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Abstract 

 

Fps/Fes and Fer are members of a distinct subfamily of cytoplasmic protein tyrosine 

kinases that have recently been implicated in the regulation of innate immunity.  Previous studies 

showed that mice lacking Fps/Fes are hyper-sensitive to systemic lipopolysaccharide (LPS) 

challenge. This study identifies physiological, cellular and molecular defects that contribute to the 

hyper-inflammatory phenotype in Fps/Fes-null mice.  We showed that plasma tumour necrosis 

factor (TNF) -α levels were elevated in LPS challenged Fps/Fes-null mice as compared to wild 

type mice, and cultured Fps/Fes-null peritoneal macrophages treated with LPS showed increased 

TNF-α production.  Cultured Fps/Fes-null macrophages also displayed prolonged LPS-induced 

degradation of IκB-α, increased phosphorylation of the p65 subunit of NF-κB, and defective 

TLR4 internalization.  Next, we showed a role for Fps in the regulation of recruitment of 

inflammatory leukocytes.  Using the cremaster muscle intravital microscopy model, we observed 

increased leukocyte adherence to venules, and increased rates and degrees of transendothelial 

migration in Fps/Fes-null mice, compared to wild type. There was also increased neutrophil 

migration into the peritoneal cavity subsequent to thioglycollate challenge.  Using flow 

cytometry, we observed prolonged expression of the selectin ligand PSGL-1 on peripheral blood 

neutrophils from Fps/Fes-knockout mice stimulated ex-vivo with LPS.  Finally, we examined the 

role of Fps/Fes in regulating apoptosis in response to inflammation. Upon intra-peritoneal 

challenge with LPS, Fps/Fes-null mice displayed a decreased depletion of macrophages from the 

peritoneal cavity.  In response to ex-vivo TNF-α stimulation, macrophages from Fps/Fes-null
 
mice 

underwent decreased apoptosis and necrosis as assessed by flow cytometry.  Immunoblot analysis 

revealed that Fps/Fes-null
 
macrophages displayed more TNF-α-induced degradation of IκB-α in 

Fps/Fes-null
 
cells, with corresponding increases in the phosphorylation of the p65 subunit of NF-

κB.  In addition, stimulation of macrophages with TNF-α up-regulated PARP expression in wild-

type macrophages; this up-regulation was not observed in Fps/Fes-null
 
macrophages.  Finally we 
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observed a decreased recruitment of macrophages to the peritoneal cavities of Fps/Fes-null mice, 

with a corresponding increase in neutrophil recruitment, 5 days after thioglycollate challenge.  

Overall, we show that there is a role for Fps/Fes in regulating inflammation at the physiological, 

cellular, and molecular levels, and that this might be relevant in inflammatory disease. 
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Chapter 1 

General Introduction 

1.0 Objectives 

 Inflammation is a process that is initiated by the body in response to tissue injury and 

infection.  Inflammation is critical in order for the host to resolve infection and repair tissue.  A 

heightened sensitivity of Fps-null mice to endotoxin challenge first suggested a role for the proto-

oncogene fps in the regulation of inflammation.  The objective of my research was to elucidate 

how the Fps protein tyrosine kinase contributes to the regulation of inflammation at the systemic, 

cellular, and molecular levels. 

   

1.1 The fps/fes gene 

1.1.1 Discovery of the fps/fes proto-oncogene 

 The discovery of the fps and fes genes originated with the isolation of retroviral 

oncogenes from avian[1] and feline[2] sarcomas, respectively. Subsequent sequence analysis of 

the cellular counterparts of these oncogenes revealed that they corresponded to orthologues of the 

same proto-oncogene[3-6].  For simplicity, I will refer to this gene as fps and the protein as Fps 

for the remainder of this thesis.   

Viral fps/fes oncogenes code for chimeric proteins consisting of retroviral group 

associated antigen (GAG) sequences fused to varying portions of the cellular Fps protein (Figure 

1-1).  The addition of GAG sequences to Fps results in unregulated tyrosine kinase activity, which 

is thought to come about through localization of Fps to the plasma membrane[7], or through 

interference with a regulatory function of the N-terminal domain[8, 9]. 
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1.1.2 Predicted Structure of the Fps protein 

The cellular Fps protein tyrosine kinase consists of an amino-terminal Fer/Fps/CIP4 

homology (FCH) domain, followed by two predicted coiled-coil domains, a central Src homology 

2 (SH2) domain, and a carboxy-terminal kinase domain (Figure 1-1).  The FCH and two predicted 

coiled-coil domains collectively make up an extended FCH (EFC) domain. 

 

1.1.2.1 FCH and coiled-coil domains or EFC/F-BAR domain 

The FCH domain at the N-terminus of the Fps protein was first described as a region of 

homology between the closely related Fps and Fer protein tyrosine kinases (PTKs) and a CDC42-

interacting protein 4 (CIP4)[10].  This domain is now recognized in many proteins, where its 

function has been attributed to cytoskeletal rearrangements, vesicular transport, and 

endocytosis[11-14].  The FCH domain of Fps has also been shown to be essential for association 

of  Fps with microtubules[15, 16].  

 The FCH domain of Fps is followed by a predicted region of two coiled-coil 

domains[17], and this domain is has been suggested to regulate the formation of pentamer or 

higher-order oligomers of the Fps protein[17].  Oligomerization of Fps promotes 

autophosphorylation of the protein[17], and this is thought to be regulated through trans-

interactions of the coiled-coil domains of adjacent Fps proteins[17].  Intramolecular coiled-coil 

interactions are also thought to be important in the negative regulation of Fps function, since 

disruption of the first coiled-coil domain resulted in increased Fps kinase, transforming, and 

differentiation-inducing activities[8, 18].  An overall model has been proposed whereby cis-

interaction (as well as heterotypic trans-interaction) of coiled-coil domains restrains Fps kinase 

activity, and disruption of this cis-interaction, or trans-interaction with a heterologous EFC 

domain-containing protein, allows for homotypic (between two or more Fps molecules) trans-

interaction of coiled-coil domains, resulting in autophosphorylation and increased Fps activity[8].  
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In addition to regulation of kinase activity, the coiled-coil domains of Fps have been suggested to 

be necessary for the differentiation-induced nuclear localization of this protein[19]; however, this 

putative role of the coiled-coil domain may be specific to activated cells of the myeloid lineage 

[19, 20].  

More recent investigations have revealed that the FCH domain of many proteins is 

followed by a series of coiled-coils, which collectively make up a novel protein domain called an 

FCH-BAR (F-BAR) [21] or extended FCH (EFC) domain, that bind a variety of phospholipids 

with high affinity[22]. The recently solved crystal structure of CIP4 and FBP17 EFC domains 

predicts a dimer, making up a curved helical bundle with a positively charged concave surface 

capable of interacting with phospholipid-containing membranes[23], and also implicated in the 

regulation of actin dynamics and membrane invagination[21].  These EFC dimers were also 

predicted to form a long curved filament, through end-to-end interaction, and these curved 

filaments might then stack upon one-another to form a tube-like structure [23].  Therefore, the 

regulation of Fps activity by its coiled-coil domains is probably the result of EFC-EFC 

interactions.  These interactions could possibly negatively regulate Fps activity, either by cis-

interactions (the Fps EFC domain with itself) or heterotypic trans-interactions (the Fps EFC 

domain with the EFC domain of another protein); alternatively, these EFC-EFC interactions could 

positively regulate Fps activity, through homotypic trans-interactions (Fps EFC domain with 

another Fps EFC domain), thereby allowing trans-phosphorylation between the kinase domains of 

two or more Fps molecules (Figure 1-2).  

 

1.1.2.2 SH2 domain 

The SH2 domain is a highly conserved protein module, and is part of a larger family of 

protein modules that are involved in modulating protein-protein interactions within the cell[24].  

The SH2 domain was originally described as a non-catalytic domain in Fujinami Sarcoma virus 
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(FSV) GAG-Fps about 100 amino acids in length, that could modulate its transforming ability and 

kinase activity, and was necessary for substrate recognition[25-27].  It has since been shown that 

the SH2 domains of Fps (and other proteins), bind to phosphotyrosine moieties with high affinity, 

and that specificity for this interaction is provided by adjacent residues[24, 28].  Furthermore, 

SH2 domains are located directly N-terminal to the kinase domains in the majority of cytoplasmic 

protein tyrosine kinases[29].   

Other studies specific to the Fps protein itself have provided insights into the function of 

its SH2 domain in regulation and function of the protein. In FSV GAG-Fps, the SH2 domain has 

been shown to interact with the kinase domain, whereby it promotes kinase function, and is also 

required for association with cellular substrates[30].  Studies with human Fps have shown that 

this SH2-kinase domain interaction is dependant upon autophosphorylation of the protein[31].  

Phosphopeptide library screening has identified pYEXV/I (single letter amino acid nomenclature, 

in which pY represents phosphorylated tyrosine, and X represents any amino acid) as the optimal 

consensus sequence for binding of the Fps SH2 domain[32].  It is interesting to note that although 

this analysis identified sequences in many proteins as potential binding sites for the Fps SH2 

domain (including sites in focal adhesion kinase (FAK), Tec, Lyn, Abelson murine leukemia viral 

oncogene homologue (Abl), hematopoietic cell kinase (Hck), CD72, CD3ε, SH2 domain 

containing protein tyrosine phosphatase 1 (SHPTP-1), leukocyte antigen related protein tyrosine 

phosphatase (LAR-PTP), ezrin, breakpoint cluster region (Bcr)[33], 3BP2A and γ-adaptin), there 

is little experimental evidence to suggest that these interactions take place in vivo.  However, 

there is also a consensus binding site for the Fps SH2 domain within the α-chain of the mouse 

FcγRI receptor[32].  This receptor shares a common FcR γ-chain with the FcεRI receptor on mast 

cells and the GPIV receptor on platelets.  Interestingly, Fps and Fer have been shown to be 

involved in signalling downstream of both the FcεRI receptor in mast cells[34], and the GPIV 

receptor in platelets[35]. 
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Figure 1-1 Structure of cellular Fps and Fer proteins, and several viral Fps oncogenes.  Fps 

and Fer share a similar structural organization, with an N-terminal Fps/Fer/CIP4 (FCH) domain 

(yellow oval), followed by 2 regions of predicted coiled-coil domains (green hexagon), a more 

central Src homology 2 (SH2) domain (blue pentagon), and a C-terminal kinase domain (red 

rectangle).  As noted, the FCH and coiled-coil domains together make up the extended FCH or 

EFC domain. Also shown are the domain structures of three of the transforming viral Fps 

homologues, including the feline Gardner-Arnstein (GA) GAG-Fes, the chicken PRCII and 

Fujinami sarcoma virus (FSV), all of which include an N-terminal Gag sequence (purple 

rectangle).  [Adapted from P.A. Greer, Nat. Rev. Mol. Cell. Biol., 2002[36]] 
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Figure 1-2  Regulation of Fps kinase activity by EFC domains.  Represented are two inactive 

configurations of Fps; one in which there are cis-interactions within the EFC domain, and a 

second in which there are trans-interactions between the EFC domains of Fps and an as of yet 

unidentified protein X.  Both of these proposed configurations prevent the formation of an 

oligomeric Fps structure, which is thought to activate the protein by allowing for trans-

phosphorylation between adjacent Fps molecules[37].  The EFC domain of Fps might be 

responsible for regulating these homotypic intermolecular interactions.  
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1.1.2.3 Kinase domain 

 Using a degenerate peptide library, Songyang et al. [32] mapped the in vitro peptide 

substrates of nine separate protein tyrosine kinases, including Fps.  Interestingly, they found that 

these protein tyrosine kinases preferentially phosphorylated peptides that were recognized by their  

own SH2 domains[38].   Therefore, all of the potential binding partners listed above for the Fps 

SH2 domain also represent potential substrates for its kinase activity.   

 Within its kinase domain, Fps can be phosphorylated on tyrosine 713, and tyrosine 811.  

Mutation of tyrosine 713 led to a decrease in the autophosphorylation of 811, as well as a 

decrease in the transphosphorylation of the Fps substrate BCR, thus revealing tyrosine 713 as 

important for the regulation of Fps kinase activity[39].   Phosphorylation at this site has been 

proposed to occur via both an intramolecular interaction involving the SH2 domain[31] and also 

via an intermolecular interaction[39].   The question of whether or not Fps autophosphorylation 

involves intramolecular SH2-kinase domain interactions has not yet been conclusively answered.  

However, one recent study has elucidated a 3 dimensional structure for the Fps SH2 domain[40], 

while another has succeeded in crystallizing the kinase domain[41].  Therefore, forthcoming three 

dimensional models of the Fps kinase and SH2 domains might further elucidate the structural 

basis of Fps autophosphorylation at tyrosine 713. 

 

1.1.3 Expression pattern and sub-cellular localization of Fps 

 Cellular Fps expression was first detected in myeloid cells, where its expression was 

highest in cells of the monocyte-macrophage lineage[42, 43].  Its expression has also been 

described in neutrophils[44], mast cells[45], platelets[35], erythrocytes[46], vascular endothelial 

cells[47], neuronal cells, and several epithelial cell types, including those of the choroid plexus 

and the uterus[48].  As well, during development Fps is expressed in all three germ layers[48].  
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More recently, our lab has found evidence for abundant expression of Fps in lactating mammary 

tissue, where it is also highly activated (Truesdell and Greer, unpublished observations). 

 Both cellular and viral Fps were originally described as being localized to the 

cytoplasm[49-51].  Fps localization has also been described at the trans-golgi network[20, 48], or 

other areas involved in vesicular trafficking[20].  In contrast, other reports have suggested that it 

may be expressed in the nucleus[52], but that nuclear expression might be specific activated cells 

of the myeloid lineage [19].  Most of the studies that concluded Fps localization is restricted to the 

cytoplasm examined the localization of cellular or viral Fps introduced into fibroblasts or 

myeloblasts[20, 49-51].  On the other hand, a later study concluded that Fps nuclear localization 

occurred in myeloid cells, but not in fibroblasts[19].  This might suggest that these two findings 

need not be mutually exclusive; however, a study by Haigh et al. detected Fps localization to the 

perinuclear,  but not intranuclear region in cells of the myeloid lineage[48].  

 

 

1.1.4 Cellular functions of the Fps protein 

1.1.4.1 Cellular transformation and cytokine signalling 

 Most of the early structure-function work on the Fps protein employed the use of the 

FSV-encoded GAG-Fps oncoprotein.  One of the first findings to come out of this early work was 

that the ability of FSV GAG-Fps to induce transformation in cells was dependent on its ability to 

phosphorylate tyrosine residues on substrate proteins[53], and to undergo tyrosine 

phosphorylation itself[54]. Later studies showed that infection with viral GAG-Fps could induce 

both myeloid differentiation[55] and growth[56], without the need for exogenous growth factors, 

thereby suggesting that Fps might function in growth factor signalling.  Indeed, later work 

produced evidence of the induction of kinase activity and tyrosine phosphorylation of cellular Fps 

in cells stimulated with interleukin 3 (IL-3) and granulocyte/macrophage colony stimulating 
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factor (GM-CSF)[57], two cytokines involved in myeloid cell maturation.  Soon after, this same 

group showed that stimulation with erythropoietin, which is involved in maturation and 

proliferation of erythroid cells, could also induce Fps activation[58].  This suggested that Fps 

might play a more general role in the transmission of signals for cellular growth and 

differentiation.  Since this time, there have been a number of reports suggesting activation of Fps 

after stimulation with GM-CSF[44], IL-4[59], IL-6[60], stem cell factor[46],  fibroblast growth 

factor 2 (FGF2)[61], vascular endothelial growth factor (VEGF) and platelet-derived growth 

factor (PDGF)[62, 63],  and semaphorin3A[61].    

  

1.1.4.2 Myeloid survival and differentiation 

 The high expression of Fps in myeloid cells and their progenitors suggested that Fps 

might play a role in myeloid cell differentiation, and possibly survival as well.  Indeed, some of 

the studies mentioned above seemed to indicate this, since the viral Fps could induce 

differentiation in several cell lines[55, 56].  Later studies showed that inhibition of the cellular 

Fps protein resulted in a retardation of granulocytic differentiation due to increased apoptotic cell 

death[64], and that introduction of cellular Fps into a leukemic cell line allowed for myeloid 

differentiation[65].  These studies seemed to support a role for Fps in the differentiation of 

myeloid cells.  However, more recent studies using gene-targeted fps knockout or knockin mice 

have shown that Fps is not essential for myeloid differentiation, and loss of either Fps kinase 

activity or Fps expression resulted in only subtle effects on the mouse hematopoietic 

differentiation program[66, 67].  These mouse models will be discussed in further detail below. 
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1.1.4.3 Receptor down-regulation 

 Anderson and Ismail examined the role of viral Fps in transformation through activation 

of the PDGF receptor[68].  Interestingly, their observations suggested a role for viral Fps in down 

regulation of the receptor.  An approximate 4-8 fold down regulation was observed at the mRNA 

level using an RNase protection assay; however a greater than 100 fold decrease at the protein 

level was observed by western blot analysis, suggesting that transcriptional regulation alone is not 

responsible for the complete down regulation of the receptor protein. In both cases, the kinase 

activity of the viral Fps protein was required for down regulation.  Therefore, one of the 

suggestions the authors put forward for how viral Fps might be inducing down regulation, is 

through the constant phosphorylation, and therefore internalization/degradation of the receptor 

molecules[68].  

We have since proposed a more general role for Fps in the down regulation of receptors; 

briefly, we found that macrophages isolated from Fps-null mice, displayed a reduced ability to 

down-regulate surface receptors (both toll like receptor 4 (TLR4) and transferrin receptor) 

subsequent to stimulation. In chapter 2, we suggest that this might be due to a possible interaction 

of Fps with cytoskeleton-regulating proteins, such as HS-1 and or dynamin.  For a more complete 

discussion, see section 2.4. 

     

1.1.4.4 Regulation of the cytoskeleton 

Possibly one of the first indications that Fps might participate in cytoskeletal regulation, 

came from work done by Young and Martin, which indicated that the transforming ability of 

proteins containing Fps sequences correlated with their association with cellular structural 

components[69].  This idea of how Fps might participate in cytoskeletal regulation has since been 

refined[36]. In the context of myeloid cells, Fps may participate in the phosphorylation/activation 

of hematopoietic lineage specific protein 1 (HS-1), a cortactin homolog that participates in the 
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regulation of cortical actin dynamics. A more in-depth discussion on this topic is provided in 

chapter 2. 

   

1.1.5 Mouse genetic models examining Fps function 

 One of the first uses of transgenic mouse techniques to examine Fps function was by Yee 

et al. in 1989, in which an FSV GAG-Fps transgene was introduced into the mouse germline[70].  

This approach resulted in mice developing a wide array of tumours, including lymphomas, 

thymomas, fibrosarcomas, hemangiomas, and angiosarcomas. However, some of the tissues that 

expressed the viral Fps oncogene failed to develop tumours, suggesting that other genetic events 

are required for oncogenesis, in addition to the mutation of the Fps kinase.  Since then, several 

other genetic mouse models have been produced to examine the role of the fps gene. 

 

1.1.5.1 Myristoylated Fps (fps
MF

) 

The next mouse model used to examine the function of Fps, was one in which a human 

genomic DNA fragment containing all the fps coding sequence was used to generate transgenic 

mice by zygote microinjection[71]. Tissue-specific over-expression of Fps was observed in these 

mice; which confirmed that the transgene contained the complete promoter, including all 

transcriptional regulatory sequences.  However, these mice had no overt phenotype.  So a new 

transgenic line was created using this same human DNA fragment, in which additional coding 

sequences were added to provide an N-terminal myristoylation sequence[47].  It was hoped that 

this fatty acylation modification would subtly activate Fps, leading to some phenotypes in the 

mice that would help elucidate its normal physiological function [47].  

These mice displayed hypervascularity which progressed into vascular tumours[47], 

possibly due to increased sensitivity to VEGF and PDGF[62].  Increases in signalling downstream 
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of GM-CSF with associated increases in the numbers of circulating granulocytic and monocytic 

cells[72],  and increased erythropoietin and stem cell factor sensitivity, with increased numbers of 

immature erythroid progenitors[46], were also observed in these mice.  These observations argued 

strongly for a role for Fps in the regulation of both hematopoiesis, and angiogenesis. 

 

1.1.5.2 Kinase-inactive knockin mutant (fps
K>R/K>R

) 

In this model, a missense mutation was introduced into the fps gene by gene targeting, 

resulting in a lysine to arginine (K588>R) knockin mutation within the kinase domain. This lysine 

is essential for kinase function, and the mutation resulted in a kinase-inactive mutant Fps protein 

in transgenic mice. The mutant Fps protein was expressed at the same levels as the wild type 

protein in mice[66].  Mice homozygous for the fps
K>R

 allele displayed no overt phenotypes; 

however, in bone marrow hematopoietic progenitor colony forming assays, the lack of Fps kinase 

activity resulted in slightly elevated numbers of colony forming units-granulocyte macrophage in 

response to IL-3 and GM-CSF.  Furthermore, there was a decrease in signalling downstream of 

GM-CSF in macrophages derived from the bone marrow of these mice.  This model again 

suggested a role for Fps in hematopoiesis, and in signalling downstream of some of the cytokines 

that regulate this process. 

 

1.1.5.3 Fps-null 

To date, two mouse models have been reported in which the fps gene has been targeted so 

that no stable Fps protein is produced.  The first, reported by Hackenmiller et al., resulted in 

homozygous mice that were viable, but generally unhealthy and not born in the expected 

Mendelian ratios[73].  These mice also displayed increases in the number of monocytes and 

neutrophils, and decreases in the number of B lymphocytes.  Macrophages from these mice also 
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showed increased adhesiveness, and increased responsiveness to stimulation with GM-CSF and 

IL-6[73].   These results seemed to suggest a role for Fps in regulating hematopoiesis, and in 

signalling downstream of some of the cytokines which regulate this process. 

The second mouse model to incorporate a null mutation into the fps gene, was one 

reported by Zirngibl et al[67].   In this model, a mutation was introduced that resulted in deletion 

of sequences encoding the kinase domain in the 3’ end of the gene.  This resulted in the 

elimination of Fps protein expression, thereby producing a Fps-null mutation (for the remainder 

of this thesis, this model will be referred to as Fps-null when referring to the protein or the 

transgenic mouse, and fps
-/-

 when referring to the gene and for labelling figures). Interestingly, in 

contrast to the previous report by Hackenmiller and colleagues, these researchers found that Fps-

null mice were born in the expected Mendelian ratios, and were healthy and fertile.  Almost 

completely opposite to the Hackenmiller model, these mice showed a modest decrease in the 

levels of granulocytes and monocytes, and only a very slight decrease, or in some cases an 

increase, in the levels of B lymphocytes, depending on the physiological compartment analyzed.  

As noted by the authors, the differences in these observations might be due to a faulty targeting 

strategy in the Hackenmiller model, in which the closely linked furin gene, known to participate 

in embryogenesis, could have been modified due to the proximity of its 3’ end to the fps gene’s 

transcription start site. 

Again in contrast to the Hackenmiller knockout model, the second Fps-null model 

displayed no overt defects in signalling downstream of stimulation with GM-CSF, IL-3 or IL-

6[67].  However, although both groups performed their experiments in macrophages cultured 

from bone marrow, the culture conditions between the two groups were different.  Specifically, 

there appears to be differences in the levels of fetal bovine serum (FBS), GM-CSF and IL-3 used 

to induce maturation into macrophages, as well as differences in the culture times and passaging 

strategies.  Therefore, the discrepancies observed between these two groups with respect to Fps’ 
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role in cytokine signalling in macrophages, could be due to the two groups using slightly different 

cell populations.  Both of the above models are suggestive of a role for Fps in the regulation of 

hematopoiesis, although the magnitude and direction in which it does so remains in question.   

One aspect of agreement between the two Fps knockout models was that both supported a 

role for Fps in regulating innate immunity.  Hackenmiller et al. reported that Fps knockout 

animals had an increase in ankle swelling in response to B. burgdorferi infection[73], while the 

second report showed a role for Fps in regulating survival in response to challenge with 

Escherichia coli (E.coli)-derived lipopolysaccharide (LPS)[67].  Using this second Fps-null 

model reported by Zirngibl et al. many further observations have been made which suggest not 

only a role for Fps in the regulation of innate immunity and inflammation, but which also point 

towards a mechanistic basis of how the protein does so.  These observations make up the body of 

this thesis, and so will be described and discussed in detail in chapters 2, 3, and 4. 

All studies presented in this thesis use the Fps-null (fps
-/-

) mouse model originally 

described by Zirngibl et al.[67].  In vivo studies were conducted using these mice, while in vitro 

studies were conducted using primary cells isolated from these mice.  The homozygous mutant 

mice used were obtained by back-crossing heterozygous mutant mice to each other, and all 

homozygous wild type mice used as controls were obtained from these back-crossings as well.  

These homozygous mutant or wild type mice were then used in double homozygous breedings 

(i.e. fps
-/-

 x fps
-/-

 or fps
+/+

 x fps
+/+

), and Southern blots were performed on tail DNA obtained from 

progeny, to ensure correct genotyping.  After a homozygous genotype had been confirmed for two 

generations, genotyping was no longer performed. 
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1.1.6 Role of Fps in disease 

1.1.6.1 Role of Fps in inflammation  

 The progression and initiation of many human diseases including arthritis[74, 75], 

coronary heart disease[76, 77], and many types of cancer[78, 79], are affected by inflammation.  

The role of Fps in inflammation will be discussed further in chapters 2, 3, and 4, and how this 

might relate to a role for Fps in disease will be touched on in chapter 5.   

