembrane 

proteins and is involved in the innate immune response to a plethora of pathogens 

(reviewed in Gasque, 2004).  Most of the secreted complement proteins are 

produced by hepatocytes and circulate in serum until they recognize and bind to 

microbial particles.  Upon recognition, these proteins are activated, cleaved, and 

mediate phagocytosis of the coated particle by phagocytes bearing the appropriate 
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complement receptor.  One of the key complement receptors on macrophages is 

CR3; it binds to iC3b, a stable fragment of the complement component 3 (C3) 

(Ehlers, 2000).  Unlike other PRRs, however, the CR3 receptor requires prior 

“priming” (i.e. conformation change) in order to induce phagocytosis of iC3b-

coated particles.  This can be prompted by stimulating cells with cytokines (ex. 

TNF-α, GM-CSF), attachment to extracellular matrix substrates (ex. Laminin, 

fibronectin) or binding of the CR3 lectin domain by beta-glucans (Ehlers, 2000; 

Gasque, 2004; Pommier et al., 1983; Vetvicka et al., 1996; Wright et al., 1983; 

Wright and Griffin, 1985).  Moreover, in contrast to other phagocytic receptors, 

iC3b-mediated responses by macrophages are limited to phagocytosis and do not 

elicit the release of inflammatory mediators (Aderem et al., 1985; Wright et al., 

1983). 

 

1.2.2.2 Phagocytosis 

Phagocytosis is the process of internalization of particles of more than 0.5 

µm in diameter (Jaumouille and Grinstein, 2011).  It is essential for the uptake of 

microbes or dead cells by macrophages but also participates in development, 

tissue remodelling and inflammation (Aderem and Underhill, 1999).  From an 

adaptive immunity perspective, this process is essential for the uptake and 

presentation of antigens to cells of the adaptive immune system (Soehnlein and 

Lindbom, 2010).  A large number of receptors trigger phagocytosis in 

macrophages, resulting in diverse signalling pathway leading to particle uptake 

(Jaumouille and Grinstein, 2011; Underhill and Ozinsky, 2002).  The basic steps, 
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however, remain similar: 1) binding of the cell receptors to their ligand on the 

surface of the particle, 2) receptor clustering and subsequent signalling, 3) 

engulfment of the particle by the phagocyte and is contained in the phagosome 

followed by complete containment in the phagosome, 4) maturation of the 

phagosome through fusion events with late endosomes and lysosomes (forming 

the phagolysosome) and 5) break down of the particle through acidification and 

activation of hydrolytic enzymes and other bactericidal compounds (Jaumouille 

and Grinstein, 2011; Vieira et al., 2002).  

Given the major changes in cell morphology and shape that occur during 

phagocytosis, it is not surprising that the remodelling of the actin cytoskeleton 

plays a major part in the execution of phagocytosis.  An abundance of signalling 

molecules are involved in actin dynamics during this process including 

scaffolding proteins, kinases and membrane traffic regulators (Underhill and 

Ozinsky, 2002).  Some of the notable participants in this process include Syk, 

SFKs Hck, Fgr and Lyn, Focal Adhesion Kinase (FAK), Protein tyrosine kinase 2 

(Pyk2) and paxillin (Table 1).  It is noteworthy that the molecules listed above are 

also involved in cytoskeletal functions.  Indeed, phagocytosis is intricately tied to 

cell adhesion as both use some of the same cell machinery, signalling proteins and 

receptors.  Therefore, a better understanding of the mechanisms that govern the 

components involved in cell adhesion may provide valuable information on their 

role in phagocytosis, or vice versa. 
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1.2.2.3 Other functions of macrophages 

Microbe recognition and phagocytosis of microbes triggers a variety of 

macrophage responses that function to communicate with other cells, destroy 

microbes and activate the adaptive immune response.  Cytokines are important 

soluble messengers secreted by all immune cell types.  They can modulate the 

response of other cell types as well as act in an autocrine fashion.  Macrophages 

secrete a number of cytokines under specific conditions, including the pro-

inflammatory cytokines TNF-α, type I IFNs (IFN-α and -β), IL-6 and -12 as well 

as the anti-inflammatory cytokine IL-10.  TNF-α and IL-6 are secreted in response 

to pathogenic infections and promote B- and T-cell proliferation (and Aggarwal, 

2003; reviewed in Heinrich et al., 1998). Type I IFNs are typically secreted in 

response to viral infections and many PRRs that recognize viral ligands trigger 

IFN-α/β secretion by macrophages (Gonzalez-Navajas et al., 2012).  They induce 

the expression of genes involved in resistance to viral replication in the 

responding cell types, activate NK cells, and increase antigen presentation by 

class I MHC (reviewed in Hervas-Stubbs et al., 2011).  IL-12 secretion by 

macrophages is important for the polarization of Th1 cells and Th1-dependent 

immune responses to pathogens (Hsieh et al., 1993; Trinchieri, 1997).  Finally, 

IL-10 is an immunomodulatory cytokine that serves as a negative feedback 

mechanism to suppress both the Th1 and Th2 responses; its secretion kinetics are 

generally slower compared to other cytokines (reviewed in Moore et al., 1993; 

and O'Garra et al., 2008).  
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Macrophages produce toxic molecules that contribute to microbial killing, 

which include nitric oxide (NO) and reactive oxygen species (ROS).  One of the 

primary functions of ROS and NO is the destruction of engulfed bacteria in the 

phagolysosome (and Lambeth, 2004; reviewed in Nathan, 1992).  ROS and NO 

production by macrophages and release in the phagolysosome is triggered by 

ligation of a variety of PRRs, such as TLR4, as well as in the presence of 

cytokines such as IFN-γ (Garotta et al., 1986; Ohashi et al., 2000; Ryan et al., 

2004; Zughaier et al., 2004).   

Although DCs have been coined as the principal APC, the significance of 

macrophages in antigen presentation has been demonstrated in several studies.  

Macrophages have been shown to have great importance in stimulating T-cell 

proliferation and activation, as well as generation of T-cell memory, in an 

antigen-specific manner (Desmedt et al., 1998; McCormack et al., 1993; 

McCormack et al., 1992; McCormack et al., 1991; Moser, 2001; Pozzi et al., 

2005).  For example, peptide-pulsed macrophages were able to stimulate naïve T-

cells in the spleen to induce proliferation, effector functions and memory cell 

formation in vivo with the same potency as DCs (Pozzi et al., 2005).  Moreover, 

antigen presentation by macrophages has been shown to generate both Th1 and 

Th2 T-cell responses in vivo (Desmedt et al., 1998; Moser, 2001). 
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1.3 Macrophage adhesion and motility 

Monocytes and macrophages are highly motile cells that can migrate within 

the body to sites of infection and tissue damage.  This migratory capacity is 

possible due to their dynamic regulation of cell adhesion to the extracellular 

matrix (ECM) and to other cells.  Macrophages also utilize some of the same 

molecules involved in adhesion and motility to phagocytose microbes and dead 

cells (May and Machesky, 2001).  These mechanisms are thus targets for 

therapies that limit or enhance the inflammatory response of macrophages.  For 

example, monocytes/macrophages are known to participate in the initiation and 

progression of artherosclerosis; monocytes are recruited to the vascular 

endothelium where they differentiate into macrophages and contribute to the 

progression of the disease through their activation and release of inflammatory 

factors (Chi and Melendez, 2007).  As such, multiple targets of 

monocyte/macrophage migration and adhesion are currently being studied as 

possible therapies for this disease (reviewed in Tiwari et al., 2008).  On another 

note, the use of inhibitors aimed at containing the migration of other cell types can 

have important consequences on macrophages; knowledge of the possible 

influences of these drugs on macrophage function should be assessed in order to 

determine whether their effect is desirable in terms of immune modulation.  For 

example, use of inhibitors of tumour cell invasion and metastasis in a pancreatic 

cancer model has been shown to also inhibit macrophage migration, which is 

desirable in this case as macrophages promote tumour proliferation and metastasis 

in this model (Stokes et al., 2011).   In contrast, macrophages are also involved in 



20	
  

anti-tumour responses and inhibition of these macrophages could thus promote 

cancer progression in certain models (reviewed in Biswas and Mantovani, 2010).  

In all, the identification of the mechanisms that regulate macrophage adhesion and 

motility are crucial for the understanding of macrophage function and provide 

potential targets for the modulation of macrophage responses. 

 

1.3.1 Cytoskeleton 

The scaffolding of proteins responsible for maintaining cell shape is called 

the cytoskeleton.  There are three main filaments that make up the cytoskeleton: 

microtubules, intermediate filaments and actin filaments (reviewed in Wang, 

1991).  Microtubules are generally involved in intracellular transport and 

contribute to the structure of the axoneme of cilia and flagella and the mitotic 

spindle.  They emerge from the microtubule-organizing centre (MTOC), which is 

located near the nucleus and is the main site for microtubule nucleation.  

Intermediate filaments have many functions, which include tethering organelles in 

the cell, and maintaining cell shape, cell-cell and cell-matrix junctions (and Braga, 

2002; reviewed in Schoenwaelder and Burridge, 1999).  Actin filaments 

participate in maintaining cell shape, adhesion, migration and phagocytosis.  

Because these processes are intrinsically linked to the immune functions of 

macrophages, the adhesion receptors, protein components and signalling 

pathways involved in the regulation of the actin cytoskeleton will be described 

further.  It is important to note that while many of the signalling pathways 

responsible for the regulation of the actin cytoskeleton have been described in 
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non-immune cell types, their function in macrophages has not been fully 

confirmed or elucidated.  A review of some of noteworthy molecules involved in 

the regulation of macrophage cytoskeletal functions is found in Table I. 

 

1.3.2 The integrin adhesome 
 

Integrins are a family of cell-surface transmembrane adhesion receptors that 

function to link ligands of the cell microenvironment, such as ECM molecules, to 

the intracellular signalling pathways and elements of the actin cytoskeleton.  This 

relay of information informs the cell on its environment and is termed “outside-in” 

signalling.  In mammals, the combination of heterodimers composed two distinct 

subunits (α and β chains) give rise to 24 integrins (reviewed in Hynes, 2002).  

Macrophages express a variety of β1 integrins (CD49c, CD49f, CD29), which are 

involved in binding to the ECM, and leukocyte-specific β2 integrins (CD11a, 

CD11b, CD11c and CD18), which in addition to binding to ECM molecules, are 

able to bind to cellular and microbial ligands (Ammon et al., 2000).  For example, 

integrin αMβ2 (CD11b/CD18) possesses a role in the recognition of microbial 

ligands as reviewed above, intercellular adhesion through its binding of 

intercellular adhesion molecules 1 and 2 (ICAM-1 and -2), as well as a role in cell 

adhesion through its binding of ECM molecules such as fibronectin (Diamond et 

al., 1990; Ehlers, 2000; Xie et al., 1995).  In order to bind its ligand efficiently, 

integrins must be activated through a change in conformation that allows for high 

affinity binding of their ligands (and Abram and Lowell, 2009; reviewed in Hynes, 

2002).  This is triggered by intracellular activation pathways and is termed 
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“inside-out” signalling.  This allows cells such as monocytes to regulate their 

adhesion state: when circulating through the body, these cells keep their integrins 

in a non-adhesive state and, once stimulated, can rapidly adhere to vessel walls 

and participate in the extravasation process.  Examples of stimuli that induce 

inside-out signalling include cytokines, chemokines and microbial ligands.  

Inside-out signalling also allows cells to regulate cell-to-cell interaction, which is 

an important part of antigen presentation by macrophages.  In the case of CD11b, 

a third activation state has been demonstrated in which β-glucan-treated 

macrophages bind iC3b-opsonized particles more efficiently without achieving 

the high affinity state required for endogenous ligand binding (Vetvicka et al., 

1996).   

Integrins have limited actin-binding capacities and do not possess any 

catalytic activity; they rely on a large network of intracellular proteins to relay 

signals to the cell and to link the ECM to the cytoskeleton (reivewed in Liu et al., 

2000; and Zamir and Geiger, 2001).  Some proteins are capable of direct 

interaction with the cytoplasmic portion of either the α or β chains, and more are 

recruited through additional protein-protein interactions. Recent in silico analysis 

have linked over 180 components through more than 680 interactions in this 

network, appropriately coined the “adhesome” (and Zaidel-Bar and Geiger, 2010; 

reviewed in Zaidel-Bar et al., 2007).  The adhesome is involved in several 

macrophage functions such as maintenance of cell shape, motility and 

extravasation.  Some of the notable components of the integrin adhesome include 

the adaptor protein paxillin and the signalling proteins of the SFK and FAK 
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family.  The role of these proteins in macrophage adhesion and function will be 

reviewed below.  

 

1.3.3 Focal complexes 

Macrophages can form several types of adhesion structures including focal 

complexes and podosomes (Linder et al., 2000; Neumeister et al., 2003; Pixley, 

2012; Pixley et al., 2001).  Focal complexes are formed upon adhesion to 

substrate and function to link the ECM to the plasma membrane and intracellular 

components of the cytoskeleton (Linder and Kopp, 2005; Zamir and Geiger, 

2001).  They appear as punctate structures of approximately 0.5µm, although their 

size, appearance and distribution vary even within a single cell.  These structures 

are integrin-based and contain cytoskeletal-associated proteins, such as paxillin, 

talin, vinculin and FAK (Linder and Kopp, 2005; Zaidel-Bar et al., 2003; Zamir 

and Geiger, 2001; Zimerman et al., 2004).  In sessile cells, focal complexes can 

mature into the more stable and robust focal adhesions, which include some of the 

same cytoskeletal-associated proteins (reviewed in Zaidel-Bar et al., 2003). 

Macrophages, however, tend to form the smaller focal complexes rather than focal 

adhesions in order to promote motility (Neumeister et al., 2003).  Macrophages 

can also bind to ECM proteins via podosomes, which are integrin-rich ring-like 

structures of 0.5 to 1µm diameter that contain actin and many cytoskeletal-

associated proteins (Buccione et al., 2004; Linder and Aepfelbacher, 2003; Linder 

and Kopp, 2005; Spinardi and Marchisio, 2006).  In addition to cell adhesion, 

these structures are involved in matrix degradation and transcellular diapedesis.  
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Podosomes bare resemblance to invapodia found in v-Src-transformed fibroblasts 

(Marchisio et al., 1987; Tarone et al., 1985).  These dynamic adhesion complexes 

undergo constant remodeling and reorganization of protein complexes.  The main 

mechanisms that ensure the assembly and turnover of these complexes include 

proteolytic cleavage and phosphorylation.   

Proteolytic cleavage of cytoskeletal and cytoskeletal-associated proteins 

promotes rapid adhesion complex turnover and is mediated by cellular proteases.  

Caspases are cysteine-aspartic acid proteases, which are initiators and effectors of 

the apoptotic process.  The maintenance of cellular adhesion is essential for cell 

survival and, inversely, triggering of apoptosis leads to a loss in adhesion.  FAK 

and paxillin are involved in both processes as they have been shown to mediate 

signals of cell survival downstream of cellular adhesion, and are both caspase 

substrates (Chay et al., 2002; Gervais et al., 1998; Shim et al., 2001).  During 

apoptosis, proteolysis of FAK and paxillin by caspases leads to focal adhesion 

disassembly, cell rounding and detachment (Chay et al., 2002; Levkau et al., 

1998; Shim et al., 2001).  Calpains are calcium-dependent cysteine proteases that 

regulate adhesion turnover through cleavage of cytoskeletal and cytoskeletal-

associated proteins.  For example, calpain cleavage of FAK, Pyk2 and paxillin has 

been demonstrated in multiple cell types and has been linked to focal adhesion 

and podosome turnover (Carragher et al., 2001; Carragher et al., 1999; Cooray et 

al., 1996; Raja et al., 1997).   

Adhesion is critically dependent on phopshorylation events that regulate 

protein interactions and activity.  A large number of studies have indeed shown 
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that both protein tyrosine kinases (PTKs) and protein tyrosine phosphatases 

(PTPs) regulate phosphorylation at sites of adhesion in a coordinated and tightly 

controlled fashion.  These enzymes act at different steps of the adhesion process:  

1) Upstream of adhesion complex assembly via regulation of signalling, 2) 

Proximally to integrin engagement assembly and 3) Downstream of adhesion 

complex signalling.  The regulation of these pathways can influence many aspects 

of adhesion, such as adhesion assembly and disassembly, as well as the rate of 

adhesion complex turnover.  Although the roles of many PTKs have been defined 

in macrophages, the role and contribution of PTPs in macrophage adhesion and 

motility, however, remains largely unknown.   

 

1.4 Signalling components of macrophage function 

1.4.1 Src Family Kinases  

The Src-family kinases represents the largest group of cytoplasmic PTKs 

as it contains eight known members: Src, Lyn, Fyn, Hck, Lck, Fgr, Blk and Yes 

(Korade-Mirnics and Corey, 2000; Roskoski, 2005).  They regulate many 

pathways involved in cell differentiation, survival and adhesion.  Abnormal 

function of SFKs has been associated with cell transformation, tumorigenesis and 

metastasis (Summy and Gallick, 2003).  Hck, Fgr and Lyn are highly expressed in 

macrophages and their roles in macrophage adhesion and phagocytosis are briefly 

outlined in Table 1 (Yamanashi et al., 1989; Yi and Willman, 1989; Ziegler et al., 

1988).  Studies with Hck/Fgr/Lyn triple KO macrophages have underlined the 

importance of these kinases in macrophage spreading and morphology; these 
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macrophages displayed defective adhesion and rounded morphology on 

fibronectin (FN)-coated surfaces in vitro and impaired migration upon 

intraperitoneal injection of thioglycollate in vivo (Meng and Lowell, 1998).  

Further dissection of the roles of these SFKs, however, has shown opposing 

effects of these kinases.  For example, Hck/Fgr double KO macrophages fail in 

adhesion structure formation and proper polarization during migration whereas 

Lyn KO neutrophils are hyperadhesive (Pereira and Lowell, 2003; Suen et al., 

1999).  In addition, SFKs are involved in signalling pathways downstream of 

many PRRs.  For example, Hck, Fgr and Lyn are involved in FcγR-mediated 

macrophage responses as triple KO macrophages showed reduced FcγR-mediated 

phagocytosis, respiratory burst, actin cup formation and tyrosine phosphorylation 

events (Fitzer-Attas et al., 2000; Meng and Lowell, 1997).  SFKs are also 

involved in cytokine production downstream of TLRs as chemical inhibition of 

SFKs or knock-down of Hck in human macrophages suppresses TLR-triggered 

cytokine production (Smolinska et al., 2008; Smolinska et al., 2011).  SFKs are 

dispensible, however, for certain PRR-induced responses such as C3-opsonized 

phagocytosis of zymosan and TLR-dependent NF-kB activation or MAPK 

signalling (Fitzer-Attas et al., 2000; Meng and Lowell, 1997; Smolinska et al., 

2011).  In all, SFKs are involved in a variety of macrophage functions including 

adhesion and response to microbes, albeit the effects of different SFKs can be 

opposing.   

The contribution of SFKs is dictated by their capacity to regulate 

signalling through receptors, such as immunoreceptors and integrins, or 
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cytoplasmic proteins (reviewed in Berton et al., 2005).  SFK-dependent 

phosphorylation of ITAM or ITIM motifs, either contained within the cytoplasmic 

portion of immune receptors or of a receptor-associated signalling adaptor, is 

triggered upon ligand binding to the receptor.  In general, phosphorylation of 

ITAM motifs leads to the recruitment and activation of Syk kinase, which 

subsequently triggers the activation of multiple signalling pathways, whereas 

phosphorylation of ITIM motifs leads to the recruitment of the phosphatases SHP-

1 or SHP-2, which dampens tyrosine kinase signalling cascades.  For example, 

Lyn has been shown to trigger inhibitory signalling downstream of many ITIM-

containing receptors (Pereira and Lowell, 2003).   

SFKs have also been shown to regulate non-ITAM- or –ITIM-containing 

receptors in macrophages, such as integrins (Berton et al., 2005; Miranti and 

Brugge, 2002; Suen et al., 1999).  Reminiscent of what happens with 

immunoreceptors, SFKs and Syk are recruited to the cytoplasmic portion of 

integrins where Syk is activated in an SFK-dependent manner (Arias-Salgado et 

al., 2003).  In addition, SFKs are responsible for the phosphorylation of many 

other cytoplasmic proteins, including adaptor molecules (e.g. Cbl), cytoskeletal-

associated proteins (e.g. Paxillin, talin, vinculin), kinases [e.g. FAK, Pyk2, 

phospholipase C-γ (PLC-γ), MAPK] and DNA binding proteins (e.g. STAT) 

downstream of a variety of receptors (Dikic et al., 1996; Korade-Mirnics and 

Corey, 2000; Roskoski, 2005).  For example, SFKs Hck and Fgr are necessary for 

the phosphorylation of paxillin and Pyk2 upon integrin stimulation, as well as for 

the normal localization of paxillin during macrophage adhesion (Suen et al., 1999).   
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SFKs possess domains termed Src homology (SH) domains, which can also 

be found in other PTKs.  The Src homology 1 (SH1) domain is responsible for 

catalytic activity while the Src homology 2 (SH2) and Src homology 3 (SH3) 

domains promote protein-protein interactions (Bolen and Brugge, 1997; Pawson 

and Gish, 1992).  The SH2 domain, which consists of approximately 100 amino 

acids, binds to phosphotyrosine-containing peptide motifs.   The SH3 domain is 

smaller (40 to 70 amino acid residues) and allows for binding to proline-rich 

peptide sequences of a target protein.   

The kinase activity of SFKs is regulated through two highly conserved key 

tyrosine sites: the positive autophosphorylation regulatory site (Y416 on Src) and 

the negative phosphorylation regulatory site (Y527 on Src) (Roskoski, 2005).  The 

positive regulatory site is found in the activation loop of the kinase domain and its 

intermolecular autophosphorylation is necessary for catalytic activity.  The 

negative regulatory site is phosphorylated by carboxy-terminal Src kinase (Csk), 

which is ubiquitously expressed, or Csk homology kinase [Chk; also known as 

megakaryocyte-associated kinase (MATK)], which is expressed in hematopoietic 

and neuronal cells, and results in decreased kinase activity (Avraham et al., 

1995a; Davidson et al., 1997; Hirao et al., 1997; Okada and Nakagawa, 1989).  

Therefore, dephosphorylation of the negative regulatory site is necessary to 

achieve optimal activity.  This can be mediated by a number of phosphatases, 

such as protein tyrosine phosphatase 1B (PTP1B), which is ubiquitously 

expressed, and CD45, which is expressed in all hematopoietic cells with the 

exception of red blood cells and their immediate progenitors (Roskoski, 2005).  
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CD45 can dephosphorylate both of the regulatory tyrosine sites.  In accordance, 

the absence of CD45 in T-cells has been shown to lead to hyperphosphorylation 

of Lck at both the negative and positive regulatory sites (D'Oro and Ashwell, 

1999; Mustelin and Altman, 1989; Ostergaard et al., 1989).  In macrophages, the 

absence of CD45 also leads to the hyperphosphorylation of Hck and Lyn, but not 

Fgr (Roach et al., 1997).   The hyperphosphorylation of these kinases can lead to 

either a reduction or an increase in kinase activity depending on the cell type; this 

is thought to be dependent on the balance between the phosphorylation of these 

sites by CD45 (D'Oro and Ashwell, 1999; and reviewed in Hermiston et al., 2003).  

Thus, SFK activity in immune cells is intricately linked to CD45. 

 

1.4.2 Focal Adhesion Kinase Family 
 

FAK and Pyk2 (also known as RAFTK, CAK-β, CADTK and FAK2) are 

the two members of the focal adhesion kinase family.  This family of kinases is 

involved in integrin-mediated cell adhesion and motility (Avraham et al., 2000; 

Schlaepfer et al., 1999).  FAK is ubiquitously expressed whereas Pyk2 expression 

is restricted mostly to hematopoietic and neuronal cells.  They share 

approximately 45% amino acid identity and 65% similarity (Avraham et al., 

1995b; Herzog et al., 1996; Lev et al., 1995; Sasaki et al., 1995; Yu et al., 1996).  

These proteins have similar domain structure with an N-terminal FERM (Protein 

4.1, Ezrin, Radixin, Moesin) domain, a centrally located kinase domain, two 

proline-rich regions in the C-terminus, and a FAT (focal adhesion targeting) 

domain within the extreme C-terminus (Figure 1.3) (Avraham et al., 2000; 



30	
  

Ostergaard and Lysechko, 2005; Schlaepfer et al., 1999).  The FERM domain is 

involved in the regulation of Pyk2 and FAK activity (Cooper et al., 2003; Lietha 

et al., 2007; Riggs et al., 2011).  The proline-rich regions provide docking sites for 

SH3-containing proteins such as p130Cas, a protein involved in motility, 

proliferation and survival (Avraham et al., 2000).  The FAT domain is necessary 

for interaction with the cytoskeletal-associated protein paxillin (Lulo et al., 2009; 

Shen and Schaller, 1999). 

Alternative RNA splicing of Pyk2 and FAK gives rise to multiple isoforms 

of these proteins.  The deletion of a 42 a.a. sequence in the proline-rich region of 

Pyk2 by alternative splicing gives rise to Pyk2-H, an isoform expressed in 

hematopoietic cells (Dikic et al., 1998; Li et al., 1998; Xiong et al., 1998).  The 

reason why certain cell types express one form or the other, or both, is not 

currently known.  Pyk2-H possesses similar catalytic activity to full-length Pyk2 

and is also capable of association with paxillin (Dikic, Dikic et al. 1998).  Both 

Pyk2 and FAK possess non-catalytic isoforms that constitute the C-terminal 

portion of the full-length version, which are termed Pyk2-related non- kinase 

(PRNK) and FAK-related non-kinase (FRNK), respectively (Schaller et al., 1993; 

Xiong et al., 1998).  Both these isoforms are targeted to focal adhesions and are 

thought to function as endogenous dominant negatives inhibitors of their full-

length counterparts by competing for binding partners (Schaller et al., 1993; 

Xiong et al., 1998).  However, expression of FRNK is limited, mostly in smooth 

muscle cells, and PRNK protein expression remains to be confirmed (Nolan et al., 

1999; Taylor et al., 2001; Xiong et al., 1998). 
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Pyk2 and FAK have four conserved tyrosine residues that can become 

phosphorylated upon activation (Figure 1.3).  Tyrosine 402 of Pyk2 (Y397 in 

FAK) is located in the linker between the FERM and kinase domains and serves 

as an autophosphorylation site (Dikic et al., 1996; Felsch et al., 1998; Li et al., 

1999; Park et al., 2004; Schlaepfer et al., 1999).  Two tyrosine residues, 

Y579/Y580 in Pyk2 (Y576/Y577 in FAK), are located within the activation loop 

of the catalytic domain and function to enhance catalytic activity upon 

phosphorylation (Li et al., 1999; Park et al., 2004; Schlaepfer et al., 1999).  The 

fourth tyrosine residue, Y881 in Pyk2 and Y925 in FAK, is located in the C-

terminus and has been implicated in recruiting the adaptor protein Grb2 upon 

phosphorylation (Felsch et al., 1998; Schlaepfer et al., 1999).  The current model 

for activation of Pyk2 and FAK is that upon stimulation it first becomes 

autophosphorylated, providing a docking site for SFK (Avraham et al., 2000; 

Dikic et al., 1996; Felsch et al., 1998).  The recruited SFK then phosphorylates 

additional tyrosine residues within Pyk2 and FAK, thus enhancing catalytic 

activity and providing new docking sites for SH2 domain-containing proteins 

(Ostergaard and Lysechko, 2005; Park et al., 2004; Schlaepfer et al., 1999). 

Pyk2 is highly expressed in macrophages and is essential for their function: 

it is involved in macrophage adhesion, migration and polarization in response to 

integrin engagement or microbial stimuli (Duong and Rodan, 2000; Hatch et al., 

1998).  The importance of Pyk2 in macrophage adhesion has been highlighted by 

the use of Pyk2 KO mice.  Macrophages isolated from these mice were unable to 

polarize and migrate during chemotaxis in vitro, showed defects in the contractile 
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capacity of lamellipodia, had impaired F-actin localization and displayed 

decreased integrin-activated phosphoinositide 3-kinase (PI3K) activity (Okigaki et 

al., 2003).  These macrophages were also unable to migrate towards inflammatory 

sites in vivo.  Pyk2 has also been shown to localize to macrophage podosomes, 

where is co-localizes with the αMβ2 integrin, as well as the cytoskeletal-associated 

proteins paxillin, vinculin and talin, and is phosphorylated upon αMβ2 engagement 

(Duong and Rodan, 2000).  Pyk2 is also involved in TLR-dependent signalling: it 

is phosphorylated downstream of LPS and its direct interaction with the TLR 

signal adaptor MyD88 increases NF-kB activation and cytokine secretion (Hatch 

et al., 1998; Hazeki et al., 2003; Xi et al., 2010).   

FAK expression in macrophages is variable: it is undetected in M-CSF-

treated human macrophages but is present in murine bone-marrow-derived 

macrophages (BMDM) and murine macrophage cell lines (De Nichilo and 

Yamada, 1996; Kume et al., 1997; Rovida et al., 2005).  The importance of FAK 

in macrophage function is thus difficult to assess and likely dependent on the 

macrophage source.  One study demonstrated that human macrophages that lack 

FAK expression do not exhibit defects in focal complexes and FAK 

overexpression in these cells does not disturb morphology or adhesion (De 

Nichilo et al., 1999). Other studies have demonstrated a role for FAK in 

macrophage function.  For example, expression of a dominant negative form of 

FAK or conditional deletion of FAK from murine macrophages leads to decreased 

adhesion, cell spreading and motility (Owen et al., 2007a; Rovida et al., 2005).  
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FAK has also been shown to be necessary for macrophage chemotaxis or motility 

upon TLR stimulation (Abshire et al., 2011; Maa et al., 2011).   

The investigation of the roles of Pyk2 and FAK in macrophage function is 

further complicated by the possibility that these kinases might possess similar 

functions, as they share high sequence similarity and possess many of the same 

binding partners. Indeed, decreased expression of FAK or Pyk2 leads to reduced 

macrophage motility but the combined loss of both does not have a greater effect 

than the absence of either alone, indicating that they are likely to function in a 

similar fashion (Owen et al., 2007a).  Conversely, another study has shown that 

FAK and Pyk2 mediate phagocytosis of the bacteria Yersinia pseudotuberculosis 

by two separate, non-redundant, pathways that are triggered by the stimulation of 

distinct integrins by individual bacterial proteins (Owen et al., 2007b).  Therefore, 

it is possible that these kinases are activated by distinct stimuli but still result in a 

similar outcome in terms of macrophage function.  The differences in functions of 

FAK and Pyk2 may also reside in how these kinases are regulated.  Additional 

studies in the mechanisms that regulate the activation of these kinases in 

macrophages are required to dissect the precise role of each in macrophage 

signalling pathways and functions. 

 

1.4.3 Paxillin 

Paxillin was one of the first proteins shown to be part of the integrin 

adhesome (Turner et al., 1990).  It is a 68 kDa protein that does not possess kinase 

activity, but acts as a scaffold for the coordination of protein signalling at sites of 
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adhesion (reviewed in Deakin and Turner, 2008).  The structure of paxillin 

reflects this role, as it contains multiple protein interacting domains (Figure 1.4).  

The N-terminus of paxillin contains five leucine- and aspartate-rich motifs 

(termed LD1 through 5) that contain the consensus sequence LDXLLXXL, except 

for LD3 in which the LD is substituted by a valine and glutamic acid (VE) 

(reviewed in Tumbarello et al., 2002).  These motifs are necessary for localization 

of paxillin to the actin cytoskeleton and the MTOC, as well as for association with 

multiple cytoskeletal-associated proteins such as FAK, Pyk2 and vinculin, and the 

actin-binding protein actopaxin (Lulo et al., 2009; Robertson and Ostergaard, 

2011; Shen and Schaller, 1999; Tumbarello et al., 2002).  A proline-rich region is 

found between LD1 and LD2 and is necessary for interaction with SH3 domain-

containing proteins such as Src (Weng et al., 1993).  The C-terminus of paxillin 

contains four lin-11, isl-1, mec-3 (LIM) domains, which are double zinc-finger 

motifs that mediate protein-protein interactions (ex. PTP-PEST).  LIM2 and LIM3 

have also been shown to be important for localization of paxillin to focal 

adhesions (Brown et al., 1996).  Phosphorylation of paxillin at several key 

residues has been shown to regulate its function, its localization as well as its 

protein interactions.  Phosphorylation at Y31 and Y118 by FAK following cell 

adhesion allows for interaction with SH2-containing proteins such as Crk and 

SFKs (Schaller and Parsons, 1995).  Tyrosine phosphorylation of paxillin by FAK 

and/or Pyk2, as well as JNK-mediated phosphorylation of S178, has been shown 

to regulate cell motility in lymphoid and cancer cells  
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(Huang et al., 2003; Huang et al., 2008; Li and Earp, 1997; Petit et al., 2000; 

Romanova et al., 2004).  Phosphorylation of S85 by MAPK has been shown to 

regulate interaction with Pyk2, as phosphorylation at this site reduces Pyk2 

binding in neuronal cells (Huang et al., 2004a).  Phosphorylation of 

serine/threonine residues in LIM2 (T401) and LIM3 (S455, S479) regulate 

paxillin localization to focal adhesions (Brown et al., 1998).  In all, the many 

binding domains and phosphorylation sites contained in paxillin allow for tightly 

coordinated signalling events downstream of cellular adhesion.  Although some of 

these protein interactions and phosphorylation events have been characterized, the 

paxillin domains involved in the interaction with many other proteins, and the 

function of additional phosphorylation sites remain to be determined.  

As the role of paxillin in cell adhesion and motility has been established in a 

variety of cell types, it is not surprising that it has similar functions in 

macrophages.  For example, paxillin has been shown to localize to focal contacts 

in macrophages (Allen et al., 1997; De Nichilo and Yamada, 1996).  It is also 

serine/threonine-phosphorylated downstream of integrin-mediated adhesion of 

macrophages (De Nichilo and Yamada, 1996; Hirano and Kanno, 1999).  Thus, 

even though the role of paxillin in macrophage adhesion can be predicted through 

the study of other cell types and subsequently confirmed in these cells, paxillin 

interaction with hematopoietic-specific cytoskeletal-associated proteins requires 

further investigation.  For example, as paxillin is known to associate with Pyk2, 

and Pyk2 is also involved in macrophage adhesion, it would be of interest to 
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determine whether these proteins interact at focal complexes of macrophages to 

regulate adhesion and motility; however, this has not yet been examined.   

In addition to macrophage adhesion, paxillin has been shown to be involved 

in signalling pathways related to macrophage responses to microbes.  Indeed, 

paxillin is phosphorylated downstream of FcRs and CR3 during phagocytosis 

(Allen and Aderem, 1996; Greenberg et al., 1994).  Its distribution during both 

types of phagocytosis, however, is distinct as it is contained in punctate foci rich 

in actin and vinculin below the phagosome during CR3-mediated phagocytosis 

while it is uniformly distributed during FcR-mediated phagocytosis.  Moreover, 

FcR-mediated phagocytosis, but not CR3-mediated phagocytosis, is depedent on 

tyrosine kinases.  Interestingly, Pyk2 and Hck are also phosphorylated 

downstream of FcR-mediated phagocytosis (Kedzierska et al., 2001).  Paxillin is 

also tyrosine phosphorylated alongside Pyk2, downstream of TLR-stimulation of 

monocytes and macrophages (Achuthan et al., 2006; Hazeki et al., 2003; Kleveta 

et al., 2012; Williams and Ridley, 2000).  These events are correlated with rapid 

induction of cell adhesion and spreading.  Moreover, paxillin is required for 

macrophage chemotaxis towards CSF-1 (Abshire et al., 2011).  Thus, paxillin may 

function to link macrophage responses to microbes to modulation of the 

cytoskeleton; however, how paxillin functions to tie these pathways has not been 

fully elucidated.   
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1.4.4 CD45 

CD45 (also named common leukocyte antigen and protein tyrosine phosphatase, 

receptor type, C or PTPRC) is a receptor PTP expressed on the surface of almost 

all hematopoietic cells (reviewed in Hermiston et al., 2003; and Saunders and 

Johnson, 2010).  It is highly expressed on these cells and can make up to about 

10% of total cell surface proteins.  The extracellular domain comprised of three 

fibronectin type III (FNIII) repeats and a cysteine-rich domain that are extensively 

N-linked glycosylated, as well as three alternatively spliced exons (A, B and C) in 

the N-terminus that encode multiple O-linked glycosylation sites (Figure 1.5).  

Alternative splicing of these exons can theoretically give rise to eight isoforms, 

five of which have been confirmed at the protein level (McNeill et al., 2004); the 

smallest isoform of CD45 (i.e. CD45RO) lacks the A, B and C exons whereas the 

largest isoform (i.e. CD45RABC) contains all three exons.  Consequently, the 

molecular weight of CD45, in addition to its overall glycosylation and negative 

charge, significantly varies (180-240 kDa).  The expression of the different CD45 

isoforms, as well as their level of expression, is dependent on cell type, 

maturation stage and activation status (reviewed in Trowbridge and Thomas, 

1994).  For example, the monocyte precursor expresses different CD45 isoforms 	
  	
  

(i.e. CD45RA, CD45RB) than resting monocytes and macrophages (CD45RO), 

and isoform expression further changes upon activation of these cells (CD45RO, 

CD45RA).  The significance of this change in expression is not known but is 

conserved between species.   
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Figure 1.5. Schematic presentation of the structure of CD45. The external 
portion of CD45 contains three fibronectin type III domains and a cysteine-rich 
domain which allow for N-linked glycosylation. The differential splicing of 
exons encoding for the membrane-distal part of the external domain gives rise 
to up to eight isoforms of which the structure of CD45RABC is depicted here.  
CD45 contains only one transmembrane domain.  The cytoplasmic portion of 
CD45 contains two PTP domains (D1 and D2), of which only the membrane 
proximal one (D1) is enzymatically active.  
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The cytoplasmic domain of CD45 contains two PTP homology domains 

named domain 1 (D1) and domain 2 (D2), of which only D1 possesses catalytic 

activity (Figure 1.5).  As mentioned previously, SFKs are known substrates for 

CD45, and both the negative and positive regulatory sites of SFKs can be 

dephosphorylated by CD45.  The regulation of Lck by CD45 has been extensively 

described (Saunders and Johnson, 2010).  In macrophages, Hck and Lyn, but not 

Fgr, have been shown to be regulated by CD45, therefore highlighting preference 

of CD45 for certain SFK substrates (Roach et al., 1997).  The Janus kinase (JAK) 

family has also been shown to be substrates for CD45 (Irie-Sasaki et al., 2001).  

