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Abstract

Fer kinase is a protein tyrosine kinase (PTK) belonging to the group IV family of
cytoplasmic enzymes which consists of one other family member, Fps/Fes, and a
truncated form of Fer (Fer'). An important role for Fer has been proposed in modulating
innate immune responses driven by bacterial antigen such as lipopolysaccharide (LPS).
For example, data generated in vivo has shown LPS-induced epithelial barrier
dysfunction is exacerbated in the absence of Fer kinase activity in mice. Increased
damage was associated with enhanced neutrophil recruitment suggesting Fer may
modulate neutrophil recruitment and/or function in the gut. Interestingly, both animal
models and clinical studies have demonstrated a strong link between bacterial antigens
and chronic inflammatory conditions such as inflammatory bowel disease (IBD).
Therefore, we hypothesized that group IV PTK such as Fer could regulate intestinal
inflammation by modulating neutrophil recruitment and/or function. In this thesis, we
examined the role of Fer in two models of colitis using Fer null mutant mice (Fer®?®R).
First, in a chemically-induced model of colitis (2, 4, 6-trinitrobenzene sulphonic acid
(TNBS)) we demonstrate that Fer®? mice develop an exacerbated and prolonged colitis
compared to WT mice, which was associated with enhanced neutrophil recruitment to the
gut. Next we generated double mutant mice to examine the role of Fer in a spontaneous
chronic model of IBD- interleukin 10 deficient (IL-10™) model. A significant increase in
macroscopic and histological inflammatory parameters was observed in IL-10""FerP?/PR
double deficient compared to single mutants. Using the under-agarose chemotaxis assay,

we showed evidence for a stimulus specific role for Fer in restraining neutrophil

chemotaxis. Enhanced chemotaxis was observed toward end target chemoattractants



fMLP-like peptide (WKYMVm) and C5a. Next the intracellular signalling pathways
(PI13K and p38MAPK) used in chemotaxis to WKYMVm were examined. The PI3K
pathway in neutrophils was shown to have prolonged activation after WKYMVm
stimulation in the absence of Fer kinase. Finally, we demonstrated a role for Fer in
modulating the rate of superoxide production using the cytochrome c reduction assay but
show no role in neutrophil intracellular bacterial killing or apoptosis assays. Our studies
indicate that Fer kinase regulates intestinal inflammation responses potentially through its
ability to control neutrophil recruitment and superoxide production in response to

bacterial peptide.
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Chapter One: INTRODUCTION



1.1 Protein kinases

The specific reaction catalyzed by protein kinases modifies other proteins by
chemically adding a phosphate group (via ATP) to serine, threonine, or tyrosine residues.
This reaction usually results in functional changes of the target protein through changing
enzymatic activities, cellular location, or association with other proteins. Approximately
30 % of all proteins can be modified by kinase activity, and their activity is known to
activate a wide variety of signalling pathways that play a role in cell proliferation,
differentiation, or metabolic changes [1]. The human genome contains about 518 protein
kinase genes; they constitute about 2 % of all eukaryotic genes, and are classified into 20
different families based on amino acid sequence comparisons [2]. Disregulated kinase
activity has been implicated in the pathogenesis of many disease states including cancer
and diabetes [3, 4]. Drugs which inhibit specific kinases are being developed to treat
several diseases, and some are currently in clinical use [5-7]. For example, Erlotinib
inhibits the intracellular kinase activity of epidermal growth factor receptor (EGFR) and
currently is used in the treatment of lung cancer [8].

Protein kinases are classified into different groups based on the residue they
phosphorylate; mixed kinases, serine/threonine-, tyrosine-, histidine-, and aspartic
acid/glutamic acid-specific protein kinases. Protein tyrosine kinases (PTKSs) are enzymes

that transfer phosphate groups to tyrosine residues on proteins.



1.2 Protein tyrosine kinases (PTKS)

There are about 90 PTKSs in the human genome, which are classified into two major
groups depending on whether they function as plasma membrane receptors (20 families),
or are located in the cytosol (non-receptor; 10 families). Receptor tyrosine kinases
(RTKSs) are trans-membrane glycoproteins that are activated by the binding of their
ligands to transduce the extracellular signal to the cytoplasm by phosphorylating tyrosine
residues on the receptor themselves and on downstream signalling proteins. RTKs family
include the receptors for insulin and different growth factors such as epidermal growth
factor (EGF), platelet derived growth factor (PDGF), nerve growth factor (NGF),
vascular endothelial growth factor (VEGF), and fibroblast growth factor (FGF). Non-
receptor protein tyrosine kinases (NRTKS) are a large family which includes Src family
kinase, Janus kinases (Jaks), FAK, Abl, TEC, SYK, Fps/Fes, and Fer. Non receptor PTK
facilitate downstream signalling pathways of receptor TK or other cell surface receptors
like G-protein coupled receptors (GPCR) or receptors of the immune system [9].

A unique group of cytoplasmic PTKs is group IV PTK which include two members;
Fer and Fps/Fes. There is little known so far regarding their physiological and
pathophysiological roles in the body, and the aim of my thesis was to determine if these
kinases play a role in modulating intestinal inflammation specifically through neutrophil

function.



1.3 Group IV protein tyrosine kinases

Fer and its closely related family member Fps/Fes belong to a unique group of non-
receptor protein tyrosine kinases (PTKSs)- the group IV PTK [10]. Fps/Fes was first
isolated as oncogene from tumour-causing avian and feline retroviruses in 1980 [11].
During initial attempts to identify Fps/Fes cellular location, another closely related
protein was identified by chance which was subsequently cloned as Fes-related protein
(Fer) in 1988 [12]. The close structural similarities between Fer and Fps/Fes kinases
indicate that they might serve similar or even redundant physiological roles in the body.
This redundancy has subsequently been demonstrated in hematopoiesis regulation and
cytokine-induced signal transducers and activators of transcription protein-3 (STAT3)
activation in macrophages [10, 13]. IL-10 is an important anti-inflammatory mediator
which reduces the production of many pro-inflammatory cytokines [14]. The anti-
inflammatory response of I1L-10 in macrophages requires STAT3 activation [15]. It has
been shown that 1L-10 induced STATS3 activation was reduced in Fps<"/Fer™ double
mutant macrophages which suggest a role for Fer and Fps/Fes PTK in regulating the

inflammatory response [10].

1.4 Structural components and expression profile of group 1V PTK

Fer and Fps/Fes kinases share similar structural domains including an N-terminal
FCH (Fer/Cdc42-interacting protein-4 homology) domain that distinguishes them from
other members of Src, Abl, Jak, or Fak cytoplasmic tyrosine kinase subfamilies (diagram

1.1).



Fer and Fps/Fes structure

FCH SH2 Kinase
N | CcC CcC CcC L C

Fer "structure

SH2 Kinase
N — \ — — C
Src structure
SH3 SH2 Kinase
N — I - L C
Abl structure
N SH3 SH2 - Kinase DNA  / Actin c

SH2- Src homology 2
SH3- Src homology 3
FCH- Fer/Cdc42-interacting protein-4 homology
CC- coiled-coil motifs

Diagram 1.1 Structural components of Fer and Fps/Fes PTKSs in relation to other
members of cytoplasmic PTKs

Group IV PTK contain an N-terminal FCH domain that distinguishes them from other
members of cytoplasmic PTK subfamilies. They contain three predicted CC motifs
which mediate their oligomerization followed by a SH2 domain which mediates protein-
protein interactions. The C-terminal contains the catalytic domain. The testes-specific
Fer' lacks the N-terminal FCH and CC domains but retain the SH2 and the C-terminal
Kinase domain.



The N-terminal domain has been detected in numerous proteins, many of which are
implicated in the regulation of cytoskeletal rearrangements, vesicular transports, and
endocytosis [16-18]. Group IV PTK contains three predicted coiled-coil (CC) motifs that
mediate the formation of homotrimers in the case of Fer, and pentamer or higher-order
oligomers in the case of Fps/Fes. This oligomerization allows trans-auto-
phosphorylation, which might modulate interactions between the SH2 domain and
catalytic domain, or interactions with other coiled-coil domain containing proteins [19-
22]. The central Src homology 2 (SH2) domain mediates protein-protein interactions,
and the associations of Fer with several proteins like: p120 catenin, epidermal growth
factor (EGF) receptor, platelet-derived growth factor (PDGF) receptor, phospho-
inositide-3-kinase (PI3K), and insulin receptor substrate-1 (IRS-1) [23-26]. Both Fer and
Fps/Fes form trimers mediated by their CC motifs, however heterotypic interactions were
not detected between Fer and Fps/Fes. The C-terminal contains the catalytic domain [20,
27].

Group IV PTK are ubiquitously expressed. There is one other member of the group
IV PTK family, a testes-specific Fer' transcript truncated form which accumulates in
primary spermatocytes during the mid- and late- pachytene stages of mitotic prophase

DR/DR

suggesting a role for Fer" in regulating spermetogenesis [28]. However, Fer mice are

fertile which suggest that Fer' is not involved in reproduction.



1.5 Role of group IV PTK in inflammation

1.5.1 In vitro role

From in vitro studies, it has been shown that Fer is activated in fibroblasts
downstream of epidermal growth factor (EGF) and platelet-derived growth factor
(PDGF) receptors [21, 25], and Fer has been postulated to mediate the phosphorylation
status of proteins that play a role in cell-cell and cell-matrix interaction like -catenin,
p120 catenin, and cortactin upon activation with EGF and PDGF [29]. In mast cells, Fer
is activated downstream of the high affinity receptor for immunoglobulin E (IgE), and
this activation is needed for sustained p38 MAPK activity and increased antigen-
mediated cell migration of sensitized mast cells [30, 31]. Recently, it has been
demonstrated that Fer and cortactin are tyrosine phosphorylated in response to hydrogen
peroxide (H,0,) and integrin engagement in different cell types which results in actin
polymerization and fibroblast cell migration [32]. Fps/Fes is activated in hematopoietic
cells in response to a wide variety of cytokines such as interleukin (IL)-3, IL-4, IL-6,
erythropoietin, and granulocyte-macrophage colony stimulating factor (GM-CSF) [33-
36]. Itis possible that Fer kinase plays a role in the activation of cells through these
stimuli because the antibody used in these early studies could have cross-reacted with Fer

kinase due to the close similarities in the structure.



1.5.2 In vivo role
To study the physiological roles of Fer and Fps/Fes kinases in vivo, mice with Kinase
inactivation mutation in the Fer locus (Fer®P®) [37] and Fps locus [38] have been

DR/DR mice

generated by Peter Greer and Andrew Craig group at Queen's university. Fer
were generated by targeting the fer allele with a kinase-inactivating mutation of aspartate
743 to arginine (D743R), which is predicted to disrupt the catalytic loop of the protein.
These mutant mice are viable and fertile, and did not display any major defects in
myeloid differentiation.

In 2002 McCafferty et al [39] demonstrated an important role for Fer in regulating
innate immune response to LPS. Using intravital microscopy to study leukocyte
recruitment in vivo, a fourfold enhancement in emigration was observed in the skeletal
muscle microcirculation in response to local lipopolysaccharide (LPS) injection
compared to wild type (WT) mice. These data suggest for the first time that Fer kinase
may play an important role in regulating inflammation-induced leukocyte recruitment
toward a bacterial antigen. Qi et al [40] extended this data to demonstrate a role for Fer
kinase in leukocyte recruitment to the gut in response to LPS. In WT mice LPS recruited
neutrophils to the gut which was associated with an increase in epithelial barrier damage
measured by Cr°*-EDTA blood-to-lumen leakage. In the absence of Fer kinase, an
exacerbated leukocyte recruitment and epithelial barrier damage was observed compared

to WT leukocytes. The barrier defect was greatly attenuated in Fer®®/°R

mice by
depleting circulating neutrophils with monoclonal anti-neutrophil antibody (RB6 8C5)
suggesting that neutrophils were responsible for dysfunction since RB68C5 prevented

neutrophil recruitment and barrier damage. These data suggest that Fer regulates LPS-



induced neutrophil recruitment and epithelial barrier dysfunction in vivo. Subsequent
bone marrow chimeric studies using irradiated WT mice which received bone marrow

DRIDR mice were used to determine the role of

derived cells from either WT or Fer
hematopoietic components in this phenotype. Irradiated WT mice which received bone-
marrow derived cells from Fer®¥°R donor mice experienced enhanced epithelial barrier
dysfunction in the gut in response to LPS challenge which suggests that Fer within bone-
marrow derived cells are depicting the phenotype. Taken together, these data suggest a
role for Fer within the neutrophils in modulating epithelial barrier integrity in the gut in
response to the bacterial antigen LPS.

Fer kinase may be acting to regulate neutrophil recruitment and/or function in
response to LPS. LPS-induced inflammation results in the generation of a variety of
chemoattractants. Loss of Fer activity within neutrophils may result in enhanced
neutrophil recruitment to these chemoattractants. This enhanced recruitment would result
in more damage. It is also possible that Fer kinase may regulate neutrophil function by
modulating phagocytosis, degranulation and apoptosis at the site of inflammation which
could result in an enhanced barrier defect.

Interestingly, Zirngibl et al [41] has recently demonstrated an important role for
Fps/Fes kinase in regulating innate immunity in vivo. Fps null mice have an enhanced
mortality in response to local LPS challenge compared to WT mice, and this response
was rescued when Fps-null mice were crossed with a strain that carried a human Fps
transgene. The mechanism for this enhanced mortality in Fps-null mice in response to

LPS is thought to involve an enhanced tumour necrosis factor-a (TNF-o) production,

prolonged NF«-B activity, and a defect in TLR4 internalization in peritoneal
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macrophages isolated from mutant mice [42]. Furthermore, a role for Fps/Fes in
leukocyte emigration in vivo has recently been observed [43]. Parson et al demonstrated
enhanced leukocyte emigration in the skeletal muscle in the Fps/Fes mutant mice in
response to LPS challenge in a similar manner to Fer kinase deficiency. Neutrophil
recruitment to the peritoneal cavity subsequent to thioglycollate challenge was also
enhanced. These data may be explained by prolonged expression of the selectin ligand
PSGL-1 on the neutrophil surface in response to LPS challenge which plays a role in
leukocyte adhesion.

Taken together, these data suggest an important role for group IV PTK in modulating
innate immunity in response to bacterial antigen possibly through an action within
neutrophils. These observations may have a clinical relevance in IBD where neutrophils
have a strong presence and activation of the immune response by bacterial antigen is
thought to result in an abnormal chronic intestinal inflammation in genetically susceptible

individuals.

1.6 Inflammatory bowel disease (IBD)

1.6.1 Epidemiology of IBD

Epidemiological data show the highest incidence rates and prevalence of IBD
reported from northern Europe, the UK, and North America (USA and Canada). The
rates continue to rise in low-incidence areas such as Southern Europe, Asia, and most
developing countries [44-50]. It has been suggested that there are approximately 170,000

(or 1in 180) Canadians with IBD [51]. IBD is a chronic condition that requires a lifetime
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of care, and it can cause significant morbidity, but is not generally associated with
increased mortality [52]. It costs the health care sector billions of dollars each year and

accounts for significant physician visits and hospitalization [52].

1.6.2 Definition and types

IBD is a chronic inflammatory disorder of the gastrointestinal (GI) tract, which
comprises two conditions: Crohn’s disease (CD) and ulcerative colitis (UC) [53-56]. CD
was first seen by German surgeon Wilhelm Fabry in 1623 [57], and was later described
by and named after the US physician Burril B Crohn in 1932 [58]. It is generally a
chronic condition with a relapsing nature, and there are often periods of remission, but it
may also manifest as chronic continuous symptoms. CD can occur anywhere along the
Gl tract from the mouth to the anus (although it is more common in the ileocecal area),
and the inflammation can extend to the all layers of the gut (transmural inflammation).
UC was first described by the British physician Sir Samuel Wilks in 1859 [59]. In UC,
the inflammation is limited to the rectum and colon, and it is a relapsing and remitting
condition with disease-free intervals alternating with periods of symptomatic
inflammation. The inflammation is continuous and limited to the mucosal and sub-
mucosal layers.

Previous evidence was provided to demonstrate that the type of immune response in
CD is typical of the T-helper (Th1l) type, as assessed by elevated expression of
interleukin (IL-12), TNF-a, and interferon gamma (IFN-y) [60-62]. The immune response
in UC is classically characterized by increased secretion of Th-2 cytokines like IL-5 and

IL-13, but not IL-4 or IFN-y [63]. However, several studies have recently lead to the
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identification of more complex cytokine interaction network in IBD with the discovery of
a distinct subset of Th cells-the Th-17 cell phenotype [64-66]. For a long time research in
IBD focused on targeting the pro-inflammatory cytokine IL-12, which consists of two
subunits p35 and p40. Neutralizing antibody to the p40 subunit was found to ameliorate
established colitis in various animal models of IBD [67, 68]. In CD patients, the
expression of the IL-12 p40 subunit was significantly enhanced, and a recent study by
Mannon et al [69] demonstrated that a recombinant human full-length 1gG1 antibody
genetically designed to recognize human IL-12 p40 subunit was effective in the treatment
of CD patients. With the discovery of IL-23 [70] which consists of p19 and a shared p40
subunit with IL-12, it became clear that more was going on and the clinical efficacy of
anti-1L-12 p40 subunit in CD patients might be due to the inhibition of IL-23 rather than
IL-12. IL-23 is a novel cytokine which belong to the I1L-12 family required for effective
priming of T-cell response. It is mainly produced by activated myeloid cells such as
macrophages and dendritic cells [70]. 1L-23 activates STAT3 and STAT4 and
differentiates responsive CD4+ lymphocytes to a pathogenic subpopulation characterized
by IL-17 production (Th17 lymphocytes) [70-73]. The IL-17 family consists of six
members (IL-17A-F), and they play a major role in stimulating granulopoiesis and in
mobilizing granulocytes to sites of inflammation thus linking myeloid and lymphoid host
defence mechanisms [74]. IL-23/IL-17 has been shown to be elevated in animal models
of IBD, and several studies suggest an important pro-inflammatory role [75-78].
Clinically, I1L-23/IL-17 levels have been shown to be elevated in colonic tissues from CD
patients [79]. In addition, IL-17 expression has been found to be enhanced in the serum

and intestinal mucosa of both CD and UC patients [80]. Interestingly, a polymorphism in
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the gene encoding the IL-23 receptor that confers strong protection against CD was
recently discovered [66]. These data suggest an important role for 1L-23/IL-17 signalling
pathways in the development on colitis and serve as an important therapeutic target in
drug therapy for IBD treatment.

Disregulated activity of immunoregulatory cytokines such as transforming growth
factor (TGF-p) have also been found to be associated with disease pathogenesis. TGF-3
is a cytokine produced by immune and non-immune cells and exerts a number of negative
effects such as inhibition of T-cell proliferation and down-regulation of macrophages
activation [81]. TGF-B initiates signalling cascade through the ligand-dependent
activation of a complex of heterodimeric receptors and a family of proteins that serves as
substrates for TGF receptors called Smads. TGF-B1 knockout mice spontaneously
develop colitis and die early in life [82] and a defect in TGF- signalling has been shown
in CD and UC patients [83] . Furthermore, restoring TGF-f signalling through blocking
the activity of the inhibitory Smad7 protein was associated with reduced colitis severity

in models of IBD [84].

1.6.3 Role of bacteria in IBD

There are a number of factors which contribute to the development of IBD including
genetic susceptibility, environmental triggers, impaired barrier function, and an over
activated immune response toward commensal bacteria [85, 86]. Many studies have
clearly addressed a role of commensal bacteria in the pathogenesis of IBD [87, 88]. For
example, antibiotic pre-treatment can reduce the severity of inflammation in many

models of IBD [89]. IL-10 deficient mice do not develop inflammation if they are kept in
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a germ-free environment [14]. Furthermore, treating the mice with an antibiotic agent
like metronidazole, which is active against anaerobic bacteria, before the onset of colitis
can prevent disease development [90]. All of these data suggest an important role for
bacterial antigens in the pathogenesis of intestinal inflammation.

Disregulation in innate immunity recognition is a component of IBD. Toll-like
receptors (TLR) are trans-membrane receptors which bind distinct molecular signatures
present on many pathogens. For example, TLR4 is the major receptor for LPS
recognition [91]. TLR signalling can activate distinct intracellular signalling events via
diverse adaptor proteins resulting in activation of NFxB and the subsequent
transcriptional activation of genes encoding cytokines, chemokines, and costimulatory
molecules (diagram 1.2). TLR expression levels have been shown to be modulated in the
intestinal compartment of IBD patients and there is an association of TLR4P?¢-

polymorphism with IBD in selective populations [92].
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Diagram 1.2 Toll-like receptor (TLR) signalling cascade

TLR4 mediates signalling cascade through MyD88-dependent and independent pathway.
MyD88 binds to the cytoplasmic portion of TLR then recruit and stimulate IL-1 receptor-
associated kinase (IRAK). IRAK is activated by phosphorylation and associates with
tumor necrosis factor receptor associated factor (TRAF6) leading to the activation of
NF«B and the subsequent transcriptional activation of genes encoding cytokines,
chemokines, and costimulatory molecules. MyD88-independent pathway leads to the
activation of the transcription factor IFN-inducible gene (IRF-3) and association with IxkB
kinases IKKe/IKKi and TBK1 leading to induction of several IFN-inducible genes [93].
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NOD2 (nucleotide binding oligomerization domain 2) is an intracellular sensor of
bacteria-derived muramyl di-peptide (MDP). Ligand stimulation of NOD2 leads to
NF«B activation and expression of several pro- and anti-inflammatory genes, and the
augmentation of caspase induced apoptosis cascade [94]. Kobayashi et al [95]
demonstrated that oral (but not systemic) infection of NOD2 deficient mice with gram-
positive bacterium Listeria monocytogenes resulted in enhanced susceptibility to
infection. Several other reports suggested a strong association between NOD2/CARD15
genotype mutation which correlates with the incidence of Crohn’s disease (CD) [96-98].
This mutation results in defect in defensin production from paneth cells found in the base
of intestinal crypts which leads to defect in bacterial recognitions and clearance and

results in chronic inflammatory responses in the gut.

1.6.4 Role of neutrophil in IBD

Neutrophils are key players in the innate immune response and are thought to play a
role in the pathogenesis of this inflammatory condition. Although some reports did not
demonstrate any benefit by depleting circulating neutrophils in acetic acid model of
colitis [99], other studies strongly suggest a role for neutrophils in the pathogenesis of
intestinal inflammation [100, 101]. Antibody treatment to deplete circulating neutrophils
prior to colitis induction reduced the severity of dextran sulphate sodium (DSS)-induced
inflammation [102, 103]. In addition, neutrophil-derived reactive oxygen metabolites
have been shown to play a role in tissue damage in models of colitis, and treating the

animals with antioxidants (such as superoxide dismutase; SOD) reduced colitis severity
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[100]. These data suggest that neutrophil over activation secretion of mediators can lead
to tissue damage and chronic colitis.

In addition, other data suggest that a defect in neutrophil function (recruitment and
mediator release) toward bacterial killing is the early event in mediating chronic
inflammation and IBD. Genetic disorders which result in defective neutrophil function
include chronic granulomatous disease (CGD), Chediak-hegashi syndrome (CHS), and
glycogen-storage disease type I1b have CD-like symptoms. Patients with these disorders
can benefit from granulocyte macrophage colony stimulating factor (GM-CSF) therapy
[104, 105]. For example, a daily subcutaneous injection of sargramostin (GM-CSF) for
56 days has been shown to reduce colitis severity and enhance mucosal healing and
health related quality of life in CD patients. This is thought to be due to enhancing the

innate immune response by increasing neutrophil numbers and function.

1.6.5 Medical therapy and its limitations in IBD

The current medical therapies available to treat IBD patients include
aminosalicylates, immunosuppressant agents such as corticosteroids, azathioprine, and
methotrexate, and anti-TNF therapy such as infliximab. The current known therapies for
IBD provide therapeutic benefits and improvement in patient’s quality of life, but they
are associated with significant side effects. Moreover, significant proportions of patients
are either steroid-resistant (15-20 %) or steroid-dependent (25-30 %) [106]. In addition,
the existing therapies fail to induce and maintain remission in around 30 % of patients,
and maintenance therapies have limited efficacy [107]. A high proportion of patients (20

% in UC, and 50 % in CD) require surgery during their lifetime. Although surgery for
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UC is a cure, CD can reappear in previously unaffected parts of the colon [106-108]. The
biological therapies, such as infliximab are currently used for the treatment of steroid-
refractory CD patients, but this agent has its own disadvantages including restriction to
non-oral routes of administration that requires multiple visits from the patient to the
hospital, high cost of treatment, and immunogenicity of the product [107]. Despite the
intense efforts in the field of medical research done so far, there is no medical therapy
that provides a cure for this condition. The primary goals for therapy are to induce and
maintain remision, ameliorate symptoms (reduction of abdominal pain, diarrhea, fatigue,
anemia, extra-intestinal manifestations, hospitalization, and complications), and improve
patient’s quality of life.

There is a need to define new therapeutic targets to offer alternatives to treat this
chronic inflammatory condition and provide a cure. For many people who are refractory
to standard therapy it may be that the inflammation they present is so disregulated and
beyond control. TK are a potential target within the inflammatory response since they
regulate many cellular functions. The discovery of small molecule inhibitors of specific
TK in recent years has had a significant impact on the treatment of various inflammatory
conditions such as rheumatoid arthritis (RA) and neurological diseases [109, 110]. In
addition, these inhibitors have also been used to treat a wide variety of neoplastic
conditions such as chronic myelogenous leukemia, non-small lung carcinoma, and breast
cancer [111, 112] . Many TK have been targeted for inhibitory therapy. In this thesis, |
will investigate the group IV PTK and their contribution in IBD like disease to evaluate
their potential as targets for therapy. We hypothesize that these kinases play an important

role in regulating the response in the gut to bacterial antigen such as LPS perhaps through
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action within neutrophils which could potentially modulate intestinal inflammatory

conditions like IBD.

1.7 Neutrophil biology

A great portion of bone marrow activity is dedicated toward the production of
neutrophils. Around 0.9x10° neutrophils are produced per kilogram body weight per day
in an average person from the bone marrow [113]. In the blood circulation, there is an
average of 4x10° mature neutrophils per millilitre of blood, but large numbers of mature
cells are also present in the bone marrow. During the inflammatory response or
infections, the number of neutrophils in the circulation increase rapidly and dramatically,
which results initially from the release of the mature cells stored in the bone marrow.
Mature neutrophils recruited to the tissue will survive there for several days. However, if
these cells are not recruited to the tissue, they are thought to exist in the circulation for

about 12-24 hours before being cleared.