 

1.1.6.2 Role in malignancy 

Because fps/fes was originally identified in tumour-causing retroviruses[1, 2], it wasn’t 

hard to imagine how mutations in the fps proto-oncogene might contribute to the development of 

human neoplastic disease.  However, for many years this connection remained elusive, until a 

report by Bardelli et al. in 2003 seemed to indicate that Fps might play a role in human cancer 

after all[80].  These researchers used high throughput sequencing to analyze the kinase domain 

sequences of 90 separate tyrosine kinases, in a panel of 35 colorectal cancer cell lines and 147 

colorectal cancers.  Their analysis found evidence of 4 separate somatic mutations in the Fps 

kinase domain in the cell lines investigated, and the authors went on to suggest that these 

mutations most likely resulted in activation of the protein, thus contributing to cancer.  However, 

more recent work has provided biochemical, and theoretical structural analysis to suggest that all 

4 mutations compromised kinase activity[81].  Furthermore, genetic analysis in mice provided 

evidence that inactivating or null mutations in the fps gene (fps
K>R/K>R

 and fps
-/-

; see sections 

1.1.5.2 and 1.1.5.3) led to accelerated tumourigenesis, suggesting that Fps acts as a tumour 

suppressor[81].   Interestingly, Fps is the only known tyrosine kinase that has been shown to have 

both oncogenic, and tumour suppressive properties.   
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It should be noted here that since the report by Bardelli et al., two other papers have 

examined the rate of mutation of both fps[82], and tyrosine kinases in general in colorectal 

cancer[83].  Collectively, these three studies do not suggest a high rate of fps mutations in colon 

cancer.  It remains to be seen if specific alleles/mutations of fps correlate with specific 

malignancies.   

    

1.1.7 What studies on Fer might imply  

 Fps is the founding member of subgroup IV  of the protein tyrosine kinase family; the 

only other member of this group being the Fer (Fes related) kinase[84].  Fer was originally 

identified as a 94 kDa protein recognized by antibodies raised against peptides contained in the 

GAG-Fps sequence, that was distinct from the 92 kDa Fps[42].  Fer was later cloned and shown 

to have high sequence homology, and hence predicted structural similarity to Fps[85] (Figure 1-

1). Because of the homology between Fps and Fer, investigators have speculated that these two 

proteins may have some redundant and overlapping biological functions[36].  

  

1.1.7.1 Fer in cytoskeletal regulation 

The first piece of evidence indicating that there may be a role for Fer in regulating the 

cytoskeleton came from work that showed a role for Fer in mediating phosphorylation of 

cortactin[86], a protein known to participate in the regulation of the actin cytoskeleton[87]. Since 

then, several other studies have confirmed this role for Fer in regulating cortactin phosphorylation 

[86, 88-90].   Briefly, phosphorylation of cortactin on residues Y-421, Y-466, and Y-482 seems 

necessary for efficient actin disassembly [91, 92]; intriguingly, the reverse may also be true, since 

actin disassembly leads to cortactin phosphorylation on these same residues, a process which 

requires Fer[89].  These findings led to the investigation of a comparable role for Fps in 
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regulating the actin cytoskeleton.  Preliminary work in macrophages, which do not express 

cortactin but do express the homologous protein HS-1, has shown that there may be a role for Fps 

in tyrosine-phosphorylating both HS-1 itself, and proteins associated with it (Parsons and Greer, 

unpublished observations); however, this study has yet to be confirmed.  This implies that there 

may in fact be a role for Fps in actin cytoskeletal regulation, but how close to the role of Fer this 

is, and what the biological implications are, remains to be elucidated. 

 

1.1.7.2 Transgenic mouse models of Fer 

To investigate the biological activity of Fer, a mutant protein was produced by 

substituting a highly conserved aspartate residue (D743) in the kinase domain with arginine, and 

this resulted in the loss of Fer kinase activity[93].  Later, mice harbouring this same D>R 

mutation were produced (fer
D>R/D>R

 mutant mice), resulting in the absence of Fer kinase activity, 

and a reduction in the level of Fer protein itself[88].  Interestingly, much like mutant Fps mice, 

these mice were also viable and fertile, and displayed no overt phenotypes.  However, as 

mentioned above, it has been proposed that Fps and Fer may have similar or redundant biological 

activities.  Therefore, mice were bred which harbour mutations in both the fps and fer loci, by 

interbreeding the previously described fps
K>R/K>R

 and fer
D>R/D>R

 mutants.  Surprisingly these 

compound mutant mice were also viable and fertile, but displayed an overall reduction in litter 

size from homozygous fps
K>R/K>R

/fer
D>R/D>R 

x fps
K>R/K>R

/fer
D>R/D>R 

crossings relative to wild type 

breeding pairs, indicating that Fps and Fer might have a redundant role in promoting fertility[94]. 

Unlike mutant Fps-null
 
or fps

K>R/K>R
 mice, mutant fer

D>R/D>R
 mice did not display any 

defect in hematopoiesis[88].  However, later studies with these mice showed that when 

challenged locally with LPS, there was an increased recruitment of leukocytes to the area of 

inflammation[95].   Furthermore, fer
D>R/D>R

 mutant mice displayed an exacerbated LPS-induced 

intestinal epithelial barrier dysfunction[96]. These results indicated a possible role for Fer in the 
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regulation of inflammation. Along with previous results suggesting a role for Fps in regulating 

LPS-induced mortality in mice[67], these results with fer
D>R/D>R

 mice led to the investigation of 

the role of Fps in inflammation-induced leukocyte recruitment, which makes up a large section of 

chapter 3. 

 

1.2 Background on inflammation 

 In 40AD, Celsus defined inflammation as consisting of “rubor et tumor cum calore et 

dolore,” or redness and swelling with heat and pain [De Medicina, Book III, Chapter 10].  Later in 

the 19
th
 century, Virchow added a 5

th
 tenet, functio laesa, or loss of function [97]. Since that time 

a great deal has been elucidated about the genetic, molecular and physiological basis of 

inflammation, and it is now known to be the cause of, or contribute to the pathology of many 

diseases, including arthritis, asthma, atherosclerosis, cancer, Crohn’s disease, rheumatoid arthritis, 

and type 1 diabetes[98], just to name a few.   

 Most frequently, inflammation arises as the body’s response to an infection; however, 

infection and inflammation are not one in the same.  Whereas infection is the invasion of the body 

by a foreign pathogen, inflammation is the body’s response to that invasion.  Furthermore, 

infection is not a necessary pre-requisite to inflammation, as the latter can also be caused by 

burns, chemical irritants, frostbite, necrosis, allergic reaction or physical injury.   

 There are two main types of inflammation; acute and chronic.  Acute inflammation is the 

initial response of the body to an injurious stimuli, such as those listed above, and involves the 

movement of fluids and blood cells to the site of injury.  This process is relatively short lived, 

being initiated in minutes to hours after injury, and lasting for a period of a few days. The main 

cells which emigrate to the site of injury in acute inflammation are neutrophils[99].  Chronic 

inflammation on the other hand, is more prolonged, and can last for weeks to months, or even 

years.  It is caused by a continual inflammatory stimulus, such as exposure to chemical agents 
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(silica, for example) or autoimmune reactions (as in rheumatoid arthritis), and is characterized by 

persistent tissue destruction and repair, proliferation of blood vessels, and fibrosis.  The main 

types of cells which migrate to areas of chronic inflammation are monocytes and 

lymphocytes[99]. 

 The focus of this thesis is on the process of acute inflammation, and so this process will 

be described in more detail below, in sections 1.2.1 to 1.2.3. 

 

1.2.1 Physiology of inflammation 

As mentioned above, acute inflammation is generally due to injury or infection. This type 

of inflammation can be divided into four general processes, although it should be noted that this 

categorization is artificial in nature, as these processes overlap with each other to a greater or 

lesser extent.  These general processes are described below, and in chapters 2, 3 and 4. 

 

1.2.1.1 Release of mediators in response to injury  

The initiation of inflammation comes when resident macrophage cells (but also dendritic, 

fibroblastic, mast, and endothelial cells) respond to injury by releasing a host of inflammatory 

mediators.  Cytokines are one groups of these mediators, which can be pro-inflammatory in 

nature, such as tumour necrosis factor-α (TNF-α), or they can be anti-inflammatory in nature, 

such as IL-10 (Figure 1-3).   Pro-inflammatory cytokines serve to promote inflammation in 

several ways.  They induce the up-regulation of adhesion molecules on both the endothelium 

[100] as well as on immune cells, they activate immune cells[101, 102], and they initialize 

subsequent signalling cascades leading to the release of additional inflammatory mediators[100].  

Furthermore, the release of molecules such as TNF-α from macrophages and mast cells, or the 

release of histamine and serotonin from mast cells and platelets, respectively, can cause the 

activation and increased permeability of the vascular endothelium[98, 103].   
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The anti-inflammatory cytokine IL-10 serves to down regulate inflammation, by 

disrupting the generation of pro-inflammatory cytokines at both the transcriptional, and post-

transcriptional levels[104].  The importance of this cytokine in restraining inflammation is quite 

apparent, as IL-10 knockout mice develop colitis and colon cancer due to chronic inflammation of 

the gut[105, 106]. 

In addition to cytokines, many lipid based molecules can also regulate inflammation.  

Arachidonic acid is a polyunsaturated fatty acid which is present within cell membranes, and can 

be metabolized into prostaglandins and leukotrienes by the COX1/2 and lipoxygenase pathways, 

respectively[107].  These molecules can enhance the inflammatory response, by inducing the 

accumulation of neutrophils during the early stages of inflammation (leukotriene B4) or by 

enhancing vascular permeability (prostaglandin E2)[107]. Other more recently discovered lipid 

metabolites termed resolvins and protectins, are also formed by both lipoxygenase pathways, or 

by a modified COX2 pathway in which COX2 is acetylated by aspirin[108].  These compounds 

are anti-inflammatory since they can block neutrophil transendothelial migration, and can also 

promote the clearance of cytokines, such as ligands to CCR5[108]. 

 

 

1.2.1.2 Changes in the vasculature 

 One of the first changes associated with inflammation is an increase in endothelial 

permeability[109], and the post-capillary venules of the microcirculation is one of the first areas 

in which this is observed[110].  This increased permeability comes about due to changes in the 

endothelial cell, initiated by transmembrane signalling events [111].  More specifically, the re-

arrangement of adherens junctions, the cytoskeleton, and the molecules contained within these 

structures, can lead to rapid changes in the structure and association of endothelial cells, and these 

changes allow for the transmigration of leukocytes [112, 113].  Newly recruited inflammatory 

cells can then pass from the circulation, through the endothelial cells, and into the surrounding  
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Figure 1-3: Regulation of inflammation by secreted mediators.  Tissue injury results in the 

release of inflammatory mediators by white blood cells.  Pro-inflammatory mediators, such as 

TNF-α, leukotrienes, and prostaglandins, can act to up-regulate the inflammatory response, while 

anti-inflammatory mediators, such as IL-10, resolvins and protectins, can act to down-regulate it.  

In most cases, inflammation is appropriate and balanced, resulting in the resolution of 

inflammation and tissue repair.  Excessive release of pro-inflammatory mediators can lead to 

uncontrolled systemic inflammation and shock, which can result in disease and death. On the 

other hand, lack of appropriate inflammation allows for uncontrolled bacterial growth, which can 

also result in death. 
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tissue, where they can travel along a concentration gradient (eg. of IL-8 or fMLP) towards the site 

of injury.  

As well as allowing the passage of inflammatory cells, increased vascular permeability 

also allows for the leakage of plasma proteins into the interstitial space [103].  The movement of  

these proteins into the surrounding interstitial space then causes an osmotic pressure gradient, 

which draws fluid out of the vasculature towards the site of injury, ultimately causing swelling.   

 

1.2.1.3 Recruitment of inflammatory cells 

 Another major change in the vasculature that takes place during inflammation is the up-

regulation of adhesion molecules, needed to recruit inflammatory cells such as neutrophils and 

macrophages.  This process, known as the leukocyte adhesion cascade, is a complex, multi-step 

process, involving the interaction of adhesion molecules on the endothelium with those on 

adjacent leukocytes (Figure 1-4) (reviewed in [114-116]).  This process is described in more 

detail in chapter 3, and so will not be described further here. 

  

1.2.1.4 Resolution of injury and tissue repair  

In order to avoid excessive damage to the host, the later stages of inflammation are  

characterized by a resolution of the early pro-inflammatory stage.  Resolution of inflammation 

comes about in two main ways.  First, anti-inflammatory mediators such as IL-10 are released by 

cells such as macrophages.  The presence of these molecules de-activates immune cells, thereby 

reducing the production of pro-inflammatory mediators[117].  Secondly, immune cells such as 

neutrophils, which have already carried out their role in attempting to destroy an invading 

pathogen, undergo apoptosis, and are subsequently phagocytosed by macrophages[118, 119].  

This phagocytosis not only prevents pro-inflammatory and cytotoxic molecules from being 

released from necrotic neutrophils, but also serves to further stimulate the release of anti-

inflammatory mediators such as IL-10 and transforming growth factor-β (TGF-β) from  



Figure 1-4:  Steps in leukocyte adhesion and recruitment.  The figure opposite depicts the six 

steps involved in the recruitment of leukocytes out of the vasculature, and into surrounding 

tissues. 1: Leukocyte in circulation.  2: Margination: faster flowing red blood cells force 

leukocytes to the vessel periphery, where they come in close contact with the vessel wall.  3: 

Capture/tethering: upon an inflammatory stimulus, tethering is induced between the leukocyte, 

and the newly activated endothelium. Molecules involved: Leukocyte  PSGL-1; Endothelium  P-

selectin.  4: Rolling: upon tethering, the leukocyte begins to roll along the endothelium, due to P-

selecting/PSGL-1 bonds formed at the leading edge of the leukocyte, which are broken at the 

lagging edge.  Molecules involved: Leukocyte  PSGL-1, L-selectin; Endothelium  P-selectin, L-

selectin ligands.  5: Slow Rolling/Firm Adhesion: leukocyte rolling speed is diminished, until it 

reaches a critical point where firm adhesion can be achieved.  Molecules involved: Both selectins 

and integrins (including CD11b).  6: Transmigration: after firm adhesion, gradients of 

chemoattractants such as fMLP or IL8 cause the leukocyte to migrate across the endothelium and 

out of the vessel towards that site of injury.  Molecules involved: PECAM-1, VCAM-1, various 

integrins. 
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macrophages[120].   

 

1.2.2 Cells involved in inflammation 

1.2.2.1 Neutrophils in inflammation 

 The first non-resident cells recruited to the site of injury are neutrophils, which arrive at 

the site of injury in less than one hour.  Once activated, neutrophils are stimulated to produce 

large amounts of cytotoxic molecules such as reactive oxygen species (ROS), or reactive nitrogen 

species (RNS)[100].  The principle role of these molecules is to destroy invading pathogens; 

however, in a hyper-inflammatory response, the amount of these cytotoxic molecules released can 

also cause damage to surrounding tissues, and if enough damage occurs, organ failure and death 

may ensue[118, 121, 122].  Neutrophils are short lived, having a half-life of approximately 5 

hours when isolated from the blood; however, when encountering an inflammatory stimulus, 

apoptosis is avoided for 24 hours or longer[123].  Thus, in instances where there is an excess of 

inflammatory stimuli, the prolongation of neutrophil lifespan that results can contribute greatly to 

the morbidity (and possible mortality) associated with inflammation.  

 

 

1.2.2.2 Macrophages in inflammation 

 When inflammation is triggered by a pathogen, one of the first responses of the body is to 

release inflammatory mediators, and the bulk of these early mediators are produced by 

macrophages[99, 124].  These early released mediators are mostly pro-inflammatory, and include 

IL-1, IL-6, IL-8, GM-CSF, interferon (IFN)-α/β/γ, and TNF-α[99].  The release of these 

mediators is induced through engulfment of pathogens by the macrophage, or by the interaction of 

molecules termed pathogen associated molecular patterns (PAMPs), with the corresponding 
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pattern recognition receptors (PRRs) on the macrophage.  One such PAMP/PRR pair that is 

important in the context of inflammation is LPS and TLR4.  The binding of LPS to TLR4, and the 

subsequent downstream signalling is outlined in more detail in chapter 2.  As mentioned above, 

the main purpose of these pro-inflammatory molecules is to induce changes in both the 

vasculature and circulating blood cells, thereby inducing the migration of the latter (mostly 

neutrophils) to the site of injury.  Therefore, the first main role of macrophages in inflammation is 

promotion of the response, by inducing the recruitment of inflammatory cells.   

A second major function of the macrophage is to reduce the inflammatory response, and 

this is carried out in two ways.  First, macrophages recognize and phagocytose apoptotic 

neutrophils, thereby preventing their necrosis and subsequent spillage of inflammatory cell 

contents.  Secondly, macrophages also secrete anti-inflammatory mediators such as IL-10, IL-12, 

IL-18, and TGF-β[99, 125].  Interestingly, the ingestion of apoptotic neutrophils can lead to 

increased production of at least two of these cytokines, IL-10 and TGF-β[120, 122]. 

Macrophages also help to regulate tissue repair.  Tissue repair begins with the ingestion 

of apoptotic neutrophils and other cellular debris, thereby “cleaning” the inflamed area[126].  

These cells can then secrete (among other things) PDGF, TGF-β, FGF, and VEGF, all of which 

are needed at various stages of granulation, re-epithelialization, and neovascularization[99, 126]; 

thereby promoting tissue repair subsequent to injury. 

 

1.2.3 Sepsis   

One condition where inflammation is prominent is sepsis. This condition arises as a result 

of the body’s natural response to infection.  Sepsis can be very mild and confined to one region of 

the body, such as with a tooth abscess, or can be very serious and systemic, as might result from 

an infection subsequent to surgery.  It is estimated that severe sepsis arises in approximately 750 
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000 people per year in North America[127], and kills more people than prostate, breast, colon, 

and pancreatic cancer combined. It is the leading cause of death in the non-coronary intensive 

care unit, and the cost of treatment in the United States is estimated to be 17 billion dollars 

annually[128, 129].  Sepsis can occur in three stages:  1) Uncomplicated sepsis. This most likely 

occurs in millions of people every year.  It is usually quite mild, and does not normally require 

hospital care.  2) Severe sepsis.  This is more serious, and almost always requires immediate 

hospital care.  It arises when problems occur with one or more of the vital organs, in addition to 

infection.  3) Septic shock.  Septic shock occurs when severe sepsis is accompanied by low blood 

pressure, resulting in hypo-oxygenation to one or more vital organs.  The mortality rate for 

individuals who develop septic shock is approximately 50%.   

  

1.2.4 Use of LPS to model sepsis 

 One of the most popular experimental systems used to study inflammation, and used to 

model sepsis, is the intra-peritoneal injection of bacterial LPS into animals such as mice.  This 

results in many of the same symptoms seen in human sepsis, as well as pathophysiological 

similarities including hematological alterations [130, 131], and increases in the serum levels of 

cytokines such as TNF-α and IL-6.  However, the level of these cytokines observed in the LPS 

injection model is much higher than what is observed in human sepsis [130-132].   Therefore, the 

LPS injection model may not be the best model available to simulate sepsis as it occurs in 

humans.  However, this model is beneficial in determining the pathophysiological response to 

endotoxemia and inflammation[131], as has been used in the studies described in this thesis.  
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1.3 Goals of this work  

 Before the work presented in this thesis, little was known about the role of the Fps protein 

in inflammation.  What was known was that mice harbouring a knockout mutation in the fps gene, 

were more susceptible to inflammation caused by both intraperitoneal LPS challenge, and intra-

pediatal B. burgdorferi challenge  [67, 73]. Similarly, others had shown that macrophages isolated 

from mice genetically altered to produce a kinase-inactive mutant Fps protein, displayed a 

diminished response to stimulation with inflammatory molecules such as GM-CSF and LPS[66].  

These reports both suggested that a fully functional Fps protein is required to properly regulate 

the response to inflammation and inflammatory stimuli.  This work expands on those early 

findings, by elucidating how the Fps protein can regulate inflammation at three separate levels.  

First, I examined how lack of the Fps protein alters the pathophysiology in mice, subsequent to 

challenge with LPS.  Secondly, I showed that some of these physiological alterations were due to 

defects in the way in which macrophages from Fps-null mice respond to stimulation with both 

LPS and TNF-α.  Finally, I have provided evidence that the manner in which the Fps protein 

regulates the response to these mediators, is through promotion of receptor internalization, 

possibly due to a more general role for Fps in the regulation of the cytoskeleton. 
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Chapter 2 

The Fps/Fes kinase regulates the inflammatory response to endotoxin through down 

regulation of TLR4, NF-κκκκB activation, and TNF-αααα secretion in macrophages. 

 

2.1 Introduction 

 The fps/fes proto-oncogene, (hereafter referred to as fps), encodes a 92 kDa Fps protein 

which belongs to subgroup IV of the non-receptor protein tyrosine kinases [43, 84].  The 

ubiquitously expressed 94 kDa Fer protein is the only other known member of this subgroup of 

kinases [42, 84, 85].  In the adult, Fps is expressed in hematopoietic cells of the myeloid lineage, 

including macrophages, neutrophils, mast cells, platelets, and red blood cells, as well as in certain 

neuronal and epithelial cells.  In contrast, during development Fps is expressed in all three germ 

layers [46, 48, 133] (reviewed in [36]). 

 The innate immune system defends against invading pathogens by initiating an 

inflammatory response, and this requires the activation of key cell types, including macrophages, 

neutrophils and mast cells [102].  Mouse knockout models have provided evidence for the 

involvement of Fps [67] and Fer [95] in the regulation of innate immune responses.  Fps-null 

mice displayed increased mortality in response to intra-peritoneal challenge with the endotoxin 

LPS [67], and Fer-deficient mice displayed increased leukocyte recruitment at sites of localized 

LPS challenge [95] and enhanced intestinal barrier dysfunction in response to LPS[96]. LPS is a 

component of the cell membrane of gram negative bacteria, which is recognized by cells of the 

innate immune system.  The biological response to LPS is mediated by a receptor complex 

composed of CD14, MD2, LBP, and Toll-like receptor (TLR) 4.  TLR4 is a trans-membrane 

receptor, belonging to the TOLL/IL-1 receptor family [134], and when stimulated, this receptor 

initiates an intracellular signaling cascade that results in the activation of extracellular signal 

regulated kinase (Erk), c-Jun N-terminal kinase (Jnk), p38, Akt, and nuclear factor-κB (NF-κB) 
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[135, 136].  Activation of NF-κB is a two-pronged process, whereby phosphorylation-induced 

degradation of its bound inhibitor, inhibitor of κB (IκB), uncovers an NF-κB nuclear localization 

sequence, freeing it to move into the nucleus.  As well, post translational modifications of NF-κB 

such as phosphorylation of the p65/RelA subunit, causes a more robust and prolonged 

transcription of its target genes (reviewed in [137]).  Once activated, these signaling molecules, 

particularly NF-κB, induce the transcription of pro-inflammatory mediators such as TNF-α [138].  

 Recently, it has been demonstrated that signaling by TLR4 is regulated in part by 

endocytosis [139].  More specifically, inhibition of TLR4 internalization leads to an increase in 

NF-κB activation, and this process is dependent on dynamin and clathrin [139]. 

 We have previously shown evidence of a defective innate immune response to LPS in 

mice lacking either Fps [66, 67], or the closely related Fer kinase [95, 96].  However, the precise 

cellular and molecular bases for these defects have not yet been established.  We now report an 

increase in circulating TNF-α levels in LPS-challenged Fps-null mice. This increase in pro-

inflammatory TNF-α strongly correlates with the hypersensitivity of Fps-null mice to LPS [67], 

and therefore suggests that Fps might play an important role in regulating the innate immune 

response to endotoxin through controlling production of this key cytokine.  We also describe an 

enhanced activation of the LPS-induced NF-κB signaling pathway in Fps-null macrophages, 

which provides a likely mechanistic basis for the enhanced TNF-α secretion by macrophages.  

We go on to demonstrate that down regulation of TLR4 is defective in Fps-null macrophages, 

which may be the cause of the enhanced NF-κB signaling. This defect in TLR4 internalization 

may reflect a more general role for Fps in internalization, since Fps-null macrophages also 

showed defects in internalization of transferrin and uptake of E.coli. Defective TLR4 

internalization, causing enhanced LPS-induced activation of NF-κB, and leading to elevated 

production of TNF-α, provides a highly plausible physiological explanation for the increased 

susceptibility of Fps-null mice to endotoxic shock.  
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2.2 Materials and Methods 

2.2.1 ELISA assays  

For in vivo assays, age-matched male mice were weighed one day before intraperitoneal 

(i.p.) injection with 7mg/kg LPS (E.coli, serotype 055:B5, Sigma), and sacrificed at different 

times by chloroform inhalation.  Chest cavities were opened, and blood was removed by cardiac 

puncture with a 1 mL syringe fitted with a 26 gauge needle using 0.3% tri-sodium citrate as anti-

coagulant.  Blood was centrifuged for 1 minute at 18000 g.  Plasma was collected and frozen at -

80
0
C.  For in vitro assays, conditioned media from LPS-stimulated peritoneal macrophages at the 

indicated times (see below, and Figure 4), was collected and frozen at -20
0
C.  Enzyme-linked 

immuno-sorbent assay (ELISA) assays were performed using OptEIA Mouse IL-10, and TNF-α 

sets from BD Biosciences, according to manufacturer’s instructions.  