This is supported by in vitro studies in which recombinant CD45 could 

dephosphorylate JAK2 (Fleming et al., 2004; Irie-Sasaki et al., 2001; Yamada et 

al., 2002).  Accordingly, the absence of CD45 in T-cells and B-cells leads to 

hyperphosphorylation of these kinases (Fleming et al., 2004; Irie-Sasaki et al., 

2001; Yamada et al., 2002).  Identification of other substrates for CD45 has been 

difficult as many of the hyperphosphorylated proteins in CD45-deficient cells are 

regulated by SFKs, therefore the regulation of these proteins by CD45 may be 

indirect and need to be confirmed by in vitro studies.   

Many models have been proposed for the regulation of CD45 activity and 

have been reviewed extensively in Hermiston, Xu and Weiss (2003) and Saunders 

and Johnson (2010).  The main models propose that CD45 activity is regulated by 

ligands, expression levels or its subcellular localization.  The regulation of CD45 

by ligands is supported by the fact that binding of antibodies to distinct parts of 

the extracellular domain of CD45 induce changes in CD45 activity (Gruber et al., 
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1992; Hamann et al., 1996; Liles et al., 1995; Lorenz et al., 1993; Pfau et al., 

2000; Yu et al., 2002).  No specific ligand for CD45, however, has been 

identified; all of the ligands identified up to date interact with CD45 through 

lectin binding of CD45 carbohydrates.  These include Galectin-1 and -3, 

glucosidase II, MR and macrophage galactose lectin (Baldwin et al., 2000; 

Martinez-Pomares et al., 2006; Perillo et al., 1995; Stillman et al., 2006; van Vliet 

et al., 2006; Walzel et al., 1999).  The functional significance of these interactions 

has still not been elucidated although some groups have proposed that these 

interactions may have a role in apoptosis of lymphocytes or stimulation of T-cells 

(Perillo et al., 1995; Stillman et al., 2006; van Vliet et al., 2006).   

The level of expression of CD45 on the surface of cells has also been 

proposed as a mechanism to regulate CD45 activity.  This model is supported by a 

study by McNeill et al (2007) that demonstrated that expression of low levels of 

CD45 in CD45-deficient T-cells decreased TCR signalling whereas intermediate 

levels of CD45 led to a hyperactivation of T-cells (McNeill et al., 2007).  The 

regulation of CD45 activity through its localization is supported by the fact that 

CD45 is excluded from sites of active signalling.  For example, upon T-cell 

engagement with APCs, CD45 is initially found at the immunological synapse 

where it can prime SFKs but is then rapidly excluded where it could inhibit 

integrin activation and ITAM signalling (Freiberg et al., 2002; Johnson et al., 

2000).  It is finally later recruited as a possible means to downregulate signalling.  

Similarly, CD45 is excluded at the phagocytic synapse on macrophages during 

Dectin-1-mediated phagocytosis of fungal particles to allow for productive 



43	
  

signalling (Goodridge et al., 2011).  All things considered, the precise 

mechanism(s) by which CD45 activity is regulated remains largely hypothetical 

and needs to be further investigated. 

The function of CD45 in T- and B-cells has been extensively studied and 

these studies have revealed a major role for CD45 in the regulation of signalling 

in these cells.  For example, through the use of CD45-deficient mice, CD45 has 

been found to regulate B- and T-cell receptor signalling (Justement et al., 1991; 

Koretzky et al., 1991; Weaver et al., 1991).  Moreover, CD45-deficient mice 

show impaired T-cell thymic development and defects in B-cell proliferation 

(Kishihara et al., 1993).  A role for CD45 in regulating T-cell adhesion has also 

been demonstrated (Li et al., 2001; Wong et al., 2011).  It is also necessary for 

cytokine and chemokine secretion by NK cells stimulated through the C-type 

lectin receptor Ly49D (Hesslein et al., 2006; Huntington et al., 2005; Mason et al., 

2006).  Cross-linking of CD45 on the surface of neutrophils has implicatied it in 

the regulation of FcγRIIIb signal transduction, cytokine secretion and expression 

of CR3 (Hoffmeyer et al., 1995; Yu et al., 2002).  Through the few studies that 

have investigated the role of CD45 in macrophages, CD45 has been shown to 

regulate their adhesion as well as their responses to PAMPs.  One study has 

shown that CD45-deficient macrophages are unable to maintain integrin-mediated 

attachment (Roach et al., 1997).  Cross-linking of CD45 on macrophages has also 

highlighted its role in the regulation of arachidonate acid release, respiratory burst 

and cytokine production upon stimulation with LPS (Gruber et al., 1992; Liles et 

al., 1995; Pfau et al., 2000).  The molecular mechanisms downstream of CD45 in 
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these processes, however, remain undefined.  Additional studies will be required 

to establish a clear role for CD45 in macrophages as well as to identify the 

signalling pathways controlled by CD45 necessary for macrophage function. 

Several cytoskeletal-associated proteins have been shown to be regulated by 

CD45, such as Pyk2, FAK and paxillin (Fernandis et al., 2003; Li et al., 2001; 

Wong et al., 2011).  For example, CD45-deficient T-cells displayed increased 

tyrosine phosphorylation of Pyk2 upon CD44-mediated cell spreading (Li et al., 

2001; Wong et al., 2011).  Moreover, phosphorylation of Pyk2 in these cells was 

dependent on SFKs and actin polymerization.  On the other hand, a study by 

Fernandis et al. (2003) found that Pyk2, FAK and paxillin phosphorylation was 

decreased in CD45-deficient T-cells during chemotaxis compared to CD45 

positive cells.  These studies suggest that regulation of cytoskeletal-associated 

proteins by CD45 may vary depending on the stimuli.  Further investigation is 

needed in order to determine whether CD45 regulates these proteins in 

macrophages and whether this regulation accounts for the observed differences in 

adhesion between CD45-deficient and WT macrophages. 

A number of T- or B-cell-associated diseases have been linked with CD45 

disregulation.  For example, mutations leading to CD45 inactivation have been 

observed in patients with T-cell acute lymphoblastic leukemia and this correlates 

with increased activity of JAK and Lck and underlines the role of CD45 as a 

tumor suppressor (Porcu et al., 2012).  Abnormal expression of CD45 isoforms by 

T-cells has been observed in patients with rheumatoid arthritis and adult T-cell 

leukemia (Mamoune et al., 2000; Suzuki et al., 1998).  Altered localization of 
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CD45 during BCR signalling in B-cells from patients with systemic lupus 

erythematosus was demonstrated and may explain the defective intracellular 

signalling, hyperactivity and autoantibody production observed in the course of 

this disease (Flores-Borja et al., 2007).  Increased expression of CD45 by 

microglia has been observed in patients with Alzheimer’s disease and in 

transgenic mouse models of Alzheimer’s (Maier et al., 2008; Masliah et al., 1991; 

Wilcock et al., 2001).  In this context, CD45 increased expression is favourable as 

it functions to downregulate the production of proinflammatory cytokines that 

contribute to the disease (Tan et al., 2000a; Tan et al., 2000b).  Ultimately, CD45 

presents an interesting therapeutic target for many diseases and additional 

investigation of its role in cell types such as macrophages may present additional 

therapeutic opportunities in diseases associated with defective macrophage 

responses. 

 

1.5 Study objectives 
 

In this study, I investigated the roles of signalling proteins involved in the 

regulation of macrophage adhesion, motility and function.  More specifically, I 

addressed the following questions: 

i. How are the intracellular distribution of Pyk2 and its association with 

paxillin regulated in macrophages? 

ii. By which mechanisms does CD45 regulate macrophage adhesion, 

morphology and motility? 

iii. Is CD45 involved in macrophage responses to fungal stimuli? 
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1.6 Hypotheses 

As CD45 is a key regulator of SFK activity (Roskoski, 2005), it is 

reasonable to predict that the pathways leading to CD45-mediated regulation of 

macrophage adhesion may involve proteins controlled by SFKs.  The tyrosine 

kinase Pyk2 requires SFKs for activation and is involved in macrophage adhesion, 

migration and polarization (Duong and Rodan, 2000; Okigaki et al., 2003).  

Paxillin is a scaffold protein that coordinates cell signalling at focal complexes 

and is phosphorylated by Pyk2 and SFKs (Deakin and Turner, 2008).  In T-cells, 

tyrosine phosphorylation of both these proteins has been shown to be disregulated 

in the absence of CD45 (Fernandis et al., 2003; Wong et al., 2011). Therefore, I 

hypothesize that these cytoskeletal-associated associated proteins are downstream 

of CD45 in macrophages.  Moreover, Pyk2 and paxillin have been shown to 

associate at specific intracellular sites to regulate cell adhesion (Duong and Rodan, 

2000; Pixley et al., 2001).  I further hypothesize that their association is tightly 

regulated in macrophages, possibly through post-translational modifications.  

Finally, as SFKs regulate many macrophage responses to PAMPs (Fitzer-Attas et 

al., 2000; Meng and Lowell, 1997), I expect CD45 to regulate certain aspects of 

the macrophage response to stimuli such as the fungal stimuli zymosan.    
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CHAPTER TWO: MATERIAL AND METHODS 

 

2.1 Antibodies  

The generation of the F245 and F298 polyclonal antibodies to Pyk2 have 

been described previously (Berg and Ostergaard, 1997; Ma et al., 1997). The 

monoclonal antibody to phosphotyrosine was purified from the PY72.10.5 

hybridoma and is described elsewhere (Ostergaard et al, 1998).  Antibodies to 

paxillin (clone 349, clone 165), Pyk2/CAKβ (clone 11) and dynamin were 

obtained from BD Biosciences (Mississauga, ON).  Anti-actin was purchased 

from Sigma-Aldrich (Mississauga, ON).  Anti-Erk antibody was purchased from 

Invitrogen (Camarillo, CA).  Anti-calpain and anti-SUMO-1 antibodies were 

acquired from Santa Cruz Biotechnology (Santa Cruz, CA).  Anti-active caspase-

3, anti-Syk and antibodies to phosphorylated Syk were purchased from Cell 

Signaling Technology (Danvas, MA).  Anti-GAPDH was obtained from Meridian 

Life Science (Saco, ME).  Anti-F4/80-PE, anti-F4/80-FITC, anti-CD69-PE and 

corresponding isotypes controls were bought from eBiosciences (San Diego, CA).  

Anti-CD11b-PE, anti-CD45-APC and matching fluorochrome-conjugated isotype 

controls were acquired from BD Biosciences (Mississauga, ON).  FITC-

conjugated anti-CD40 was purchased from BioLegend (San Diego, CA).  

AlexaFluor 647-conjugated anti-Dectin-1, matching isotype control and 

unconjugated anti-Dectin-2 were purchased from AbCam (Cambridge, MA).  

Rabbit anti-mouse antibody, anti-mouse IgG-HRP, FITC-conjugated anti-rat and 

Rhodamin-conjugated goat anti-mouse were procured from Jackson 



48	
  

ImmunoResearch Laboratories (West Grove, PA).  Donkey anti-rabbit conjugated 

to AlexaFluor 488 was purchased from Invitrogen (Camarillo, CA).  

 

2.2 Reagents 

Protein A sepharose beads were acquired from Amersham Biosciences 

(Piscataway, NJ).  Phalloidin conjugated to fluorescein was bought from 

Invitrogen (Burlington, ON). Annexin V conjugated to AlexaFluor 647 was 

purchased from eBiosciences (San Diego, CA).  Protein A conjugated to HRP was 

obtained from Pierce (Rockford, IL).  U73122, U73433 and Cl-II were purchased 

from Calbiochem (San Diego, CA). Staurosporine, ALLN, lidocain, thioglycollate 

and N-ethylmalemeide (NEM) were obtained from Sigma-Aldrich (Mississauga, 

ON).  The FAK and Pyk2 inhibitor PF431396 was purchased from Symansis 

(Shanghai, China).  FITC-conjugated zymosan and unlabelled zymosan were 

purchased in its reconstituted form from Invitrogen (Camarillo, CA). Pam2Csk4 

was purchased from InvivoGen (San Diego, CA).  Murine GM-CSF was 

purchased from Peprotech (Rocky Hill, NJ).  FBS was acquired from PAA 

Laboratories (Etobicoke, ON).  The protease inhibitor cocktail tablets were 

acquired from Roche (Indianapolis, IN).  ECM-coated plates were obtained from 

BD Biosciences (Mississauga, ON).  ELISA kits for the detection of TNF-α and 

IL-10 were purchased from eBiosciences (San Diego, CA).  The B-cell magnetic 

cell separation kit was obtained from Stem Cell Technologies (Vancouver, BC). 
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2.3 Preparation of PAMPs 

Preparation of zymosan prior to cell stimulation was done either by 

sonication of zymosan purchased in suspension (Invitrogen, Camarillo, CA) or by 

reconstitution of zymosan powder (Sigma-Aldrich, Mississauga, ON) in PBS 

followed by sonication for 30 seconds.  Oxidized zymosan was prepared as 

described by Hida et al. (2006).  Briefly, reconstituted zymosan was incubated 

overnight at 4°C followed by centrifugation for 5 minutes at 5000 x g.  The 

supernatant was aspirated and the insoluble fraction was suspended in 1 ml of 

PBS and sonicated for 30 seconds.  LPS and Pam2Csk4 were reconstituted in 

DMSO. 

 

2.4 Cell lines 

The RAW 264.7 macrophage cell line was purchased from Sigma-Aldrich 

(Mississauga, ON) and maintained in RPMI with 10% FCS and 100U/ml 

penicillin/streptomycin.  NIH 3T3 cells were obtained from Dr. Jim C. Stone 

(University of Alberta, Edmonton, AB) and were maintained in DMEM with 8% 

FCS.  The CHO cell line expressing GM-CSF was obtained from Dr. Kevin Kane 

(University of Alberta, Edmonton, AB). 

 

2.5 Mice 

B6.129ptprctm1-holmes (CD45Δexon9, CD45-/-) (reviewed in Ehlers, 2000) 

and C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, 

ME).  B6.129ptprctm1-holmes mice were crossed with C57BL/6J for several 
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generations and genotyped to derive a CD45 KO colony and a CD45 WT colony.  

Mice were bred and housed in viral-antigen-free mouse facilities (Heath Sciences 

Lab Animal Services, University of Alberta). 

 

2.6 Splenocyte isolation 

Spleens were isolated from CD45 KO or WT 12 week-old female mice.  

Spleens were homogenized and cells were washed twice with RPMI.  

Erythrocytes were lysed by resuspending the cell pellet in a hypotonic solution of 

ammonium chloride for 5 minutes followed by a wash with RPMI supplemented 

with 10% FCS.  Remaining splenocytes were counted and stained for flow 

cytometry analysis of F4/80 expression. 

For isolation of splenic B-cells, spleens were isolated, homogenized and 

treated as above, followed by positive selection of B-cells using the EasySep 

magnet system.  B-cells were then counted and lysed at 1 x 107 cells per ml in 

lysis buffer (1% NP-40, 10mM Tris, 5mM EDTA, 150mM NaCl, 1mM 

orthovanadate, protease inhibitor cocktail) for 20 minutes at 4°C.  Lysates were 

then used for immunoprecipitation assays as described below. 

 

2.7 Culture of bone-marrow-derived macrophages  

Bone marrow was obtained by flushing tibiae and femurs of 12 to 15 week-

old mice with PBS.  Bone marrow precursor cells were cultured in bone marrow 

media (RPMI, 10% FCS, 2mM L-Glutamine, 100U/ml penicillin, 100U/ml 

streptomycin, 0.053mM β-mercaptoethanol) supplemented with 20% of filtered 
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culture medium from GM-CSF-producing CHO cells (gift from the Dr. K.P. Kane, 

University of Alberta, Edmonton, AB).  Progenitor cells were plated at 2 x 107 

cells per 20 cm diameter tissue-culture-treated dish or 4 x 106 cells per 10 cm 

diameter tissue-culture-treated dish in media.  Fresh media was added at day 3 and 

cells were cultured for a total of 7 days.  Cells were then used for experimentation 

or lysed in at 107 cells/ml of lysis buffer (1% NP-40, 10 mM Tris, 5 mM EDTA, 

150 mM NaCl, 1 mM orthovanadate and protease inhibitors) for 20 minutes on ice 

followed by centrifugation at 13 000 x g for 3 minutes to pellet out the nuclei.  

Post-nuclear lysates were used for immunoprecipitation or loaded onto SDS-

PAGE gels for subsequent Western blotting. 

 

2.8 Isolation of thioglycollate-elicited peritoneal macrophages 

An autoclaved solution of 2% thioglycollate was aged for at least three 

months before use. Two week-old mice were injected intraperitoneally with 1ml 

of thioglycollate.  At day 4, mice were sacrificed and cells were harvested by 

intraperitoneum lavage.  Cells were assessed for F4/80 expression by flow 

cytometry or lysed in lysis buffer for subsequent Western blotting.   

 

2.9 Flow cytometry 

For flow cytometry, 106 cells were resuspended in 100 µl of PBS containing 

2% BSA and 1% FCS and incubated with the indicated antibodies.  For 

assessment of macrophage marker expression, cells were incubated with 

fluorochrome-conjugated anti-F4/80, anti-CD11b or corresponding isotype 
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controls.  BMDM activation was evaluated by staining zymosan- or LPS-

stimulated cells with fluorochrome-conjugated anti-CD69, anti-CD40 or 

corresponding isotype controls.  For other antibodies, cells were incubated with 

fluorochrome-conjugated antibodies, unconjugated primary antibody followed by 

incubation with a fluorochrome-conjugated antibody or corresponding isotype 

controls.  Cells were incubated 30 to 45 minutes at 4°C in the dark followed by 

three washes with washing buffer (PBS, 1% FCS).  In the case of unconjugated 

antibodies, cells were incubated with a conjugated secondary antibody for an 

additional 30 to 45 minutes followed by three washes.  After washes, cells were 

either fixed with 4% formaldehyde or resuspended in PBS and analysed using the 

FACS Calibur flow cytometry system (BD Biosciences).  Phagocytosis of 

zymosan was measured by flow cytometry as follows: 106 BMDM were harvested 

and washed, then incubated 5, 15 or 30 minutes at 37°C with 5 x 106 FITC-

conjugated zymosan particles in PBS.  Phagocytosis was terminated by washing 

cells with PBS supplemented with 2mM EDTA and 4 mg/ml of lidocaine 

hydrochloride at the end of each time point.  As controls, BMDM were incubated 

with fluorescein-conjugated zymosan particles for 30 minutes at 37°C in the 

presence of 2mM EDTA and 4mg/ml of lidocaine, or 30 minutes at 4°C in the 

absence of the inhibitor.  Each flow cytometry experiment was executed a 

minimum of three times unless otherwise indicated in figure legend. 

 

 

 



53	
  

2.10 Adhesion assays and cell treatment 

To assess cell spreading in culture, adhered macrophages from day 7 

cultures were washed and pictures were taken from three independent cultures.  

To assess the effects of inhibitors on cell spreading, day 7 BMDM were washed 

in-plate and BMDM media was replaced serum-poor media (RPMI, 0.5% FCS) 

with the indicated amounts of inhibitors (U73122, ALLN, PF431396) or control 

(carrier or inert control analog).  Cells were incubated for 4 hours at 37°C.  

Quantification of cell spreading was done using the ImageJ software version 

1.43u (http://rsb.info.nih.gov.login.ezproxy.library.ualberta.ca/ij).  Cells were then 

lysed directly on the plate with 1X RSB and loaded on 8.5% SDS-PAGE gel for 

subsequent Western Blotting.  To assess the capacity of BMDM to maintain 

adhesion over 24h, cells were harvested, washed and 1 x 106 cells were replated in 

tissue-culture-treated or extracellular matrix-coated wells from 6 well plates in 

serum-poor media (RPMI, 0.5% FCS) for 24 hours at 37°C.  After incubation, 

media and unadhered cells were aspirated and remaining adhered cells were 

directly lysed in 1X RSB and samples were boiled.  As an input control, 1 x 106 

cells were lysed directly with 1X RSB and boiled instead of replating into wells.  

Samples were loaded onto 8.5% SDS-PAGE gel for subsequent Western Blotting.  

Adhesion assays were done a minimum of three times for each treatment. 

For BMDM stimulation with GM-CSF, cells were harvested and cells were 

replated in 12-well plates (106 cells/well) overnight in normal growth serum 

without GM-CSF.  Media was replaced with 37°C RPMI containing 25ng/ml of 

recombinant GM-CSF (Peprotech, Rocky Hill, NJ) for the indicated amount of 
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time, at 37°C.  After incubation, the supernatant was aspirated, cells were lysed 

directly in the wells with 1X RSB and lysates were boiled for 3 minutes.  

For analysis of SUMOylated proteins, RAW 264.7 cells were treated for 10 

mintues with 10mM of NEM in PBS on ice, followed by lysis in lysis buffer 

containing 10mM of NEM.  Subsequent immunoprecipitations were also 

performed in the presence of NEM.  SDS-PAGE and Western blot were done as 

described in 2.12.   

For BMDM stimulation with PAMPs, cells were harvested, counted and 

incubated for various times with the indicated amounts of zymosan, LPS or 

Pam2Csk4.  Cells were then washed and lysed in 1X RSB, followed by SDS-

PAGE and Western Blot.  For cytokine secretion analysis, supernatants were 

collected and analysed by ELISA as per the manufacturer’s protocol.   

 

2.11 Immunoprecipitation  

For immunoprecipitation, cells were harvested, washed with PBS and lysed 

at 1 x 107 cells/ml in lysis buffer for 20 minutes at 4°C. Post-nuclear lysates of 

1x107 RAW 264.7, BMDM, B-cells or AB.1 T-cells were incubated with anti-

Pyk2 antisera, anti-paxillin or other indicated antibody for 15 minutes, followed 

by incubation rabbit anti-mouse IgG for 15 minutes (if required) and Protein A 

Sepharose beads (30µl of 50% slurry) for 1.5 hours.  Incubations were done at 

4°C on a rotator. Beads were pelleted and washed three times with lysis buffer 

before resuspension in 1X RSB and boiled for 3 minutes.  For sequential Pyk2 

immunoprecipitates, post-nuclear lysates were subjected to immunoprecipitation 
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with the first Pyk2 antiserum (either F298 or F245) for 12 h at 4 °C at which time 

the beads were pelleted and saved as the first immunoprecipitate, and the 

supernatant was transferred to a new tube. Beads from the first 

immunoprecipitation were washed three times with lysis buffer, resuspended in 

1X RSB, and boiled for 3 min. The supernatant from the first 

immunoprecipitation was then subjected to a second round of immunoprecpitation 

with the second Pyk2 antiserum (either F298 or F245) for 12 h at 4 °C. Beads 

were washed and resuspended as described above, and the procedure repeated as 

indicated.   

 

2.12 Alkaline phosphatase treatment 

For alkaline phosphatase treatment, Pyk2 immunoprecipitates from RAW 

264.7 cells were prepared as described above.  Beads were resuspended in 70 µl 

of water and 10 µl of 10X reaction buffer (provided with enzyme) was added 

along with 20 U of calf intestinal alkaline phosphatase (CIAP) or dilution buffer.  

Reactions were allowed to proceed at 37°C for 3 hours with occasional agitation.  

After 3 hours, beads were pelleted, washed twice with lysis buffer, resuspended in 

1X RSB buffer, and boiled for 3 minutes. 

 

2.13 SDS-PAGE and Western blotting 

Total cell lysates or immunoprecipitates were loaded onto 8.5% SDS-PAGE 

gels followed by transfer to polyvinylidene difluoride (PVDF) membranes.  

Western blots were performed using the indicated primary and appropriate HRP-
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coupled secondary antibodies and visualized by ECL (PerkinElmer Life Science 

Products, Boston, MA).  When sequential Western blots were performed on the 

same membrane, the membrane was stripped in buffer containing β-

mercaptoethanol, SDS and Tris-HCl (pH 6.7) at 56°C in between each blot.  The 

order of the blots in the figures is representative of the order in which the 

membranes were probed with the indicated antibodies.  Quantification of Western 

blot bands was performed using the ImageJ software, version 1.43u 

(http://rsb.info.nih.gov/ij/).   

 

2.14 Transfection of Pyk2-H  

Full-length Pyk2-H was amplified, ligated in the pC1-Neo vector and 

sequenced by Tara Lysechko.  NIH 3T3 cells were mock transfected or 

transfected with 2 µg of Pyk2-H DNA using Effectene (QIAGEN, Mississauga, 

ON).  Cells were lysed 48 hours later with 1% NP-40 lysis buffer as described 

above. 

 

2.15 RT-PCR of Pyk2 

RNA was extracted from RAW 264.7 cells lysed in Trizol reagent 

(Invitrogen, Carlsbad, CA).  Pyk2 products were generated by direct amplification 

of mRNA with the Superscript III One-Step RT-PCR System containing a mixture 

of SuperScript III Reverse Transcriptase and Platinum Taq DNA polymerase 

(Invitrogen, Carlsbad, CA).  A negative control for contaminating genomic DNA 

was done by substituting the Reverse Transcriptase and Platinum Taq DNA 
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polymerase mixture by Taq DNA polymerase only (QIAGEN, Mississauga, ON).  

A positive control for Pyk2-H product amplification was done by replacing RAW 

264.7 mRNA with DNA from the Pyk2-H/pC1-Neo plasmid.  The following 

primers were used to amplify Pyk2 products containing the alternative splice 

region: 5’-CAA GAA AGG AAT GCT CGC TAC-3’ (forward) and 5’ TAT ATC 

TAG ATC ACT CTG CAG G 3’ (Reverse).  This resulted in a products 

corresponding either to the full-length Pyk2 (829 bp) or to the Pyk2-H isoform 

(703 bp).  The RT-PCR products were then run on a 1% agarose gel in 1X TBE 

buffer and visualized using Ethidium Bromide under UV light.  

 

2.16 Confocal microscopy and live cell imaging 

For confocal microscopy of RAW 264.7 cells, cells were incubated 

overnight in media on sterile coverslips placed in 6-well plates to allow for 

adhesion.  The coverslips were then washed once with PBS containing 1% FCS.  

The cells were fixed with 4% paraformaldehyde for 10 minutes at room 

temperature, and coverslips were washed twice with 1% FCS in PBS.  The cells 

were permeabilized with 0.2% NP-40 in PBS for 5 minutes at room temperature 

and the coverslips were subsequently washed three times with 1% FCS in PBS.  

Cells were incubated in blocking buffer (1%FCS, 1% normal goat serum or 1% 

normal donkey serum in PBS) for 30 minutes at room temperature.  Coverslips 

were then incubated with each primary and fluorochrome-conjugated secondary 

antibody diluted in 1% FCS in PBS for 45-60 minutes at room temperature in a 

dark chamber.  The coverslips were washed three times with PBS for 5 minutes 
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after each antibody incubation.  Coverslips were mounted on glass slides using 

mounting medium (PBS, 20% glycerol, 0.1% Mowiol, 0.1% propyl gallate).  

Samples were analyzed on a Zeiss LSM 710 confocal microscope with the 

63X/1.40 oil objective (Imaging Centre, Cross Cancer Institute).  Z-stacks and 

multiple sections of each cell were taken to confirm proper colocalization of 

proteins observed but only single sections are shown in results. 

For staining of BMDM, cells were harvested, washed and adhered onto 

Poly-L-lysine-coated coverslips for 15 minutes at room temperature.  The cells 

were then fixed, permeabilized and stained with primary and secondary antibodies 

as described above.  For live cell imaging, day 7 BMDM were harvested, washed 

and incubated in wells for 2 hours prior to imaging to allow for adherence to 

coverslips.  Cells were tracked for 30 to 45 minutes on a Olympus IX-81 

Motorised microscope equipped with a 37°C, 5% CO2 chamber (Cell Imaging 

Centre, Faculty of Medicine Core Imaging Facility).  Cell movement was 

analysed using the ImageJ software (Manual Tracking and Chemotaxis Tool plug-

ins for ImageJ).   

 

2.17 Statistical analysis 

Statistical analysis of results was done using a two-tailed Student t test with 

the Prism software (GraphPad Software Inc). 
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CHAPTER THREE: PYK2 EXISTS AS TWO BIOCHEMICAL AND 

SPATIALLY DISTINCT POPULATIONS IN MACROPHAGES 

 

Part of this chapter is reproduced, with permission, from: 

Joëlle St-Pierre1,2, Tara L. Lysechko1 and Hanne L. Ostergaard 
Cellular Signalling, 2011, 23: 718-730. 

Copyright 2010. Elsevier Inc. 
 

3.1 Introduction 

Tyrosine phosphorylation-mediated signalling is key in conveying 

intracellular signals triggered by such events as cell adhesion and migration.  This 

mechanism of signal transduction is mediated by the activity of protein tyrosine 

kinases (PTKs). It is therefore not surprising to find many PTKs at sites of cellular 

adhesion, where integrin receptors relay information on the extracellular 

environment to the cell through the activity of these kinases.  FAK, a ubiquitously 

expressed PTK, functions to synchronize these events at sites of adhesion 

(Schaller, 2010).  Pyk2 is a non-receptor tyrosine kinase expressed in numerous 

cell types but highly expressed in hematopoietic and neuronal cells.  It is not 

entirely clear how Pyk2 kinase activity is regulated.  Structural studies have 

revealed that FAK undergoes autoinhibition by binding of the FERM domain to 

the kinase domain (Cooper et al., 2003; Lietha et al., 2007).  The mechanism(s) 

that relieve the autoinhibition are not known but may include protein binding, 

phosphorylation or sumoylation (Kadare et al., 2003).  Given the high degree of 

sequence similarity between FAK and Pyk2, it is likely that Pyk2 would be 
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similarly regulated, although strong support for this molecular inhibition is 

currently lacking.  Further studies are thus required to understand the contribution, 

if any, of the FERM domain to Pyk2 regulation. 

The regions of highest homology between FAK and Pyk2 are found within 

the kinase domain (~60%) and the FAT domain (~61%) (Avraham et al., 1995b; 

Herzog et al., 1996; Lev et al., 1995; Sasaki et al., 1995; Schaller and Sasaki, 

1997). High homology within the FAT domain has led to speculation that Pyk2 

could bind the cytoskeletal adapter protein paxillin as it had been shown that this 

region was responsible for FAK binding to paxillin (Hildebrand et al., 1995; 

Tachibana et al., 1995; Turner and Miller, 1994).  Indeed, earlier 

immunoprecipitation studies have shown that paxillin constitutively interacts with 

Pyk2 (Hiregowdara et al., 1997; Li and Earp, 1997; Ostergaard et al., 1998; Salgia 

et al., 1996).  The interaction was later confirmed to occur specifically within the 

FAT domain of Pyk2 as fusion proteins that were lacking part of the FAT domain 

failed to bind paxillin (Xiong et al., 1998).  Resolution of the crystal structure of 

the FAT domain of Pyk2 has since shown that it shares a high degree of similarity 

to the FAK FAT domain and that it interacts with paxillin in a similar manner to 

FAK (Hayashi et al., 2002; Lulo et al., 2009).  What regulates Pyk2 interaction 

with paxillin, as well as the cellular localization of this interaction remain, 

however, poorly defined. 

In this chapter, I investigated the characteristics of Pyk2 in macrophages 

through the use of antibodies that are specific to two distinct regions of Pyk2.  I 

found that such antibodies identify biochemically and spatially distinct Pyk2 
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populations in macrophages.  One population of Pyk2 constitutively associated 

with paxillin while the other displayed hyperphosphorylation on serine and/or 

threonine residues.  This suggests that Pyk2 is found in multiple conformational 

states that depend on serine and/or threonine phosphorylation of the molecule.  I 

further examined the colocalization of Pyk2 and paxillin and found that the 

population of Pyk2 that strongly associates with paxillin does so at the MTOC of 

hematopoietic cells.  These results indicate that a reservoir of inactive Pyk2, in 

association with paxillin, localizes at the microtubule organizing centre (MTOC).  

Finally, molecular mass differences were observed between the two populations, 

which are not due to phosphorylation but possibly as the result of SUMOylation 

of Pyk2.  Taken together, these results provide a better understanding of the 

regulation of Pyk2 in regards to its binding partners and post-translational 

modifications, and link this regulation to its intracellular location. 

 

3.2 Results 

3.2.1 Pyk2 antibodies specific for the C-terminal domain, but not the N-

terminal domain, can coimmunoprecipitate paxillin 

Our laboratory has generated two polyclonal antibodies directed against 

regions in the NT and CT domain of Pyk2 (Ma et al., 1997).  The F298 and the 

F245 antibodies were produced in rabbits by injection of a peptide corresponding 

to amino acids 2-12 and 720-862 of Pyk2, respectively (Berg and Ostergaard, 

1997; Ma et al., 1997).  The F245 antigen spans the proline rich regions of Pyk2 

and the alternatively spliced variant lacking amino acids 738-780 (Pyk-H) (Figure 
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3.1a).  This splice variant has been shown to be preferentially expressed in 

hematopoietic cells (Dikic et al., 1998).  When I compared the ability of these Abs 

to immunoprecipitate Pyk2 in RAW 264.7 cells, I found that only the F245 Ab 

was able to co-immunoprecipitate paxillin with Pyk2 (Figure 3.1b).  Minimal 

association of paxillin with Pyk2 could be detected with the F298 Ab upon longer 

exposure of the immunoblot, however, this association was significantly lower 

than that obtained with the F245 Ab (Figures 3.1b, 3.2 and St-Pierre et al. (2011)).  

Moreover, Pyk2 recovered with either antibody displayed similar total tyrosine 

phosphorylation levels (Figure 3.1b).   

Similar to what was observed with RAW 264.7 macrophages, AB.1 T-cell 

clones also showed paxillin co-immunoprecipitation with the F245 antibody, and 

not the F298 antibody (St-Pierre et al., 2011).  This association was constitutive, 

as stimulation through the TCR did not affect paxillin coimmunoprecipitation 

with the F245 antisera.   Thus, only Pyk2 pulled down with the F245 antisera 

associates with paxillin and appears to do so independently of the tyrosine 

phosphorylation status of Pyk2. 

 

3.2.2 F298 and F245 antisera recognize distinct but overlapping Pyk2 

populations 

To further investigate how F245 and F298 differ in their ability to recognize 

Pyk2, I performed serial immunodepletion experiments.  Three immunodepletion 

steps were done with RAW 264.7 cell lysates with F245 antisera; however, this  
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Figure 3.1. Coimmunoprecipitation of paxillin with Pyk2 depends on the 
anti-Pyk2 antibody used for immunoprecipitation.  (A) Diagram of the 
domain structure of Pyk2 indicating the antibody epitopes. (B) F245 and F298 
immunoprecipitates were generated from RAW 264.7 lysates followed by 
immunoblotting with anti-phosphotyrosine, monoclonal anti-Pyk2 and anti-
paxillin antibodies. A sample of the cell lysate used for immunoprecipitation is 
shown in the first lane and a control immunoprecipitate containing protein A 
beads with no antibody is shown in the last lane.  Representative of a minimum 
of three independent experiments. 
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was insufficient to deplete all F245-immunoreactive Pyk2 (Figure. 3.2).  In 

contrast, with the same lysate, F298-immunoreactive Pyk2 was readily depleted 

and F245 was able to recover Pyk2 with a faster relative migration.  The F245 

antibody recognized two distinct migrating species in the Pyk2 

immunoprecipitates while the F298 preferentially recognized the more slowly 

migrating species.  Both species have been confirmed to be Pyk2 by mass 

spectrometry analysis.  Additional immunoblots with two different commercially 

sourced anti-Pyk2 antibodies (C-19 and the Pyk2 mAb) confirmed that F245 

recovered a more rapidly migrating form of Pyk2 after F298 depletion while the 

N-19 antiserum, similar to F298 antiserum, did not strongly detect the more 

rapidly migrating F298-depleted Pyk2 (Figure 3.2).  Together, these results 

suggest that F298 and F245 bind overlapping but distinct populations of Pyk2, 

and that F245 selectively captures a population of paxillin-bound Pyk2.   

 

3.2.3 Pyk2 recognized by F245 localizes, along with paxillin, at the 

microtubule-organizing centre in macrophages 

The existence of two biochemical populations of Pyk2 in both T cells and 

macrophages was demonstrated. Whether such distinct populations of Pyk2 differ 

in their cellular localization was next tested.  To investigate this possiblity, I 

examined the localization of both populations of Pyk2 and paxillin by confocal 

microscopy in RAW 264.7 macrophages.  The results showed that F245-

immunoreactive Pyk2 colocalized with α-tubulin, at the MTOC, and along 

microtubules (Figure 3.3).  This is consistent with the localization of F245- 
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Figure 3.2. The F245 and F298 antisera recognize overlapping and distinct 
subsets of Pyk2.  Sequential Pyk2 immunoprecipitations were performed on 
cell lysates from RAW 264.7 macrophages.  After immunoprecipitation using 
the first indicated anti-Pyk2 antibody (1st), the supernatant was transferred to a 
new tube and subjected to a second and third round of immunoprecipitation 
with the same antibody (2nd, 3rd).  After three rounds of depletion with the  
first antibody, the supernatant was subjected to an immunoprecipitation with 
the second antibody (4th).  Each sequential immunoprecipitation was subjected 
to electrophoresis and probed by immunoblotting with the indicated antibody.  
Experiment shown is representative of three independent experiments.  
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Figure 3.3 Pyk2 recognized by the F245 antibody, but not the F298 antibody, 
colocalizes with paxillin in the region of the MTOC in macrophages. 
Unstimulated RAW 264.7 cells were fixed, permeabilized and immunostained 
with (A) F245 (green) and anti-α-tubulin (red), (B) F298 (green) and anti-α-
tubulin (red), (C) F245 (green) and anti-paxillin (red) or (D), F298 (green) and 
anti-paxillin (red) then visualized by confocal microscopy.  Images are 
representative of three independent experiments. 
 

immunoreactive Pyk2 in T-cells (St-Pierre et al., 2011).  In contrast, the cellular 

distribution of F298-immunoreactive Pyk2 did not reveal any association with 

MTOC or with α-tubulin, but appeared to be slightly enriched at the membrane 

(Figure 3.3).  Supporting the biochemical data obtained with macrophages, the 

F245-immunoreactive Pyk2 was found to be enriched alongside paxillin, in the 

region of the MTOC, whereas the F298-immunoreactive Pyk2 did not strongly 

colocalize with paxillin (Figure 3.3).  Both of these pools of Pyk2 showed 

overlapping localization in the cytoplasm and the nucleus.  Overall, the staining 

patterns of both antibodies in macrophages were similar to those observed in T 

cells. 