1.8 Neutrophil function

1.8.1 Chemotaxis

Neutrophils are the first line of the innate immune defence against insults to the
body. They are very motile cells and have a powerful arsenal of weapons that enable
them to destroy invading bacteria or inflammatory stimuli. They migrate from the blood
stream to the site of inflammation in response to a wide variety of chemoattractive

agents. Chemoattractive agents generated at the site of inflammation are classified into
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two main groups: intermediate target chemoattractants [CXC chemokines like:
keratinocyte derived cytokine (KC), macrophage inflammatory protein-2 (MIP-2), lipid
mediator leukotrine B4 (LTB,) and platelet activating factor (PAF)], and end target
chemoattractants [complement split product (C5a) and bacterial toxin formyl-met-leu-phe
(fMLP)] [114]. When neutrophils are exposed to an attractant gradient, they will polarize
and chemotax toward the source of the attractant at high speeds that can reach up to
20 um/min. Neutrophils use different intracellular signalling pathways to migrate toward
the source of the chemoattractant, and are dependent on the type of chemoattractant they

encounter.

1.8.2 Pathogen recognition and uptake

Neutrophils can recognize different microorganisms through specific cell surface
receptors. Microorganisms are recognized by neutrophils through toll-like receptors
(TLRs) that bind to conserved molecular patterns, and whose engagement activate
different signalling pathways resulting in new gene expression in the responding cell.
Neutrophils express the entire repertoire of TLRs, with the exception of TLR3 [115].
Also, intact microorganisms or particles that are opsonized by immunoglobulin (Ig) or
complement binding to Fc receptors and complement receptors will result in

phagocytosis and engulfment [116, 117].

1.8.3 Oxidative and non-oxidative mechanisms of neutrophil Killing

Neutrophils are efficient phagocytes that engulf and degrade microorganisms using a

combination of oxidative and non-oxidative mechanisms. The oxidative arm of the
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microbicidal action of neutrophils is through the synthesis and release of reactive oxygen
metabolites. The interaction of certain proinflammatory mediators (LTB4, PAF, immune
complexes, and bacterial products like fMLP and LPS) with specific receptors on the
neutrophil plasma membrane results in the dramatic increase in oxygen consumption due
to the activation of nicotinamide adenine dinucleotide phosphate-(NADPH) oxidase
system. Activation of this multi-component enzyme results in the production and release
of large amounts of the superoxide anion radical [118]. Reactive oxygen metabolites can
react with reactive nitrogen metabolites (eg nitric oxide) to generate highly toxic free
radicals such as peroxynitrites [119] which can contribute to inflammation and
potentially cancer development. Normally, most cells and tissues are protected from the
dangerous effects of reactive oxygen metabolites by the action of anti-oxidant enzymes
such as superoxide dismutase (SOD), catalase, and GSH peroxidase [120, 121].

The non-oxidative arm of neutrophil killing is through the action of anti-microbial
peptides and proteases. The microorganism is detected and sequestrated in the neutrophil
phagosome, and then neutrophil granules will fuse resulting in phagolysosome. After
that, neutrophil proteases or anti-microbial peptides will be released from the granules
into the phagolysosome resulting in microbial killing. Neutrophils contain the following
four types of granules: azurophil (primary) granules, specific (secondary) granules,
gelatinase granules, and secretary granules [122]. These granules are formed in different
stages of neutrophil differentiation in the bone marrow, and they are classified according
to their protein content and their ability to exocytose after neutrophil activation by
inflammatory stimuli [123]. Azurophil granules undergo limited exocytosis, and they

mainly contribute to the intracellular degradation of microorganisms in the
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phagolysosome. These granules are defined by their high content of myeloperoxidase,
defensin, and a family of structurally related serine proteases (Cathepsin G, neutrophil
elastase, and proteinase 3) [124-126]. Specific granules contain different components
such as lactoferrin, lysozyme, collagenase, and cytochrome b558. Gelatinase granules
contain gelatinase, lysozyme, natural-resistance-associated macrophage protein 1
(NRAMP1), and leukolysin. Finally, secretory granules, which have the highest
tendency for exocytosis after neutrophil activation, contain several components like
complement receptor (CR)-1, CR3, CD14, CD16, and formyl peptide receptor (FPR)

[123].
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1.9 Hypothesis
| hypothesized that the group IV protein tyrosine kinase (PTK), Fer, plays a role in
the pathogenesis of intestinal inflammation (such as IBD) through the regulation of

neutrophil chemotaxis and/or function.

1.10 Objectives

1

Determining the role of group 1V PTK in animal models of inflammatory bowel

disease (IBD).

2- Determining the role of group IV PTK in neutrophil chemotaxis in vitro and in
regulating the intracellular signalling pathways.

3- Determining Fer kinase activity in neutrophils.

4- Determining the role of Fer kinase in neutrophil superoxide production, bacterial

Killing and apoptosis.



Chapter Two: MATERIALS AND METHODS
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2.1 Materials and methods

2.1.1 Reagents and materials

fMLP like peptide (WKYMVm) was purchased from Phoenix Pharmaceuticals. KC
and MIP-2 were purchased from R&D systems. LTB,, C5a, p38 MAPK inhibitors
(SKF86002, SB239063, and SB203580), PI3K inhibitors (LY294002, and wortmannin),
cytochrome c, and superoxide dismutase were purchased from Calbiochem. Percoll was
purchased from Amersham Bioscience. RPMI 1640 culture medium, fetal bovine serum
(FBS), Hanks balanced salt solution (HBSS), HEPES, and Penicillin/Streptomycin were
purchased from GIBCO. 1gG2b-FITC, 1gG2a-PE, CD3-FITC, CD19-PE, CD11b-PE and
Gr1-FITC, CD11c-FITC, and F4/80-PE antibodies were purchased from eBioscience.
Collagenase 11 was purchased from Invitrogen. Phospho- or total- Akt, p38 MAPK, and
PDK1 antibodies were purchased from Cell Signalling. Fer polyclonal antibody was
kindly supplied by Dr. Andrew Craig, Queen's University. Fer polyclonal antibody
(affinity purified), and HRP-conjugated secondary antibody were purchased from Santa
Cruz. Bovine serum albumin (BSA) and fMLP were purchased from Sigma. Enhanced
chemilumiscence (ECL) solution was purchased from Pierce. AnnexinV-PE and 7-AAD

were purchased from BD pharmingen.
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2.1.2 Methods

2.1.2.1 Animals

Wild type 129SvJ (WT), Fer®XPR and Fps¥'/Fer®R double mutant mice were obtained
from Dr Peter Greer at Queen's University and used between 6-10 weeks of age. Mice
deficient in IL-10 on a 129Sv/Ev background (IL-10"") generated by gene targeting in
embryonic stem cells as described previously [14] were originally obtained from Dr RN
Fedorak (University of Alberta, Edmonton, Canada) and were bred in house. All
experimental procedures were approved by the University of Calgary Animal Care
Committee and conform to guidelines established by the Canadian Council for Animal

Care.

2.1.2.2 Generation of IL-10""Fer®?R double deficient mice

Mice were studied at 3 months and age matched 129Sv/Ev mice [wild-type (WT)]

were used as non-inflamed controls for comparison. 1L-10"Fer®?/°R

mice were generated
by backcrossing the Fer®*'PR deficiency onto the 1L-10" background. We have
previously used this method to generate 1L-10"iINOS™ double deficient mice [127]. All
mice were genotyped for Fer by polymerase chain reaction (PCR) analysis of genomic
DNA purified from tail biopsies. The primers used for Fer genotyping were the
following: (Intron 18 forward [TGGGGAAGGGAAGACATTTTGTAGC] and Intron 19
reverse [GGAAACTAGAAGCATTTTCACTTGG]) which span the D743 codon in axon

19. Age and sex matched double-deficient mice were compared directly with IL-10"Fer-

competent littermates.
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2.1.2.3 TNBS colitis model

Wild type (WT), Fer null (Fer °XPR), or Fps/Fer double mutant (Fps<?/Fer®) mice
were used between 6-10 weeks of age. Colitis was induced by a single intrarectal
injection of 0.1 ml TNBS (60 mg/ml in 30 % ethanol, or 40 mg/ml in 20 % ethanol)
[128]. Healthy controls (saline treatment) were also studied. Animals were killed at 3, 7,
10, or 14 days post-induction of colitis. Macroscopic and microscopic (histological)
inflammatory scores were quantified and colonic myeloperoxidase activity (MPO) as an

indication of neutrophil recruitment was assessed.

2.1.2.4 Macroscopic assessment of colitis

Mice were killed by cervical dislocation, the colon excised, and the severity of
colonic damage assessed using criteria previously established for the TNBS colitis model
[129] (table 2.1) and the IL-10" model (table 2.2) [127]. The scoring systems include
features of clinical colitis including erythema, diarrhea, edema, stricture, haemorrhage,
adhesions, and ulceration. The scores were combined with maximal bowel thickness in
mm. Each variable was awarded 1 point if observed upon macroscopic examination of
the gastrointestinal tissue, with the exception of the bowel wall thickness (value of which

was added in millimetres).
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Table 2.1 Criteria used to assess macroscopic damage in trinitrobenzene

sulphonic acid (TNBS) induced inflammation in mouse colon

Score Variable

0 No damage

1 Hyperaemia without ulcers

2 Hyperaemia and thickening of bowel wall without ulcers

3 One site of ulceration without bowel wall thickness

4 Two or more sites of ulceration or inflammation

5 0.5 cm of inflammation and major damage

6-10 1 cm of major damage. The score is increased by 1 for every 0.5 cm of
damage observed to a maximum of 10

Oorl Absence or presence of diarrhea

Oor1l Absence or presence of stricture

0, 1, or 2 | Absence or presence (mild or severe) of adhesions

mm Maximum bowel wall thickness in mm

On examination of the colon, a score for the extent of ulcerative damage was
awarded. Added to this value was the score for presence or absence of diarrhea,
stricture, and adhesions, plus maximal bowel wall thickness in mm [128].




Table 2.2 Variables used to assess macroscopic damage in
IL-10" and IL-10"Fer®*°R double-deficient mice

Erythema

Diarrhea

Edema

Stricture
Hemorrhage
Adhesions
Ulceration

Mucosal hyperplasia

Bowel wall thickness, mm

Each parameter was awarded 1 point if observed upon
macroscopic examination of the gastrointestinal tissue, with the
exception of the bowel wall thickness (value of which was
added in millimeters) [130].

29
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2.1.2.5 Microscopic (histological) assessment of colitis severity

Sample of colon tissue were fixed in formalin and processed for histological
examination as previously described [127]. Briefly, tissue were dehydrated using graded
alcohols and cleared (xylene) before being embedded in paraffin wax. Sections of tissue
were cut 12um thick and stained with hematoxylin and eosin (H&E) and scored using a
standard histology scoring system [127]. Samples were coded a score in a blinded
manner. Histological scoring was based on a semiquantitative scoring system where
features were graded as follows: extent of destruction of normal mucosal architecture
(0, normal; 1, 2, and 3, mild, moderate, and extensive damage respectively), presence and
degree of cellular infiltration (0, normal; 1, 2, and 3, mild, moderate, and transmural
infiltration respectively), extent of muscle thickening (0, normal; 1, 2, and 3, mild,
moderate, and extensive thickening respectively), presence or absence of crypt abscesses
(0, absent; 1, present) and the presence or absence of goblet cell depletion (0, absent;

1, present). The scores for each feature were summed with a maximum score possible of

11.

2.1.2.6 Histological analysis of neoplastic characteristics in IL-10- deficient mouse model

Neoplastic changes in the colon swiss rolls were determined histologically using a
standard scoring system based on the following four criteria: Crypts (0, normal; 1, goblet
cell depletion; 2, branching, irregular, dilate lumen or back-to-back glands; 3, complex
budding). Epithelium (0, normal; 1, hyperplasia or aberrant crypt foci; 2, low-grade
dysplasia: nuclear enlarge, mild hyperchromatism, nuclear crowding with stratification; 3,

high-grade dysplasia: nuclear stratification, prominent hyperchromatism, pleomorphism,
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loss of nuclear polarity). Crypt crowding and cribriforming, and submucosal invasion (0,
absent; 1, present), and Serosal adhesions (0, absent; 1, present). The histological analysis
was performed with the help of Dr. Stefan Urbanski, a pathologist at Foothills Hospital.

In some I1L-10"" mice a mucosal hyperplasia is evident in the form of polyps. This is
usually associated with the development of neoplasia. Polyp formation was assessed
macroscopically and scored (0—3) according to the number of polyps observed (0, none;
1, oneto three individual polyps; 2, four or less individual polyps; 3, merged

polyps/raised plaques).

2.1.2.7 Myeloperoxidase (MPO) activity assay

MPO is an enzyme found in cells of myeloid origin, and has been used as a
biochemical marker of granulocyte (mainly neutrophil) infiltration to the tissue. Samples
of colon were weighed, frozen on dry ice and stored at -70° C for no more than two
weeks before the MPO assay was performed. MPO activity was determined using an
assay described previously [40]. A kinetic microplate reader (Multiskan Ascent ©) was
used to determine the rate of change in absorbance at 450 nm over a 3 minute time
period. One unit of MPO activity was defined as that degrading 1 micromole of
hydrogen peroxide per minute at 25 °C and values are expressed as units of MPO activity

per milligram of tissue (U/mg tissue).



32

2.1.2.8 Circulating and differential white blood cell counts

Blood was drawn from mice by cardiac puncture and 50 pl of blood was added to 440
ul of 3 % acetic acid plus 10 pl of 5 % crystal violet solution. The number of cells was
counted under the microscope using hemocytometer. To determine differential WBC
count, blood was taken by capillary tube and a drop was placed on the slide surface and a
second glass slide was placed on the edge of the blood drop and pushed forward. Blood

smears were stained using hemacolor harleco kit from EM science.

2.1.2.9 Cytospin for bone marrow derived neutrophils

Bone marrow derived neutrophils were isolated by percoll gradient and the cells were
transferred to a slide by cytospin technique. The cells were fixed by methanol and

stained using hemacolor harleco kit from EM science.

2.1.2.10 Lamina propria cell isolation

To identify the cell populations present in the colon, lamina propria cells were
isolated as previously described [131]. Briefly, mouse colon was dissected from cecum to
rectum and radially cut into 5 mm pieces. The tissues were washed with 1xHBSS, 2 %
HEPES and 1 % Pen/Strep solution 5 times. The tissues were transferred to a new flask
containing 1xHBSS, 1 % EDTA, 1 % Pen/Strep, and 10 % FBS solution and stirred for
15 minutes at 37°C and repeated 4 times. Tissues were transferred into a new flask
containing RPMI + 100 U/ml collagenase type Il solution and stirred at 37°C for 1 hour.
The flask contents were transferred through 100 um cell strainer into a new 50 ml tube

and the collagenase digestion was repeated for 3 times. Cells were washed with PBS and
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counted by using hemocytometer. Cell viability was also determined by tryptan blue
extraction under the microscope (x10 objective lens).

Cell population were identified using FACS analysis. Cells (5x10°) were incubated
with 2.5 pl of isotype controls (IgG2b-FITC, and 19G2a-PE), or specific cell markers [T-
cell marker; CD3-FITC, B-cell marker; CD19-PE, neutrophil marker; Gr1-FITC,
dendritic cell marker; CD11c-FITC, or macrophage marker; F4/80-PE antibodies] for 30
minutes at room temperature in the dark and washed once with PBS and fixed with 2 %

formalin before FACS analysis.

2.1.2.11 Isolation of murine neutrophils

Neutrophils were isolated from mouse bone marrow as described in detail by Lieber
et al [132]. Briefly, mice were euthanized and the femurs and tibias were dissected from
the animal and the ends of bones were removed. The marrow flushed from the bone with
ice-cold phosphate buffered saline (PBS, 50 ml) and was then centrifuged at 1300 rpm
for 6 minutes at 4°C. After re-suspension of cells in 3 ml of 52 % Percoll, the marrow
was layered on a 3-step Percoll gradient (72 %, 64 %, and 52 % plus cells), and
centrifuged at 2600 rpm for 30 minutes at 4°C. Purified neutrophils were removed from
the layer between the 64 % and 72 % Percoll and washed once with ice-cold PBS and
then were suspended in RPMI culture media plus 20 % fetal bovine serum (FBS) at a
concentration of 1 x 10"cells/ml. Neutrophils were > 95 % viable using tryptan blue
extraction under the microscope. Cytospin of the cell suspension after Percoll gradient

purification was performed to identify the cell population, and were > 95 % neutrophils.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Lieber+JG%22%5BAuthor%5D
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2.1.2.12 In vitro under agarose assay for neutrophil chemotaxis

The under-agarose assay was performed as described previously in detail by Heit et al
[114]. In brief, 35 mm x 10 mm culture dishes were filled with 3 ml ofa 1.2 % agarose
solution and allowed to solidify. Three wells (3.5 mm) were created in the gel 2.5 mm
apart in a horizontal line (diagram 2.1). The center well was loaded with 10 ul of
chemoattractant (KC; 1.25 uM, MIP-2; 1.25 uM, LTB,; 1 uM, WKYMVm; 0.01-100
UM, and C5a; 1 uM), and the outer wells were loaded with 10 pl (1x10" cells/ml)
neutrophils. Once loaded, the gels were incubated for 4 h in a 37°C/5% CO, incubator.
Control experiments were performed by loading 10 pl of PBS in the center well instead
of the chemoattractants. Results were analyzed and recorded by using a video camera
attached to a ZEISS Axiovert 135 microscope (x100). Chemotaxis was determined by
counting the number of neutrophils which migrated toward the source of chemoattractant
(area A) in equal size areas and subtracting the totals which migrated away from the
source of the chemoattractant (area B, diagram 2.1). Data are expressed as A-B for the
net chemotactic movement.

In separate experiments, we examined the intracellular signalling pathways used by
WT or Fer®PR neutrophils during chemotaxis. The following p38 MAPK inhibitors
were studied; SKF86002 (30 uM), SB239063 (10 uM), SB203580 (10 uM). These
concentrations were previously shown to be the optimal inhibitory concentrations without
nonspecific effects [114, 133]. PI3K inhibitors were LY294002 (50 uM) and
wortmannin (100 nM) [114, 134]. The inhibitors were added to the neutrophils to give
the desired concentration in ice for 30 minutes before loading them in the agarose wells.

The methodology of this assay is simplified in diagram 2.1.


http://www.jcb.org/cgi/redirect-inline?ad=ZEISS
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Diagram 2.1 The under agarose gel assay

Chemoattractant

Chemotaxis=A- B

Neutrophils

Neutrophils

Cellchamber Chemoattractantchamber
37°C15% CO,

- T

Bone marrow derived neutrophils were isolated by Percoll gradient. The center well was
loaded with 10 ul of chemoattractant, and the outer wells were loaded with 10 ul of
neutrophils. Once loaded, the gels were incubated for 4 h ina 37°C/5% CO, incubator.
Chemotaxis was determined by counting the number of neutrophils which migrated
toward the source of chemoattractant (area A) in equal size areas and subtracting the
totals which migrated away from the source of the chemoattractant (area B). Data are
expressed as A-B for the net chemotactic movement
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2.1.2.13 Western blotting

To determine the activation of p38 MAPK, Akt, and PDK1, western blots were
performed. Briefly, neutrophils (5 x 10°/condition) isolated from mouse bone marrow
were untreated or stimulated with WKYMVm; 1 uM at 37°C for the indicated time
points. The reaction was stopped by adding equal volume of 2X SDS lysis buffer plus
100 uM PMSF, 100 uM NazV Oy, 10 pg/ml Aprotinin/Leupeptin, and 10 M pepstatin.
The samples were boiled at 90°C for 10 minutes and lysates were loaded into 10 %
sodium dodecyl sulfate-epolyacrylamide (SDS-PAGE) gel. After electrophoresis at
constant voltage of 50 v overnight, proteins were transferred to a nitrocellulose
membrane and were blocked with 2 % BSA for 1 hour. The membrane was incubated
overnight at 4°C with 1/1000 dilution of phospho- or total- p38 antibody, Akt antibody,
or PDK1 antibody prepared in 2 % BSA. On the following day, the membrane was
washed and incubated for 1 hr with 1/10,000 dilution of anti-rabbit HRP-conjugated
secondary antibody. The membrane was developed with super signal ECL (enhanced

chemilumiscence) and visualized with Kodak X- ray film.

2.1.2.14 Cytochrome c reduction assay

Superoxide production from neutrophils was determined by using the cytochrome ¢
reduction assay as described in detail by Partrick et al [135]. Briefly, freshly isolated
neutrophils (2.5x10° cells) were added to 96 well plates containing cytochrome c alone (1
uM) or cytochrome c plus superoxide dismutase (from bovine erythrocytes, 1500 units).
Cells were activated by fMLP (8 mM) which was added to each sample. Other controls

were also used in each experiment such as PBS alone and cytochrome c alone without


http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
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cells. Plates were read using a spectrophotometer (Spectra max) at 550 nm, and

cytochrome c reduction was measured over 20 minutes at 37 °C.

2.1.2.15 Apoptosis assay

DRIOR mice were

Freshly isolated bone-marrow derived neutrophils from WT and Fer
re-suspended in RPMI + 20 % FBS culture media and plated in 35 mm x 10 mm Falcon
culture dishes in a density of 1x10° cells/ml. Cells were either incubated for 16 hours in a
37 °C/ 5% CO; incubator to determine the rate of spontaneous apoptosis, or were
stimulated with different doses of WKYMVm (0.1-10 uM) for 1 hr at 37°C . The cells
were washed twice with ice-cold PBS and then washed once with 1x Annexin-V binding
buffer [10x binding buffer; 0.1 M HEPES/NaOH (pH 7.4), 1.4 M NaCl, 25 mM CacCl,].
Cell pellets were re-suspended with Annexin-V binding buffer stained for FACS analysis
using the PE Annexin V apoptosis detection kit I from BD pharmingen. Cells isolated
from each animal were stained in the following manner: 1- cells only (negative control),

2- 1 pl of Annexin V-PE, 3- 1ul of 7AAD, 4- 1ul of Annexin V-PE plus 1ul 7AAD. All

incubations were performed at room temperature (RT) for 15 minutes in dark.

2.1.2.16 Neutrophil intracellular survival assay

To assess the ability of neutrophils to kill bacteria the neutrophil intracellular survival
assay was performed as previously described by Liu et al [136]. In brief, mouse bone
marrow derived neutrophils were isolated as previously described and re-suspended in
RMPI culture medium plus 20 % FBS. S. aureus 2406 bacterial cultures were washed

with PBS and diluted in RPMI plus 20 % FBS to a concentration of 4.5x10° colony
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forming units (CFU/mI) and mixed with 3x10° neutrophils in the same media. The cells
were centrifuged and incubated at 37°C/5% CO, incubator for 10 minutes. After 10
minutes, gentamycin (400 pug/ml) was added to Kkill any extracellular bacteria. At 15, 30,
or 60 minutes, sample were taken and centrifuged to pellet the neutrophils, then washed
to remove the antibiotic medium. Neutrophils were lysed (0.02 % Triton X) and the level
of bacteria survived inside the neutrophils was assessed by the ability to form CFU.

These set of experiments were performed by Kaiyu Wu.

2.2 Statistical analysis

Statistics were performed using Prism software (Graphpad). Data are expressed as
the mean + SEM. Analysis of the statistical significance for the indicated data was
performed by using student t-test (two tailed, for two groups) or one-way ANOVA with
Bonferroni's correction (for three or more groups). Values of P<0.05 were considered to

be statistically significant.
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3.1 Role of group 1V PTK in models of colitis

Previous work published by our lab and by others has demonstrated an important role
for group IV PTK in controlling (limiting) the innate immune response to bacterial
antigen such as LPS [39-41, 43] in part through the down regulation of TLR4 and NF«xB
activation [42]. Furthermore, Fer kinase has also been shown to regulate LPS-induced
inflammation in the intestine as demonstrated by enhanced neutrophil infiltration and
epithelial barrier dysfunction in Fer kinase null mice [40]. In this chapter, we examine
whether Fer kinase plays a role in models of IBD. A link between the presence of
bacteria in the gut and the development of IBD has been established in both animal
models [87, 88] and in clinical studies [137]. We examined two models of IBD; a
chemically induced model using the hapten TNBS and a spontaneous chronic model
which develops due to a gene mutation in interleukin 10- deficient mice (IL-10™). The
TNBS model has been routinely used in gastrointestinal research and is an easily
reproducible model of colitis which has been described to have both acute and chronic
components [128]. The IL-10" is a spontaneous model of colitis which develops from

birth and results in an established chronic colitis which we study at 3 months of age.

3.1.1 Chemically induced colitis

Colitis was induced in wild type (WT), Fer®?PR and Fps"'/Fer® double mutant
mice by a single intra-rectal injection of 2, 4, 6-trinitrobenzene sulphonic acid (TNBS)
dissolved in ethanol. Ethanol acts as a mucosal barrier breaker and allows TNBS to
penetrate colonic tissues, where it acts as a hapten and activates the immune system. The

TNBS model of colitis has many histological and immunological similarities to human
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Crohn’s Disease, which is manifested by an increase in T-helper-1 (Th1) type responses
(increase in IFN-y, TNF-a, IL-12, and IL-6) in the intestinal mucosa [138-140]. Mice
treated with intra-colonic administration of TNBS experience weight loss, diarrhea,
mucosal ulceration, influx of inflammatory cells to the colon, increase in transmural
thickness, loss of goblet cells, and an increase in pro-inflammatory cytokines release

from colonic tissues (IFN-y and IL-6).