 

2.2.2 Peritoneal lavage 

Mice were euthanized as above, and peritoneal lavage was performed twice with 5 mL of 

pre-warmed lavage media (RPMI 1640 with 10 mM HEPES, 5 mM EDTA, 10 U/mL Heparin, 

1% Pre antibiotic-antimycotic (a.a){GIBCO}, 50 µM α-monothioglycerol).  Cells were pelleted 

and resuspended in 5 mL of erythrocyte lysis buffer (154 mM NH4Cl, 10 mM KHCO3, 100 µM 

EDTA) for 5 minutes at 4
0
C to lyse red blood cells.  The remaining cells were then pelleted  and 

resuspended at 1 x 10
6
 cells/mL, and 5 x 10

5
 cells/mL (for assays done in 6 and 12 well plates, 

respectively) in culture media (RPMI 1640 with 5% FBS, 1% a.a., 50 µm α-monothioglycerol, 1 

mM HEPES, 2 mM glutamine). 

 

2.2.3 Stimulation of resident peritoneal macrophages 

Cells collected by peritoneal lavage were plated in 12 well plates (5 x 10
5
 cells per well), 

and 2 to 3 hours later, non adherent cells were washed off using sterile phosphate buffered saline.  
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Cells were then allowed to incubate overnight, and the next day adherent cells were stimulated 

with LPS at the indicated concentrations and times.  To stop reactions, media was removed, and 

plates were placed on ice with 1 mL of Tris buffered saline containing 100 µm sodium 

orthovanadate (TBS-V) per well.  Soluble cell lysates were prepared by aspirating TBS-V and 

scraping cells into 250 µl of kinase lysis buffer (KLB), containing protease and phosphatase 

inhibitors (20 mM Tris-HCl {pH 7.5}, 150 mM NaCl, 1 mM EDTA, 1% {vol/vol} Nonidet P-40, 

0.5% {vol/vol} sodium deoxycholic acid, 10 µg/mL aprotinin, 10 µg/mL leupeptin, 100µM 

sodium orthovanadate, 100 µM phenylmethylsulfonyl fluoride) using a rubber policeman.  

Lysates were then spun for 10 minutes at 4
0
C and 14000 g, soluble material added to clean tubes 

containing 6X SDS protein sample buffer, heated to 100
0
C for 5 minutes, passed through a P-200 

pipette tip several times to shear high molecular weight DNA, and spun briefly at 14000 g.  

Lysates were either frozen at -20
0
C, or run immediately on 7.5% or 11% sodium dodecyl sulfate 

(SDS)-polyacrylamide gels. Whole cell lysates were obtained by scraping cells into 1X SDS 

protein sample buffer directly, and frozen without centrifuging.  Proteins were transferred by 

semi-dry blotting to Immobilon-P membrane (Millipore), blocked with either 5% milk powder in 

TBS-Tween, or 5% BSA in TBS-tween, and probed with the following primary antibodies: rabbit 

anti-phospho-p44/42 (pERK1/2), rabbit anti-phospho-p38, rabbit anti-p38, rabbit anti-IκBα, 

rabbit anti-phospho-p65(Ser536)NF-κB (Cell Signalling Technology), rabbit anti-p44/42 

(ERK1/2) (Santa Cruz), rabbit anti-Fps/Fer antibody [48]. 

 

2.2.4 Flow cytometry  

For Figures 2-4 and 2-5A, adherent cells’ FcγΙΙ/ΙΙΙ receptors were blocked by incubation 

with conditioned media from 2.4G2 hybridoma cells (ATCC# HB-197) for 5 minutes on ice.  

Cells were then incubated with either 2 µg/mL phycoerythrin (PE)-conjugated rat anti-mouse 

TLR4/MD2 (eBioscience, San Diego California) for 15 minutes on ice, post LPS stimulation 
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(Figure 2-4), or 40 µg/mL Alexa594 Transferrin, or isotype control (Molecular Probes, Eugene, 

Oregon), for 30 min. at 37
0
C (Figure 2-5A). Cells were then washed with ice-cold PBS, fixed for 

15 minutes with formaldehyde/zinc fixative (Electron Microscopy Sciences, Fort Washington 

PA), and scraped into ice-cold PAB (PBS containing 3% bovine serum albumin [w/v] and 1% 

sodium azide [w/v]) for analysis by flow cytometry.  For Figure 2-5B, cells from the peritoneal 

cavity were collected by lavage. After lysing erythrocytes, cells were resuspended at 1x 10
6
 

cells/mL in RPMI and incubated with 5 x 10
5
/mL green fluorescent protein (GFP)-expressing 

E.coli, for 30 minutes at 37
0
C. Cells were then washed, resuspended in PAB, placed on ice, and 

incubated with 0.1 µg/mL PE-conjugated rat anti-mouse F4/80 antibody to stain for macrophages. 

Cells were then washed, fixed as above, and analysed by flow cytometry.  

 

2.2.5 Mice 

All animals used in this study were inbred SvJ/129 mice, between 7 and 12 weeks old, 

and all experiments were carried out according to the guidelines of the Canadian Council on 

Animal Care, and with the approval of the institutional animal care committee. 

 

2.2.6 Statistics 

All error bars represent standard error of the mean. All reported statistical values were 

calculated using the Student’s T-test.  

 

 

2.3 Results 

2.3.1 Elevated plasma levels of TNF-αααα in Fps-null mice challenged with LPS. 

We have previously shown that Fps-null mice experience a higher rate of mortality when 

challenged with an i.p. injection of LPS corresponding to the lethal dose (LD)50 for wild type 

mice [67].  Since production of inflammatory and anti-inflammatory cytokines plays a key role in 
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regulating the endotoxin response, we examined plasma TNF-α and IL-10 levels in mice 

challenged with an i.p. injection of LPS. ELISA analysis demonstrated that Fps-null mice had 

statistically significant increases in circulating TNF-α at 1 hr post LPS injection (5277 ± 832 

pg/mL vs. 8025 ± 283 pg/mL, p=0.014, Fig. 2-1, top panel).  At 2 hours post injection, Fps-null 

mice also displayed an apparent decrease in IL-10, (1432 ± 166 pg/mL vs. 875 ± 216 pg/mL, 

p=0.092, Fig. 2-1, bottom panel), although this difference did not reach statistical significance.  

These results suggest a skewing in the balance of pro- and anti-inflammatory cytokines towards a 

heightened inflammatory state in Fps-null mice, which correlates with the increased mortality 

observed previously [67]. 

 

2.3.2 Resident peritoneal macrophages from Fps-null mice secrete increased amounts of 

TNF-αααα in response to LPS stimulation ex vivo. 

We next sought to examine whether macrophages could be one of the cell types 

responsible for the increased levels of circulating TNF-α in LPS-challenged Fps-null mice.  To 

address this possibility, resident peritoneal macrophages were harvested, stimulated with LPS, 

and TNF-α levels in the culture media were measured by ELISA (Fig. 2-2).  At one, two, and four 

hours post stimulation, the level of TNF-α in the media of Fps-null cultures was higher than in the 

wild type cultures, and by six hours post stimulation, it was 2.5 times higher in Fps-null compared 

to wild type (Fig. 2-2; p<0.05 for 1, 4, 6 hour time points).  This suggested that macrophages were 

at least partly responsible for the in vivo differences observed between Fps-null and wild type 

mice subsequent to an LPS challenge.   

 

2.3.3 Prolonged IκκκκB-αααα degradation and enhanced NF-κκκκB phosphorylation following LPS 

stimulation of Fps-null macrophages. 

We next looked for differences in downstream signaling.  Immunoblotting analysis of a  
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Figure 2-1: Fps-null mice display a hyper-inflammatory phenotype as assessed by 
measuring plasma cytokine levels post-challenge with LPS.  Mice were injected i.p. with 7 

mg/kg LPS.  At the indicated time points afterwards, mice were euthanized, and whole blood was 

collected by cardiac puncture.  Blood was centrifuged, and plasma collected and analyzed by 

ELISA for TNF-α (top panel) and IL-10 (bottom panel). For all time points, n = 4 or 5.  
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Figure 2-2: Resident peritoneal macrophages from Fps-null mice secrete increased levels of 

TNF-αααα in response to stimulation with LPS.   Resident peritoneal macrophages were isolated 

by lavage and allowed to adhere to tissue culture dishes.  Cells were stimulated for the indicated 

time points with 270 ng/mL LPS.  After stimulation culture media was removed and in vitro 

ΤΝF−α levels were analyzed by ELISA.  For all time points, n=3. 
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number of signaling molecules was performed on peritoneal macrophages after in vitro challenge 

with LPS.  This analysis showed a prolonged period of degradation of IκB-α in Fps-null 

macrophages as compared to wild type counterparts (Fig. 2-3A). IκB-α levels returned to near-

basal levels between one and two hours after LPS-challenge in wild type cells, while IκB-α levels 

remained depleted at two hours in Fps-null cells. We also examined the phosphorylation status of 

ERK and p38, two other kinases known to be activated downstream of LPS signaling; however no 

difference in the phosphorylation status of either kinase was found between wild type and Fps-

null macrophages (Fig. 2-3A).  

The observed difference in LPS-induced IκB-α degradation/recovery kinetics (Fig. 2-3A) 

suggested prolonged or enhanced NF-κB activation in Fps-null macrophages.  This was assessed 

by immunoblotting analysis using a phospho-specific antibody against serine 536 of the p65/RelA 

subunit of NF-κB.  These analyses also indicated enhanced LPS-induced NF-κB activation in 

Fps-null macrophages as compared to wild-type. Phosphorylation of p65 was increased in Fps-

null relative to wild type macrophages at 15 minutes post LPS stimulation.  The levels of p65 

phosphorylation declined between 15 and 30 minutes in both genotypes, and continued to decline 

in wild type cells back to pre-LPS challenged levels by 120 minutes.  However, in Fps-null 

macrophages, p65 phosphorylation levels persisted at the same level between 30 and 120 minutes 

(Fig. 2-3B).  Interestingly, this correlated with the previously observed kinetics of IκB-α 

degradation/recovery (Fig. 2-3A).  Taken together, these observations suggest a role for Fps in 

both LPS-induced NF-κB activation and inactivation.  

 

2.3.4 Prolonged surface expression of TLR4/MD2 following LPS stimulation of Fps-null 

macrophages. 

In attempts to explain the molecular basis for the observed difference in LPS signaling, 

we next assessed surface expression of the LPS receptor, TLR4, before and after LPS stimulation  
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Figure 2-3: Resident peritoneal macrophages from Fps-null mice show prolonged 

degradation of IκκκκB-αααα    and increased phosphorylation of NF-κκκκB, in response to stimulation 
with LPS.    Resident peritoneal macrophages were isolated by lavage and allowed to adhere to 

tissue culture dishes.  Cells were stimulated for the indicated time points with 270 ng/mL LPS (+) 

or vehicle control (-).  After removing media for ELISA analysis, cells were lysed, and soluble 

cell lysates (SCLs) were resolved on either 7.5% or 11% SDS-PAGE gels, transferred to 

membranes and probed with the indicated antibodies.  
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Figure 2-4: Resident peritoneal macrophages from Fps-null mice display a defect in down-
regulation of TLR4/MD2 in response to LPS stimulation.   Resident peritoneal macrophages 

were isolated by lavage and allowed to adhere to tissue culture dishes.  Cells were stimulated for 

the indicated time points with 270 ng/mL LPS.  Following stimulation, cells were washed with 

ice-cold TBS-V, and labeled with a PE-tagged α-TLR4/MD2 antibody.  Cells were then scraped 

and analyzed by flow cytometry to measure the relative surface expression of TLR4/MD2. For all 

time points, n=6. 
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of cultured peritoneal macrophages.  Flow cytometry analysis using an antibody specific for 

TLR4/MD2 showed rapid loss of surface-accessible receptor in LPS-treated wild type cells, with 

approximately 25% remaining after 5 minutes (Figure 2-4).  In contrast, greater than 60% 

remained on the surface of Fps-null macrophages after 5 minutes (27% WT vs. 63% fps
-/-

; 

p=0.029), and there was little apparent further reduction at 15 minutes (28% WT vs. 52% fps
-/-

; 

p=0.030).  These data suggested that Fps is participating in the process by which TLR4 is 

internalized from the surface of macrophages after LPS exposure. 

 

2.3.5 Fps-null macrophages show reduced uptake of both transferrin and E.coli. 

Internalization of growth factor and cytokine receptors [140], reorganization of cell-cell 

and cell-matrix receptors[141], and phagocytosis [142], all involve dynamic cytoskeletal 

reorganization. A number of studies have suggested that Fps [15, 16, 35, 61] and the related Fer 

kinase [89, 90, 143-147] might play roles in cytoskeletal remodeling. We therefore considered the 

possibility of a more general receptor internalization defect in Fps-null macrophages.  Indeed, 

flow cytometry analysis of Alexa594-labelled transferrin showed that uptake of transferrin by 

wild type macrophages was 3.5 times higher than in Fps-null cells (Fig. 2-5A middle columns, 

p<0.001). In order to differentiate between transferrin on the cell surface and that which had been 

internalized, a stripping method (see material and methods) was used to remove any transferrin 

bound to the cell surface.  This approach revealed a defect in transferrin internalization in Fps-null 

macrophages, with wild type cells internalizing 2.3 times more than their Fps-null counterparts 

(Fig. 2-5A, right side columns, p=0.018). 

Transferrin[148] and TLR4[139] are both internalized by receptor mediated mechanisms. 

Therefore, we explored the possibility that the defects in receptor internalization in Fps-null cells 

might represent a broader defect that was not restricted to receptor-mediated endocytosis.  Wild 

type and Fps-null macrophages were incubated with E.coli expressing enhanced GFP (EGFP) for 

30 min., and then examined by flow cytometry.  In this analysis, 41.6% of wild type cells stained  
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Figure 2-5: Resident peritoneal macrophages from Fps-null mice display a reduced 
internalization of transferrin, and reduced uptake of E. coli.  Resident peritoneal macrophages 

were isolated by lavage and either allowed to adhere to tissue culture dishes (A) or used directly 

(B).  A:  Cells were stimulated with 40 µg/mL Alexa594-labelled transferrin for 30 min.  

Transferrin incubated cells were then either surface-stripped or not, using a solution of 0.5 M 

NaCl and 0.2 M acetic acid. Cells were then scraped and analyzed by flow cytometry. For all time 

points, n=4.  B:  Cells were incubated with GFP-expressing bacteria, for 30 min.  Cells were then 

incubated with α-F4/80 antibody to detect macrophages, washed, and analyzed by flow 

cytometry.  For all time points n=3; for bolded quadrants, n=0.071 WT vs. Fps-null.   
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positive for both F4/80 antigen and GFP, while in the Fps-null cells, only 27.1 % were double  

positive (Fig. 2-5B, p=0.071 wild type vs. Fps-null).  This was consistent with Fps having a 

broader role in internalization, and not specifically in receptor-mediated endocytosis. 

 

2.4 Discussion 

Previous studies have utilized knockout mice to establish a role for Fps in the regulation 

of innate immunity and inflammation [67, 73]; however, they failed to provide a mechanistic 

basis for Fps’s participation in these processes.  Here, we further the understanding of Fps’s role 

in inflammation and innate immunity, by showing that Fps-null mice displayed an increase in 

plasma TNF-α in response to an in vivo LPS challenge.  This effect was also observed ex vivo in 

isolated Fps-null peritoneal macrophages treated with LPS. In addition, we provided evidence that 

the heightened TNF-α secretion was likely due to an enhanced activation of the NF-κB pathway 

in response to LPS stimulation, which might be a consequence of the failure of Fps-null 

macrophages to internalize TLR4.  Finally, we showed a role for Fps in internalization of both 

transferrin and E. coli, suggesting a more general role for Fps in internalization. 

In innate immune responses to infection with gram negative bacteria, recognition of LPS 

by macrophages and other cells results in the release of pro-inflammatory cytokines such as TNF-

α, followed by the release of anti-inflammatory cytokines such as IL-10. Balanced production of 

these and other key mediators of inflammation is essential to a controlled innate immune 

response.  Fps-null mice displayed significantly higher levels of TNF-α in their plasma after LPS 

challenge (Fig. 2-1; p=0.014).   Previous work has shown that administration of a TNF-α 

antibody 6 hours prior to LPS injection in mice, reduces mortality by approximately 50% [149], 

and that mice injected with recombinant TNF-α display many of the same pathophysiological 

symptoms as those injected with LPS [150], thus establishing TNF-α as a pivotal mediator of the 

effects of endotoxin in vivo.  Therefore, our observation that plasma TNF-α levels induced by 
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LPS challenge were nearly twice as much in Fps-null mice than wild type mice provided a highly 

plausible physiological explanation for the differences in LPS-induced mortality described 

previously in these animals [67].  We also observed a 64% decrease in the peak levels of IL-10 in 

the plasma of Fps-null mice (Fig. 2-1). Although this difference did not reach statistical 

significance, it was consistent with a general defect in the balance of pro- and anti-inflammatory 

cytokine levels. Taken together, these results suggest that defective regulation of cytokine release 

by macrophages is a major factor in the higher susceptibility of Fps-null mice to challenge with 

LPS.    

Among known Fps-expressing cell types, macrophages represented an excellent candidate 

for the cell type responsible for the increased production of TNF-α during inflammation.  

Furthermore, they are also an important source of IL-10 during the resolution phase [125].  This 

was substantiated by the observation that cultured peritoneal Fps-null macrophages produced 

significantly increased LPS-induced TNF-α levels at one, four, and six hours in vitro (Fig. 2-2), 

suggesting that this cell type was at least partially responsible for the increased in vivo levels of 

TNF-α in LPS-challenged Fps-null animals.  Since Fps is also expressed in other innate immune 

cells, including mast cells and neutrophils, it should be appreciated that these might also 

contribute to the observed in vivo hyper-inflammatory phenotype; however, due to the observed 

role for Fps in TNF-α secretion in cultured peritoneal macrophages (Fig. 2-2), it was clear that the 

macrophage response was important to the phenotype observed in vivo.  

The observed differences in IκB-α degradation suggested a prolonged time over which 

NF-κB would be localized to the nucleus in Fps-null macrophages. This would lead to enhanced 

TNF-α transcription, and eventually an increase in secretion of TNF-α into the culture media.  

Indeed, ELISA analysis provided direct evidence for accumulation of greater TNF-α levels in 

Fps-null cultures after LPS challenge (Fig. 2-2). However, an optimal NF-κB response also 

involves post translational modifications including phosphorylation the p65/RelA subunit on 
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Ser529 and Ser536 (reviewed in [137]).  Interestingly, we observed a more robust 

phosphorylation of p65/RelA on Ser536 in Fps-null macrophages at 15 minutes after LPS 

stimulation compared to wild type cells (Fig. 2-3B).  This provided additional evidence for an 

increase in the transcriptional activation status of NF-κB in Fps-null macrophages. An intriguing 

possibility is that this increase in NF-κB signaling might also exist downstream of TNF-α 

stimulation. This is intriguing since TNF-α can act back on these cells in an autocrine manner 

[151] and cause degradation of IκB-α (reviewed in [152]); therefore the increased TNF-α 

secretion by Fps-null macrophages (Fig. 2-2) could have contributed to the prolonged degradation 

of IκB-α seen in these cells (Fig. 2-3A), and participation in TNF-α signaling would give Fps a 

two-tiered role in the LPS response.  

At first glance, there seem to be discrepancies between the present results and those that 

were described in a previous paper (Zirngibl et. al. 2002, [67]), since the previous paper reported 

no observed differences between wild type and Fps-null cells with respect to IκB degradation.  

However, there are two key differences in how the experiments were conducted, which might 

account for these differences.  First of all, the previous paper used bone marrow-derived 

macrophages, while this study used resident peritoneal macrophages.  Differences in the 

production of cytokines such as TNF-α, between various sub-types of macrophages is well 

established [153].  We therefore speculate that some differences in signalling might also be due to 

the use of two different sub-types of macrophages. Secondly, in the previous paper, bone marrow 

derived macrophages were stimulated at an LPS concentration of 1 µg/mL, which is four times 

higher than the 270 ng/mL used here.  We observed that 270 ng/mL LPS corresponds to a 

concentration which induces near maximal stimulation of macrophages (data not shown); 

therefore, the use of a LPS concentration which is nearly 4 times higher in the previous paper 

might have masked some of the differences we describe here.   

Macrophages isolated from Fps-null mice, did not internalize TLR4 to the same extent as 
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their wild-type counterparts, at both 5 and 15 minutes post stimulation with LPS.  This 

observation was consistent with our other data, since major defects in the NF-κB pathway were 

observed at 15 minutes post LPS challenge (Fig. 2-3).  Furthermore, our results agree with the 

observations that TLR4 has been shown to generate inflammatory signals from the cell surface 

[154], and that endocytosis of this receptor is necessary in limiting LPS-induced NF-κB activation 

[139].   However, as is shown in figure 2-3A, the observed defect in endocytosis of TLR4 does 

not appear to affect phosphorylation of either p38 or ERK.  This result is consistent with other 

reports describing an effect of endocytosis on some, but not all signalling pathways downstream 

of the same stimulus [155-157]. 

Interestingly, the internalization defect observed in Fps-null macrophages was not 

specific for TLR4, but also extended to internalization of transferrin and uptake of E.coli (Fig. 2-

5A, B).  We therefore propose that Fps’ role in LPS signaling might be at the level of receptor 

internalization and/or intracellular receptor-complex trafficking, possibly by regulating 

cytoskeleton reorganization processes required for these events.  This is an attractive hypothesis 

for a number of reasons. Firstly, TLR4 signaling is not necessarily connected to the internalization 

of bacteria (reviewed in [158]), and therefore the observed participation of Fps in both suggests a 

less specific role. However, both processes are dependent on actin cytoskeleton reorganization, 

and the Fps-related Fer kinase has been shown to be connected to actin cytoskeleton function 

through regulation of cortactin phosphorylation [86, 88-90].  Since Fps and Fer are highly 

homologous and share the same domain structure[85], it is thought that these kinases may have 

similar or redundant roles within the cell, and so Fps might also contribute to regulation of the 

actin cytoskeleton. Secondly, recent work by Laurent et. al. showed a role for human Fps in the 

regulation of the tubulin cytoskeleton [15], which is also important for both phagocytosis [159], 

and endocytosis (reviewed in [160]). Also, Fps partially co-localized with Rab5B, Rab7, and a 

marker of the trans-golgi network, suggesting a role in vesicular trafficking [20], and TLR4 has 

been shown to traffic to lysosomes for degradation[139].  
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In summary, this study establishes a biological role for Fps in the regulation of innate 

immunity through control of TNF-α production by macrophages, which might explain why its 

absence negatively affects the survival of mice challenged with LPS[67]. While the precise 

molecular basis of this function is still unknown, we propose that it is due to a defect in 

internalization of TLR4, which leads to more pronounced and sustained activation of NF-κB.   

Finally, since internalization of transferrin and uptake of E.coli are also affected by the absence of 

Fps, this might suggest a more general role for Fps in modulation of the cytoskeleton. 
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Chapter 3 

The Fps/Fes kinase regulates leukocyte recruitment and extravasation during inflammation. 

 

3.1 Introduction 

The fps/fes proto-oncogene, (hereafter referred to as fps), encodes a subgroup IV non-

receptor protein-tyrosine kinase [43, 84].  The only other known member of this subgroup of 

kinases is the ubiquitously expressed Fer protein [42, 84, 85].  Fps expression has been described 

in hematopoietic cells including monocytes/macrophages, neutrophils, mast cells, platelets, and 

erythrocytes; as well as in some neuronal, epithelial and vascular endothelial cells.  In contrast, 

during development Fps is expressed in all three germ layers [46, 48, 133] (reviewed in [36]). 

The Fps and Fer kinases consist of a C-terminal kinase domain, a central SH2 domain and 

an N-terminal Fps/Fer/CIP4 homology (FCH) domain associated with three coiled-coiled domains 

[36]. This unique N-terminal structure distinguishes Fps and Fer from all other members of the 

protein-tyrosine kinase family, and it is thought to mediate associations with phospholipid 

components of membranes as well as the cytoskeleton [15, 16, 22]. 

The body responds to invading pathogens by initiating an inflammatory response, and this 

requires the activation of key cell types, including macrophages and neutrophils, which make up 

the bulk of the body's inflammatory cells [102]. Of great importance in this response is the 

movement of leukocytes out of the blood, and into surrounding tissues towards the site of injury 

or infection. The leukocyte does this through an ordered series of events involving interactions 

between the inflammatory cells and the endothelium. The first step in leukocyte recruitment 

involves the interaction between selectins on the activated endothelium, and their ligands on the 

leukocyte, which mediates leukocyte rolling along the endothelium.  The two endothelial selectins 

primarily responsible for this initial rolling are E- and P-selectin. Evidence for this is 

demonstrated by the near total lack of leukocyte rolling in mice engineered to harbor a double 
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knockout for these two selectins [161, 162]. Furthermore, there is an observed defect in leukocyte 

rolling in the P-selectin single knockout mice, and a defect in slow rolling in E-selectin knockouts 

[163]. The primary leukocyte ligand for P-selectin [164-166], and to a lesser extent E-selectin 

[167], is CD162, or P-selectin glycoprotein ligand 1 (PSGL-1).  Consistent with it’s role in 

binding endothelial P-selectin, mice deficient for PSGL-1 show reduced leukocyte rolling upon 

TNFα-induced inflammation in the cremaster muscle, and a reduced thioglycollate-induced 

neutrophil influx into the peritoneal cavity; and the magnitude of these defects are similar to those 

observed in P-selectin knockout mice [168].  Subsequent to rolling, leukocytes must next achieve 

firm adhesion along the inflamed vessel before transmigration can take place. One of the proteins 

involved in this process is the αMβ2 integrin, also known as Mac-1 or CD11b/CD18.  A counter 

ligand for CD11b/CD18 on the endothelium is intercellular cell adhesion molecule 1 (ICAM-1).  