 

3.2.4 F245 preferentially recognizes hypophosphorylated Pyk2 

The immunodepletion experiments indicated that F245 and F298 might 

recognize distinct but overlapping molecular species.  To further characterize the 

potential differential reactivity of these two antibodies, I compared their ability to 

bind Pyk2 recovered with either antiserum.  I performed Pyk2 

immunoprecipitations with both antibodies in RAW 264.7 cell lysates.  One set of 

immunoprecipitates was then probed with F298 and the other with F245.  The 

results showed that, while the F298 antiserum was capable of immunoblotting 
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Pyk2 captured with either antibody, recognition by the F245 antiserum was 

limited to F245-immunoprecipitated Pyk2 (Figure 3.4a).   A weak but detectable 

signal could be obtained upon over-exposure of F245 immunoblots from F298-

immunoprecipiated Pyk2, suggesting that this is not an all or none recognition but 

rather a preferential recognition (Figure 3.2).  This was also demonstrated in 

bone-marrow-derived macrophages (BMDM) (Figure 3.4b), splenic B-cells 

(Figure 3.4c) and AB.1 T-cell clones (Figure 3.4d).  In addition, I was able to 

distinguish different migrating species of Pyk2.  The molecular species that is 

strongly detected with the Pyk2 monoclonal antibody (mAb) and F298 

corresponds to the faintly detected F245 band on the F245 blot (indicated by the 

arrowhead).  This demonstrates that although F245 does not recognize Pyk2 

immunoprecipitated with F298, F245 immunoprecipitates a form of Pyk2 that is 

strongly recognized by F298, however it possess distinct migration characteristics 

on SDS-PAGE (Figure 3.4a).  

To determine whether the differences in immunoblotting and relative gel 

mobility of Pyk2 recovered with these antibodies could be attributed to 

differences in the phosphorylation status of Pyk2, I first assessed whether 

dephosphorylated F298 recovered Pyk2 from macrophages could be recognized 

by the F245 antibody by immunoblotting.  To accomplish this, F298 

immunoprecipitates were prepared from RAW 264.7 macrophages and treated 

with calf intestinal alkaline phosphatase (CIAP) to remove phosphate groups from 

the protein, followed by immunoblot with the F245 antiserum.  Our results 

showed that treatment of the F298 immunoprecipitate with CIAP allowed for 
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Figure 3.4.  F245 does not recognize Pyk2 pulled down with F298 
antisera. Pyk2 was immunoprecipitated with either F245 or F298 antisera 
from RAW 264.7 cell lysates (A), BMDM (B), splenic B-cells (C) or AB.1 T-
cell clones (D).  Lysates were sequentially probed with the Pyk2 monoclonal 
antibody (mAb) and F245 and F298 antisera.  The position of the arrowhead 
indicates the same position on the gel in each immunoblot.  Western blots 
shown are representative of at least three (A, B) or two (C, D) independent 
experiments. 
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increased recognition by the F245 antibody in RAW 264.7 cells (Figure 3.5a), as 

well as in AB.1 T-cell clones (St-Pierre et al., 2011). An increase in recognition of 

the slower migrating form of Pyk2 in the dephosphorylated F245 

immunoprecipitate was also observed upon Western blot with F245 antisera 

(Figure 3.5a).  This implies that phosphorylation is a determinant for 

discrimination of recognition of the slower migrating form of Pyk2 by 

immunoblotting with these two antibodies. On the other hand, dephosphorylation 

of Pyk2 did not affect the mobility of Pyk2, as detected by F298 immunoblotting.  

This indicates that the mobility differences in the Pyk2 captured with the two 

antibodies may not be due to differences in phosphorylation, but rather some other 

post-translational or post-transcriptional modification of Pyk2.  However, it is 

possible that interaction of Pyk2 with other proteins protects Pyk2 from CIAP 

cleavage.  Also noteworthy is that the faint bands detected above Pyk2 in the 

F298 and F245 immunoblots are a result of non-specific secondary reagent 

binding of proteins bound to the sepharose beads as they have been observed in 

sepharose bead control samples.    

Pyk2 tyrosine-phosphorylation occurs at four major sites, one of which 

(Y881) is proximal to the F245 epitope (Figure 3.1a). Whether phosphorylation at 

Y881 interferes with F245 recognition is, however, unlikely because Y881 is 

phosphorylated in Pyk2 when pulled down with the F245 antibody (St-Pierre et 

al., 2011). I thus examined whether Pyk2 captured by either antibody displayed 

differences in serine or threonine phosphorylation, as many potential serine and  
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Figure 3.5.  F245 preferentially recognizes hypophosphorylated Pyk2. (A) 
Pyk2 immunoprecipitates from lysates of 106 RAW 264.7 cells were subjected 
to treatment with CIAP. Membranes were probed, in order, with anti-
phosphotyrosine, F245 and F298.  Representative of three independent 
experiments.  (B) Pyk2 immunoprecipitates were assessed for serine/threonine 
phosphorylation by Western blot. Quantification of band intensity, represented 
as a ratio of the phosphoserine/threonine to the anti-Pyk2 band intensity, is 
shown below the lanes and is representative of three independent experiments.  
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threonine phosphorylation sites are located within the F245 epitope region. To test 

this possibility, F245 and F298 immunoprecipitates were probed with an anti-

phosphoserine/threonine antibody.  The results showed that F298-captured Pyk2 

displayed higher overall serine/threonine phosphorylation levels when compared 

to F245-captured Pyk2 (p < 0.0066) (Figure 3.5b).  Overall, these results suggest 

that yet uncharacterized phosphorylation sites within the F245 epitope region 

interfere with binding of the F298 antiserum.  They also imply that 

serine/threonine hyperphosphorylated Pyk2 is in a conformational state that is 

preferentially detected by the F298 antiserum.  

 

3.2.5 Higher apparent molecular mass of Pyk2 is not due to isoform 

expression 

Alternative splicing of exon 23 of the Pyk2 gene gives rise to the Pyk2-H 

isoform, which is preferentially expressed in hematopoietic cells (Dikic et al., 

1998; Li et al., 1998; Xiong et al., 1998).  This isoform harbours a 42 a.a. deletion 

in the proline-rich regions (Figure 3.1a) and therefore migrates slightly faster on 

SDS-PAGE gel relative to full-length Pyk2.  I thus examined whether differences 

in molecular mass displayed by Pyk2 immunoprecipitation in RAW 264.7 cells 

was due to the expression of these isoforms.  For this purpose, RT-PCR was 

performed on mRNA from RAW 264.7 cells using primers encompassing the 

alternative splicing region of Pyk2.  Amplification of this sequence with DNA 

from a Pyk2-H-encoding plasmid was used as a positive control.  A negative 

control for contaminating genomic DNA was also performed by replacing the 
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reverse transcriptase with Taq DNA polymerase.  I found that RAW 264.7 cells 

expressed mRNA encoding both full-length Pyk2 (Pyk2 FL) and Pyk2-H (Figure 

3.6a).  To determine whether these isoforms are differentially recognized by the 

F298 and F245 antibodies, I used NIH 3T3 cells, which express very low levels of 

Pyk2 recognized by F298 but do express detectable levels of the faster migrating 

form of Pyk2 recognized by F245 (Figure 3.6b).  I first transfected these cells with 

an expression vector encoding the hematopoietic isoform of Pyk2 (Pyk2-H) and 

conducted comparative immunoprecipitation analysis with both F245 and F298 

antisera. Interestingly, I found that when Pyk2-H is transfected into the cells, there 

is an appearance of the more slowly migrating form of Pyk2 that is recognized by 

F298, similar to what was observed in RAW 264.7 cells (Figure 3.6b).  As FAK is 

highly expressed in these cells, I also confirmed that neither antibody 

immunoprecipitated FAK non-specifically (Figure 3.6b).  Taken together, these 

results suggest that the slower migration of Pyk2-H was more likely due to post-

translational modifications.   

 

3.2.6 Paxillin associates with the more slowly migrating species of Pyk2 

I next examined which of the slow and fast migrating species recognized by 

the F245 antisera associated with paxillin.  Using NIH 3T3 cells transfected with 

the Pyk-2H-encoding plasmid, I found that paxillin preferentially associated with 

the more slowly migrating exogenous Pyk2-H isoform (Figure 3.7a).  It is 

possible, however, that the faster migrating Pyk2 species in F245 

immunoprecipitates is capable of association with paxillin as paxillin co- 
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Figure 3.6 Differences in Pyk2 apparent molecular mass are not due to 
expression of the two different isoforms. (A) The Pyk2 splicing region was 
amplified by one-step RT-PCR from RNA extracted from RAW 264.7 
macrophages.  Amplification of this region from a Pyk2-H-encoding plasmid 
was used as a positive control.  A control for the presence of genomic DNA 
was also included.  (B) NIH 3T3 cells were mock transfected or transfected 
with the Pyk2-H isoform.  Lysates were prepared and Pyk2 
immunoprecipitated with either F245 or F298 and probed sequentially with the 
indicated antibodies.  Figures shown are representative of three independent 
experiments. 
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Figure 3.7. Paxillin associates with a single slower migrating Pyk2 
molecular species. (A) Paxillin and Pyk2 were immunoprecipitated from 
lysates of Pyk2-H-transfected NIH 3T3 cells and immunoblotted with the 
indicated antibodies. (B) RAW 264.7 cells were lysed and 
immunoprecipitations performed with F245, F298, paxillin or with secondary 
antibody alone and probed sequentially with the indicated antibody.  Western 
blots are representative of three independent experiments. 
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immunoprecipitation was observed in mock-transfected NIH 3T3 cells.  

Alternatively, the levels of Pyk2 co-immunoprecipitated with paxillin may be too 

low to be detected by the F245 Ab. Nonetheless, paxillin appears to preferentially 

interact with the slower migrating species as its recovery is significantly increased 

upon transfection of NIH 3T3 cells with Pyk2-H (Figure 3.6b), and it is the only 

species detected in paxillin immunoprecipitates (Figure 3.7). To confirm that 

paxillin preferentially associates with the more slowly migrating species of Pyk2 

in macrophages, I then performed paxillin immunoprecipitates from RAW 264.7 

cells.  Pyk2, as detected with either F245 or F298, was co-immunoprecipitated 

with paxillin (Figure 3.7b).  As with transfected NIH 3T3 cells, I could detect 

only the more slowly migrating form of Pyk2 in association with paxillin (Figure 

3.7b).  This implies that there are distinct populations of Pyk2 found within the 

most slowly migrating Pyk2, possibly as a result of phosphorylation, which 

determine the capacity of Pyk2 to associate with paxillin.   

 

3.2.7 SUMO-1 differentially associates with Pyk2 pulled down with F245 and 

F298 antisera 

I further investigated the cause of the differences in apparent molecular 

mass of Pyk2 pulled down with the two antisera.  As phosphorylation and isoform 

expression were ruled out, I next examined whether such differences were related 

to SUMOylation of Pyk-2.   SUMO proteins are small ubiquitin-like proteins that 

covalently attach to proteins via a lysine residue.  SUMOylation of FAK has been 

demonstrated in vitro and in cells transfected with FAK, SUMO-1 and PIAS1 
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(Kadare et al., 2003).  SUMO-1 attachment to FAK occurs at Lysine 152 in the 

FERM domain and leads to increased autophosphorylation of FAK.  To address 

this possibility, I first assessed whether Pyk2 could be immunoprecipitated in 

RAW 264.7 cell lysates with anti-SUMO-1.  As shown in Figure 3.8, the slower 

migrating form of Pyk2 was pulled down with anti-SUMO-1, indicating that this 

protein may be directly SUMOylated.  A yet unidentified 80 kDa protein was also 

co-immunoprecipitated with the SUMO-1 Ab, as well as with the F298 antisera 

(Figure 3.8a). I next assessed whether stabilization of SUMOylated proteins 

increased Pyk2 pull-down with anti-SUMO-1 using NEM, which inhibits de-

SUMOylation of proteins by irreversibly binding to SUMO cysteine proteases 

(Park-Sarge and Sarge, 2009).  Our results showed that, not only was the amount 

of Pyk2 pulled down with anti-SUMO-1 significantly increased in the presence of 

NEM, but that the apparent molecular mass of Pyk2 was slightly increased upon 

treatment with NEM (Figure 3.8b, c).  This suggested that Pyk2 interaction with 

SUMO-1 was enhanced by the stabilization of SUMOylated proteins.  Further 

confirmation of the direct SUMOylation of Pyk2, as well as the site of 

SUMOylation on Pyk2, are currently being investigated in our laboratory. 

Dynamin is a 100 kDa GTPase involved in endocytosis that localizes at sites 

of adhesion (Ezratty et al., 2005).  It has also been shown to interact with both 

Pyk2 as well as with the SUMOylation machinery, although the function of these 

interactions remains largely unknown (Bruzzaniti et al., 2009; Mishra et al., 

2004).  In fact, dynamin is capable of direct interaction with  
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Figure 3.8. The slower migrating species of Pyk2 interacts with SUMO-1, 
dynamin and a SUMOylated 80 kDa protein.  (A) Pyk2 and SUMO 
immunoprecipitates were performed using RAW 264.7 cell lysates and 
immunoblotted with anti-Pyk2 (Pyk2 mAb, F245, F298) or anti-SUMO-1. 
RAW 264.7 cells were treated with NEM, or left untreated, followed by cell 
lysis and immunoprecipitation with anti-SUMO-1 (B) or anti-Pyk2 (C).  
Immunoprecipitates were blotted with anti-Pyk2 and anti-Dynamin.  Control 
lanes represent IP controls with isotype controls and sepharose beads.  Western 
blots shown above are representative of three independent experiments. 
 
Figures 3.6b, c were done in collaboration with Jessica Beatty. 
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the SUMO protein although it is not itself directly SUMOylated.  I hypothesized 

that F298-reactive Pyk2 population, which localizes at the cell membrane and 

displays a higher molecular mass forms a complex with dynamin and SUMO-1. 

To test this hypothesis, I immunoblotted for dynamin in SUMO-1 and F298 

immunoprecipitates.  I found that dynamin did indeed associate with both SUMO-

1 and Pyk2 upon treatment with NEM (Figure 3.8b, c).  This complex may also 

contain the 80 kDa protein previously detected by SUMO-1 immunoblot (Figure 

3.8a).  Further characterization of this complex may provide insight in the 

function of the F298-reactive population of Pyk2. 

 

3.3 Discussion 

In this chapter, two populations of Pyk2 were identified within macrophages, 

based on their biochemical features and intracellular localization.  As 

demonstrated by the immunodepletion experiments, these populations bind unique, 

but overlapping, pools of Pyk2 in macrophages.  One population, as identified 

with the F245 antiserum, constitutively associated with paxillin, colocalized with 

paxillin at the MTOC and displayed a lower apparent molecular mass.  The 

second population, as identified with the F298 antiserum, did not associate with 

paxillin, localized near the plasma membrane, displayed increased 

serine/threonine phosphorylation and higher apparent molecular mass, and 

associated with dynamin and an unidentified 80 kDa protein.  I also showed that 

the difference in migration on SDS-PAGE between the two populations was not 

due to phosphorylation or expression of the different isoforms but may be due to 
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SUMOylation of Pyk2 recovered with the F298 antisera.  Together, these results 

demonstrate that Pyk2 localized at specific areas within the cell, displays 

differential binding partners and post-translational modifications.  These features 

may in turn reflect distinct functions of Pyk2 within macrophages. 

The most striking difference initially noted between the two populations 

regarded their association with paxillin.  Interestingly, the previous studies that 

demonstrated that Pyk2 could associate with paxillin used antibodies that 

recognized a GST fusion protein consisting of the C-terminus (a.a. 861-1009) or 

the proline-rich regions (a.a. 680-860) of Pyk2 (Hiregowdara et al., 1997; Li and 

Earp, 1997; Salgia et al., 1996). At present, it is not clear why F298-reactive Pyk2 

does not bind paxillin as strongly as Pyk2 captured with the F245 antisera.  The 

F298 binds to the N-terminus of Pyk2 while paxillin binds to the C-terminal FAT 

domain of Pyk2, so it is unlikely that F298 binding directly blocks paxillin 

association or that paxillin directly blocks accessibility to the F298 epitope on 

Pyk2.  It is however, logical to hypothesize that F298 recognizes a conformation 

of Pyk2 that is not associated with paxillin.  Both functional and structural studies 

of FAK have revealed that the FERM domain of FAK binds to the kinase domain 

forming an autoinhibitory conformation (Cooper et al., 2003; Lietha et al., 2007).  

While this has not been directly shown for Pyk2, given the high level of 

homology between the two kinases, it is probable that Pyk2 would also form a 

closed, inhibited form of the molecule.  I propose that when Pyk2 is in the 

autoinhibited conformation, the F298 epitope is not accessible, preventing 

immunoprecipitation with the F298 antiserum while still allowing binding to F245 
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and paxillin.  Upon stimulation, a fraction of the Pyk2 molecules become tyrosine 

phosphorylated, thereby favouring an open structure that allows for binding to 

F298, while preserving F245 and paxillin binding.   This could represent the small 

fraction of F298-captured Pyk2 that is able to bind to paxillin.  To maintain an 

open and active confirmation, Pyk2 may then become phosphorylated on a 

number of serine and/or threonine residues that both keeps the molecule from 

closing and disrupts the interaction with paxillin.  This phosphorylation would 

also reduce F245 binding by immunblotting and immunoprecipitation.  I suggest 

that the differential binding of these antibodies provides us with important clues 

regarding the regulation of Pyk2.  

Although both antisera immunoprecipitated tyrosine-phosphorylated Pyk2, 

they showed differences in their recognition of serine/threonine-phosphorylated 

Pyk2.  These data are consistent with those previously demonstrated in T-cells 

showing that paxillin association with Pyk2 is constitutive and does not depend on 

tyrosine phosphorylation of Pyk2 (Ostergaard et al., 1998).  Even the 

phosphorylation of Y881, which is located near the paxillin binding region, has 

been shown not to disrupt paxillin binding (Lulo et al., 2009).  When blotting for 

serine/threonine phosphorylation, Pyk2 captured by the F298 antibody showed 

higher levels phosphorylation compared to F245-immunoprecipitated Pyk2.  

Moreover, in immunoblots performed using lysates from T cells or macrophages, 

F245 is less capable of recognizing Pyk2 recovered with the F298 antibody, 

unless Pyk2 was dephosphorylated.  Therefore, the F298 recognized population of 

Pyk2 is likely phosphorylated at sites within, or near, the F245 epitope, though 
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not necessarily exclusively so.  Given that the presence of an alternatively-spliced 

sequence within the region of Pyk2 was used for immunization, and because the 

CTL clones expressed exclusively the Pyk2-H isoform (Lysechko, 2007), there is 

actually a relatively small region of Pyk2 that is potentially bound by the antibody 

in T cells.  Using in silico analysis, two potential tyrosine phosphorylation sites 

(Y722 and Y849), two potential serine phosphorylation sites (S788 and S789) and 

one potential threonine phosphorylation site (T842) were predicted in this region.   

This region of FAK has also been shown through mass spectrometry mapping 

studies to be rich in bona fide serine/threonine phosphorylation sites (Grigera et 

al., 2005).  Based on the data I have obtained, it is likely that F298 recognizes 

Pyk2 that is phosphorylated on a site(s) that prevents recognition by F245.  

I found that F245-recovered Pyk2 from macrophages exhibited distinct 

molecular species.  More specifically, I found that F298-captured Pyk2 

consistently migrated at a higher molecular mass compared to the major F245 

population.  These distinct molecular species were not attributed to differential 

phosphorylation patterns, as treatment with CIAP did not affect migration of these 

proteins.  One cannot eliminate, however, the possible presence of a very specific, 

CIAP resistant site(s) causing a mobility shift.  Alternatively, I considered the 

possibility that these different molecular species might reflect the presence of two 

known isoforms of Pyk2.  This possibility is unlikely as examination of the 

protein bands by mass spectrometry indicated that both proteins were derived 

from Pyk2-H. Moreover, Pyk2-H also shows slower migration on SDS-PAGE 

when transfected in NIH 3T3 cells.  Rather, I believe that the smaller protein from 
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the macrophages might be a cleavage product of Pyk2 that likely occurs at the N-

terminus of the protein, thus precluding F298 recognition, or that reflects the 

existence of a novel variant of Pyk2 lacking all or part of the N-terminus.   

As FAK has been shown to undergo SUMOylation, I examined whether 

SUMO attachment to Pyk2 accounted for the apparent differences in the 

molecular mass (Kadare et al., 2003).  I found that the slower migrating form of 

Pyk2 was coimmunprecipitated with SUMO-1 in RAW 264.7 cells.  Moreover, 

this slower migrating species of Pyk2 complexed with dynamin and a yet 

unidentified 80 kDa protein.  It is possible that SUMOylation of Pyk2 may 

provide a bridge for Pyk2 interaction with these proteins. Whether Pyk2 is 

directly SUMOylated and at which site, however, remains to be confirmed.  In 

addition, investigations in the binding partners of the F298 population might lead 

to the characterization of the function of this population.  At present, as the 

significance of FAK SUMOylation and the association of dynamin with the 

SUMO machinery has not been determined, it is too early to speculate on what 

this function may be.   

In addition to the biochemical differences discussed above, differential 

localization of both populations of Pyk2 were observed within immune cells.  I 

have shown that the F245 antiserum, which immunoprecipitated paxillin-bound 

Pyk2, was enriched in the region of the MTOC along with paxillin.  In contrast, 

Pyk2 identified by the F298 antiserum appeared to be enriched at the membrane. 

Such colocalization of Pyk2, paxillin and the MTOC has been previously 

described in NK cells (Sancho et al., 2000).  I have shown that only the 
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population of Pyk2 associated with paxillin also colocalized with paxillin at the 

MTOC, suggesting that paxillin might be responsible for its MTOC localization.  

However, the function that Pyk2 and paxillin might be performing at the MTOC 

is still unclear.  

In summary, the results presented here provide us with a better 

understanding of Pyk2 regulation through its post-translational modifications and 

association with binding partners in relation to its intracellular location.  

Additional studies will be needed to determine the specific serine/threonine sites 

that are differentially phosphorylated between the two populations identified, as 

well as whether these populations harbour functional differences.    
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CHAPTER FOUR: A ROLE FOR CD45 IN MACROPHAGE ADHESION 

AND MIGRATION THROUGH THE REGULATION OF PAXILLIN 

EXPRESSION 

 

4.1 Introduction 

CD45 is a transmembrane PTP expressed on cells of hematopoietic origin 

involved in the regulation of leukocyte adhesion and motility (Shivtiel et al., 

2008; Shivtiel et al., 2011; Windhagen et al., 2007).  The absence of CD45 from 

macrophages has been shown to lead to the disregulation of macrophage adhesion 

as these cells exhibited increased detachment from tissue-culture-treated dishes 

(Roach et al., 1997).  In CD45 KO macrophages, the SFKs Hck and Lyn, but not 

Fgr, were shown to be hyperphosphorylated and hyperactive (Li et al., 2001; 

Roach et al., 1997; Roach et al., 1998; Shivtiel et al., 2008).  Given the role of 

SFKs in the regulation of cell adhesion, it is possible that they are implicated in 

this process through the phosphorylation of substrates involved in cell adhesion. 

Opposingly, because of the fact that hyperphosphorylation of SFKs in CD45-

deficient macrophages does not correlate with whether macrophages are in an 

adhesive state or not, it can also be argued that CD45 could control signalling 

pathways independent of SFK regulation.  Further investigation is critically 

needed to better determine the contribution of CD45 in the regulation of the 

molecular mechanisms involved in macrophage adhesion and motility.  

In this chapter, I have examined in detail the role of CD45 in cell adhesion 

and motility, focusing on the mechanisms by which CD45 regulates these 
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functions in macrophages.  I provide evidence that CD45 functions to balance 

signalling and protein expression to regulate macrophage adhesion turnover, 

morphology and motility. This new regulatory mechanism provides further insight 

in the complexity of interactions between phosphatases and the macrophage 

cytoskeleton. 

  

4.2 Results 

4.2.1 Normal maturation of CD45 KO BMDM in the presence of GM-CSF 

M-CSF and GM-CSF are cytokines routinely used to drive the maturation 

of BMDM in vitro.  However, it has been shown that both of these cytokines 

generate morphologically and phenotypically distinct populations of macrophages.  

GM-CSF-derived BMDM constitute a more heterogeneous population of 

macrophages with broader cell diameter and increased cell spreading compared to 

the smaller and more uniform M-CSF-derived BMDM (Falk et al., 1988; Pelegrin 

and Surprenant, 2009).  Functional differences between GM-CSF- and M-CSF-

derived BMDM have also been reported.  For example, because they secrete high 

levels of pro-inflammatory cytokines, such as TNF-α, IL-6, IL-12p70 and IL-23, 

upon stimulation with LPS, GM-CSF BMDM are generally considered pro-

inflammatory macrophages (Brissette et al., 1995; Fleetwood et al., 2007).  In 

contrast, M-CSF-derived BMDM are known to secrete higher levels of anti-

inflammatory cytokines such as IL-10 and CCL2 upon LPS stimulation 

(Fleetwood et al., 2007).  M-CSF BMDM have also been shown to secrete higher 

levels of IFN-α/β following infection with Vesicular Stromatitis Virus (Falk and 
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Vogel, 1990; Fleetwood et al., 2009).  In light of these phenotypical differences, 

GM-CSF- and M-CSF-derived BMDM are considered to reflect human M1 and 

M2 cell phenotypes. While previous studies on BMDM from CD45 KO mice 

have used M-CSF to mature bone marrow progenitor cells into macrophages 

(Roach et al., 1997; Zhu et al., 2008), I have chosen to mature bone marrow 

progenitor cells with GM-CSF as they show increased cell spreading in culture, 

thereby facilitating the detection of differences in adhesion between CD45 KO 

and WT BMDM.  I will also take this opportunity to determine whether the 

defects in adhesion previously reported occur in both types of macrophages or 

whether they are restricted to M-CSF-derived macrophages.  

Because there have been no studies on GM-CSF-derived CD45 KO 

BMDM, it was crucial to first establish whether progenitor cells from CD45 KO 

mice undergo normal maturation in the presence of GM-CSF.  For this purpose, 

bone marrow progenitor cells from WT and CD45 KO mice were harvested and 

incubated for 7 days in the presence of GM-CSF.  The cell surface expression 

levels of two common macrophages markers, F4/80 and CD11b, were then 

compared by flow cytometry (Murray and Wynn, 2011).  F4/80 is a 125 kDa 

transmembrane protein expressed on the majority of mature macrophages (Leenen 

et al., 1994).  CD11b (Mac-1, integrin αM) is a 165 kDa transmembrane protein 

expressed on the surface of monocytes, macrophages, granulocytes, activated 

lymphocytes and a subset of NK cells (Larson and Springer, 1990; Leenen et al., 

1994).  CD11b heterodimerizes with the β2 integrin chain and is involved in 

mediating cell adhesion and migration (Larson and Springer, 1990).  It is the main 
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integrin mediating macrophage adhesion to tissue-culture-treated plates (Roach et 

al., 1997).  The results showed that both of these macrophage markers are 

expressed at similar levels at day 7 on both WT and CD45 KO BMDM, indicating 

that absence of CD45 does not affect macrophage maturation in vitro in the 

presence of GM-CSF (Figure 4.1).  Accordingly, GM-CSF-derived BMDM were 

used for all studies described in this chapter, notably because CD45 KO BMDM 

were found to mature normally in the presence of GM-CSF.  These cells could 

thus be used to determine whether similar adhesion defects are observed for these 

cells as previously reported for M-CSF-derived CD45 KO BMDM (Roach et al., 

1997).  Additionally, GM-CSF is more relevant than M-CSF with regards to pro-

inflammatory macrophage function, which will be the focus of the following 

chapter.  

 

4.2.2 CD45 KO BMDM show decreased maintenance of adhesion, altered 

morphology and decreased movement in culture 

Roach et al. (1997) have reported that M-CSF-derived CD45 KO BMDM 

exhibit defects in their capacity to maintain adhesion in the absence of serum.  

Whether this phenotype also occurs during integrin-mediated cellular adhesion of 

GM-CSF-derived CD45 BMDM is currently unknown.  To address this question, 

I have examined whether these cells were able to maintain attachment to various 
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Figure 4.1. Normal maturation of CD45 KO BMDM with GM-CSF.  Day 7 
BMDM from WT (grey, filled) or CD45 KO (black line) were harvested, 
washed and stained with PE-conjugated anti-CD11b, anti-F4/80 or isotype 
control (WT in dashed grey line, KO in dashed black line).  No differences in 
staining were observed between WT and CD45 KO BMDM.  Representative of 
a minimum of three independent experiments. 
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ECM substrates coated on a solid support in the absence of serum for more than 

24 hours.  TC-treated wells were used as a non-ECM substrate, although 

attachment of macrophages to TC-treated plastic is mediated through CD11b 

(Roach et al., 1997).  For this experiment, 106 day 7 CD45 KO BMDM or WT 

cells were harvested and left to readhere onto wells coated with various ECM (FN, 

Lam, Col I, Col, IV) or non-ECM substrates (TC-treated plastic).  After 24 hours, 

unadhered cells were removed by washes with PBS.  The remaining adherent cells 

were then assessed by light microscopy or lysed directly on the plates followed by 

SDS-PAGE and processed for Western blot analysis (Figure 4.2a, b).  The results 

showed that in the absence of serum, WT cells were able to readhere to many of 

the substrates, albeit a reduced adherence to type IV collagen was observed.  In 

contrast, CD45 KO BMDM were unable to maintain attachment to all substrates 

tested.  The input lanes are representative of 106 cells lysed directly after the 

harvest of day 7 BMDM and before replating.  Because CD45 KO BMDM 

express WT levels of CD11b (Figure 4.1), this suggests that differences in 

adhesion are independent of integrin expression.  All together, these results 

demonstrate that the defects in adhesion previously observed with M-CSF-derived 

CD45 KO BMDM are also observed in GM-CSF-derived CD45 KO cells.  

Furthermore, this adhesion defect extended to all substrates examined. 

It is well known that both cell spreading and cell adhesion both rely on the 

stable formation of focal contacts.  Cell locomotion, on the other hand, relies on  
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Figure 4.2. CD45 KO BMDM cannot maintain attachment to various 
extracellular matrices.  Day 7 BMDM from WT or CD45 KO mice were 
harvested and incubated 24 hours without serum on various surfaces, after 
which unadhered cells were washed away and adhered cells were lysed directly 
in plate.  (A) Light microscopy pictures of adhered cells after 24 hours. (B) 
Lysates were loaded on an SDS-PAGE gel and relative amounts of adhered 
cells are represented by a Western Blot for actin.  The input lanes represent the 
amount of actin of 106 cells.  Quantification of actin amounts are represented 
below the Western blot and are relative to the amount of actin in the input 
control. Quantification was done with the Image J software.  Representative of 
two independent experiments. 
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mechanisms that coordinate the assembly and disassembly of focal complexes. I 

have thus examined if these processes were affected by the absence of CD45 in 

macrophages. For this purpose, cell cultures were examined for morphological 

changes (i.e. cell spreading) by light microscopy at day 7.  I found statistically 

significant differences in the morphology of macrophages derived from CD45 KO 

mice compared to WT (Figure 4.3a, b).   Although CD45 KO BMDM were able 

to adhere to plastic surfaces during differentiation and cell culture, they showed 

reduced spreading and stretching when compared to WT BMDM.  While the 

majority of WT cells showed spreading, less than half the cells in the CD45 KO 

BMDM culture displayed a spread phenotype.  Cell rounding of CD45 KO 

BMDM was similar to the phenotype reported in studies where adhesive cell 

types were shown to be unable to maintain stable focal adhesions (Allen et al., 

1997; Carragher et al., 2001; Carragher et al., 1999).  The altered morphology of 

CD45 KO might therefore be indicative of defects in the stability of adhesion 

complexes.  

Live-cell imaging was then used to study cell motility of WT or CD45 KO 

BMDM in culture.  For this purpose, BMDM were harvested at day 7 of culture 

and replated on TC-treated cell chambers for one hour prior to imaging.  Cell 

movement was tracked for a period of 30 minutes and analysed with the 

Chemotaxis Tool plugin of the ImageJ software.  The results showed that CD45 

KO macrophages showed significantly less movement in culture compared to WT 

macrophages, as shown by measurements of cell velocity (Figure 4.3 c, d).  In the 

case of CD45 KO cells, although these cells were able to form the extensions  
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Figure 4.3. CD45 KO BMDM exhibit decreased cell spreading and motility 
compared to WT BMDM.  (A) Morphology of day 7 WT and CD45 KO 
BMDM in culture.  (B) Quantification of cell spreading from three independent 
cultures of WT (black) and CD45 KO (white) BMDM.  The difference in the 
number of spread cells between WT and CD45 KO BMDM is statistically 
significant (p<0.00001). Example of cell tracking of WT and CD45 KO 
BMDM on tissue-culture-treated wells for 30 minutes (C) and their average 
velocity (D).  Difference in cell velocity is statistically significant (p<0.0001).   
Representative of three independent experiments. 
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necessary for crawling, they appeared to be unable to move in a particular 

direction, staying at the same position throughout the time-lapse video analysis.   

Such reduced motility of CD45 KO macrophages may be due to several 

defects.  First, this could be indicative of a high rate of focal complex turnover, 

where the disassembly of the complex occurs too rapidly for the establishment of 

a leading edge necessary for crawling.  The decrease in cell motility could also be 

due to higher stability of focal structures already in place, preventing assembly of 

new focal structures at the leading edge of the cell.  Alternatively, the high 

stability of established focal complexes could prevent the cells from detaching 

from the trailing edge of the cell.  In this latter scenario, however, the cells should 

have displayed a stretched out morphology instead of the rounded morphology 

observed in Figure 4.2.   

Altogether, the adherence, morphology and cell motility defects observed 

in CD45 KO BMDM strongly suggest that disregulation of focal contact and/or 

focal complex stability occurs in the absence of CD45.  Because adhesive 

structures rely on many of the same cytoskeletal and cytoskeletal-associated 

proteins and are regulated by similar mechanisms, it is thus likely that CD45 

regulates proteins involved in both functions.   

 

4.2.3 CD45 KO BMDM show altered basal tyrosine phosphorylation levels 

Adhesion complex assembly and disassembly is regulated by tyrosine 

phosphorylation, most notably via SFKs, which are known substrates of CD45.  

The dysregulation of SFKs in the absence of CD45 has been reported in many 



96	
  

immune cell types, including macrophages and T-cells (Roach et al., 1997; Shenoi 

et al., 1999).  In fact, it is thought that CD45-deficient T-cells and macrophages 

exhibit defects in adhesion as a result of disregulated SFK-dependent integrin 

signalling.  Since many proteins involved in cell adhesion are subjected to 

regulation by tyrosine phosphorylation and the CD45 PTP, I hypothesized that the 

adhesion defects observed in CD45 KO macrophages are a consequence of the 

dysregulation of proteins normally regulated by tyrosine phosphorylation, such as 

SFKs.  To test this, I first compared the overall tyrosine phosphorylation patterns 

of cellular lysate of CD45 KO and WT BMDM (Figure 4.4).  For this purpose, 

cellular lysates of 106 day 7 BMDM from WT or CD45 KO BMDM were loaded 

onto an SDS-PAGE gel and probed with anti-phosphotyrosine, or anti-GAPDH as 

a loading control.  A similar analysis was carried out using 106 cells from 

thioglycollate (TG)-ellicited peritoneal macrophages collected from WT or CD45 

KO mice.   First, although BMDM and TG-ellicited peritoneal macrophages do 

exhibit some minor differences in the phosphorylation of proteins, they 

nonetheless exhibit certain key similarities in their phosphorylation patterns, 

represented by asterisks in Fig 4.4.  These major similarities in tyrosine 

phosphorylation reinforce the fact that that phenotypes observed in BMDM are 

representative of in vivo macrophages.  Secondly, the results showed that both 

types of macrophages from CD45 KO mice exhibited phosphorylation patterns 

that are distinct from WT macrophages (Figure 4.4).  Although most proteins are 

unaffected by the loss of CD45, the tyrosine phosphorylation of a specific subset 

of proteins is altered in CD45 KO cells when compared to WT.  In the 116-140  
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Figure 4.4. CD45 KO macrophages exhibit distinct phosphorylation 
patterns in cell lysates compared to WT.  Lysates from day 7 cultures of 
BMDM and thioglycollate-elicited (TG) macrophages were probed with anti-
phosphotyrosine.  Anti-GAPDH was used as a loading control.  Western blot is 
representative of two (TG Mϕ) or more than three (BMDM) experiments. 
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kDa molecular weight range, lysates from CD45 KO macrophages displayed 

hyperphosphorylation of multiple proteins when compared to the WT lysates.  

This was also true of proteins in the 50 to 60 kDa range.  It is important to note 

that the molecular weight standards used tend to migrate more slowly than 

predicted.  This range includes SFKs, which are normally hyperphosphorylated in 

the absence of CD45 (D'Oro and Ashwell, 1999; Mustelin and Altman, 1989; 

Ostergaard et al., 1989; Roach et al., 1997).  There are likely additional 

differentially regulated proteins in CD45 KO macrophages, however they are not 

present in sufficient amounts to be detected in cell lysates.  Given the adhesion 

and motility defects displayed by CD45 KO macrophages, these differentially 

phosphorylated proteins may include proteins involved in those functions.   

Although the identity of these proteins has not been confirmed, 

speculations can be made as to which proteins could be differentially tyrosine 

phosphorylated in the absence of CD45 based on results obtained in other cell 

types. T-cells treated with anti-CD45 have been shown to trigger tyrosine 

phosphorylation of three major cytoskeletal-associated proteins: Pyk2, FAK and 

paxillin (Allen et al., 1997; Berg et al., 1998; Ostergaard et al., 1998). Pyk2 also 

exhibits increased tyrosine phosphorylation in CD45-deficient T-cells upon 

treatment with anti-CD44, and this correlates with SFK hyperactivity in these 

cells (Li et al., 2001; Wong et al., 2011).  Phosphorylation of FAK in T-cells is 

also negatively regulated by CD45, albeit to a lesser degree than Pyk2 (Li et al., 

2001).  Pyk2 was immunoprecipitated from CD45 KO and WT BMDM, however 

no tyrosine phosphorylation was detected in either sample.  This is likely the 
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consequence of basal levels of phosphorylation of this protein is too low to be 

detected in the absence of stimulation.  Therefore, no conclusions can be made 

with respect to Pyk2 phosphorylation in CD45 KO or WT macrophages.  