3.1.1.1 Results

WT and Fer®?°R mice were treated with TNBS (4 mg, 20 % ethanol) and euthanized
after 3, 7, 10, and 14 days. Colons were scored macroscopically for colitis and samples
were processed for histological examination. Tissue MPO activity was also assessed as
previously described [40]. This dose of TNBS was used since preliminary experiments
with 6 mg TNBS in 30 % ethanol resulted in significant mortality (36-40 %).
Fps“"/Fer®® double mutant mice were also studied to determine if there is any redundancy
or synergistic effects between the two members of group 1V PTK in this model of colitis.
With this dose of TNBS, the mortality rate was reduced in all groups of mice. There was
24 % mortality in WT mice, 29 % in Fer®?°® mice, and the mortality rate was
significantly decreased to 10 % in Fps"'/Fer®® double mutant mice. In WT mice, TNBS
(4 mg, 20 % ethanol) induced a significant increase in macroscopic scores at day 3
(figure 3.1-A) over saline controls. Macroscopically these mice presented with colonic
erythema, edema, and ulceration. Diarrhea was also evident in some mice. The
inflammation was still evident at 7 days but had resolved to control levels by 10 days.

Macroscopic colitis was associated with a significant increase in neutrophil infiltration by
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day 3 which was back to control levels by day 7 (figure 3.1 B). A similar time course for
inflammation was observed upon histological examination with a significant increase in
neutrophil recruitment and destruction of mucosal architecture observed at day 3 and 7
and a return to control levels by day 10 (figure 3.1 C). Interestingly, an exacerbated
colitis was observed in group IV PTK mutants. Macroscopic damage was significantly
higher (p<0.05) in Fer®®™R and Fps</Fer®® mice compared to WT mice at 3, 7, and 10
days post injection. In the compound mutant mice, a significant macroscopic score was
still evident at 14 days post-colitis induction compared to WT and Fer single mutant
mice. Macroscopic colitis in Fps<"/Fer®® mice at day 14 was associated with colonic
erythema and ulceration, and diarrhea. Colonic MPO activity significantly increased in
group IV PTK mutants compared to WT mice at day 3 and 7 post TNBS injection (figure
3.1 B). Histological examination of the colon sections of group 1V PTK mutant mice
revealed a significant increase in the microscopic scores at day 3, 7, and 10 compared to
WT TNBS treated groups (figure 3.1 C). In the double mutant mice at 14 days post
TNBS there was enhanced variability in the inflammation and neutrophil infiltration
observed where mice presented with near control levels or presented with high MPO and
histological scores. The reason for this variability is unclear but contributed to the lack of

significance observed in this group from WT TNBS treated mice at 14 days.
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Figure 3.1 TNBS-induced colitis is exacerbated in Fer and Fps/Fer double mutant
mice

Data illustrate (A) macroscopic score of colitis, (B) colonic MPO activity (U/mg tissue),
and (C) histological score of colitis was determined in WT (solid bars), Fer®*°® (open
bars), and Fps<'/Fer® (hatched bars) mice in response to saline or TNBS injection (4 mg,
20 % ethanol). Mice were killed and colon tissue examined at 3, 7, 10, and 14 days post
colitis induction. Saline treated mice were studied at all time points examined and the
data has been pooled for each strain to simplify the graphs. Data are expressed as mean +
SEM, n=5-15 mice, * p<0.05 from the saline treated group, # p<0.05 from TNBS-

injected WT group.
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DR/DR and

Hematoxylin and eosin (H & E) stained colon sections from WT, Fer
Fps</Fer®® mice are shown in figures 3.2 and figure 3.3. Figure 3.2 represents colon
sections taken from WT, Fer®?®R and Fps*"/Fer®™ mice at Day 0 (saline treated: A, B
and C) and 3 days post TNBS injection (D, E and F) respectively. Saline treated mice
present with normal colon morphology with an intact epithelial layer, well organized
crypts, and mucus containing goblet cells. No differences in normal colon architecture
were noted between WT (A) and the mutant mice (B and C). TNBS treatment induced
significant damage to the colon in WT mice at day 3 (figure 3.2-D) with loss of mucosal
architecture, significant neutrophil infiltration, and goblet cell depletion. At day 3 post
TNBS injection, Fer®?PR (figure 3.2-E) and Fps<'/Fer®® (figure 3.2-F) mice had a
significant loss of mucosa architecture and neutrophil infiltration to the colon. Some
mutant mice experienced complete loss of the mucosal layer indicating a severe
inflammatory response toward TNBS injection at this time point. By day 10 post TNBS
injection, the colitis had resolved in WT mice and a normal mucosal architecture was
observed (figure 3.3-A). Interestingly, the colonic damage persisted in the mutant mice
with significant immune cell infiltration and destruction of mucosal architecture at day 10
(figure 3.3- B and C) as reflected in the total microscopic scores (figure 3.1 C). In the
double mutant mice significant mucosal damage and immune cell infiltration was still

evident at day 14 post colitis induction as shown in figure 3.3-D, although this was more

variable with some mice presenting with normal histology (figure 3.3-E).
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Figure 3.2 Representative hematoxylin and eosin (H & E) stained colon sections
from the TNBS colitis is exacerbated in group IV mutant mice

WT, Fer®?PR or Fps"'/Fer®® mice were saline treated (A, B, and C respectively), or
treated with TNBS for 3 days (D, E, and F respectively) prior to being euthanized.
Colons were removed in formalin, processed and embedded in wax for histological
examination. 12 pum sections were cut and stained with haematoxylin and eosin (H & E).
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(A)  WT, TN BS day10 (D) Fpskr/FerP®, TNBS day14

(E) Fpsht/Ferd TNBS day14

Figure 3.3 Representative H & E stained colon sections from the TNBS colitis is
exacerbated in group IV mutant mice

WT, Fer®?®R or Fps'/Fer®® mice were treated with TNBS for 10 days (A, B, and C
respectively), or Fps<'/Fer®® mice treated with TNBS for 14 days (D, and E respectively)
prior to being euthanized. Colons were removed in formalin, processed and embedded in
wax for histological examination. 12 um sections were cut and stained with haematoxylin
and eosin (H & E).
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These data illustrate an important role for group 1V PTK in this model of colitis. In
the absence of Fer or both Fps/Fes and Fer, TNBS induced intestinal inflammation is
exacerbated as measured by macroscopic and histological scores, and this is associated
with increased MPO activity. These data suggest that group 1V PTKs regulate intestinal
inflammation perhaps through the regulation of the inflammatory infiltrate (eg
neutrophils). In addition, there appears to be no redundancy between Fer and Fps/Fes in
this type of inflammation as single mutants and double mutants have similar macroscopic
and histological scores and neutrophil infiltration over the first 7 days. No synergistic
effect was observed in the compound mutant in neutrophil infiltration over the time
course studied suggesting no additional regulation of this parameter through Fps/Fes.
However, both macroscopic and histological scores are enhanced at later time points in
this model suggesting that Fps/Fes may play a distinct role in regulating TNBS-induced
inflammation or resolution in the colon. This role may have been masked at earlier time
points due to the severity of the inflammatory response. In fact, the role of group IV
PTK, Fer, in epithelial cell migration and wound closure has been demonstrated in vitro
[32] which may explain the delayed resolution in the mutant mice in the TNBS model.

In order to determine the influence of Group IV PTK on the overall leukocyte
differential during intestinal inflammation, we examined isolated lamina propria cells as
described in chapter 2. Isolated cells from the colon of WT and Fps"'/Fer®® double
mutant mice at day 10 post TNBS injection (4 mg, 20 % ethanol) were labelled with
specific cell marker antibodies and analysed by FACS. This time point was chosen as a
clear difference in macroscopic and histological damage was evident. Table 3.1 details

the immune cell populations in saline- and TNBS-treated mice at day 10 post colitis
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induction. No differences were observed between the WT and double mutant
macrophages, B-cells, T-cells, dendritic cells and neutrophils under normal physiological
conditions (saline treated). A significant increase in neutrophil population was observed
in WT TNBS treated mice at 10 days. In group IV compound mutants neutrophil
numbers were significantly elevated over TNBS-treated WT mice. Using the MPO assay
no significance in neutrophil infiltration was observed between these two groups at this
time point although the trend was there (Figure 3.1 B). These differences may reflect the
sensitivity between the two techniques used to measure neutrophil levels. No increases in
lamina propria dendritic cells (DC), macrophages, or B-cells population were noted after
TNBS treatment in WT or mutant mice. Interestingly, a reduction in T-cells was noted in
the TNBS treated WT mice compared to saline controls (table 3.1). One possible
explanation might be due to an enhanced rate of T-cell apoptosis in the inflammatory
environment compared to a healthy colon although other possibilities exist such as altered
cytokine generation from macrophages or epithelial cells which are responsible for T-cell
recruitment to the inflammatory site. Overall these data suggest that neutrophil
recruitment is enhanced in the absence of group IV PTKSs and other cell types are not
modified. This suggests an important role for group IV PTK in modulating neutrophil
recruitment to the inflammatory site which may result in enhanced tissue damage.
Neutrophils are key players in this model which essentially demonstrates an acute
intestinal inflammation in the gut. Next we examined the role of Fer kinase in a

spontaneous chronic model of intestinal inflammation.
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% Cell WT/Saline | Fps/Fer mutant/Saline | WT/TNBS | Fps/Fer mutant/TNBS
population

Macrophages | 12.6+2.8 9.2+1.8 10.4+2.2 7.6x£2.9
B-cells 8.9£1.5 6.0£2.5 15.1+6.8 13.2+4.1
T-cells 22.1+3.1 14.3+4.1 5.242.2* 5.9+3.7
Dendritic 1.5+0.3 1.5+0.5 1.1+0.5 0.5+0.2

cells

Neutrophils 2.0£0.5 2.1+0.7 10.5+4.4* 22.0£5.4%#

Table 3.1 Enhanced neutrophil population in lamina propria of mutant mice after
TNBS treatment

WT and Fps""/Fer®® mice treated with saline or TNBS (4 mg, 20 % ethanol) at day 10
post colitis induction. * Significance from saline group, # significance from WT-TNBS
group, n= 5-7 mice. Cells (5x10°) were incubated with isotype controls (IgG2b-FITC,
and 19G2a-PE), or specific cell markers [T-cell marker; CD3-FITC, B-cell marker;
CD19-PE, neutrophil marker; Gr1-FITC, dendritic cell marker; CD11c-FITC, or
macrophage marker; F4/80-PE antibodies]
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3.1.2 IL-10-deficient mouse model of colitis

IL-10 is an endogenous anti inflammatory and immune modulatory cytokine
produced by a variety of cell types such as regulatory T-cells, CD4" Th1 cells, B-1 cells,
macrophages, thymocytes, dendritic cells, and keratinocytes [141]. IL-10 is a potent
suppressor of macrophage activation in vitro, and it inhibits the production of IFN-y and
other cytokines produced by Th-1 cells such as IL-1, IL-6, and TNF-a [142].

IL-10 deficient (1L-107") mice spontaneously develop chronic colitis with
macroscopic and histological similarities to human I1BD [14, 127, 143]. Bacterial
antigens are the driving force for colitis development in this model, since mice will
develop milder colitis or no inflammation if they are kept in a germ-free environment
[14]. In addition, antibiotic treatment has been shown to reduce colitis severity in these
mice [90]. An interesting characteristic of this model is that certain percentage of mice
will develop colon cancer through the dysplasia sequence, a process which is similar to
clinical IBD-associated cancer [144]. In order to examine the role of Fer kinase in this
model of colitis, we developed 1L10™Fer®?'°® double deficient mice and examined the

colons at 3 months of age, a time point where colitis is established [130].

3.1.2.1 Results

Figure 3.4-A illustrates the macroscopic (gross) score of inflammation in WT (129
SVEV), IL-10" and IL-10""Fer®?®R mice at 3 months of age. In IL-10"" mice, a mild
colitis was observed with evidence of erythema, edema, and diarrhea. A significant
increase (p<0.05) in the macroscopic inflammation score (table 2.1, chapter 2) was

observed in 1L-10™" (3.2 + 0.3) compared to WT mice (0.7 + 0.1). In IL-10""Fer°?/PR
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double deficient mice, the macroscopic colitis score was significantly increased (4.9 +
0.3) compared IL-10" mice. It should be noted that approximately 80 % (p<0.05) of
IL-10""Fer®~'"R double deficient mice compared to 15 % of 1L-10"" mice developed
rectal prolapse at 3 months of age, a sign which is not included in the macroscopic score.
This condition may contribute to a slightly elevated mortality rate (11 %, p<0.05) in
IL-10""Fer°~'°R mice compared to 0 % mortality either WT or IL-10"" mice.
Similar findings were obtained upon histological examination of H & E sections. Figure
3.4-B illustrates the mean microscopic score of colitis for 1L-10" and double mutants.
No signs of inflammation were evident in WT mice, however, microscopic scores were
significantly (p<0.05) increased in IL-10" (3.0 + 0.4) and double mutants (7.25 + 0.7).
The damage observed in the double mutant mice represented significant colonic epithelial
destruction, immune cell infiltration and goblet cell depletion. Figure 3.5 illustrates
neutrophil infiltration as measured by MPO activity in the colon. A significant increase
in MPO activity was observed in both 1L-10"" and 1L-10""Fer®*"® compared to WT
mice, but no differences were observed between the two mutants. Total white blood cells
(WBCs) count is shown in figure 3.6-A. A trend toward higher circulating WBC count
is observed in 1L-10™" and 1L-10""Fer®®™R compared to WT mice although this was not
statistically significant. Additional analysis of blood smears revealed a significant

DR/DR

increase in circulating neutrophils in I1L-10"" and IL-10"Fer mice and a significant

reduction in lymphocytes in the double mutants (figure 3.6-B).
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Figure 3.4 Fer deficiency in 1L-10"" model enhances colitis severity

(A) The macroscopic score, and (B) the microscopic score of colitis at 3 months of age
in WT (solid bar, n=13 mice), IL-10" (open bar, n=23 mice), and I1L-10"FerP~/PR
(hatched bar, n=25 mice). Data are expressed as mean + SEM, * significant increase
from WT mice, # significant increase from IL-10" mice.
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Figure 3.5 Colonic neutrophil infiltration

Neutrophil infiltration assessed by MPO activity was determined in WT (solid bar, n=8),
IL-10" (open bar, n=10), and IL-10""Fer®?°® mice (hatched bar, n=12) at 3 months of
age. Data are expressed as mean + SEM, * Significant increase from WT mice.
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Figure 3.6 Total and differential WBCs count in the three groups of mice.

(A) Total circulating and (B) differential WBCs count in WT (solid bars, n=13), 1L-10™"
(open bars, n=23), and  1L-10""Fer®®®R mice (hatched bars, n=25). Data are expressed as
mean £ SEM, * significant differences from WT mice.
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Interestingly, upon histological examination mucosal hyperplasia (polyps) was
observed in some mice in the ascending colon near the ileo-cecal region. 1L-10" mice
had 34 % (8/23mice) polyps incidence and 1L-10""Fer®"R mice had 52 % (13/25 mice)

polyps incidence. Polyps which developed in 1L-10""Fer°~/°R

mice extended to greater
length of colon (figure 3.7). No polyps observed in WT mice. 1L-10" mice had a mean
of 2.5 millimetres (mm) polyps length, which was significantly increased (p<0.05) in
IL-10""Fer®*°R mice to 7.5 mm. Individual polyp scores are plotted against the extent of
colon involved (figure 3.7) illustrating that double mutants have higher scores and more
colonic involvement than single mutants. Preliminary data suggest polyps are present in
the double mutant mice at earlier stage of life (2 months) but not in IL-10 deficient mice
(data not shown). To determine if neoplastic changes were present in the tissue
histological examination was performed.

Upon histological examination, no evidence of neoplastic changes was noted in
IL-10"" mice with exception of one mouse (1/ 12) which had low grade dysplasia. In
contrast, 1L-10""Fer®® mice had a 16 % incidence of low grade dysplasia, 11 % high
grade dysplasia, 6 % intra-mucosal carcinoma, and interestingly 28 % incidence of

adenocarcinoma (table 3.2). Two IL-10""Fer°R/PR

mice had multiple adenocarcinomas in
the colon. The histological scores for dysplasia are in figure 3.8. Representative tissue
histology is illustrated in figure 3.9 (A, B, and C). The neoplastic and inflammatory

scores were done in collaboration with Dr. Stefan Urbanski (Professor, Department of

Pathology & Laboratory Medicine and Medicine, Foothills Medical Centre).
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Figure 3.7 Macroscopic analysis for polyps formation was significantly increased in
IL-10""Fer®*™R compared to IL-10"" mice at 3 months of age.

Macroscopic analysis for mucosal polyps formation was determined in 1L-10" (solid
circles, n=8), and IL-10""Fer®'®R (open triangles, n=13) mice in relation to the distance
involved in the colon.
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IL-10"Fer PR/OR

Low grade dysplasia 1 (8%) 3 (16%)
High grade dysplasia 0 2 (11%)
Intra-mucosal 0 1 (6%)
carcinoma

Adenocarcinoma 0 5 (28%)
Number of mice = 12 18

Table 3.2 Total incidence for neoplastic changes in IL-10"and I1L-10""Fer®?*R mice
at 3 months of age
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Figure 3.8 IL-10""Fer®*R mice had increased microscopic scores for neoplastic
changes at 3 months of age.

Microscopic analysis for neoplastic changes was determined in I1L-10"" (solid circles,
n=12), and I1L-10""Fer®~®R (open triangles, n=18) mice. * Significant differences from
IL-10™" mice.
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Figure 3.9 H & E colon section from IL-10" and IL-10""Fer®X®R mice at 3 months of
age

IL-10"" mouse with mild inflammation (A, x40 objective lens), IL-10""Fer®¥PR mouse

with adenocarcinoma (B, x10 objective lens) where malignant crypts break the
muscularis mucosa layer and invade beyond this barrier (C, higher magnification of B,
x100 objective lens).
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These results are somewhat surprising in light of previous data which illustrate that
Fer is highly expressed in different malignant cell lines and down regulation of Fer
reduces the proliferation of prostate carcinoma cells and attenuates the development of
prostate cancer [145]. However, our observation may be related to the enhanced
inflammation which was observed in the double mutants, since epidemiological studies
have demonstrated a link between inflammation severity and duration and IBD associated

cancer [146].

3.1.3 Summary

In summary, Fer®®PR and Fps¥'/Fer®® mice experienced enhanced and prolonged
colitis severity compared to WT mice in response to TNBS injection in gross
(macroscopic) and histological level. This was associated with enhanced MPO activity in
the colon of the mutants compared to WT mice with TNBS injection. Lamina propria
immune cell isolation from the colon with subsequent FACS analysis demonstrated an
enhanced neutrophil population in response to TNBS treatment, and this population was
significantly increased (p<0.05) in Fps""/Fer®® compared to WT mice at day 10 post
colitis induction. A significant increase in inflammatory parameters (macroscopic and
histological score, and MPO activity) was noted in 1L-10" compared to WT mice at 3
months of age. A moderate but significant increase in inflammation was observed in
IL-10""Fer®®'PR double deficient compared to I1L-10"" mice (p<0.05). In contrast to the
TNBS model, IL-10"" mice did not have enhanced neutrophil recruitment to the colon
(measured by MPO activity) in the absence of Fer. This may be due to differences

between the two models. In our hands, the TNBS model is a relatively acute model
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where neutrophils are recruited early and then the inflammation resolves. The IL-10™
model by contrast is a chronic model of colitis with significant neutrophil infiltration as
well as many other immune cells (e.g. T-cells) which play an important role in its
pathogenesis. Group IV PTK may play a more obvious role in the acute response to
damage in the colon. Surprisingly, in the absence of Fer kinase, IL-10" mice had a 52 %
incidence of polyps with a 28 % incidence of adenocarcinoma. Multiple
adenocarcinomas were noted in 1L-10""Fer®*'°R mice. This enhanced adenocarcinoma
development in the absence of Fer may be associated with a more severe inflammatory
phenotype or the role of Fer within transforming cells (e.g. epithelial cells) and should be
explored further. This might be done by generating chimeric mice from irradiated
IL-10"7"Fer®®PR mice reconstituted with 1L-10" bone marrow derived cells and vice

Versa.
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Chapter Four: ROLE OF GROUP IV PTK IN NEUTROPHIL CHEMOTAXIS IN

VITRO
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Neutrophils play an important role during the inflammatory response. They are
recruited early as the first line of defence during the innate immune response to bacterial
antigen and also contribute to chronic inflammatory responses such as IBD [53, 122,
147]. An important property of neutrophils is their ability to chemotax to the site of
injury. They do this by migrating along chemotactic gradients within tissue which are
generated after chemokine release from various cell types including epithelial cells, mast
cells, macrophages, and endothelial cells [114, 148-150]. This type of chemotactic
gradient recruits neutrophils to the general areas which has been compromised and are
known as intermediary chemoattractants. Chemokines classified into this group are
keratinocyte-derived cytokine (KC), macrophage inflammatory protein (MIP-2),
interleukin-8 (IL-8), and leukotrine B4 (LTB,) [114, 151]. Once recruited to the
compromised tissue, neutrophils are directed towards their target by end-target
chemoattractants (see diagram 4.1). Chemoattractants which fall into this category
include complement peptide C5a and bacterial peptide such as formyl-met-leu-phe
(fMLP) [114, 152, 153]. Chemotactic cells use a variety of intracellular signalling
pathways which are activated after cell surface receptor (G-protein coupled receptor
‘GPCR’). Chemoattractant binding promote the exchange of GDP with GTP in Ga,
which leads to the dissociation of the Gy subunit. The activation of GPCR can initiate a
number of effectors including: phospholipase C (PLC), phosphotadylinositide-3 kinase
(P13K), ion channels, and mitogen activated protein kinase (MAPK). These effectors then
regulate cytoskeletal and adhesive elements that direct cellular shape change,

polarization, and movement [154-156].
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Studies have shown that neutrophils can prioritize between multiple signals and
differentiate between intermediate and end target chemoattractants by differentially
activating intracellular signalling pathways [114, 152, 153, 157]. For example in human
and mice neutrophils p38 MAPK is important for chemotaxis in response to fMLP and
PI3K is important for chemotaxis in response to 1L-8.

Fer kinase has been shown to be associated with cytoskeletal protein components
such as the actin binding protein cortactin [25, 37] and in the crosstalk between adherent
junctions and focal adhesion [29], and could be involved in the intracellular regulation of
chemotaxis. Furthermore, in mouse bone marrow-derived mast cells, Fer kinase is
required for maximal p38 MAPK activation to promote chemotaxis of mast cells
activated by cross-linking the high affinity IgE receptor (FceRI) [31]. The aim of this
chapter was to determine if Fer kinase is involved in the regulation of neutrophil

chemotaxis through regulation of intracellular signalling pathways.
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Diagram 4.1Neutrophil chemotaxis toward different chemoattractants

Neutrophils migrate from the blood stream to the surrounding tissue in response to the
intermediate target chemoattractants (IL-8, MIP-2, and LTB,) secreted from different cell
types such as endothelial cells, neutrophils, and mast cells. Once there, neutrophils will
ignore the intermediate targets and decide to move toward the end targets such as Cba
and the bacterial peptide fMLP to fight and clear the inflammatory stimuli.
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4.1 Results

DRIDR mice and used in

Neutrophils were isolated from bone marrow of WT and Fer
the under agarose gel assay to determine their chemotactic ability towards fMLP-peptide
WKYMVm. WKYMVm was used as it is a potent activator of mouse neutrophil fMLP

receptor (FPR) [158]

4.1.1 A stimulus specific role for Fer kinase in neutrophil chemotaxis in vitro

Figure 4.1 illustrates a dose-response curve for neutrophil chemotaxis toward
different concentrations of WKYMVm studied. Using both WT and Fer®'° neutrophils,
a bell-shape curve was observed in response to increasing concentrations of the
chemoattractant. This is a characteristic of chemoattractant responses as stasis occurs at
high concentrations. The optimal dose of WKYMVm in both groups for neutrophil
chemotaxis was observed with 1 uM concentration. However at this dose 48.9 + 8.3 WT

neutrophils chemotaxed toward WKYMVm, and a 2 fold increase in chemotaxis was

DR/DR DR/DR

observed in Fer neutrophil. A significant increase in Fer neutrophil chemotaxis
was observed towards all doses of WKYMVm compared to WT neutrophils. Figure 4.2
illustrates the number of neutrophils in each 200 um segment as the cells move toward
the WKYMVm (1 uM) well. A significant increase in Fer®®®® neutrophil chemotaxis
was observed compared to WT neutrophils in at each distance indicating more neutrophil

WKY MVm-induced chemotaxis in the absence of Fer.
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Phosphate buffered saline (PBS) was used as a negative control in each experiment
and it induced no chemotaxis (data not shown). Our data for optimal WKYMVm
concentrations for mouse neutrophil chemotaxis using the under agarose assay agrees
with previously published concentrations [151, 159]. These data suggest that Fer kinase
plays a role in damping neutrophil chemotaxis toward the end target peptide WKYMVm
in vitro. Enhanced neutrophil chemotaxis in Fer null neutrophils might be due to
increased fMLP receptor expression or Fer may play a role in modulating the signalling
pathways used for chemotaxis towards fMLP peptide.

Next we examined the role of Fer kinase in chemotaxis towards the end target
chemoattractant-complement product C5a. Figure 4.3 illustrates the number of WT or

FerDR/DR

cells moving towards Cba after 4 h in the under agarose assay. Interestingly, the
absence of Fer kinase in neutrophils enhanced C5a-induced chemotaxis observed in a
similar manner as WKYMVm-induced chemotaxis. These data suggest that Fer kinase

can modulate neutrophil chemotaxis towards end target chemoattractants.
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Figure 4.1 Neutrophil chemotaxis is enhanced in the absence of Fer kinase in vitro
toward WKYMVm.

In vitro total WT (open bars) and Fer (solid bars) neutrophil chemotaxis toward
different concentrations of WKYMVm (0.01-100 puM) was determined using the under-
agarose gel assay. Data are expressed as mean £ SEM, n= 10-24 plates from 5 mice, *
significant differences from WT neutrophils.

DR/DR



71

16

14 CIWT

* I Fer o
12+

10+

*

(2)_ ﬂ ﬂ' ﬁi Al e -

Number of chemotactic cells
®

200 400 600 800 1000 1200 1400 1800 2000 2200 2400 2500
Distance (um)

Figure 4.2 Neutrophil chemotaxis is enhanced in the absence of Fer in vitro in each
distance segment toward WKYMVm.

The number of chemotacting cells expressed in each 200 um segment in WT (open bars)
and Fer®?PR (solid bars) neutrophil toward WKYMVm (1 uM) are shown. Data are
expressed as mean + SEM, n=10-24 plates from 5 mice, * significant differences from
WT neutrophils.
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Figure 4.3 Fer kinase plays a role in neutrophil chemotaxis in vitro toward the end
target chemoattractants.