CD11b/CD18 has been reported to participate in both adherence and transmigration of leukocytes 

[169].  

Due to the expression of Fps and Fer in macrophages, neutrophils and the vascular 

endothelium, we have explored the possibility of a role for these tyrosine kinases in regulation of 

the innate immune response.  We have previously reported increased mortality in Fps knockout 

(fps
-/-

) mice in response to LPS challenge in vivo [67], which was at least partially due to 

increased in vivo levels of TNFα caused by enhanced NF-κB signalling in macrophages [170].  

Mice deficient in the Fer kinase also displayed increased LPS-induced neutrophil adhesion to 

venules and extravasation in the cremaster muscle [95] and the small intestine submucosa [96]. 

Here we show for the first time that Fps-null
 
mice display increased inflammation as 

measured by neutrophil rolling, adhesion, and extravasation in cremaster venules subsequent to 

LPS challenge, with concomitant defects in the hemodynamic parameters of these same vessels.  

Using reflected light oblique transillumination (RLOT) intravital microscopy, we further show 

that the rate at which leukocytes cross the cremasteric endothelial barrier is increased in Fps-null
 

mice. There was also an increase in the number of neutrophils recruited to the peritoneal cavity of 
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Fps-null
 
mice subsequent to thioglycollate challenge.  We also observed a prolonged retention of 

surface PSGL-1 on neutrophils from Fps-null
 
mice subsequent to stimulation with LPS.  This 

latter observation is mechanistically consistent with the observed increases in leukocyte rolling, 

adhesion and recruitment observed in inflamed tissues of Fps-null
 
mice.  Collectively, these 

observations provide novel evidence implicating Fps in the regulation of innate immunity and the 

vascular response to inflammation. 

 

3.2 Materials and Methods 

3.2.1 Cremaster Surgical Preparation and Intravital Microscopy 

            Intravital microscopy was performed essentially as described by McCafferty et. al.[95], 

with a few exceptions.  Briefly, mice were injected subcutaneously with LPS (0.05 µg/kg) into the 

left side of the scrotum. A 65 mg/kg I.P. injection of Somnotol was used as anesthetic, 4-0 

surgical silk was used for suturing the cremaster muscle, and the suffusate passed over the 

externalized cremaster muscle was a buffered modified Krebs solution.  LPS was from E.coli 

serotype 055:B5 (Sigma).  Three hours later, mice were anesthetized and the contra-lateral 

cremaster muscle was externalized for intravital video-microscopy recording.  Leukocyte rolling, 

adherence, and emigration, were quantified in venules of approximately 30 micron diameter.  

Rolling flux was calculated as the number of cells rolling past a designated point in the vessel per 

minute. For assessment of wall shear rate, red blood cell (RBC) velocity was divided by the vessel 

diameter, and multiplied by 8000. For experiments measuring transmigration rates, we used 

RLOT microscopy, which makes use of the optical interference phenomena generated by oblique 

transillumination in conjunction with intravital microscopy. This method utilizes subtle gradients 

of refractive indices within the tissues for enhanced image contrast as designed by Mempel et. al 

[171].  Briefly, the microscope was retrofitted with a 700 nm +/- 20 nm band pass filter in the 

light path of a 100 W halogen lamp, which illuminated the specimen via 50/50 beam splitter.  

Beneath the tissue was placed a 24 mm
2 

glass cover slip, painted with aluminum to create a 
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mirror, oriented at an angle of approximately 10 or 15 degrees relative to the stage for the 20X 

and 40X objectives, respectively.  Extravasating leukocytes were visualized by RLOT video 

microscopy in cremaster muscle post capillary venules of approximately 30 micron diameter.  

Transmigration rates were calculated as the elapsed time from firm adhesion to tissue migration. 

 

3.2.2 Flow cytometric analysis of adhesion molecule expression on peripheral blood 

leukocytes  

 Age-matched mice were sacrificed by inhalation of chloroform.  Chest cavities were 

opened, and blood was removed by cardiac puncture with a 1 mL syringe fitted with a 26 gauge 

needle using 0.3% tri-sodium citrate as anti-coagulant.  Blood was then stimulated with LPS at 

the indicated times and concentrations.  Samples were washed twice with, and resuspended in 300 

µL of cold PAB (PBS with 0.3% [w/v] BSA, 0.1% [w/v] sodium azide).  Samples were incubated 

with 1.5 µg/mL FITC-conjugated CD11b antibody  or 1.0 ug/mL PE-conjugated PSGL-1 

(CD162) antibody (BD Pharmingen, Mississauga, ON), for 15 minutes on ice and washed twice 

with PAB.  Samples were then incubated for 3 minutes at 4
0
C in ACK buffer (154 mM 

ammonium chloride, 10 mM potassium bicarbonate, 100 µM EDTA) in order to lyse red blood 

cells.  Finally, cells were washed and resuspended in 500 µL of PAB, vortexed, combined with 

500 mL of paraformaldehyde-zinc fixative (Electron Microscopy Sciences, Fort Washington, 

PA), and analyzed by flow cytometry.  Neutrophils were gated using forward and side scatter; 

monocytes/lymphocytes were gated using forward and side scatter, and monocytes were further 

separated on the basis of CD11b expression. 

 

3.2.3 Leukocyte Recruitment Assay 

Mice were injected I.P. with 1 mL of 4% thioglycollate in PBS, using a 1 mL syringe 

fitted with a 26 gauge needle.  Four hours after injection, peritoneal lavage was performed twice 
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per mouse with 5 mL of pre-warmed lavage media (RPMI 1640 with 10 mM HEPES, 5 mM 

EDTA, 10 U/mL Heparin, 1% [vol/vol] antibiotic-antimycotic [GIBCO], 50 µM α-

monothioglycerol).  Following lavage, cells were washed, counted on a Beckman Coulter Z1 

particle counter, and resuspended at 1 x 10
6
 cells/mL in PAB. Next, 200 µL was transferred into 4 

mL snap-cap tubes with a final concentration of 0.2 µg/mL PE-conjugated Ly6G antibody 

(eBioscience, San Diego, CA) and 1.5 µg/mL fluorescein isothiocyanate (FITC)-conjugated 

CD11b antibody, as indicated, for 15 minutes on ice.  Cells were then washed and resuspended in 

500 µL of PAB, vortexed, added to 500 µL of formaldehyde-zinc fixative, and analyzed by flow 

cytometry as indicated. 

 

3.2.4 Mice 

All animals used in this study were inbred SvJ/129 mice, between 7 and 12 weeks old. 

The Fps-null
 
strain of mice was previously described [67].  All experiments were carried out 

according to the guidelines of the Canadian Council on Animal Care, with the approval of the 

institutional animal care committee. 

 

3.2.5 Statistics 

All error bars represent standard error of the mean. For Figures 3-1, 3-2 and 3-5, and 

Table 3-1, statistical values were calculated by two-way repeated measures analysis of variance 

(ANOVA) using Graph Pad Prism 4 software. All other reported statistical values were calculated 

using the Student’s T-test.  All statistical values reported represent a comparison of wild type vs. 

fps
-/- 

. 
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3.3 Results 

3.3.1 Fps regulates the local inflammatory response to challenge with LPS. 

Upon localized LPS challenge, leukocytes and the endothelium each follow an ordered 

sequence of progressive activation events, ultimately resulting in emigration of activated 

leukocytes out of the vessels into the surrounding tissue [114]. During this transmigration process, 

inflammatory cells initially loosely tether to the vessel, allowing them to roll along its surface.  

Rolling gradually slows, until a firm adhesion and subsequent emigration of the leukocyte across 

the vessel wall into surrounding tissue is achieved [114].  In order to explore the potential role of 

Fps in LPS-induced leukocyte transmigration, we compared the in vivo response to localized LPS 

challenge in wild type and Fps-null
 
mice using a cremaster muscle intravital microscopy model 

[95]. 

Rolling flux (the number of cells rolling past a designated point in the vessel per unit 

time) is directly related to the number of rolling leukocytes, but inversely related to their rates of 

rolling, which is a function of their degree of activation.  Rolling flux thus serves as a useful 

indicator of the state of the inflammatory response, with lower values corresponding to higher 

degrees of inflammation.  Leukocytes in Fps-null
 
mice had a lower rolling flux at 3 and 4 hours 

post injection compared to those in wild type mice, and a two-way ANOVA analysis across the 3, 

3.5 and 4 hour time points indicated a statistically significant reduction in rolling flux in Fps-null
 

mice (Figure 3-1A; P=0.005).  Leukocyte rolling velocities were significantly higher in wild type 

relative to Fps-null
 
mice at 3, 3.5, and 4 hours post LPS injection (Figure 3-1B; P=0.008). The 

number of cells rolling along a 100µm section of vessel was calculated by dividing the rolling 

flux by the rolling velocity.  At 3 hours post LPS challenge, wild type and Fps-null
 
vessels 

contained the same number of rolling cells.  However, by 3.5 hours post challenge, the number of 

rolling cells in wild type vessels had decreased dramatically, suggesting that the inflammation 

was beginning to resolve.  In contrast, a reduction in rolling leukocytes was not observed in Fps-

null
 
vessels until 4 hours post LPS injection (Figure 3-1C), indicating a more prolonged 
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inflammatory state in the Fps-null
 
mice. 

The number of fully adherent leukocytes per 100 µm of vessel was also greater in Fps-

null
 
mice at all time points examined, which again suggested that these mice were in a hyper-

inflammatory state as compared to wild-type animals (Figure 3-2A; P=0.004).  Consistent with 

these observed decreases in leukocyte rolling velocity and increases in numbers of adherent 

leukocytes, increased numbers of leukocytes had emigrated into surrounding tissues of Fps-null
 

mice at all time points examined (Figure 3-2B; P=0.005). 

We also examined hemodynamic parameters in the cremaster muscle venules of LPS-

challenged mice [172].  There were no differences in RBC velocity between genotypes. However, 

a lower vessel wall shear rate was observed in LPS-challenged Fps-null
 
mice (Table 3-1; 

P=0.021) which was consistent with the increased number of adherent cells observed in Fps-null
 

mice. 

   

3.3.2 Leukocytes from Fps-null
 
mice displayed increased rates of transmigration in response 

to a local LPS challenge. 

 Having observed an increase in both the number of leukocytes adhered to the vessel wall, 

and the number of extravasated leukocytes in Fps-null
 
mice, we next sought to determine if there 

might be a difference in the rate at which leukocytes were undergoing diapedesis in wild-type and 

Fps-null
 
mice.  RLOT analysis revealed that leukocytes transmigrated the vessels in Fps-null

 
mice 

over 30% faster than in wild-type animals (Figure 3-3; 8.0±1.1 min vs. 11.8±0.7 min. P=0.032).  

Together with the parameters examined above, this confirmed that mice lacking Fps are more 

sensitive to inflammation induced by the localized injection of LPS. 

 

3.3.3 Fps regulates neutrophil migration into the peritoneal cavity in response to 

thioglycollate. 

 Having observed an increase in the number of extravasated leukocytes in the tissues  
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Figure 3-1:  Defects in leukocyte rolling in the cremaster venules of Fps-null
 
mice challenged 

with LPS. Mice were injected intrascrotally with 0.05 µg/kg LPS.  The contralateral cremaster 

muscle was externalized for observation, and the indicated parameters were assessed by intra-vital 

video microscopy.  Number of rolling cells per vessel was calculated by dividing rolling flux by 

rolling velocity, and multiplying by vessel length (100 µm).   P values were obtained by two-way 

ANOVA for repeated measures, and are a comparison of wild type vs. fps
-/-

. For all time points, 

n=4 or 5. 
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Figure 3-2: Enhanced leukocyte adherence and emigration in the cremaster venules of Fps-

null
 
mice challenged with LPS.  Mice were injected intrascrotally with 0.05 µg/kg LPS.  The 

contralateral cremaster muscle was externalized for observation, and the indicated parameters 

were assessed by intra-vital video microscopy. P values were obtained by two-way ANOVA for 

repeated measures, and are a comparison of wild type vs. fps
-/-

.  For all time points, n=4 or 5. 

 



  55

 

 

 

 

 

 

 

 

 

Geonotype Treatment Vessel Diameter 

(µm) 

*RBC Velocity 

(mm/sec) 

**WS Rate 

(sec
-1

) 

Wild Type 3 hrs. post LPS 26.9 ± 2.0 1.08 ±  0.05 250 ± 40 

Wild Type 3.5 hrs. post LPS 28.6 ± 2.1 1.48 ±  0.30 255 ± 40 

Wild Type 4 hrs. post LPS 28.6 ± 2.1 1.30 ±  0.17 197 ± 11 

Fps-null 3 hrs. post LPS 30.0 ± 2.8 0.98 ±  0.07 164 ±   4 

Fps-null 3.5 hrs. post LPS 28.3 ± 2.9 1.08 ±  0.10 177 ±  8 

Fps-null 4 hrs. post LPS 28.8 ± 2.7 1.06 ±  0.04 200 ±   4 

 

 

 

 

 

 

 

 

Table 3-1: Hemodynamic parameters in cremaster post-capillary venules of wild type and 

Fps-null
 
mice challenged with LPS.  Mice were injected intrascrotally with 0.05 µg/kg LPS.  

The contralateral cremaster muscle was externalized for observation, and the indicated parameters 

were assessed by intra-vital video microscopy.  Vessel diameter and RBC velocity were 

measured, and shear was calculated as described in materials and methods.  **P=0.021 for wall 

shear rate; *P=0.066 for RBC velocity. P values were obtained by two-way ANOVA for repeated 

measures, and are a comparison of wild type vs. fps
-/-

.  For all time points, n=5.  
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Figure 3-3: Fps regulates time required for leukocyte diapedesis in response to local 
challenge with LPS.  RLOT was used to assess transmigration of leukocytes by intra-vital video 

microscopy. Diapedesis time was recorded as the time required for individual leukocytes to 

escape from vessel into surrounding tissue after initial adherence.  Data for each mouse is shown 

in separate columns.  Mean for each mouse is represented by a solid line, and mean for each 

genotype is represented by a broken line. Student’s t-test P<0.0001, wild type vs. fps
-/-

.  
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surrounding the cremaster muscle in Fps-null
 
mice, we next asked if this result could be replicated 

in the peritoneal cavity.  To address this, mice were injected IP with thioglycollate to induce a 

peritoneal inflammation, and we then examined the number and composition of cells recovered by 

peritoneal lavage.  As expected, there was an increase in the total number of cells recruited to the 

peritoneal cavities of Fps-null mice (Figure 3-4A).  Flow cytometric analysis of these peritoneal 

cells using lineage specific surface markers revealed a significant increase in the percentage of 

Ly6G/CD11b double positive neutrophils recovered from the peritoneum of Fps-null mice (Figure 

3-4B; P=0.025).  We also analysed the percentage of Ly6G –ve/CD11b +ve cells recruited to the 

peritoneal cavity, but no difference was found between wild type and Fps-null mice (Figure 3-

4B). 

 

3.3.4 Fps regulates LPS-induced changes in PSGL-1 and CD11b surface expression on 

peripheral blood neutrophils. 

 P-selectin glycoprotein ligand-1 (PSGL-1) is thought to be one of the major leukocyte 

adhesion molecules responsible for the initiation of rolling along the activated endothelium, 

through its binding to P-selectin, and to a lesser extent E-selectin [167].  The integrin CD11b is 

known to participate in inflammation-induced leukocyte adherence to vessel endothelium. Since 

we observed aberrant behaviour of Fps-null
 
leukocytes with respect to both rolling and adherence, 

we examined the expression of both of these molecules on peripheral blood neutrophils (PBNs) 

from wild type and Fps-null mice stimulated ex vivo with LPS.  In PBNs from Fps-null mice, 

there was an increased retention of PSGL-1 surface expression after LPS stimulation, as 

compared to those isolated from wild type mice (Figure 3-5A; P=0.023).  In the same experiment 

we also assessed the levels of CD11b surface expression subsequent to LPS stimulation.  

Surprisingly, we observed a trend toward reduced LPS-induced CD11b up-regulation on fps
-/-

 

neutrophils, although this difference did not reach statistical significance (Figure 3-5B; P=0.086).  

An analysis of PSGL-1 and CD11b expression subsequent to LPS stimulation on monocytes was  
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Figure 3-4:  Effect of Fps on neutrophil migration into the peritoneal cavity in response to 
thioglycollate.  Mice were challenged I.P. with 1 mL of 4% thioglycollate, and 4 hours later were 

euthanized and peritoneal lavage performed. A: Total cell number recovered by lavage. P value 

was obtained by Student’s t-test. n=5.  B:  Assessment of Ly6G and CD11b expression of 

recruited cells as measured by flow cytometry.  n=3. Ly6G/CD11b +ve P=0.025; Ly6G –ve/ 

CD11b+ve P=0.574 by Student’s t-test.   
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Figure 3-5:  Effect of Fps on PSGL-1 and CD11b expression on peripheral blood neutrophils 

stimulated with LPS.  Peripheral blood was collected by cardiac puncture, and stimulated with 

LPS at 100 ng/mL.  At the indicated times, an aliquot of blood was removed and placed in TBS-V 

on ice.  Expression of PSGL-1 and CD11b was then measured by flow cytometry.  A: and B: 

neutrophils; C: and D: monocytes.  A: and C:  Levels of surface expression of PSGL-1.  B: and D:  

Levels of surface expression of CD11b.  For all time points, n=3.  For all plots, P values were 

obtained by two-way ANOVA for repeated measures, and are a comparison of wild type vs. fps
-/-

. 
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also performed.  As with neutrophils, monocytes showed a decrease in the level of PSGL-1 

surface expression, with a corresponding increase in CD11b levels; however, no difference 

between wild type and Fps-null cells was observed (Figure 3-5C and D). 

 

3.4 Discussion 

Using mice targeted with a loss-of-function mutation in fer, previous studies have 

established a role for Fps-related Fer kinase in the physiological response of leukocytes to 

challenge with LPS [95].   We have also previously implicated Fps in the regulation of 

inflammation by showing that Fps-null mice are more susceptible to systemic challenge with LPS 

[67], and that this defect is likely due to an over production of TNF-α by fps
-/- 

macrophages [170]. 

Here we provide further in vivo evidence for the role of Fps in regulating the physiological 

response to LPS.   

In the innate immune response to LPS, there is an ordered series of leukocyte-endothelial 

cell interactions which allow leukocytes to exit the vessel lumen, and migrate towards sites of 

injury or inflammation.  This process in one of the hallmarks of inflammation, and is thought to 

be responsible for much of the resulting tissue damage.  Here we show that during every step of 

this process (leukocyte rolling, adherence, transmigration time, and number of extravasated cells), 

there is a defect in Fps-null mice relative to wild type counterparts which is consistent with 

increased inflammation (Figures 3-1 and 3-2).  In Figure 3-1C, we observed that there was a 

significant decrease in the number of rolling cells in wild type vessels between 3 and 3.5 hours 

post challenge, while in Fps-null
 
vessels this decrease was not apparent until 4 hours post 

challenge, which may indicate a defect or a delay in the resolution of inflammation in Fps-null
 

animals.  Overall, these defects correspond to a situation in which mice lacking the Fps kinase 

experience a heightened state of inflammation when challenged locally with LPS. This increase in 

inflammation in the Fps-null mice is most likely detrimental to the animal, which is consistent 

with the higher mortality rates observed in Fps-null mice challenged systemically with LPS, 
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compared to their wild type cohorts [67].   

The increase in thioglycollate-induced recruitment of neutrophils to the peritoneal cavity 

of Fps-null mice (Figure 3-4) is in agreement with the increased leukocyte recruitment to the 

inflamed cremaster muscle (Figure 3-2B).  A simple explanation for this difference might be if 

there were differences in the basal levels of neutrophils between wild type and fps
-/-

 mice.  

However, previous work with fps
-/-

 mice has shown that there is no difference in peripheral blood 

levels compared to wild type in unchallenged mice (S.P. and P.G. unpublished results). With this 

in mind, the decrease in LPS-induced up-regulation of CD11b in fps
-/- 

neutrophils is particularly 

interesting since previous studies have shown that mice deficient for CD11b display increased 

thioglycollate-induced recruitment of neutrophils into the peritoneal cavity, and that this is due to 

a defect in apoptosis in the CD11b deficient mice [169].   This led us to initially speculate that the 

increased recovery of peritoneal neutrophils from thioglycollate challenged fps
-/- 

mice (Figure 3-

4B) might correlate with a defect in apoptosis due to their decreased ability to up-regulate CD11b 

(Figure 3-5B, and see below).  However, experiments examining in vivo neutrophil apoptosis 

subsequent to thioglycollate challenge revealed no difference at 4 hours post challenge.  At 24 

hours post challenge, there was a modest decrease in the percentage of apoptotic Fps-null 

neutrophils relative to wild type, but this difference did not reach statistical significance ( 24.9 ± 

1.7 wt vs. 18.5 ± 0.1 fps
-/-

; P=0.061, data not shown).  

Differences in the levels of surface expression of PSGL-1 were also observed on Fps-null 

neutrophils, subsequent to LPS challenge.  PSGL-1 is known to be critically important in 

mediating the rolling of neutrophils along inflamed endothelium [168].  Therefore, our 

observation that there was increased retention of PSGL-1 on the surface of Fps-null neutrophils 

subsequent to LPS challenge, might at least partially account for the decreases in leukocyte 

rolling velocity, and the increased number of rolling leukocytes in Fps-null mice in vivo (Figure 

3-1B,C).  We have previously shown a role for Fps in the regulation of TLR4 and transferrin 

receptor endocytosis, as well as  bacterial phagocytosis, suggesting a more general function for 
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Fps in cytoskeletal reorganization associated with endocytosis or phagocytosis [170].  Surface 

distribution of PSGL-1 appears to involve a tyrosine kinase-dependent cytoskeletal reorganization 

process [173] and surface receptor shedding [174].  Likewise, CD11b has been shown to interact 

with the cytoskeleton (reviewed in [175]), changes in which have been proposed to regulate both 

the mobility of the integrin within the membrane, as well as its binding activity[176].  Therefore, 

our observations with respect to PSGL-1 and CD11b lend further support to a more generalized 

function of Fps in cytoskeletal regulation.  

The observed differences in PSGL-1 expression are statistically significant; however, the 

magnitude of the differences are not overly large, with the total area under the curve for Fps-null 

cells being only 9% greater than for wild type cells.  Therefore, although we have established a 

role for Fps in the regulation of PSGL-1 surface expression, and this is likely to have an effect on 

leukocyte migration to sites of inflammation, we must also consider the possibility of a role for 

Fps in other cell types, and in the regulation of other adhesion molecules (see discussion below). 

CD11b has been shown to be a key modulator of neutrophil adherence [169].  We 

observed increases in leukocyte adherence in Fps-null mice in vivo, yet surprisingly, there was 

less CD11b up-regulation on Fps-null neutrophils compared to wild type after in vitro LPS 

challenge. There are several possible explanations for this discrepancy.  First, in the cremaster 

inflammation model used in this study, leukocyte rolling on the endothelium is thought to be a 

necessary precursor to leukocyte adherence, and slower leukocyte rolling velocities promote firm 

adhesion [177]. Therefore, the observed increase in the number of rolling leukocytes and the 

decrease in leukocyte rolling velocity in Fps-null mice (Figure 3-1B,C),  might account for the 

observed increase in leukocyte adherence.  Second, as shown in Figure 3-5B, although CD11b 

surface expression was not up-regulated in Fps-null neutrophils to the same extent as it was in 

wild type cells, it was still up-regulated by over 300% of control levels by four hours post LPS 

stimulation (Figure 3-5B, fps
-/- 

control MFI = 49.6 , MFI at 4 hours post stimulation =152.1).  

Therefore, the level of up-regulation of CD11b in Fps-null neutrophils was likely sufficient to 
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achieve firm adhesion, and the increased number of adherent leukocytes in Fps-null animals in 

vivo might be due to the increased number of rolling cells in these animals.  Lastly, in order to 

facilitate proper adhesion and extravasation, CD11b must change from a low to a high affinity 

status [178].  Therefore, it is possible that even though there was less CD11b expressed on the 

surface of Fps-null cells, a greater proportion of it might have been in the high affinity state 

relative to wild type cells, thereby preferentially promoting the adhesion of Fps-null cells. 

In addition to PSGL-1 and CD11b examined here, various other adhesion molecules are 

expressed on neutrophils and known to play a role in leukocyte adhesion.  For instance, a recent 

article by Hidalgo et. al. sought to elucidate the complete spectrum of E-selectin binding partners 

expressed on neutrophils.  Their results demonstrate roles for PSGL-1 in the initiation of rolling, 

but also for E-selectin ligand-1 (ESL-1) in the stabilization and transition to steady rolling, and for 

CD44 in the control of leukocyte rolling velocities[115].  Interestingly, the authors go on to show 

that all three E-selectin ligands have a role in regulating neutrophil recruitment in a thioglycollate-

induced peritoneal inflammation model[115].  With this in mind, it would be interesting to 

investigate the possibility that Fps is playing a role in the regulation of other neutrophil adhesion 

molecules, in addition to PSGL-1 and CD11b.  

Gene-targeted Fer-deficient mice [88], also displayed defects in leukocyte behavior very 

similar to those observed in the present study [95].  Since Fps and Fer have very similar 

structures, and might therefore regulate some of the same processes, it is intriguing to speculate 

that a double fps-fer knockout [94] will display an even more severe phenotype than either of the 

single knockouts.  These studies are currently underway.   