In conclusion, the observed differential phosphotyrosine patterns between 

WT and CD45 KO macrophages provide evidence that CD45 regulates many 

proteins through tyrosine phosphorylation.  Moreover, this disregulation of 

tyrosine phosphorylation is not compensated by other PTPs therefore the 

regulation of these proteins by CD45 is not redundant.   

 

4.2.4 CD45 KO BMDM show decreased expression of paxillin 

Paxillin is a 68 kDa scaffold protein located at sites of adhesion and is 

tyrosine phosphorylated by SFK, FAK and Pyk2.  It has also been shown to be 

tyrosine phosphorylated upon treatment with cross-linking with an anti-CD45 Ab 

in T-cells (Ostergaard et al., 1998).  I hypothesized that in CD45 KO cells, which 

harbour hyperactivated SFKs, paxillin would exhibit increased tyrosine 

phosphorylation.  To assess the effects of CD45 on paxillin, cellular lysates from 

day 7 WT or CD45 KO BMDM were immunoprecipitated and immunoblotted 

with anti-paxillin (Figure 4.5a).  Such analysis, however, was complicated by the 

fact that CD45 KO BMDM exhibited a significant decrease in paxillin protein 

levels (Figure 4.5a).  This reduced expression level of paxillin was consistently 

observed and statistically significant (p<0.000001) from that of WT BMDM, as 

measured by quantitative Western blot analyses of results obtained from five 

independent experiments (Figure 4.5b).   
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Figure 4.5. Paxillin expression is decreased in CD45 KO BMDM.  (A) 
Paxillin was immunoprecipitated from lysates of 107 day 7 WT or CD45 KO 
BMDM cells, followed by SDS-PAGE and Western blot with anti-paxillin.  
Paxillin levels were decreased in both immunoprecipitates and total lysates of 
CD45 KO BMDM compared to WT.  Lysate control represents 4 x 105 cells.  
(B) Quantification of paxillin in Western blots of BMDM lysates as 
represented by a ratio of paxillin in relation to the loading control (Erk).  
Represented is the average ratio obtained from five independent experiments 
and the difference is statistically significant (p<0.000001). (C) 
Immunofluorescence staining of paxillin (red) and actin (green) in day 7 CD45 
KO and WT BMDM.  Confocal images are representative of two independent 
experiments.  
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Such decreased paxillin expression in CD45 KO BMDM was also 

observed by confocal microscopy (Figure 4.5c).  In WT BMDM, paxillin was 

mostly localized to sites of adhesion, however diffuse staining of paxillin was also  

found in the cytoplasm.  In contrast, in CD45 KO BMDM, paxillin staining was 

substantially weaker, although low amounts of paxillin could still be detected at 

sites of adhesion and in the cytoplasm (Figure 4.5c).  Such decrease in expression 

of paxillin was specific because no differences in actin expression, or localization, 

were observed between WT and CD45 KO BMDM (Figure 4.5c).   

 

4.2.5 Decreased expression of paxillin in CD45 KO BMDM is not due to  

cleavage by caspases 

Proteolytic cleavage by caspases has been shown to regulate of the 

turnover of several cytoskeletal-associated proteins.  Such a regulatory 

mechanism is essential for rapid dismantlement of adhesion complexes needed for 

adhesion turnover.  In apoptotic cells, cleavage of paxillin by caspases leads to 

cell rounding and detachment (Chay et al., 2002; Harrington et al., 2001; Shim et 

al., 2001).  A number of studies have also showed that CD45 is a regulator of 

apoptosis (reviewed in Dupere-Minier et al., 2010).  For example, several studies 

have shown that cross-linking of CD45 can induce cell death in eosinophils, T- 

and B-cells (Blaylock et al., 1999; Ferguson and Ostergaard, 2010; Klaus et al., 

1996; Lesage et al., 1997; Ogimoto et al., 1994).  Moreover, mice lacking CD45 

display decreased thymocyte survival compared to WT (Ferguson and Ostergaard, 

2010).  As CD45 KO BMDM display a similar phenotype to apoptotic cells in 



102	
  

regards to cell rounding and detachment, I hypothesized that the defects in 

adhesion in CD45 KO BMDM resulted from apoptosis and increased caspase 

activation and paxillin degradation.  To test this hypothesis, day 7 BMDM from 

CD45 KO and WT mice were assessed for Annexin V staining and activation of 

caspase-3 by flow cytometry and Western blot respectively (Figure 4.6a, b, c).  

No significant differences were observed in Annexin V or anti-active caspase-3 

staining between resting CD45 KO and WT BMDM.  Thus, CD45 KO cells did 

not appear to be undergoing higher basal levels of apoptosis.  Treatment with 

staurosporine, a non-specific kinase inhibitor known to induce apoptosis, was 

used as a positive control for caspase-3 activation.  Staurosporine treatment was 

used to induce apoptosis in BMDM cells to examine whether the triggering of 

apoptosis would lead to changes in morphology and to decreased paxillin 

expression in WT macrophages (Figure 4.6d, e).  I found that a four-hour 

treatment with staurosporine induced hyperadhesion in both WT and CD45 KO 

BMDM without affecting paxillin expression (Figure 4.6d, e).  Treatment with 

staurosporine also induced phosphorylation of paxillin in both cell types, as 

suggested by the shift in molecular mass.  This shift in paxillin molecular mass 

has been reported previously and has been attributed to serine/threonine 

phosphorylation (Ku and Meier, 2000; Liu et al., 2002).  These results are in 

apparent contradiction to those observed in the RAW 264.7 macrophage cell line, 

where staurosporine treatment induced cell rounding and paxillin degradation as 

measured by flow cytometry (Figure 4.7a, b).  This indicates that although 

paxillin degradation can be observed in macrophages undergoing apoptosis, this 
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Figure 4.6. Decreased paxillin expression in CD45 KO BMDM is not  
linked to apoptosis. (A) Unstimulated day 7 WT or CD45 KO BMDM were 
stained with Annexin V (black line) or left unstained (grey, filled).  Both cell 
types exhibited similar levels of basal Annexin V staining.  (B,C) Day 7 WT or 
CD45 KO BMDM were treated with 5µM of staurosporine (STS) for 4 hours 
(right panel), or DMSO control (left panel), and stained with anti-active 
caspase-3.  Both cell types displayed similar levels of active caspase-3 upon 
staurosporine treatment.  Staurosporine treatment of CD45 KO and WT 
BMDM induced changes in cell morphology (D) but did not influence 
expression of paxillin, as measured by Western blot (E). Quantification of the 
density of the Western blot bands was done with the Image J software.  
Experiments shown in this figure are representative of of two (A, B, C) or three 
(D, E) independent experiments. 
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Figure 4.7. Decreased paxillin expression is observed in apoptotic RAW 
264.7 macrophages.  RAW 264.7 cells were treated with 5µM of staurosporine 
(STS) or DMSO as a negative control for 4 hours.  (A) Morphology of the cells 
was assessed by light microscopy. (B) Expression of active caspase-3 and 
paxillin were examined by flow cytometry.  Representative of two independent 
experiments. 
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observation in the RAW 264.7 murine leukaemic macrophage cell line may not be 

an accurate model of primary macrophages in terms of adhesion regulation. 

Although apoptosis did not correlate with paxillin degradation in CD45 

KO BMDM, it was still possible that low levels of caspase activity may lead to 

paxillin degradation in CD45 KO cells without triggering apoptosis per se.  In fact, 

recent studies have shown that caspases have many nonapoptotic functions, 

including a role in the regulation of cell migration (Kuranaga and Miura, 2007).  

For example, caspase-8-deficient MEFs display defects in motility and 

lamellipodia formation (Helfer et al., 2006). Alternatively, it is possible that other 

caspases are also able to cleave paxillin in macrophages.  Such a possibility, 

however, is unlikely since treatment of macrophages with CI-II, a pan caspase 

inhibitor, did not restore expression of paxillin in CD45 KO macrophages (Figure 

4.8). It is still possible, however, that inability of CD45 KO BMDM cells to 

maintain adhesion may eventually lead to apoptosis, although this does not occur 

prior to paxillin degradation. 

 

4.2.6 Treatment of CD45 KO BMDM with a calpain inhibitor restores 

paxillin expression 

Calpains are calcium-dependent, non-lysosomal cysteine proteases that 

cleave a variety of proteins at sites of focal complexes, thereby favouring a rapid 

turnover of focal complexes (reviewed in Perrin and Huttenlocher, 2002).  

Interestingly, paxillin has been shown to be sensitive to proteolysis by calpain  
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Figure 4.8. Inhibition of caspases does not restore paxillin expression in 
CD45 KO BMDM.  Day 7 BMDM were treated with the indicated 
concentration of caspase inhibitor II (CI-II) for 4 hours and lysed.  Paxillin 
expression was assessed by Western blot.  Anti-Erk was used as a loading 
control.  Quantification of the density of the Western blot bands was done with 
the Image J software.  Representative of three independent experiments. 
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(Carragher et al., 1999; Liu and Schnellmann, 2003).  Cleavage of paxillin occurs 

at serine 95 has been shown to negatively regulate focal adhesion disassembly and 

decrease cell migration (Cortesio et al., 2011).  Other sites of calpain cleavage are 

likely present within paxillin, however, as the S95 point mutation only partially 

prevents cleavage of paxillin. 

To assess whether paxillin was susceptible to proteolysis by calpain in 

BMDM, a calpain inhibitor, ALLN, was used.  The results showed that a four-

hour treatment of BMDM with ALLN restored paxillin expression in a dose-

dependent manner (Figure 4.9a).  Paxillin expression in WT BMDM also 

increased with ALLN treatment, indicating that paxillin is likely regulated by 

calpain cleavage in these cells as well.   

Next, I examined whether the restoration of paxillin expression by ALLN 

treatment induced changes in macrophage morphology.  CD45 KO and WT cells 

in culture were treated for four hours with ALLN and examined by light 

microscopy (Figure 4.9b).  Treatment of macrophages with ALLN increased, but 

did not fully restore, cell spreading in CD45 KO in a dose-dependent manner.  

Cell spreading was slightly increased in WT cells as well.  Therefore, the increase 

of paxillin protein levels in CD45 KO correlated with the increase in cell 

spreading and stretching.  

A link between Src activation and calpain translation and activity has been 

reported.  Carragher et al (2002) have shown that transformation of fibroblasts by 

v-Src leads to increased translation of calpain, which in turn leads to the 

degradation of calpastatin, an endogenous calpain inhibitor  
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Figure 4.9. Inhibition of calpain restores paxillin expression and increases 
cell spreading.  (A) Day 7 WT or CD45 KO BMDM cell lysates (106 cells) 
were treated with increasing amounts of calpain inhibitor ALLN for 4 hours.  
Final concentrations are indicated.  Lysates of 106 cells were run on SDS-
PAGE gel and immunoblotted with two anti-paxillin monoclonal antibodies 
(clones 349 and 165) and anti-Erk as a loading control.  Quantification of 
paxillin expression, probed with antibody from clone 349, relative to Erk was 
done with the ImageJ software.  (B) Light microscopy image and 
quantification of cell spreading of WT and CD45 KO BMDM upon treatment 
with 10µM of ALLN or DMSO (control) (C).  All experiments shown are 
representative of three independent experiments. 
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This ultimately results in increased activity of calpains in these cells.  Because 

SFK activity is increased in the absence of CD45, I verified whether this 

translated to changes in expression of calpain by Western Blot analysis. No 

differences in calpain expression, however, were detected between CD45 KO and 

WT BMDM, suggesting that in CD45 KO cells, degradation of paxillin is not due 

to increased expression of calpain (Figure 4.9c).  The mechanisms by which 

CD45 might regulate calpain-mediated degradation of paxillin were further 

explored.  

 

4.2.7 Paxillin expression in CD45 KO cells is not restored upon inhibition of 

PLC-γ 

Calpains are known to be activated by intracellular calcium fluxes.  

Interestingly, CD45 has been shown to regulate intracellular levels of calcium 

through the regulation of PLC-γ in several types of immune cell types. In T-cells, 

for example, co-cross-linking of CD3 and CD45 results in decreased 

phosphorylation of PLC-γ and reduced mobilization of intracellular calcium 

(Kanner et al., 1992; Kiener and Mittler, 1989; Ledbetter et al., 1991; Ledbetter et 

al., 1988; Marvel et al., 1991).  A study from Shivnan et al. (1992) has indicated, 

however, that this inhibitory effect of anti-CD45 cross-linking is non-specific and 

rather due to the inefficient CD3 cross-linking upon co-ligation.  Nonetheless, 

CD45-deficient T-cells also exhibit defects in PLC-γ phosphorylation and calcium 

mobilization (Koretzky et al., 1992; Shiroo et al., 1992; Volarevic et al., 1992).  In 

B-cells, monocytes and Langerhans cells, co-cross-linking of CD45 with 
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antibodies to stimulatory ligands inhibits calcium mobilization (Bieber et al., 

1995; Corvaia et al., 1995; Rankin et al., 1993). 

To examine whether paxillin degradation is a consequence of increased 

intracellular calcium levels in CD45 KO BMDM, I examined the role of PLC-γ, a 

known regulator of intracellular calcium fluxes.  I hypothesized that PLC-γ 

disregulation in CD45 KO BMDM may affect intracellular levels of calcium, 

leading to activation of calpains and degradation of paxillin.  To examine this, 

cells were treated with the PLC-γ inhibitor U73122, or its inactive analog, 

U73343, and examined paxillin expression by Western blot (Figure 4.10a).  

Paxillin expression, as well as cell morphology (Figure 4.10b), of CD45 KO 

BMDM were both largely unaffected by treatment with the PLC-γ inhibitor.  

These results demonstrate that CD45 regulation of paxillin degradation is not 

dependent on PLC-γ signalling.  

 

4.2.8 Activation of the MAPK pathway does not affect paxillin expression 

The MAPK pathway has been shown to be activated downstream of 

integrin-mediated adhesion and is critical for the regulation of adhesion turnover 

(Huang et al., 2004b; Klemke et al., 1997; Webb et al., 2004).  Regulation of 

paxillin expression by the MAPK pathway could potentially occur through either 

the regulation of calpain activity or the regulation of paxillin phosphorylation.  

Thus, I examined the contribution of MAPK in the CD45-dependent regulation of 

paxillin expression. 
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Figure 4.10. Inhibition of PLC-γ signalling does not restore paxillin 
expression and does not restore cell spreading in CD45 KO BMDM.  (A) 
Day 7 WT or CD45 BMDM were treated for 4 hours with 1µM of the PLC-γ 
inhibitor U73122 or the inactive analog U73343 and lysed followed by 
immunoblot with anti-paxillin and anti-Erk.  Quantification of paxillin protein 
levels relative to Erk was done with ImageJ software.  Representative of three 
independent experiments. (B) Cell spreading of WT and CD45 KO BMDM 
after 4 hours of treatment with 1µM of U73122 or U73343.  Quantification of 
cell spreading for each cell type and treatment. This data is representative of 
three independent experiments.  
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Signalling through the MAPK pathway and activation of calpain are both 

involved in the regulation of adhesion and motility.  In addition, links between the 

two have been established.  For example, signalling through Erk, but not PLC-γ, 

is required for m-calpain activation in EGF-induced fibroblast motility (Glading 

et al., 2000; Glading et al., 2001).  This activation occurs through  

the direct phosphorylation of calpain by Erk and is thought to happen in the 

absence of intracellular calcium fluxes (Glading et al., 2004).  

Another possible link between the MAPK pathway and the CD45-

dependent regulation of paxillin expression is through paxillin phosphorylation.  

Phosphorylation of paxillin may alter paxillin conformation and expose calpain 

cleavage sites.  Paxillin is serine phosphorylated by both Erk and JNK (Huang et 

al., 2004a; Huang et al., 2003; Ishibe et al., 2003; Ku and Meier, 2000; Liu et al., 

2002).  JNK phosphorylation of paxillin at serine 178 has been shown to regulate 

cell motility and morphology in different cell types (Huang et al., 2003). Serine 

phosphorylation of paxillin by Erk occurs at several residues and can regulate cell 

spreading and adhesion (Ku and Meier, 2000; Liu and Schnellmann, 2003).  For 

example, signalling through growth factor receptors, such as hepatocyte growth 

factor receptor (HGFR), induces serine phosphorylation of paxillin by Erk, which 

leads to an increase in paxillin binding to FAK (Ishibe et al., 2003; Liu et al., 

2002). Inversely, in some cells paxillin is required for adhesion-mediated Erk 

activation as it acts as a scaffold to recruit Erk to sites of cell adhesion where Erk 

is subsequently phosphorylated (Hagel et al., 2002).  Thus, there is a strong 
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interdependency between paxillin and MAP kinases in the regulation of cellular 

adhesion.   

CD45 has been shown to regulate the MAPK pathway both in a positive 

and negative manner (Bijian et al., 2007; Fernandis et al., 2003; Hesslein et al., 

2006; Ogimoto et al., 2001).  The net effect of CD45 on the MAPK pathway 

mostly depends on the cell type and experimental conditions.  For example, 

CD45-deficient Jurkat T-cells or WT Jurkat T-cells treated with a CD45 inhibitor 

show decreased Erk signalling downstream of integrins (Bijian et al., 2007).  

CD45-deficient NK cells also show decreased phosphorylation of Erk and JNK 

downstream of various NK receptors compared to WT (Hesslein et al., 2006).  On 

the other hand, in a chemotaxis assay, CD45-deficient Jurkat T-cells show an 

increase in the MAP kinase activity downstream of the chemokine receptor 

CXCR4 compared to WT (Fernandis et al., 2003).  In light of these studies, I 

assessed whether the absence of CD45 in macrophages led to the disregulation of 

the MAPK pathway.  I hypothesized that paxillin expression is influenced by the 

disregulation of the Erk pathway in CD45 KO BMDM.  However, it is also 

possible the absence of paxillin in CD45 KO BMDM could lead to the 

disregulation of the MAPK pathway as its absence could prevent recruitment of 

Erk and JNK to sites of adhesion.  Because signalling downstream of GM-CSF 

triggers both Erk and JNK phosphorylation, paxillin expression was examined 

following the addition of GM-CSF to GM-CSF-starved BMDM (de Groot et al., 

1998; Li and Earp, 1997; McLeish et al., 1998; Suzuki et al., 1999).  Serine and 

threonine phosphorylation of paxillin retards the migration of paxillin in SDS-
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PAGE gels (Ku and Meier, 2000; Liu et al., 2002).  The addition of GM-CSF to 

BMDM cells induces this mobility shift of paxillin on a SDS-PAGE gel in both 

WT and CD45 KO BMDM however no notable differences in paxillin expression 

were observed (Figure 4.11a).  Moreover, few proteins were tyrosine 

phosphorylated upon the addition of GM-CSF, and none of these phosphorylated 

proteins detected were differentially regulated between WT and CD45 KO 

macrophages, at the exception of an unidentified protein(s) of approximately 40 

kDa (Figure 4.11a).  Therefore, tyrosine phosphorylation downstream of GM-CSF 

does not appear to be majorly regulated by CD45.  This result is in line with the 

fact that CD45 KO macrophages mature normally in vitro with GM-CSF.   

 In Figure 4.11b, GM-CSF induced strong tyrosine phosphorylation of both 

Erk1/2 and JNK, with the strongest phosphorylation observed at 2 minutes post 

addition of GM-CSF.  However, no significant differences were observed 

between WT and CD45 KO macrophages in terms of the strength and kinetics of 

tyrosine phosphorylation of these MAP kinases.  As well, basal levels of phospho-

Erk were similar in both cell types, demonstrating that this pathway is not affected 

by the absence of CD45 in unstimulated cells.  This also eliminated the possibility 

of the GM-CSF-induced and hyperphosphorylated proteins of approximately 40 

kDa observed in the CD45 KO cell lysates in Figure 4.11a were indeed Erk or 

JNK.  These results are in accordance with a study from Suh et al. (2005) where 

treatment of macrophages with anti-CD45RO did not affect Erk and JNK 

signalling upon treatment with GM-CSF.  Therefore, the decreased expression of 

paxillin in CD45 KO BMDM is not a consequence of the disregulation of its  
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Figure 4.11. Signaling downstream of GM-CSF and the Erk/MAPK does 
not affect paxillin expression in CD45 KO BMDM. Day 7 BMDM were 
GM-CSF-starved for 24 hours prior to the addition of RPMI containing 25ng/
ml of GM-CSF.  Cells were lysed at the indicated times after the addition of 
GM-CSF.  Lysates were probed with anti-phosphotyrosine and paxillin (A) or 
with anti-phospho-Erk, anti-phospho-JNK and total Erk (B).  Stimulation 
downstream of the GM-CSF receptor, and through the MAPK pathway, 
triggered paxillin phosphorylation, as indicated by the molecular weight shift, 
but had no effect on the expression levels of paxillin (A).  No differences in 
Erk and JNK phosphorylation were observed between WT and KO 
macrophages.  Blots are representative of three independent experiments. 
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serine phosphorylation by MAP kinases.  Moreover, its decreased expression does 

not affect MAPK signalling downstream of the GM-CSF receptor in CD45 KO 

BMDM.  It is still possible however that this signalling pathway is impacted by 

CD45 downstream of other stimuli.   

 

4.2.9 Paxillin expression and cell spreading is restored in CD45 KO 

macrophages upon inhibition of Pyk2/FAK 

In normal adherent cells, calpain induces the limited proteolysis of 

cytoskeletal-associated proteins without leading to their complete degradation 

(Carragher et al., 2002; Cortesio et al., 2011; Franco et al., 2004).  For example, in 

DCs, the inhibition of calpains by ALLN prevents cleavage of Pyk2, talin and 

WASP without affecting their overall protein levels (Calle et al., 2006). In the 

case of CD45 KO BMDM, however, calpain cleavage of paxillin leads to a 

decrease in its protein levels, indicating that there is amplification of this 

regulation mechanism to the point where there is depletion of paxillin.  As calpain 

expression is not affected by the absence of CD45 (Figure 4.9), it is possible that 

cleavage of paxillin by calpains is related to the disregulation of paxillin itself 

rather that the disregulation of calpain activity.  Post-translational modifications 

of paxillin could lead to its increased susceptibility to cleavage.    Since I have 

already shown that serine/threonine phosphorylation of paxillin does not result in 

paxillin proteolysis in WT BMDM (Figure 4.11a), here, I hypothesized that 

tyrosine phosphorylation of paxillin may possibly contribute to its increased 

susceptibility to calpain cleavage.  This hypothesis is supported by previous 
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studies showing that tyrosine phosphorylated paxillin has been shown to localize 

to focal complexes and focal adhesions, where it regulates adhesion turnover 

(Zaidel-Bar et al., 2007).  The main kinases responsible for tyrosine 

phosphorylation of paxillin are Pyk2 and FAK (Turner, 1998, 2000).  These 

kinases are directly phosphorylated and activated by SFKs, making them potential 

downstream targets of CD45 (Dikic et al., 1996; Korade-Mirnics and Corey, 

2000).  Moreover, upon CD44-mediated cell spreading of T-cells, Pyk2 and FAK 

exhibit increased phosphorylation in CD45 KO cells (Li et al., 2001; Wong et al., 

2011).  This increased Pyk2 and FAK phosphorylation is dependent on SFKs. 

To examine the contribution of Pyk2 and FAK in paxillin proteolysis, I 

treated the cells for 4 hours with the Pyk2/FAK inhibitor PF431396. This inhibitor 

prevents ATP binding and kinase activity of both Pyk2 and FAK (Han et al., 

2009).  Upon inhibition of Pyk2 and FAK, paxillin expression was restored in 

CD45 KO BMDM (Figure 4.12a).  Indeed, prior to treatment, paxillin expression 

was significantly different between WT and CD45 KO BMDM (p<0.01) whereas 

differences in paxillin expression between WT and CD45 BMDM after treatment 

with 5 µM of PF431396 were not significantly different.   This indicates that 

tyrosine phosphorylation of paxillin by one, or both, of these kinases promotes its 

cleavage by calpains. 

This experiment also provided an opportunity to test whether restoration in 

paxillin expression resulted in changes in macrophage morphology.  For this 

purpose, I examined cell morphology of CD45 KO or WT BMDM by light  
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Figure 4.12. Inhibition of Pyk2 and FAK restores paxillin expression and cell 
spreading. (A) Day 7 WT or CD45 KO BMDM were treated with 5µM of the Pyk2/FAK 
inhibitor PF431496, or DMSO carrier, for 4 hours.  Lysates were run on SDS-PAGE gel 
and immunoblotted with anti-paxillin and anti-GAPDH as  a loading control. 
Quantification of paxillin in Western blots of BMDM lysates as represented by a ratio of 
paxillin in relation to the loading control (GAPDH).  Represented is the average ratio 
obtained from three independent experiments.  Differences in paxillin expression between 
DMSO-treated WT and CD45 KO BMDM are significant (p<0.01) but not between 
inhibitor-treated WT and CD45 KO BMDM.  (B) Light microscopy and cell spreading 
quantification upon treatment with PF431396, or DMSO as control, for 4 hours.  Data is 
representative of three independent experiments. 
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microscopy after a 4-hour treatment with increasing concentrations of PF431396 

(Figure 4.12b).  I found that even at low concentration, treatment with PF431396 

restored a morphological phenotype in CD45 KO BMDM that was similar to that 

of WT macrophages.  Such morphological changes correlated with the restoration 

of paxillin expression.  The changes in morphology were more pronounced than 

what was observed with ALLN (Figure 4.9b).  Whether this is due to the fact that 

CD45-regulation of Pyk2 and FAK directly contribute to defects in adhesion 

through a different pathway than calpain-mediated cleavage of paxillin remains to 

be determined. 

 

4.2.10 CD45 KO mice exhibit high proportion of macrophages in the spleen 

I next hypothesized that absence of CD45 in mice alters macrophage 

migration and localization.  I have observed that CD45 KO mice exhibit enlarged 

spleens and higher cellularity (Figure 4.13a).  This may be due to the significant 

increase in splenic B-cells observed in CD45 KO mice, despite their decrease in 

splenic T-cell numbers (Byth et al., 1996).  However, there have been no reports 

concerning a possible effect of absence of CD45 on the numbers of macrophages 

in the spleen.  To clarify this question, I have isolated splenocytes from 12 week-

old CD45 KO or WT mice and stained them with anti-F4/80 for analysis by flow 

cytometry.  My results showed that CD45 KO mice exhibited both higher 

frequency and higher total numbers of F4/80 positive splenocytes compared to 

WT mice (Figure 4.13b, c).  Although the effect was not statistically significant 

due to the high variation, the general trend observed might be indicative of  
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Figure 4.13. CD45 KO mice exhibit enlarged spleens and an increase in 
splenic macrophage numbers.  (A) Spleens extracted from 12 week-old 
female WT or CD45 KO mice. Percentage of F4/80 positive cells (B) and total 
number of F4/80 positive cells (C) from splenocytes isolated from five 12 
week-old WT or four 12 week-old CD45 KO female mice and stained with PE-
conjugated anti-F4/80 or isotype control.   

A 

B 

(C) 

C 



123	
  

migratory defects in vivo.  An alternative approach to the study of macrophage 

migratory defects in vivo will be needed to explore this further. 

 

4.3 Discussion 

In this chapter, I studied the detailed molecular mechanisms implicating 

CD45 in adhesion, cell morphology and cell motility in macrophages.  More  

specifically, I found that 1) CD45 KO BMDM displayed a reduced ability to 

maintain integrin-mediated adhesion, 2) CD45 KO BMDM showed defects in cell 

spreading and motility, 3) The absence of CD45 led to an increase in calpain-

mediated cleavage of paxillin, 4) The degradation of paxillin was inhibited with 

an inhibitor of Pyk2/FAK, and 5) The absence of CD45 in macrophages 

significantly altered the tyrosine phosphorylation status of several proteins, 

including SFKs.  Together, these results provide evidence that in macrophages, 

tyrosine phosphorylation events downstream of CD45 play a central role in their 

adhesion and migration functions. 

The inability of macrophages to maintain adhesion to ECM components 

has been previously demonstrated using in vitro M-CSF-derived CD45 KO 

BMDM (Roach et al., 1998).  I have found a similar phenotype using GM-CSF-

derived CD45 KO BMDM.  Such defects were concomitant with changes in cell 

morphology and cell motility.  Although such a phenotype is typical of cells 

undergoing apoptosis, no signs of apoptosis (such as elevated levels of AnnexinV 

staining and activation of caspase-3) were detected in cultured CD45 KO BMDM.  

These results are thus consistent with a model whereby CD45 regulates specific 
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signalling pathways that normally control the turnover of adhesion structures, 

whether during assembly or their disassembly, or both.  

The differences in the tyrosine phosphorylation patterns that I observed 

between CD45 and WT cell populations are consistent with previous studies on 

the molecular mechanisms regulating adhesion.  In order to uncover the 

mechanisms underlying CD45-dependent adhesion regulation, I first assessed 

differences in tyrosine phosphorylation (Figure 4.4).  In addition to the 

hyperphosphorylation of SFKs in CD45 KO cells, which has been well 

established in the litterature, I have observed hyperphosphorylation of several 

proteins in the 116-140 kDa MW range. Although I have not determined the 

identity of these proteins, their identification and the role they play in CD45-

regulated cell adhesion is an interesting avenue for future investigations, 

particularly so because several SFK-regulated cytoskeletal-associated proteins 

migrate in this MW range, including FAK (125 kDa), Pyk2 (112-116 kDa), 

p130Cas (130 kDa), and vinculin (145 kDa).  Therefore, it is thus logical to 

predict that some of these proteins are potential downstream targets of CD45 

during macrophage adhesion.  

In the present work, I focussed on the cytoskeletal-associated protein 

paxillin as a potential downstream target of CD45.  The rationale was based on 

the knowledge that paxillin is phosphorylated by SFKs and plays a key role in the 

assembly and turnover of adhesion structures.  I initially hypothesized that 

paxillin would be hyperphosphorylated in CD45 KO BMDM.  This hypothesis 

could not be tested, however, because paxillin expression was drastically reduced 
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in CD45 KO BMDM, making the detection of paxillin phosphorylation difficult.  

These results led to further investigation on the role of caspases and calpains, both 

of which have been shown to regulate adhesion complex turnover by cleaving 

cytoskeletal-associated proteins including paxillin.  Using specific 

pharmacological inhibitors of calpain and caspases, I found that calpains, rather 

than caspases, were responsible for paxillin degradation in CD45 KO BMDM.  

Interestingly, restoration of paxillin expression also increased cell spreading in 

CD45 KO BMDM.  Altogether, these results suggest the existence of a previously 

unidentified mechanism of CD45-dependent regulation of macrophage adhesion.   

 I then sought to identify by which means CD45 could promote paxillin 

degradation.  I hypothesized that CD45 could regulate paxillin degradation either 

by the activation of cellular calpains, or through the regulation of paxillin itself.  

In the former scenario, for example, CD45 could regulate calpain activation 

through the control of intracellular calcium mobilization or through direct 

activation of calpains by Erk phosphorylation. In the latter scenario, 

phosphorylation of paxillin could lead to conformational changes in the protein, 

leading to exposed sites of calpain cleavage.  This could occur either through 

serine/threonine phosphorylation which is mediated by MAP kinases, or through 

tyrosine phosphorylation mediated by Pyk2, FAK and SFKs.  Both the MAPK 

and the tyrosine kinases Pyk2, FAK and SFKs have been shown to be regulated 

by CD45 and may be disregulated in the absence of this protein (Bijian et al., 

2007; Deszo et al., 2001; Fernandis et al., 2003; Hesslein et al., 2006; Li et al., 

2001; Ogimoto et al., 2001; Wong et al., 2011; Zhang et al., 2005).  Our results 
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with inhibitors of PLC-γ, a known regulator of calcium mobilization showed, 

however, that paxillin degradation in CD45 KO cells is most likely independent of 

intracellular calcium levels.  The fact that Erk phosphorylation in resting and GM-

CSF-stimulated macrophages were similar in WT and CD45 KO BMDM, 

combined with our observation that expression levels of calpain were identical in 

WT and CD45 KO BMDM, further support the idea that CD45 regulation of 

paxillin expression is not linked to activation of calpains, but rather to paxillin 

itself.  For this purpose, I first examined whether the triggering of the MAPK 

pathway in BMDM would lead to increased paxillin susceptibility to calpain 

cleavage in WT BMDM.  Our results showed, however, that although paxillin 

displayed a mobility shift that is typical of serine/threonine phosphorylation, such 

a shift did not correlate with increased paxillin cleavage in WT cells and did not 

restore paxillin expression in CD45 KO BMDM.   

Secondly, I assessed whether tyrosine phosphorylation of paxillin would 

increase its susceptibility to calpain cleavage.  FAK is involved in the regulation 

of paxillin phosphorylation, and this step is critical for focal adhesion assembly 

(Richardson et al., 1997).  This may occur due to direct phosphorylation of 

paxillin by FAK, or by bringing paxillin and Src in close proximity, leading to 

phosphorylation of paxillin by Src (Richardson et al., 1997; Thomas et al., 1999).  

Pyk2, a relative of FAK, can also associate with paxillin and is thought to regulate 

paxillin phosphorylation in a similar manner (Hiregowdara et al., 1997; Li and 

Earp, 1997; Salgia et al., 1996; Schaller and Sasaki, 1997). I hypothesized that 

these kinases were involved in the regulation of paxillin degradation through 
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tyrosine phosphorylation of paxillin.  Upon treatment of BMDM with a 

Pyk2/FAK inhibitor, PF431396, paxillin expression and cell spreading were 

restored in CD45 KO BMDM.  Since this inhibitor blocks the kinase activity of 

both Pyk2 and FAK, the ability of these kinases to phosphorylate substrate is 

therefore required (Han et al., 2009).  This supports the hypothesis that tyrosine 

phosphorylation of paxillin by Pyk2 and/or FAK increases the susceptibility of 

paxillin to calpain-mediated cleavage.  However, further experiments will be 

needed to confirm the status of paxillin phosphorylation prior to its degradation 

by calpains. 

Interestingly, the major calpain cleavage site on paxillin (S95) is found in 

between the two major sites of tyrosine phosphorylation in paxillin (Y31 and 

Y118).  It is thus possible that phosphorylation of paxillin at these sites promotes 

a conformation of the protein in which the calpain cleavage site is exposed.  As 

calpains and phosphorylated paxillin are both found at sites of adhesion, 

proteolysis of paxillin at these sites may lead to focal complex disassembly and 

ultimately, to cell rounding and detachment.  This model thus provides an 

additional mechanism by which Pyk2 and/or FAK regulate adhesion turnover.  

Because Pyk2 and FAK play a key role in CD45-regulated paxillin 

degradation, it is likely that these kinases are hyperphosphorylated and 

hyperactivated in the absence of CD45.  It has not been possible, however, to 

assess their phosphorylation status due to their low basal phosphorylation levels.  

At present, it is nevertheless logical to suggest that increased SFK activity in 

CD45 KO cells would lead to increased phosphorylation and activity of Pyk2 
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and/or FAK, both of which are direct substrates of SFKs.  Increased activity of 

Pyk2 and/or FAK could lead to an increase in phosphorylation and subsequent 

proteolysis of paxillin.  This is a likely scenario based on the following reasons: 1) 

Pyk2 and FAK are the major kinases responsible for tyrosine phosphorylation of 

paxillin (Hiregowdara et al., 1997; Li and Earp, 1997; Park et al., 2004; Salgia et 

al., 1996; Schaller and Sasaki, 1997), 2) their inhibition restores paxillin 

expression in CD45 KO BMDM (Figure 4.12a) and 3) their inhibition promotes 

cell spreading in CD45 KO BMDM (Figure 4.12b).  Moreover, the MW of these 

kinases corresponds to the MW of hyperphosphorylated proteins in CD45 KO 

BMDM.  However, further experiments will be needed to confirm this model. 

I attempted to demonstrate that SFKs were also involved in the CD45-

regulation of paxillin proteolysis. The use of PP2, however, generated inconsistent 

results with regards to restoration of paxillin expression.  Moreover, treatment 

with PP2 leads to increased cell rounding in both WT and CD45 KO BMDM 

without affecting the ability of CD45 KO cells to spread upon contact with ECM 

proteins.  Due to the fact that SFKs are upstream of many signalling pathways 

involved in cell adhesion, the contribution of their role in the regulation of 

calpain-mediated cleavage of paxillin may be difficult to determine 

experimentally.  Nevertheless, there are many studies reporting the 

hyperphosphorylation and hyperactivation of SFKs in CD45-deficient immune 

cells and SFKs are responsible for phosphorylation of Pyk2, FAK and paxillin.  It 

is thus reasonable to suggest that SFK disregulation in CD45 KO BMDM does 

contribute to the phenotype reported in this chapter.  Additional experiments will 
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be needed to confirm whether SFKs provide the link between CD45 and 

Pyk2/FAK-mediated regulation of paxillin cleavage by calpains. 

In summary, the results presented in this chapter have revealed a yet 

undescribed mechanism by which CD45 regulates macrophage adhesion, 

morphology and motility.  This mechanism is based on the ability of CD45 to 

regulate calpain-mediated cleavage of paxillin in a Pyk2/FAK-dependent manner.  

Further understanding of this pathway will be important in the identification of 

methods to regulate macrophage adhesion and migration in disease. 
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CHAPTER FIVE: CD45-MEDIATED REGULATION OF THE 

MACROPHAGE RESPONSE TO FUNGAL STIMULI 

 

5.1 Introduction 

The ability of macrophages to recognize and react to pathogens is an 

important part of the innate immune response.  Few studies have investigated the 

role of CD45 in the regulation of macrophage responses to pathogens in great 

detail.  A study from Liles et al. (1995) has shown that the cross-linking of CD45 

synergistically enhanced the respiratory burst and TNF-α secretion in monocytes 

stimulated with various stimuli such as LPS.  A recent study from Goodridge et al. 

(2011) has reported that CD45-deficient BMDM exhibit decreased reactive 

oxygen species (ROS) and TNF-α production upon stimulation with whole 

glucan particles (WGP).  Others have reported that CD45-deficient splenic 

macrophages show no differences in their ability to produce nitric oxide, present 

antigen upon challenge with the L. monocytogenes (Fujise et al., 1997).  

Phagocytosis of L. monocytogenes or WGP also seems unchanged in 

macrophages lacking CD45 (Fujise et al., 1997; Goodridge et al., 2011).  As the 

response to microbes involves numerous receptors that trigger distinct signalling 

pathways, it is possible that CD45 regulates only a restricted number of these 

pathways.  Therefore, the role of CD45 in the macrophage response to microbes 

requires further investigation. 