In vitro total WT (open bar) and Fer®*™® (solid bar) neutrophil chemotaxis toward C5a
(1 uM) was determined by using the under-agarose gel assay. Data are expressed as
mean £ SEM, n= 32 plates from 4 mice, * significant differences from WT neutrophils.
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To determine if this regulatory role in chemotaxis was universal we examined
intermediary chemoattractants. The following chemoattractants were studied using wild

DRIDR neutrophils; keratinocyte-derived cytokine; KC (1.25 puM), macrophage

type or Fer
inflammatory protein-2; MIP-2 (1.25 puM), and leukotriene-Ba; LTB4 (1 pM). These
doses of the chemoattractants were chosen from previously published data obtained using
chemoattractants dose response curve in mouse neutrophils [114, 151]. Figure 4.4
illustrates the number of cells moving towards each chemoattractant. In WT neutrophils
KC induced around 25 cells to chemotax (PBS control < 1, data not shown). A similar

DR/DR

level was observed in Fer neutrophils indicating no role for Fer in chemotaxis

towards KC. In a similar manner chemotaxis induced by MIP-2 and LTB,4 was not

DRIDR neutrophils. These data suggest a

significantly different between WT and Fer
stimulus specific role for Fer kinase in neutrophil chemotaxis with a role toward end

target but not intermediary chemoattractants.
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Figure 4.4 Fer kinase does not play a role in neutrophil chemotaxis in vitro toward
intermediate target chemoattractants.

Numbers of WT (open bars) and Fer®*'PR (solid bars) neutrophil chemotaxis towards KC
(1.25 puM), MIP-2 (1.25 uM), and LTB4 (1 uM) in vitro was determined using the under
agarose gel assay. Data are expressed as mean £ SEM, n= 26-37 plates from 3-9 mice.
PBS negative control values were < 1.
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4.1.2 Fps/Fes kinase does not account for the stimulus specific participation of Fer
kinase in neutrophil chemotaxis

The possibility exists that in the absence of Fer kinase the closely related Fps/Fes
protein tyrosine kinase compensates for Fer and regulates neutrophil chemotaxis towards
intermediate chemoattractants such as LTB,4. To test this, in separate experiments we
isolated bone marrow neutrophils from Fps<"/Fer® double mutant mice and compared
LTB;-induced chemotaxis to that observed in neutrophils from wild type and Fer®®/°R
mice. Figure 4.5 illustrates that LTB4-induced chemotaxis in compound mutants at the

level of chemotaxis observed using WT and Fer®%/°R

neutrophils. These data suggest that
Fps/Fes does not compensate for Fer during neutrophil chemotaxis towards intermediary
chemoattractants. However, a trend towards increased WKYMVm-induced chemotaxis
was observed in neutrophils from Fps<"/Fer® mice although this was not significantly

different from FerP~/PR

single mutant mice. These data may suggest that Fps/Fes kinase
plays a similar role to Fer kinase in modulating neutrophil chemotaxis towards
WKYMVm although the synergistic effect did not reach significance.

Next we investigated if the intracellular signalling pathways activated within

neutrophils in response to chemotactic agents were modified in Fer°?/°R

neutrophils. Two
major pathways have been described to play a role in neutrophil chemotaxis- PI3K and
p38 MAPK pathways [114, 159, 160]. Furthermore Fer kinase has been shown to have a

role in p38 MAPK regulation in mast cells [31].
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Figure 4.5 Fps/Fes kinase does not account for the stimulus specific participation of
Fer kinase in neutrophil chemotaxis

Number of WKYMVm-induced (1 uM) or LTB4-induced (1 uM) chemotactic
neutrophils observed using the under agarose assay. Neutrophils were obtained from WT
mice (solid bars), Fer®®°® mice (open bars), and Fps"'/Fer® mice (hatched bars). Data
are expressed as mean £ SEM, n= 23 plates from 3 mice, * significant differences from
WT neutrophils.
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4.1.3 The role of Fer in regulating intracellular signalling pathways

In this section we used pharmacological inhibitors of the p38 MAPK and PI3K
pathway to investigate the contribution of these pathways in chemotaxis in WT and
Fer®®PR neutrophils. Three p38 MAPK inhibitors (SKF86002 30 uM’, SB239063 *10
uM’, and SB203580 °10 uM”) [114, 133], and two PI3K inhibitors (LY294002 '50 pM',
and wortmannin '100 nM’) [114, 134] were used at optimal concentrations based on
previously published data.

Figure 4.6 illustrates WKYMVm-induced WT chemotactic cells expressed as
percentage of untreated WT chemotaxis after p38 MAPK pharmacological inhibition.
All of the p38 MAPK inhibitors used inhibited WT neutrophil chemotaxis significantly
(71 — 85 %) suggesting WT neutrophils use p38 MAPK pathway to chemotax towards
WKYMVm (1 uM). This is in agreement with Heit et al [114]. In contrast when we

DR/DR

examined the same in Fer neutrophil chemotaxis in response to WKYMVm, no

inhibition was observed with SKF86002 and SB239063 and a moderate (31 %) inhibition
was observed in SB203580 compound (figure 4.7). This is likely due to non-specific
effects of SB203580 compound at the concentration used. These data suggest that p38

DR/DR

MAPK pathway is not the major pathway used in Fer neutrophils to chemotax

toward WKYMVm.
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Figure 4.6 WT neutrophils uses p38 MAPK pathway in their chemotactic response
toward WKYMVm

Percentage of WT neutrophil chemotaxis towards WKYMVm after pharmacological
inhibition with p38-MAPK inhibitors [SB203580 (10 uM), SB239063 (10 uM), and
SKF86002 (30 uM) (open bars)]. The number of untreated (UT) cells which moved
toward WKYMVm was taken as 100 % (solid bar). Data are expressed as mean + SEM,
n=13-16 plates from 4 mice. * Significant differences from UT cells.
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Figure 4.7 Fer®*PR neutrophils do not use p38 MAPK pathway in their chemotactic
response toward WKYMVm

Percentage of Fer®?'°R neutrophils chemotaxis towards WKYMVm after pharmacological
inhibition with p38-MAPK inhibitors. The number of untreated (UT) cells which moved
toward WKYMVm was taken as 100 % (solid bar). Data are expressed as mean + SEM,
n=13-16 plates from 4 mice. * Significant differences from UT cells.
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Next we investigated the role of the PI13K pathway in WKYMVm-induced chemotaxis.
A role for both pathways has been previously suggested by Heit et al [114]. Although
the PI3K pathway is not the major route used by neutrophils to chemotax towards fMLP
it is activated in neutrophils in response to fTMLP stimulation. It has been suggested that
there may be some crosstalk between these two pathways [114]. When neutrophils
encounter both intermediate- and end target- chemoattractants they always choose to
move toward the end targets using the p38 MAPK pathway, but when p38 MAPK
activity is inhibited the preferential migration toward the end targets is lost and these
neutrophils move toward the intermediate targets at greater numbers using PI3K pathway.
In addition, neutrophils treated with p38 MAPK inhibitors show enhanced and prolonged
PI3K activity in response to fMLP stimulation [114].

PI3K is a group of heterodimeric enzymes that phosphorylate plasma membrane
phosphatydilinositol 4-5-biphosphate (PIP,), yielding to phosphatydilinositol 3, 4, 5-
triphosphate (PI1P3) upon exposure to chemokines and chemoattractants. PI3K is a very
important component of cell signalling in neutrophil chemotaxis as well as other
neutrophil functions like superoxide production. Studies using PI3Ky-deficient mice
showed impaired neutrophil chemotaxis in response to C5a and fMLP [161-163], while
other studies showed that PI3K pathway does not play a role in human neutrophil
chemotaxis in response to fTMLP [114].

Using 2 inhibitors LY294002 (50 uM) and wortmannin (100 nM) in the under
agarose assay we investigated the role of PI3K pathway in neutrophil chemotaxis towards
WKYMVm in WT and Fer®?°R neutrophils. Figure 4.8 illustrates the percent inhibition

in chemotaxis toward fMLP peptide in WT neutrophils treated with two PI3K inhibitors.
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Untreated (UT) neutrophils were taken as 100 %. These data demonstrate no reduction in
chemotaxis with LY294002 and approximately 50 % reduction with wortmannin
suggesting that PI3K plays a minor role in WT neutrophil chemotaxis towards
WKYMVm. The significant inhibition of chemotaxis in WT neutrophils treated with
wortmannin might be due to off target (non P13K) effects of this compound at the
concentration used. Interestingly LY294002 induced a 53 % and wortmannin > 75 %

DR/DR

reduction in Fer neutrophil chemotaxis toward WKYMVm (figure 4.9). These data

illustrate that the PI3K pathway plays an important role in Fer®®PR

neutrophil
chemotaxis toward WKYMVm. These data agree with previously published data which
demonstrate a minor role for PI3K pathway in neutrophil chemotaxis toward fMLP [114,
159]. A complete inhibition of WKYMVm induced chemotaxis was observed in both
WT and Fer®?°R neutrophils with a combination of p38 MAPK and PI3K inhibitor
(figure 4.10). Taken together, these data indicate that both p38 MAPK and PI3K are
involved in WKYMVm induced chemotaxis in WT neutrophils and Fer kinase may

regulate the extent to which each participate. Next we examined how p38 MAPK and

PI3K pathway activation is altered in the absence of Fer kinase
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Figure 4.8 WT neutrophils uses PI3K pathway to a lesser extent than p38 MAPK
pathway in their chemotactic response toward WKYMVm

Total WT neutrophils chemotaxis toward WKYMVm; untreated (UT) (solid bar), or
treated with PI3K inhibitor (LY294002 and wortmannin) (open bars). Data are expressed
as mean £ SEM, n=14-16 plates from 5 mice. * Significant differences from UT cells.
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Figure 4.9 Fer
toward WKYMVm

Total Fer®®PR neutrophils chemotaxis toward WKYMVm; untreated (UT) (solid bar), or
treated with PI3K inhibitors (open bars). Data are expressed as mean + SEM, n=14-16
plates from 5 mice. * Significant differences from UT cells.

neutrophils uses PI3K pathway in their chemotactic response
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Figure 4.10 P38 MAPK and PI3K are the major pathways used by neutrophils to
move toward WKYMVm

Total WT and Fer®?®R neutrophils chemotaxis in response to WKYMVm; untreated
(UT) (solid bar), or treated with a combination of p38MAPK and PI3K inhibitor (open
bars). Data are expressed as mean + SEM, n=14-16 plates from 3 mice. * Significant
differences from UT cells.
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4.1.4 Absence of Fer kinase does not alter WKYMVm-induced p38 MAPK
phosphorylation in neutrophils

Our data suggest that Fer null neutrophil does not use the p38 MAPK pathway to
chemotaxis toward WKYMVm. Therefore, we expected modulated degree of activation

in FerPRPR

neutrophils. Figure 4.11-A illustrates the degree of p38 phosphorylation in
WT and Fer®*PR neutrophils in response to WKYMVm (Pep; 1 pM) stimulation over 15
minutes. Phospho-p38 MAPK levels in WT neutrophils increased over baseline (Ct) and
reached maximal levels at 10 min and returned to control levels by 15 min post

DR/DR

WKYMVm stimulation. A similar time course was observed in Fer neutrophils. No

statistically significant difference was observed between WT and FerPR/PR

neutrophils
over the time course of stimulation. Total p38 (figure 4.11-A-lower panel) show similar
protein levels in all conditions suggesting equal loading. Figure 4.11-B demonstrates the
densitometric measurements from three experiments for phospho p38 in both groups and
illustrates a significant increase in p38 activation over 10 minutes post WKYMVm
stimulation. No differences in activation are observed between WT and Fer null
neutrophils. These data suggest that p38 MAPK activity is not altered in the absence of

Fer kinase at the level of p38 MAPK in neutrophils in response to WKYMVm

stimulation.



86

The possibility exists that Fer may activate the p38 MAPK pathway downstream of
p38 MAPK level. A possible candidate downstream of p38 level is mitogen-activated
protein kinase-activated protein kinase 2 (MAPKAPK?2). Studies showed that p38
MAPK activates MAPKAPK?2 in human neutrophils in response to fMLP and this
activation is required for human neutrophil chemotaxis in response to fMLP [164]. Time
did not permit further investigation of this pathway as we focused our attention on the
role of Fer in modulating PI3K pathway as this pathway was shown to be the dominant

DR/DR

pathway used for chemotaxis in Fer neutrophils.
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Figure 4.11 Absence of Fer kinase does not alter WKYMVm-induced p38 MAPK
phosphorylation in neutrophils

Immunoblot of phospho and total p38 in WT and Fer®'°R neutrophils challenged with

WKYMVm at 2, 5, 10, and 15 min. Bone marrow derived neutrophils from wild type
and Fer®®™R mice were isolated and stimulated with WKYMVm. Lysates were resolved
by SDS-PAGE and sequentially immunoblotted with anti phospho p38 antibody, and
stripped/re-probed with anti-p38 antibody. A) representative immunoblot of
phosphorylated p38 MAPK B) semi-quantitative analysis of p38 MAPK phosphorylation
determined by densitometric analysis of the immunoblots. Data are expressed as the
mean + SEM. Data from wild type and Fer ®°X'PR neutrophils are shown in open or solid
bars respectively, n=3. * p<0.05 significant difference from UT neutrophils.
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4.1.5 PI3K activation is enhanced and prolonged in neutrophils stimulated with
WKYMVm in the absence of Fer kinase

Our data suggest a couple of possibilities as to how Fer influences the signalling
pathways responsible for chemotaxis. We showed previously that WT neutrophils use
p38 MAPK to chemotax toward WKYMVm and enhanced chemotaxis was observed in

DR/DR

Fer neutrophils. We may have expected that in the absence of Fer an enhanced p38

MAPK activity would be observed. However, phospho-p38 levels were found to be the
same in WT and Fer®*P® neutrophils in response to WKYMVm stimulation. FerPR/PR
neutrophils use the PI3K pathway as illustrated with pharmacological inhibition. Fer
kinase may therefore act on the PI3K pathway to inhibit/limit its normal activation
allowing p38 MAPK to control chemotaxis. In the absence of Fer the PI3K pathway may
be over-activated and become the dominant intracellular pathway for chemotaxis.

We measured Akt phosphorylation as an indication of PI3K activity in neutrophils
downstream of WKYMVm stimulation. Figure 4.12-A demonstrates Akt phosphorylation
(also known as protein kinase B), which is a downstream component of PI3K pathway in
WT and Fer®?°R neutrophils after WKYMVm (Pep) stimulation. Akt phosphorylation
was significantly increased in WT neutrophils at 2 min and gradually decreases to base
line levels by 15 min. The data show a similar Akt phosphorylation in Fer®?/PR
compared to WT neutrophils at 2 min, but this activation was enhanced and prolonged in
Fer®®PR in response to WKYMVm stimulation. Total Akt (figure 4.12-A-lower panel)
show similar protein levels in all conditions suggesting equal loading. Figure 4.12-B

demonstrates the densitometric measurements from three experiments for phospho Akt in

both groups. These data suggest that Fer kinase acts as an inhibitor of PI3K pathway
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upstream of Akt and in the absence of Fer, this pathway has enhanced and prolonged
activity in response to WKYMVm stimulation. These data suggest Fer may be involved
in deactivating PI13K pathway upstream of Akt level.

One possible candidate that Fer kinase might act on upstream of Akt is phospho-
inositide-dependent-protein kinase (PDK1). PDK1 is a 63 kDa serine-threonine kinase
which consists of N-terminal kinase domain and C-terminal PH-domain, and it can be
activated by phosphorylation in response to many agonists including insulin, oxidative
stress, and peroxovanadate in the activation loop Ser?** for human, and Ser®** for mouse
PDK1 [165, 166]. Several studies have shown PDK1 has a role in cell chemotaxis and
migration in endothelial cell and in F-actin polymerization which are needed for the
chemotactic response to occur [167, 168] .

To examine if PDK1 activation is altered in the absence of Fer kinase, we determined

the degree of PDK1 phosphorylation in WT and Fer®?/°R

neutrophils in response to
WKYMVm stimulation (figure 4.13-A and B, representative of n=3). No difference in
PDK1 phosphorylation level between WT and Fer null neutrophils was observed
although increased Akt phosphorylation levels were observed in Fer mutant compared to
WT neutrophils in the same neutrophil lysate (figure 4.13). This suggests that Fer kinase
may modulate PI3K activity through other upstream targets excluding PDKZ1, or it can

directly act at the Akt level. The possible targets of PI3K pathway that can be modulated

by Fer kinase is illustrated in diagram 4.2.
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Figure 4.12 PI3K activity is prolonged in neutrophils stimulated with WKYMVm in
the absence of Fer kinase

Bone marrow derived neutrophils from wild type and Fer®/°R mice were isolated and

stimulated with WKYMVm (Pep; 1uM) for 2, 5, 10 and 15 minutes. Lysates were
resolved by SDS-PAGE and sequentially immunoblotted with anti phospho Akt antibody
(Ser473) and stripped/re-probed with anti-Akt antibody. A) Representative immunoblot
of phosphorylated Akt and total Akt in each condition B) Semi-quantitative analysis of
Akt phosphorylation determined by densitometric analysis of the immunoblots. Data are
expressed as the mean + SEM. Data from wild type and Fer °?'°R neutrophils are shown
in open or solid bars respectively, n=4, * p<0.05 significant difference from UT
neutrophils. # p<0.05 significant difference from WT neutrophils.
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Figure 4.13 PDK1 activity is not altered the absence of Fer kinase

Bone marrow derived neutrophils from wild type and Fer®/°R mice were isolated and

stimulated with WKYMVm (Pep; 1uM) for 2, 5, 10 and 15 minutes. Lysates were
resolved by SDS-PAGE and sequentially immunoblotted with anti phospho PDK1
antibody and stripped/re-probed with anti-PDK1 antibody. A) representative immunoblot
of phosphorylated PDK1 in each condition B) Semi-quantitative analysis of PDK1
phosphorylation determined by densitometric analysis of the immunoblots.
Data are expressed as the mean + SEM. Data from wild type and Fer PR/PR
shown in open or solid bars respectively, n=3.

neutrophils are
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Interestingly when we used p38 and PI3K inhibitors in KC induced chemotaxis the
signalling pathways were not altered in the absence of Fer. Figure 4.14 (A) illustrates the
percentage of inhibition in WT neutrophil chemotaxis toward KC by using p38 MAPK
and PI3K inhibitors. SKF86002 and SB203580 did not inhibit WT neutrophil
chemotaxis significantly towards KC however wortmannin (PI3K inhibitor) inhibited this
response by 91 % compared to untreated (UT) neutrophils. This is in agreement with
previously published data which demonstrated a role for PI3K pathway in chemotaxis
towards KC [114, 159]. Using Fer null neutrophils (figure 4.14-B), neither p38 MAPK
inhibitors altered KC induced chemotaxis. The PI3K inhibitor wortmannin inhibited
chemotaxis by 91%. These data demonstrate that the PI3K pathway is responsible for the
chemotactic response of neutrophils toward KC in both WT and Fer null neutrophils and
suggested that Fer kinase does not play a role in modulating the chemotactic behaviour or
the signalling pathways used.

DR/DR

Using immunoblot we measured PI3K activity in WT and Fer neutrophils in

response to KC stimulation to confirm that Fer did not regulate PI3K activity toward KC.

DRIDR compared to

We showed that the degree of Akt phosphorylation was similar in Fer
WT neutrophils in response to KC stimulation (data not shown). These data support data
generated from the under agarose assay using chemical inhibitors of PI3K pathway.
Taken together, these data suggest a stimulus-specific role for Fer kinase in modulating

neutrophil chemotaxis and the signalling pathways utilized by neutrophils toward

WKYMVm, but not toward KC.
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Figure 4.14 P3IK is the dominant pathway for WT and Fer mutant neutrophil
chemotaxis toward KC

In vitro total (A) WT and (B) Fer®*PR neutrophils chemotaxis in response to KC;
untreated (UT) (solid bar), treated with p38-MAPK inhibitors (SB203580, and
SKF86002; open bars), or treated with PI3K inhibitor (wortmannin; hatched bar). Data
are expressed as mean £ SEM, n=10-15. * Significance from UT cells
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4.2 Summary

We have shown here a significant increase in neutrophil chemotaxis toward end target
chemoattractants WKYMVm and C5a in Fer®?°R compared to WT neutrophils.
Surprisingly, no role for Fer was observed for neutrophil chemotaxis toward the
intermediate targets KC, MIP-2 and LTB,. In addition we demonstrated that both p38
MAPK and PI3K pathways are activated in mouse neutrophils in response to WKYMVm
with the p38 MAPK pathway being the dominant pathway in WT neutrophils which
chemotax towards WKYMVm. Furthermore we demonstrated that although p38 MAPK
is phosphorylated to similar levels and time course in Fer null neutrophils, the PI3K is the
dominant pathway used for chemotaxis towards WKYMVm in the absence of Fer. PI3K
pathway activation is enhanced and prolonged in the absence of Fer.

Fer may act upstream of Akt to regulate PI3K activity. Diagram 4.2 illustrates
possibly targets. Our data suggest that Fer kinase regulates PI3K pathway directly
through modulating Akt activity or indirectly through other regulators of PI3K pathway.
Fer may interact with components of PI3K enzyme such as p85 and p110. Fer has been
shown to directly interact with the p85 regulatory subunit of PI3K enzyme in adipocytes
in response to PDGF stimulation and modulates PI3K activity [169]. Fer may modulate
the activity of other phosphatases [PTEN, PH domain leucin-rich repeat protein
phosphatase (PHLPP), or protein phosphatase 2A (PP2A)] which results in modulating
PI3K activity. Fer may modulate the activity of kinases which act upstream of Akt such
as integrin-linked kinases (ILKs) which couples integrins and growth factors to
downstream pathways involved in cell survival, cell cycle control, cell-cell adhesion and

cell motility [170]. Recently, Itoh et al [171] demonstrated that phospholipase D (PLD)



95
pathway is required for Fer activation and cell migration suggesting that Fer kinase may
modulate this pathway to regulate neutrophil chemotaxis. Our data suggest Fer does not
regulate PDK1 activation. Furthermore, Fer does not act at p38 MAPK level however it
may have effects on downstream components such as MK2 to modulate this pathway.
Overall our data illustrate an important role for Fer kinase in neutrophil chemotaxis
towards the end target chemoattractants such as bacterial peptides and support a role for

neutrophil chemotaxis to the gut.
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Diagram 4.2 Schematic diagram for the role of Fer kinase in modulating the
signalling pathways used by neutrophils in their movement toward WKYMVm

WT neutrophils use p38 MAPK pathway in their chemotactic movement toward
WKYMVm although both (p38 and PI3K) pathways are activated. The dominance of
p38 pathway in WT may be due to Fer regulation of the PI3K pathway. Our data
illustrate that Fer does not act at the p38 MAPK level to alter phosphorylation. In the
absence of Fer Akt activation is enhanced.

PTEN; Phosphate and tensin homolog deleted on chromosome 10, PHLPP; PH domain
leucin-rich repeat protein phosphatase, PP2A; protein phosphatase 2A, ILKs; integrin-
linked kinases, and PLD; phospholipase D.



Chapter Five: DETERMINING FER KINASE ACTIVITY IN NEUTROPHILS

97



98

5.1 Determining if Fer is phosphorylated downstream of WKYMVm stimulation in
neutrophils

In the previous chapter, we determined an important role for Fer kinase in
modulating neutrophil chemotaxis and the signalling pathways used toward the bacterial
peptide WKYMVm. In this chapter, our aim was to measure Fer kinase activation in
neutrophils in response to WKYMVm stimulation. As will be discussed we encountered
many issues in our attempts to measure Fer activation in neutrophils. We were able to
demonstrate that Fer phosphorylation in neutrophils is increased upon WKYMVm
stimulation (1 M) but this result was not consistently reproducible. We have attempted
to show Fer activation using 3 methodologies; (1) Immunoprecipitation (IP) of Fer
protein and immunoblotting (I1B) with 4G10 antibody which detects phosphorylated
proteins only, (2) phospho-Fer antibody by direct IB, and (3) kinase activity assay using y

$2p_ATP. Various issues were encountered in this aim and are detailed in diagram 5.1
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Aim: to determine Fer activation downstream of WKYMVm stimulation in neutrophils

| I N

Antibodyissue Fer protein Cell number Fer conformation Fer
J instability issue issue and accessibility quantityin
to the antibody neutrophils
Fer polyclonal l
antibody
\ 1- Reducing Fer IP time
(overnightto 2 hours).
Dark background 2-Various protease 5 and 10 million cells (mouse)
J inhibitorsin the lysis 43 million cells (human)
buffer.

Affinity-purified Fer

- 3-Irreversible protease
polyclonal antibody

inhibitor PDF before cell
stimulation.

4- Proteasome inhibitor
PSIin the lysis buffer.

5- Phospho-Fer antibody.
6- Fer kinase activity assay.

Diagram 5.1 Summary for the various problems we faced and how it was addressed
to determine Fer activity in neutrophils.

Dark background using Fer polyclonal antibody provided by Dr. Craig was optimized by
reducing the concentration of the primary and secondary antibodies used. Affinity
purified Fer polyclonal antibody gave us a much cleaner background. To minimize Fer
instability in neutrophils, we used different protease and proteasome inhibitors, reducing
the IP time, and using phospho-Fer antibody provided by Dr. Craig by direct IB
technique. In addition, we tried to measure Fer activity using other technique; Fer kinase
assay. To optimize cell number issue, we used 5 and 10 million cells from bone marrow
derived mouse neutrophils, and 43 million peripheral blood human neutrophils. Other
factors which may play a role in difficulty to detect Fer in neutrophils are Fer protein
conformation and accessibility to the antibody, Fer amounts in neutrophils, or other
unknown factors.
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5.1.1 Optimization of Fer immunoprecipitation

In the first set of experiments, we were using Fer polyclonal antibody which was
kindly provided by Dr. Andrew Craig (Queen's university). Using this antibody we
performed immunoprecipitation (IP) as described in methods. On developing the blot
high (dark) background was observed and we had difficulty observing the bands of
interest in the blot. We used different concentrations of the primary (Fer) antibody
(1/100, 1/500, and 1/1000 dilutions), different concentrations of the secondary antibody
(1/10,000 and 1/20,000 dilution), and different washing buffers (TBS buffer + 0.1 %
Tween20 or TBS + 0.1 % Tween20 + 0.1 % NP-40) aiming to reduce the background
with no obvious success. We switched to use Fer polyclonal antibody which was affinity
purified from Santa Cruz and this antibody gave us much cleaner background with no

non-specific binding.