In addition to leukocyte activation, activation of the vascular endothelium is an essential 

step in promoting leukocyte rolling, adhesion, and extravasation.  Fps and Fer are both expressed 

in vascular endothelial cells as well as in leukocytes; therefore, it will be important to determine 

how much of the observed hyperinflammatory phenotype seen in either Fps- or Fer-deficient mice 

is due to loss of Fps or Fer expression in the endothelium versus in the leukocytes.  In support of 
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this idea, a recent report shows a role for cortactin phosphorylation in modulating E-selectin and 

ICAM-1 clustering and actin remodeling in [170] endothelial cells, thereby affecting 

polymorphonuclear cell (PMN) transmigration in vitro [179]. In that study, Src family kinases 

were implicated in cortactin phosphorylation.  However, other studies have implicated Fer in 

phosphorylation of cortactin [86, 88, 89]. Fer activity was also shown to be required for cortactin 

phosphorylation and strengthening of N-cadherin based cell-cell interactions [180].  Furthermore, 

preliminary results suggest that Fps might also participate in the phosphorylation of HS-1 (S.A.P. 

and P.A.G., unpublished observations), which is a cortactin paralog expressed in hematopoietic 

cells.  Therefore, the possibility exists that Fps may have a role in regulating leukocyte 

recruitment through activity in endothelial cells, as well as in leukocytes.   

Finally, there is one study implicating Fer in the regulation of another important 

endothelial adhesion molecule, platelet/endothelial cell adhesion molecule (PECAM)-1 [146]; and 

interestingly, PECAM-1 knockout mice have also been shown to have a hyperinflammatory 

response to LPS[181].   Additional studies will be required to further elucidate the potential roles 

of Fps and Fer kinases in regulating the cell-cell and cell-matrix receptor systems which control 

transendothelial migration of immune cells and cancer cells.  

In summary, we show that mice lacking Fps have an increased response to LPS induced 

inflammation, with defects in leukocyte rolling, adhesion and extravasation.  We go on to show 

that these defects might be due to a role for Fps in regulating the surface expression of the 

adhesion molecule PSGL-1 on the surface of neutrophils.  Further investigation into the role of 

Fps in regulating receptor expression on the surface of endothelial cells is required to elucidate 

the precise molecular role of this cytoplasmic tyrosine kinase in the inflammatory response. 
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Chapter 4 

The Fps/Fes kinase regulates TNF-αααα-induced cell death in macrophages. 

 

4.1 Introduction 

 The fps/fes gene (hereafter referred to as fps), encodes a 92 kDa Fps protein, belonging to 

subgroup IV of the non-receptor protein tyrosine kinases[43, 84]. The closely related Fer protein 

is the only other member of this subgroup of kinases[42, 84, 85]. The expression of Fps has been 

reported in hematopoietic cells including monocytes/macrophages, neutrophils, mast cells, 

platelets, and erythrocytes; as well as in some neuronal, epithelial and vascular endothelial cells.  

In contrast, during development Fps is expressed in all three germ layers [46, 48, 133] (reviewed 

in [36]). 

The Fps and Fer kinases consist of a C-terminal kinase domain, a central SH2 domain and 

an N-terminal Fps/Fer/CIP4 homology (FCH) domain associated with three coiled-coiled domains 

[36]. The FCH domain it is thought to mediate associations with phospholipid components of 

membranes as well as the cytoskeleton [15, 16, 22], and is unique to Fps and Fer among protein-

tyrosine kinases.  

When the body encounters a foreign substance, an inflammatory response is elicited, and 

three key processes serve to regulate this process.  First, there is an inflammatory stimulus, 

resulting in the activation of signalling pathways in cells such as macrophages, leading to the 

secretion of pro-inflammatory molecules at the site of injury.  Secondly, the release of these 

molecules leads to changes in both the vasculature, as well as circulating blood cells, resulting in 

the recruitment of inflammatory cells to the site of injury.  Lastly, apoptosis of these recruited 

cells serves to dampen inflammation by reducing their life span, thereby limiting the amount of 

pro-inflammatory molecules released. 

Fps is expressed very highly in macrophages (while Fer is expressed to a lesser extent), 
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and high levels of expression of both of these kinases is also found in the vascular endothelium. 

Due to the importance of these two groups of cells in inflammation, we have explored the 

possibility of a role for these tyrosine kinases in regulation of the innate immune response.  

 We have previously reported increased mortality in Fps knockout (fps
-/-

) mice in response 

to LPS challenge in vivo [67], which was at least partially due to increased in vivo levels of TNFα 

caused by enhanced NF-κB signalling in macrophages [170].  Mice deficient in the Fer kinase 

also displayed increased LPS-induced neutrophil adhesion to venules and extravasation in the 

cremaster muscle [95] and the small intestine submucosa [96].  Furthermore, we have shown a 

role for Fps in regulating leukocyte rolling, adhesion, extravasation and recruitment subsequent to 

LPS challenge, possibly due a prolonged retention of surface PSGL-1 on neutrophils from Fps-

null mice subsequent to stimulation with LPS[182].   

Here we provide evidence of a role for Fps in cell death in macrophages in response to 

inflammatory stimuli.  Upon LPS challenge, we observe an increased retention of macrophages in 

the peritoneal cavity of mice lacking Fps. We go on to show that this is likely due to a defect in 

TNF-α-induced death in Fps-null macrophages.   Furthermore, in the absence of Fps, we observed 

an increase in NF-κB signalling, and a decrease in poly (ADP ribose) polymerase (PARP) 

induction, both of which correlate with increased cell survival.  Finally, we show a possible role 

for Fps in the resolution of inflammation. 

 

4.2 Materials and Methods 

4.2.1 Intra-peritoneal LPS challenge and peritoneal lavage    

Mice were injected intra-peritoneally with 100 µl PBS containing 1 mg/kg LPS or PBS 

alone (Figure 4-1), or 1.5 mL of 4% thioglycollate broth (Figure 4-5), using a 1 mL syringe fitted 

with a 5 gauge needle. For Figures 4-2, 4-3, and 4-4, lavage was performed on unchallenged 

mice.  Mice were sacrificed by chloroform inhalation, and peritoneal lavage was performed twice 
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by injecting 5 mL of lavage media [RPMI 1640 (Gibco) with 10 mM HEPES, 10 U/mL heparin 

(Sigma), 5 mM EDTA, 1% (vol/vol) antibiotic-antimycotic (aa) (Gibco), 50 µM α-

monothioglycerol] using a 5mL syringe and 23 gauge needle.  Cells were extracted, pelleted at 

700RPM for five minutes, re-suspended in 5 mL pre-warmed culture media [RPMI 1640 (Gibco) 

with 5% (vol/vol) FBS (Hyclone), 50 µM α-monothioglycerol, 10 mM HEPES, 2 mM glutamine 

(Gibco) 1% aa. (Gibco)] and counted.   

 

4.2.2 Stimulation of peritoneal macrophages.   

After lavage, cells were diluted to a concentration of 5.0 x 10
5
 cells/mL, and 1 mL 

aliquots placed in 12 well culture plates and incubated for 2 hours at 37ºC.  Cells were then 

stimulated with 10 ng/mL TNF-α in 0.5 mL culture media for the indicated times at 37ºC.  To 

stop stimulations, media was aspirated and 1 mL cold TBSV [10 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 100 µM vanadate] was added to each well and plates placed on ice. Soluble cell lysates 

were prepared by aspirating TBSV and scraping cells into 150 µL of 2xSDS sample buffer.  

Lysates were either frozen at -20ºC, or resolved on 7.5% or 11% SDS-polyacrylamide gels.  

Proteins were transferred by semi-dry blotting to Immobilon-P membrane (Millipore), blocked 

with either 5% milk powder or 5% BSA in TBS-Tween and probed with the following primary 

antibodies: Rabbit α-Fps/Fer [48], mouse α-pY99 (200 µg/mL, Santa Cruz Biotechnology, Santa 

Cruz, CA), goat α-actin (200 µg/mL, Santa Cruz Biotechnology, Santa Cruz, CA), rabbit α-PARP 

(Cell Signalling Technology, Danvers, MA), rabbit α-phospho-p65-NF-κB (Cell Signalling 

Technology, Danvers, MA), rabbit α-IκBα (Cell Signalling Technology, Danvers, MA). 

  

4.2.3 Apoptosis analysis   

For Figure 4-3, cells were collected by lavage as described above, and incubated for 2 

hours at 37ºC in culture media in 4 mL polystyrene snap cap tubes. Tubes were used for cell 

culture to prevent macrophages from adhering to the surface, thus preventing any membrane 
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disruption (and false positive annexin V staining) associated with scraping cells off of a plate. 

Cells were then stimulated with 10 ng/mL TNF-α in 0.5 mL culture media for the indicated times, 

and stimulations stopped by adding 3 mL of ice-cold annexin V binding buffer [2.5 mM CaCl2, 

140 mM NaCl, 10 mM Hepes/NaOH, pH 7.4].  Cells were spun, and re-suspended in 100 µL of 

annexin V binding buffer containing 1 µl of FITC-conjugated annexin V (BioVision, Mountain 

view, CA), 2.5 mg/mL propidium iodide (Sigma), and 1 µg/mL phycoerythrin-conjugated anti-

mouse F4/80 (Caltag Laboratories, Burlingame, CA), for 15 minutes at room temperature in the 

dark.   A further 400 mL of ice-cold annexin V binding buffer was added, and cells were placed 

on ice and analysed by flow cytometry.  For Figure 4-2, cells were collected by lavage, cultured in 

12 well plates, and stimulated with TNF-α as described above.  Following stimulation, cells were 

removed from the plate by adding 2 mL of a pre-warmed 1:1 solution of culture media and 

10 mM for 20 minutes at 37
o
C.  Cells were then gently piptetted up and down to loosen adherent 

cells, pelleted, and fixed by adding 3 mL of cold 70% ethanol while vortexing.  Methanol was 

aspirated and cells were washed and resuspended in 3 mL PBS, containing 3.3 µg/mL RNase A, 

and 3.3 µg/mL propidium iodide.  Cells were vortexed, and cell death analysis performed by flow 

cytometry.  

 

4.2.4 Cell recruitment analysis.  

After counting, cells collected by lavage 24 hours after LPS challenge (Figure 4-1) or 5 

days after thioglycollate challenge (Figure 4-5), were washed once and resuspended in ice-cold 

PAB (PBS containing 0.3% BSA [w/v], 0.1% sodium azide [w/v]).  1 x 10
6
 cells were then 

transferred to 5 mL snap cap tubes, and incubated with 1 µg/mL PE-conjugated anti-mouse F4/80 

(Caltag Laboratories, Burlingame, CA), 1.0 µg/mL PE-conjugated anti-mouse Ly6G, and 0.5 

µg/mL FITC-conjugated anti-mouse CD11b (BD Biosciences),  for 15 minutes at room 

temperature in the dark.  Cells were washed once with 4 mL of ice-cold PAB, and analyzed by 
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flow cytometry. 

 

4.3 Results 

4.3.1 Fps promotes disappearance of macrophages from the peritoneal cavity of mice 

challenged with LPS.   

We have previously shown that Fps-null mice display an increased recruitment of 

neutrophils in response to an inflammatory challenge, both to the cremaster muscle in a locally 

induced LPS challenge, and to the peritoneal cavity in response to thioglycollate[182].  

Furthermore, we have identified Fps as being important in a model of intra-peritoneal challenge 

with LPS[67], and that the role of Fps in this model was to regulate the secretion of cytokines 

from macrophages[170].  We therefore sought to examine whether or not there may be 

differences in the recruitment of inflammatory cells to the peritoneal cavity, subsequent to 

challenge with LPS.  We observed that twenty-four hours after LPS injection, there was a 36% 

decrease in the number of cells recovered from the peritoneal cavity of wild type mice, as 

compared to control levels (3.49 x 10
6
 vs. 2.56 x 10

6
, P=0.007, Figure 4-1A), while the number of 

cells recovered from Fps-null mice remained constant between challenged and unchallenged 

animals (3.68 x 10
6
 vs. 3.79 x 10

6
, Figure 4-1A).   

 Having observed a retention of cells in the peritoneal cavity of LPS-challenged Fps-null 

mice, we next sought to assess which cell type(s) was/were responsible for these differences.  We 

used flow cytometry to analyse the expression of macrophage (F4/80) and neutrophil (Ly6G) 

markers on cells recovered by peritoneal lavage both before and after LPS challenge.  Our results 

show that upon LPS challenge of wild type mice, there is a 23% drop in the macrophage fraction 

in cells recovered from the peritoneal cavity (70.5% vs. 47.4%, P=0.058, Figure 4-1B).   
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Figure 4-1: Fps regulates disappearance of macrophages from peritoneal cavity subsequent 
to LPS challenge.  Wild type and Fps-null mice were injected with 1 mg/kg of LPS into the 

peritoneal cavity, and peritoneal lavage was performed 24 hours later. Cells were counted and 

flow cytometry performed.  A: Total number of cells recovered by peritoneal lavage.  B: Flow 

cytometry of cells recovered by lavage using phycoerythrin-labelled F4/80 (macrophage marker) 

and FITC-labelled CD11b.  For squares marked in red, P=0.058 control vs. LPS stimulated by 

Student’s t-test.  C: Flow cytometry of cells recovered by lavage using phycoerythrin-labelled 

Ly6G (neutrophil marker) and FITC-labelled CD11b.  For squares marked in blue, P<0.014, 

control vs. LPS stimulated by Student’s t-test.  For all conditions, n=2 to 5. 
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Expressed in a different way, this corresponds to a decrease of 52% (from 2.46 x 10
6
 to 1.19 x 

10
6
)

 
in the actual number of macrophages recovered from the peritoneal cavity.  This decrease in 

macrophage recovery after LPS injection was not observed in Fps-null animals (Figure 4-1B).  

We also observed a substantial LPS-induced recruitment of neutrophils to the peritoneal cavity; 

however, there was no difference between genotypes (Figure 4-1C). 

 

4.3.2 Fps promotes cell death in macrophages stimulated with LPS and TNF-αααα....    

The observed differences in the numbers of macrophages retained in the peritoneal 

cavities of Fps-null and wild type mice led us to investigate the possibility that there might be a 

role for Fps in regulating cell death in response to inflammatory stimuli.  This was assessed by 

using flow cytometry to quantitate the appearance of a sub-G1 peak in fixed cells stained with 

propidium iodide (PI).  When stimulated for 6, 12, and 24 hours with LPS, cells lacking Fps 

displayed reductions in apoptosis relative to wild type cells of 11%, 14%, and 22%, respectively 

(Figure 4-2A).  However, since it has been suggested that LPS-induced cell death in cultured 

macrophages is caused by the autocrine action of TNF-α[183], we decided to examine the 

possibility that stimulation with this cytokine would also result in a difference in the level of cell 

death between wild type and Fps-null cells.  Indeed, apoptosis in TNF-α treated Fps-null 

macrophages was 24%, 39%, and 43% less than in wild type macrophages at 6, 12, and 24 hours 

respectively (Figure 4-2B).  

 

4.3.3 The reduction in cell death in TNF-αααα-stimulated Fps-null macrophages is due to 

decreases in both apoptosis and necrosis.  

Cell death analysis using PI staining to measure nuclear condensation is reasonably 

specific for identifying apoptotic cells; however, a small percentage of cells undergoing necrosis 

will also display nuclear condensation, such that they gate into a sub-G1 peak.  Therefore, we 
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Figure 4-2:   Relative cell death in fps-null and wild type peritoneal macrophages stimulated 

with LPS and TNF-αααα.  Cells were collected by peritoneal lavage from unchallenged mice, and 

stimulated with 10 ng/mL TNF−α, or 100 µg/mL LPS for 0, 6, 12, and 24 hours.  Cells were then 

fixed, and cell death analysis performed by flow cytometry.  A: Cell death induced by stimulation 

with LPS. B: Cell death induced by stimulation with TNF-α. P values were obtained using 

Student’s t-test.  For all time points, n = 4 (LPS stimulation) or 5 (TNF-α stimulation). 
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sought to define more specifically what percentage of cell death observed previously were 

attributable to apoptosis versus necrosis.  For this analysis we chose to stimulate cells with only 

TNF-α for two reasons: first, the magnitude of the difference observed in cell death between wild 

type and Fps-null cells was much greater for stimulations with TNF-α as compared to 

stimulations with LPS (Figure 4-2A and B).  Secondly, it has previously been shown that most of 

the apoptosis in macrophage cultures stimulated with LPS can be contributed to the resulting 

secretion and autocrine function of TNF-α[183].   Using flow cytometry, we observed decreases 

in the fraction of apoptotic (annexin V +ve/PI -ve) Fps-null macrophages at 6, 12, and 24 hours 

post stimulation, as compared to wild type (Figure 4-3A).  We next assessed the level of necrosis 

(annexin V +ve/PI +ve) in TNF-α-stimulated macrophages, and again observed decreases in Fps-

null cells at 6, 12, and 24 hours post stimulation (Figure 4-3B).  Interestingly, the magnitude of 

the differences between wild type and Fps-null cells was much greater for necrotic versus 

apoptotic macrophages (Figure 4-3A and B).  

 

4.3.4 Fps regulates degradation of IκκκκB-αααα, phosphorylation of NF-κκκκB and induction of PARP 

in macrophages stimulated with TNF-αααα. 

In Figure 4-3A and B, we showed differences in the level of both apoptosis and necrosis 

in Fps-null macrophages stimulated with TNF-α, as compared to wild type.  In an attempt to 

elucidate how Fps was participating in these processes, we again stimulated macrophages with 

TNF-α, and used western blotting to examine some of the key signalling pathways known to 

regulate cell survival. Relative to wild type macrophages, Fps-null macrophages displayed 

increased activation of the pro-survival NF-κB pathway.  Specifically, there was increased 

degradation of IκB-α at 15 and 30 minutes post TNF-α stimulation in Fps-null macrophages, with 

a corresponding increase in the phosphorylation of p65NF-κB at 15, 30, 60 and 120 minutes post 

stimulation (Figure 4-4).  We also examined the levels of PARP, a protein known to be cleaved  
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Figure 4-3: Fps regulates apoptosis and necrosis in response to TNF-αααα. Cells were collected 

by peritoneal lavage from unchallenged mice, and stimulated with 10 ng/mL TNF−α, for 0, 6, 12, 

and 24 hours, and cell death was then analyzed by flow cytometry.  A: Percentage of apoptotic 

cells as measured by annexin V staining.  B: Percentage of necrotic cells as measured by double 

positive annexin V and propidium iodide staining.  P values were obtained by using Student’s t-

test.  For all time points, n = 5. 
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by caspases in response to many apoptotic stimuli[184, 185], a process which serves as a general 

marker of apoptosis.  At the times examined, there did not appear to be any difference in the 

amount of cleaved PARP in wild type or fps
-/- 

macrophages; and indeed there was very little TNF-

α-induced PARP cleavage in either wild type or Fps-null macrophages (Figure 4-4).  However, 

while TNF-α induced a significant up-regulation of full length PARP in wild type macrophages, 

this was not apparent in Fps-null macrophages (Figure 4-4). 

 

4.3.5 Fps promotes resolution of thioglycollate-induced inflammation.   

We have previously observed an increased thioglycollate-induced recruitment of 

neutrophils to the peritoneal cavity of mice lacking Fps[182].   Since we observed differences in 

cell death in macrophages in response to inflammatory stimuli (Figures 4-2 and 4-3), and it is 

known that apoptosis can promote the resolution of inflammation, we examined whether or not 

there might be a role for Fps in resolution of inflammation.  Wild type and Fps-null mice were 

injected i.p. with thioglycollate, and five days later peritoneal cellularity was assessed by 

peritoneal lavage followed by flow cytometry analysis.  This revealed a 2 fold increase in the 

number of cells (5.8 x10
6
 wild type vs. 2.5 x10

6
 fps

-/-
, Figure 4-5), recruited to the peritoneal 

cavity of wild type mice, as compared to Fps-null counterparts. Of these recruited cells, a greater 

proportion were macrophages in wild type mice, as compared to Fps-null mice (Figure 4-5, inset).  

The role of these “late” macrophages is to clear away previously recruited inflammatory 

neutrophils which have undergone apoptosis, thereby helping to resolve inflammation.  With this 

in mind, we also analyzed what proportion of the cells recovered by lavage were either 

macrophages or neutrophils.  Flow cytometry analysis revealed that 5 days post thioglycollate 

challenge, there was a 2.5 fold increase in the percentage of neutrophils remaining in the 

peritoneal cavities of Fps-null mice, compared to wild type counterparts (Figure 4-5, inset).  
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Figure 4-4: Absence of Fps correlates with increased NF-κκκκB activation and decreased 

induction of PARP in macrophages stimulated with TNF-αααα.  Cells were collected by 

peritoneal lavage from unchallenged mice, and stimulated with 10 ng/mL TNF−α, for the 

indicated times.  Soluble cell lysates were prepared, resolved on SDS-PAGE gells, transferred to 

membranes, and probed with the indicated antibodies. 
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Figure 4-5:  Fps promotes resolution of thioglycollate-induced inflammation.  Wild type and 

Fps-null mice were injected with 1 mL of 4% thioglycollate broth into the peritoneal cavity.  

Peritoneal lavage was performed 5 days later, and total number of cells recovered was recorded. 

Inset: Flow cytometry analysis of cells recovered by lavage using phycoerythrin-labelled F4/80 

(macrophage marker), and phycoerythrin-labelled Ly6G (neutrophil marker).  P values were 

obtained using the Student’s t-test.  

 



  78

4.4 Discussion 

Previous studies have provided a basis for Fps as an important player in modulating the 

response to LPS-induced inflammation[67], both through its ability to modulate the secretion of 

pro-inflammatory cytokines[170], as well as it’s role in controlling the number of leukocytes 

homing to areas of inflammation [182].  Here, we report the participation of Fps in another key 

step in the regulation of inflammation, the apoptosis of immune cells.  

Much of the work to date examining the role of apoptosis in resolution of inflammation 

has focused on the fate of neutrophils, subsequent to their recruitment to sites of 

inflammation[118, 121]. These studies clearly show that neutrophil apoptosis is an essential 

process in the resolution of inflammation, for two reasons.  First, apoptosis of neutrophils 

promotes their phagocytic clearance from sites of inflammation by macrophages, a process which 

protects the surrounding tissue from the pro-inflammatory contents inside the neutrophil[121, 

122].  Secondly, phagocytosis of apoptotic neutrophils promotes the release of anti-inflammatory 

mediators such as IL-10[120].   

Here, we report evidence suggesting that Fps plays a role in the recruitment of 

macrophages to the inflamed peritoneal cavity.  Further analysis implicates Fps in the regulation 

of macrophage cell death, both apoptotic and necrotic, subsequent to TNF-α stimulation.  Our 

results also showed that in the absence of Fps, TNF-α-induced NF-κB activation was increased, 

while PARP expression was not induced.  Finally, we suggest that the decrease in apoptosis in 

Fps-null macrophages leads to a failure to properly resolve inflammation. 

In Figure 4-1, we showed that the 28% decrease in the number of cells recovered from the 

peritoneal cavity of wild type mice after LPS challenge was attributable to a decrease in the 

number of macrophages recovered; interestingly, there was not a corresponding decrease in 

peritoneal macrophages in Fps-null mice (Figure 4-1A and B).   We go on to show decreases in 

Fps-null macrophage apoptosis and necrosis in vitro (Figures 4-2, 4-3), therefore suggesting that 

these differences in cell death were responsible for the observed in vivo differences in LPS-
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induced changes in peritoneal macrophage cellularity Figure 4-1. However, others have suggested 

that the disappearance of macrophages from the inflamed peritoneum is not due to apoptosis, but 

due to their migration to draining lymph nodes[186].   In a subsequent study, these same authors 

reported that this clearance of macrophages from the peritoneum during the resolution of 

inflammation is controlled, at least partially by the β1 integrins very late antigen (VLA)-4 and 

VLA-5[187].  Their study proves this as the principal method of clearance of thioglycollate-

elicited inflammatory macrophages from the peritoneal cavity subsequent to inflammation; 

however, the idea that resident peritoneal macrophages are also cleared in this manner subsequent 

to inflammation is not convincingly shown, and apoptosis as a method of their disappearance was 

not disproved[187].   

Activation of NF-κB is known to induce secretion of pro-inflammatory cytokines[138], 

but it has also been shown to promote cell survival[188].  We have previously shown an increase 

in NF-κB activation downstream of LPS stimulation in macrophages lacking Fps[170], and here 

we show for the first time an increase in NF-κB activation downstream of TNF-α stimulation as 

well (Figure 4-4).  Therefore, it was not surprising that we observed increased survival of Fps-null 

macrophages that were stimulated with both LPS and TNF-α.  In LPS-stimulated macrophages, 

Fps was shown to promote the endocytosis of the LPS receptor TLR-4[170], a process known to 

down-regulate NF-κB signalling[139].  With this in mind, it will be interesting to investigate a 

possible role for Fps in endocytosis of TNF receptor 1 (TNFR1), especially since internalization 

of this receptor is necessary for a switch from pro-inflammatory NF-κB signalling, to pro-

apoptotic caspase activation[189].   

In contrast to an increase in NF-kB activation in response to TNF-α stimulation in Fps-

null macrophages, we observed a complete failure to up-regulate the nuclear enzyme PARP 

(Figure 4-4).  Cleavage of PARP is an early event in apoptosis[190], and is often used as a marker 

for cells undergoing this process[191].  However, it has been observed that activation of PARP 
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can cause necrotic cell death[192, 193], presumably due to depletion of cellular energy 

reserves[194].  Indeed, our results seem to agree with this role for PARP, since Fps-null cells that 

did not up-regulate PARP upon TNF-α stimulation (Figure 4-4), were also resistant to necrotic 

cell death (Figure 4-3B). 