Zymosan is a protein-carbohydrate mixture that has been widely used as a 

model fungal particle to study the inflammatory and phagocytic response of 
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macrophages to fungal stimuli.  Its preparation was first described by Pillemer and 

Eckert in 1941 (Pillemer and Ecker, 1941). This method involves acid treatment, 

boiling and trypsinization of the single cell yeast Saccharomyces cerevisiae and 

generates particles consisting of the yeast cell wall, also known as “ghost” cells, 

of approximately 3µm in diameter that mostly consists of beta-glucans (β-1,3-

glucans and β-1,6-glucans) and mannan (Di Carlo and Fiore, 1958; Pillemer and 

Ecker, 1941).   

A variety of macrophage receptors have been shown to bind to zymosan, 

including Dectin-1, Dectin-2, the Toll like receptor heterodimer TLR2/6, mannose 

receptor and complement receptor 3 (CR3) (Berton and Gordon, 1983; Goodridge 

et al., 2009; McGreal et al., 2006; Roeder et al., 2004).  Multiple studies have 

provided evidence that SFKs play a role in the regulation of downstream 

signalling and macrophage responses triggered by these PRRs.  In the case of 

Dectin-1 and Dectin-2, this is expected as Dectin-1 possesses an ITAM in its 

cytoplasmic tail and Dectin-2 associates with an ITAM-containing molecule 

(Herre et al., 2004; Saijo and Iwakura, 2011).  Many studies have confirmed SFK 

involvement in their downstream signalling.  For example, PP2 pretreatment of 

monocytes or macrophages prior to zymosan-stimulation inhibits a variety of cell 

responses, including arachidonate release, Dectin-1-mediated superoxide 

production, and Dectin-1-mediated Syk phosphorylation (Elsori et al., 2011; 

Olsson and Sundler, 2007; Underhill et al., 2005).  Macrophage responses upon 

Dectin-2 ligation, including cytokine secretion, ligand internalization and NF-κB 
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activation, require its association with FcRγ as well as SFK activity (Sato et al., 

2006).   

Although the regulation of TLR signalling by SFKs is controversial, some 

studies have found that inhibition of SFKs by PP2 or knockdown of Hck by 

siRNA inhibits the secretion of inflammatory cytokines upon treatment with TLR 

ligands (Smolinska et al., 2008; Smolinska et al., 2011).  Moreover, stimulation of 

TLR2 and TLR4 have been shown to induce tyrosine phosphorylation of paxillin 

and Pyk2 in a SFK-dependent manner (Hazeki et al., 2003).  Finally, CR3-

dependent internalization of non-opsonized zymosan is dependent on Hck activity 

(Le Cabec et al., 2002).  As CD45 is a key regulator of SFK activity, I 

hypothesized that the absence of CD45 from BMDM would lead to the 

disregulation of downstream signalling and macrophage responses to zymosan 

stimuli.  

 

5.2 Results 

5.2.1 CD45 KO cells are activated upon stimulation with zymosan and LPS 

In order to study the role of CD45 in macrophage function upon 

stimulation with PAMPs, I examined whether CD45 KO BMDM can be activated 

upon treatment with fungal and bacterial stimuli.  For this purpose, I treated WT 

and CD45 KO BMDM with 100µg/ml of unopsizined zymosan or 10µg/ml of 

LPS for 24 h at 37°C. Activation of BMDM was measured by comparing 

increased expression of CD69 and CD40 by flow cytometry (Alderson et al., 

1993; Marzio et al., 1997).  CD69 is a transmembrane C-type lectin and, although 
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its expression is constitutive on platelets and Langerhans cells, its expression is 

upregulated upon activation of lymphocytes, neutrophils and macrophages 

(Bieber et al., 1992; Gavioli et al., 1992; Gerosa et al., 1991; Lanier et al., 1988; 

Marzio et al., 1997; Testi et al., 1989; Testi et al., 1990).  In macrophages, 

treatment with LPS, beta-glucans or a combination of TNF-α and IFN-γ leads to 

the upregulation of CD69 (Li et al., 2007; Marzio et al., 1997).  CD40 is a 

costimulatory receptor of the TNF receptor family (reviewed in Schonbeck and 

Libby, 2001).  It is constitutively expressed at low levels on macrophages and 

upregulated upon activation by stimuli including IFN-γ, LPS and zymosan 

(Alderson et al., 1993; Hoebe et al., 2003; Karumuthil-Melethil et al., 2008; 

Nguyen et al., 1998; Qin et al., 2005; Shibata et al., 2011). I found that treatment 

of BMDM with LPS or zymosan led to a substantial increase in the expression of 

both CD69 and CD40 (Figure 5.1).  The initial levels of CD69 and increase in 

expression following stimulation is similar between both cell types, however 

some differences were observed in CD40 expression.  Detection of CD40 levels 

on the surface of CD45 KO BMDM was below the levels detected in WT cells.  

Nonetheless, I can conclude that both markers are considerably upregulated upon 

stimulation with LPS and zymosan, which suggests that the absence of CD45 does 

not drastically impair activation of macrophages upon stimulation with the 

PAMPs LPS or zymosan.   
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Figure 5.1. WT and CD45 KO BMDM upregulate activation markers 
CD69 and CD40 upon stimulation with LPS and zymosan.  Day 7 BMDM 
from WT (grey, filled) or CD45 KO (black line) were left unstimulated or 
incubated 24 hours with 10µg/ml of LPS or 100µg/ml of zymosan.  Cells were 
then stained with PE-conjugated anti-CD69, FITC-conjugated anti-CD40, or 
corresponding isotype controls.  FACS plots shown are representative of two 
independent experiments. 
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5.2.2 The absence of CD45 does not affect the cell surface expression of 

PRRs Dectin-1 and Dectin-2 

I next assessed whether the absence of CD45 would lead to variations in 

the cell-surface expression of PRRs responsible for macrophage activation by  

zymosan.  For this purpose, I stained BMDM derived from WT or CD45 KO 

progenitor cells with anti-Dectin-1 or anti-Dectin-2 Abs and carried out flow 

cytometric analysis.  These analyses showed that both PRR receptors were 

expressed at similar levels between WT and CD45 KO BMDM (Figure 5.2).  This 

allowed for investigation in the functional differences between CD45 KO and WT 

BMDM stimulated with zymosan, as any differences observed in the response to 

zymosan between these cells are not to be attributable to differences in receptor 

expression.  

 

5.2.3 The absence of CD45 leads to disregulation of tyrosine 

phosphorylation downstream of zymosan stimulation 

Because many the PRRs known to bind zymosan have been shown to 

signal through SFKs, I hypothesized that the absence of CD45 would affect 

tyrosine phosphorylation downstream of zymosan stimulation (Elsori et al., 2011; 

Le Cabec et al., 2000; Olsson and Sundler, 2007; Sato et al., 2006; Smolinska et 

al., 2008; Smolinska et al., 2011; Underhill et al., 2005). To test this hypothesis, 

BMDM were incubated with 50µg/ml of unopsinized zymosan and lysed with 1X 

RSB.  Equal amounts of protein lysates were subjected to SDS-PAGE gel 

electrophoresis and immunoblotted for phosphotyrosine.  The results showed that  
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Figure 5.2. WT and CD45 KO BMDM express similar levels of the 
zymosan receptors Dectin-1 and Dectin-2. Day 7 BMDM were stained with 
Alexa-647-conjugated anti-Dectin-1 or anti-Dectin-2 followed by Alexa488-
conjugated anti-rat, or corresponding isotype controls.  FACS plots are 
representative of two independent experiments. 
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Figure 5.3. Tyrosine phosphorylation upon zymosan treatment is not 
triggered through beta-glucan recognition in WT and CD45 KO BMDM. 
BMDM were stimulated for 15 minutes with curdlan, zymosan or zymosan 
treated with increasing amounts of NaClO (0.01, 0.1, 0.5 and 1.0%) followed 
by lysis and Western blots with anti-phosphotyrosine and anti-actin as a 
loading control. Western blot is representative of two independent experiments. 
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stimulation of BMDM with zymosan triggered the tyrosine phosphorylation of 

multiple proteins (Figure 5.3, lanes 3 and 11). Many of these proteins showed 

increased tyrosine phosphorylation in CD45 KO BMDM in comparison to WT 

BMDM, including proteins in the 30-40 kDa, 50 kDa, 80 kDa, and 115 kDa range.  

It is important to note that the molecular weight standards used migrate slower 

than their predicted molecular weight. 

In mouse BMDM, Dectin-1 is considered the main receptor for zymosan 

(Brown et al., 2002).  Moreover, as Dectin-1 contains an ITAM motif in its 

cytoplasmic tail and induces tyrosine phosphorylation of protein kinases upon 

ligation, it was logical to expect that this receptor triggered tyrosine 

phosphorylation in BMDM (Herre et al., 2004; McCann et al., 2005; Rogers et al., 

2005; Slack et al., 2007).  To test this possibility, BMDM were stimulated with β-

glucan stimuli: curdlan and oxidized zymosan.  Curdlan is a pure preparation of β-

1,3-glucans known to specifically bind to Dectin-1 and to induce downstream 

signalling in macrophages and DCs (Goodridge et al., 2009; Palma et al., 2006; 

Xu et al., 2009).  In addition, zymosan was treated with increasing amounts of 

sodium hypochlorite (NaClO).  This treatment of zymosan results in a product 

mainly composed of beta-glucans recognized by Dectin-1 (Hida et al., 2006).  I 

found that stimulation of BMDM with curdlan failed to induce any significant 

tyrosine phosphorylation in either WT or CD45 KO BMDM (Figure 5.3, lanes 2 

and 10).  Moreover, although the native zymosan preparation induced tyrosine 

phosphorylation in both WT and CD45 KO BMDM, zymosan-induced tyrosine 

phosphorylation was inversely correlated with the beta-glucan content of zymosan 
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(Figure 5.3).  Thus, in contrast to my inital hypothesis, beta-glucan recognition by 

Dectin-1 did not appear to contribute to the induction of tyrosine phosphorylation 

in BMDM.   

 

5.2.4 The main receptor for zymosan in BMDM signals through Syk 

It is well established that Syk is tyrosine phosphorylated downstream of 

Dectin-1 and Dectin-2/FcRgamma upon treatment with unopsonized zymosan 

(Robinson et al., 2009; Rogers et al., 2005). Its activation occurs through a 

multistep process initiated by its autophosphorylation at 10 major tyrosine sites, 

including Y352 and Y525/526 in humans (Y346 and Y519/520 in mice, 

respectively) (Furlong et al., 1997).  CD45 has been shown to be upstream of Syk 

in NK cells (Huntington, Xu et al, 2005).  In these cells, the absence of CD45 is 

associated with decreased phosphorylation of Syk upon stimulation through 

Ly49D. 

Following our observation that treatment of BMDM with zymosan 

triggered the phosphorylation of a protein of ∼ 70 kDa (Figure 5.3), I 

hypothesized that this protein could be Syk and that the absence of CD45 would 

lead to the disregulation of this kinase.  To examine whether Syk phosphorylation 

was triggered by zymosan treatment in our assay and whether this was regulated 

by CD45, I stimulated WT or CD45 KO BMDM with various amounts of 

zymosan for 15 minutes followed by cell lysis and SDS-PAGE.  Syk 

phosphorylation was assessed by Western blot by using antibodies specific to 

phosphorylated tyrosines 352 and 525 of Syk.  Syk phosphorylation was induced  



140	
  

upon stimulation with as little as 50µg/ml of zymosan in both WT and CD45 KO 

cells (Figure 5.4).  No significant differences were observed with respect to the 

degree of phosphorylation detected with these antibodies.  A Western blot for 

total levels of Syk protein was also done and the bands co-migrate with the bands 

observed with the Syk phospho-specific antibodies.  It is noteworthy to mention 

that Syk appears as a doublet on SDS-PAGE gels as it undergoes multiple 

conformational and phosphorylation states, making quantification difficult.  

However, I have observed that in CD45 KO BMDM lysates, Syk appears to have 

a more substantial migratory shift; the significance of which could not be 

determined with the available reagents.  I cannot therefore eliminate the 

possibility that CD45 could regulate phosphorylation at one of the other sites on 

Syk.  In conclusion, there are no detectable differences in Syk phosphorylation at 

Y352 and Y525/26 upon zymosan stimulation between CD45 KO and WT 

BMDM.  Taken together, these results confirm that zymosan induces Syk 

activation in macrophages that is not dependent on CD45.   

 

5.2.5 The absence of CD45 leads does not affect cytokine secretion upon 

stimulation with zymosan 

Macrophages lacking CD45 have been shown to produce less TNF-α upon 

stimulation with WGP (Goodridge et al., 2011).  I thus examined whether the 

absence of CD45 altered the inflammatory response to zymosan. More 

specifically, I investigated whether the absence of CD45 would alter the secretion 

of two cytokines known to be secreted upon zymosan stimulation, TNF-α and IL- 
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Figure 5.4. Syk is phosphorylated downstream of zymosan stimulation in 
both WT and CD45 KO BMDM. Day 7 BMDM from CD45 KO or WT mice 
were stimulated with with 50µg/ml of zymosan for 15 minutes, or left 
unstimulated. Cells were then lysed and samples were loaded onto SDS-PAGE 
gel.  Syk phopshorylation at Tyrosines 352 and 525/526 was assessed by 
Western blot with site-specific phospho-Syk antibodies.  Western blots are 
representative of two independent experiments. 
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10 (Du et al., 2006; Stein and Gordon, 1991).  For this purpose, WT or CD45 KO 

BMDM were incubated with zymosan for various times.  Supernatants were then 

collected and cytokine secretion was measured by ELISA.  As shown in Figure 

5.5a, TNF-α and IL-10 exhibited similar kinetics and levels of secretion by WT 

and CD45 KO BMDM stimulated with zymosan. No significant differences were 

also detected in the threshold of activation for TNF-α and IL-10 secretion, as 

measured by cytokine secretion in the presence of increasing amounts of zymosan 

(Figure 5.5b).  Thus, although signalling events downstream of zymosan are 

regulated by CD45, this does not appear to affect secretion of TNF-α and IL-10. 

 

5.2.6 The absence of CD45 leads to enhanced binding to zymosan particles 

and increased phagocytosis 

Phagocytosis is a tightly coordinated process, which involves multiple 

cell-surface molecules, signalling components, and elements of the cytoskeleton.  

There is ample evidence for the participation of SFKs in the phagocytosis of 

zymosan (reviewed in Berton et al., 2005).  This role is likely dependent on two 

aspects: 1) the ability of SFKs to phosphorylate ITAM motifs on zymosan 

receptors; and/or 2) on receptor-associated molecules and their regulatory 

function in cytoskeletal rearrangements.  For example, IgG-mediated 

phagocytosis of erythrocytes was greatly reduced in BMDM isolated from hck-/-

fgr-/-lyn-/- mice as compared to WT mice (Fitzer-Attas et al., 2000).  



143	
  

  

Figure 5.5. The absence of CD45 does not affect TNF-α and IL-10 
secretion upon stimulation with zymosan.  (A) Day 7 BMDM were 
stimulated with 50µg/ml of zymosan for various times. Supernatants were 
analyzed for TNF-α and IL-10 secretion by ELISA.  (B) Day 7 BMDM were 
stimulated with various amounts of zymosan for 24 hours. Supernatants were 
analyzed for TNF-α and IL-10 secretion by ELISA.  Data presented is 
representative of three independent experiments. 
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BMDM from these triple knockout mice exhibited reduced phosphorylation of the 

ITAM-containing FcγR, as well as delayed actin cup formation.  SFKs have also 

been shown to participate in the phagocytosis of zymosan particles.  For example, 

in human granulocytes, neutrophils and macrophages, Hck and Lyn have been 

shown to localize at the phagosome upon zymosan internalization (Astarie-

Dequeker et al., 2002; Mohn et al., 1995; Welch and Maridonneau-Parini, 1997a, 

b).  Also, PP2 has been shown to decrease Dectin-1-mediated phagocytosis of 

zymosan in Dectin-1-transfected NIH 3T3 cells (Herre et al., 2004).   

Phagocytosis also triggers the phosphorylation of paxillin (Greenberg et 

al., 1994), a cytoskeletal-associated protein, which I have shown to be regulated 

by CD45 (Chapter 4).  In macrophages, FcR-mediated phagocytosis triggered the 

phosphorylation of paxillin, and paxillin colocalized with actin at the phagocytic 

cup (Greenberg et al., 1994).  A similar finding was also found in human 

monocyte-derived macrophages, where FcγR-mediated phagocytosis triggered the 

phosphorylation of paxillin, Pyk2 and Hck while showing localization of paxillin 

around the phagosome (Kedzierska et al., 2001).  Because CD45 regulates SFK 

signalling and cytoskeletal rearrangements, I sought to determine whether the 

absence of CD45 would lead to impaired phagocytosis of zymosan particles by 

BMDM.  To test this hypothesis, FITC-conjugated zymosan particles were 

incubated with BMDM at a 5:1 ratio for various times and phagocytosis was 

assessed by flow cytometry.  Two negative controls were used to determine the 

amount of bound, but non-internalized, zymosan particles.  The first control 

consisted of BMDM incubated with fluorescent zymosan particles at 4°C for 30 
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minutes while a second control consisted of BMDM incubated with zymosan 

particles for 30 minutes at 37°C in presence of lidocaine, an inhibitor of 

phagocytosis (Das and Misra, 1994).  Phagocytosis of zymosan was followed over 

30 minutes at 37°C.  CD45 KO BMDM showed increased binding to zymosan 

particles compared to WT compared to the two negative controls (Figure 5.6, left 

panels).  More specifically, I found that between 57 and 66% of BMDM from 

CD45 KO mice bound to zymosan particles in absence of phagocytosis as 

compared to approximately 45% in the case of BMDM from WT mice.  

Differences in phagocytosis upon incubation of macrophages with zymosan at 

37°C were also observed: BMDM from CD45 KO mice reached a maximal level 

of phagocytosis after 5 min of incubation, whereas it took 30 min for BMDM 

fromWT mice to reach such maximal a level (Figure 5.6, right panels).  Taken 

together, these results show that the presence of CD45 on the cell surface of 

macrophages alters their binding to zymosan particles and that CD45 influences 

the intake of zymosan by these cells. 

 

5.2.7 Discussion 

In this chapter, I examined the role of CD45 in the response of 

macrophage to fungal stimuli, more specifically the downstream tyrosine 

phosphorylation, phagocytosis and cytokine secretion triggered upon stimulation 

with zymosan.  I found that CD45 deficiency did not drastically alter the capacity 

of macrophages to activate to PAMPs.  Moreover, although the absence of CD45 

led to the enhanced tyrosine phosphorylation of many proteins downstream of  
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Figure 5.6. The absence of CD45 leads to enhanced binding to zymosan 
particles and increased rate of phagocytosis. FITC-conjugated zymosan 
particles were incubated with BMDM at a ratio of 5:1 for the indicated times at 
37°C.  Phagocytosis was halted at various times with an inhibitor of 
phagocytosis, lidocaine hydrochloride.  As negative controls, zymosan 
particles were incubated with BMDM at 4°C or in the presence of lidocaine 
hydrochloride for 30 minutes.  FACS plots are representative of two 
independent experiments. 
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zymosan treatment, no significant changes in Syk phosphorylation or secretion of 

TNF-α and IL-10 were observed.  The absence of CD45 did, however, lead to 

increased binding of zymosan particles and rate of phagocytosis of these particles 

by macrophages.  Therefore, I have shown that CD45 regulates only certain 

aspects of the macrophage response to zymosan. 

The difference I observed in the tyrosine phosphorylation pattern between 

BMDM from WT and CD45 KO mice is interesting.  Several of these proteins 

had a molecular mass in the 40 kDa to 120 kDa range.  A study by Liles et al. 

(1995) showed that TNF-α induced tyrosine phosphorylation of several proteins 

within the same molecular range following cross-linking with anti-CD45 Abs.  

Many signalling proteins downstream of zymosan receptors are found in this 

range.  The identification of these proteins will be necessary in order to dissect the 

signalling pathways that are regulated by CD45.  Nonetheless, I have found that 

Syk is phosphorylated downstream of zymosan stimulation, however, I found no 

quantifiable difference in the phosphorylation status of this kinase at Y352 and 

Y525/26 between CD45 KO and WT cells.  CD45 does not appear to regulate the 

ability of these sites to be phosphorylated since they are indeed phosphorylated 

upon zymosan stimulation in the absence of CD45.  I cannot eliminate a 

contribution to the regulation of phosphorylation at other sites by CD45, however 

they could not be examined with the reagents currently available.  Considering 

these results, it is possible that the tyrosine phosphorylated protein observed in the 

70 kDa MW range in Figure 5.3 corresponds to Syk.  Western blots for total Syk 

did co-migrate with the bands upon stripping and reprobing of the same blots. 



148	
  

Zymosan-induced tyrosine phosphorylation does not seem to be triggered 

by the recognition of beta-glucan contained in the zymosan preparation, as 

stimulation of BMDM with curdlan or with oxidized zymosan did not induce 

tyrosine phosphorylation of these proteins.  Therefore, although Dectin-1 and 

CR3 (CD11b) are expressed at high levels on BMDM, they do not appear to be 

upstream of these phosphorylated proteins in response to zymosan.  The PRR 

responsible for tyrosine phosphorylation downstream of zymosan in BMDM is 

likely to bind to mannans or chitins contained in the zymosan preparation.  This is 

consistent with earlier reports that demonstrated that in human monocyte-derived 

macrophages, zymosan uptake is mediated via mannans (Speert and Silverstein, 

1985).   

Although I have not identified the PRR responsible for triggering tyrosine 

phosphorylation downstream of zymosan, the fact that it binds to mananns or 

chitin and induces Syk phosphorylation considerably narrows down the list of 

putative receptors involved.  Dectin-2 is a likely candidate as it binds to mannans 

and its downstream signalling is SFK-dependent (Sato et al., 2006).   It has also 

been shown to signal through Syk upon recognition of Candida albicans 

(Robinson et al., 2009).  Other signalling molecules known to be downstream of 

Dectin-2 are phospholipase C gamma 2 (PLCγ2) and Erk (Gorjestani et al., 

2011; Suram et al., 2010).  CD45 has been shown to regulate the phosphorylation 

of both of these molecules (Bijian et al., 2007; Fernandis et al., 2003; Hesslein et 

al., 2006; Kanner et al., 1992; Kiener and Mittler, 1989; Koretzky et al., 1992; 

Ledbetter et al., 1991; Ledbetter et al., 1988; Marvel et al., 1991; Ogimoto et al., 
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2001; Shiroo et al., 1992; Volarevic et al., 1992).  Additional studies will be 

needed to identify the phosphorylated proteins and the upstream PRR in order to 

determine whether this pathway is regulated by CD45. 

The contribution of CD45 to the regulation of zymosan-induced cytokine 

secretion in macrophages had not been previously reported.  Although CD45 

regulates TNF-α production upon stimulation of Dectin-1 with WGP, I did not 

observe any differences in the secretion of TNF-α or IL-10 between BMDM 

from WT or CD45-deficient mice upon stimulation with zymosan (Goodridge et 

al., 2011).  These results are consistent those reported by (Zhu et al., 2008) which 

showed that TNF-α secretion was unchanged by the absence of CD45 in BMDM 

stimulated through the FcR.  These results would be consistent with Dectin-2/FcR

γ being the primary receptor for zymosan in this system. 

Although I have demonstrated that CD45 deficiency in macrophages leads 

to defects in cytoskeletal-associated functions such as adhesion and motility, it did 

not affect the amount of phagocytosed zymosan particles at 30 minutes. This is 

consistent with a recent study from Goodridge et al. (2011) that showed that 

BMDM from CD45-deficient mice did not exhibit defects in zymosan 

internalization as compared to normal BMDM.  This result might reflect a 

redundancy in the function of phosphatases.  For example, the CD148 cell surface 

phosphatase has been shown to compensate for the lack of CD45 and KO of both 

is necessary to significantly alter zymosan phagocytosis (Goodridge et al., 2011).  

Alternatively, absence of effect in zymosan internalization might also reflect a 

redundancy in the phagocytic receptors, as deficiency in any one of these 
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receptors does not significantly affect internalization of zymosan (Underhill and 

Ozinsky, 2002).  The effect of CD45 on phagocytosis might therefore be subtler 

than what is represented at 30 minutes of incubation at 37°C and might require 

and more quantifiable approach than a FACS-based phagocytosis assay.  

Nonetheless, this approach did demonstrate that BMDM from CD45 KO mice 

bound more zymosan particles compared to normal BMDM and such differences 

have not been reported to date.   

The reason for increased binding of CD45-deficient macrophages to 

zymosan particles may lie in the sheer size of CD45 on the cell surface.  CD45 is 

an abundant cell-surface protein that possesses a large and heavily glycosylated 

extracellular domain (Alexander, 2000; Thomas, 1989).  Interestingly, upon 

phagocytosis of fluorescently-labelled zymosan, CD45 is excluded from the 

contact site with zymosan in the phagosome (Goodridge et al., 2011).  This is 

reminiscent of TCR signalling, where CD45 is excluded from the TCR complex 

upon antigen presentation by APCs (Leupin et al., 2000).  This is thought to allow 

SFK activation at the TCR complex (Thomas and Brown, 1999).  Steric constraint 

has been proposed as a reason for the exclusion of CD45 from the T-cell-APC 

contact site (Springer, 1990).  Thus, the absence of CD45 from the cell surface of 

macrophages would favour increased binding of receptors to PAMPs, as observed 

in the phagocytosis experiment.   

The rate of phagocytosis of zymosan particles by CD45-deficient 

macrophages was also increased compared to WT.  The amount of zymosan 

ingested by CD45-deficient BMDM plateaued at 5 minutes of incubation at 37°C 
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whereas WT BMDM took 30 minutes to reach similar levels.  Although the initial 

increased binding would contribute to this, it is also possible that this is a CD45-

regulated occurrence.  This is supported by the fact that although the SFKs Hck, 

Fgr and Lyn are not required for phagocytosis, their absence significantly reduces 

the rate of FcγR phagocytosis (Fitzer-Attas et al., 2000; Majeed et al., 2001).  In 

a scenario where SFKs are hyperactive, as is the case in CD45-deficient 

macrophages, this may contribute to an increase in the rate of phagocytosis of 

zymosan.  Additionally, because SFKs are key regulators of the cytoskeleton, they 

might positively regulate elements of the cytoskeleton that are involved in 

phagocytosis.  All things considered, although the net effect of CD45 deficiency 

on phagocytosis of zymosan is not significant at later time-points, CD45 might 

still actively participate in the regulation and coordination of signalling pathways 

necessary for microbial internalization.   

In summary, the data showed that CD45 is involved in the regulation of 

the tyrosine phosphorylation of many proteins downstream of zymosan 

recognition.  Moreover, in contrast to the paradigm stating that Dectin-1 is the 

main receptor for zymosan recognition in macrophages, tyrosine phosphorylation 

was beta-glucan independent.  I also showed that absence of CD45 led to an 

increase in binding to zymosan particles and kinetics of phagotycosis.  The 

absence of CD45, however, did not affect the production of TNF-α and IL-10 

upon stimulation of macrophages with zymosan.  Further characterization of the 

specific PRRs and their respective downstream pathways involved in these 
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responses will provide additional information into which of these are regulated by 

CD45. 
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CHAPTER SIX: GENERAL DISCUSSION 

 

6.1  Summary of results 

The ability of macrophages to regulate their adhesion and motility is 

narrowly linked to their capacity to respond to infection.  In this study, I 

investigated the mechanisms that regulate Pyk2 and paxillin in macrophages 

during adhesion, as well as the role of the protein tyrosine phosphatase CD45 in 

macrophage adhesion, motility and responses to a fungal stimulus.   

 In the first aim of this study, I examined the requirements for Pyk2 and 

paxillin interaction and localization in macrophages through the use of two 

polyclonal antibodies, which recognize the C-terminal and the N-terminal of Pyk2 

(F245 and F298, respectively).   I demonstrated that Pyk2 recovered with the 

F245 antiserum corresponded to a population of Pyk2 that displayed a lower MW 

on SDS-PAGE gel and Western blot and associated with paxillin at the MTOC.  

The F298-immunoreactive fraction of Pyk2, on the other hand, migrated slower 

on SDS-PAGE gel, localized below the membrane and did not associate with 

paxillin.  Moreover, Pyk2 recovered with the F298 antiserum displayed higher 

serine/threonine phosphorylation levels than the F245-recovered Pyk2 population.   

I also found that the differences in MW displayed by each fraction of Pyk2 were 

not due to phosphorylation or to expression of Pyk2 isoforms.  Instead, I showed 

that the slower migrating form of Pyk2 was immunoprecipitated with an anti-

SUMO-1 antibody, suggesting that this form of Pyk2 is either directly 

SUMOylated or associates with a SUMOylated protein.  In all, these results show 



154	
  

that Pyk2 is found as distinct molecular species that are defined by their 

serine/threonine phosphorylation, their association with paxillin as well as their 

intracellular localization in macrophages. 

The function of CD45 has been extensively studied in lymphocytes, 

however, not much is known of its role in macrophages.  Previous studies had 

shown that CD45 regulates macrophage adhesion although the molecular 

mechanisms involved had not been defined (Roach et al., 1997).  In chapter 5, I 

presented data that revealed that the lack of CD45 expression in macrophages 

leads to a reduced ability to maintain attachment and defects in cell spreading and 

motility.  I established that these adhesion defects are likely due to the enhanced 

calpain-mediated cleavage of paxillin in CD45 KO macrophages.  Moreover, 

tyrosine phosphorylation is likely involved in calpain-mediated cleavage of 

paxillin as not only are several proteins hyperphosphorylated in macrophages in 

the absence of CD45, but inhibition of the kinase activity of Pyk2/FAK in these 

cells restores paxillin protein levels.  Together, these results provide insight in the 

mechanisms by which CD45 is capable of regulating macrophage adhesion. 

Finally, I demonstrated that CD45 possesses a minimal role in the 

regulation of macrophage responses to zymosan, despite the involvement of many 

ITAM-containing molecules in mediating signalling downstream of this fungal 

PAMP.  Indeed, the absence of CD45 did not significantly alter the ability of 

macrophages to upregulate activation markers and to secrete TNF-α and IL-10 

upon zymosan stimulation.  The absence of CD45 did, however, alter the ability 

of macrophages to bind to zymosan particles and hence, enhanced rate of 
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phagocytosis of these particles.  Through these experiments, I also revealed that 

although Dectin-1 is considered the main receptor for zymosan in macrophages 

(Brown et al., 2002), it did not possess a major role in triggering downstream 

tyrosine phosphorylation in murine BMDM stimulated with zymosan particles.  

Instead, another receptor, which remains to be identified, induced tyrosine 

phosphorylation of several proteins, including Syk.  In all, these results show that 

CD45 does not possess a major role in the regulation of many of the macrophage 

responses to zymosan and that Dectin-1 does not contribute significantly to 

tyrosine phosphorylation upon stimulation of BMDM. 

 

6.2  Spatial organization of Pyk2 populations in macrophages 

 A role for Pyk2 in macrophage migration and adhesion has been 

previously demonstrated, however not much is known on the regulation of this 

kinase in macrophages (Allen et al., 1997; De Nichilo and Yamada, 1996; Hirano 

and Kanno, 1999; Okigaki et al., 2003).  The data presented in chapters 3 and 4 

provide insight into the localization and regulation of Pyk2 during macrophage 

adhesion.  I have demonstrated that Pyk2 of distinct apparent MW possess distinct 

staining patterns by confocal microscopy and overall serine/threonine 

phosphorylation levels.  Indeed, the slower migrating form of Pyk2 was localized 

below the membrane, possibly with the cytoskeleton, and the faster migrating 

Pyk2 localized predominantly at the MTOC.  Concordant with our localization 

data and Pyk2 migration patterns on SDS-PAGE gel presented in Chapter 3, 

Kacena et al (2012) have reported that a higher MW form of Pyk2 is pulled down 
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with the cytoskeletal fraction during a cell fractionation assay of osteoblast lysates 

whereas a doublet of lower MW of Pyk2 is found in the cytoplasmic and nuclear 

fractions of these cells.  It is noteworthy to mention that these cells are capable of 

forming similar focal complexes that contain Pyk2 and paxillin, similar to 

macrophages (Guignandon et al., 2006; Saldana and Vilaboa, 2010; Silber et al., 

2012).  The authors attribute these MW differences to differential expression of 

Pyk2 isoforms however their evidence for this is merely correlative.  The data 

presented in chapter 3 does not support this as these MW differences are observed 

when Pyk2-H is transfected alone in NIH 3T3 cells.  Phosphorylation was also 

ruled out as a possible explanation of the shifts in MW observed by SDS-PAGE 

and Western blot.  Rather, other post-translational modifications of Pyk2, such as 

SUMOylation, might explain this increase in apparent MW.  Indeed, Pyk2 pulled 

down with anti-SUMO-1 migrates similarly to the fraction of Pyk2 recovered with 

the F298 antiserum.  Alternatively, it is possible that the F245 population of Pyk2 

might be subjected to cleavage, which would result in its faster migration on SDS-

PAGE gel. Nonetheless, I can conclude from our data and from the study by 

Kacena et al. (2012) that modifications that cause a Pyk2 migratory shift on SDS-

PAGE gel may dictate its intracellular localization in macrophages, as well as in 

osteoblasts.   

 

6.3  Serine/threonine phosphorylation as a means to regulate Pyk2 

Pyk2 recovered with the F245 or the F298 antisera displayed differences 

in serine/threonine phosphorylation levels; F298-recovered Pyk2 displayed 
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increased serine/threonine phosphorylation.  I have shown that although 

phosphorylation did not cause the apparent MW differences between the Pyk2 

populations, it did interfere with the recognition of F298-recovered Pyk2 with the 

F245 antiserum by Western blot.  It is thus possible that many of the serine or 

threonine residues phosphorylated in the F298 population occur within the region 

of the F245 epitope that overlaps a part of the proline-rich region and part of the 

FAT domain.   

The biochemical difference between the Pyk2 populations characterized 

may reflect differences in their functional state or dictate binding partners.  For 

example, Pyk2 is thought to regulate its activity by autoinhibition, similar to FAK 

(Lietha et al., 2007).  More precisely, it is thought that the N-terminal FERM 

region folds over the kinase region, a conformation that does not allow for 

tyrosine phosphorylation by SFKs.  Autophosphorylation of Pyk2 would allow for 

an “open” conformation of the molecule, allowing for docking of SFKs, 

subsequent phosphorylation of tyrosines in the kinase and FAT domains and 

activation of Pyk2.  The “open” conformation of Pyk2 would also allow for 

phosphorylation of many serine/threonine residues, many of them found in the 

F245 epitope region.  Phosphorylation of these residues may lead to stabilization 

of the enzymatic activity of Pyk2 by further preventing autoinhibition.  Therefore, 

the F298 population may reflect a population of Pyk2 that has been fully activated 

and stabilized. 

Another possible reason for serine/threonine phosphorylation of the F245 

epitope region could be to regulate Pyk2 association to various binding partners.  
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Two identified Pyk2 binding partners are known to bind near this region: paxillin 

and Grb2.  Paxillin association with Pyk2 in regards to serine/threonine 

phosphorylation is discussed below.  Grb2 association with FAK and Pyk2 is 

dependent on tyrosine phosphorylation at Y925 or Y881, respectively (Li et al., 

1996; Schlaepfer and Hunter, 1996).  Serine/threonine phosphorylation could 

interfere with Grb2 association by inducing a conformation of Pyk2 incompatible 

with Grb2 association, despite tyrosine phosphorylation of Y881.  In opposition, 

stabilization of the “open” conformation of Pyk2 by serine/threonine 

phosphorylation could promote Grb2 binding of Pyk2.  Finally, Grb2 binding 

could be regulated by competition of the Pyk2 FAT domain with paxillin.  

Therefore, mechanisms regulating paxillin association, like serine/threonine 

phosphorylation, could indirectly regulate Grb2 binding to Pyk2.  Examination of 

Grb2 binding to the F245 and F298 populations of Pyk2 is therefore needed in 

order to determine if, and how, serine/threonine phosphorylation may influence 

this association. 

 

6.4  Determinants of Pyk2 and paxillin association 

 Direct interaction between Pyk2 and paxillin has been confirmed by 

resolution of the crystal structure of the FAT domain of Pyk2 (Lulo et al., 2009).  

Interaction of these proteins in macrophages, however, does not seem constitutive 

as Pyk2 colocalizes with paxillin at podosomes, but not focal complexes (Duong 

and Rodan, 2000; Pixley et al., 2001).  This suggests that certain parameters 

dictate their interaction and spatial organization within macrophages.  
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Until recently, it was thought that phosphorylation at Tyrosine 881 in 

Pyk2 caused its dissociation from paxillin as phosphorylation at this site was 

thought to induce a conformational state of the FAT domain incompatible with 

paxillin association.  However, Lulo et al. (2009) showed that this site did not 

affect Pyk2 binding to paxillin.  My data revealed that paxillin-associated Pyk2 

population displayed reduced overall levels of serine/threonine phosphorylation.  

Phosphorylation of serine/threonine residues near or in the FAT domain could 

interfere with paxillin binding by disrupting the conformation of the FAT domain 

compatible with paxillin association.  Supporting this, Lulo et al. (2009) found 

that the T870 of Pyk2 appeared to link the Pyk2 FAT domain to paxillin through 

its interaction with D267 found in the LD4 region of paxillin.  Other yet 

undescribed serine or threonine interactions may similarly be important for Pyk2 

and paxillin association.   

Another mechanism implicated in paxillin association with Pyk2 may be 

related to the apparent MW shift observed in the F298 population as this 

population was not found in association with paxillin. Identification of the 

possible post-translational modification that causes this MW shift, and in which 

regions it occurs, may provide further insight in this scenario.  Alternatively, 

paxillin and Pyk2 dissociation would allow for Pyk2 association with various 

serine/threonine kinases or other post-translational modifications.  
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6.5  CD45 regulation of paxillin 

In chapter 4, I have shown that the absence of CD45 leads to increased 

calpain cleavage of paxillin in macrophages.  During cellular adhesion and 

deadhesion in WT macrophages, paxillin protein levels are not overtly affected by 

calpain cleavage.  This is possibly due to the fact that the fraction of paxillin 

cleaved by calpains is replaced by de novo synthesis.  In the absence of CD45, 

however, cleavage of paxillin is enhanced and de novo synthesis may not occur 

rapidly enough to compensate for this loss in paxillin proteins levels, leading to its 

depletion in CD45 KO BMDM.  