5.1.2 Fer protein levels and instability

These challenges were evident when we began our immunoprecipitation (IP)
experiments and we attempted a series of changes to our methodology to optimize Fer IP
and allow for reproducibility in our results. We would like to acknowledge Dr. Steven
Robbins for his immense help in this process. The following parameters were
investigated. We increased cell number from 5 to 10 million and extended the time for
Fer IP from 3 h to overnight. In later experiments when we thought the degradation was
an issue we reduced the IP incubation time to 2 h. Neutrophils contain high levels of
protease which can degrade proteins therefore we incorporated pepstatin (1 mM) in the

lysis buffer along with the other protease inhibitors (PMSF, aprotinin/leupeptin, and
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N azVVO,). In separate experiments, we treated the isolated neutrophils with 1 mM DFP
(Diisopropylfluoro-phosphate), which is a potent irreversible inhibitor of serine proteases
and acetyl choline esterase at room temperature (RT) for 5 minutes before cell
stimulation and lysis as suggested by Naccache group [172, 173]. Proteins can also be
degraded through proteasomes. Proteasomes are large multi-subunit complexes localized
in the nucleus and cytosol that selectively degrade intracellular proteins. A protein
marked for degradation is covalently attached to multiple molecules of ubiquitin, and this
ubiquitin-proteasome system plays a major role in the degradation of many proteins. We
used a proteasome inhibitor PSI (N-carbobenoxy-L-isoleucyl-L-y-t-butyl-L-glutamyl-L-
leucinal) purchased from Sigma to incorporate it in the neutrophil lysis buffer along with
treating the cells with PDF (irreversible protease inhibitor) and adding protease inhibitors
in the lysis buffer. We used two concentrations of PSI; 30 uM and 60 uM as suggested
by Mica et al [174]. Also we tried to IP all phosphorylated proteins from neutrophils by
using 4G10 polyclonal antibody and immunoblot (IB) with Fer antibody (4G10 IP — Fer
IP). After working through these issues we were able to IP Fer (figure 5.1). Fer controls
for these experiments were used 3T3 mouse fibroblast cell line. We were able to
successfully IP Fer protein from those cells reproducibility. Fer protein is very stable in
3T3 cells and can be detected up to 4 months in lysates stored at 4°C. The conditions for
figure 5.1 are detailed here.
Conditions for figure 5.1:

WT and Fer®?PR neutrophils (10 million cells per condition) were treated with DFP
(Diisopropylfluoro-phosphate, Calbiochem) 1mM for 5 minutes at room temperature, and

lysed with neutrophil lysis buffer (1 % NP-40, 20 mM Tric-HCI,137 mM NaCl, 1 mM
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EDTA, 2 mM NazVO,, 10 pg/ml aprotinin/leupeptin, 2 mM PMSF, and 1 mM pepstatin).
50 pl of gammabind sepharose beads (GE Healthcare) are added to each condition and
incubated for 30 minutes on rotator at 4°C (pre-clearing procedure). Next, 20 ul of Fer
antibody (SantaCruz) plus the samples were incubated for 2 hours on rotator at 4°C, then
50 ul of gammabind sepharose beads was added and incubated for extra 1 hour. The
immune complex (in the beads) was washed three times with lysis buffer plus protease
inhibitors (2 mM NazVOy4, 10 pg/ml aprotinin/leupeptin, 2 mM PMSF, and 1 mM
pepstatin), and 30 ul of 2xSDS (Sigma) was added to the beads and boiled for 7 minutes.
The gel run overnight at 1000v, then transferred to nitrocellulose membrane and blocked
with 2 % BSA for 1 hour. Then, the blot was incubated with Fer antibody (1/1000
dilution) overnight at 4°C and then incubated with secondary anti-rabbit-HRP conjugated
antibody (1/10,000 dilution) for 1 hour. 3T3 cells were used as a positive control. These
cells were lysed with 1 % NP-40, 2 mM NazVOQOy, 10 pg/ml A/L, 2 mM PMSF.

Although Fer is a 93 kDa protein, in this experiment using the molecular weight
ladder from Biolabs the bands appears around 83 kDa and is equivalent to 93 kDa
identified with pre-stained ladder purchased from Sigma. Although we were able to
measure Fer protein by IP-1B technique, the level of Fer protein was never impressive. It
should be noted that the higher band in the IP conditions is related to Fer antibody used
because we can detect this higher band when we add the antibody to the beads alone in

lysis buffer
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Fer IP — Fer IB
Total protein (TP) IP 3T3-TP
175
80
46
64
Lane 1 2 3 4 5

Lane 1: total protein (TP% from wild type (WT) neutrophils (5 million cells).
Lane 2: TP from Fer®XPR neutrophils (3 million cells).

Lane 3: Fer IP from WT neutrophils (10 million cells).

Lane 4: Fer IP from Fer®*®R neutrophils (10 million cells).

Lane 5: TP from 3T3 fibroblast cell line.

Figure 5.1 Fer protein immunoprecipitation from bone-marrow derived neutrophils

WT and Fer®®°R neutrophils we either directly lysed in boiling 2XSDS lysis buffer (for
total protein) or immunoprecipitated (IP) with Fer antibody. The gel was loaded with
lysates as indicated and incubated with Fer antibody (primary antibody) and anti-rabbit
HRP-conjugated secondary antibody.
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These results indicate that Fer protein is detected in WT neutrophils either by
immunoblotting (IB) or IP technique (figure 5.1, lane 1 and 3 respectively). Fer protein

DR/DR

is present at reduced steady state levels in Fer neutrophils (lane 2 and 4) because the

DR/DR

mutation in Fer mice is kinase inactivation not gene knockout. Fer is detected in

total lysate from 3T3 cells (positive control, lane 5).

5.1.3 Fer phosphorylation levels

Next, we determined the degree of Fer phosphorylation by Fer IP followed by 4G10
IB. The methodology used in this blot was similar to figure 5.1. Since we thought that
our protein is subjected to high risk of degradation during the IP process. We used
another protease inhibitor cocktail [4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF,
416 mM), pepstatinA (6 mM), E-64 (5.6 mM), bestatin (16 mM), leupeptin (8 mM), and
aprotinin (0.32 mM), Sigma] at Dr. Robbins suggestion. For these experiments cells
were lysed with protease inhibitor cocktail in the lysis buffer. This is a high
concentration for protease inhibitors cocktail since the product data sheet recommend 4
times lower concentration of those inhibitors. We used the recommended protease
inhibitor concentrations [AEBSF (104 mM), pepstatinA (1.5 mM), E-64 (1.4 mM),
bestatin (4 mM), leupeptin (2 mM), and aprotinin (0.08 mM)] for 3T3 cell lysis.

Figure 5.2 demonstrates Fer IP from bone-marrow derived neutrophils followed by
Fer IB. Fer protein is detected in WT neutrophils (figure 5.2, lane 1) and in FerP?™R

neutrophils in much reduced levels (lane 2). Fer protein was not detected in the

supernatant from the IP lysate (lane 3 and 4). Fer is detected in total lysate from 3T3
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cells (positive control, lane 5). These data suggest that Fer protein is detected in
neutrophils by the IP technique using the protease inhibitor cocktail.

Next, we followed Fer IP with 4G10 immunoblot (I1B) (figure 5.3) to show increased
Fer phosphorylation in neutrophils in response to WKYMVm (1 uM) stimulation. Figure
5.3 demonstrates Fer IP from bone-marrow derived neutrophils followed by 4G10 IB.

DR/DR

Fer phosphorylation was not detected in un-stimulated WT or Fer neutrophils (figure

5.3, lane 1 and 3 respectively). Enhanced Fer phosphorylation was detected in WT

DR/DR

neutrophils upon stimulation with WKYMVm (lane 2) but not in Fer neutrophils

(lane 4). Lane 5 represents total phosphorylated protein in 3T3 cell lysate. These data

illustrate Fer phosphorylation in WT (but not in FerPR/PR

) neutrophils in response to
WKYMVm although low levels of protein were observed. Figure 5.3 is representative of

3 blots.
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Fer IP — Fer IB
IP IP-Supernatant 3T3-TP
147 — T % L& |
]
Lane 1 2 3 4 5

Lane 1: Fer IP from WT neutrophils.

Lane 2: Fer IP from Fer®'®R neutrophils.

Lane 3: supernatant from WT neutrophils.

Lane 4: supernatant from Fer®~'°R neutrophils.
Lane 5: total protein from 3T3 fibroblast cell line.

Figure 5.2 Fer protein can be immunoprecipitated in neutrophils with the cocktail
protease inhibitors from Sigma

New protease inhibitor cocktail was used to determine Fer expression in neutrophils by
IP and IB technique. Fer protein was IP from WT or Fer®?°® neutrophils. The gel was
loaded with lysates as indicated and incubated with Fer antibody (primary antibody) and
anti-rabbit HRP-conjugated secondary antibody.
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FerIP — 4G10 IB

IP 3T-TP

Lane 1 2 3 4 5

Lane 1: WT neutrophils un-stimulated.

Lane 2: WT, stimulated with WKYMVm, 5 min (1pM).
Lane 3: Fer®®PR neutrophils un-stimulated.

Lane 4: Fer®®PR stimulated with WKYMVm, 5 min (1uM).
Lane 5: total protein from 3T3 fibroblast cell line.

Figure 5.3 Enhanced Fer phosphorylation upon WKYMVm stimulation in
neutrophils using the cocktail protease inhibitors from Sigma

New protease inhibitor cocktail was used to determine Fer phosphorylation in neutrophils
by IP and IB technique. Fer protein was IP from WT or Fer®*'®® neutrophils. The gel
was loaded with lysates as indicated and incubated with 4G10 monoclonal antibody
(primary antibody) and anti-mouse HRP-conjugated secondary antibody.
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5.1.4 Can neutrophils affect Fer stability in 3T3 cell line?

We think that the difficulty to IP Fer protein in neutrophils comes from various
issues; first, our protein is not stable due to high degree of proteolytic activity in
neutrophils compared to other cells such as 3T3 cell line. Second, we might need to
increase the number of neutrophils to start with to IP more than 10 million cells per
condition. To address the first issue, we mixed neutrophils with 3T3 cell line which
express Fer protein in high amounts to determine if the presence of neutrophils would
affect the detected Fer protein levels. Figure 5.4 demonstrates Fer IP-Fer IB of 3T3 cells
with or without neutrophils (lane 1 and 2). Fer protein could be measured in both
conditions suggesting that the presence of neutrophils does not affect Fer protein levels in
3T3 cells. Even when neutrophils are activated with WKYMVm (lane 3) and mixed with
3T3 cells Fer protein can be still detected. Lane 4 represents total lysate from 3T3 cells
(positive control).

These results may suggest that other factors contribute to our inability to detect Fer in
neutrophils (low level of expression, instability, or conformational changes). It is also
possible that the amount of Fer in 3T3 cells is very high which is not affected in the
presence of neutrophils. Increasing the amounts of neutrophils may reduce Fer levels in

3T3 cells if neutrophil proteolytic activity is an issue.



109

Lane 1 2 3 4

313 + + ¢ 3T3TP
Neutrophils (6 million) . - +
WY MVm (1M) . . +

Figure 5.4 Fer expression is preserved in 3T3 cells in the presence of neutrophil
lysate

Neutrophils (6 million cells) were either un-stimulated or stimulated with WKYMVm
(1uM) for 5 minutes at 37°C and mixed with 3T3 cells. Fer expression was determined
by immunoprecipitation (IP) of Fer protein and immunoblot (IB) with Fer antibody. 3T3
total protein was used as a positive control for the experiment, n=2.



110

5.1.5 Fer IP from human neutrophils

We addressed the first issue as discussed previously. Moreover, the other issue in our
experiments may be the number of neutrophils we use per condition. Other investigators
used 40-80 million of peripheral blood human neutrophils per condition to IP different
proteins [172, 173] and we are using a maximum of 10 million bone marrow derived
neutrophils from mice per condition. It is not practical to use more than this number of
neutrophils in our case, since we need around 3 mice to isolate 10 million cells which is
suitable for one condition only, so we need to use approximately 24 mice to isolate 80
million cells for one IP condition. To overcome this issue, peripheral blood neutrophils
were obtained from healthy volunteers with the help of Dr Patel’s lab. Fer has not been
previously identified in human neutrophils, however using human neutrophils we will be
able to use larger numbers of cells to increase our chances of measuring expression. The
conditions used are as follows.

Conditions for figure 5.5

Human peripheral blood neutrophils (43x10° cells per condition as suggested by Dr
Naccache, personal communication) were isolated and treated with DFP (1mM) at RT for
5 minutes. Cells were either un-stimulated (US) or stimulated with WKYMVm (1uM)
for 2, or 5 minutes. After stimulation, cells were lysed with NP-40 lysis buffer plus
cocktail protease inhibitors (same concentration for neutrophils lysis in figure 5.3,
Sigma). After that, 50 pl beads were incubated with cells on rotator for 30 min at 4°C,
and then centrifuged. 20 pl of Fer antibody (Santa Cruz) was added to the cell lysate and
incubated for 2 hours on rotator. After that, 50 ul beads were added and incubated for

extra 1 hour. The immune complex (pellet) was washed 3 times with NP-40 lysis buffer
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plus cocktail protease inhibitors. Then, 120 pl of 2xSDS buffer was added to cell pellet
and boiled for 7 minutes. After gel transfer to nitrocellulose membrane, the membrane
was blocked with 2 % BSA for 1 hour and incubated with 4G10 monoclonal antibody
(1/1000 dilution) in 2 % BSA overnight at 4°C. The membrane was washed and
incubated with anti mouse HRP-conjugated secondary antibody (1/10000 dilution) for 1
hour and exposed to super signal ECL and developed using Kodak film. The membrane
was stripped and re-probed with Fer antibody (1/1000 dilution) overnight at 4°C in 2 %
BSA, washed, and incubated with anti rabbit HRP-conjugated secondary antibody
(1/10000 dilution) for 1 hour. The membrane was exposed to ECL and developed.

Fer protein was not detected in human peripheral blood neutrophils either un-
stimulated or WKY MV m-stimulated for 2 and 5 minutes (figure 5.5, lane 1, 2, and 4).
Fer expression was not detected in the supernatant from those IP conditions (lanes 7-9).
Total phosphorylated proteins in neutrophil and 3T3 cells lysate was detected upon
immunoblotting with 4G10 antibody (lane 3, and 5-6 respectively). When the blot was
striped and re-probed with Fer antibody, Fer band is evident in 3T3 cells lysate only.

These data may indicate that Fer is expressed in very low levels, is unstable, or there

is an issue with Fer protein conformation and accessibility to antibody in neutrophils.
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(A) Fer IP — 4G101B

IP-Supernatant ~ 3T3-TP P TP IP

147
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64
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(B) Fer IP — Fer IB (the blot was stripped and re-probed with Fer antibody)

9 8 7 6 5 4 3 2 1  Lane

Lane 1: human peripheral blood neutrophils (43 million cells) un-stimulated.

Lane 2: human neutrophils stimulated with WKYMVm (1uM) for 2 minutes at 37°C.
Lane 3: total protein from human neutrophils (43 million cells).

Lane 4: human stimulated with WKYMVm (1uM) for 5 minutes at 37°C.

Lane 5 and 6: 3T3 fibroblast cell line.

Lane 7-9: supernatant from lane 1-3 condition respectively.

Figure 5.5 Determining Fer phosphorylation in human peripheral blood neutrophils

Peripheral blood neutrophils we isolated and Fer expression and phosphorylation levels
in response to WKYMVm stimulation was determined by the IP-IB technique.
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5.1.6 Fer phosphorylation: alternative methodology

Since the immunoprecipitation (IP) technique to determine Fer expression and
phosphorylation levels in neutrophils was not 100 % successful, we tried to determine Fer
phosphorylation by using a newly developed phospho-Fer antibody. In this case, we
directly lysed our cells after stimulation in boiling 2xSDS and direct immunoblotted (IB)
to determine Fer phosphorylation with this phospho-Fer antibody without the
immunoprecipitation (IP) step which may increase the risk of protein degradation. This
antibody was kindly provided by Dr. Andrew Craig. The conditions and methodology
used are described here.

Conditions for figure 5.6 and 5.7

WT or Fer®PR neutrophils were either un-stimulated (US) or stimulated with
WKYMVm (1 pM) for 5 minutes at 37°C. After stimulation, cells were lysed with
2xSDS plus protease inhibitors cocktail [4-(2-aminoethyl)benzenesulfonyl fluoride
(AEBSF, 416 mM), pepstatinA (6 mM), E-64 (5.6 mM), bestatin (16 mM), leupeptin (8
mM), and aprotinin (0.32 mM), Sigma] and boiled for 7 minutes. After protein transfer to
nitrocellulose membrane, the membrane was blocked with 2 % BSA for 1 hour and
incubated with phospho-Fer or affinity purified phospho-Fer antibody (1:500 dilutions, as
suggested by Dr. Craig) in 2 % BSA overnight at 4°C. Anti rabbit-HRP secondary
antibody (1/10000 dilution) was incubated for 1 hour and the membrane was exposed to
super signal ECL and developed. The membrane was stripped and re-probed with Fer
antibody (1/1000 dilution) (Santa Cruz) overnight at 4°C.

As shown in figure 5.6, the phosphorylated levels of Fer was not detected in bone-

DR/DR

marrow derived WT or Fer mouse neutrophils; un-stimulated or WKYMVm-
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stimulated by direct 1B using the phospho-Fer antibody (lanes 1-4). However, we were
able to detect a band at the right molecular weight size for phosphorylated Fer in 3T3
cells (lane 5).

Dr. Craig affinity purified the antibody to improve specificity and reduce non specific
binding. Unfortunately using this affinity purified phospho-Fer antibody, we were still
unable to obtain clear blots (figure 5.7). As shown in figure 5.7, phosphorylated levels

for Fer was not detected in WT or FerP?/PR

neutrophils either un-stimulated or
WKYMVm-stimulated (lanes 1-4). In addition, no bands were detected in the 3T3 cells
for phosphorylated Fer. By stripping and re-probing the blot with Fer antibody, Fer band
can be detected in 3T3 cells (lane 5 and 6, lower figure).

Dr. Craig is in the process of improving his phospho-Fer antibody which might help

us with future experiments to determine Fer phosphorylation levels in neutrophils by this

direct immunoblotting (IB) technique.
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Lane 1 2 3 4 5

Lane 1: WT neutrophils un-stimulated (10 million cells).

Lane 2: WT neutrophils stimulated with WKYMVm (1uM, 5 min).
Lane 3: Fer®°R neutrophils un-stimulated.

Lane 4: Fer®PR neutrophils stimulated with WKYMVm (1uM, 5 min).
Lane 5: total protein from 3T3 fibroblast cell line.

Figure 5.6 Determining Fer phosphorylation by direct 1B technique using phospho-
Fer antibody

Neutrophils were either un-stimulated or stimulated with WKYMVm and directly lysed
with 2XSDS buffer with protease inhibitors. Fer phosphorylation levels in neutrophils
were determined by direct IB with phospho Fer antibody. 3T3 cells were used as positive
control.
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The blot was stripped and re-probed with Fer antibody
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Lane 1 2 3 4 5 6

Lane 1: WT neutrophils (5 million cells) un-stimulated.

Lane 2: WT neutrophils stimulated with WKYMVm (1uM) for 5 minutes.
Lane 3: Fer®®PR neutrophils un-stimulated.

Lane 4: Fer®?PR neutrophils stimulated with WKYMVm (1uM) for 5.
Lane 5 and 6: total protein from 3T3 cell line.

Figure 5.7 Determining Fer phosphorylation by direct IB using affinity purified
phospho-Fer antibody

Neutrophils were either un-stimulated or stimulated with WKYMVm and directly lysed
with 2XSDS buffer with protease inhibitors. Fer phosphorylation levels in neutrophils
were determined by direct IB with affinity purified phospho Fer antibody. The blot was
striped and re-probed with Fer antibody to detect Fer expression.
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5.1.7 Fer kinase activity

When we had some success in Fer IP from neutrophils, we tried to determine Fer
Kinase activity in neutrophils in response to WKYMVm stimulation. 3T3 cell line was
used as a positive control in each experiment. We performed Fer IP by using the same
methodology discussed before, and then the immune complex was washed three times
with lysis buffer plus protease inhibitors and one time with kinase reaction buffer.
Kinase reaction was started by the addition of 10 uCi of y **P-ATP with kinase reaction
buffer (50 mM HEPES, PH=7.5, 10 mM MgCl,, 1 mM MnCl,) and incubated for 20
minutes at 37°C. The reaction was stopped by the addition of 2X SDS lysis buffer and
boiled for 5 minutes.

Figure 5.8 illustrates Fer IP and kinase activity in 3T3 cells. Fer expression is
detected in 3T3 cells by IP technique as shown in figure 5.8-A, lane 2. Furthermore, Fer
kinase activity (auto-phosphorylation) is detected in 3T3 cells (figure 5.8-B, lane 2). Pre-
immune serum was used as negative control (lane 1). These results show that we were
able to IP Fer in 3T3 cell line and show Fer kinase activity (auto-phosphorylation) of 3
separate experiments. However, we were not able to detect Fer activity in mouse
neutrophils either auto-phosphorylation or phosphorylation of a downstream target;
platelet endothelial cell adhesion molecule, pecam-1. We tried to measure Fer kinase
activity in neutrophils for several times with no success. The difficulty of Fer IP in

neutrophils most likely contributing to this assay also.
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(A) Immunoprecipitation (B) Kinase activity
(Fer IP — Fer IB)

83 —

83 —

Lane 1 2 Lane 1 2

Lane 1: 3T3 cell line, Pre-immune serum IP (negative control)

Lane 2: 3T3 cell line, Fer IP.

Figure 5.8 Fer kinase activity (auto-phosphorylation) can be detected in 3T3 cell
line.

Fer protein was immunoprecipitated from 3T3 cells and used for IB to detect levels of
expression (A), or for kinase reaction to detect its kinase activity (B). Pre-immune serum
was used as negative control, n=3.
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5.2 Summary

In this chapter we have demonstrated Fer protein is expressed in mouse neutrophils
using immunoprecipitation (IP) and immunoblotting (IB) techniques. In addition, we
have some evidence to support the notion that Fer is activated downstream of WKYMVm
(fFMLP peptide) stimulation. However, we encountered many technical problems that
resulted in dramatic inconsistencies which puts a severe cautionary note on our
conclusions. This may be an issue with instability or degradation of Fer protein in
neutrophils and/or protein concentration (or cell number). We attempted to minimize the
degree of protein instability in neutrophils by using different combinations and
concentrations of protease inhibitors, using an irreversible protease inhibitor
(Diisopropylfluoro-phosphate , PDF) before cell stimulation, using a proteasome
inhibitor (PSI), and reducing the IP incubation time from overnight to 2 hours. Fer
kinase may be expressed in low levels within neutrophils therefore we increased the bone
marrow derived neutrophil number from 5 to 10 million cells per condition to increase
protein levels, and used neutrophils isolated from human peripheral blood (43 million
cells per condition). Other contributing factors may be the conformation and
accessibility of Fer protein to the antibody. It should be noted that Fer protein was
consistently successfully IP from 3T3 fibroblast cell line (positive control in each
experiment), and Fer kinase activity (auto-phosphorylation) was measured in 3T3 cell
line. Finally, we tried to determine Fer phosphorylation by immunoblotting (IB)
technique to overcome the problems we faced in the IP technique by using a newly

developed phospho-Fer antibody provided by Dr. Andrew Craig. We were unable to
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determine Fer phosphorylation in neutrophils by using this antibody although we still can
detect Fer in 3T3 cell line.

One possibility is that Fer null bone marrow derived neutrophils are more mature than
bone marrow derived wild type (WT) neutrophils perhaps in Fer null mice there is
increased production of cytokines (eg GM-CSF) which allows them to mature. However,
our analysis of bone marrow derived neutrophil maturity between WT and Fer null
neutrophils using cytospin analysis did not identify differences in maturity levels (49 %
band cells and 51 % mature cells in WT mice vs. 52 % band cells and 48 % mature cells
in Fer null mice). Furthermore, chemotaxis (chapter 4) was similar in WT and Fer null

bone marrow derived neutrophils in response to intermediate chemoattractants.
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Chapter Six: THE ROLE OF FER KINASE IN NEUTROPHIL PROPERTIES

(SUPEROXIDE PRODUCTION, BACTERIAL KILLING, AND APOPTOSIS)
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6.1 Introduction

In chapter 4 we examined the role of Fer kinase in neutrophil chemotaxis
demonstrating that in the absence of Fer kinase greater numbers of neutrophils are
recruited toward certain chemoattractants in vitro. In this chapter we will investigate
whether this PTK plays a role in modulating other functions of neutrophils which
contribute to local tissue damage or resolution at the site of inflammation. We will first
investigate if Fer PTK has a role in superoxide production. The generation of superoxide
contributes to inflammation by killing the invading microorganism but if this process is
not controlled it can lead to tissue damage and chronic inflammatory response [100].
Next we will examine if Fer plays a role in the ability of neutrophils to kill bacteria, and

finally to examine if Fer plays a role in neutrophil apoptosis.

6.2 Determining the role of Fer kinase in superoxide production from neutrophils

6.2.1 Introduction

The bactericidal mechanism for neutrophils consists of phagocytosis of a pathogen,
generation of anti-microbial products through oxygen dependent and oxygen independent
mechanisms and the release of bactericidal proteins to the phagosome, which results in
the Killing of the invading organism. This process can also result in tissue damage from
excessive release of these products from neutrophils. The oxygen dependent mechanism
of neutrophil killing involves the transformation of molecular oxygen into highly reactive
oxygen intermediates like hydroxide (OH), and hydrogen peroxide (H,O;), which are

derivatives of superoxide generated by phagocyte nicotinamide adenine dinucleotide
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phosphate (NADPH) oxidase [147, 175, 176]. In resting cells, the NADPH oxidase
complex is disassembled with its components segregated into different parts of the cell.
Upon stimulation, the cytosolic p47°"**and p67°" proteins translocate to associate with
the membrane-localized p91°" and p22°"*. The hematopoietic-specific GTPase Rac2 is

also essential component of the oxidase machinery [175, 176].