Neutrophils can be recruited to an inflamed peritoneum in as little as 2 hours.  

Subsequently, blood derived monocytes migrate into the peritoneal space later on, between 24 

hours and 5 days after challenge[186], where their role is to “clean up” the now apoptotic 

neutrophils, therefore helping to resolve inflammation and promote survival.  We have previously 

reported that upon challenge with thioglycollate, there is an increased recruitment of neutrophils 

to the peritoneum of Fps-null mice [182], and have also shown that Fps-null mice display 

increased mortality upon an inflammatory challenge[67].  We therefore sought to investigate 

whether or not Fps-null mice properly resolved inflammation.  To this end, peritoneal lavage cells 

from wild type and Fps-null mice were counted and analysed by flow cytometry, 5 days after i.p. 

challenge with thioglycollate.  We observed that in the absence of Fps, there was a substantial 

decrease in the number of macrophages recruited to the peritoneal cavity (Figure 4-5).  In fact, the 

number of cells recovered from the peritoneal cavities of Fps-null mice 5 days after thioglycollate 

challenge was actually less than the number recovered under resting conditions (compare numbers 

recovered in Figures 4-1 and 4-5).  This suggested to us that Fps is necessary for the recruitment 

of monocytes to the peritoneal space following an inflammatory challenge.  In the absence of Fps, 

the lack of recruitment of these “late” macrophages most likely hinders the resolution of 

inflammation.   Indeed this seems to be the case, since 5 days after thioglycollate challenge, the 

percentage of neutrophils recovered from Fps-null mice was 2.5 times higher than the number 

recovered from wild type (3.3±0.3% vs. 8.1±0.2 %, P=0.002, wild type vs. fps
-/-

, Figure 4-5 inset).   

It has been suggested that macrophage cell death upon pathogenic challenge may occur as 

a benefit to the host[195]. Therefore we propose that the observed disappearance of wild type 

macrophages subsequent to LPS challenge (Figure 4-1), may be due to increased cell death of 
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these cells (Figures 4-2 and 4-3), and that this ultimately promotes a proper resolution of 

inflammation (Figure 4-5); all of these processes appear to be defective in mice lacking Fps.  

Interestingly, a recent report by Moubarak et al. suggests that under certain conditions, cell death 

by necrosis can actually represent a form of programmed cell death [196], and not be a passive 

event as earlier thought.  What is even more appealing about this idea is that they show that 

during this form of “programmed necrosis[196]” cells display phosphatidyl serine exposure and 

chromatin condensation, both of which we have used here to denote cells undergoing apoptosis 

(Figures 4-2, 4-3A).  With this in mind, it is interesting to speculate that what we observed in 

Figures 4-2 and 4-3 is actually a form of TNF-α-induced programmed cell necrosis in 

macrophages, and not apoptosis, and that Fps is required for this process.     

In conclusion, we show here that in the absence of Fps, there is an increased retention of 

macrophages in the peritoneal cavity subsequent to LPS challenge.  We go on to show that this is 

likely due to a defect in TNF-α-induced death in macrophages lacking Fps.   Furthermore, in the 

absence of Fps, we observed an increase in NF-κB signalling, and a decrease in PARP induction, 

both of which correlate with increased cell survival.  Finally, we propose that this form of cell 

death, regulated by Fps, may be a programmed necrosis, which ultimately benefits the host by 

promoting the resolution of inflammation. 
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Chapter 5 

General Discussion 

 

5.1 Summary of findings and significance of results 

 The fps gene was originally identified as an oncogene from retro-virally induced chicken 

and avian tumours[1, 2].  Therefore, it is not surprising that much of the early work on fps, and 

indeed much of the work done today, strives to elucidate what role this gene may have in the 

progression of malignant disease.  Also, since early Fps expression was found to be highest in 

cells of the myeloid lineage, a large body of other work has focused on how fps participates in the 

development and maturation of the hematopoietic system, giving particular attention to cells of 

the myeloid lineage.  Due to the importance of myeloid (as well as other leukocytic, and 

endothelial) cells in innate immunity and inflammation, and the high expression of the Fps protein 

in these cells, it was not hard to imagine a role for Fps in these processes; however, it was not 

until a 2000 report by Hackenmiller et al.[73], and a later more compelling 2002 report by 

Zirngibl et al.[67], that fps was conclusively shown to participate in innate immunity and 

inflammation.  Each contained initial evidence that fps might be important in the innate immune 

response, showing that their distinct Fps-knockout mouse models were more susceptible to B. 

burgdorferi-induced footpad swelling, and death induced by intra-peritoneal LPS challenge, 

respectively.  Nevertheless, both of these reports provided little evidence to suggest how the Fps 

protein was participating in inflammation.   The only other clue as to what the role of Fps was in 

this process, was obtained by Senis et al.[66], who showed that there was impaired LPS-induced 

signalling in macrophages obtained from mice harbouring a kinase-inactivating, knock-in 

mutation of fps.  To date, the Results chapters presented within this thesis are the only ones to 

focus solely on the role of fps in inflammation and innate immunity. The work presented in this 
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thesis has expanded our knowledge of the role of the Fps protein tyrosine kinase in inflammation, 

by elucidating how it regulates this process at the physiological, cellular, and molecular levels.  

 

5.1.1 Model of the role of Fps in inflammatory cytokine signalling and release. 

 One of the first occurrences in the response to injury, is the release of inflammatory 

cytokines by cells such as macrophages.  These cytokines serve several functions, including the 

modulation of release of chemokines and cytokines, the up-regulation of adhesion molecules on 

leukocytes and epithelial cells, and the activation of cells of the innate and adaptive immune 

systems.  Therefore, it was important to establish whether or not lack of a functional Fps protein 

could affect the release of, and signalling induced by, inflammatory cytokines.   

 In chapter two, we have shown that in the absence of Fps, there is an increased release of 

TNF-α into the serum of mice challenged with an intra-peritoneal LPS injection (Figure 2-1), and 

more specifically, that macrophages from these Fps-null mice showed increased LPS-induced 

secretion of TNF-α as well (Figure 2-2).  This established that a major reason for the increased 

sensitivity of Fps-null mice to inflammatory challenge was due to increases in pro-inflammatory 

cytokine release from macrophages. 

 Release of cytokines from macrophages is directly linked to the increases in various 

signalling pathways that come about during the induction phase of inflammation.  The major 

signalling pathway responsible for inducing the early release of TNF-α from macrophages is the 

NF-κB pathway.  In chapter 2, we show that the role of Fps in macrophages is to down-regulate 

this pathway (Figure 2-3).  Interestingly, TNF-α that has been released from macrophages, can act 

back on these cells in an autocrine manner.  This autocrine action can further increase NF-κB 

signalling, leading to the release of additional inflammatory cytokines and chemokines from the 

macrophage.  We therefore examined whether or not there may be differences in TNF-α-induced 
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signalling.  Indeed, in chapter 4 we show that in addition to increased LPS-induced NF-κB 

activation, there is also increased TNF-α-induced NF-κB activation in macrophages isolated from 

Fps-null mice (Figure 4-5), although the latter is much more subtle.  With this in mind, we 

propose a model in which Fps’ participation in LPS-induced signalling is on two levels; during 

both the initial LPS-induced TLR4 signalling, and subsequent autocrine TNF-α-induced TNFR1 

signalling (Figure 5-1).  Thus, the work mentioned above establishes Fps as an important 

modulator of the early, pro-inflammatory phase of inflammation, involving cytokine signalling 

and release. 

   

5.1.2 Role of Fps in inflammatory cell recruitment and transmigration. 

 As mentioned above, the release of pro-inflammatory cytokines can stimulate the release 

of chemokines, and the up-regulation of cell-surface adhesion molecules.  The ultimate goal of 

both of these processes is to allow for the early recruitment of inflammatory cells (mostly 

neutrophils) to a site of injury. These newly recruited neutrophilic cells can then combat infection 

at the source of injury; however, they can also inflict “collateral damage” to healthy tissues, due 

to the release of cytotoxic molecules such as reactive oxygen species.  Therefore, an over 

abundance of neutrophils at a site of injury is a sign of excessive inflammation, which can lead to 

detrimental effects such as organ failure and death.  With this in mind, in chapter 3 we examined 

the role of Fps in the in vivo recruitment of cells towards various inflammatory stimuli.  In 

response to both LPS, and thioglycollate, there was an increase in the number of cells recruited in 

Fps-null mice (Figures 3-2B and 3-4A, respectively), and in the case of thioglycollate, we showed 

that these increases were due to a greater number of neutrophils being present (Figure 3-4B).   

This revealed a role for Fps in the recruitment of inflammatory cells during the early stages of 

inflammation, where it limits the response.   
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Figure 5-1: Model of Fps role in inflammatory signalling.  Fps serves to control inflammatory 

signalling by restraining NF-kB activation after stimulation with LPS, or TNF-α.  LPS signalling 

can lead to a feed forward autocrine loop involving TNF-α, and thus Fps can serve to regulate 

inflammatory signalling at two separate points in this signalling network pathway. 
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In contrast to the early stages of inflammation, during the later stages, monocytic cells are 

recruited to the site of injury, where their role is to phagocytose dead and dying neutrophilic and 

stromal cells, thereby promoting the resolution of inflammation.  Again during this later stage, we  

observed differences in the recruitment of cells between Fps-null and wild type mice.  In this 

instance, however, there was more cellular recruitment in wild type animals as compared to Fps-

null, and these cells were predominantly macrophages (Figure 4-5).  Therefore, our observations 

show that at times of both early and late cellular recruitment in response to inflammation, Fps-null 

mice display a phenotype that is in accordance with the promotion of inflammation.  This 

suggests Fps can down-regulate inflammation by properly controlling cellular recruitment during 

inflammation, in addition to constraining the release of, and signalling downstream from, certain 

cytokines. 

 

5.1.3 Possible role of Fps in non-innate immune cells in inflammation 

 Although this work focuses mainly on innate immune cell function in the context of 

inflammation, lymphocytes are also involved in sepsis.  During sepsis, there is extensive 

lymphocyte apoptosis [197], and this probably contributes to the immunosuppression seen in 

many septic patients [100].  Furthermore, T cells can sequester cytokines in the resolution phase 

of inflammation[198].  Therefore, it would be interesting to investigate a possible role for Fps in 

inflammation with respect to lymphocytic immune cells, since loss of Fps leads to slight 

perturbations in the levels of B cell progenitors[67], albeit independent of its kinase function [66].  

 Fps is also expressed in platelets.  Platelets are important in coagulation, and indeed 

platelets from Fps and Fer deficient mice displayed disregulated platelet aggregation and 

disaggregation, respectively[35].  Furthermore, whole blood from Fps-null mice displayed a 

reduced thrombin clot time, as well as increased Fibrin content (Parsons, Sangrar and Greer, 

unpublished observations).  With respect to inflammation, this is important since sepsis very 
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frequently leads to the occurance of disseminated intravascular coagulation (DIC) [199].  DIC can 

be defined as the activation of intravascular coagulation or the appearance of microthrombi, and 

this syndrome most likely contributes to the multiple organ failure associated with sepsis, due to 

inadequate tissue perfusion [100, 199, 200].  Interestingly, it has been shown that in the fps
MF

 

mouse model, a DIC-like syndrome occurs naturally [201].  

 

5.1.4 Effects of Fps on apoptosis in macrophages, and subsequent secretion of cytokines. 

 A vital part of the resolution phase of inflammation, is the ability of inflammatory cells to 

undergo apoptosis, thereby limiting the tissue damage caused by these cells.  A great deal of the 

work done to date has focused on the role of neutrophil apoptosis in the resolution of 

inflammation[118, 121, 122].   Here, we show that in the absence of Fps, macrophages are more 

resistant to LPS-induced inflammation, while mice lacking Fps are more susceptible to it.  While 

studies seem to show that an increased rate of macrophage apoptosis relative to control is 

detrimental to the host in the setting of inflammation, this does not necessarily mean that a 

decrease relative to control, as observed in chapter 4, would be beneficial.  In fact, one study 

suggests that inhibition of apoptosis with the pan-caspase inhibitor Z-VAD-FMK (zVAD), 

correlates with an increase in the LPS-induced release of the pro-inflammatory high mobility 

group box protein 1 (HMGB1)[202].  However, HMGB1 is released relatively late in the context 

of an LPS challenge, relative to other pro-inflammatory cytokines such as TNF-α (about 20 hours 

after stimulation versus 1-2 hours after stimulation, respectively).  To our knowledge, little work 

has been done on the role of apoptosis in modulating the early response of macrophages to 

stimulation with pro-inflammatory molecules such as LPS, and their subsequent ability to release 

cytokines.  Our results show that there is a correlation between a reduction in apoptosis in 

peritoneal macrophages, and an increase in their ability to secrete cytokines (compare data from 

Figures 2-2, and 4-2).  We postulate that this correlation could exist for two reasons.  First, 
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decreased apoptosis in Fps-null cells as compared to wild type, would allow for an increased 

length of time over which they could secrete cytokines, thereby allowing for an increase in the 

amount of secretion.  Secondly, this correlation could be a bi-product of these two events being 

stimulated by some of the same signalling pathways. For example, activation of NF-κB will lead 

to increases in the transcription (and presumably the secretion) of cytokines such as TNF-α[138], 

but has also been shown to stimulate cellular survival[188].  With this in mind, it would be 

interesting to investigate the secretion of early-released cytokines such as TNF-α or IL-1β, from 

macrophages cultured with and without apoptosis inhibitors such as zVAD.  

 

5.1.5 A proposed mechanism by which Fps can function in the cell. 

 This work has demonstrated three main functions for the Fps protein.  In the second and 

fourth chapters, we show a function for Fps in signalling downstream of both LPS and TNF-α.  In 

chapter 2, we provide evidence of a role for Fps in endocytosis, and possibly phagocytosis as 

well.  Finally, in chapters 3 and 4, we show a role for Fps in regulating cellular recruitment in 

response to inflammatory stimuli.  Although these processes seem to be very different in nature, 

they share a common thread through which Fps might act upon them all. 

Fps is a member of the Pombe Cdc15 homology (PCH) family of proteins, whose 

characteristic feature is an evolutionarily conserved extended FCH (EFC) or FCH-BAR (F-BAR) 

domain, located on the N-terminus of these proteins[21, 22].  The structure of the EFC domain 

allows it to bind to curved phospholipid membranes, where it can participate in the regulation of 

clathrin-mediated endocytosis (CME)[23].  Presumably, most of this family of proteins participate 

in CME, through the recruitment of dynamin to their Src homology 3 (SH3) domains[13, 203], 

thereby allowing dynamin to carry out its vesicle scission function[204-206].   As well, at least 

one of these PCH proteins also recruits neural Wiskott-Aldrich syndrome protein (N-
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WASP)[207], which is also necessary for CME, and participates in actin cytoskeletal dynamics in 

general. Therefore, it is tempting to suggest that the Fps protein might play a similar role in 

regulating CME, and actin cytoskeleton dynamics in general.  As discussed in chapter 2, there is 

preliminary evidence for such a role. Briefly, the Fps-related Fer kinase might participate in actin 

cytoskeleton function through regulation of cortactin phosphorylation [86, 88-90].  Fps and Fer 

are highly homologous[85], thus these kinases may have similar or redundant roles within the 

cell, implicating Fps in the regulation of the actin cytoskeleton.  Our preliminary results suggest a 

role for Fps in regulating phosphorylation of HS-1, a cortactin homolog.  Interestingly, HS-1 has 

been shown to participate in the regulation of actin cytoskeletal dynamics, by binding to both F-

actin and the Arp2/3 complex, which is mediated by its coiled-coil and N-terminal acidic 

domains, respectively [208, 209].  The binding of HS-1 to the Arp2/3 complex, increases the rate 

of actin assembly by the later, as well as its ability to promote actin branching[209].  More recent 

work by Udell and Craig suggest that tyrosine phosphorylation of HS-1 is reduced in Fps and Fer 

deficient mast cells, which have been activated via FcεR1 (Udell and Craig, unpublished 

observations). Therefore, it is interesting to speculate that Fps might participate in actin re-

organization through HS-1 phosphorylation, much in the same was as Fer does with cortactin.  

Secondly, recent work by Laurent et. al. showed a role for human Fps in the regulation of the 

tubulin cytoskeleton [15], which is also involved in endocytosis (reviewed in [160]). Also, Fps 

partially co-localized with Rab5B and Rab7, suggesting a role in vesicular trafficking [20], which 

is another event involving actin re-organization[210]. 

In this thesis, we show that Fps is involved in regulating at least three separate events in 

inflammation: cytokine release, cellular recruitment, and apoptosis. Actin re-organization is 

important for all three of the processes.  Cytokine release is affected by the regulation of receptor 

endocytosis[139], which requires actin re-organization[140].  In turn, receptor endocytosis is 

important for TNF-α-induced apoptosis[189]. Finally, recruitment of cells to sites of 

inflammation, involve various events, many of which rely upon the dynamic nature of the 
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cytoskeleton in order to function properly[173, 179].  Therefore, we propose that it is through its 

proposed ability to regulate the cytoskeleton, that the Fps protein can regulate all three of the 

events described above. 

 

5.2 Effect of inflammation on tumour biology, and possible roles for the Fps protein.  

  The idea of inflammation being associated with cancer is not new, and scientists 

have been studying the question for over a century and a half, and the relationship between the 

two is the subject of many review articles[78, 79, 211, 212]. Different types of inflammation can 

affect cancer development in different ways; simply put, acute inflammation tends to be anti-

oncogenic, while chronic inflammation tends to be oncogenic[213].  In fact, many individual 

cancers have been associated with various specific types of chronic inflammation.  For example, 

H. pylori infection is strongly correlated with the appearance of gastric cancer[214], Hepatitis C 

infection has been correlated with hepatocellular carcinoma, and Crohn’s disease and ulcerative 

colitis seem to promote the induction of colon carcinoma.  In fact, it has been reported that there 

is a reduction in colon cancers among long term users of  nonsteroidal anti-inflammatory drugs 

(NSAIDs), such as aspirin, by up to 40%[215, 216]. 

 One of the ways in which chronic inflammation can promote cancer progression, is 

through the neo-vascularization of tumours.  Macrophages that are associated with tumours, or 

TAMs, can produce large amounts of TNF-α in the local tumour environment.  In some instances, 

this can then stimulate the release of VEGF-A from melanocytes, thereby promoting the 

vascularization of tumours[216, 217].  It is interesting to speculate that there might be a role for 

Fps in this process, since Fps-null macrophages release increased amounts of TNF-α[170], and 

fps
mf

 endothelial cells show an enhanced sensitivity to VEGF stimulation[62].  Therefore, future 

studies could examine the extent to which xenografted tumours can induce neovascularization, in 

the context of nude mice harbouring various genetic mutations of the fps gene.  
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 Inflammation can also exert an effect on tumour infiltration and metastasis.  It is well 

established that in an inflammatory setting, the release of specific chemokines, such as GROα, 

GROβ, and IL-8 can lead to the recruitment of leukocytes to the site of injury; however, these 

same molecules can also exert direct stimulatory effects on tumours[218]. P-selectin, another 

important molecule in leukocyte recruitment, which is up-regulated during inflammation, can 

participate in the metastasis of melanoma cells to the lung[219].  Furthermore, recent work by 

Wyckoff et al. describes a role for perivascular macrophages in assisting the intravasation of 

tumour cells, a process that is necessary for hematogenous metastasis[220].  With this in mind, it 

would be interesting to investigate the possibility of a role for Fps in regulating tumour 

metastasis, especially when one considers the role shown here for this protein in leukocyte 

recruitment. 

 Overcoming natural apoptotic regulation is one of the six hurdles that a nascent tumour 

must leap in order to become fully carcinogenic[221].  In the context of inflammation, the release 

of TNF-α can have a dramatic effect on this process.  In locally administered high doses, TNF-α 

can stimulate the regression of tumours[222]; however, in other cases this molecule seems to have 

the opposite effect [223].  It has been suggested that the tumour promotion effect of TNF-α, most 

likely arises from its ability to stimulate the pro-survival NF-κB pathway.  Indeed, the constitutive 

activation of this pathway has been linked to the promotion of cancers, especially those of 

epithelial origin[212, 224].  Sangrar et al. have shown that in a mouse model of breast epithelial 

cancer, tumour onset time is reduced in both Fps-null, and fps
K>R/K>R

 mice.  Considered alongside 

the evidence presented in this thesis which suggests that an intact Fps protein can restrain 

inflammation-induced NF-κB activity (Figures 2-3 and 4-4), one might theorize that the role of 

Fps in restraining tumour onset, is at least partially due to its ability to regulate NF-κB activity in 

the context of inflammation. 
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 During inflammation, the production and release of reactive oxygen species (ROS) and 

reactive nitrogen species (RNS), is one of the ways in which leukocytes attempt to rid the body of 

foreign pathogens. The release of ROS and RNS can induce mutations in DNA, since these two 

groups of molecules can react to produce peroxynitrite, a known mutagen[225].  Interestingly, Fps 

and Fer can be inducibly phosphorylated by ROS[226] (Parsons and Greer, unpublished 

observations), and at least with respect to Fer, some of its functions seem to be dependent on the 

generation of these molecules[227].  Therefore, future investigation could explore the possibility 

that ROS-induced phosphorylation of Fps may in some way affect tumour generation and 

progression.   

 



  93

References 

 

1. Shibuya, M., Hanafusa, T., Hanafusa, H., Stephenson, J.R. (1980) Homology exists 

among the transforming sequences of avian and feline sarcoma viruses. Proc Natl Acad 

Sci U S A 77, 6536-40. 

2. Snyder, S.P., Theilen, G.H. (1969) Transmissible feline fibrosarcoma. Nature 221, 1074-

5. 

3. Alcalay, M., Antolini, F., Van de Ven, W.J., Lanfrancone, L., Grignani, F., Pelicci, P.G. 

(1990) Characterization of human and mouse c-fes cDNA clones and identification of the 

5' end of the gene. Oncogene 5, 267-75. 

4. Roebroek, A.J., Schalken, J.A., Verbeek, J.S., Van den Ouweland, A.M., Onnekink, C., 

Bloemers, H.P., Van de Ven, W.J. (1985) The structure of the human c-fes/fps proto-

oncogene. Embo J 4, 2897-903. 

5. Wilks, A.F., Kurban, R.R. (1988) Isolation and structural analysis of murine c-fes cDNA 

clones. Oncogene 3, 289-94. 

6. Groffen, J., Heisterkamp, N., Shibuya, M., Hanafusa, H., Stephenson, J.R. (1983) 

Transforming genes of avian (v-fps) and mammalian (v-fes) retroviruses correspond to a 

common cellular locus. Virology 125, 480-6. 

7. Brooks-Wilson, A.R., Ball, E., Pawson, T. (1989) The myristylation signal of p60v-src 

functionally complements the N-terminal fps-specific region of P130gag-fps. Mol Cell 

Biol 9, 2214-9. 

8. Cheng, H., Rogers, J.A., Dunham, N.A., Smithgall, T.E. (1999) Regulation of c-Fes 

tyrosine kinase and biological activities by N-terminal coiled-coil oligomerization 

domains. Mol Cell Biol 19, 8335-43. 

9. Cheng, H.Y., Schiavone, A.P., Smithgall, T.E. (2001) A point mutation in the N-terminal 

coiled-coil domain releases c-Fes tyrosine kinase activity and survival signaling in 

myeloid leukemia cells. Mol Cell Biol 21, 6170-80. 

10. Aspenstrom, P. (1997) A Cdc42 target protein with homology to the non-kinase domain 

of FER has a potential role in regulating the actin cytoskeleton. Curr Biol 7, 479-87. 

11. Tian, L., Nelson, D.L., Stewart, D.M. (2000) Cdc42-interacting protein 4 mediates 

binding of the Wiskott-Aldrich syndrome protein to microtubules. J Biol Chem 275, 

7854-61. 

12. Modregger, J., Ritter, B., Witter, B., Paulsson, M., Plomann, M. (2000) All three 

PACSIN isoforms bind to endocytic proteins and inhibit endocytosis. J Cell Sci 113 Pt 

24, 4511-21. 

13. Qualmann, B., Kelly, R.B. (2000) Syndapin isoforms participate in receptor-mediated 

endocytosis and actin organization. J Cell Biol 148, 1047-62. 



  94

14. Linder, S., Hufner, K., Wintergerst, U., Aepfelbacher, M. (2000) Microtubule-dependent 

formation of podosomal adhesion structures in primary human macrophages. J Cell Sci 

113 Pt 23, 4165-76. 

15. Laurent, C.E., Delfino, F.J., Cheng, H.Y., Smithgall, T.E. (2004) The human c-Fes 

tyrosine kinase binds tubulin and microtubules through separate domains and promotes 

microtubule assembly. Mol Cell Biol 24, 9351-8. 

16. Takahashi, S., Inatome, R., Hotta, A., Qin, Q., Hackenmiller, R., Simon, M.C., 

Yamamura, H., Yanagi, S. (2003) Role for Fes/Fps tyrosine kinase in microtubule 

nucleation through is Fes/CIP4 homology domain. J Biol Chem 278, 49129-33. 

17. Read, R.D., Lionberger, J.M., Smithgall, T.E. (1997) Oligomerization of the Fes tyrosine 

kinase. Evidence for a coiled-coil domain in the unique N-terminal region. J Biol Chem 

272, 18498-503. 