The reason for enhanced cleavage of paxillin in the absence of CD45 is 

not known, but could be due to several possibilities.  In one scenario, the increase 

in activity of SFKs in CD45 KO cells could lead to hyperphosphorylation of Pyk2 

and paxillin.  As paxillin is a known substrate for Pyk2, and inhibition of 

Pyk2/FAK kinase activity in CD45-deficient macrophages prevents calpain-

mediated degradation of paxillin, tyrosine phosphorylation of paxillin by Pyk2 

may regulate its degradation. Phosphorylation of paxillin may induce 

conformational states within paxillin that promote availability of calpain cleavage 

sites to calpains.  Interestingly, the major calpain cleavage site on paxillin (S95) is 

in close proximity to the two major sites of tyrosine phosphorylation in paxillin 

(Y31 and Y118).  In another scenario, the absence of CD45 could lead to 

increased turnover of focal complexes, forcing their increased dismantlement 

through calpain cleavage.  This could also be SFK- or Pyk2-dependent, as their 

increased activity may stimulate adhesion turnover and indirectly promote calpain 
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cleavage of paxillin.  Finally, although I did not observe any differences in the 

levels of expression of calpains, it is possible that their activity levels are 

nonetheless increased in the absence of CD45.   

Taken together, these results help outline a model in which the regulation 

of Pyk2 and paxillin association, as well as the CD45-dependent regulation of 

paxillin protein levels, contribute to the regulation of macrophage adhesion and 

occur at specific intracellular sites.  

 

6.6  CD45 regulation of macrophage responses to zymosan 

 Macrophage responses to the fungal PAMP zymosan have been shown to 

require a variety of ITAM-containing molecules and SFKs (Ariizumi, Shen et al. 

2000; Gantner, Simmons et al. 2003; Sato, Yang et al. 2006; Nimmerjahn and 

Ravetch 2007).   I showed that stimulation of CD45 KO BMDM with zymosan 

led to the hyperphosphorylation of several proteins, when compared to WT 

BMDM.  Given the fact that SFKs are hyperphosphorylated and hyperactivated in 

CD45-deficient cells, it is possible that these proteins are substrates of SFKs and 

hence are hyperphosphorylated downstream of these kinases.  Given that the 

absence of CD45 also leads to increased binding of zymosan, it is also possible 

that increased binding leads to sustained signalling downstream of zymosan 

receptors, which could be dependent or not on SFKs.  The effect of this tyrosine 

phosphorylation disregulation in the absence of CD45 did not translate to changes 

in cytokine secretion or activation marker expression in response to zymosan.  It 

is therefore possible that although there may be disregulation of certain signalling 
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pathways, there exists redundant pathways that are not controlled by CD45 and 

that compensate for the absence of CD45.  Indeed, as zymosan is bound by many 

receptors on the surface of macrophages, it may be that CD45 only regulates 

signalling downstream of a limited number of these.  In all, these results 

demonstrate that not all aspects of macrophage biology that rely on SFKs are 

affected by the absence of CD45.  

 

6.7  Model 

In light of the data presented, I suggest a model that incorporates the 

regulation and localization data of chapters 3 and 4.  In Figure 6, I propose that 

the MTOC serves as a depot for unactivated Pyk2 and when the MTOC 

translocates towards the contact point, with either a cell or the extracellular matrix, 

it may lead Pyk2 to the contact zone.  Once at the contact point, Pyk2 would 

dissociate from paxillin, allowing paxillin to associate with various other 

cytoskeletal-associated proteins, proper to its role as a scaffolding protein at sites 

of adhesion.  At these sites, paxillin would regulate rapid assembly and 

disassembly of adhesion structures that are required for the transient interactions 

between various hematopoietic cells of the immune system.  Dismantlement of 

focal complexes would be, at least in part, accomplished by cleavage of paxillin 

by calpains, a process that is negatively regulated by CD45.   
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6.8  Future directions 

 In light of the results presented, certain aspects of the regulation of Pyk2 

and paxillin by CD45, as well as the role of CD45 in response to zymosan, remain 

to be elucidated.   

The identification of the factor(s) contributing to the differences in MW 

between Pyk2 pulled down with the F298 or F245 antisera will provide further 

insight in the mechanisms that regulate Pyk2 function.  Given the role of Pyk2 in 

many cellular functions, including adhesion, responses to PAMPs and cellular 

proliferation, it would not be surprising that this molecule is subjected to a variety 

of regulatory mechanisms in addition to phosphorylation.  Moreover, whether the 

regulatory mechanisms that define Pyk2 populations within cells are in parallel 

with its functional differences or define its association with various binding 

partners will provide further information on the role of Pyk2 in macrophages as 

well as in other cell types.  In line with these future investigations, whether Pyk2 

is directly SUMOylated needs to be confirmed.  SUMOylation of FAK occurs in 

the FERM domain and promotes its autophosphorylation, possibly by inducing an 

“open” conformation of the molecule (Kadare et al., 2003).  If Pyk2 is indeed 

SUMOylated, whether its autophosphorylation is regulated by SUMO in a similar 

manner to FAK remains to be tested.   

As Pyk2 is a substrate for SFKs, and CD45-dependent proteolytic 

cleavage of paxillin involves Pyk2 activity, the role of CD45 in the regulation of 

Pyk2 warrants further investigation.  As I have been unable to detect basal levels 
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of Pyk2 phosphorylation in resting CD45 KO BMDM by Western blot, it may be 

necessary to treat CD45 KO macrophages with stimuli that induce 

phosphorylation of Pyk2 in order to fully appreciate the effect of the absence of 

CD45 on Pyk2 phosphorylation.  Moreover, it will be of great interest to 

determine whether Pyk2 activity directly or indirectly promotes CD45-dependent 

degradation of paxillin by assessing whether paxillin is hyperphosphorylated prior 

to its cleavage by calpains or whether Pyk2 activity merely increases adhesion 

turnover, indirectly leading to paxillin degradation.  If this is the case, other 

cytoskeletal-associated proteins are likely going to be affected as well and would 

require further examination.  Moreover, this scenario would also warrant 

investigation into whether Pyk2 activity or paxillin degradation is the main 

mechanism by which CD45 regulates adhesion.   

Paxillin has been shown to directly associate with the cytoplasmic tail of 

integrin α4 (also known as CD49b), preferentially with the high affinity 

conformation of α4, and this interaction is essential for signalling downstream of 

this integrin ((Hyduk et al., 2004; Liu et al., 1999).  This alpha chain associates 

with the β1 integrin chain to make up the α4β1 integrin dimer, also known as Very 

Late Antigen 4 (VLA-4) (Stewart et al., 1995; Zhang and Wang, 2012).  This 

integrin is expressed by leukocytes and is involved in cell spreading, adhesion, 

homing and transmigration, processes most important in mediating the immune 

response.  As paxillin associates directly with this alpha chain, but not others, this 

poses the possibility that CD45, as a regulator of paxillin, preferentially regulates 

signalling downstream of certain integrins, such as α4.  As such, it would be of 
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great interest to assess whether CD45 exerts a greater influence downstream of 

specific integrins.  Opposingly, CD45 could present itself as a master regulator of 

adhesion and spreading mediated by all integrins expressed by macrophages.  

This information could define CD45 as a potential target for the regulation of 

integrin adhesion downstream of certain, or all, integrins expressed by 

macrophages.  

Furthermore, whether the CD45-mediates defects in adhesion translate to 

defects in vivo remains to be determined.  As such, whether monocytes or 

macrophages are capable of normal adhesion or migration in CD45 KO mice 

warrants further examination.  In addition, whether CD45-mediated regulation of 

macrophage adhesion is reproducible in human cells remains to be determined.  

Shenoi et al. (1999) have demonstrated a role for CD45 in regulating integrin-

mediated adhesion in two human T-cell lines, however, no studies have 

investigated the role of CD45 in human primary macrophages or human 

macrophage cell lines.  If these results are reproducible in vivo and in human 

macrophages, CD45 could be a potential target for controlling macrophage 

adhesion and migration. 

  As monocytes differentiate into macrophages, they go through changes in 

CD45 isoform expression at the same time as cytoskeletal rearrangements and 

changes in adhesion (Lehto, Hovi, Vartio et al, 1982; Trowbridge and Thomas 

1994; DeFife, Jenney, Colton and Anderson, 1999). This could be coincidental, 

but this could also represent a way by which leukocytes regulate their 

adhesiveness and migratory capacities.  Moreover, King et al. (1990) have shown 
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that T-cell adhesion to the monocytic cell line U-937 was inhibitable with anti-

CD45 and anti-CD45RO antibodies, but not with an anti-CD45RA antibody, 

suggesting that certain isoforms may play a more important role in adhesion than 

others.  As such, the examination of whether the expression of different CD45 

isoforms has different effects on monocyte or macrophage adhesion could provide 

further insight in the mechanisms that regulate CD45 activity.   

I have found that the effects of CD45 on macrophage responses to 

zymosan were limited to increased binding to zymosan particles and 

hyperphosphorylation of several proteins.  Whether CD45 regulates macrophage 

responses other than the ones tested, such as reactive oxygen species production, 

remains to be assessed.  Moreover, how CD45 participates in the regulation of 

zymosan binding and subsequent phagocytosis warrants further investigation.  

More precisely, whether steric hindrance from the extracellular domain, whether 

regulation of intracellular signalling pathways by the cytoplasmic phosphatase 

domain, or both, play a major role during phagocytosis of zymosan particles 

remains to be demonstrated.  In addition, I have shown that Dectin-1 was not the 

major PRR responsible for tyrosine phosphorylation downstream of zymosan.  

The identification of the PRR responsible for triggering tyrosine phosphorylation, 

as well as Syk activation, remains to be determined.   

  



168	
  

BIBLIOGRAPHY 
 
Abram, C.L., and Lowell, C.A. (2009). The ins and outs of leukocyte integrin 
signaling. Annual review of immunology 27, 339-362. 
Abshire, M.Y., Thomas, K.S., Owen, K.A., and Bouton, A.H. (2011). 
Macrophage motility requires distinct alpha5beta1/FAK and alpha4beta1/paxillin 
signaling events. Journal of leukocyte biology 89, 251-257. 
Achuthan, A., Elsegood, C., Masendycz, P., Hamilton, J.A., and Scholz, G.M. 
(2006). CpG DNA enhances macrophage cell spreading by promoting the Src-
family kinase-mediated phosphorylation of paxillin. Cellular signalling 18, 2252-
2261. 
Adachi, R., and Suzuki, K. (2007). Lyn, one of the Src-family tyrosine kinases 
expressed in phagocytes, plays an important role in beta2 integrin-signalling 
pathways in opsonized zymosan-activated macrophage-like U937 cells. Cell 
biochemistry and function 25, 323-333. 
Adachi, Y., Ishii, T., Ikeda, Y., Hoshino, A., Tamura, H., Aketagawa, J., Tanaka, 
S., and Ohno, N. (2004). Characterization of beta-glucan recognition site on C-
type lectin, dectin 1. Infection and immunity 72, 4159-4171. 
Aderem, A., and Underhill, D.M. (1999). Mechanisms of phagocytosis in 
macrophages. Annual review of immunology 17, 593-623. 
Aderem, A.A., Wright, S.D., Silverstein, S.C., and Cohn, Z.A. (1985). Ligated 
complement receptors do not activate the arachidonic acid cascade in resident 
peritoneal macrophages. The Journal of experimental medicine 161, 617-622. 
Aggarwal, B.B. (2003). Signalling pathways of the TNF superfamily: a double-
edged sword. Nature reviews. Immunology 3, 745-756. 
Akira, S., and Takeda, K. (2004). Toll-like receptor signalling. Nature reviews. 
Immunology 4, 499-511. 
Akira, S., Uematsu, S., and Takeuchi, O. (2006). Pathogen recognition and innate 
immunity. Cell 124, 783-801. 
Alderson, M.R., Armitage, R.J., Tough, T.W., Strockbine, L., Fanslow, W.C., and 
Spriggs, M.K. (1993). CD40 expression by human monocytes: regulation by 
cytokines and activation of monocytes by the ligand for CD40. The Journal of 
experimental medicine 178, 669-674. 
Alexander, D.R. (2000). The CD45 tyrosine phosphatase: a positive and negative 
regulator of immune cell function. Seminars in immunology 12, 349-359. 
Allen, L.A., and Aderem, A. (1996). Molecular definition of distinct cytoskeletal 
structures involved in complement- and Fc receptor-mediated phagocytosis in 
macrophages. The Journal of experimental medicine 184, 627-637. 
Allen, W.E., Jones, G.E., Pollard, J.W., and Ridley, A.J. (1997). Rho, Rac and 
Cdc42 regulate actin organization and cell adhesion in macrophages. Journal of 
cell science 110 ( Pt 6), 707-720. 
Ammon, C., Meyer, S.P., Schwarzfischer, L., Krause, S.W., Andreesen, R., and 
Kreutz, M. (2000). Comparative analysis of integrin expression on monocyte-
derived macrophages and monocyte-derived dendritic cells. Immunology 100, 
364-369. 



169	
  

Antonieta Cote-Velez, M.J., Ortega, E., and Ortega, A. (2001). Involvement of 
pp125FAK and p60SRC in the signaling through Fc gamma RII-Fc gamma RIII 
in murine macrophages. Immunology letters 78, 189-194. 
Arias-Salgado, E.G., Lizano, S., Sarkar, S., Brugge, J.S., Ginsberg, M.H., and 
Shattil, S.J. (2003). Src kinase activation by direct interaction with the integrin 
beta cytoplasmic domain. Proceedings of the National Academy of Sciences of 
the United States of America 100, 13298-13302. 
Ariizumi, K., Shen, G.L., Shikano, S., Ritter, R., 3rd, Zukas, P., Edelbaum, D., 
Morita, A., and Takashima, A. (2000). Cloning of a second dendritic cell-
associated C-type lectin (dectin-2) and its alternatively spliced isoforms. The 
Journal of biological chemistry 275, 11957-11963. 
Astarie-Dequeker, C., Carreno, S., Cougoule, C., and Maridonneau-Parini, I. 
(2002). The protein tyrosine kinase Hck is located on lysosomal vesicles that are 
physically and functionally distinct from CD63-positive lysosomes in human 
macrophages. Journal of cell science 115, 81-89. 
Avraham, H., Park, S.Y., Schinkmann, K., and Avraham, S. (2000). 
RAFTK/Pyk2-mediated cellular signalling. Cellular signalling 12, 123-133. 
Avraham, S., Jiang, S., Ota, S., Fu, Y., Deng, B., Dowler, L.L., White, R.A., and 
Avraham, H. (1995a). Structural and functional studies of the intracellular 
tyrosine kinase MATK gene and its translated product. The Journal of biological 
chemistry 270, 1833-1842. 
Avraham, S., London, R., Fu, Y., Ota, S., Hiregowdara, D., Li, J., Jiang, S., 
Pasztor, L.M., White, R.A., Groopman, J.E., and et al. (1995b). Identification and 
characterization of a novel related adhesion focal tyrosine kinase (RAFTK) from 
megakaryocytes and brain. The Journal of biological chemistry 270, 27742-27751. 
Baldwin, T.A., Gogela-Spehar, M., and Ostergaard, H.L. (2000). Specific 
isoforms of the resident endoplasmic reticulum protein glucosidase II associate 
with the CD45 protein-tyrosine phosphatase via a lectin-like interaction. The 
Journal of biological chemistry 275, 32071-32076. 
Berg, N.N., and Ostergaard, H.L. (1997). T cell receptor engagement induces 
tyrosine phosphorylation of FAK and Pyk2 and their association with Lck. J 
Immunol 159, 1753-1757. 
Berg, N.N., Puente, L.G., Dawicki, W., and Ostergaard, H.L. (1998). Sustained 
TCR signaling is required for mitogen-activated protein kinase activation and 
degranulation by cytotoxic T lymphocytes. J Immunol 161, 2919-2924. 
Berton, G., and Gordon, S. (1983). Modulation of macrophage mannosyl-specific 
receptors by cultivation on immobilized zymosan. Effects on superoxide-anion 
release and phagocytosis. Immunology 49, 705-715. 
Berton, G., Mocsai, A., and Lowell, C.A. (2005). Src and Syk kinases: key 
regulators of phagocytic cell activation. Trends in immunology 26, 208-214. 
Bieber, T., Jurgens, M., Wollenberg, A., Sander, E., Hanau, D., and de la Salle, H. 
(1995). Characterization of the protein tyrosine phosphatase CD45 on human 
epidermal Langerhans cells. European journal of immunology 25, 317-321. 
Bieber, T., Rieger, A., Stingl, G., Sander, E., Wanek, P., and Strobel, I. (1992). 
CD69, an early activation antigen on lymphocytes, is constitutively expressed by 



170	
  

human epidermal Langerhans cells. The Journal of investigative dermatology 98, 
771-776. 
Bijian, K., Zhang, L., and Shen, S.H. (2007). Collagen-mediated survival 
signaling is modulated by CD45 in Jurkat T cells. Molecular immunology 44, 
3682-3690. 
Biswas, S.K., and Mantovani, A. (2010). Macrophage plasticity and interaction 
with lymphocyte subsets: cancer as a paradigm. Nature immunology 11, 889-896. 
Blaylock, M.G., Sexton, D.W., and Walsh, G.M. (1999). Ligation of CD45 and 
the isoforms CD45RA and CD45RB accelerates the rate of constitutive apoptosis 
in human eosinophils. The Journal of allergy and clinical immunology 104, 1244-
1250. 
Bolen, J.B., and Brugge, J.S. (1997). Leukocyte protein tyrosine kinases: potential 
targets for drug discovery. Annual review of immunology 15, 371-404. 
Braga, V.M. (2002). Cell-cell adhesion and signalling. Current opinion in cell 
biology 14, 546-556. 
Brissette, W.H., Baker, D.A., Stam, E.J., Umland, J.P., and Griffiths, R.J. (1995). 
GM-CSF rapidly primes mice for enhanced cytokine production in response to 
LPS and TNF. Cytokine 7, 291-295. 
Brown, G.D. (2006). Dectin-1: a signalling non-TLR pattern-recognition receptor. 
Nature reviews. Immunology 6, 33-43. 
Brown, G.D., Taylor, P.R., Reid, D.M., Willment, J.A., Williams, D.L., Martinez-
Pomares, L., Wong, S.Y., and Gordon, S. (2002). Dectin-1 is a major beta-glucan 
receptor on macrophages. The Journal of experimental medicine 196, 407-412. 
Brown, M.C., Perrotta, J.A., and Turner, C.E. (1996). Identification of LIM3 as 
the principal determinant of paxillin focal adhesion localization and 
characterization of a novel motif on paxillin directing vinculin and focal adhesion 
kinase binding. The Journal of cell biology 135, 1109-1123. 
Brown, M.C., Perrotta, J.A., and Turner, C.E. (1998). Serine and threonine 
phosphorylation of the paxillin LIM domains regulates paxillin focal adhesion 
localization and cell adhesion to fibronectin. Molecular biology of the cell 9, 
1803-1816. 
Bruzzaniti, A., Neff, L., Sandoval, A., Du, L., Horne, W.C., and Baron, R. (2009). 
Dynamin reduces Pyk2 Y402 phosphorylation and SRC binding in osteoclasts. 
Molecular and cellular biology 29, 3644-3656. 
Buccione, R., Orth, J.D., and McNiven, M.A. (2004). Foot and mouth: podosomes, 
invadopodia and circular dorsal ruffles. Nature reviews. Molecular cell biology 5, 
647-657. 
Byth, K.F., Conroy, L.A., Howlett, S., Smith, A.J., May, J., Alexander, D.R., and 
Holmes, N. (1996). CD45-null transgenic mice reveal a positive regulatory role 
for CD45 in early thymocyte development, in the selection of CD4+CD8+ 
thymocytes, and B cell maturation. The Journal of experimental medicine 183, 
1707-1718. 
Calle, Y., Carragher, N.O., Thrasher, A.J., and Jones, G.E. (2006). Inhibition of 
calpain stabilises podosomes and impairs dendritic cell motility. Journal of cell 
science 119, 2375-2385. 



171	
  

Carragher, N.O., Fincham, V.J., Riley, D., and Frame, M.C. (2001). Cleavage of 
focal adhesion kinase by different proteases during SRC-regulated transformation 
and apoptosis. Distinct roles for calpain and caspases. The Journal of biological 
chemistry 276, 4270-4275. 
Carragher, N.O., Levkau, B., Ross, R., and Raines, E.W. (1999). Degraded 
collagen fragments promote rapid disassembly of smooth muscle focal adhesions 
that correlates with cleavage of pp125(FAK), paxillin, and talin. The Journal of 
cell biology 147, 619-630. 
Carragher, N.O., Westhoff, M.A., Riley, D., Potter, D.A., Dutt, P., Elce, J.S., 
Greer, P.A., and Frame, M.C. (2002). v-Src-induced modulation of the calpain-
calpastatin proteolytic system regulates transformation. Molecular and cellular 
biology 22, 257-269. 
Chay, K.O., Park, S.S., and Mushinski, J.F. (2002). Linkage of caspase-mediated 
degradation of paxillin to apoptosis in Ba/F3 murine pro-B lymphocytes. The 
Journal of biological chemistry 277, 14521-14529. 
Chi, Z., and Melendez, A.J. (2007). Role of cell adhesion molecules and immune-
cell migration in the initiation, onset and development of atherosclerosis. Cell 
adhesion & migration 1, 171-175. 
Cooper, L.A., Shen, T.L., and Guan, J.L. (2003). Regulation of focal adhesion 
kinase by its amino-terminal domain through an autoinhibitory interaction. 
Molecular and cellular biology 23, 8030-8041. 
Cooray, P., Yuan, Y., Schoenwaelder, S.M., Mitchell, C.A., Salem, H.H., and 
Jackson, S.P. (1996). Focal adhesion kinase (pp125FAK) cleavage and regulation 
by calpain. The Biochemical journal 318 ( Pt 1), 41-47. 
Cortesio, C.L., Boateng, L.R., Piazza, T.M., Bennin, D.A., and Huttenlocher, A. 
(2011). Calpain-mediated proteolysis of paxillin negatively regulates focal 
adhesion dynamics and cell migration. The Journal of biological chemistry 286, 
9998-10006. 
Corvaia, N., Reischl, I.G., Kroemer, E., and Mudde, G.C. (1995). Modulation of 
Fc gamma receptor-mediated early events by the tyrosine phosphatase CD45 in 
primary human monocytes. Consequences for interleukin-6 production. European 
journal of immunology 25, 738-744. 
Cougoule, C., Le Cabec, V., Poincloux, R., Al Saati, T., Mege, J.L., Tabouret, G., 
Lowell, C.A., Laviolette-Malirat, N., and Maridonneau-Parini, I. (2010). Three-
dimensional migration of macrophages requires Hck for podosome organization 
and extracellular matrix proteolysis. Blood 115, 1444-1452. 
Crowley, M.T., Costello, P.S., Fitzer-Attas, C.J., Turner, M., Meng, F., Lowell, C., 
Tybulewicz, V.L., and DeFranco, A.L. (1997). A critical role for Syk in signal 
transduction and phagocytosis mediated by Fcgamma receptors on macrophages. 
The Journal of experimental medicine 186, 1027-1039. 
D'Oro, U., and Ashwell, J.D. (1999). Cutting edge: the CD45 tyrosine 
phosphatase is an inhibitor of Lck activity in thymocytes. J Immunol 162, 1879-
1883. 
Das, K.C., and Misra, H.P. (1994). Impairment of raw 264.7 macrophage function 
by antiarrhythmic drugs. Molecular and cellular biochemistry 132, 151-162. 



172	
  

Davidson, D., Chow, L.M., and Veillette, A. (1997). Chk, a Csk family tyrosine 
protein kinase, exhibits Csk-like activity in fibroblasts, but not in an antigen-
specific T-cell line. The Journal of biological chemistry 272, 1355-1362. 
de Groot, R.P., Coffer, P.J., and Koenderman, L. (1998). Regulation of 
proliferation, differentiation and survival by the IL-3/IL-5/GM-CSF receptor 
family. Cellular signalling 10, 619-628. 
De Nichilo, M.O., Katz, B.Z., O'Connell, B., and Yamada, K.M. (1999). De novo 
expression of pp125FAK in human macrophages regulates CSK distribution and 
MAP kinase activation but does not affect focal contact structure. Journal of 
cellular physiology 178, 164-172. 
De Nichilo, M.O., and Yamada, K.M. (1996). Integrin alpha v beta 5-dependent 
serine phosphorylation of paxillin in cultured human macrophages adherent to 
vitronectin. The Journal of biological chemistry 271, 11016-11022. 
Deakin, N.O., and Turner, C.E. (2008). Paxillin comes of age. Journal of cell 
science 121, 2435-2444. 
Desmedt, M., Rottiers, P., Dooms, H., Fiers, W., and Grooten, J. (1998). 
Macrophages induce cellular immunity by activating Th1 cell responses and 
suppressing Th2 cell responses. J Immunol 160, 5300-5308. 
Deszo, E.L., Brake, D.K., Cengel, K.A., Kelley, K.W., and Freund, G.G. (2001). 
CD45 negatively regulates monocytic cell differentiation by inhibiting phorbol 
12-myristate 13-acetate-dependent activation and tyrosine phosphorylation of 
protein kinase Cdelta. The Journal of biological chemistry 276, 10212-10217. 
Di Carlo, F.J., and Fiore, J.V. (1958). On the composition of zymosan. Science 
127, 756-757. 
Diamond, M.S., Staunton, D.E., de Fougerolles, A.R., Stacker, S.A., Garcia-
Aguilar, J., Hibbs, M.L., and Springer, T.A. (1990). ICAM-1 (CD54): a counter-
receptor for Mac-1 (CD11b/CD18). The Journal of cell biology 111, 3129-3139. 
Dikic, I., Dikic, I., and Schlessinger, J. (1998). Identification of a new Pyk2 
isoform implicated in chemokine and antigen receptor signaling. The Journal of 
biological chemistry 273, 14301-14308. 
Dikic, I., Tokiwa, G., Lev, S., Courtneidge, S.A., and Schlessinger, J. (1996). A 
role for Pyk2 and Src in linking G-protein-coupled receptors with MAP kinase 
activation. Nature 383, 547-550. 
Du, Z., Kelly, E., Mecklenbrauker, I., Agle, L., Herrero, C., Paik, P., and Ivashkiv, 
L.B. (2006). Selective regulation of IL-10 signaling and function by zymosan. J 
Immunol 176, 4785-4792. 
Duong, L.T., and Rodan, G.A. (2000). PYK2 is an adhesion kinase in 
macrophages, localized in podosomes and activated by beta(2)-integrin ligation. 
Cell motility and the cytoskeleton 47, 174-188. 
Dupere-Minier, G., Desharnais, P., and Bernier, J. (2010). Involvement of 
tyrosine phosphatase CD45 in apoptosis. Apoptosis : an international journal on 
programmed cell death 15, 1-13. 
Ehlers, M.R. (2000). CR3: a general purpose adhesion-recognition receptor 
essential for innate immunity. Microbes and infection / Institut Pasteur 2, 289-294. 
Elsori, D.H., Yakubenko, V.P., Roome, T., Thiagarajan, P.S., Bhattacharjee, A., 
Yadav, S.P., and Cathcart, M.K. (2011). Protein kinase Cdelta is a critical 



173	
  

component of Dectin-1 signaling in primary human monocytes. Journal of 
leukocyte biology 90, 599-611. 
Ernst, L.K., Duchemin, A.M., and Anderson, C.L. (1993). Association of the 
high-affinity receptor for IgG (Fc gamma RI) with the gamma subunit of the IgE 
receptor. Proceedings of the National Academy of Sciences of the United States 
of America 90, 6023-6027. 
Ezekowitz, R.A., Williams, D.J., Koziel, H., Armstrong, M.Y., Warner, A., 
Richards, F.F., and Rose, R.M. (1991). Uptake of Pneumocystis carinii mediated 
by the macrophage mannose receptor. Nature 351, 155-158. 
Ezratty, E.J., Partridge, M.A., and Gundersen, G.G. (2005). Microtubule-induced 
focal adhesion disassembly is mediated by dynamin and focal adhesion kinase. 
Nature cell biology 7, 581-590. 
Falk, L.A., Hogan, M.M., and Vogel, S.N. (1988). Bone marrow progenitors 
cultured in the presence of granulocyte-macrophage colony-stimulating factor 
versus macrophage colony-stimulating factor differentiate into macrophages with 
distinct tumoricidal capacities. Journal of leukocyte biology 43, 471-476. 
Falk, L.A., and Vogel, S.N. (1990). Differential production of IFN-alpha/beta by 
CSF-1- and GM-CSF-derived macrophages. Journal of leukocyte biology 48, 43-
49. 
Felsch, J.S., Cachero, T.G., and Peralta, E.G. (1998). Activation of protein 
tyrosine kinase PYK2 by the m1 muscarinic acetylcholine receptor. Proceedings 
of the National Academy of Sciences of the United States of America 95, 5051-
5056. 
Ferguson, B.V., and Ostergaard, H.L. (2010). CD45 regulates thymocyte survival 
during development in fetal thymic organ culture. Immunobiology 215, 458-465. 
Fernandis, A.Z., Cherla, R.P., and Ganju, R.K. (2003). Differential regulation of 
CXCR4-mediated T-cell chemotaxis and mitogen-activated protein kinase 
activation by the membrane tyrosine phosphatase, CD45. The Journal of 
biological chemistry 278, 9536-9543. 
Fiete, D., and Baenziger, J.U. (1997). Isolation of the SO4-4-
GalNAcbeta1,4GlcNAcbeta1,2Manalpha-specific receptor from rat liver. The 
Journal of biological chemistry 272, 14629-14637. 
Fiete, D.J., Beranek, M.C., and Baenziger, J.U. (1998). A cysteine-rich domain of 
the "mannose" receptor mediates GalNAc-4-SO4 binding. Proceedings of the 
National Academy of Sciences of the United States of America 95, 2089-2093. 
Fitzer-Attas, C.J., Lowry, M., Crowley, M.T., Finn, A.J., Meng, F., DeFranco, 
A.L., and Lowell, C.A. (2000). Fcgamma receptor-mediated phagocytosis in 
macrophages lacking the Src family tyrosine kinases Hck, Fgr, and Lyn. The 
Journal of experimental medicine 191, 669-682. 
Fleetwood, A.J., Dinh, H., Cook, A.D., Hertzog, P.J., and Hamilton, J.A. (2009). 
GM-CSF- and M-CSF-dependent macrophage phenotypes display differential 
dependence on type I interferon signaling. Journal of leukocyte biology 86, 411-
421. 
Fleetwood, A.J., Lawrence, T., Hamilton, J.A., and Cook, A.D. (2007). 
Granulocyte-macrophage colony-stimulating factor (CSF) and macrophage CSF-
dependent macrophage phenotypes display differences in cytokine profiles and 



174	
  

transcription factor activities: implications for CSF blockade in inflammation. J 
Immunol 178, 5245-5252. 
Fleming, H.E., Milne, C.D., and Paige, C.J. (2004). CD45-deficient mice 
accumulate Pro-B cells both in vivo and in vitro. J Immunol 173, 2542-2551. 
Flores-Borja, F., Kabouridis, P.S., Jury, E.C., Isenberg, D.A., and Mageed, R.A. 
(2007). Altered lipid raft-associated proximal signaling and translocation of CD45 
tyrosine phosphatase in B lymphocytes from patients with systemic lupus 
erythematosus. Arthritis and rheumatism 56, 291-302. 
Franco, S.J., Rodgers, M.A., Perrin, B.J., Han, J., Bennin, D.A., Critchley, D.R., 
and Huttenlocher, A. (2004). Calpain-mediated proteolysis of talin regulates 
adhesion dynamics. Nature cell biology 6, 977-983. 
Fraser, I.P., Koziel, H., and Ezekowitz, R.A. (1998). The serum mannose-binding 
protein and the macrophage mannose receptor are pattern recognition molecules 
that link innate and adaptive immunity. Seminars in immunology 10, 363-372. 
Freiberg, B.A., Kupfer, H., Maslanik, W., Delli, J., Kappler, J., Zaller, D.M., and 
Kupfer, A. (2002). Staging and resetting T cell activation in SMACs. Nature 
immunology 3, 911-917. 
Fujise, S., Kishihara, K., Lee, K.Y., Matsuzaki, G., and Nomoto, K. (1997). 
Normal macrophage functions, but impaired induction of gamma delta T cells, at 
the site of bacterial infection in CD45 exon 6-deficient mice. European journal of 
immunology 27, 2549-2556. 
Furlong, M.T., Mahrenholz, A.M., Kim, K.H., Ashendel, C.L., Harrison, M.L., 
and Geahlen, R.L. (1997). Identification of the major sites of autophosphorylation 
of the murine protein-tyrosine kinase Syk. Biochimica et biophysica acta 1355, 
177-190. 
Gantner, B.N., Simmons, R.M., Canavera, S.J., Akira, S., and Underhill, D.M. 
(2003). Collaborative induction of inflammatory responses by dectin-1 and Toll-
like receptor 2. The Journal of experimental medicine 197, 1107-1117. 
Garner, R.E., Rubanowice, K., Sawyer, R.T., and Hudson, J.A. (1994). Secretion 
of TNF-alpha by alveolar macrophages in response to Candida albicans mannan. 
Journal of leukocyte biology 55, 161-168. 
Garotta, G., Talmadge, K.W., Pink, J.R., Dewald, B., and Baggiolini, M. (1986). 
Functional antagonism between type I and type II interferons on human 
macrophages. Biochemical and biophysical research communications 140, 948-
954. 
Gasque, P. (2004). Complement: a unique innate immune sensor for danger 
signals. Molecular immunology 41, 1089-1098. 
Gavioli, R., Risso, A., Smilovich, D., Baldissarro, I., Capra, M.C., Bargellesi, A., 
and Cosulich, M.E. (1992). CD69 molecule in human neutrophils: its expression 
and role in signal-transducing mechanisms. Cellular immunology 142, 186-196. 
Geissmann, F., Manz, M.G., Jung, S., Sieweke, M.H., Merad, M., and Ley, K. 
(2010). Development of monocytes, macrophages, and dendritic cells. Science 
327, 656-661. 
Gerosa, F., Scardoni, M., Tommasi, M., Benati, C., Snelli, L., Gandini, G., 
Libonati, M., Tridente, G., and Carra, G. (1991). Interferon alpha induces 
expression of the CD69 activation antigen in human resting NK cells, while 



175	
  

interferon gamma and tumor necrosis factor alpha are ineffective. International 
journal of cancer. Journal international du cancer 48, 473-475. 
Gervais, F.G., Thornberry, N.A., Ruffolo, S.C., Nicholson, D.W., and Roy, S. 
(1998). Caspases cleave focal adhesion kinase during apoptosis to generate a 
FRNK-like polypeptide. The Journal of biological chemistry 273, 17102-17108. 
Ghazizadeh, S., Bolen, J.B., and Fleit, H.B. (1994). Physical and functional 
association of Src-related protein tyrosine kinases with Fc gamma RII in 
monocytic THP-1 cells. The Journal of biological chemistry 269, 8878-8884. 
Glading, A., Bodnar, R.J., Reynolds, I.J., Shiraha, H., Satish, L., Potter, D.A., 
Blair, H.C., and Wells, A. (2004). Epidermal growth factor activates m-calpain 
(calpain II), at least in part, by extracellular signal-regulated kinase-mediated 
phosphorylation. Molecular and cellular biology 24, 2499-2512. 
Glading, A., Chang, P., Lauffenburger, D.A., and Wells, A. (2000). Epidermal 
growth factor receptor activation of calpain is required for fibroblast motility and 
occurs via an ERK/MAP kinase signaling pathway. The Journal of biological 
chemistry 275, 2390-2398. 
Glading, A., Uberall, F., Keyse, S.M., Lauffenburger, D.A., and Wells, A. (2001). 
Membrane proximal ERK signaling is required for M-calpain activation 
downstream of epidermal growth factor receptor signaling. The Journal of 
biological chemistry 276, 23341-23348. 
Gonzalez-Navajas, J.M., Lee, J., David, M., and Raz, E. (2012). 
Immunomodulatory functions of type I interferons. Nature reviews. Immunology 
12, 125-135. 
Goodridge, H.S., Reyes, C.N., Becker, C.A., Katsumoto, T.R., Ma, J., Wolf, A.J., 
Bose, N., Chan, A.S., Magee, A.S., Danielson, M.E., et al. (2011). Activation of 
the innate immune receptor Dectin-1 upon formation of a 'phagocytic synapse'. 
Nature 472, 471-475. 
Goodridge, H.S., Wolf, A.J., and Underhill, D.M. (2009). Beta-glucan recognition 
by the innate immune system. Immunological reviews 230, 38-50. 
Gordon, S. (2003). Alternative activation of macrophages. Nature reviews. 
Immunology 3, 23-35. 
Gordon, S., and Martinez, F.O. (2010). Alternative activation of macrophages: 
mechanism and functions. Immunity 32, 593-604. 
Gordon, S., and Taylor, P.R. (2005). Monocyte and macrophage heterogeneity. 
Nature reviews. Immunology 5, 953-964. 
Gorjestani, S., Yu, M., Tang, B., Zhang, D., Wang, D., and Lin, X. (2011). 
Phospholipase Cgamma2 (PLCgamma2) is key component in Dectin-2 signaling 
pathway, mediating anti-fungal innate immune responses. The Journal of 
biological chemistry 286, 43651-43659. 
Greenberg, S., Chang, P., and Silverstein, S.C. (1994). Tyrosine phosphorylation 
of the gamma subunit of Fc gamma receptors, p72syk, and paxillin during Fc 
receptor-mediated phagocytosis in macrophages. The Journal of biological 
chemistry 269, 3897-3902. 
Gresham, H.D., Dale, B.M., Potter, J.W., Chang, P.W., Vines, C.M., Lowell, C.A., 
Lagenaur, C.F., and Willman, C.L. (2000). Negative regulation of phagocytosis in 



176	
  

murine macrophages by the Src kinase family member, Fgr. The Journal of 
experimental medicine 191, 515-528. 
Grigera, P.R., Jeffery, E.D., Martin, K.H., Shabanowitz, J., Hunt, D.F., and 
Parsons, J.T. (2005). FAK phosphorylation sites mapped by mass spectrometry. 
Journal of cell science 118, 4931-4935. 
Gruber, M.F., Webb, D.S., and Gerrard, T.L. (1992). Stimulation of human 
monocytes via CD45, CD44, and LFA-3 triggers macrophage-colony-stimulating 
factor production. Synergism with lipopolysaccharide and IL-1 beta. J Immunol 
148, 1113-1118. 
Guignandon, A., Boutahar, N., Rattner, A., Vico, L., and Lafage-Proust, M.H. 
(2006). Cyclic strain promotes shuttling of PYK2/Hic-5 complex from focal 
contacts in osteoblast-like cells. Biochemical and biophysical research 
communications 343, 407-414. 
Hagel, M., George, E.L., Kim, A., Tamimi, R., Opitz, S.L., Turner, C.E., Imamoto, 
A., and Thomas, S.M. (2002). The adaptor protein paxillin is essential for normal 
development in the mouse and is a critical transducer of fibronectin signaling. 
Molecular and cellular biology 22, 901-915. 
Hamann, D., Eichler, W., Fiebig, H., and van Lier, R.A. (1996). Conformational 
changes in CD45 upon monoclonal antibody crosslinking. Hybridoma 15, 11-16. 
Han, S., Mistry, A., Chang, J.S., Cunningham, D., Griffor, M., Bonnette, P.C., 
Wang, H., Chrunyk, B.A., Aspnes, G.E., Walker, D.P., et al. (2009). Structural 
characterization of proline-rich tyrosine kinase 2 (PYK2) reveals a unique (DFG-
out) conformation and enables inhibitor design. The Journal of biological 
chemistry 284, 13193-13201. 
Harrington, E.O., Smeglin, A., Newton, J., Ballard, G., and Rounds, S. (2001). 
Protein tyrosine phosphatase-dependent proteolysis of focal adhesion complexes 
in endothelial cell apoptosis. American journal of physiology. Lung cellular and 
molecular physiology 280, L342-353. 
Hatch, W.C., Ganju, R.K., Hiregowdara, D., Avraham, S., and Groopman, J.E. 
(1998). The related adhesion focal tyrosine kinase (RAFTK) is tyrosine 
phosphorylated and participates in colony-stimulating factor-1/macrophage 
colony-stimulating factor signaling in monocyte-macrophages. Blood 91, 3967-
3973. 
Hayashi, I., Vuori, K., and Liddington, R.C. (2002). The focal adhesion targeting 
(FAT) region of focal adhesion kinase is a four-helix bundle that binds paxillin. 
Nature structural biology 9, 101-106. 
Hazeki, K., Masuda, N., Funami, K., Sukenobu, N., Matsumoto, M., Akira, S., 
Takeda, K., Seya, T., and Hazeki, O. (2003). Toll-like receptor-mediated tyrosine 
phosphorylation of paxillin via MyD88-dependent and -independent pathways. 
European journal of immunology 33, 740-747. 
Heinrich, P.C., Behrmann, I., Muller-Newen, G., Schaper, F., and Graeve, L. 
(1998). Interleukin-6-type cytokine signalling through the gp130/Jak/STAT 
pathway. The Biochemical journal 334 ( Pt 2), 297-314. 
Helfer, B., Boswell, B.C., Finlay, D., Cipres, A., Vuori, K., Bong Kang, T., 
Wallach, D., Dorfleutner, A., Lahti, J.M., Flynn, D.C., and Frisch, S.M. (2006). 