6.2.2 Fer deficiency accelerates the rate of superoxide production in response to fMLP
stimulation

Oxidative burst activity is a very potent mechanism for the neutrophils to kill
invading microorganisms. The aim of these experiments was to determine the rate of
superoxide production using the cytochrome c reduction assay described in methods. As
shown in figure 6.1 WT neutrophils can produce superoxide 5 minutes after stimulation
with fMLP. This time frame is needed to assemble the NADPH oxidase system at the
plasma membrane [176]. Figure 6.1 illustrates the change in absorbance of cytochrome c
as an indication of superoxide production. A gradual increase in absorbance is noted in
WT neutrophils with the maximum rate of superoxide production noted from 5-10
minutes after fMLP stimulation. This response is abolished by treating the cells with
superoxide dismutase (SOD) which is an antioxidant that neutralizes any superoxide
anion produced. No change in absorbance was noted with neutrophils without fMLP
stimulation or with vehicle alone (RPMI or PBS) (data not shown). In contrast, an

accelerated rate of superoxide production was observed in Fer®?°R

neutrophils over the
first 5 minutes period post fMLP challenge. The data was analyzed to determine the rate

of production of superoxide over 0-5 min period post fMLP challenge and to calculate the



124
total amount of superoxide generated. Figure 6.2 illustrate an enhanced rate of
production of superoxide in Fer mutant compared to WT neutrophils. The rate of

superoxide production in both WT and Fer®?/°R

neutrophils was similar over the 5-10
min period. These data suggest that Fer regulates superoxide production early in the
process, possibly through an interaction with one or more components of the NADPH
oxidase system. In the absence of Fer kinase, the NADPH oxidase system may be more
rapidly assembled on the plasma membrane to generate superoxide. Overall the total

amount of superoxide produced was not different between WT and Fer®%°R

neutrophils
(figure 6.2).

In WT neutrophils, GM-CSF which is a well known priming agent for superoxide
production [177] accelerated the rate of superoxide production (figure 6.2-A) to a similar
level as observed in a Fer mutant unprimed neutrophils (figure 6.2-A). In addition,
priming (100 ng/ml, 30 min, 37°C) significantly enhanced the total amount of superoxide
anion produced (figure 6.2-B). Interestingly, in Fer mutant neutrophils, GM-CSF
priming did not accelerate the rate of production further over the first five minutes period

but enhanced the total amount of superoxide produced to similar levels compared to

primed WT neutrophils (figure 6.2-A and —B).
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Figure 6.1 Fer deficiency accelerates neutrophil superoxide production in response
to fMLP stimulation

Superoxide production as indicated by the change in absorbance in WT (solid circles) and
Fer®?PR (open circles) neutrophils in response to fMLP stimulation was determined

using the cytochrome c reduction assay, n=4-7. Data are expressed as mean £ SEM. No
change in absorbance was noted in neutrophils incubated with cytochrome c alone, or
with SOD after fMLP stimulation.
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Figure 6.2 GM-CSF priming enhances the rate and the total amount of superoxide
production in WT neutrophils and does not further enhance the rate of production
in Fer®?™R neutrophils.

(A) MHlustrates the rate of superoxide production as measured by cytochrome ¢ reduction
assay from 0-5 minutes post challenge with fMLP, and (B) illustrates the total amount of
superoxide production over 20 minutes. WT untreated neutrophils (solid bars), GMCSF-
primed WT neutrophils (hatched bars), Fer®®PR untreated neutrophils (open bars), and
GMCSF-primed Fer®?PR neutrophils (squared bars). Data are expressed as mean + SEM,
n=4-7, * significant differences from unprimed neutrophils, # significant differences
from WT unprimed neutrophils
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Interestingly, there is some evidence suggesting an interaction between Fer and Rac.
Fer has been shown to play a role in cortactin phosphorylation and lamellipodia
formation [25, 37]. Over-expression of Fer in COS-7 cells induced lamellipodia
formation and actin polymerization at the plasma membrane, and this response was
blocked by coexpression with a dominant negative form of Rac suggesting that Fer acts
upstream of Rac [171]. Rac2 is one of the cytoplasmic components of the NADPH
oxidase system. To determine if Fer modulates the rate of superoxide production through
modulating Rac2 activity, Dr. Andrew Craig's lab in Queen’s university measured the
activity of Rac2 GTPase by using the Cdc42/Rac-interactive binding (CRIB) domain
pull-down assay [178]. However, no activity for Rac2 was observed in response to fMLP
stimulation (1 uM) at 0, 5, 10, and 15 minutes time points either in WT or Fer®?/°R
neutrophils (5 million cells per condition).

These data suggest that Fer is involved in physiological regulation (inhibition) of
superoxide production such that in its absence superoxide production is briefly
accelerated. This may have an influence on inflammation if superoxide is produced too
rapidly it may contribute to tissue damage. The regulation of superoxide flux is
important within the inflammatory environment as the rate of superoxide production is
important in the generation of toxic reactive nitrogen metabolites [179]. In addition, these

data suggest that Fer is not involved in GM-CSF priming in neutrophils as no synergistic

effect was observed in the rate of production or total superoxide output.
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6.3 Role of Fer kinase in neutrophil intracellular bacterial killing

Next, we investigated the role of Fer kinase in the intracellular bacterial killing
capacity toward staphylococcus aureus strain 2406 [136, 180]. Neutrophils were isolated
from WT and Fer®®PR mice. In addition, Fps“'/Fer® neutrophils were also studied for
their intracellular bacterial killing capacity as described in the methods. Figure 6.3
demonstrates the intracellular killing capacity in the three groups of neutrophils toward
the S. aureus strain by counting the ability of lysed neutrophil contents to form colony-
forming units per millilitre (CFU/mI) which survived inside the neutrophils as an
indication of bactericidal ability. In wild type neutrophils 223 + 56 CFU were generated
after 15 min incubation time. This level decrease over time indicating that more bacteria
were Killed by the neutrophils with longer incubation periods. In Fer mutant neutrophils
209 = 79 CFU were generated and this levels was decreased over time to similar levels
observed with WT neutrophils. In the compound mutant neutrophils lesser CFU were
generated initially (133 + 31) but this differences was not statistically significant from the
other groups of neutrophils, and this level decreased over time to similar levels observed
in WT and Fer mutant neutrophils. In the three groups of neutrophils, the intracellular
Killing capacity was enhanced with longer incubation time as reflected by less CFU/mi
formed. No statistical difference in the bacterial Killing ability between Fer kinase and
Fps/Fer compound mutant neutrophils was noted. These data suggest that group IV PTK
does not play a role in modulating intracellular Killing capacity of neutrophils toward S.

aureus strain.
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An important point to mention here is that this assay does not measure the phagocytic
ability of neutrophils which may vary between the groups of neutrophils studied. A
number of studies have suggested a role for group IV PTK in cytoskeletal remodelling
[10, 21, 25, 181] which is an important component for phagocytosis [182]. Although the
initial time point (15 min) of CFU formed (figure 6.3) is a rough estimate for the amount
of bacteria engulfed, this should be confirmed by a phagocytosis assay. Future
experiments should be performed to determine if group IV PTK modulates neutrophil
phagocytosis for this strain of bacteria, and compare it with the degree of its intracellular

killing which will highlight the role of group IV PTK in this function of neutrophils.
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Figure 6.3 Intracellular bacterial killing capacities of WT, Fer°*™R and Fps“"/Fer®"
neutrophils toward S. aureus strain 2406.

The rate of intracellular Kkilling of S. aureus strain was determined in WT (solid bars,
n=7), Fer®®™R (open bars, n=5), and Fps<"/Fer® (hatched bars, n=6) neutrophils at three
time points. S. aureus 2406 bacterial cultures were mixed with neutrophils and incubated
at 37°C/5% CO; incubator for 10 minutes. After 10 minutes, gentamycin (400 pg/ml) was
added to kill any extracellular bacteria. Neutrophils were lysed and the level CFU/mI
remaining in neutrophils was counted. Data are expressed as mean = SEM.
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6.4 Determining the role of Fer kinase in neutrophil apoptosis

6.4.1 Introduction

In response to inflammatory stimuli, neutrophils migrate to the inflammatory site in
response to different chemoattractants to fight and clear the infectious or inflammatory
agent. After fulfilling their job, neutrophils become apoptotic and they are recognized,
engulfed, and cleared by macrophages without releasing reactive oxygen species (ROS)
or catalase from them to bring the body into resolution and prevent further tissue damage
[183]. Neutrophil apoptosis is an essential mechanism to control the duration and the
intensity of the inflammatory response and therefore the extent of neutrophil mediated
tissue injury. In addition, apoptosis is essential for controlling neutrophil homeostasis.
Accelerated neutrophil death can lead to neutropenia and increase the risk of bacterial or
fungal infection. On the other hand, delayed neutrophil apoptosis leads to a chronic
inflammatory conditions and tissue injury [184]. Disregulated neutrophil apoptosis has
been implicated in different pathological conditions such as systemic inflammatory
response syndrome (SIRS) [185, 186], rheumatoid arthritis [187, 188], and inflammatory
bowel disease (IBD) [189]. Different intracellular and extracellular mediators control the
rate of neutrophil apoptosis. Families of cystein proteases called caspases play a critical
role in apoptosis. They can be activated via extrinsic death receptor pathway mediated
by tumour necrosis factor receptor pathway (TNFR) and Fas, or via intrinsic
mitochondria-mediated pathway [190, 191]. Calpains which are a family of non-caspase

cysteine proteases also modulate the rate of neutrophil apoptosis [192]. Various extrinsic
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inflammatory mediators also modulate neutrophil apoptosis such as LPS [193], type | and
Il interferons, GM-CSF, G-CSF, fMLP, C5a, LTB4, and TNF [194-197].

A well established early feature of apoptosis is the externalization of the lipid
phosphatidyl serine (PS) from the inner to the outer plasma membrane. Annexin V is a
protein that specifically binds PS, which is used in conjugation with a nuclear dye; 7-
Amino-Actinomycin-D (7AAD) that measure membrane integrity, a distinction between
early and late apoptotic cells can be made. After FACS measurements, cells can be
categorized as follows: 1- live/intact cells (Annexin V negative, 7AAD negative), 2- early
apoptotic cells (Annexin V positive, 7AAD negative), 3- late apoptotic/necrotic cells
(Annexin V positive, 7AAD positive).

In our IBD models we observed an increased number of neutrophils in the tissue of
Fer null mice compared with WT animals. This difference may be due to enhanced
chemotaxis and/or delayed apoptosis. Figure 6.4 illustrates the percentage of neutrophils
which undergoing apoptosis in the absence of activation signals. Approximately 25 % of
cells are in the early stages of apoptosis after 16 hours culture and around 50 % of cells
are in the late stages of apoptosis. No statistical differences were observed in the rate of

spontaneous apoptosis between WT and Fer null neutrophils.
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Figure 6.4 Fer kinase does not modulate the rate of spontaneous neutrophil
apoptosis.

WT and Fer®?°R neutrophils were cultured in RPMI plus 20 % FBS for 16 hours and
then the rate of spontaneous apoptosis was determined by FACS analysis. Viable cells
(open bars), early apoptotic cells (solid bars), and late apoptotic cells (hatched bars) were
determined by Annexin-V and 7-AAD labelling. Data are expressed as mean + SEM, n=
3.
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Next, apoptosis was induced by stimulating WT and Fer®*PR

neutrophils with
different doses of WKYMVm and observing 60 minutes later. As shown in figure 6.5, in
WT neutrophils WKYMVm stimulation enhanced the percentage of early apoptotic cells

by 9-11 % compared to unstimulated (US) neutrophils. In Fer®%PR

neutrophils,
WKYMVm enhanced the percentage of early apoptotic cells by 12-17 % compared to US
neutrophils. There was no statistically significant difference between WT and Fer null
WKYMVm stimulated apoptosis. WKYMVm stimulation reduced the percentage of
viable cells 5-9 % in WT and 9-13 % in Fer null neutrophils. The percentage of necrotic
cells was not modulated by WKY MVm stimulation in both groups of neutrophils.

These data suggest that Fer kinase does not modulate spontaneous or WKYMVm-

induced neutrophil apoptosis.
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Figure 6.5 Fer kinase does not modulate the rate of WKYMVm-induced neutrophil
apoptosis.

WT (solid bars) and Fer®*™® (open bars) neutrophils were either unstimulated (US) or
stimulated with different doses of WKYMVm (0.1-10 uM) and the rate of WKYMVm
induced early apoptosis was determined by FACS analysis. Data are expressed as mean +
SEM, n=5.
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6.5 Summary

In this chapter, we examined the role of Fer kinase in various neutrophil properties.
We showed evidence for the role of Fer in modulating the rate of superoxide production
in response to fMLP stimulation however no role for Fer kinase in modulating neutrophil
intracellular bacterial killing and apoptosis was observed. The enhanced colitis severity

observed in FerPR/PR

mice in vivo was paralleled by enhanced neutrophil recruitment to
the inflammatory site. Fer kinase plays a role in modulating (damping) neutrophil
chemotaxis and the signalling pathways used in this process toward certain
chemoattractants in vitro and the rate of superoxide production toward the bacterial
peptide fMLP. These data may explain how Fer kinase modulates colitis severity in vivo

which results in enhanced certain neutrophil functions in its absence which can lead to

tissue damage.
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Chapter Seven: DISCUSSION



138

Inflammatory bowel disease (IBD) is a chronic inflammatory condition of the Gl
tract which affects a large portion of people worldwide. The current medical therapies
available to treat colitis do not provide a cure, have many limitations, and are associated
with significant side effects [106-108]. Clearly, there is a need to define new therapeutic
targets to offer alternatives to treat these chronic inflammatory conditions. There is good
evidence for an important role of innate immunity in the pathogenesis of IBD [53]. In
recent years protein kinase inhibition has been targeted as novel treatment options in
various pathological conditions [110-112] Interestingly, previous work from our lab and
others has linked Group IV PTK’s with the innate immune response in the gut [40, 42].
For example, endotoxin challenge in Fer kinase null mice induced an exacerbated influx
of neutrophils and epithelial barrier dysfunction. Therefore in this thesis we hypothesized
that the group IV PTK’s, specifically Fer kinase, may play a role in models of IBD
through modulating neutrophil chemotaxis to the gut and potentially neutrophil function.

Our data demonstrate that the intestinal inflammatory response which develops in two
models of IBD is significantly more severe in the absence of Fer kinase or both Fer and
Fps/Fes. Colitis induced in WT mice by a single intra-rectal injection of TNBS
developed rapidly over days 0- 3 post colitis induction and had resolved macroscopically

and histologically by day 10. Fer mutant (Fer°*R

) mice experienced enhanced and
prolonged colitis compared to WT mice and this was associated with enhanced neutrophil
recruitment to the colon which was measured by MPO assay. When compound deficient
(Fps""/Fer®") mice were studied a similar level of colitis was observed over day 0-7 to

that observed in Fer single mutant mice. These data illustrate that Fps/Fes does not

compensate for the role of Fer kinase in this inflammatory response and suggests that
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Fps/Fes may not contribute to the inflammatory response over this time period. However,
a synergistic effect on the inflammatory outcome was observed macroscopically and
histologically in compound mutants at later time points. Therefore Fps/Fes may
contribute to limiting the inflammatory response throughout the period of observation, for
example by controlling TNFa. production [42] but the effect is masked at the early time
points due to the severity of the inflammation. Neutrophil influx however was not
significantly enhanced in the compound mutants over the single mutants at any time point
studied suggesting that Fps/Fes does not affect neutrophil recruitment to the gut.
Alternatively these data may point to a distinct role for Fps/Fes in the resolution of
inflammation in the gut. Interestingly, a link between mediators which are involved in the
resolution of inflammation (e.g. lipoxins, resolvins) and IBD has been made. For
example, Mangino et al [198] showed that lipoxin levels in the colonic mucosa are
significantly reduced in ulcerative colitis (UC) patients compared to controls.
Furthermore, exogenous administration of resolvin and lipoxin A4 has been shown to
reduce leukocyte infiltration and resolve inflammation in various animal models of IBD
[199, 200]. These data suggest that a failure of the gut mucosa to produce adequate
levels of mediators involved in resolution may contribute to chronic IBD. The possibility
exists that Fps/Fes contributes to the resolution phase of intestinal inflammation by
controlling the level of mediators such as lipoxins and resolvins. These observations are
worth further investigation. Interestingly, a role for group IV PTK in modulating
epithelial cell migration and wound closure has been identified which could contribute to
a delay in mucosal healing in the mutant mice [32]. Overall our data illustrate that Group

IV PTKs, specifically Fer kinase, can regulate intestinal inflammation, acting to control
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or limit the inflammatory responses in the gut potentially through regulating neutrophil
infiltration.

In addition, we examined the role of Fer kinase in a spontaneously model of IBD; the
IL-10"" model. At 3 months of age, there was a significant increase in the macroscopic
and histological inflammatory scores in 1L-10"" compared to WT mice. 1L-10"Fer®*PR
double deficient mice experienced significantly enhanced inflammatory responses
compared to IL-10" mice. Neutrophil recruitment to the colon was enhanced in IL-10™

DR/DR mice.

compared to WT mice, and a similar increase was observed in 1L-10"Fer
These data suggest an important role for Fer kinase in this chronic model of IBD.

At face value these data may suggest that Fer kinase does not contribute to neutrophil
infiltration in intestinal inflammation, however the colitis in this model is significantly
different from that observed in the TNBS-induced model. In the IL-10"" mice, we are
studying a well established chronic process compared with the rapid development of a
relatively acute TNBS-induced inflammatory response. In the IL-10"" model, Fer kinase
may contribute more to the function of the neutrophils and/or through modulating other
immune cell functions.

A surprising and interesting finding from the 1L10""Fer®*"® mice is the development
of an increased incidence of dysplasia and adenocarcinoma in the colon at 3 months of
age. These data are somewhat surprising in light of previously published data on the role
of Fer in other cancers. Tyrosine kinases (including Fer) can act as oncogenes when
over-expressed or expressed as mutated forms of signalling molecules [10, 145, 201,

202]. Fer is highly expressed in different malignant cell lines and has been detected in

high levels in malignant versus benign prostate tumours. Furthermore, down regulation
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of Fer reduces the proliferation of prostate carcinoma cells and attenuates the
development of prostate cancer [145]. Recent findings also suggest Fer is involved in the
progression of breast cancer and plays a unique regulatory role during cell cycle
progression in malignant cells [203]. All of these data support the role of Fer kinase as a
potent proto-oncogene in different malignant cell lines. Our data, however, is the first
study to demonstrate a role for Fer in cancer development in vivo. Using our in vivo
model of chronic inflammation, we showed that the absence of Fer results in increased
and accelerated cancer incidence. This may be due to the differences between the types
of cancer studied and /or the environment in which cancer develops. Interestingly, our
data from the in vitro studies in neutrophils highlight a role for this kinase in regulating
PI3K activity in response to bacterial peptide. The PI3K pathway plays a very important
role in cancer development and metastasis [204] and it is feasible that Fer kinase within
the gut environment plays a role within other cell types, e.g. epithelial cells, in regulating
the PI3K pathway to bacterial antigen. Alternatively the enhanced cancer phenotype may
come from the increased severity of the colitis. A link between duration and severity of
colitis and cancer development has been observed in epidemiological studies [146].

Our studies involved whole animal mutants; therefore it would be interesting to
determine the contribution of Fer kinase within the non hematopoietic (e.g. epithelial
cells) vs. hematopoietic (neutrophils) cell compartments to the development of cancer in
this model. This might be done in vivo by generating chimeric mice from irradiated
IL-10""Fer®*'°R mice reconstituted with 1L-10"" bone marrow cells and vice versa.
Interestingly, the role of Fer kinase in controlling inflammatory responses is not

universal. For example in the concanavalin-A (Con A) model of hepatitis Fer kinase did
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not play a role in the severity of hepatitis 4 hours post Con-A administration in mice as
measured by serum ALT levels (appendix C). Furthermore, neutrophil infiltration in the
liver was not significantly different in Con A-treated WT or Fer null mice. These data
suggest that Fer kinase may play a stimulus specific role during inflammation. When we
examined Fer kinase in a model of septic peritonitis; the cecal ligation and puncture
(CLP) model, a significant increase in the clinical score and neutrophil infiltration to the
intestine and lung was observed in Fer null mice with CLP compared with the WT CLP
mice (appendix B). These data may indicate that Fer kinase plays a role specifically in
regulating inflammatory responses associated with bacterial antigen.

Interestingly, in vitro using the under agarose gel assay we identified a key role for
Fer kinase in neutrophil chemotaxis towards bacterial antigen and complement factor 5a
(end targets chemoattractants). We demonstrated that the enhanced chemotactic activity
in the absence of Fer toward fMLP peptide was due to a role in modulation the signalling
pathways used by neutrophils. Despite measuring Fer protein in neutrophils we were
unable to consistently demonstrate Fer activation downstream of fMLP receptor
activation. Another possibility is that Fer null neutrophils express increased fMLP
receptors which results in a shift of the dose response curve to fMLP-induced
chemotaxis. We did not quantify fMLP receptor in neutrophils therefore this possibility
can not be discounted. Furthermore, no role was identified for Fer kinase in chemotaxis
towards intermediate targets such as KC, MIP-2 and LTB,. Interestingly MIP-2 has been
shown to play a critical role in neutrophil recruitment to the liver during Con A hepatitis
and these data may explain why Fer kinase does not play a role in that model [205, 206].

Our lab has confirmed this stimulus specific role of Fer in neutrophil chemotaxis in vivo
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using intravital microscopy (appendix A). Furthermore, by generating chimeric mice we
confirmed that the inhibitory role for Fer kinase in damping leukocyte recruitment toward
WKYMVm was due to an action within the hematopoietic compartment (appendix A).

Structural similarities between Fer and Fps/Fes kinases strongly suggest that they
could have similar or even redundant roles in the cells and in fact previous data suggest a
redundancy exists between these two kinases in regulating hematopoiesis and STAT3
activation in macrophages [10]. Our data demonstrate that Fer kinase does not play a role
in neutrophil chemotaxis toward LTB,4 (1 uM) and the possibility exists that Fps kinase
may compensate for the loss of Fer in modulating chemotaxis toward LTB4. However,

DRDR "and Fps<'/Fer® neutrophils

LTB4-induced chemotaxis was similar in WT, Fer
demonstrating that Fps/Fes kinase does not compensate for Fer kinase. Furthermore,
WKYMVm induced chemotaxis was similar in Fps“"/Fer® double mutant neutrophils to
that in Fer®®™R neutrophils. These data suggest that Fps/Fes is not involved in neutrophil
chemotaxis and supports our finding in vivo in the TNBS-colitis model.

Various signalling pathways have been demonstrated to play a role in neutrophil
chemotaxis including PI3K and p38 MAPK pathway [114, 207]. Some evidence
suggests a cross talk between p38 and PI3K pathway [114], and Fer kinase may control to
this cross talk by inhibiting the PI3K pathway. In our studies we have demonstrated that
both P38 MAPK and PI3K pathways are activated in neutrophils in response to bacterial
peptide. Furthermore in the absence of Fer kinase, Akt phosphorylation is prolonged and
phospho p38 MAPK unaffected. These data suggest that Fer kinase regulates PI3K

upstream of Akt. We examined phospho-inositide-dependent-protein kinase (PDK1), a

serine-threonine kinase which play a role in cell chemotaxis and in F-actin
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polymerization [167, 168] and demonstrated this protein activation was not altered
suggesting that Fer might modulate Akt phosphorylation through other upstream targets
excluding PDK1. PI3K activation plays a critical role in neutrophil polarization resulting
in chemotaxis in response to G protein coupled receptor activation [208-210] and Fer
kinase may play a regulatory role in the localization pattern of specific proteins in
migrating cells. This aspect is worth further investigation.

The role of Fer kinase in modulating the signalling pathways is cell type and stimulus
specific. Fer kinase has been shown to enhance PI3K activity through an interaction with
the p85 regulatory component of PI3K enzyme downstream of insulin and PDGF
stimulation in adipocytes [169, 211]. In addition, Craig et al [31] demonstrated that Fer
kinase is required for maximal p38 MAPK activation and chemotaxis of sensitized mast
cells upon IgE cross linking. Fer null mast cells show reduced chemotaxis upon IgE
cross linking and transfection of Fer protein into Fer null cells enhanced p38 MAPK
phosphorylation and chemotaxis. A role for Fer in chemotaxis in other cell types was
also demonstrated. Fer kinase phosphorylation downstream of hydrogen peroxide
stimulation and integrin engagement is needed for cortactin phosphorylation and
chemotaxis of fibroblasts and breast epithelial cell lines [32]. In addition, Fer activation
downstream of phosphatidic acid(PA)/phospholipase (PLD) pathway in required for
cortactin phosphorylation, lamellipodia formation, and chemotaxis of NRK52E kidney
cell line [171]. Fer was also shown to be involved in enhancing hepatocellular cancer
cell line metastasis in vitro and its levels were directly correlated with metastasis in

patients with hepatocellular cancer [212]. These studies may indicate that the role of Fer
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in chemotaxis as well as being stimulus specific may also be specific to the cell type
under study.