18. Takashima, Y., Delfino, F.J., Engen, J.R., Superti-Furga, G., Smithgall, T.E. (2003) 

Regulation of c-Fes tyrosine kinase activity by coiled-coil and SH2 domains: analysis 

with Saccharomyces cerevisiae. Biochemistry 42, 3567-74. 

19. Tagliafico, E., Siena, M., Zanocco-Marani, T., Manfredini, R., Tenedini, E., Montanari, 

M., Grande, A., Ferrari, S. (2003) Requirement of the coiled-coil domains of p92(c-Fes) 

for nuclear localization in myeloid cells upon induction of differentiation. Oncogene 22, 

1712-23. 

20. Zirngibl, R., Schulze, D., Mirski, S.E., Cole, S.P., Greer, P.A. (2001) Subcellular 

localization analysis of the closely related Fps/Fes and Fer protein-tyrosine kinases 

suggests a distinct role for Fps/Fes in vesicular trafficking. Exp Cell Res 266, 87-94. 

21. Itoh, T., Erdmann, K.S., Roux, A., Habermann, B., Werner, H., De Camilli, P. (2005) 

Dynamin and the actin cytoskeleton cooperatively regulate plasma membrane 

invagination by BAR and F-BAR proteins. Dev Cell 9, 791-804. 

22. Tsujita, K., Suetsugu, S., Sasaki, N., Furutani, M., Oikawa, T., Takenawa, T. (2006) 

Coordination between the actin cytoskeleton and membrane deformation by a novel 

membrane tubulation domain of PCH proteins is involved in endocytosis. J Cell Biol 172, 

269-79. 

23. Shimada, A., Niwa, H., Tsujita, K., Suetsugu, S., Nitta, K., Hanawa-Suetsugu, K., 

Akasaka, R., Nishino, Y., Toyama, M., Chen, L., Liu, Z.J., Wang, B.C., Yamamoto, M., 

Terada, T., Miyazawa, A., Tanaka, A., Sugano, S., Shirouzu, M., Nagayama, K., 

Takenawa, T., Yokoyama, S. (2007) Curved EFC/F-BAR-domain dimers are joined end 

to end into a filament for membrane invagination in endocytosis. Cell 129, 761-72. 

24. Pawson, T. (1995) Protein modules and signalling networks. Nature 373, 573-80. 

25. Stone, J.C., Atkinson, T., Smith, M., Pawson, T. (1984) Identification of functional 

regions in the transforming protein of Fujinami sarcoma virus by in-phase insertion 

mutagenesis. Cell 37, 549-58. 



  95

26. Sadowski, I., Stone, J.C., Pawson, T. (1986) A noncatalytic domain conserved among 

cytoplasmic protein-tyrosine kinases modifies the kinase function and transforming 

activity of Fujinami sarcoma virus P130gag-fps. Mol Cell Biol 6, 4396-408. 

27. DeClue, J.E., Sadowski, I., Martin, G.S., Pawson, T. (1987) A conserved domain 

regulates interactions of the v-fps protein-tyrosine kinase with the host cell. Proc Natl 

Acad Sci U S A 84, 9064-8. 

28. Pawson, T. (2004) Specificity in signal transduction: from phosphotyrosine-SH2 domain 

interactions to complex cellular systems. Cell 116, 191-203. 

29. Pawson, T. (1988) Non-catalytic domains of cytoplasmic protein-tyrosine kinases: 

regulatory elements in signal transduction. Oncogene 3, 491-5. 

30. Koch, C.A., Moran, M., Sadowski, I., Pawson, T. (1989) The common src homology 

region 2 domain of cytoplasmic signaling proteins is a positive effector of v-fps tyrosine 

kinase function. Mol Cell Biol 9, 4131-40. 

31. Hjermstad, S.J., Peters, K.L., Briggs, S.D., Glazer, R.I., Smithgall, T.E. (1993) 

Regulation of the human c-fes protein tyrosine kinase (p93c-fes) by its src homology 2 

domain and major autophosphorylation site (Tyr-713). Oncogene 8, 2283-92. 

32. Songyang, Z., Shoelson, S.E., McGlade, J., Olivier, P., Pawson, T., Bustelo, X.R., 

Barbacid, M., Sabe, H., Hanafusa, H., Yi, T., et al. (1994) Specific motifs recognized by 

the SH2 domains of Csk, 3BP2, fps/fes, GRB-2, HCP, SHC, Syk, and Vav. Mol Cell Biol 

14, 2777-85. 

33. Laurent, C.E., Smithgall, T.E. (2004) The c-Fes tyrosine kinase cooperates with the 

breakpoint cluster region protein (Bcr) to induce neurite extension in a Rac- and Cdc42-

dependent manner. Exp Cell Res 299, 188-98. 

34. Udell, C.M., Samayawardhena, L.A., Kawakami, Y., Kawakami, T., Craig, A.W. (2006) 

Fer and Fps/Fes participate in a Lyn-dependent pathway from FcepsilonRI to platelet-

endothelial cell adhesion molecule 1 to limit mast cell activation. J Biol Chem 281, 

20949-57. 

35. Senis, Y.A., Sangrar, W., Zirngibl, R.A., Craig, A.W., Lee, D.H., Greer, P.A. (2003) 

Fps/Fes and Fer non-receptor protein-tyrosine kinases regulate collagen- and ADP-

induced platelet aggregation. J Thromb Haemost 1, 1062-70. 

36. Greer, P. (2002) Closing in on the biological functions of fps/fes and fer. Nat Rev Mol 

Cell Biol 3, 278-89. 

37. Smithgall, T.E., Rogers, J.A., Peters, K.L., Li, J., Briggs, S.D., Lionberger, J.M., Cheng, 

H., Shibata, A., Scholtz, B., Schreiner, S., Dunham, N. (1998) The c-Fes family of 

protein-tyrosine kinases. Crit Rev Oncog 9, 43-62. 

38. Songyang, Z., Carraway, K.L., 3rd, Eck, M.J., Harrison, S.C., Feldman, R.A., 

Mohammadi, M., Schlessinger, J., Hubbard, S.R., Smith, D.P., Eng, C., et al. (1995) 

Catalytic specificity of protein-tyrosine kinases is critical for selective signalling. Nature 

373, 536-9. 



  96

39. Rogers, J.A., Read, R.D., Li, J., Peters, K.L., Smithgall, T.E. (1996) Autophosphorylation 

of the Fes tyrosine kinase. Evidence for an intermolecular mechanism involving two 

kinase domain tyrosine residues. J Biol Chem 271, 17519-25. 

40. Scott, A., Pantoja-Uceda, D., Koshiba, S., Inoue, M., Kigawa, T., Terada, T., Shirouzu, 

M., Tanaka, A., Sugano, S., Yokoyama, S., Guntert, P. (2005) Solution structure of the 

Src homology 2 domain from the human feline sarcoma oncogene Fes. J Biomol NMR 31, 

357-61. 

41. Gnemmi, I., Scotti, C., Cappelletti, D., Canonico, P.L., Condorelli, F., Rosano, C. (2007) 

Expression, purification and preliminary crystallographic studies on the catalytic region 

of the nonreceptor tyrosine kinase Fes. Acta Crystallograph Sect F Struct Biol Cryst 

Commun 63, 18-20. 

42. MacDonald, I., Levy, J., Pawson, T. (1985) Expression of the mammalian c-fes protein in 

hematopoietic cells and identification of a distinct fes-related protein. Mol Cell Biol 5, 

2543-51. 

43. Feldman, R.A., Gabrilove, J.L., Tam, J.P., Moore, M.A., Hanafusa, H. (1985) Specific 

expression of the human cellular fps/fes-encoded protein NCP92 in normal and leukemic 

myeloid cells. Proc Natl Acad Sci U S A 82, 2379-83. 

44. Brizzi, M.F., Aronica, M.G., Rosso, A., Bagnara, G.P., Yarden, Y., Pegoraro, L. (1996) 

Granulocyte-macrophage colony-stimulating factor stimulates JAK2 signaling pathway 

and rapidly activates p93fes, STAT1 p91, and STAT3 p92 in polymorphonuclear 

leukocytes. J Biol Chem 271, 3562-7. 

45. Craig, A.W., Greer, P.A. (2002) Fer kinase is required for sustained p38 kinase activation 

and maximal chemotaxis of activated mast cells. Mol Cell Biol 22, 6363-74. 

46. Sangrar, W., Gao, Y., Bates, B., Zirngibl, R., Greer, P.A. (2004) Activated Fps/Fes 

tyrosine kinase regulates erythroid differentiation and survival. Exp Hematol 32, 935-45. 

47. Greer, P., Haigh, J., Mbamalu, G., Khoo, W., Bernstein, A., Pawson, T. (1994) The 

Fps/Fes protein-tyrosine kinase promotes angiogenesis in transgenic mice. Mol Cell Biol 

14, 6755-63. 

48. Haigh, J., McVeigh, J., Greer, P. (1996) The fps/fes tyrosine kinase is expressed in 

myeloid, vascular endothelial, epithelial, and neuronal cells and is localized in the trans-

golgi network. Cell Growth Differ 7, 931-44. 

49. Feldman, R.A., Wang, E., Hanafusa, H. (1983) Cytoplasmic localization of the 

transforming protein of Fujinami sarcoma virus: salt-sensitive association with 

subcellular components. J Virol 45, 782-91. 

50. Moss, P., Radke, K., Carter, V.C., Young, J., Gilmore, T., Martin, G.S. (1984) Cellular 

localization of the transforming protein of wild-type and temperature-sensitive Fujinami 

sarcoma virus. J Virol 52, 557-65. 

51. Woolford, J., Beemon, K. (1984) Transforming proteins of fujinami and PRCII avian 

sarcoma viruses have different subcellular locations. Virology 135, 168-80. 



  97

52. Yates, K.E., Lynch, M.R., Wong, S.G., Slamon, D.J., Gasson, J.C. (1995) Human c-FES 

is a nuclear tyrosine kinase. Oncogene 10, 1239-42. 

53. Pawson, T., Guyden, J., Kung, T.H., Radke, K., Gilmore, T., Martin, G.S. (1980) A strain 

of Fujinami sarcoma virus which is temperature-sensitive in protein phosphorylation and 

cellular transformation. Cell 22, 767-75. 

54. Weinmaster, G., Zoller, M.J., Smith, M., Hinze, E., Pawson, T. (1984) Mutagenesis of 

Fujinami sarcoma virus: evidence that tyrosine phosphorylation of P130gag-fps 

modulates its biological activity. Cell 37, 559-68. 

55. Carmier, J.F., Samarut, J. (1986) Chicken myeloid stem cells infected by retroviruses 

carrying the v-fps oncogene do not require exogenous growth factors to differentiate in 

vitro. Cell 44, 159-65. 

56. Meckling-Gill, K.A., Yee, S.P., Schrader, J.W., Pawson, T. (1992) A retrovirus encoding 

the v-fps protein-tyrosine kinase induces factor-independent growth and tumorigenicity in 

FDC-P1 cells. Biochim Biophys Acta 1137, 65-72. 

57. Hanazono, Y., Chiba, S., Sasaki, K., Mano, H., Miyajima, A., Arai, K., Yazaki, Y., Hirai, 

H. (1993) c-fps/fes protein-tyrosine kinase is implicated in a signaling pathway triggered 

by granulocyte-macrophage colony-stimulating factor and interleukin-3. Embo J 12, 

1641-6. 

58. Hanazono, Y., Chiba, S., Sasaki, K., Mano, H., Yazaki, Y., Hirai, H. (1993) 

Erythropoietin induces tyrosine phosphorylation and kinase activity of the c-fps/fes proto-

oncogene product in human erythropoietin-responsive cells. Blood 81, 3193-6. 

59. Izuhara, K., Feldman, R.A., Greer, P., Harada, N. (1994) Interaction of the c-fes proto-

oncogene product with the interleukin-4 receptor. J Biol Chem 269, 18623-9. 

60. Matsuda, T., Fukada, T., Takahashi-Tezuka, M., Okuyama, Y., Fujitani, Y., Hanazono, 

Y., Hirai, H., Hirano, T. (1995) Activation of Fes tyrosine kinase by gp130, an 

interleukin-6 family cytokine signal transducer, and their association. J Biol Chem 270, 

11037-9. 

61. Mitsui, N., Inatome, R., Takahashi, S., Goshima, Y., Yamamura, H., Yanagi, S. (2002) 

Involvement of Fes/Fps tyrosine kinase in semaphorin3A signaling. Embo J 21, 3274-85. 

62. Sangrar, W., Mewburn, J.D., Vincent, S.G., Fisher, J.T., Greer, P.A. (2004) Vascular 

defects in gain-of-function fps/fes transgenic mice correlate with PDGF- and VEGF-

induced activation of mutant Fps/Fes kinase in endothelial cells. J Thromb Haemost 2, 

820-32. 

63. Haigh, J.J., Ema, M., Haigh, K., Gertsenstein, M., Greer, P., Rossant, J., Nagy, A., 

Wagner, E.F. (2004) Activated Fps/Fes partially rescues the in vivo developmental 

potential of Flk1-deficient vascular progenitor cells. Blood 103, 912-20. 

64. Ferrari, S., Manfredini, R., Tagliafico, E., Grande, A., Barbieri, D., Balestri, R., 

Pizzanelli, M., Zucchini, P., Citro, G., Zupi, G., et al. (1994) Antiapoptotic effect of c-fes 

protooncogene during granulocytic differentiation. Leukemia 8 Suppl 1, S91-4. 



  98

65. Yu, G., Smithgall, T.E., Glazer, R.I. (1989) K562 leukemia cells transfected with the 

human c-fes gene acquire the ability to undergo myeloid differentiation. J Biol Chem 264, 

10276-81. 

66. Senis, Y., Zirngibl, R., McVeigh, J., Haman, A., Hoang, T., Greer, P.A. (1999) Targeted 

disruption of the murine fps/fes proto-oncogene reveals that Fps/Fes kinase activity is 

dispensable for hematopoiesis. Mol Cell Biol 19, 7436-46. 

67. Zirngibl, R.A., Senis, Y., Greer, P.A. (2002) Enhanced endotoxin sensitivity in fps/fes-

null mice with minimal defects in hematopoietic homeostasis. Mol Cell Biol 22, 2472-86. 

68. Anderson, D.H., Ismail, P.M. (1998) v-fps causes transformation by inducing tyrosine 

phosphorylation and activation of the PDGFbeta receptor. Oncogene 16, 2321-31. 

69. Young, J.C., Martin, G.S. (1984) Cellular localization of c-fps gene product NCP98. J 

Virol 52, 913-8. 

70. Yee, S.P., Mock, D., Greer, P., Maltby, V., Rossant, J., Bernstein, A., Pawson, T. (1989) 

Lymphoid and mesenchymal tumors in transgenic mice expressing the v-fps protein-

tyrosine kinase. Mol Cell Biol 9, 5491-9. 

71. Greer, P., Maltby, V., Rossant, J., Bernstein, A., Pawson, T. (1990) Myeloid expression 

of the human c-fps/fes proto-oncogene in transgenic mice. Mol Cell Biol 10, 2521-7. 

72. Sangrar, W., Gao, Y., Zirngibl, R.A., Scott, M.L., Greer, P.A. (2003) The fps/fes proto-

oncogene regulates hematopoietic lineage output. Exp Hematol 31, 1259-67. 

73. Hackenmiller, R., Kim, J., Feldman, R.A., Simon, M.C. (2000) Abnormal Stat activation, 

hematopoietic homeostasis, and innate immunity in c-fes-/- mice. Immunity 13, 397-407. 

74. Sweeney, S.E., Firestein, G.S. (2004) Rheumatoid arthritis: regulation of synovial 

inflammation. Int J Biochem Cell Biol 36, 372-8. 

75. Choy, E.H., Panayi, G.S. (2001) Cytokine pathways and joint inflammation in rheumatoid 

arthritis. N Engl J Med 344, 907-16. 

76. Koenig, W. (2001) Inflammation and coronary heart disease: an overview. Cardiol Rev 9, 

31-5. 

77. Libby, P. (2002) Inflammation in atherosclerosis. Nature 420, 868-74. 

78. Coussens, L.M., Werb, Z. (2002) Inflammation and cancer. Nature 420, 860-7. 

79. Clevers, H. (2004) At the crossroads of inflammation and cancer. Cell 118, 671-4. 

80. Bardelli, A., Parsons, D.W., Silliman, N., Ptak, J., Szabo, S., Saha, S., Markowitz, S., 

Willson, J.K., Parmigiani, G., Kinzler, K.W., Vogelstein, B., Velculescu, V.E. (2003) 

Mutational analysis of the tyrosine kinome in colorectal cancers. Science 300, 949. 

81. Sangrar, W., Zirgnibl, R.A., Gao, Y., Muller, W.J., Jia, Z., Greer, P.A. (2005) An identity 

crisis for fps/fes: oncogene or tumor suppressor? Cancer Res 65, 3518-22. 



  99

82. Kim, H.S., Kim, S.Y., Nam, S.W., Park, W.S., Lee, J.Y., Yoo, N.J., Lee, S.H. (2006) 

Absence of FES exon 16 and 17 mutation in the colorectal carcinomas in Korean patients. 

Dig Liver Dis 38, 213-4. 

83. Shao, R.X., Kato, N., Lin, L.J., Muroyama, R., Moriyama, M., Ikenoue, T., Watabe, H., 

Otsuka, M., Guleng, B., Ohta, M., Tanaka, Y., Kondo, S., Dharel, N., Chang, J.H., 

Yoshida, H., Kawabe, T., Omata, M. (2007) Absence of tyrosine kinase mutations in 

Japanese colorectal cancer patients. Oncogene 26, 2133-5. 

84. Robinson, D.R., Wu, Y.M., Lin, S.F. (2000) The protein tyrosine kinase family of the 

human genome. Oncogene 19, 5548-57. 

85. Letwin, K., Yee, S.P., Pawson, T. (1988) Novel protein-tyrosine kinase cDNAs related to 

fps/fes and eph cloned using anti-phosphotyrosine antibody. Oncogene 3, 621-7. 

86. Kim, L., Wong, T.W. (1998) Growth factor-dependent phosphorylation of the actin-

binding protein cortactin is mediated by the cytoplasmic tyrosine kinase FER. J Biol 

Chem 273, 23542-8. 

87. Cosen-Binker, L.I., Kapus, A. (2006) Cortactin: the gray eminence of the cytoskeleton. 

Physiology (Bethesda) 21, 352-61. 

88. Craig, A.W., Zirngibl, R., Williams, K., Cole, L.A., Greer, P.A. (2001) Mice devoid of 

fer protein-tyrosine kinase activity are viable and fertile but display reduced cortactin 

phosphorylation. Mol Cell Biol 21, 603-13. 

89. Fan, L., Di Ciano-Oliveira, C., Weed, S.A., Craig, A.W., Greer, P.A., Rotstein, O.D., 

Kapus, A. (2004) Actin depolymerization-induced tyrosine phosphorylation of cortactin: 

the role of Fer kinase. Biochem J 380, 581-91. 

90. Sayegh, T.Y., Arora, P.D., Fan, L., Laschinger, C.A., Greer, P.A., McCulloch, C.A., 

Kapus, A. (2005) Phosphorylation of N-cadherin-associated cortactin by Fer kinase 

regulates N-cadherin mobility and intercellular adhesion strength. Mol Biol Cell 16, 5514-

27. 

91. Lua, B.L., Low, B.C. (2005) Cortactin phosphorylation as a switch for actin cytoskeletal 

network and cell dynamics control. FEBS Lett 579, 577-85. 

92. Huang, C., Ni, Y., Wang, T., Gao, Y., Haudenschild, C.C., Zhan, X. (1997) Down-

regulation of the filamentous actin cross-linking activity of cortactin by Src-mediated 

tyrosine phosphorylation. J Biol Chem 272, 13911-5. 

93. Cole, L.A., Zirngibl, R., Craig, A.W., Jia, Z., Greer, P. (1999) Mutation of a highly 

conserved aspartate residue in subdomain IX abolishes Fer protein-tyrosine kinase 

activity. Protein Eng 12, 155-62. 

94. Senis, Y.A., Craig, A.W., Greer, P.A. (2003) Fps/Fes and Fer protein-tyrosinekinases 

play redundant roles in regulating hematopoiesis. Exp Hematol 31, 673-81. 

95. McCafferty, D.M., Craig, A.W., Senis, Y.A., Greer, P.A. (2002) Absence of Fer protein-

tyrosine kinase exacerbates leukocyte recruitment in response to endotoxin. J Immunol 

168, 4930-5. 



  100

96. Qi, W., Ebbert, K.V., Craig, A.W., Greer, P.A., McCafferty, D.M. (2005) Absence of Fer 

protein tyrosine kinase exacerbates endotoxin induced intestinal epithelial barrier 

dysfunction in vivo. Gut 54, 1091-7. 

97. Heidland, A., Klassen, A., Rutkowski, P., Bahner, U. (2006) The contribution of Rudolf 

Virchow to the concept of inflammation: what is still of importance? J Nephrol 19 Suppl 

10, S102-9. 

98. Nathan, C. (2002) Points of control in inflammation. Nature 420, 846-52. 

99. Fujiwara, N., Kobayashi, K. (2005) Macrophages in inflammation. Curr Drug Targets 

Inflamm Allergy 4, 281-6. 

100. Cohen, J. (2002) The immunopathogenesis of sepsis. Nature 420, 885-91. 

101. Mosser, D.M. (2003) The many faces of macrophage activation. J Leukoc Biol 73, 209-

12. 

102. Bellingan, G. (1999) Inflammatory cell activation in sepsis. Br Med Bull 55, 12-29. 

103. Rankin, J.A. (2004) Biological mediators of acute inflammation. AACN Clin Issues 15, 3-

17. 

104. Grutz, G. (2005) New insights into the molecular mechanism of interleukin-10-mediated 

immunosuppression. J Leukoc Biol 77, 3-15. 

105. Kuhn, R., Lohler, J., Rennick, D., Rajewsky, K., Muller, W. (1993) Interleukin-10-

deficient mice develop chronic enterocolitis. Cell 75, 263-74. 

106. Berg, D.J., Davidson, N., Kuhn, R., Muller, W., Menon, S., Holland, G., Thompson-

Snipes, L., Leach, M.W., Rennick, D. (1996) Enterocolitis and colon cancer in 

interleukin-10-deficient mice are associated with aberrant cytokine production and 

CD4(+) TH1-like responses. J Clin Invest 98, 1010-20. 

107. Yoshikai, Y. (2001) Roles of prostaglandins and leukotrienes in acute inflammation 

caused by bacterial infection. Curr Opin Infect Dis 14, 257-63. 

108. Ariel, A., Serhan, C.N. (2007) Resolvins and protectins in the termination program of 

acute inflammation. Trends Immunol 28, 176-83. 

109. Schmid-Schonbein, G.W. (2006) Analysis of inflammation. Annu Rev Biomed Eng 8, 93-

131. 

110. Sarelius, I.H., Kuebel, J.M., Wang, J., Huxley, V.H. (2006) Macromolecule permeability 

of in situ and excised rodent skeletal muscle arterioles and venules. Am J Physiol Heart 

Circ Physiol 290, H474-80. 

111. Hordijk, P.L. (2006) Endothelial signalling events during leukocyte transmigration. Febs 

J 273, 4408-15. 



  101

112. Su, W.H., Chen, H.I., Jen, C.J. (2002) Differential movements of VE-cadherin and 

PECAM-1 during transmigration of polymorphonuclear leukocytes through human 

umbilical vein endothelium. Blood 100, 3597-603. 

113. Ionescu, C.V., Cepinskas, G., Savickiene, J., Sandig, M., Kvietys, P.R. (2003) 

Neutrophils induce sequential focal changes in endothelial adherens junction components: 

role of elastase. Microcirculation 10, 205-20. 

114. Inflammation: The Leukocyte Adhesion Cascade: http://bme.virginia.edu/ley/. 

115. Hidalgo, A., Peired, A.J., Wild, M.K., Vestweber, D., Frenette, P.S. (2007) Complete 

identification of E-selectin ligands on neutrophils reveals distinct functions of PSGL-1, 

ESL-1, and CD44. Immunity 26, 477-89. 

116. Luster, A.D., Alon, R., von Andrian, U.H. (2005) Immune cell migration in 

inflammation: present and future therapeutic targets. Nat Immunol 6, 1182-90. 

117. Moore, K.W., O'Garra, A., de Waal Malefyt, R., Vieira, P., Mosmann, T.R. (1993) 

Interleukin-10. Annu Rev Immunol 11, 165-90. 

118. Kobayashi, S.D., Voyich, J.M., Somerville, G.A., Braughton, K.R., Malech, H.L., 

Musser, J.M., DeLeo, F.R. (2003) An apoptosis-differentiation program in human 

polymorphonuclear leukocytes facilitates resolution of inflammation. J Leukoc Biol 73, 

315-22. 

119. Akgul, C., Moulding, D.A., Edwards, S.W. (2001) Molecular control of neutrophil 

apoptosis. FEBS Lett 487, 318-22. 

120. Byrne, A., Reen, D.J. (2002) Lipopolysaccharide induces rapid production of IL-10 by 

monocytes in the presence of apoptotic neutrophils. J Immunol 168, 1968-77. 

121. Savill, J. (1997) Apoptosis in resolution of inflammation. J Leukoc Biol 61, 375-80. 

122. Wesche, D.E., Lomas-Neira, J.L., Perl, M., Chung, C.S., Ayala, A. (2005) Leukocyte 

apoptosis and its significance in sepsis and shock. J Leukoc Biol 78, 325-37. 

123. Lee, A., Whyte, M.K., Haslett, C. (1993) Inhibition of apoptosis and prolongation of 

neutrophil functional longevity by inflammatory mediators. J Leukoc Biol 54, 283-8. 