177	
  

Caspase-8 promotes cell motility and calpain activity under nonapoptotic 
conditions. Cancer research 66, 4273-4278. 
Hermiston, M.L., Xu, Z., and Weiss, A. (2003). CD45: a critical regulator of 
signaling thresholds in immune cells. Annual review of immunology 21, 107-137. 
Herre, J., Marshall, A.S., Caron, E., Edwards, A.D., Williams, D.L., 
Schweighoffer, E., Tybulewicz, V., Reis e Sousa, C., Gordon, S., and Brown, G.D. 
(2004). Dectin-1 uses novel mechanisms for yeast phagocytosis in macrophages. 
Blood 104, 4038-4045. 
Hervas-Stubbs, S., Perez-Gracia, J.L., Rouzaut, A., Sanmamed, M.F., Le Bon, A., 
and Melero, I. (2011). Direct effects of type I interferons on cells of the immune 
system. Clinical cancer research : an official journal of the American Association 
for Cancer Research 17, 2619-2627. 
Herzog, H., Nicholl, J., Hort, Y.J., Sutherland, G.R., and Shine, J. (1996). 
Molecular cloning and assignment of FAK2, a novel human focal adhesion kinase, 
to 8p11.2-p22 by nonisotopic in situ hybridization. Genomics 32, 484-486. 
Hesslein, D.G., Takaki, R., Hermiston, M.L., Weiss, A., and Lanier, L.L. (2006). 
Dysregulation of signaling pathways in CD45-deficient NK cells leads to 
differentially regulated cytotoxicity and cytokine production. Proceedings of the 
National Academy of Sciences of the United States of America 103, 7012-7017. 
Hida, S., Nagi-Miura, N., Adachi, Y., and Ohno, N. (2006). Beta-glucan derived 
from zymosan acts as an adjuvant for collagen-induced arthritis. Microbiology 
and immunology 50, 453-461. 
Hildebrand, J.D., Schaller, M.D., and Parsons, J.T. (1995). Paxillin, a tyrosine 
phosphorylated focal adhesion-associated protein binds to the carboxyl terminal 
domain of focal adhesion kinase. Molecular biology of the cell 6, 637-647. 
Hirano, S., and Kanno, S. (1999). Syk and paxillin are differentially 
phosphorylated following adhesion to the plastic substrate in rat alveolar 
macrophages. Immunology 97, 414-419. 
Hirao, A., Hamaguchi, I., Suda, T., and Yamaguchi, N. (1997). Translocation of 
the Csk homologous kinase (Chk/Hyl) controls activity of CD36-anchored Lyn 
tyrosine kinase in thrombin-stimulated platelets. The EMBO journal 16, 2342-
2351. 
Hiregowdara, D., Avraham, H., Fu, Y., London, R., and Avraham, S. (1997). 
Tyrosine phosphorylation of the related adhesion focal tyrosine kinase in 
megakaryocytes upon stem cell factor and phorbol myristate acetate stimulation 
and its association with paxillin. The Journal of biological chemistry 272, 10804-
10810. 
Hoebe, K., Janssen, E.M., Kim, S.O., Alexopoulou, L., Flavell, R.A., Han, J., and 
Beutler, B. (2003). Upregulation of costimulatory molecules induced by 
lipopolysaccharide and double-stranded RNA occurs by Trif-dependent and Trif-
independent pathways. Nature immunology 4, 1223-1229. 
Hoffmeyer, F., Witte, K., Gebhardt, U., and Schmidt, R.E. (1995). The low 
affinity Fc gamma RIIa and Fc gamma RIIIb on polymorphonuclear neutrophils 
are differentially regulated by CD45 phosphatase. J Immunol 155, 4016-4023. 



178	
  

Hsieh, C.S., Macatonia, S.E., Tripp, C.S., Wolf, S.F., O'Garra, A., and Murphy, 
K.M. (1993). Development of TH1 CD4+ T cells through IL-12 produced by 
Listeria-induced macrophages. Science 260, 547-549. 
Huang, C., Borchers, C.H., Schaller, M.D., and Jacobson, K. (2004a). 
Phosphorylation of paxillin by p38MAPK is involved in the neurite extension of 
PC-12 cells. The Journal of cell biology 164, 593-602. 
Huang, C., Jacobson, K., and Schaller, M.D. (2004b). MAP kinases and cell 
migration. Journal of cell science 117, 4619-4628. 
Huang, C., Rajfur, Z., Borchers, C., Schaller, M.D., and Jacobson, K. (2003). JNK 
phosphorylates paxillin and regulates cell migration. Nature 424, 219-223. 
Huang, Z., Yan, D.P., and Ge, B.X. (2008). JNK regulates cell migration through 
promotion of tyrosine phosphorylation of paxillin. Cellular signalling 20, 2002-
2012. 
Hudson, K.J., Bliska, J.B., and Bouton, A.H. (2005). Distinct mechanisms of 
integrin binding by Yersinia pseudotuberculosis adhesins determine the 
phagocytic response of host macrophages. Cellular microbiology 7, 1474-1489. 
Huntington, N.D., Xu, Y., Nutt, S.L., and Tarlinton, D.M. (2005). A requirement 
for CD45 distinguishes Ly49D-mediated cytokine and chemokine production 
from killing in primary natural killer cells. The Journal of experimental medicine 
201, 1421-1433. 
Hyduk, S.J., Oh, J., Xiao, H., Chen, M., and Cybulsky, M.I. (2004). Paxillin 
selectively associates with constitutive and chemoattractant-induced high-affinity 
alpha4beta1 integrins: implications for integrin signaling. Blood 104, 2818-2824. 
Hynes, R.O. (2002). Integrins: bidirectional, allosteric signaling machines. Cell 
110, 673-687. 
Irie-Sasaki, J., Sasaki, T., Matsumoto, W., Opavsky, A., Cheng, M., Welstead, G., 
Griffiths, E., Krawczyk, C., Richardson, C.D., Aitken, K., et al. (2001). CD45 is a 
JAK phosphatase and negatively regulates cytokine receptor signalling. Nature 
409, 349-354. 
Ishibe, S., Joly, D., Zhu, X., and Cantley, L.G. (2003). Phosphorylation-dependent 
paxillin-ERK association mediates hepatocyte growth factor-stimulated epithelial 
morphogenesis. Molecular cell 12, 1275-1285. 
Janeway, C.A., Jr., and Medzhitov, R. (2002). Innate immune recognition. Annual 
review of immunology 20, 197-216. 
Jaumouille, V., and Grinstein, S. (2011). Receptor mobility, the cytoskeleton, and 
particle binding during phagocytosis. Current opinion in cell biology 23, 22-29. 
Jeannin, P., Jaillon, S., and Delneste, Y. (2008). Pattern recognition receptors in 
the immune response against dying cells. Current opinion in immunology 20, 530-
537. 
Johnson, K.G., Bromley, S.K., Dustin, M.L., and Thomas, M.L. (2000). A 
supramolecular basis for CD45 tyrosine phosphatase regulation in sustained T cell 
activation. Proceedings of the National Academy of Sciences of the United States 
of America 97, 10138-10143. 
Justement, L.B., Campbell, K.S., Chien, N.C., and Cambier, J.C. (1991). 
Regulation of B cell antigen receptor signal transduction and phosphorylation by 
CD45. Science 252, 1839-1842. 



179	
  

Kacena, M.A., Eleniste, P.P., Cheng, Y.H., Huang, S., Shivanna, M., Meijome, 
T.E., Mayo, L.D., and Bruzzaniti, A. (2012). Megakaryocytes Regulate 
Expression of Pyk2 Isoforms and Caspase-mediated Cleavage of Actin in 
Osteoblasts. The Journal of biological chemistry 287, 17257-17268. 
Kadare, G., Toutant, M., Formstecher, E., Corvol, J.C., Carnaud, M., Boutterin, 
M.C., and Girault, J.A. (2003). PIAS1-mediated sumoylation of focal adhesion 
kinase activates its autophosphorylation. The Journal of biological chemistry 278, 
47434-47440. 
Kanner, S.B., Deans, J.P., and Ledbetter, J.A. (1992). Regulation of CD3-induced 
phospholipase C-gamma 1 (PLC gamma 1) tyrosine phosphorylation by CD4 and 
CD45 receptors. Immunology 75, 441-447. 
Karumuthil-Melethil, S., Perez, N., Li, R., and Vasu, C. (2008). Induction of 
innate immune response through TLR2 and dectin 1 prevents type 1 diabetes. J 
Immunol 181, 8323-8334. 
Kawai, T., and Akira, S. (2010). The role of pattern-recognition receptors in 
innate immunity: update on Toll-like receptors. Nature immunology 11, 373-384. 
Kedzierska, K., Vardaxis, N.J., Jaworowski, A., and Crowe, S.M. (2001). 
FcgammaR-mediated phagocytosis by human macrophages involves Hck, Syk, 
and Pyk2 and is augmented by GM-CSF. Journal of leukocyte biology 70, 322-
328. 
Kiefer, F., Brumell, J., Al-Alawi, N., Latour, S., Cheng, A., Veillette, A., 
Grinstein, S., and Pawson, T. (1998). The Syk protein tyrosine kinase is essential 
for Fcgamma receptor signaling in macrophages and neutrophils. Molecular and 
cellular biology 18, 4209-4220. 
Kiener, P.A., and Mittler, R.S. (1989). CD45-protein tyrosine phosphatase cross-
linking inhibits T cell receptor CD3-mediated activation in human T cells. J 
Immunol 143, 23-28. 
Kiener, P.A., Rankin, B.M., Burkhardt, A.L., Schieven, G.L., Gilliland, L.K., 
Rowley, R.B., Bolen, J.B., and Ledbetter, J.A. (1993). Cross-linking of Fc gamma 
receptor I (Fc gamma RI) and receptor II (Fc gamma RII) on monocytic cells 
activates a signal transduction pathway common to both Fc receptors that involves 
the stimulation of p72 Syk protein tyrosine kinase. The Journal of biological 
chemistry 268, 24442-24448. 
King, P.D., Batchelor, A.H., Lawlor, P., and Katz, D.R. (1990). The role of CD44, 
CD45, CD45RO, CD46 and CD55 as potential anti-adhesion molecules involved 
in the binding of human tonsillar T cells to phorbol 12-myristate 13-acetate-
differentiated U-937 cells. European journal of immunology 20, 363-368. 
Kishihara, K., Penninger, J., Wallace, V.A., Kundig, T.M., Kawai, K., Wakeham, 
A., Timms, E., Pfeffer, K., Ohashi, P.S., Thomas, M.L., and et al. (1993). Normal 
B lymphocyte development but impaired T cell maturation in CD45-exon6 
protein tyrosine phosphatase-deficient mice. Cell 74, 143-156. 
Klaus, S.J., Sidorenko, S.P., and Clark, E.A. (1996). CD45 ligation induces 
programmed cell death in T and B lymphocytes. J Immunol 156, 2743-2753. 
Klemke, R.L., Cai, S., Giannini, A.L., Gallagher, P.J., de Lanerolle, P., and 
Cheresh, D.A. (1997). Regulation of cell motility by mitogen-activated protein 
kinase. The Journal of cell biology 137, 481-492. 



180	
  

Kleveta, G., Borzecka, K., Zdioruk, M., Czerkies, M., Kuberczyk, H., Sybirna, N., 
Sobota, A., and Kwiatkowska, K. (2012). LPS induces phosphorylation of actin-
regulatory proteins leading to actin reassembly and macrophage motility. Journal 
of cellular biochemistry 113, 80-92. 
Korade-Mirnics, Z., and Corey, S.J. (2000). Src kinase-mediated signaling in 
leukocytes. Journal of leukocyte biology 68, 603-613. 
Koretzky, G.A., Kohmetscher, M.A., Kadleck, T., and Weiss, A. (1992). 
Restoration of T cell receptor-mediated signal transduction by transfection of 
CD45 cDNA into a CD45-deficient variant of the Jurkat T cell line. J Immunol 
149, 1138-1142. 
Koretzky, G.A., Picus, J., Schultz, T., and Weiss, A. (1991). Tyrosine 
phosphatase CD45 is required for T-cell antigen receptor and CD2-mediated 
activation of a protein tyrosine kinase and interleukin 2 production. Proceedings 
of the National Academy of Sciences of the United States of America 88, 2037-
2041. 
Ku, H., and Meier, K.E. (2000). Phosphorylation of paxillin via the ERK mitogen-
activated protein kinase cascade in EL4 thymoma cells. The Journal of biological 
chemistry 275, 11333-11340. 
Kume, A., Nishiura, H., Suda, J., and Suda, T. (1997). Focal adhesion kinase 
upregulated by granulocyte-macrophage colony-stimulating factor but not by 
interleukin-3 in differentiating myeloid cells. Blood 89, 3434-3442. 
Kuranaga, E., and Miura, M. (2007). [Non-classical caspase functions and its 
regulatory mechanisms]. Tanpakushitsu kakusan koso. Protein, nucleic acid, 
enzyme 52, 1337-1343. 
Kurosaki, T., and Ravetch, J.V. (1989). A single amino acid in the glycosyl 
phosphatidylinositol attachment domain determines the membrane topology of Fc 
gamma RIII. Nature 342, 805-807. 
Lambeth, J.D. (2004). NOX enzymes and the biology of reactive oxygen. Nature 
reviews. Immunology 4, 181-189. 
Lanier, L.L., Buck, D.W., Rhodes, L., Ding, A., Evans, E., Barney, C., and 
Phillips, J.H. (1988). Interleukin 2 activation of natural killer cells rapidly induces 
the expression and phosphorylation of the Leu-23 activation antigen. The Journal 
of experimental medicine 167, 1572-1585. 
Larson, R.S., and Springer, T.A. (1990). Structure and function of leukocyte 
integrins. Immunological reviews 114, 181-217. 
Lawrence, T., and Natoli, G. (2011). Transcriptional regulation of macrophage 
polarization: enabling diversity with identity. Nature reviews. Immunology 11, 
750-761. 
Le Cabec, V., Carreno, S., Moisand, A., Bordier, C., and Maridonneau-Parini, I. 
(2002). Complement receptor 3 (CD11b/CD18) mediates type I and type II 
phagocytosis during nonopsonic and opsonic phagocytosis, respectively. J 
Immunol 169, 2003-2009. 
Le Cabec, V., Cols, C., and Maridonneau-Parini, I. (2000). Nonopsonic 
phagocytosis of zymosan and Mycobacterium kansasii by CR3 (CD11b/CD18) 
involves distinct molecular determinants and is or is not coupled with NADPH 
oxidase activation. Infection and immunity 68, 4736-4745. 



181	
  

Ledbetter, J.A., Schieven, G.L., Uckun, F.M., and Imboden, J.B. (1991). CD45 
cross-linking regulates phospholipase C activation and tyrosine phosphorylation 
of specific substrates in CD3/Ti-stimulated T cells. J Immunol 146, 1577-1583. 
Ledbetter, J.A., Tonks, N.K., Fischer, E.H., and Clark, E.A. (1988). CD45 
regulates signal transduction and lymphocyte activation by specific association 
with receptor molecules on T or B cells. Proceedings of the National Academy of 
Sciences of the United States of America 85, 8628-8632. 
Leenen, P.J., de Bruijn, M.F., Voerman, J.S., Campbell, P.A., and van Ewijk, W. 
(1994). Markers of mouse macrophage development detected by monoclonal 
antibodies. Journal of immunological methods 174, 5-19. 
Lesage, S., Steff, A.M., Philippoussis, F., Page, M., Trop, S., Mateo, V., and 
Hugo, P. (1997). CD4+ CD8+ thymocytes are preferentially induced to die 
following CD45 cross-linking, through a novel apoptotic pathway. J Immunol 159, 
4762-4771. 
Leupin, O., Zaru, R., Laroche, T., Muller, S., and Valitutti, S. (2000). Exclusion 
of CD45 from the T-cell receptor signaling area in antigen-stimulated T 
lymphocytes. Current biology : CB 10, 277-280. 
Lev, S., Moreno, H., Martinez, R., Canoll, P., Peles, E., Musacchio, J.M., 
Plowman, G.D., Rudy, B., and Schlessinger, J. (1995). Protein tyrosine kinase 
PYK2 involved in Ca(2+)-induced regulation of ion channel and MAP kinase 
functions. Nature 376, 737-745. 
Levkau, B., Herren, B., Koyama, H., Ross, R., and Raines, E.W. (1998). Caspase-
mediated cleavage of focal adhesion kinase pp125FAK and disassembly of focal 
adhesions in human endothelial cell apoptosis. The Journal of experimental 
medicine 187, 579-586. 
Li, B., Cramer, D., Wagner, S., Hansen, R., King, C., Kakar, S., Ding, C., and 
Yan, J. (2007). Yeast glucan particles activate murine resident macrophages to 
secrete proinflammatory cytokines via MyD88- and Syk kinase-dependent 
pathways. Clin Immunol 124, 170-181. 
Li, J., Avraham, H., Rogers, R.A., Raja, S., and Avraham, S. (1996). 
Characterization of RAFTK, a novel focal adhesion kinase, and its integrin-
dependent phosphorylation and activation in megakaryocytes. Blood 88, 417-428. 
Li, R., Wong, N., Jabali, M.D., and Johnson, P. (2001). CD44-initiated cell 
spreading induces Pyk2 phosphorylation, is mediated by Src family kinases, and 
is negatively regulated by CD45. The Journal of biological chemistry 276, 28767-
28773. 
Li, X., Dy, R.C., Cance, W.G., Graves, L.M., and Earp, H.S. (1999). Interactions 
between two cytoskeleton-associated tyrosine kinases: calcium-dependent 
tyrosine kinase and focal adhesion tyrosine kinase. The Journal of biological 
chemistry 274, 8917-8924. 
Li, X., and Earp, H.S. (1997). Paxillin is tyrosine-phosphorylated by and 
preferentially associates with the calcium-dependent tyrosine kinase in rat liver 
epithelial cells. The Journal of biological chemistry 272, 14341-14348. 
Li, X., Hunter, D., Morris, J., Haskill, J.S., and Earp, H.S. (1998). A calcium-
dependent tyrosine kinase splice variant in human monocytes. Activation by a 



182	
  

two-stage process involving adherence and a subsequent intracellular signal. The 
Journal of biological chemistry 273, 9361-9364. 
Lietha, D., Cai, X., Ceccarelli, D.F., Li, Y., Schaller, M.D., and Eck, M.J. (2007). 
Structural basis for the autoinhibition of focal adhesion kinase. Cell 129, 1177-
1187. 
Liles, W.C., Ledbetter, J.A., Waltersdorph, A.W., and Klebanoff, S.J. (1995). 
Cross-linking of CD45 enhances activation of the respiratory burst in response to 
specific stimuli in human phagocytes. J Immunol 155, 2175-2184. 
Linder, S., and Aepfelbacher, M. (2003). Podosomes: adhesion hot-spots of 
invasive cells. Trends in cell biology 13, 376-385. 
Linder, S., Hufner, K., Wintergerst, U., and Aepfelbacher, M. (2000). 
Microtubule-dependent formation of podosomal adhesion structures in primary 
human macrophages. Journal of cell science 113 Pt 23, 4165-4176. 
Linder, S., and Kopp, P. (2005). Podosomes at a glance. Journal of cell science 
118, 2079-2082. 
Liu, S., Calderwood, D.A., and Ginsberg, M.H. (2000). Integrin cytoplasmic 
domain-binding proteins. Journal of cell science 113 ( Pt 20), 3563-3571. 
Liu, S., Thomas, S.M., Woodside, D.G., Rose, D.M., Kiosses, W.B., Pfaff, M., 
and Ginsberg, M.H. (1999). Binding of paxillin to alpha4 integrins modifies 
integrin-dependent biological responses. Nature 402, 676-681. 
Liu, X., and Schnellmann, R.G. (2003). Calpain mediates progressive plasma 
membrane permeability and proteolysis of cytoskeleton-associated paxillin, talin, 
and vinculin during renal cell death. The Journal of pharmacology and 
experimental therapeutics 304, 63-70. 
Liu, Z.X., Yu, C.F., Nickel, C., Thomas, S., and Cantley, L.G. (2002). Hepatocyte 
growth factor induces ERK-dependent paxillin phosphorylation and regulates 
paxillin-focal adhesion kinase association. The Journal of biological chemistry 
277, 10452-10458. 
Lorenz, H.M., Harrer, T., Lagoo, A.S., Baur, A., Eger, G., and Kalden, J.R. 
(1993). CD45 mAb induces cell adhesion in peripheral blood mononuclear cells 
via lymphocyte function-associated antigen-1 (LFA-1) and intercellular cell 
adhesion molecule 1 (ICAM-1). Cellular immunology 147, 110-128. 
Lulo, J., Yuzawa, S., and Schlessinger, J. (2009). Crystal structures of free and 
ligand-bound focal adhesion targeting domain of Pyk2. Biochemical and 
biophysical research communications 383, 347-352. 
Lysechko, T.L. (2007). Examination of the Role and Regulation of the Tyrosine 
Kinase Pyk2 in Cytotoxic T Lymphocytes. In Department of Medical 
Microbiology and Immunolocy (Canada, University of Alberta), p. 250. 
Ma, E.A., Lou, O., Berg, N.N., and Ostergaard, H.L. (1997). Cytotoxic T 
lymphocytes express a beta3 integrin which can induce the phosphorylation of 
focal adhesion kinase and the related PYK-2. European journal of immunology 27, 
329-335. 
Maa, M.C., Chang, M.Y., Li, J., Li, Y.Y., Hsieh, M.Y., Yang, C.J., Chen, Y.J., Li, 
Y., Chen, H.C., Cheng, W.E., et al. (2011). The iNOS/Src/FAK axis is critical in 
Toll-like receptor-mediated cell motility in macrophages. Biochimica et 
biophysica acta 1813, 136-147. 



183	
  

Maier, M., Peng, Y., Jiang, L., Seabrook, T.J., Carroll, M.C., and Lemere, C.A. 
(2008). Complement C3 deficiency leads to accelerated amyloid beta plaque 
deposition and neurodegeneration and modulation of the microglia/macrophage 
phenotype in amyloid precursor protein transgenic mice. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 28, 6333-6341. 
Majeed, M., Caveggion, E., Lowell, C.A., and Berton, G. (2001). Role of Src 
kinases and Syk in Fcgamma receptor-mediated phagocytosis and phagosome-
lysosome fusion. Journal of leukocyte biology 70, 801-811. 
Mamoune, A., Durand, V., Le Goff, P., Pennec, Y.L., Youinou, P., and Le Corre, 
R. (2000). Abnormal distribution of CD45 isoforms expressed by CD4+ and 
CD8+ T cells in rheumatoid arthritis. Histology and histopathology 15, 587-591. 
Marchisio, P.C., Cirillo, D., Teti, A., Zambonin-Zallone, A., and Tarone, G. 
(1987). Rous sarcoma virus-transformed fibroblasts and cells of monocytic origin 
display a peculiar dot-like organization of cytoskeletal proteins involved in 
microfilament-membrane interactions. Experimental cell research 169, 202-214. 
Martinez-Pomares, L., and Gordon, S. (1999). Potential role of the mannose 
receptor in antigen transport. Immunology letters 65, 9-13. 
Martinez-Pomares, L., Wienke, D., Stillion, R., McKenzie, E.J., Arnold, J.N., 
Harris, J., McGreal, E., Sim, R.B., Isacke, C.M., and Gordon, S. (2006). 
Carbohydrate-independent recognition of collagens by the macrophage mannose 
receptor. European journal of immunology 36, 1074-1082. 
Marvel, J., Rimon, G., Tatham, P., and Cockcroft, S. (1991). Evidence that the 
CD45 phosphatase regulates the activity of the phospholipase C in mouse T 
lymphocytes. European journal of immunology 21, 195-201. 
Marzio, R., Jirillo, E., Ransijn, A., Mauel, J., and Corradin, S.B. (1997). 
Expression and function of the early activation antigen CD69 in murine 
macrophages. Journal of leukocyte biology 62, 349-355. 
Masliah, E., Mallory, M., Hansen, L., Alford, M., Albright, T., Terry, R., Shapiro, 
P., Sundsmo, M., and Saitoh, T. (1991). Immunoreactivity of CD45, a protein 
phosphotyrosine phosphatase, in Alzheimer's disease. Acta neuropathologica 83, 
12-20. 
Mason, L.H., Willette-Brown, J., Taylor, L.S., and McVicar, D.W. (2006). 
Regulation of Ly49D/DAP12 signal transduction by Src-family kinases and CD45. 
J Immunol 176, 6615-6623. 
Matsuno, R., Aramaki, Y., Arima, H., Adachi, Y., Ohno, N., Yadomae, T., and 
Tsuchiya, S. (1998). Contribution of CR3 to nitric oxide production from 
macrophages stimulated with high-dose of LPS. Biochemical and biophysical 
research communications 244, 115-119. 
May, R.C., and Machesky, L.M. (2001). Phagocytosis and the actin cytoskeleton. 
Journal of cell science 114, 1061-1077. 
McCann, F., Carmona, E., Puri, V., Pagano, R.E., and Limper, A.H. (2005). 
Macrophage internalization of fungal beta-glucans is not necessary for initiation 
of related inflammatory responses. Infection and immunity 73, 6340-6349. 
McCormack, J.M., Askew, D., and Walker, W.S. (1993). Alloantigen presentation 
by individual clones of mouse splenic macrophages. Selective expression of IL-1 



184	
  

alpha in response to CD8+ T cell-derived IFN-gamma defines the alloantigen-
presenting phenotype. J Immunol 151, 5218-5227. 
McCormack, J.M., Moore, S.C., Gatewood, J.W., and Walker, W.S. (1992). 
Mouse splenic macrophage cell lines with different antigen-presenting activities 
for CD4+ helper T cell subsets and allogeneic CD8+ T cells. Cellular 
immunology 145, 359-371. 
McCormack, J.M., Sun, D., and Walker, W.S. (1991). A subset of mouse splenic 
macrophages can constitutively present alloantigen directly to CD8+ T cells. J 
Immunol 147, 421-427. 
McGreal, E.P., Rosas, M., Brown, G.D., Zamze, S., Wong, S.Y., Gordon, S., 
Martinez-Pomares, L., and Taylor, P.R. (2006). The carbohydrate-recognition 
domain of Dectin-2 is a C-type lectin with specificity for high mannose. 
Glycobiology 16, 422-430. 
McLeish, K.R., Knall, C., Ward, R.A., Gerwins, P., Coxon, P.Y., Klein, J.B., and 
Johnson, G.L. (1998). Activation of mitogen-activated protein kinase cascades 
during priming of human neutrophils by TNF-alpha and GM-CSF. Journal of 
leukocyte biology 64, 537-545. 
McNeill, L., Cassady, R.L., Sarkardei, S., Cooper, J.C., Morgan, G., and 
Alexander, D.R. (2004). CD45 isoforms in T cell signalling and development. 
Immunology letters 92, 125-134. 
McNeill, L., Salmond, R.J., Cooper, J.C., Carret, C.K., Cassady-Cain, R.L., 
Roche-Molina, M., Tandon, P., Holmes, N., and Alexander, D.R. (2007). The 
differential regulation of Lck kinase phosphorylation sites by CD45 is critical for 
T cell receptor signaling responses. Immunity 27, 425-437. 
Medzhitov, R. (2007). Recognition of microorganisms and activation of the 
immune response. Nature 449, 819-826. 
Medzhitov, R., Preston-Hurlburt, P., and Janeway, C.A., Jr. (1997). A human 
homologue of the Drosophila Toll protein signals activation of adaptive immunity. 
Nature 388, 394-397. 
Meng, F., and Lowell, C.A. (1997). Lipopolysaccharide (LPS)-induced 
macrophage activation and signal transduction in the absence of Src-family 
kinases Hck, Fgr, and Lyn. The Journal of experimental medicine 185, 1661-1670. 
Meng, F., and Lowell, C.A. (1998). A beta 1 integrin signaling pathway involving 
Src-family kinases, Cbl and PI-3 kinase is required for macrophage spreading and 
migration. The EMBO journal 17, 4391-4403. 
Miranti, C.K., and Brugge, J.S. (2002). Sensing the environment: a historical 
perspective on integrin signal transduction. Nature cell biology 4, E83-90. 
Mishra, R.K., Jatiani, S.S., Kumar, A., Simhadri, V.R., Hosur, R.V., and Mittal, R. 
(2004). Dynamin interacts with members of the sumoylation machinery. The 
Journal of biological chemistry 279, 31445-31454. 
Mohn, H., Le Cabec, V., Fischer, S., and Maridonneau-Parini, I. (1995). The src-
family protein-tyrosine kinase p59hck is located on the secretory granules in 
human neutrophils and translocates towards the phagosome during cell activation. 
The Biochemical journal 309 ( Pt 2), 657-665. 
Moore, K.W., O'Garra, A., de Waal Malefyt, R., Vieira, P., and Mosmann, T.R. 
(1993). Interleukin-10. Annual review of immunology 11, 165-190. 



185	
  

Moser, M. (2001). Regulation of Th1/Th2 development by antigen-presenting 
cells in vivo. Immunobiology 204, 551-557. 
Mosser, D.M. (2003). The many faces of macrophage activation. Journal of 
leukocyte biology 73, 209-212. 
Mosser, D.M., and Edwards, J.P. (2008). Exploring the full spectrum of 
macrophage activation. Nature reviews. Immunology 8, 958-969. 
Murray, P.J., and Wynn, T.A. (2011). Protective and pathogenic functions of 
macrophage subsets. Nature reviews. Immunology 11, 723-737. 
Mustelin, T., and Altman, A. (1989). Do CD4 and CD8 control T-cell activation 
via a specific tyrosine protein kinase? Immunology today 10, 189-192. 
Nathan, C. (1992). Nitric oxide as a secretory product of mammalian cells. 
FASEB journal : official publication of the Federation of American Societies for 
Experimental Biology 6, 3051-3064. 
Neumeister, P., Pixley, F.J., Xiong, Y., Xie, H., Wu, K., Ashton, A., Cammer, M., 
Chan, A., Symons, M., Stanley, E.R., and Pestell, R.G. (2003). Cyclin D1 governs 
adhesion and motility of macrophages. Molecular biology of the cell 14, 2005-
2015. 
Nguyen, V.T., Walker, W.S., and Benveniste, E.N. (1998). Post-transcriptional 
inhibition of CD40 gene expression in microglia by transforming growth factor-
beta. European journal of immunology 28, 2537-2548. 
Nimmerjahn, F., and Ravetch, J.V. (2007). Fc-receptors as regulators of immunity. 
Advances in immunology 96, 179-204. 
Nolan, K., Lacoste, J., and Parsons, J.T. (1999). Regulated expression of focal 
adhesion kinase-related nonkinase, the autonomously expressed C-terminal 
domain of focal adhesion kinase. Molecular and cellular biology 19, 6120-6129. 
O'Garra, A., Barrat, F.J., Castro, A.G., Vicari, A., and Hawrylowicz, C. (2008). 
Strategies for use of IL-10 or its antagonists in human disease. Immunological 
reviews 223, 114-131. 
Ogimoto, M., Arimura, Y., Katagiri, T., Mitomo, K., Woodgett, J.R., Nebreda, 
A.R., Mizuno, K., and Yakura, H. (2001). Opposing regulation of B cell receptor-
induced activation of mitogen-activated protein kinases by CD45. FEBS letters 
490, 97-101. 
Ogimoto, M., Katagiri, T., Mashima, K., Hasegawa, K., Mizuno, K., and Yakura, 
H. (1994). Negative regulation of apoptotic death in immature B cells by CD45. 
International immunology 6, 647-654. 
Ohashi, K., Burkart, V., Flohe, S., and Kolb, H. (2000). Cutting edge: heat shock 
protein 60 is a putative endogenous ligand of the toll-like receptor-4 complex. J 
Immunol 164, 558-561. 
Okada, M., and Nakagawa, H. (1989). A protein tyrosine kinase involved in 
regulation of pp60c-src function. The Journal of biological chemistry 264, 20886-
20893. 
Okigaki, M., Davis, C., Falasca, M., Harroch, S., Felsenfeld, D.P., Sheetz, M.P., 
and Schlessinger, J. (2003). Pyk2 regulates multiple signaling events crucial for 
macrophage morphology and migration. Proceedings of the National Academy of 
Sciences of the United States of America 100, 10740-10745. 



186	
  

Olsson, S., and Sundler, R. (2007). The macrophage beta-glucan receptor 
mediates arachidonate release induced by zymosan: essential role for Src family 
kinases. Molecular immunology 44, 1509-1515. 
Ostergaard, H.L., Lou, O., Arendt, C.W., and Berg, N.N. (1998). Paxillin 
phosphorylation and association with Lck and Pyk2 in anti-CD3- or anti-CD45-
stimulated T cells. The Journal of biological chemistry 273, 5692-5696. 
Ostergaard, H.L., and Lysechko, T.L. (2005). Focal adhesion kinase-related 
protein tyrosine kinase Pyk2 in T-cell activation and function. Immunologic 
research 31, 267-282. 
Ostergaard, H.L., Shackelford, D.A., Hurley, T.R., Johnson, P., Hyman, R., 
Sefton, B.M., and Trowbridge, I.S. (1989). Expression of CD45 alters 
phosphorylation of the lck-encoded tyrosine protein kinase in murine lymphoma 
T-cell lines. Proceedings of the National Academy of Sciences of the United 
States of America 86, 8959-8963. 
Owen, K.A., Pixley, F.J., Thomas, K.S., Vicente-Manzanares, M., Ray, B.J., 
Horwitz, A.F., Parsons, J.T., Beggs, H.E., Stanley, E.R., and Bouton, A.H. 
(2007a). Regulation of lamellipodial persistence, adhesion turnover, and motility 
in macrophages by focal adhesion kinase. The Journal of cell biology 179, 1275-
1287. 
Owen, K.A., Thomas, K.S., and Bouton, A.H. (2007b). The differential 
expression of Yersinia pseudotuberculosis adhesins determines the requirement 
for FAK and/or Pyk2 during bacterial phagocytosis by macrophages. Cellular 
microbiology 9, 596-609. 
Ozinsky, A., Smith, K.D., Hume, D., and Underhill, D.M. (2000a). Co-operative 
induction of pro-inflammatory signaling by Toll-like receptors. Journal of 
endotoxin research 6, 393-396. 
Ozinsky, A., Underhill, D.M., Fontenot, J.D., Hajjar, A.M., Smith, K.D., Wilson, 
C.B., Schroeder, L., and Aderem, A. (2000b). The repertoire for pattern 
recognition of pathogens by the innate immune system is defined by cooperation 
between toll-like receptors. Proceedings of the National Academy of Sciences of 
the United States of America 97, 13766-13771. 
Palma, A.S., Feizi, T., Zhang, Y., Stoll, M.S., Lawson, A.M., Diaz-Rodriguez, E., 
Campanero-Rhodes, M.A., Costa, J., Gordon, S., Brown, G.D., and Chai, W. 
(2006). Ligands for the beta-glucan receptor, Dectin-1, assigned using "designer" 
microarrays of oligosaccharide probes (neoglycolipids) generated from glucan 
polysaccharides. The Journal of biological chemistry 281, 5771-5779. 
Pan, X.Q., Darby, C., Indik, Z.K., and Schreiber, A.D. (1999). Activation of three 
classes of nonreceptor tyrosine kinases following Fc gamma receptor crosslinking 
in human monocytes. Clin Immunol 90, 55-64. 
Park, S.Y., Avraham, H.K., and Avraham, S. (2004). RAFTK/Pyk2 activation is 
mediated by trans-acting autophosphorylation in a Src-independent manner. The 
Journal of biological chemistry 279, 33315-33322. 
Park-Sarge, O.K., and Sarge, K.D. (2009). Detection of sumoylated proteins. 
Methods Mol Biol 464, 255-265. 
Pawson, T., and Gish, G.D. (1992). SH2 and SH3 domains: from structure to 
function. Cell 71, 359-362. 