Our data illustrating a role for Fer kinase in modulating neutrophil chemotaxis in
vitro can explain the data generated from the TNBS colitis model. In addition to having
enhanced neutrophil recruitment to the site of injury, Fer kinase may also modulate the
function of neutrophils at the inflammatory site through regulating superoxide
production. However no role for Fer in intracellular bacterial killing capacity of
neutrophils toward S. aureus was observed. Furthermore, no role for Fer was observed in

the rate of spontaneous or WKY MVm-induced apoptosis in WT and Fer®~/°R

neutrophils.
This latter data is in agreement with previous data published which did not detect any
differences in apoptosis rate in Fps mutant neutrophils isolated from the peritoneal cavity
of mice treated with thioglycollate [43]. In our in vitro functional assays, we used bone-
marrow derived neutrophils which may function in a different manner compared to
peripheral blood neutrophils which play a role in colitis severity in the TNBS model.
Several studies suggested that neutrophils isolated from the mouse bone-marrow or
peripheral blood is morphologically and functionally similar regarding superoxide
production, granule release and cytokine generation [213, 214]. In this thesis, we provide
evidence for the role of Fer kinase in neutrophil chemotaxis and superoxide production
however we have not discounted the role of Fer in the function of other immune cells
such as mast cells and macrophages which may enhance intestinal damage. In the
absence of Fer, the endothelium or other immune cells may secrete increased levels of

chemokines leading to enhanced neutrophil recruitment to the site of injury to cause more

damage.
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Therefore, in this thesis we have identified the Group IV PTK Fer kinase as a
regulator of intestinal inflammatory conditions such as IBD. The mechanism involved
may be through the regulation of neutrophil chemotaxis to the gut and in restraining the
neutrophils ability to generate superoxide (diagram 7.1). The role of Fer kinase in
chemotaxis and inflammation is not universal and we have identified Fer as an
intracellular regulator of the PI3K pathway activation. Furthermore we have identified a
surprising role for Fer kinase in inflammation associated carcinogenesis which should be

explored further.
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Diagram 7.1 Model for the thesis

Fer
Cancer & | Inflammation |

‘Supcroxidcproduction Fer
; Phagocytosis
Bacterial killing
Apoptosis

Fer
& WKYMVm, C5a,

PI3K \

e LTB4, MIP-2, KC

N\

\ g.':

In this thesis, we presented evidence suggesting an important role for group IV PTK in a
chemically-induced (TNBS) and a spontaneous (IL-10") model of intestinal
inflammation which have the characteristics of human inflammatory bowel disease
(IBD). We also showed data suggesting an important stimulus specific role for Fer
kinase in damping neutrophil chemotaxis and modulating PI3K pathway in neutrophils in
response to bacterial peptide WKYMVm. Other neutrophil functions at the inflammatory
site can be modulated by Fer kinase eg. the rate of superoxide anion production. In the
IL-10"" model, we demonstrated an important role for Fer kinase in inflammation-
dysplasia-cancer progression sequence, and the mechanism of action needs to be further

explored.



148
References

Schlessinger, J., Ullrich, A. (1992) Growth factor signaling by receptor tyrosine
kinases. Neuron 9, 383-91.
Manning, G., Whyte, D.B., Martinez, R., Hunter, T., Sudarsanam, S. (2002) The
protein kinase complement of the human genome. Science 298, 1912-34.
Robinson, D.R., Wu, Y.M,, Lin, S.F. (2000) The protein tyrosine kinase family of
the human genome. Oncogene 19, 5548-57.
Hunter, T. (2007) Treatment for chronic myelogenous leukemia: the long road to
imatinib. J Clin Invest 117, 2036-43.
Druker, B.J., Tamura, S., Buchdunger, E., Ohno, S., Segal, G.M., Fanning, S.,
Zimmermann, J., Lydon, N.B. (1996) Effects of a selective inhibitor of the Abl
tyrosine kinase on the growth of Bcr-Abl positive cells. Nat Med 2, 561-6.
O'Brien, S.G., Guilhot, F., Larson, R.A., Gathmann, I., Baccarani, M., Cervantes,
F., Cornelissen, J.J., Fischer, T., Hochhaus, A., Hughes, T., Lechner, K., Nielsen,
J.L., Rousselot, P., Reiffers, J., Saglio, G., Shepherd, J., Simonsson, B., Gratwohl,
A., Goldman, J.M., Kantarjian, H., Taylor, K., Verhoef, G., Bolton, A.E.,
Capdeville, R., Druker, B.J. (2003) Imatinib compared with interferon and low-
dose cytarabine for newly diagnosed chronic-phase chronic myeloid leukemia. N
Engl J Med 348, 994-1004.
Geyer, C.E., Forster, J., Lindquist, D., Chan, S., Romieu, C.G., Pienkowski, T.,
Jagiello-Gruszfeld, A., Crown, J., Chan, A., Kaufman, B., Skarlos, D., Campone,

M., Davidson, N., Berger, M., Oliva, C., Rubin, S.D., Stein, S., Cameron, D.



10.

11.

12.

13.

14.

15.

149
(2006) Lapatinib plus capecitabine for HER2-positive advanced breast cancer. N
Engl J Med 355, 2733-43.
Ray, M., Salgia, R., Vokes, E.E. (2009) The Role of EGFR Inhibition in the
Treatment of Non-Small Cell Lung Cancer. Oncologist.
Gunby, R.H., Sala, E., Tartari, C.J., Puttini, M., Gambacorti-Passerini, C.,
Mologni, L. (2007) Oncogenic fusion tyrosine kinases as molecular targets for
anti-cancer therapy. Anticancer Agents Med Chem 7, 594-611.
Greer, P. (2002) Closing in on the biological functions of Fps/Fes and Fer. Nat
Rev Mol Cell Biol 3, 278-89.
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.
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.
Senis, Y.A., Craig, AW., Greer, P.A. (2003) Fps/Fes and Fer protein-
tyrosinekinases play redundant roles in regulating hematopoiesis. Exp Hematol
31, 673-81.
Kuhn, R., Lohler, J., Rennick, D., Rajewsky, K., Muller, W. (1993) Interleukin-
10-deficient mice develop chronic enterocolitis. Cell 75, 263-74.
O'Farrell, AM., Parry, D.A., Zindy, F., Roussel, M.F., Lees, E., Moore, K.W.,
Mui, A.L. (2000) Stat3-dependent induction of p19INK4D by IL-10 contributes

to inhibition of macrophage proliferation. J Immunol 164, 4607-15.



16.

17.

18.

19.

20.

21.

22.

150
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.
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.
Epub 2003 Oct 8.
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.
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.
Craig, A.W., Zirngibl, R., Greer, P. (1999) Disruption of coiled-coil domains in
Fer protein-tyrosine kinase abolishes trimerization but not kinase activation. J
Biol Chem 274, 19934-42.
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.
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.



23.

24,

25.

26.

27.

28.

29.

151
Hjermstad, S.J., Peters, K.L., Briggs, S.D., Glazer, R.1., 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.
Jucker, M., McKenna, K., da Silva, A.J., Rudd, C.E., Feldman, R.A. (1997) The
Fes protein-tyrosine kinase phosphorylates a subset of macrophage proteins that
are involved in cell adhesion and cell-cell signaling. J Biol Chem 272, 2104-9.
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.
Koch, C.A., Moran, M., Sadowski, 1., 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.
Aspenstrom, P. (1997) A Cdc4z2 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.
Keshet, E., Itin, A., Fischman, K., Nir, U. (1990) The testis-specific transcript
(ferT) of the tyrosine kinase FER is expressed during spermatogenesis in a stage-
specific manner. Mol Cell Biol 10, 5021-5.
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.



30.

31.

32.

33.

34.

35.

36.

152
Penhallow, R.C., Class, K., Sonoda, H., Bolen, J.B., Rowley, R.B. (1995)
Temporal activation of nontransmembrane protein-tyrosine kinases following
mast cell Fc epsilon RI engagement. J Biol Chem 270, 23362-5.
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.
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.
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.
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.
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.
Matsuda, T., Fukada, T., Takahashi-Tezuka, M., Okuyama, Y., Fujitani, Y.,

Hanazono, Y., Hirai, H., Hirano, T. (1995) Activation of Fes tyrosine kinase by



37.

38.

39.

40.

41.

42.

153
gp130, an interleukin-6 family cytokine signal transducer, and their association. J
Biol Chem 270, 11037-9.
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.
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.
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.
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.
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.
Parsons, S.A., Greer, P.A. (2006) The Fps/Fes kinase regulates the inflammatory
response to endotoxin through down-regulation of TLR4, NF-kappaB activation,
and TNF-alpha secretion in macrophages. J Leukoc Biol 80, 1522-8. Epub 2006

Sep 7.



43.

44,

45.

46.

47.

48.

49,

154
Parsons, S.A., Mewburn, J.D., Truesdell, P., Greer, P.A. (2007) The Fps/Fes
kinase regulates leucocyte recruitment and extravasation during inflammation.
Immunology 122, 542-50. Epub 2007 Jul 11.
Sedlack, R.E., Whisnant, J., Elveback, L.R., Kurland, L.T. (1980) Incidence of
Crohn's disease in Olmsted County, Minnesota, 1935-1975. Am J Epidemiol 112,
759-63.
Loftus, C.G., Loftus, E.V., Jr., Harmsen, W.S., Zinsmeister, A.R., Tremaine,
W.J., Melton, L.J., 3rd, Sandborn, W.J. (2007) Update on the incidence and
prevalence of Crohn's disease and ulcerative colitis in Olmsted County,
Minnesota, 1940-2000. Inflamm Bowel Dis 13, 254-61.
Loftus, E.V., Jr., Silverstein, M.D., Sandborn, W.J., Tremaine, W.J., Harmsen,
W.S., Zinsmeister, A.R. (2000) Ulcerative colitis in Olmsted County, Minnesota,
1940-1993: incidence, prevalence, and survival. Gut 46, 336-43.
Binder, V., Both, H., Hansen, P.K., Hendriksen, C., Kreiner, S., Torp-Pedersen,
K. (1982) Incidence and prevalence of ulcerative colitis and Crohn's disease in the
County of Copenhagen, 1962 to 1978. Gastroenterology 83, 563-8.
Bernstein, C.N., Blanchard, J.F., Rawsthorne, P., Wajda, A. (1999) Epidemiology
of Crohn's disease and ulcerative colitis in a central Canadian province: a
population-based study. Am J Epidemiol 149, 916-24.
Blanchard, J.F., Bernstein, C.N., Wajda, A., Rawsthorne, P. (2001) Small-area
variations and sociodemographic correlates for the incidence of Crohn's disease

and ulcerative colitis. Am J Epidemiol 154, 328-35.



50.

ol.

52.

53.

54,

55.

56.

S7.

58.

155
Lapidus, A. (2006) Crohn's disease in Stockholm County during 1990-2001: an
epidemiological update. World J Gastroenterol 12, 75-81.
Bernstein, C.N., Wajda, A., Svenson, L.W., MacKenzie, A., Koehoorn, M.,
Jackson, M., Fedorak, R., Israel, D., Blanchard, J.F. (2006) The epidemiology of
inflammatory bowel disease in Canada: a population-based study. Am J
Gastroenterol 101, 1559-68.
Petryszyn, P., Ziolkowska, J., Paradowski, L. (2009) [Costs and range of health
care consumption under general health insurance and sick leaves among patients
with inflammatory bowel disease in chosen countries -- a literature review]. Med
Pr 60, 59-63.
Baumgart, D.C., Carding, S.R. (2007) Inflammatory bowel disease: cause and
immunobiology. Lancet 369, 1627-40.
Papadakis, K.A., Targan, S.R. (2000) Role of cytokines in the pathogenesis of
inflammatory bowel disease. Annu Rev Med 51, 289-98.
Thoreson, R., Cullen, J.J. (2007) Pathophysiology of inflammatory bowel disease:
an overview. Surg Clin North Am 87, 575-85.
Sartor, R.B. (2006) Mechanisms of disease: pathogenesis of Crohn's disease and
ulcerative colitis. Nat Clin Pract Gastroenterol Hepatol 3, 390-407.
(1964) Wilhekm Fabrty (1560-1624)--the other fabricuis. JAMA 190, 933.
Crohn, B.B., Ginzburg, L., Oppenheimer, G.D. (1984) Landmark article Oct 15,
1932. Regional ileitis. A pathological and clinical entity. By Burril B. Crohn,

Leon Ginzburg, and Gordon D. Oppenheimer. JAMA 251, 73-9.



59.

60.

61.

62.

63.

64.

156
Kirsner, J.B. (1988) Historical aspects of inflammatory bowel disease. J Clin
Gastroenterol 10, 286-97.
Plevy, S.E., Landers, C.J., Prehn, J., Carramanzana, N.M., Deem, R.L., Shealy,
D., Targan, S.R. (1997) A role for TNF-alpha and mucosal T helper-1 cytokines
in the pathogenesis of Crohn's disease. J Immunol 159, 6276-82.
Fuss, 1.J., Neurath, M., Boirivant, M., Klein, J.S., de la Motte, C., Strong, S.A.,
Fiocchi, C., Strober, W. (1996) Disparate CD4+ lamina propria (LP) lymphokine
secretion profiles in inflammatory bowel disease. Crohn's disease LP cells
manifest increased secretion of IFN-gamma, whereas ulcerative colitis LP cells
manifest increased secretion of IL-5. J Immunol 157, 1261-70.
Monteleone, G., Biancone, L., Marasco, R., Morrone, G., Marasco, O., Luzza, F.,
Pallone, F. (1997) Interleukin 12 is expressed and actively released by Crohn's
disease intestinal lamina propria mononuclear cells. Gastroenterology 112, 1169-
78.
Jose Leon, A., Garrote, J.A., Arranz, E. (2006) [Cytokines in the pathogenesis of
inflammatory bowel diseases]. Med Clin (Barc) 127, 145-52.
Becker, C., Dornhoff, H., Neufert, C., Fantini, M.C., Wirtz, S., Huebner, S.,
Nikolaev, A., Lehr, H.A., Murphy, A.J., Valenzuela, D.M., Yancopoulos, G.D.,
Galle, P.R., Karow, M., Neurath, M.F. (2006) Cutting edge: IL-23 cross-regulates
IL-12 production in T cell-dependent experimental colitis. J Immunol 177, 2760-

4.



65.

66.

67.

68.

69.

157
Fujino, S., Andoh, A., Bamba, S., Ogawa, A., Hata, K., Araki, Y., Bamba, T.,
Fujiyama, Y. (2003) Increased expression of interleukin 17 in inflammatory
bowel disease. Gut 52, 65-70.
Duerr, R.H., Taylor, K.D., Brant, S.R., Rioux, J.D., Silverberg, M.S., Daly, M.J.,
Steinhart, A.H., Abraham, C., Regueiro, M., Griffiths, A., Dassopoulos, T.,
Bitton, A., Yang, H., Targan, S., Datta, L.W., Kistner, E.O., Schumm, L.P., Lee,
A.T., Gregersen, P.K., Barmada, M.M., Rotter, J.1., Nicolae, D.L., Cho, J.H.
(2006) A genome-wide association study identifies IL23R as an inflammatory
bowel disease gene. Science 314, 1461-3.
Neurath, M.F., Fuss, I., Kelsall, B.L., Stuber, E., Strober, W. (1995) Antibodies to
interleukin 12 abrogate established experimental colitis in mice. J Exp Med 182,
1281-90.
Simpson, S.J., Shah, S., Comiskey, M., de Jong, Y.P., Wang, B., Mizoguchi, E.,
Bhan, A.K., Terhorst, C. (1998) T cell-mediated pathology in two models of
experimental colitis depends predominantly on the interleukin 12/Signal
transducer and activator of transcription (Stat)-4 pathway, but is not conditional
on interferon gamma expression by T cells. J Exp Med 187, 1225-34.
Mannon, P.J., Fuss, I.J., Mayer, L., Elson, C.O., Sandborn, W.J., Present, D.,
Dolin, B., Goodman, N., Groden, C., Hornung, R.L., Quezado, M., Yang, Z.,
Neurath, M.F., Salfeld, J., Veldman, G.M., Schwertschlag, U., Strober, W. (2004)
Anti-interleukin-12 antibody for active Crohn's disease. N Engl J Med 351, 2069-

79.



70.

71.

72.

73.

74.

158
Oppmann, B., Lesley, R., Blom, B., Timans, J.C., Xu, Y., Hunte, B., Vega, F.,
Yu, N., Wang, J., Singh, K., Zonin, F., Vaisberg, E., Churakova, T., Liu, M.,
Gorman, D., Wagner, J., Zurawski, S., Liu, Y., Abrams, J.S., Moore, K.W.,
Rennick, D., de Waal-Malefyt, R., Hannum, C., Bazan, J.F., Kastelein, R.A.
(2000) Novel p19 protein engages 1L-12p40 to form a cytokine, I1L-23, with
biological activities similar as well as distinct from IL-12. Immunity 13, 715-25.
Parham, C., Chirica, M., Timans, J., Vaisberg, E., Travis, M., Cheung, J., Pflanz,
S., Zhang, R., Singh, K.P., Vega, F., To, W., Wagner, J., O'Farrell, A.M.,
McClanahan, T., Zurawski, S., Hannum, C., Gorman, D., Rennick, D.M.,
Kastelein, R.A., de Waal Malefyt, R., Moore, K.W. (2002) A receptor for the
heterodimeric cytokine IL-23 is composed of IL-12Rbetal and a novel cytokine
receptor subunit, IL-23R. J Immunol 168, 5699-708.
Langrish, C.L., Chen, Y., Blumenschein, W.M., Mattson, J., Basham, B.,
Sedgwick, J.D., McClanahan, T., Kastelein, R.A., Cua, D.J. (2005) IL-23 drives a
pathogenic T cell population that induces autoimmune inflammation. J Exp Med
201, 233-40.
Langrish, C.L., McKenzie, B.S., Wilson, N.J., de Waal Malefyt, R., Kastelein,
R.A., Cua, D.J. (2004) IL-12 and IL-23: master regulators of innate and adaptive
immunity. Immunol Rev 202, 96-105.
Kolls, J.K., Linden, A. (2004) Interleukin-17 family members and inflammation.

Immunity 21, 467-76.



75.

76.

77.

78.

79.

80.

159
Elson, C.O., Cong, Y., Weaver, C.T., Schoeb, T.R., McClanahan, T.K., Fick,
R.B., Kastelein, R.A. (2007) Monoclonal anti-interleukin 23 reverses active
colitis in a T cell-mediated model in mice. Gastroenterology 132, 2359-70.
Kullberg, M.C., Jankovic, D., Feng, C.G., Hue, S., Gorelick, P.L., McKenzie,
B.S., Cua, D.J., Powrie, F., Cheever, A.W., Maloy, K.J., Sher, A. (2006) IL-23
plays a key role in Helicobacter hepaticus-induced T cell-dependent colitis. J Exp
Med 203, 2485-94.
Uhlig, H.H., McKenzie, B.S., Hue, S., Thompson, C., Joyce-Shaikh, B.,
Stepankova, R., Robinson, N., Buonocore, S., Tlaskalova-Hogenova, H., Cua,
D.J., Powrie, F. (2006) Differential activity of IL-12 and I1L-23 in mucosal and
systemic innate immune pathology. Immunity 25, 309-18.
Yen, D., Cheung, J., Scheerens, H., Poulet, F., McClanahan, T., McKenzie, B.,
Kleinschek, M.A., Owyang, A., Mattson, J., Blumenschein, W., Murphy, E.,
Sathe, M., Cua, D.J., Kastelein, R.A., Rennick, D. (2006) IL-23 is essential for T
cell-mediated colitis and promotes inflammation via IL-17 and IL-6. J Clin Invest
116, 1310-6.
Schmidt, C., Giese, T., Ludwig, B., Mueller-Molaian, I., Marth, T., Zeuzem, S.,
Meuer, S.C., Stallmach, A. (2005) Expression of interleukin-12-related cytokine
transcripts in inflammatory bowel disease: elevated interleukin-23p19 and
interleukin-27p28 in Crohn's disease but not in ulcerative colitis. Inflamm Bowel
Dis 11, 16-23.
Korzenik, J.R., Podolsky, D.K. (2006) Evolving knowledge and therapy of

inflammatory bowel disease. Nat Rev Drug Discov 5, 197-209.



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

160
Letterio, J.J., Roberts, A.B. (1998) Regulation of immune responses by TGF-beta.
Annu Rev Immunol 16, 137-61.
Kulkarni, A.B., Karlsson, S. (1993) Transforming growth factor-beta 1 knockout
mice. A mutation in one cytokine gene causes a dramatic inflammatory disease.
Am J Pathol 143, 3-9.
Monteleone, G., Boirivant, M., Pallone, F., MacDonald, T.T. (2008) TGF-betal
and Smad7 in the regulation of IBD. Mucosal Immunol 1 Suppl 1, S50-3.
Monteleone, G., Kumberova, A., Croft, N.M., McKenzie, C., Steer, HW.,
MacDonald, T.T. (2001) Blocking Smad7 restores TGF-betal signaling in chronic
inflammatory bowel disease. J Clin Invest 108, 601-9.
Sartor, R.B. (1997) Pathogenesis and immune mechanisms of chronic
inflammatory bowel diseases. Am J Gastroenterol 92, 5S-11S.
Sartor, R.B. (1995) Current concepts of the etiology and pathogenesis of
ulcerative colitis and Crohn's disease. Gastroenterol Clin North Am 24, 475-507.
Elson, C.O. (2000) Commensal bacteria as targets in Crohn's disease.
Gastroenterology 119, 254-7.
Thayer, W.R., Jr., Chitnavis, V. (1994) Inflammatory bowel disease. The case for
an infectious etiology. Med Clin North Am 78, 1233-47.
Videla, S., Vilaseca, J., Guarner, F., Salas, A., Treserra, F., Crespo, E., Antolin,
M., Malagelada, J.R. (1994) Role of intestinal microflora in chronic inflammation
and ulceration of the rat colon. Gut 35, 1090-7.
Hendrickson, B.A., Gokhale, R., Cho, J.H. (2002) Clinical aspects and

pathophysiology of inflammatory bowel disease. Clin Microbiol Rev 15, 79-94.



91.

92.

93.

94.

95.

96.

97.

98.

99.

161
Poltorak, A., He, X., Smirnova, I., Liu, M.Y., Van Huffel, C., Du, X., Birdwell,
D., Alejos, E., Silva, M., Galanos, C., Freudenberg, M., Ricciardi-Castagnoli, P.,
Layton, B., Beutler, B. (1998) Defective LPS signaling in C3H/HeJ and
C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282, 2085-8.
Cario, E. (2005) Bacterial interactions with cells of the intestinal mucosa: Toll-
like receptors and NOD2. Gut 54, 1182-93.
Takeda, K., Akira, S. (2004) TLR signaling pathways. Semin Immunol 16, 3-9.
Carneiro, L.A., Travassos, L.H., Girardin, S.E. (2007) Nod-like receptors in
innate immunity and inflammatory diseases. Ann Med 39, 581-93.
Kobayashi, K.S., Chamaillard, M., Ogura, Y., Henegariu, O., Inohara, N., Nunez,
G., Flavell, R.A. (2005) Nod2-dependent regulation of innate and adaptive
immunity in the intestinal tract. Science 307, 731-4.
Yamamoto, S., Ma, X. (2009) Role of Nod2 in the development of Crohn's
disease. Microbes Infect 29, 29.
Barreiro-de Acosta, M., Pena, A.S. (2007) Clinical applications of
NOD2/CARD15 mutations in Crohn's disease. Acta Gastroenterol Latinoam 37,
49-54.
Quaglietta, L., te Velde, A., Staiano, A., Troncone, R., Hommes, D.W. (2007)
Functional consequences of NOD2/CARD15 mutations in Crohn disease. J
Pediatr Gastroenterol Nutr 44, 529-39.
Higa, A., Eto, T., Nawa, Y. (1997) Evaluation of the role of neutrophils in the
pathogenesis of acetic acid-induced colitis in mice. Scand J Gastroenterol 32,

564-8.



100.

101.

102.

103.

104.

105.

106.

107.

108.

162
Yamada, T., Grisham, M.B. (1991) Role of neutrophil-derived oxidants in the
pathogenesis of intestinal inflammation. Klin Wochenschr 69, 988-94.
Gayle, J.M., Blikslager, A.T., Jones, S.L. (2000) Role of neutrophils in intestinal
mucosal injury. J Am Vet Med Assoc 217, 498-500.
Natsui, M., Kawasaki, K., Takizawa, H., Hayashi, S.1., Matsuda, Y., Sugimura,
K., Seki, K., Narisawa, R., Sendo, F., Asakura, H. (1997) Selective depletion of
neutrophils by a monoclonal antibody, RP-3, suppresses dextran sulphate sodium-
induced colitis in rats. J Gastroenterol Hepatol 12, 801-8.
Qualls, J.E., Kaplan, A.M., van Rooijen, N., Cohen, D.A. (2006) Suppression of
experimental colitis by intestinal mononuclear phagocytes. J Leukoc Biol 80, 802-
15.
Korzenik, J.R., Dieckgraefe, B.K. (2000) Is Crohn's disease an
immunodeficiency? A hypothesis suggesting possible early events in the
pathogenesis of Crohn's disease. Dig Dis Sci 45, 1121-9.
Korzenik, J.R., Dieckgraefe, B.K., Valentine, J.F., Hausman, D.F., Gilbert, M.J.
(2005) Sargramostim for active Crohn's disease. N Engl J Med 352, 2193-201.
Farrell, R.J., Kelleher, D. (2003) Glucocorticoid resistance in inflammatory bowel
disease. J Endocrinol 178, 339-46.
van Deventer, S.J. (2002) Small therapeutic molecules for the treatment of
inflammatory bowel disease. Gut 50, 11147-53.

Podolsky, D.K. (2002) Inflammatory bowel disease. N Engl J Med 347, 417-29.



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

163
Kaminska, B. (2005) MAPK signalling pathways as molecular targets for anti-
inflammatory therapy--from molecular mechanisms to therapeutic benefits.
Biochim Biophys Acta 30, 1-2.
Borders, A.S., de Almeida, L., Van Eldik, L.J., Watterson, D.M. (2008) The
p38alpha mitogen-activated protein kinase as a central nervous system drug
discovery target. BMC Neurosci 9 Suppl 2, S12.
Maira, S.M., Stauffer, F., Schnell, C., Garcia-Echeverria, C. (2009) PI3K
inhibitors for cancer treatment: where do we stand? Biochem Soc Trans 37, 265-
72.
Zhang, J., Yang, P.L., Gray, N.S. (2009) Targeting cancer with small molecule
kinase inhibitors. Nat Rev Cancer 9, 28-39.
Golde, D.W. (1990) Overview of myeloid growth factors. Semin Hematol 27, 1-7.
Heit, B., Tavener, S., Raharjo, E., Kubes, P. (2002) An intracellular signaling
hierarchy determines direction of migration in opposing chemotactic gradients. J
Cell Biol 159, 91-102. Epub 2002 Oct 7.
Hayashi, F., Means, T.K., Luster, A.D. (2003) Toll-like receptors stimulate
human neutrophil function. Blood 102, 2660-9. Epub 2003 Jun 26.
Lee, W.L., Harrison, R.E., Grinstein, S. (2003) Phagocytosis by neutrophils.
Microbes Infect 5, 1299-306.
Stuart, L.M., Ezekowitz, R.A. (2005) Phagocytosis: elegant complexity. Immunity
22, 539-50.
McCord, J.M., Fridovich, 1. (1978) The biology and pathology of oxygen radicals.

Ann Intern Med 89, 122-7.



119.

120.