124. Yang, Y., Liu, B., Dai, J., Srivastava, P.K., Zammit, D.J., Lefrancois, L., Li, Z. (2007) 

Heat shock protein gp96 is a master chaperone for toll-like receptors and is important in 

the innate function of macrophages. Immunity 26, 215-26. 

125. Salez, L., Singer, M., Balloy, V., Creminon, C., Chignard, M. (2000) Lack of IL-10 

synthesis by murine alveolar macrophages upon lipopolysaccharide exposure. 

Comparison with peritoneal macrophages. J Leukoc Biol 67, 545-52. 

126. Tsirogianni, A.K., Moutsopoulos, N.M., Moutsopoulos, H.M. (2006) Wound healing: 

immunological aspects. Injury 37 Suppl 1, S5-12. 

127. Surviving Sepsis: www.survivingsepsis.org. 



  102

128. American Sepsis Alliance:  www.sepsisalliance.org/about.htm. 

129. Angus, D.C., Linde-Zwirble, W.T., Lidicker, J., Clermont, G., Carcillo, J., Pinsky, M.R. 

(2001) Epidemiology of severe sepsis in the United States: analysis of incidence, 

outcome, and associated costs of care. Crit Care Med 29, 1303-10. 

130. Remick, D.G., Newcomb, D.E., Bolgos, G.L., Call, D.R. (2000) Comparison of the 

mortality and inflammatory response of two models of sepsis: lipopolysaccharide vs. 

cecal ligation and puncture. Shock 13, 110-6. 

131. Rittirsch, D., Hoesel, L.M., Ward, P.A. (2007) The disconnect between animal models of 

sepsis and human sepsis. J Leukoc Biol 81, 137-43. 

132. Cavaillon, J.M., Adib-Conquy, M., Fitting, C., Adrie, C., Payen, D. (2003) Cytokine 

cascade in sepsis. Scand J Infect Dis 35, 535-44. 

133. Care, A., Mattia, G., Montesoro, E., Parolini, I., Russo, G., Colombo, M.P., Peschle, C. 

(1994) c-fes expression in ontogenetic development and hematopoietic differentiation. 

Oncogene 9, 739-47. 

134. Dunne, A., O'Neill, Luke A.J. (2003) The Interleukin-1 Receptor/Toll-Like Receptor 

Superfamily: Signal Transduction During Inflammation and Host Defense. Science stke, 

1-17. 

135. Guha, M., Mackman, N. (2001) LPS induction of gene expression in human monocytes. 

Cell Signal 13, 85-94. 

136. Akira, S., Takeda, K. (2004) Toll-like receptor signalling. Nat Rev Immunol 4, 499-511. 

137. Chen, L.F., Greene, W.C. (2004) Shaping the nuclear action of NF-kappaB. Nat Rev Mol 

Cell Biol 5, 392-401. 

138. Collart, M.A., Baeuerle, P., Vassalli, P. (1990) Regulation of tumor necrosis factor alpha 

transcription in macrophages: involvement of four kappa B-like motifs and of constitutive 

and inducible forms of NF-kappa B. Mol Cell Biol 10, 1498-506. 

139. Husebye, H., Halaas, O., Stenmark, H., Tunheim, G., Sandanger, O., Bogen, B., Brech, 

A., Latz, E., Espevik, T. (2006) Endocytic pathways regulate Toll-like receptor 4 

signaling and link innate and adaptive immunity. Embo J 25, 683-92. 

140. Ayscough, K. (2004) Endocytosis: Actin in the Driving Seat. Current Biology 14, R124-

R126. 

141. D'Souza-Schorey, C. (2005) Disassembling adherens junctions: breaking up is hard to do. 

Trends Cell Biol 15, 19-26. 

142. May, R.C., Machesky, L.M. (2001) Phagocytosis and the actin cytoskeleton. J Cell Sci 

114, 1061-77. 

143. Kim, L., Wong, T.W. (1995) The cytoplasmic tyrosine kinase FER is associated with the 

catenin-like substrate pp120 and is activated by growth factors. Mol Cell Biol 15, 4553-

61. 



  103

144. Rosato, R., Veltmaat, J.M., Groffen, J., Heisterkamp, N. (1998) Involvement of the 

tyrosine kinase fer in cell adhesion. Mol Cell Biol 18, 5762-70. 

145. Xu, G., Craig, A.W., Greer, P., Miller, M., Anastasiadis, P.Z., Lilien, J., Balsamo, J. 

(2004) Continuous association of cadherin with beta-catenin requires the non-receptor 

tyrosine-kinase Fer. J Cell Sci 117, 3207-19. 

146. Kogata, N., Masuda, M., Kamioka, Y., Yamagishi, A., Endo, A., Okada, M., Mochizuki, 

N. (2003) Identification of Fer tyrosine kinase localized on microtubules as a platelet 

endothelial cell adhesion molecule-1 phosphorylating kinase in vascular endothelial cells. 

Mol Biol Cell 14, 3553-64. 

147. Arregui, C., Pathre, P., Lilien, J., Balsamo, J. (2000) The nonreceptor tyrosine kinase fer 

mediates cross-talk between N-cadherin and beta1-integrins. J Cell Biol 149, 1263-74. 

148. Dautry-Varsat, A. (1986) Receptor-mediated endocytosis: the intracellular journey of 

transferrin and its receptor. Biochimie 68, 375-81. 

149. Beutler, B., Milsark, I.W., Cerami, A.C. (1985) Passive immunization against 

cachectin/tumor necrosis factor protects mice from lethal effect of endotoxin. Science 

229, 869-71. 

150. Bauss, F., Droge, W., Mannel, D.N. (1987) Tumor necrosis factor mediates endotoxic 

effects in mice. Infect Immun 55, 1622-5. 

151. Coward, W.R., Okayama, Y., Sagara, H., Wilson, S.J., Holgate, S.T., Church, M.K. 

(2002) NF-kappa B and TNF-alpha: a positive autocrine loop in human lung mast cells? J 

Immunol 169, 5287-93. 

152. Wallach, D., Varfolomeev, E.E., Malinin, N.L., Goltsev, Y.V., Kovalenko, A.V., Boldin, 

M.P. (1999) Tumor necrosis factor receptor and Fas signaling mechanisms. Annu Rev 

Immunol 17, 331-67. 

153. Ogle, C.K., Wu, J.Z., Mao, X., Szczur, K., Alexander, J.W., Ogle, J.D. (1994) 

Heterogeneity of Kupffer cells and splenic, alveolar, and peritoneal macrophages for the 

production of TNF, IL-1, and IL-6. Inflammation 18, 511-23. 

154. Latz, E., Visintin, A., Lien, E., Fitzgerald, K.A., Espevik, T., Golenbock, D.T. (2003) The 

LPS receptor generates inflammatory signals from the cell surface. J Endotoxin Res 9, 

375-80. 

155. Kranenburg, O., Verlaan, I., Moolenaar, W.H. (1999) Dynamin is required for the 

activation of mitogen-activated protein (MAP) kinase by MAP kinase kinase. J Biol 

Chem 274, 35301-4. 

156. Richardson, D.S., Lai, A.Z., Mulligan, L.M. (2006) RET ligand-induced internalization 

and its consequences for downstream signaling. Oncogene 25, 3206-11. 

157. Vieira, A.V., Lamaze, C., Schmid, S.L. (1996) Control of EGF receptor signaling by 

clathrin-mediated endocytosis. Science 274, 2086-9. 



  104

158. Underhill, D.M., Gantner, B. (2004) Integration of Toll-like receptor and phagocytic 

signaling for tailored immunity. Microbes Infect 6, 1368-73. 

159. Damiani, M.T., Colombo, M.I. (2003) Microfilaments and microtubules regulate 

recycling from phagosomes. Exp Cell Res 289, 152-61. 

160. Murray, J.W., Wolkoff, A.W. (2003) Roles of the cytoskeleton and motor proteins in 

endocytic sorting. Adv Drug Deliv Rev 55, 1385-403. 

161. Frenette, P.S., Mayadas, T.N., Rayburn, H., Hynes, R.O., Wagner, D.D. (1996) 

Susceptibility to infection and altered hematopoiesis in mice deficient in both P- and E-

selectins. Cell 84, 563-74. 

162. Bullard, D.C., Kunkel, E.J., Kubo, H., Hicks, M.J., Lorenzo, I., Doyle, N.A., Doerschuk, 

C.M., Ley, K., Beaudet, A.L. (1996) Infectious susceptibility and severe deficiency of 

leukocyte rolling and recruitment in E-selectin and P-selectin double mutant mice. J Exp 

Med 183, 2329-36. 

163. Kunkel, E.J., Ley, K. (1996) Distinct phenotype of E-selectin-deficient mice. E-selectin is 

required for slow leukocyte rolling in vivo. Circ Res 79, 1196-204. 

164. Moore, K.L., Stults, N.L., Diaz, S., Smith, D.F., Cummings, R.D., Varki, A., McEver, 

R.P. (1992) Identification of a specific glycoprotein ligand for P-selectin (CD62) on 

myeloid cells. J Cell Biol 118, 445-56. 

165. Sako, D., Chang, X.J., Barone, K.M., Vachino, G., White, H.M., Shaw, G., Veldman, 

G.M., Bean, K.M., Ahern, T.J., Furie, B., et al. (1993) Expression cloning of a functional 

glycoprotein ligand for P-selectin. Cell 75, 1179-86. 

166. Ma, L., Raycroft, L., Asa, D., Anderson, D.C., Geng, J.G. (1994) A sialoglycoprotein 

from human leukocytes functions as a ligand for P-selectin. J Biol Chem 269, 27739-46. 

167. Asa, D., Raycroft, L., Ma, L., Aeed, P.A., Kaytes, P.S., Elhammer, A.P., Geng, J.G. 

(1995) The P-selectin glycoprotein ligand functions as a common human leukocyte ligand 

for P- and E-selectins. J Biol Chem 270, 11662-70. 

168. Yang, J., Hirata, T., Croce, K., Merrill-Skoloff, G., Tchernychev, B., Williams, E., 

Flaumenhaft, R., Furie, B.C., Furie, B. (1999) Targeted gene disruption demonstrates that 

P-selectin glycoprotein ligand 1 (PSGL-1) is required for P-selectin-mediated but not E-

selectin-mediated neutrophil rolling and migration. J Exp Med 190, 1769-82. 

169. Coxon, A., Rieu, P., Barkalow, F.J., Askari, S., Sharpe, A.H., von Andrian, U.H., 

Arnaout, M.A., Mayadas, T.N. (1996) A novel role for the beta 2 integrin CD11b/CD18 

in neutrophil apoptosis: a homeostatic mechanism in inflammation. Immunity 5, 653-66. 

170. Parsons, S.A., Greer, P.A. (2006) The Fps/Fes kinase regulates the inflammatory response 

to endotoxin through down-regulation of TLR4, NF-{kappa}B activation, and TNF-

{alpha} secretion in macrophages. J Leukoc Biol 80, 1522-1528. 

171. Mempel, T.R., Moser, C., Hutter, J., Kuebler, W.M., Krombach, F. (2003) Visualization 

of leukocyte transendothelial and interstitial migration using reflected light oblique 

transillumination in intravital video microscopy. J Vasc Res 40, 435-41. 



  105

172. House, S.D., Lipowsky, H.H. (1987) Leukocyte-endothelium adhesion: 

microhemodynamics in mesentery of the cat. Microvasc Res 34, 363-79. 

173. Ba, X., Chen, C., Gao, Y., Zeng, X. (2005) Signaling function of PSGL-1 in neutrophil: 

tyrosine-phosphorylation-dependent and c-Abl-involved alteration in the F-actin-based 

cytoskeleton. J Cell Biochem 94, 365-73. 

174. Davenpeck, K.L., Brummet, M.E., Hudson, S.A., Mayer, R.J., Bochner, B.S. (2000) 

Activation of human leukocytes reduces surface P-selectin glycoprotein ligand-1 (PSGL-

1, CD162) and adhesion to P-selectin in vitro. J Immunol 165, 2764-72. 

175. Pavalko, F.M., Otey, C.A. (1994) Role of adhesion molecule cytoplasmic domains in 

mediating interactions with the cytoskeleton. Proc Soc Exp Biol Med 205, 282-93. 

176. Anderson, S.I., Hotchin, N.A., Nash, G.B. (2000) Role of the cytoskeleton in rapid 

activation of CD11b/CD18 function and its subsequent downregulation in neutrophils. J 

Cell Sci 113 ( Pt 15), 2737-45. 

177. Jung, U., Norman, K.E., Scharffetter-Kochanek, K., Beaudet, A.L., Ley, K. (1998) 

Transit time of leukocytes rolling through venules controls cytokine-induced 

inflammatory cell recruitment in vivo. J Clin Invest 102, 1526-33. 

178. Fagerholm, S., Varis, M., Stefanidakis, M., Hilden, T.J., Gahmberg, C.G. (2006) {alpha}-

chain phosphorylation of the human leukocyte CD11b/CD18 (Mac-1) integrin is pivotal 

for integrin activation to bind ICAMs and leukocyte extravasation in vivo. Blood 108, 

3379-3386. 

179. Yang, L., Kowalski, J.R., Zhan, X., Thomas, S.M., Luscinskas, F.W. (2006) Endothelial 

cell cortactin phosphorylation by Src contributes to polymorphonuclear leukocyte 

transmigration in vitro. Circ Res 98, 394-402. 

180. El Sayegh, T.Y., Arora, P.D., Fan, L., Laschinger, C.A., Greer, P.A., McCulloch, C.A., 

Kapus, A. (2005) Phosphorylation of N-Cadherin-associated Cortactin by Fer Kinase 

Regulates N-Cadherin Mobility and Intercellular Adhesion Strength. Mol Biol Cell 16, 

5514-5527. 

181. Maas, M., Stapleton, M., Bergom, C., Mattson, D.L., Newman, D.K., Newman, P.J. 

(2005) Endothelial cell PECAM-1 confers protection against endotoxic shock. Am J 

Physiol Heart Circ Physiol 288, H159-64. 

182. Parsons, S.A., Mewburn, J.D., Truesdell, P., Greer, P.A. (2007) The Fps/Fes kinase 

regulates leukocyte recruitment and extravasation during inflammation. Immunology (In 

Press). 

183. Xaus, J., Comalada, M., Valledor, A.F., Lloberas, J., Lopez-Soriano, F., Argiles, J.M., 

Bogdan, C., Celada, A. (2000) LPS induces apoptosis in macrophages mostly through the 

autocrine production of TNF-alpha. Blood 95, 3823-31. 

184. Nicholson, D.W., Ali, A., Thornberry, N.A., Vaillancourt, J.P., Ding, C.K., Gallant, M., 

Gareau, Y., Griffin, P.R., Labelle, M., Lazebnik, Y.A., et al. (1995) Identification and 

inhibition of the ICE/CED-3 protease necessary for mammalian apoptosis. Nature 376, 

37-43. 



  106

185. Lazebnik, Y.A., Kaufmann, S.H., Desnoyers, S., Poirier, G.G., Earnshaw, W.C. (1994) 

Cleavage of poly(ADP-ribose) polymerase by a proteinase with properties like ICE. 

Nature 371, 346-7. 

186. Bellingan, G.J., Caldwell, H., Howie, S.E., Dransfield, I., Haslett, C. (1996) In vivo fate 

of the inflammatory macrophage during the resolution of inflammation: inflammatory 

macrophages do not die locally, but emigrate to the draining lymph nodes. J Immunol 

157, 2577-85. 

187. Bellingan, G.J., Xu, P., Cooksley, H., Cauldwell, H., Shock, A., Bottoms, S., Haslett, C., 

Mutsaers, S.E., Laurent, G.J. (2002) Adhesion molecule-dependent mechanisms regulate 

the rate of macrophage clearance during the resolution of peritoneal inflammation. J Exp 

Med 196, 1515-21. 

188. Piva, R., Belardo, G., Santoro, M.G. (2006) NF-kappaB: a stress-regulated switch for cell 

survival. Antioxid Redox Signal 8, 478-86. 

189. Micheau, O., Tschopp, J. (2003) Induction of TNF receptor I-mediated apoptosis via two 

sequential signaling complexes. Cell 114, 181-90. 

190. Kaufmann, S.H., Desnoyers, S., Ottaviano, Y., Davidson, N.E., Poirier, G.G. (1993) 

Specific proteolytic cleavage of poly(ADP-ribose) polymerase: an early marker of 

chemotherapy-induced apoptosis. Cancer Res 53, 3976-85. 

191. Tan, Y., Wu, C., De Veyra, T., Greer, P.A. (2006) Ubiquitous calpains promote both 

apoptosis and survival signals in response to different cell death stimuli. J Biol Chem 281, 

17689-98. 

192. Scovassi, A.I., Denegri, M., Donzelli, M., Rossi, L., Bernardi, R., Mandarino, A., Frouin, 

I., Negri, C. (1998) Poly(ADP-ribose) synthesis in cells undergoing apoptosis: an attempt 

to face death before PARP degradation. Eur J Histochem 42, 251-8. 

193. Los, M., Mozoluk, M., Ferrari, D., Stepczynska, A., Stroh, C., Renz, A., Herceg, Z., 

Wang, Z.Q., Schulze-Osthoff, K. (2002) Activation and caspase-mediated inhibition of 

PARP: a molecular switch between fibroblast necrosis and apoptosis in death receptor 

signaling. Mol Biol Cell 13, 978-88. 

194. Ha, H.C., Snyder, S.H. (1999) Poly(ADP-ribose) polymerase is a mediator of necrotic 

cell death by ATP depletion. Proc Natl Acad Sci U S A 96, 13978-82. 

195. Navarre, W.W., Zychlinsky, A. (2000) Pathogen-induced apoptosis of macrophages: a 

common end for different pathogenic strategies. Cell Microbiol 2, 265-73. 

196. Moubarak, R.S., Yuste, V.J., Artus, C., Bouharrour, A., Greer, P.A., Menissier-de 

Murcia, J., Susin, S.A. (2007) Sequential Activation of PARP-1, Calpains, and Bax is 

Essential in AIF-Mediated Programmed Necrosis. Mol Cell Biol E-pub, ahead of print. 

197. Hotchkiss, R.S., Tinsley, K.W., Swanson, P.E., Schmieg, R.E., Jr., Hui, J.J., Chang, K.C., 

Osborne, D.F., Freeman, B.D., Cobb, J.P., Buchman, T.G., Karl, I.E. (2001) Sepsis-

induced apoptosis causes progressive profound depletion of B and CD4+ T lymphocytes 

in humans. J Immunol 166, 6952-63. 



  107

198. Ariel, A., Fredman, G., Sun, Y.P., Kantarci, A., Van Dyke, T.E., Luster, A.D., Serhan, 

C.N. (2006) Apoptotic neutrophils and T cells sequester chemokines during immune 

response resolution through modulation of CCR5 expression. Nat Immunol 7, 1209-16. 

199. ten Cate, H. (2000) Pathophysiology of disseminated intravascular coagulation in sepsis. 

Crit Care Med 28, S9-11. 

200. Esmon, C.T. (2004) Interactions between the innate immune and blood coagulation 

systems. Trends Immunol 25, 536-42. 

201. Sangrar, W., Senis, Y., Samis, J.A., Gao, Y., Richardson, M., Lee, D.H., Greer, P.A. 

(2004) Hemostatic and hematological abnormalities in gain-of-function fps/fes transgenic 

mice are associated with the angiogenic phenotype. J Thromb Haemost 2, 2009-19. 

202. Jiang, W., Bell, C.W., Pisetsky, D.S. (2007) The relationship between apoptosis and high-

mobility group protein 1 release from murine macrophages stimulated with 

lipopolysaccharide or polyinosinic-polycytidylic acid. J Immunol 178, 6495-503. 

203. Kamioka, Y., Fukuhara, S., Sawa, H., Nagashima, K., Masuda, M., Matsuda, M., 

Mochizuki, N. (2004) A novel dynamin-associating molecule, formin-binding protein 17, 

induces tubular membrane invaginations and participates in endocytosis. J Biol Chem 

279, 40091-9. 

204. van der Bliek, A.M., Redelmeier, T.E., Damke, H., Tisdale, E.J., Meyerowitz, E.M., 

Schmid, S.L. (1993) Mutations in human dynamin block an intermediate stage in coated 

vesicle formation. J Cell Biol 122, 553-63. 

205. Takei, K., Yoshida, Y., Yamada, H. (2005) Regulatory mechanisms of dynamin-

dependent endocytosis. J Biochem (Tokyo) 137, 243-7. 

206. Praefcke, G.J., McMahon, H.T. (2004) The dynamin superfamily: universal membrane 

tubulation and fission molecules? Nat Rev Mol Cell Biol 5, 133-47. 

207. Ho, H.Y., Rohatgi, R., Lebensohn, A.M., Le, M., Li, J., Gygi, S.P., Kirschner, M.W. 

(2004) Toca-1 mediates Cdc42-dependent actin nucleation by activating the N-WASP-

WIP complex. Cell 118, 203-16. 

208. Hao, J.J., Zhu, J., Zhou, K., Smith, N., Zhan, X. (2005) The coiled-coil domain is 

required for HS1 to bind to F-actin and activate Arp2/3 complex. J Biol Chem 280, 

37988-94. 

209. Uruno, T., Zhang, P., Liu, J., Hao, J.J., Zhan, X. (2003) Haematopoietic lineage cell-

specific protein 1 (HS1) promotes actin-related protein (Arp) 2/3 complex-mediated actin 

polymerization. Biochem J 371, 485-93. 

210. Ridley, A.J. (2006) Rho GTPases and actin dynamics in membrane protrusions and 

vesicle trafficking. Trends Cell Biol 16, 522-9. 

211. Balkwill, F., Coussens, L.M. (2004) Cancer: an inflammatory link. Nature 431, 405-6. 

212. Dobrovolskaia, M.A., Kozlov, S.V. (2005) Inflammation and cancer: when NF-kappaB 

amalgamates the perilous partnership. Curr Cancer Drug Targets 5, 325-44. 



  108

213. Philip, M., Rowley, D.A., Schreiber, H. (2004) Inflammation as a tumor promoter in 

cancer induction. Semin Cancer Biol 14, 433-9. 

214. Ernst, P.B., Gold, B.D. (2000) The disease spectrum of Helicobacter pylori: the 

immunopathogenesis of gastroduodenal ulcer and gastric cancer. Annu Rev Microbiol 54, 

615-40. 

215. Baron, J.A., Sandler, R.S. (2000) Nonsteroidal anti-inflammatory drugs and cancer 

prevention. Annu Rev Med 51, 511-23. 

216. Garcia-Rodriguez, L.A., Huerta-Alvarez, C. (2001) Reduced risk of colorectal cancer 

among long-term users of aspirin and nonaspirin nonsteroidal antiinflammatory drugs. 

Epidemiology 12, 88-93. 

217. Torisu, H., Ono, M., Kiryu, H., Furue, M., Ohmoto, Y., Nakayama, J., Nishioka, Y., 

Sone, S., Kuwano, M. (2000) Macrophage infiltration correlates with tumor stage and 

angiogenesis in human malignant melanoma: possible involvement of TNFalpha and IL-

1alpha. Int J Cancer 85, 182-8. 

218. Richmond, A., Thomas, H.G. (1986) Purification of melanoma growth stimulatory 

activity. J Cell Physiol 129, 375-84. 

219. Kim, Y.J., Borsig, L., Varki, N.M., Varki, A. (1998) P-selectin deficiency attenuates 

tumor growth and metastasis. Proc Natl Acad Sci U S A 95, 9325-30. 

220. Wyckoff, J.B., Wang, Y., Lin, E.Y., Li, J.F., Goswami, S., Stanley, E.R., Segall, J.E., 

Pollard, J.W., Condeelis, J. (2007) Direct visualization of macrophage-assisted tumor cell 

intravasation in mammary tumors. Cancer Res 67, 2649-56. 

221. Hanahan, D., Weinberg, R.A. (2000) The hallmarks of cancer. Cell 100, 57-70. 

222. Old, L.J. (1988) Tumor necrosis factor. Sci Am 258, 59-60, 69-75. 

223. Suganuma, M., Okabe, S., Marino, M.W., Sakai, A., Sueoka, E., Fujiki, H. (1999) 

Essential role of tumor necrosis factor alpha (TNF-alpha) in tumor promotion as revealed 

by TNF-alpha-deficient mice. Cancer Res 59, 4516-8. 

224. Greten, F.R., Eckmann, L., Greten, T.F., Park, J.M., Li, Z.W., Egan, L.J., Kagnoff, M.F., 

Karin, M. (2004) IKKbeta links inflammation and tumorigenesis in a mouse model of 

colitis-associated cancer. Cell 118, 285-96. 

225. Maeda, H., Akaike, T. (1998) Nitric oxide and oxygen radicals in infection, 

inflammation, and cancer. Biochemistry (Mosc) 63, 854-65. 

226. Sangrar, W., Gao, Y., Scott, M., Truesdell, P., Greer, P.A. (2007) Fer-Mediated Cortactin 

Phosphorylation Is Associated with Efficient Fibroblast Migration and Is Dependent on 

Reactive Oxygen Species Generation during Integrin-Mediated Cell Adhesion. Mol Cell 

Biol 27, 6140-52. 

227. Sangrar, W., Gao, Y., Scott, M., Truesdell, P., Greer, P.A. (2007) Fer-mediated cortactin 

phosphorylation is associated with efficient fibroblast migration and is dependent on 

reactive oxygen species generation during integrin-mediated cell adhesion. Mol Cell Biol. 



  109

 