187	
  

Pelegrin, P., and Surprenant, A. (2009). Dynamics of macrophage polarization 
reveal new mechanism to inhibit IL-1beta release through pyrophosphates. The 
EMBO journal 28, 2114-2127. 
Pereira, S., and Lowell, C. (2003). The Lyn tyrosine kinase negatively regulates 
neutrophil integrin signaling. J Immunol 171, 1319-1327. 
Perillo, N.L., Pace, K.E., Seilhamer, J.J., and Baum, L.G. (1995). Apoptosis of T 
cells mediated by galectin-1. Nature 378, 736-739. 
Perrin, B.J., and Huttenlocher, A. (2002). Calpain. The international journal of 
biochemistry & cell biology 34, 722-725. 
Petit, V., Boyer, B., Lentz, D., Turner, C.E., Thiery, J.P., and Valles, A.M. (2000). 
Phosphorylation of tyrosine residues 31 and 118 on paxillin regulates cell 
migration through an association with CRK in NBT-II cells. The Journal of cell 
biology 148, 957-970. 
Pfau, J.C., Walker, E., and Card, G.L. (2000). Monoclonal antibodies to CD45 
modify LPS-induced arachidonic acid metabolism in macrophages. Biochimica et 
biophysica acta 1495, 212-222. 
Pillemer, L., and Ecker, E.E. (1941). The Terminology of the Components of 
Complement. Science 94, 437. 
Pixley, F.J. (2012). Macrophage Migration and Its Regulation by CSF-1. 
International journal of cell biology 2012, 501962. 
Pixley, F.J., Lee, P.S., Condeelis, J.S., and Stanley, E.R. (2001). Protein tyrosine 
phosphatase phi regulates paxillin tyrosine phosphorylation and mediates colony-
stimulating factor 1-induced morphological changes in macrophages. Molecular 
and cellular biology 21, 1795-1809. 
Pomares, R., Ropero, A.B., Sanchez-Andres, J.V., Nadal, A., Soria, B., and 
Malaisse, W.J. (1999). Effects of hexose pentaacetates on electrical activity and 
cytosolic Ca2+ in mouse pancreatic islets. International journal of molecular 
medicine 3, 15-20. 
Pommier, C.G., Inada, S., Fries, L.F., Takahashi, T., Frank, M.M., and Brown, E.J. 
(1983). Plasma fibronectin enhances phagocytosis of opsonized particles by 
human peripheral blood monocytes. The Journal of experimental medicine 157, 
1844-1854. 
Porcu, M., Kleppe, M., Gianfelici, V., Geerdens, E., De Keersmaecker, K., 
Tartaglia, M., Foa, R., Soulier, J., Cauwelier, B., Uyttebroeck, A., et al. (2012). 
Mutation of the receptor tyrosine phosphatase PTPRC (CD45) in T-cell acute 
lymphoblastic leukemia. Blood 119, 4476-4479. 
Pozzi, L.A., Maciaszek, J.W., and Rock, K.L. (2005). Both dendritic cells and 
macrophages can stimulate naive CD8 T cells in vivo to proliferate, develop 
effector function, and differentiate into memory cells. J Immunol 175, 2071-2081. 
Qin, H., Wilson, C.A., Lee, S.J., Zhao, X., and Benveniste, E.N. (2005). LPS 
induces CD40 gene expression through the activation of NF-kappaB and STAT-
1alpha in macrophages and microglia. Blood 106, 3114-3122. 
Raja, S., Avraham, S., and Avraham, H. (1997). Tyrosine phosphorylation of the 
novel protein-tyrosine kinase RAFTK during an early phase of platelet activation 
by an integrin glycoprotein IIb-IIIa-independent mechanism. The Journal of 
biological chemistry 272, 10941-10947. 



188	
  

Rankin, B.M., Yocum, S.A., Mittler, R.S., and Kiener, P.A. (1993). Stimulation of 
tyrosine phosphorylation and calcium mobilization by Fc gamma receptor cross-
linking. Regulation by the phosphotyrosine phosphatase CD45. J Immunol 150, 
605-616. 
Richardson, A., Malik, R.K., Hildebrand, J.D., and Parsons, J.T. (1997). 
Inhibition of cell spreading by expression of the C-terminal domain of focal 
adhesion kinase (FAK) is rescued by coexpression of Src or catalytically inactive 
FAK: a role for paxillin tyrosine phosphorylation. Molecular and cellular biology 
17, 6906-6914. 
Riggs, D., Yang, Z., Kloss, J., and Loftus, J.C. (2011). The Pyk2 FERM regulates 
Pyk2 complex formation and phosphorylation. Cellular signalling 23, 288-296. 
Roach, T., Slater, S., Koval, M., White, L., Cahir McFarland, E.D., Okumura, M., 
Thomas, M., and Brown, E. (1997). CD45 regulates Src family member kinase 
activity associated with macrophage integrin-mediated adhesion. Current 
biology : CB 7, 408-417. 
Roach, T.I., Slater, S.E., White, L.S., Zhang, X., Majerus, P.W., Brown, E.J., and 
Thomas, M.L. (1998). The protein tyrosine phosphatase SHP-1 regulates integrin-
mediated adhesion of macrophages. Current biology : CB 8, 1035-1038. 
Robertson, L.K., and Ostergaard, H.L. (2011). Paxillin associates with the 
microtubule cytoskeleton and the immunological synapse of CTL through its 
leucine-aspartic acid domains and contributes to microtubule organizing center 
reorientation. J Immunol 187, 5824-5833. 
Robinson, M.J., Osorio, F., Rosas, M., Freitas, R.P., Schweighoffer, E., Gross, O., 
Verbeek, J.S., Ruland, J., Tybulewicz, V., Brown, G.D., et al. (2009). Dectin-2 is 
a Syk-coupled pattern recognition receptor crucial for Th17 responses to fungal 
infection. The Journal of experimental medicine 206, 2037-2051. 
Roeder, A., Kirschning, C.J., Rupec, R.A., Schaller, M., Weindl, G., and Korting, 
H.C. (2004). Toll-like receptors as key mediators in innate antifungal immunity. 
Medical mycology : official publication of the International Society for Human 
and Animal Mycology 42, 485-498. 
Rogers, N.C., Slack, E.C., Edwards, A.D., Nolte, M.A., Schulz, O., 
Schweighoffer, E., Williams, D.L., Gordon, S., Tybulewicz, V.L., Brown, G.D., 
and Reis e Sousa, C. (2005). Syk-dependent cytokine induction by Dectin-1 
reveals a novel pattern recognition pathway for C type lectins. Immunity 22, 507-
517. 
Romanova, L.Y., Hashimoto, S., Chay, K.O., Blagosklonny, M.V., Sabe, H., and 
Mushinski, J.F. (2004). Phosphorylation of paxillin tyrosines 31 and 118 controls 
polarization and motility of lymphoid cells and is PMA-sensitive. Journal of cell 
science 117, 3759-3768. 
Roskoski, R., Jr. (2005). Src kinase regulation by phosphorylation and 
dephosphorylation. Biochemical and biophysical research communications 331, 
1-14. 
Ross, G.D., Cain, J.A., and Lachmann, P.J. (1985). Membrane complement 
receptor type three (CR3) has lectin-like properties analogous to bovine 
conglutinin as functions as a receptor for zymosan and rabbit erythrocytes as well 
as a receptor for iC3b. J Immunol 134, 3307-3315. 



189	
  

Ross, G.D., Cain, J.A., Myones, B.L., Newman, S.L., and Lachmann, P.J. (1987). 
Specificity of membrane complement receptor type three (CR3) for beta-glucans. 
Complement 4, 61-74. 
Rovida, E., Lugli, B., Barbetti, V., Giuntoli, S., Olivotto, M., and Dello Sbarba, P. 
(2005). Focal adhesion kinase is redistributed to focal complexes and mediates 
cell spreading in macrophages in response to M-CSF. Biological chemistry 386, 
919-929. 
Rutschman, R., Lang, R., Hesse, M., Ihle, J.N., Wynn, T.A., and Murray, P.J. 
(2001). Cutting edge: Stat6-dependent substrate depletion regulates nitric oxide 
production. J Immunol 166, 2173-2177. 
Ryan, K.A., Smith, M.F., Jr., Sanders, M.K., and Ernst, P.B. (2004). Reactive 
oxygen and nitrogen species differentially regulate Toll-like receptor 4-mediated 
activation of NF-kappa B and interleukin-8 expression. Infection and immunity 72, 
2123-2130. 
Saijo, S., and Iwakura, Y. (2011). Dectin-1 and Dectin-2 in innate immunity 
against fungi. International immunology 23, 467-472. 
Saldana, L., and Vilaboa, N. (2010). Effects of micrometric titanium particles on 
osteoblast attachment and cytoskeleton architecture. Acta biomaterialia 6, 1649-
1660. 
Salgia, R., Avraham, S., Pisick, E., Li, J.L., Raja, S., Greenfield, E.A., Sattler, M., 
Avraham, H., and Griffin, J.D. (1996). The related adhesion focal tyrosine kinase 
forms a complex with paxillin in hematopoietic cells. The Journal of biological 
chemistry 271, 31222-31226. 
Sancho, D., Nieto, M., Llano, M., Rodriguez-Fernandez, J.L., Tejedor, R., 
Avraham, S., Cabanas, C., Lopez-Botet, M., and Sanchez-Madrid, F. (2000). The 
tyrosine kinase PYK-2/RAFTK regulates natural killer (NK) cell cytotoxic 
response, and is translocated and activated upon specific target cell recognition 
and killing. The Journal of cell biology 149, 1249-1262. 
Sasaki, H., Nagura, K., Ishino, M., Tobioka, H., Kotani, K., and Sasaki, T. (1995). 
Cloning and characterization of cell adhesion kinase beta, a novel protein-tyrosine 
kinase of the focal adhesion kinase subfamily. The Journal of biological chemistry 
270, 21206-21219. 
Sato, K., Yang, X.L., Yudate, T., Chung, J.S., Wu, J., Luby-Phelps, K., Kimberly, 
R.P., Underhill, D., Cruz, P.D., Jr., and Ariizumi, K. (2006). Dectin-2 is a pattern 
recognition receptor for fungi that couples with the Fc receptor gamma chain to 
induce innate immune responses. The Journal of biological chemistry 281, 38854-
38866. 
Saunders, A.E., and Johnson, P. (2010). Modulation of immune cell signalling by 
the leukocyte common tyrosine phosphatase, CD45. Cellular signalling 22, 339-
348. 
Schaller, M.D. (2010). Cellular functions of FAK kinases: insight into molecular 
mechanisms and novel functions. Journal of cell science 123, 1007-1013. 
Schaller, M.D., Borgman, C.A., and Parsons, J.T. (1993). Autonomous expression 
of a noncatalytic domain of the focal adhesion-associated protein tyrosine kinase 
pp125FAK. Molecular and cellular biology 13, 785-791. 



190	
  

Schaller, M.D., and Parsons, J.T. (1995). pp125FAK-dependent tyrosine 
phosphorylation of paxillin creates a high-affinity binding site for Crk. Molecular 
and cellular biology 15, 2635-2645. 
Schaller, M.D., and Sasaki, T. (1997). Differential signaling by the focal adhesion 
kinase and cell adhesion kinase beta. The Journal of biological chemistry 272, 
25319-25325. 
Schlaepfer, D.D., Hauck, C.R., and Sieg, D.J. (1999). Signaling through focal 
adhesion kinase. Progress in biophysics and molecular biology 71, 435-478. 
Schlaepfer, D.D., and Hunter, T. (1996). Evidence for in vivo phosphorylation of 
the Grb2 SH2-domain binding site on focal adhesion kinase by Src-family 
protein-tyrosine kinases. Molecular and cellular biology 16, 5623-5633. 
Schoenwaelder, S.M., and Burridge, K. (1999). Bidirectional signaling between 
the cytoskeleton and integrins. Current opinion in cell biology 11, 274-286. 
Scholz, G., Cartledge, K., and Dunn, A.R. (2000). Hck enhances the adherence of 
lipopolysaccharide-stimulated macrophages via Cbl and phosphatidylinositol 3-
kinase. The Journal of biological chemistry 275, 14615-14623. 
Schonbeck, U., and Libby, P. (2001). CD40 signaling and plaque instability. 
Circulation research 89, 1092-1103. 
Shen, Y., and Schaller, M.D. (1999). Focal adhesion targeting: the critical 
determinant of FAK regulation and substrate phosphorylation. Molecular biology 
of the cell 10, 2507-2518. 
Shenoi, H., Seavitt, J., Zheleznyak, A., Thomas, M.L., and Brown, E.J. (1999). 
Regulation of integrin-mediated T cell adhesion by the transmembrane protein 
tyrosine phosphatase CD45. J Immunol 162, 7120-7127. 
Shi, Y., Tohyama, Y., Kadono, T., He, J., Miah, S.M., Hazama, R., Tanaka, C., 
Tohyama, K., and Yamamura, H. (2006). Protein-tyrosine kinase Syk is required 
for pathogen engulfment in complement-mediated phagocytosis. Blood 107, 
4554-4562. 
Shibata, T., Motoi, Y., Tanimura, N., Yamakawa, N., Akashi-Takamura, S., and 
Miyake, K. (2011). Intracellular TLR4/MD-2 in macrophages senses Gram-
negative bacteria and induces a unique set of LPS-dependent genes. International 
immunology 23, 503-510. 
Shim, S.R., Kook, S., Kim, J.I., and Song, W.K. (2001). Degradation of focal 
adhesion proteins paxillin and p130cas by caspases or calpains in apoptotic rat-1 
and L929 cells. Biochemical and biophysical research communications 286, 601-
608. 
Shimazu, R., Akashi, S., Ogata, H., Nagai, Y., Fukudome, K., Miyake, K., and 
Kimoto, M. (1999). MD-2, a molecule that confers lipopolysaccharide 
responsiveness on Toll-like receptor 4. The Journal of experimental medicine 189, 
1777-1782. 
Shiroo, M., Goff, L., Biffen, M., Shivnan, E., and Alexander, D. (1992). CD45 
tyrosine phosphatase-activated p59fyn couples the T cell antigen receptor to 
pathways of diacylglycerol production, protein kinase C activation and calcium 
influx. The EMBO journal 11, 4887-4897. 
Shivnan, E., Biffen, M., Shiroo, M., Pratt, E., Glennie, M., and Alexander, D. 
(1992). Does co-aggregation of the CD45 and CD3 antigens inhibit T cell antigen 



191	
  

receptor complex-mediated activation of phospholipase C and protein kinase C? 
European journal of immunology 22, 1055-1062. 
Shivtiel, S., Kollet, O., Lapid, K., Schajnovitz, A., Goichberg, P., Kalinkovich, A., 
Shezen, E., Tesio, M., Netzer, N., Petit, I., et al. (2008). CD45 regulates retention, 
motility, and numbers of hematopoietic progenitors, and affects osteoclast 
remodeling of metaphyseal trabecules. The Journal of experimental medicine 205, 
2381-2395. 
Shivtiel, S., Lapid, K., Kalchenko, V., Avigdor, A., Goichberg, P., Kalinkovich, 
A., Nagler, A., Kollet, O., and Lapidot, T. (2011). CD45 regulates homing and 
engraftment of immature normal and leukemic human cells in transplanted 
immunodeficient mice. Experimental hematology 39, 1161-1170 e1161. 
Silber, A.S., Pfau, B., Tan, T.W., Jacob, R., Jones, D., and Meyer, T. (2012). 
Dynamic redistribution of paxillin in bovine osteoblasts stimulated with adenosine 
5'-triphosphate. Journal of molecular histology. 
Slack, E.C., Robinson, M.J., Hernanz-Falcon, P., Brown, G.D., Williams, D.L., 
Schweighoffer, E., Tybulewicz, V.L., and Reis e Sousa, C. (2007). Syk-dependent 
ERK activation regulates IL-2 and IL-10 production by DC stimulated with 
zymosan. European journal of immunology 37, 1600-1612. 
Smolinska, M.J., Horwood, N.J., Page, T.H., Smallie, T., and Foxwell, B.M. 
(2008). Chemical inhibition of Src family kinases affects major LPS-activated 
pathways in primary human macrophages. Molecular immunology 45, 990-1000. 
Smolinska, M.J., Page, T.H., Urbaniak, A.M., Mutch, B.E., and Horwood, N.J. 
(2011). Hck tyrosine kinase regulates TLR4-induced TNF and IL-6 production via 
AP-1. J Immunol 187, 6043-6051. 
Soehnlein, O., and Lindbom, L. (2010). Phagocyte partnership during the onset 
and resolution of inflammation. Nature reviews. Immunology 10, 427-439. 
Speert, D.P., and Silverstein, S.C. (1985). Phagocytosis of unopsonized zymosan 
by human monocyte-derived macrophages: maturation and inhibition by mannan. 
Journal of leukocyte biology 38, 655-658. 
Spinardi, L., and Marchisio, P.C. (2006). Podosomes as smart regulators of 
cellular adhesion. European journal of cell biology 85, 191-194. 
Springer, T.A. (1990). Adhesion receptors of the immune system. Nature 346, 
425-434. 
St-Pierre, J., Lysechko, T.L., and Ostergaard, H.L. (2011). Hypophosphorylated 
and inactive Pyk2 associates with paxillin at the microtubule organizing center in 
hematopoietic cells. Cellular signalling 23, 718-730. 
Steadman, R., Petersen, M.M., Topley, N., Williams, D., Matthews, N., Spur, B., 
and Williams, J.D. (1990). Differential augmentation by recombinant human 
tumor necrosis factor-alpha of neutrophil responses to particulate zymosan and 
glucan. J Immunol 144, 2712-2718. 
Stein, M., and Gordon, S. (1991). Regulation of tumor necrosis factor (TNF) 
release by murine peritoneal macrophages: role of cell stimulation and specific 
phagocytic plasma membrane receptors. European journal of immunology 21, 
431-437. 
Stewart, M., Thiel, M., and Hogg, N. (1995). Leukocyte integrins. Current 
opinion in cell biology 7, 690-696. 



192	
  

Stillman, B.N., Hsu, D.K., Pang, M., Brewer, C.F., Johnson, P., Liu, F.T., and 
Baum, L.G. (2006). Galectin-3 and galectin-1 bind distinct cell surface 
glycoprotein receptors to induce T cell death. J Immunol 176, 778-789. 
Stokes, J.B., Adair, S.J., Slack-Davis, J.K., Walters, D.M., Tilghman, R.W., 
Hershey, E.D., Lowrey, B., Thomas, K.S., Bouton, A.H., Hwang, R.F., et al. 
(2011). Inhibition of focal adhesion kinase by PF-562,271 inhibits the growth and 
metastasis of pancreatic cancer concomitant with altering the tumor 
microenvironment. Molecular cancer therapeutics 10, 2135-2145. 
Strzelecka-Kiliszek, A., Kwiatkowska, K., and Sobota, A. (2002). Lyn and Syk 
kinases are sequentially engaged in phagocytosis mediated by Fc gamma R. J 
Immunol 169, 6787-6794. 
Suen, P.W., Ilic, D., Caveggion, E., Berton, G., Damsky, C.H., and Lowell, C.A. 
(1999). Impaired integrin-mediated signal transduction, altered cytoskeletal 
structure and reduced motility in Hck/Fgr deficient macrophages. Journal of cell 
science 112 ( Pt 22), 4067-4078. 
Suh, H.S., Kim, M.O., and Lee, S.C. (2005). Inhibition of granulocyte-
macrophage colony-stimulating factor signaling and microglial proliferation by 
anti-CD45RO: role of Hck tyrosine kinase and phosphatidylinositol 3-kinase/Akt. 
J Immunol 174, 2712-2719. 
Summy, J.M., and Gallick, G.E. (2003). Src family kinases in tumor progression 
and metastasis. Cancer metastasis reviews 22, 337-358. 
Suram, S., Gangelhoff, T.A., Taylor, P.R., Rosas, M., Brown, G.D., Bonventre, 
J.V., Akira, S., Uematsu, S., Williams, D.L., Murphy, R.C., and Leslie, C.C. 
(2010). Pathways regulating cytosolic phospholipase A2 activation and eicosanoid 
production in macrophages by Candida albicans. The Journal of biological 
chemistry 285, 30676-30685. 
Suzuki, K., Hino, M., Hato, F., Tatsumi, N., and Kitagawa, S. (1999). Cytokine-
specific activation of distinct mitogen-activated protein kinase subtype cascades 
in human neutrophils stimulated by granulocyte colony-stimulating factor, 
granulocyte-macrophage colony-stimulating factor, and tumor necrosis factor-
alpha. Blood 93, 341-349. 
Suzuki, M., Matsuoka, H., Yamashita, K., Maeda, K., Kawano, K., Uno, H., and 
Tsubouchi, H. (1998). CD45RO expression on peripheral lymphocytes as a 
prognostic marker for adult T-cell leukemia. Leukemia & lymphoma 28, 583-590. 
Suzuki, T., Kono, H., Hirose, N., Okada, M., Yamamoto, T., Yamamoto, K., and 
Honda, Z. (2000). Differential involvement of Src family kinases in Fc gamma 
receptor-mediated phagocytosis. J Immunol 165, 473-482. 
Tachibana, K., Sato, T., D'Avirro, N., and Morimoto, C. (1995). Direct 
association of pp125FAK with paxillin, the focal adhesion-targeting mechanism 
of pp125FAK. The Journal of experimental medicine 182, 1089-1099. 
Tan, J., Town, T., Mori, T., Wu, Y., Saxe, M., Crawford, F., and Mullan, M. 
(2000a). CD45 opposes beta-amyloid peptide-induced microglial activation via 
inhibition of p44/42 mitogen-activated protein kinase. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 20, 7587-7594. 



193	
  

Tan, J., Town, T., and Mullan, M. (2000b). CD45 inhibits CD40L-induced 
microglial activation via negative regulation of the Src/p44/42 MAPK pathway. 
The Journal of biological chemistry 275, 37224-37231. 
Tang, R.H., Law, S.K., and Tan, S.M. (2006). Selective recruitment of src family 
kinase Hck by leukocyte integrin alphaMbeta2 but not alphaLbeta2 or 
alphaXbeta2. FEBS letters 580, 4435-4442. 
Tarone, G., Cirillo, D., Giancotti, F.G., Comoglio, P.M., and Marchisio, P.C. 
(1985). Rous sarcoma virus-transformed fibroblasts adhere primarily at discrete 
protrusions of the ventral membrane called podosomes. Experimental cell 
research 159, 141-157. 
Taylor, J.M., Mack, C.P., Nolan, K., Regan, C.P., Owens, G.K., and Parsons, J.T. 
(2001). Selective expression of an endogenous inhibitor of FAK regulates 
proliferation and migration of vascular smooth muscle cells. Molecular and 
cellular biology 21, 1565-1572. 
Taylor, M.E., Bezouska, K., and Drickamer, K. (1992). Contribution to ligand 
binding by multiple carbohydrate-recognition domains in the macrophage 
mannose receptor. The Journal of biological chemistry 267, 1719-1726. 
Taylor, M.E., and Drickamer, K. (1993). Structural requirements for high affinity 
binding of complex ligands by the macrophage mannose receptor. The Journal of 
biological chemistry 268, 399-404. 
Taylor, P.R., Martinez-Pomares, L., Stacey, M., Lin, H.H., Brown, G.D., and 
Gordon, S. (2005). Macrophage receptors and immune recognition. Annual 
review of immunology 23, 901-944. 
Testi, R., Phillips, J.H., and Lanier, L.L. (1989). Leu 23 induction as an early 
marker of functional CD3/T cell antigen receptor triggering. Requirement for 
receptor cross-linking, prolonged elevation of intracellular [Ca++] and stimulation 
of protein kinase C. J Immunol 142, 1854-1860. 
Testi, R., Pulcinelli, F., Frati, L., Gazzaniga, P.P., and Santoni, A. (1990). CD69 
is expressed on platelets and mediates platelet activation and aggregation. The 
Journal of experimental medicine 172, 701-707. 
Thomas, J.W., Cooley, M.A., Broome, J.M., Salgia, R., Griffin, J.D., Lombardo, 
C.R., and Schaller, M.D. (1999). The role of focal adhesion kinase binding in the 
regulation of tyrosine phosphorylation of paxillin. The Journal of biological 
chemistry 274, 36684-36692. 
Thomas, M.L. (1989). The leukocyte common antigen family. Annual review of 
immunology 7, 339-369. 
Thomas, M.L., and Brown, E.J. (1999). Positive and negative regulation of Src-
family membrane kinases by CD45. Immunology today 20, 406-411. 
Thornton, B.P., Vetvicka, V., Pitman, M., Goldman, R.C., and Ross, G.D. (1996). 
Analysis of the sugar specificity and molecular location of the beta-glucan-
binding lectin site of complement receptor type 3 (CD11b/CD18). J Immunol 156, 
1235-1246. 
Tiwari, R.L., Singh, V., and Barthwal, M.K. (2008). Macrophages: an elusive yet 
emerging therapeutic target of atherosclerosis. Medicinal research reviews 28, 
483-544. 



194	
  

Tohyama, Y., and Yamamura, H. (2009). Protein tyrosine kinase, syk: a key 
player in phagocytic cells. Journal of biochemistry 145, 267-273. 
Trinchieri, G. (1997). Cytokines acting on or secreted by macrophages during 
intracellular infection (IL-10, IL-12, IFN-gamma). Current opinion in 
immunology 9, 17-23. 
Trowbridge, I.S., and Thomas, M.L. (1994). CD45: an emerging role as a protein 
tyrosine phosphatase required for lymphocyte activation and development. 
Annual review of immunology 12, 85-116. 
Tumbarello, D.A., Brown, M.C., and Turner, C.E. (2002). The paxillin LD motifs. 
FEBS letters 513, 114-118. 
Turner, C.E. (1998). Paxillin. The international journal of biochemistry & cell 
biology 30, 955-959. 
Turner, C.E. (2000). Paxillin interactions. Journal of cell science 113 Pt 23, 4139-
4140. 
Turner, C.E., Glenney, J.R., Jr., and Burridge, K. (1990). Paxillin: a new vinculin-
binding protein present in focal adhesions. The Journal of cell biology 111, 1059-
1068. 
Turner, C.E., and Miller, J.T. (1994). Primary sequence of paxillin contains 
putative SH2 and SH3 domain binding motifs and multiple LIM domains: 
identification of a vinculin and pp125Fak-binding region. Journal of cell science 
107 ( Pt 6), 1583-1591. 
Underhill, D.M., and Ozinsky, A. (2002). Phagocytosis of microbes: complexity 
in action. Annual review of immunology 20, 825-852. 
Underhill, D.M., Rossnagle, E., Lowell, C.A., and Simmons, R.M. (2005). 
Dectin-1 activates Syk tyrosine kinase in a dynamic subset of macrophages for 
reactive oxygen production. Blood 106, 2543-2550. 
Van Furth, R., Diesselhoff-den Dulk, M.C., and Mattie, H. (1973). Quantitative 
study on the production and kinetics of mononuclear phagocytes during an acute 
inflammatory reaction. The Journal of experimental medicine 138, 1314-1330. 
van Vliet, S.J., Gringhuis, S.I., Geijtenbeek, T.B., and van Kooyk, Y. (2006). 
Regulation of effector T cells by antigen-presenting cells via interaction of the C-
type lectin MGL with CD45. Nature immunology 7, 1200-1208. 
Vetvicka, V., Thornton, B.P., and Ross, G.D. (1996). Soluble beta-glucan 
polysaccharide binding to the lectin site of neutrophil or natural killer cell 
complement receptor type 3 (CD11b/CD18) generates a primed state of the 
receptor capable of mediating cytotoxicity of iC3b-opsonized target cells. The 
Journal of clinical investigation 98, 50-61. 
Vieira, O.V., Botelho, R.J., and Grinstein, S. (2002). Phagosome maturation: 
aging gracefully. The Biochemical journal 366, 689-704. 
Vines, C.M., Potter, J.W., Xu, Y., Geahlen, R.L., Costello, P.S., Tybulewicz, V.L., 
Lowell, C.A., Chang, P.W., Gresham, H.D., and Willman, C.L. (2001). Inhibition 
of beta 2 integrin receptor and Syk kinase signaling in monocytes by the Src 
family kinase Fgr. Immunity 15, 507-519. 
Volarevic, S., Niklinska, B.B., Burns, C.M., Yamada, H., June, C.H., Dumont, 
F.J., and Ashwell, J.D. (1992). The CD45 tyrosine phosphatase regulates 
phosphotyrosine homeostasis and its loss reveals a novel pattern of late T cell 



195	
  

receptor-induced Ca2+ oscillations. The Journal of experimental medicine 176, 
835-844. 
Volkman, A., and Gowans, J.L. (1965). The Origin of Macrophages from Bone 
Marrow in the Rat. British journal of experimental pathology 46, 62-70. 
Walzel, H., Schulz, U., Neels, P., and Brock, J. (1999). Galectin-1, a natural 
ligand for the receptor-type protein tyrosine phosphatase CD45. Immunology 
letters 67, 193-202. 
Wang, A.V., Scholl, P.R., and Geha, R.S. (1994). Physical and functional 
association of the high affinity immunoglobulin G receptor (Fc gamma RI) with 
the kinases Hck and Lyn. The Journal of experimental medicine 180, 1165-1170. 
Wang, Y.L. (1991). Dynamics of the cytoskeleton in live cells. Current opinion in 
cell biology 3, 27-32. 
Weaver, C.T., Pingel, J.T., Nelson, J.O., and Thomas, M.L. (1991). CD8+ T-cell 
clones deficient in the expression of the CD45 protein tyrosine phosphatase have 
impaired responses to T-cell receptor stimuli. Molecular and cellular biology 11, 
4415-4422. 
Webb, D.J., Donais, K., Whitmore, L.A., Thomas, S.M., Turner, C.E., Parsons, 
J.T., and Horwitz, A.F. (2004). FAK-Src signalling through paxillin, ERK and 
MLCK regulates adhesion disassembly. Nature cell biology 6, 154-161. 
Welch, H., and Maridonneau-Parini, I. (1997a). Hck is activated by opsonized 
zymosan and A23187 in distinct subcellular fractions of human granulocytes. The 
Journal of biological chemistry 272, 102-109. 
Welch, H., and Maridonneau-Parini, I. (1997b). Lyn and Fgr are activated in 
distinct membrane fractions of human granulocytic cells. Oncogene 15, 2021-
2029. 
Weng, Z., Taylor, J.A., Turner, C.E., Brugge, J.S., and Seidel-Dugan, C. (1993). 
Detection of Src homology 3-binding proteins, including paxillin, in normal and 
v-Src-transformed Balb/c 3T3 cells. The Journal of biological chemistry 268, 
14956-14963. 
Wilcock, D.M., Gordon, M.N., Ugen, K.E., Gottschall, P.E., DiCarlo, G., Dickey, 
C., Boyett, K.W., Jantzen, P.T., Connor, K.E., Melachrino, J., et al. (2001). 
Number of Abeta inoculations in APP+PS1 transgenic mice influences antibody 
titers, microglial activation, and congophilic plaque levels. DNA and cell biology 
20, 731-736. 
Williams, L.M., and Ridley, A.J. (2000). Lipopolysaccharide induces actin 
reorganization and tyrosine phosphorylation of Pyk2 and paxillin in monocytes 
and macrophages. J Immunol 164, 2028-2036. 
Windhagen, A., Sonmez, D., Hornig-Do, H.T., Kalinowsky, A., and Schwinzer, R. 
(2007). Altered CD45 isoform expression in C77G carriers influences cytokine 
responsiveness and adhesion properties of T cells. Clinical and experimental 
immunology 150, 509-517. 
Wong, N.K., Lai, J.C., Maeshima, N., and Johnson, P. (2011). CD44-mediated 
elongated T cell spreading requires Pyk2 activation by Src family kinases, 
extracellular calcium, phospholipase C and phosphatidylinositol-3 kinase. Cellular 
signalling 23, 812-819. 



196	
  

Wright, S.D., Craigmyle, L.S., and Silverstein, S.C. (1983). Fibronectin and 
serum amyloid P component stimulate C3b- and C3bi-mediated phagocytosis in 
cultured human monocytes. The Journal of experimental medicine 158, 1338-
1343. 
Wright, S.D., and Griffin, F.M., Jr. (1985). Activation of phagocytic cells' C3 
receptors for phagocytosis. Journal of leukocyte biology 38, 327-339. 
Wright, S.D., and Jong, M.T. (1986). Adhesion-promoting receptors on human 
macrophages recognize Escherichia coli by binding to lipopolysaccharide. The 
Journal of experimental medicine 164, 1876-1888. 
Xi, C.X., Xiong, F., Zhou, Z., Mei, L., and Xiong, W.C. (2010). PYK2 interacts 
with MyD88 and regulates MyD88-mediated NF-kappaB activation in 
macrophages. Journal of leukocyte biology 87, 415-423. 
Xia, Y., and Ross, G.D. (1999). Generation of recombinant fragments of CD11b 
expressing the functional beta-glucan-binding lectin site of CR3 (CD11b/CD18). J 
Immunol 162, 7285-7293. 
Xie, J., Li, R., Kotovuori, P., Vermot-Desroches, C., Wijdenes, J., Arnaout, M.A., 
Nortamo, P., and Gahmberg, C.G. (1995). Intercellular adhesion molecule-2 
(CD102) binds to the leukocyte integrin CD11b/CD18 through the A domain. J 
Immunol 155, 3619-3628. 
Xiong, W.C., Macklem, M., and Parsons, J.T. (1998). Expression and 
characterization of splice variants of PYK2, a focal adhesion kinase-related 
protein. Journal of cell science 111 ( Pt 14), 1981-1991. 
Xu, S., Huo, J., Gunawan, M., Su, I.H., and Lam, K.P. (2009). Activated dectin-1 
localizes to lipid raft microdomains for signaling and activation of phagocytosis 
and cytokine production in dendritic cells. The Journal of biological chemistry 
284, 22005-22011. 
Yamada, T., Zhu, D., Saxon, A., and Zhang, K. (2002). CD45 controls 
interleukin-4-mediated IgE class switch recombination in human B cells through 
its function as a Janus kinase phosphatase. The Journal of biological chemistry 
277, 28830-28835. 
Yamamoto, Y., Klein, T.W., and Friedman, H. (1997). Involvement of mannose 
receptor in cytokine interleukin-1beta (IL-1beta), IL-6, and granulocyte-
macrophage colony-stimulating factor responses, but not in chemokine 
macrophage inflammatory protein 1beta (MIP-1beta), MIP-2, and KC responses, 
caused by attachment of Candida albicans to macrophages. Infection and 
immunity 65, 1077-1082. 
Yamanashi, Y., Mori, S., Yoshida, M., Kishimoto, T., Inoue, K., Yamamoto, T., 
and Toyoshima, K. (1989). Selective expression of a protein-tyrosine kinase, 
p56lyn, in hematopoietic cells and association with production of human T-cell 
lymphotropic virus type I. Proceedings of the National Academy of Sciences of 
the United States of America 86, 6538-6542. 
Yi, T.L., and Willman, C.L. (1989). Cloning of the murine c-fgr proto-oncogene 
cDNA and induction of c-fgr expression by proliferation and activation factors in 
normal bone marrow-derived monocytic cells. Oncogene 4, 1081-1087. 
Yu, C., Yu, H.S., Sun, K.H., Hsieh, S.C., and Tsai, C.Y. (2002). Anti-CD45 
isoform antibodies enhance phagocytosis and gene expression of IL-8 and TNF-



197	
  

alpha in human neutrophils by differential suppression on protein tyrosine 
phosphorylation and p56lck tyrosine kinase. Clinical and experimental 
immunology 129, 78-85. 
Yu, H., Li, X., Marchetto, G.S., Dy, R., Hunter, D., Calvo, B., Dawson, T.L., 
Wilm, M., Anderegg, R.J., Graves, L.M., and Earp, H.S. (1996). Activation of a 
novel calcium-dependent protein-tyrosine kinase. Correlation with c-Jun N-
terminal kinase but not mitogen-activated protein kinase activation. The Journal 
of biological chemistry 271, 29993-29998. 
Zaidel-Bar, R., Ballestrem, C., Kam, Z., and Geiger, B. (2003). Early molecular 
events in the assembly of matrix adhesions at the leading edge of migrating cells. 
Journal of cell science 116, 4605-4613. 
Zaidel-Bar, R., and Geiger, B. (2010). The switchable integrin adhesome. Journal 
of cell science 123, 1385-1388. 
Zaidel-Bar, R., Itzkovitz, S., Ma'ayan, A., Iyengar, R., and Geiger, B. (2007). 
Functional atlas of the integrin adhesome. Nature cell biology 9, 858-867. 
Zamir, E., and Geiger, B. (2001). Molecular complexity and dynamics of cell-
matrix adhesions. Journal of cell science 114, 3583-3590. 
Zhang, M., Moran, M., Round, J., Low, T.A., Patel, V.P., Tomassian, T., 
Hernandez, J.D., and Miceli, M.C. (2005). CD45 signals outside of lipid rafts to 
promote ERK activation, synaptic raft clustering, and IL-2 production. J Immunol 
174, 1479-1490. 
Zhang, Y., and Wang, H. (2012). Integrin signalling and function in immune cells. 
Immunology 135, 268-275. 
Zhu, J.W., Brdicka, T., Katsumoto, T.R., Lin, J., and Weiss, A. (2008). 
Structurally distinct phosphatases CD45 and CD148 both regulate B cell and 
macrophage immunoreceptor signaling. Immunity 28, 183-196. 
Ziegler, S.F., Wilson, C.B., and Perlmutter, R.M. (1988). Augmented expression 
of a myeloid-specific protein tyrosine kinase gene (hck) after macrophage 
activation. The Journal of experimental medicine 168, 1801-1810. 
Zimerman, B., Volberg, T., and Geiger, B. (2004). Early molecular events in the 
assembly of the focal adhesion-stress fiber complex during fibroblast spreading. 
Cell motility and the cytoskeleton 58, 143-159. 
Zughaier, S.M., Tzeng, Y.L., Zimmer, S.M., Datta, A., Carlson, R.W., and 
Stephens, D.S. (2004). Neisseria meningitidis lipooligosaccharide structure-
dependent activation of the macrophage CD14/Toll-like receptor 4 pathway. 
Infection and immunity 72, 371-380. 
 
 