121.

122.

123.

124.

125.

126.

164
Kruidenier, L., Kuiper, 1., Lamers, C.B., Verspaget, H.W. (2003) Intestinal
oxidative damage in inflammatory bowel disease: semi-quantification,
localization, and association with mucosal antioxidants. J Pathol 201, 28-36.
Weiss, S.J. (1989) Tissue destruction by neutrophils. N Engl J Med 320, 365-76.
Krieglstein, C.F., Cerwinka, W.H., Laroux, F.S., Salter, J.W., Russell, J.M.,
Schuermann, G., Grisham, M.B., Ross, C.R., Granger, D.N. (2001) Regulation of
murine intestinal inflammation by reactive metabolites of oxygen and nitrogen:
divergent roles of superoxide and nitric oxide. J Exp Med 194, 1207-18.
Faurschou, M., Borregaard, N. (2003) Neutrophil granules and secretory vesicles
in inflammation. Microbes Infect 5, 1317-27.
Pham, C.T. (2006) Neutrophil serine proteases: specific regulators of
inflammation. Nat Rev Immunol 6, 541-50.
Belaaouaj, A., McCarthy, R., Baumann, M., Gao, Z., Ley, T.J., Abraham, S.N.,
Shapiro, S.D. (1998) Mice lacking neutrophil elastase reveal impaired host
defense against gram negative bacterial sepsis. Nat Med 4, 615-8.
Reeves, E.P., Lu, H., Jacobs, H.L., Messina, C.G., Bolsover, S., Gabella, G.,
Potma, E.O., Warley, A., Roes, J., Segal, A.W. (2002) Killing activity of
neutrophils is mediated through activation of proteases by K+ flux. Nature 416,
291-7.
Tkalcevic, J., Novelli, M., Phylactides, M., Iredale, J.P., Segal, A.W., Roes, J.
(2000) Impaired immunity and enhanced resistance to endotoxin in the absence of

neutrophil elastase and cathepsin G. Immunity 12, 201-10.



127.

128.

129.

130.

131.

132.

133.

165
McCafferty, D.M., Sihota, E., Muscara, M., Wallace, J.L., Sharkey, K.A., Kubes,
P. (2000) Spontaneously developing chronic colitis in IL-10/iNOS double-
deficient mice. Am J Physiol Gastrointest Liver Physiol 279, G90-9.
Beck, P.L., Li, Y., Wong, J., Chen, C.W., Keenan, C.M., Sharkey, K.A.,
McCafferty, D.M. (2007) Inducible nitric oxide synthase from bone marrow-
derived cells plays a critical role in regulating colonic inflammation.
Gastroenterology 132, 1778-90.
Morris, G.P., Beck, P.L., Herridge, M.S., Depew, W.T., Szewczuk, M.R.,
Wallace, J.L. (1989) Hapten-induced model of chronic inflammation and
ulceration in the rat colon. Gastroenterology 96, 795-803.
Zhang, R., Ma, A., Urbanski, S.J., McCafferty, D.M. (2007) Induction of
inducible nitric oxide synthase: a protective mechanism in colitis-induced
adenocarcinoma. Carcinogenesis 28, 1122-30. Epub 2006 Nov 20.
Weigmann, B., Tubbe, 1., Seidel, D., Nicolaev, A., Becker, C., Neurath, M.F.
(2007) Isolation and subsequent analysis of murine lamina propria mononuclear
cells from colonic tissue. Nat Protoc 2, 2307-11.
Lieber, J.G., Webb, S., Suratt, B.T., Young, S.K., Johnson, G.L., Keller, G.M.,
Worthen, G.S. (2004) The in vitro production and characterization of neutrophils
from embryonic stem cells. Blood 103, 852-9. Epub 2003 Oct 2.
Zu, Y.L., Qi, J., Gilchrist, A., Fernandez, G.A., Vazquez-Abad, D., Kreutzer,
D.L., Huang, C.K., Sha'afi, R.I. (1998) p38 mitogen-activated protein kinase
activation is required for human neutrophil function triggered by TNF-alpha or

FMLP stimulation. J Immunol 160, 1982-9.



134.

135.

136.

137.

138.

139.

166
Niggli, V., Keller, H. (1997) The phosphatidylinositol 3-kinase inhibitor
wortmannin markedly reduces chemotactic peptide-induced locomotion and
increases in cytoskeletal actin in human neutrophils. Eur J Pharmacol 335, 43-52.
Partrick, D.A., Moore, E.E., Offner, P.J., Meldrum, D.R., Tamura, D.Y., Johnson,
J.L., Silliman, C.C. (2000) Maximal human neutrophil priming for superoxide
production and elastase release requires p38 mitogen-activated protein kinase
activation. Arch Surg 135, 219-25.
Liu, G.Y., Essex, A., Buchanan, J.T., Datta, V., Hoffman, H.M., Bastian, J.F.,
Fierer, J., Nizet, V. (2005) Staphylococcus aureus golden pigment impairs
neutrophil killing and promotes virulence through its antioxidant activity. J Exp
Med 202, 209-15.
Rubin, D.T., Kornblunth, A. (2005) Role of antibiotics in the management of
inflammatory bowel disease: a review. Rev Gastroenterol Disord 5 Suppl 3, S10-
5.
Ten Hove, T., Corbaz, A., Amitai, H., Aloni, S., Belzer, 1., Graber, P.,
Drillenburg, P., van Deventer, S.J., Chvatchko, Y., Te Velde, A.A. (2001)
Blockade of endogenous IL-18 ameliorates TNBS-induced colitis by decreasing
local TNF-alpha production in mice. Gastroenterology 121, 1372-9.
Neurath, M.F., Fuss, ., Kelsall, B., Meyer zum Buschenfelde, K.H., Strober, W.
(1996) Effect of IL-12 and antibodies to IL-12 on established granulomatous

colitis in mice. Ann N 'Y Acad Sci 795, 368-70.



140.

141.

142.

143.

144,

145.

146.

147.

167
Ribbons, K.A., Thompson, J.H., Liu, X., Pennline, K., Clark, D.A., Miller, M.J.
(1997) Anti-inflammatory properties of interleukin-10 administration in hapten-
induced colitis. Eur J Pharmacol 323, 245-54.
Moore, KW., O'Garra, A., de Waal Malefyt, R., Vieira, P., Mosmann, T.R.
(1993) Interleukin-10. Annu Rev Immunol 11, 165-90.
Fiorentino, D.F., Zlotnik, A., Mosmann, T.R., Howard, M., O'Garra, A. (1991)
IL-10 inhibits cytokine production by activated macrophages. J Immunol 147,
3815-22.
Rennick, D.M., Fort, M.M. (2000) Lessons from genetically engineered animal
models. XII. IL-10-deficient (IL-10(-/-) mice and intestinal inflammation. Am J
Physiol Gastrointest Liver Physiol 278, G829-33.
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.
Allard, P., Zoubeidi, A., Nguyen, L.T., Tessier, S., Tanguay, S., Chevrette, M.,
Aprikian, A., Chevalier, S. (2000) Links between Fer tyrosine kinase expression
levels and prostate cell proliferation. Mol Cell Endocrinol 159, 63-77.
Zisman, T.L., Rubin, D.T. (2008) Colorectal cancer and dysplasia in
inflammatory bowel disease. World J Gastroenterol 14, 2662-9.
Marshall, J.C. (2005) Neutrophils in the pathogenesis of sepsis. Crit Care Med

33, S502-5.



148.

149.

150.

151.

152.

153.

154.

155.

168
Ramos, C.D., Heluy-Neto, N.E., Ribeiro, R.A., Ferreira, S.H., Cunha, F.Q. (2003)
Neutrophil migration induced by IL-8-activated mast cells is mediated by CINC-
1. Cytokine 21, 214-23.
Laudanna, C., Kim, J.Y., Constantin, G., Butcher, E. (2002) Rapid leukocyte
integrin activation by chemokines. Immunol Rev 186, 37-46.
Luster, A.D. (1998) Chemokines--chemotactic cytokines that mediate
inflammation. N Engl J Med 338, 436-45.
Heit, B., Robbins, S.M., Downey, C.M., Guan, Z., Colarusso, P., Miller, B.J.,
Jirik, F.R., Kubes, P. (2008) PTEN functions to 'prioritize' chemotactic cues and
prevent 'distraction’ in migrating neutrophils. Nat Immunol 9, 743-52.
Campbell, J.J., Foxman, E.F., Butcher, E.C. (1997) Chemoattractant receptor
cross talk as a regulatory mechanism in leukocyte adhesion and migration. Eur J
Immunol 27, 2571-8.
Foxman, E.F., Campbell, J.J., Butcher, E.C. (1997) Multistep navigation and the
combinatorial control of leukocyte chemotaxis. J Cell Biol 139, 1349-60.
al-Aoukaty, A., Rolstad, B., Maghazachi, A.A. (1999) Recruitment of pleckstrin
and phosphoinositide 3-kinase gamma into the cell membranes, and their
association with G beta gamma after activation of NK cells with chemokines. J
Immunol 162, 3249-55.
Dong, X., Mo, Z., Bokoch, G., Guo, C., Li, Z., Wu, D. (2005) P-Rex1 is a
primary Rac2 guanine nucleotide exchange factor in mouse neutrophils. Curr Biol

15, 1874-9.



156.

157.

158.

159.

160.

161.

162.

163.

169
Lee, S., Parent, C.A,, Insall, R., Firtel, R.A. (1999) A novel Ras-interacting
protein required for chemotaxis and cyclic adenosine monophosphate signal relay
in Dictyostelium. Mol Biol Cell 10, 2829-45.
Heit, B., Colarusso, P., Kubes, P. (2005) Fundamentally different roles for LFA-1,
Mac-1 and alpha4-integrin in neutrophil chemotaxis. J Cell Sci 118, 5205-20.
He, R., Tan, L., Browning, D.D., Wang, J.M., Ye, R.D. (2000) The synthetic
peptide Trp-Lys-Tyr-Met-Val-D-Met is a potent chemotactic agonist for mouse
formyl peptide receptor. J Immunol 165, 4598-605.
Heit, B., Liu, L., Colarusso, P., Puri, K.D., Kubes, P. (2008) PI3K accelerates, but
is not required for, neutrophil chemotaxis to fMLP. J Cell Sci 121, 205-14.
Hawkins, P.T., Anderson, K.E., Davidson, K., Stephens, L.R. (2006) Signalling
through Class | PI13Ks in mammalian cells. Biochem Soc Trans 34, 647-62.
Sotsios, Y., Ward, S.G. (2000) Phosphoinositide 3-kinase: a key biochemical
signal for cell migration in response to chemokines. Immunol Rev 177, 217-35.
Hirsch, E., Katanaev, V.L., Garlanda, C., Azzolino, O., Pirola, L., Silengo, L.,
Sozzani, S., Mantovani, A., Altruda, F., Wymann, M.P. (2000) Central role for G
protein-coupled phosphoinositide 3-kinase gamma in inflammation. Science 287,
1049-53.
Sasaki, T., Irie-Sasaki, J., Jones, R.G., Oliveira-dos-Santos, A.J., Stanford, W.L.,
Bolon, B., Wakeham, A., Itie, A., Bouchard, D., Kozieradzki, I., Joza, N., Mak,
T.W., Ohashi, P.S., Suzuki, A., Penninger, J.M. (2000) Function of PI3Kgamma
in thymocyte development, T cell activation, and neutrophil migration. Science

287, 1040-6.



164.

165.

166.

167.

168.

169.

170.

171.

170
Coxon, P.Y., Rane, M.J., Uriarte, S., Powell, D.W., Singh, S., Butt, W., Chen, Q.,
McLeish, K.R. (2003) MAPK-activated protein kinase-2 participates in p38
MAPK-dependent and ERK-dependent functions in human neutrophils. Cell
Signal 15, 993-1001.
Biondi, R.M. (2004) Phosphoinositide-dependent protein kinase 1, a sensor of
protein conformation. Trends Biochem Sci 29, 136-42.
Kikani, C.K., Dong, L.Q., Liu, F. (2005) "New"-clear functions of PDK1: beyond
a master kinase in the cytosol? J Cell Biochem 96, 1157-62.
Primo, L., di Blasio, L., Roca, C., Droetto, S., Piva, R., Schaffhausen, B.,
Bussolino, F. (2007) Essential role of PDK1 in regulating endothelial cell
migration. J Cell Biol 176, 1035-47. Epub 2007 Mar 19.
Zaru, R., Mollahan, P., Watts, C. (2008) 3-phosphoinositide-dependent kinase 1
deficiency perturbs Toll-like receptor signaling events and actin cytoskeleton
dynamics in dendritic cells. J Biol Chem 283, 929-39. Epub 2007 Nov 8.
Iwanishi, M., Czech, M.P., Cherniack, A.D. (2000) The protein-tyrosine kKinase
fer associates with signaling complexes containing insulin receptor substrate-1
and phosphatidylinositol 3-kinase. J Biol Chem 275, 38995-9000.
Wu, C., Dedhar, S. (2001) Integrin-linked kinase (ILK) and its interactors: a new
paradigm for the coupling of extracellular matrix to actin cytoskeleton and
signaling complexes. J Cell Biol 155, 505-10.
Itoh, T., Hasegawa, J., Tsujita, K., Kanaho, Y., Takenawa, T. (2009) The tyrosine
kinase Fer is a downstream target of the PLD-PA pathway that regulates cell

migration. Sci Signal 2, ra52.



172.

173.

174.

175.

176.

177.

178.

179.

171
Gilbert, C., Rollet-Labelle, E., Caon, A.C., Naccache, P.H. (2002)
Immunoblotting and sequential lysis protocols for the analysis of tyrosine
phosphorylation-dependent signaling. J Immunol Methods 271, 185-201.
Naccache, P.H., Levasseur, S., Lachance, G., Chakravarti, S., Bourgoin, S.G.,
McColl, S.R. (2000) Stimulation of human neutrophils by chemotactic factors is
associated with the activation of phosphatidylinositol 3-kinase gamma. J Biol
Chem 275, 23636-41.
Mica, L., Harter, L., Trentz, O., Keel, M. (2004) Endotoxin reduces CD95-
induced neutrophil apoptosis by clAP-2-mediated caspase-3 degradation. J Am
Coll Surg 199, 595-602.
Babior, B.M. (2000) Phagocytes and oxidative stress. Am J Med 109, 33-44.
Decoursey, T.E., Ligeti, E. (2005) Regulation and termination of NADPH oxidase
activity. Cell Mol Life Sci 62, 2173-93.
Cadwallader, K.A., Condliffe, A.M., McGregor, A., Walker, T.R., White, J.F.,
Stephens, L.R., Chilvers, E.R. (2002) Regulation of phosphatidylinositol 3-kinase
activity and phosphatidylinositol 3,4,5-trisphosphate accumulation by neutrophil
priming agents. J Immunol 169, 3336-44.
Samayawardhena, L.A., Kapur, R., Craig, A.W. (2007) Involvement of Fyn
kinase in Kit and integrin-mediated Rac activation, cytoskeletal reorganization,
and chemotaxis of mast cells. Blood 109, 3679-86.
Wink, D.A., Grisham, M.B., Miles, A.M., Nims, R.W., Krishna, M.C., Pacelli, R.,

Teague, D., Poore, C.M., Cook, J.A., Ford, P.C. (1996) Determination of



180.

181.

182.

183.

184.

185.

186.

187.

172
selectivity of reactive nitrogen oxide species for various substrates. Methods
Enzymol 268, 120-30.

Wu, K., Conly, J., McClure, J.A., Elsayed, S., Louie, T., Zhang, K. (2009)
Caenorhabditis elegans as a host model for community-associated methicillin-
resistant Staphylococcus aureus. Clin Microbiol Infect 18, 18.

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.
May, R.C., Machesky, L.M. (2001) Phagocytosis and the actin cytoskeleton. J
Cell Sci 114, 1061-77.

Luo, H.R., Loison, F. (2008) Constitutive neutrophil apoptosis: mechanisms and
regulation. Am J Hematol 83, 288-95.

Kennedy, A.D., DeLeo, F.R. (2009) Neutrophil apoptosis and the resolution of
infection. Immunol Res 43, 25-61.

Jimenez, M.F., Watson, R.W., Parodo, J., Evans, D., Foster, D., Steinberg, M.,
Rotstein, O.D., Marshall, J.C. (1997) Dysregulated expression of neutrophil
apoptosis in the systemic inflammatory response syndrome. Arch Surg 132, 1263-
9; discussion 1269-70.

Melley Dd - Evans, T.W., Evans Tw - Quinlan, G.J., Quinlan, G.J. (2005) Redox
regulation of neutrophil apoptosis and the systemic inflammatory response
syndrome. Clin Sci 108, 413-24.

Ottonello, L., Cutolo, M., Frumento, G., Arduino, N., Bertolotto, M., Mancini,

M., Sottofattori, E., Dallegri, F. (2002) Synovial fluid from patients with



188.

189.

190.

191.

192.

193.

194.

173
rheumatoid arthritis inhibits neutrophil apoptosis: role of adenosine and
proinflammatory cytokines. Rheumatology (Oxford) 41, 1249-60.

Peng, S.L. (2006) Neutrophil apoptosis in autoimmunity. J Mol Med 84, 122-5.
Ina, K., Kusugami, K., Hosokawa, T., Imada, A., Shimizu, T., Yamaguchi, T.,
Ohsuga, M., Kyokane, K., Sakai, T., Nishio, Y., Yokoyama, Y., Ando, T. (1999)
Increased mucosal production of granulocyte colony-stimulating factor is related
to a delay in neutrophil apoptosis in Inflammatory Bowel disease. J Gastroenterol
Hepatol 14, 46-53.

Akgul, C., Moulding, D.A., Edwards, S.W. (2001) Molecular control of
neutrophil apoptosis. FEBS Lett 487, 318-22.

Maianski, N.A., Maianski, A.N., Kuijpers, T.W., Roos, D. (2004) Apoptosis of
neutrophils. Acta Haematol 111, 56-66.

Knepper-Nicolai, B., Savill, J., Brown, S.B. (1998) Constitutive apoptosis in
human neutrophils requires synergy between calpains and the proteasome
downstream of caspases. J Biol Chem 273, 30530-6.

Murray, D.A., Wilton, J.M. (2003) Lipopolysaccharide from the periodontal
pathogen Porphyromonas gingivalis prevents apoptosis of HL60-derived
neutrophils in vitro. Infect Immun 71, 7232-5.

van den Berg, J.M., Weyer, S., Weening, J.J., Roos, D., Kuijpers, T.W. (2001)
Divergent effects of tumor necrosis factor alpha on apoptosis of human

neutrophils. J Leukoc Biol 69, 467-73.



195.

196.

197.

198.

199.

200.

174
Scheel-Toellner, D., Wang, K.Q., Webb, P.R., Wong, S.H., Craddock, R., Assi,
L.K., Salmon, M., Lord, J.M. (2004) Early events in spontaneous neutrophil
apoptosis. Biochem Soc Trans 32, 461-4.
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.
Lee, E., Lindo, T., Jackson, N., Meng-Choong, L., Reynolds, P., Hill, A.,
Haswell, M., Jackson, S., Kilfeather, S. (1999) Reversal of human neutrophil
survival by leukotriene B(4) receptor blockade and 5-lipoxygenase and 5-
lipoxygenase activating protein inhibitors. Am J Respir Crit Care Med 160, 2079-
85.
Mangino, M.J., Brounts, L., Harms, B., Heise, C. (2006) Lipoxin biosynthesis in
inflammatory bowel disease. Prostaglandins Other Lipid Mediat 79, 84-92. Epub
2005 Dec 27.
Gewirtz, A.T., Collier-Hyams, L.S., Young, A.N., Kucharzik, T., Guilford, W.J.,
Parkinson, J.F., Williams, I.R., Neish, A.S., Madara, J.L. (2002) Lipoxin a4
analogs attenuate induction of intestinal epithelial proinflammatory gene
expression and reduce the severity of dextran sodium sulfate-induced colitis. J
Immunol 168, 5260-7.
Gewirtz, A.T., Neish, A.S., Madara, J.L. (2002) Mechanisms of active intestinal
inflammation and potential down-regulation via lipoxins. Adv Exp Med Biol 507,

229-36.



201.

202.

203.

204.

205.

206.

207.

208.

175
Rodrigues, G.A., Park, M. (1994) Oncogenic activation of tyrosine kinases. Curr
Opin Genet Dev 4, 15-24.
Paulson, R., Jackson, J., Immergluck, K., Bishop, J.M. (1997) The DFer gene of
Drosophila melanogaster encodes two membrane-associated proteins that can
both transform vertebrate cells. Oncogene 14, 641-52.
Pasder, O., Shpungin, S., Salem, Y., Makovsky, A., Vilchick, S., Michaeli, S.,
Malovani, H., Nir, U. (2006) Downregulation of Fer induces PP1 activation and
cell-cycle arrest in malignant cells. Oncogene 25, 4194-206.
Qiao, M., Sheng, S., Pardee, A.B. (2008) Metastasis and AKT activation. Cell
Cycle 7, 2991-6.
Bajt, M.L., Farhood, A., Jaeschke, H. (2001) Effects of CXC chemokines on
neutrophil activation and sequestration in hepatic vasculature. Am J Physiol
Gastrointest Liver Physiol 281, G1188-95.
Nakamura, K., Okada, M., Yoneda, M., Takamoto, S., Nakade, Y., Tamori, K.,
Aso, K., Makino, I. (2001) Macrophage inflammatory protein-2 induced by TNF-
alpha plays a pivotal role in concanavalin A-induced liver injury in mice. J
Hepatol 35, 217-24.
Rickert, P., Weiner, O.D., Wang, F., Bourne, H.R., Servant, G. (2000) Leukocytes
navigate by compass: roles of PI3Kgamma and its lipid products. Trends Cell Biol
10, 466-73.
Sasaki, A.T., Chun, C., Takeda, K., Firtel, R.A. (2004) Localized Ras signaling at
the leading edge regulates PI13K, cell polarity, and directional cell movement. J

Cell Biol 167, 505-18.



209.

210.

211.

212.

213.

214,

176
Xu, J., Wang, F., Van Keymeulen, A., Herzmark, P., Straight, A., Kelly, K.,
Takuwa, Y., Sugimoto, N., Mitchison, T., Bourne, H.R. (2003) Divergent signals
and cytoskeletal assemblies regulate self-organizing polarity in neutrophils. Cell
114, 201-14.
Huang, Y.E., lijima, M., Parent, C.A., Funamoto, S., Firtel, R.A., Devreotes, P.
(2003) Receptor-mediated regulation of PI3Ks confines P1(3,4,5)P3 to the leading
edge of chemotaxing cells. Mol Biol Cell 14, 1913-22. Epub 2003 Feb 6.
Iwanishi, M. (2003) Overexpression of Fer increases the association of tyrosine-
phosphorylated IRS-1 with P85 phosphatidylinositol kinase via SH2 domain of
Fer in transfected cells. Biochem Biophys Res Commun 311, 780-5.
Li, H., Ren, Z., Kang, X., Zhang, L., Li, X., Wang, Y., Xue, T., Shen, Y., Liu, Y.
(2009) Identification of tyrosine-phosphorylated proteins associated with
metastasis and functional analysis of FER in human hepatocellular carcinoma
cells. BMC Cancer 9, 366.
Boxio, R., Bossenmeyer-Pourie, C., Steinckwich, N., Dournon, C., Nusse, O.
(2004) Mouse bone marrow contains large numbers of functionally competent
neutrophils. J Leukoc Biol 75, 604-11.
Zhang, X., Majlessi, L., Deriaud, E., Leclerc, C., Lo-Man, R. (2009) Coactivation
of Syk kinase and MyD88 adaptor protein pathways by bacteria promotes

regulatory properties of neutrophils. Immunity 31, 761-71.



177
APPENDIX A: STIMULUS SPECIFIC ROLE FOR FER IN LEUKOCYTE

CHEMOTAXIS IN VIVO
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Figure 1: WKYMVm-induced leukocyte transmigration and chemotaxis are
enhanced in the absence of Fer kinase in vivo

(A) Total leukocyte emigration in vivo (cells per field of view) observed in the
extravascular space under control conditions (vehicle), or 60 min after WKYMVm gel
placement in WT mice (open bars) or Fer °?°R mice (solid bars). Leukocyte emigration
was also determined in bone-marrow chimeric mice (Fer ®*PR endothelium and WT
leukocytes) (hatched bars). (B) In vivo leukocyte chemotaxis towards the gel containing
WKYMVm is illustrated as the number of extravasated cells in each 25 um increment
segment from the blood vessel. Data are expressed as mean + SEM, n=4 (WT), n=5 (Fer
DRDRY 'n=4 (endothelium- Fer®?PR), * p<0.05 significant difference from WT mice group
with WKYMVm.
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Figure 2: The role of Fer kinase in leukocyte transmigration in vivo is stimulus
specific

(A) Leukocyte adhesion (cells/100 um/5 min) and (B) total leukocyte emigration
(cells/field of view) are shown in wild type (WT) and Fer®*® mice. Leukocyte
recruitment was induced by placing KC (5.2 uM) in an agarose gel in the extravascular
tissue space 350 pum from the vessel. Data are shown during control conditions (vehicle)
and at 60 min post gel placement. Data are expressed as mean = SEM, n=4 (WT) and
n=5 (Fer °RPR) * p<0.05 significant difference from control group for each strain.
These data was generated by Dr. Grace Andonegui.
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APPENDIX B: THE ROLE OF FER IN CLP MODEL OF SEPSIS
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Fer mutant mice experienced enhanced morbidity in the CLP-model of sepsis

(A) Clinical syndrome score, and (B) small intestine and lung myeloperoxidase (MPO)
activity in sham (solid bars), WT with CLP (open bars), and Fer®¥°® with CLP mice
(hatched bars) was determined six hours after the operation. Data are expressed as mean
+ SEM, n= 3-4 mice, * significant differences from the sham group, # significant
differences from WT mice with CLP group.

These data were generated by Dr. Rui Zhang.
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APPENDIX C: THE ROLE OF FER IN CON-A MODEL OF HEPATITIS
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Fer deficiency does not alter the severity of hepatic injury in mice

Serum ALT levels (A) and liver MPO activity (B) were determined in WT (n= 9 mice,
solid bar), or Fer®®*™R (n= 6 mice, open bar), following Con-A injection. Data are
expressed as mean + SEM.

These data were generated by Crystal Velichka.



