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Abstract 

Neutrophils contain pre-formed anti-microbial compounds within secretory granules, but 

these also cause damage to neighbouring healthy tissue, especially when neutrophils are 

overactivated. Rac2 has been shown to regulate primary granule release and F-actin 

polymerization; however, its pathways remain unknown. 

Using proteomic analyses, we identified 9 proteins that showed significant 

differences in abundance between wild-type and Rac2"7" murine bone marrow neutrophils. 

Many were actin-associated proteins, leading us to examine the role of actin in human 

primary granule exocytosis. 

We used biochemical assays, confocal and electron microscopy to investigate the 

effects of various actin-altering drugs on primary granule release. We found there was a 

requirement for both F-actin polymerization and depolymerization in exocytosis. We 

also showed that NSC23766, a small molecule Rac inhibitor, blocked primary granule 

exocytosis and actin remodelling. Interestingly, NSC23766 did not alter superoxide 

release, suggesting that different GEFs may be involved in superoxide production and 

exocytosis. 
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CHAPTER I - Introduction 

1.1. The neutrophil 

Neutrophils constitute the majority of circulating blood leukocytes and play a crucial role 

in innate immunity by their ability to rapidly accumulate in inflamed tissue and clear 

infection. The main function of neutrophils - to contain and destroy invading microbial 

pathogens - is achieved through a succession of coordinated responses culminating in 

phagocytosis and killing of the pathogen. Thus, neutrophils possess a potent arsenal of 

cytotoxic proteins such as oxidants, proteinases and antimicrobial peptides. Furthermore, 

they can also release immunoregulatory cytokines and chemokines to recruit other 

inflammatory cells to the site of infection. 

Phagocytosis involves the uptake of microorganisms into intracellular vesicles 

that fuse with cytoplasmic granules and form phagolysosomes which aid in the digestion 

of the microorganism. Formation of the phagolysosome also results in the assembly and 

activation of the respiratory burst NADPH oxidase at the phagolysosome membrane. The 

oxidase reduces oxygen (O2) to superoxide free radicals (-(V) and releases them into the 

phagolysosomes where the spontaneous dismutation of two superoxide radicals produces 

oxygen and hydrogen peroxide (H2O2) (1, 2). Granular myeloperoxidase (MPO) 

catalyzes the oxidation of chloride ions (CI") by H2O2 to form hypochlorous acid (HOC1), 

the neutrophil's most potent bactericidal product (3, 4). 

Neutrophils are primarily phagocytic cells, but they can also release cytotoxic 

compounds into their extracellular environment and it is these toxins, when released in 

vivo, which contribute to tissue injury at sites of infection and inflammation. Neutrophils 

secrete these mediators through three principal mechanisms: 1) exocytosis of stored, 
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preformed mediators from granules; 2) release of reactive oxygen species and their by

products; and 3) the formation of lipid mediators by enzymatic actions on membrane or 

intracellular lipids (5). 

1.1.1. Neutrophils and innate immunity 

The notion that neutrophils are essential for optimal host response is firmly established as 

illustrated by the elevated risk of mortality seen in individuals that have depressed 

numbers of blood neutrophils (6). Similarly, patients with disorders of neutrophils (i.e. 

neutropenia) suffer from frequent and severe microbial infections, whether it be 

congenital, cyclic, idiopathic, autoimmune or drug-induced (7). Therefore, optimal 

numbers (between 40-80% of total leukocytes) of circulating blood neutrophils are 

necessary to prevent disease and successful microbial incursions. Indeed, neutrophil 

numbers become elevated in the blood and tissue in response to bacterial, fungal and 

protozoan infections. 

Although low or absent numbers of blood neutrophils can be detrimental to 

human health, conversely, the overactivation of neutrophils can be fatal. Septic shock 

and acute respiratory distress syndrome (ARDS) are examples of disorders where 

extensive neutrophil degranulation occurs and host tissues become irreparably damaged. 

In sepsis, it is the patient's acute immune response to infection that causes most of the 

symptoms. There is widespread production of acute phase proteins from the liver, such 

as C-reactive protein, serum amyloid A, fibrinogen, mannose-binding proteins and 

complement components (8). These mediators affect the complement system and the 

coagulation pathways, which then causes damage to the vasculature and the organs (9). 

This results in hemodynamic consequences and organ deterioration. Even with 
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immediate and aggressive treatment, many patients succumb to multiple organ failure and 

eventually die. Likewise, ARDS progresses in a similar manner except it is initially 

localized to the lungs. ARDS is characterized by inflammation of the lung parenchyma 

as a result of injury or attack of acute illness. This leads to impaired gas exchange along 

with the systemic release of inflammatory mediators causing inflammation, hypoxemia 

and frequently resulting in multiple organ failure then death (10). Thus, homeostasis of 

neutrophils must be tightly regulated in order to maintain human health. 

1.1.2. Neutrophils and inflammation 

In normal conditions, inflammation is a protective attempt by the body to ward off 

impending harm from infection or injury, remove damaged tissue, heal wounds and 

promote recovery. Inflammation is characterized by rubor (redness, due to hyperemia), 

tumor (swelling, due to increased permeability to the microvasculature and leakage of 

protein into the interstitial space), color (heat, due to enhanced blood flow and metabolic 

activity of inflammatory mediators), dolor (pain, due to changes in the perivasculature 

and associated nerve endings), and function laesa (tissue dysfunction) (11). 

In most instances, inflammation is beneficial, but when massive injury, major 

surgery, serious infection, or chronic diseases occur, the response may be inappropriately 

elevated, excessively prolonged or insufficient, leading to widespread tissue damage. 

Neutrophils, unlike other types of inflammatory cells, respond poorly to corticosteroids, 

the classical treatment for inflammation. In fact, corticosteroids prolong neutrophil 

survival by inhibiting apoptosis (12), highlighting the need for alternative anti

inflammatory therapies based on the better understanding of the mechanisms in 

neutrophilic inflammation. 
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1.2. Role of neutrophils in pulmonary disease 

The lungs have the largest marginated pool of neutrophils in the body, likely due to their 

sentinel role in maintaining sterility in the airways. Neutrophils are one of the first 

inflammatory cells recruited to the airways in response to either allergen exposure or 

injury, and are often found in the sputum of patients with chronic asthma (13). Although 

asthma is typically considered an eosinophilic disease, neutrophils may also play an 

important role in severe forms as there is a consistent increase of neutrophils in 

bronchoalveolar lavage (BAL) fluid and in both bronchial and transbronchial biopsies of 

patients with chronic steroid-dependent severe asthma who remain symptomatic 

compared to those with milder disease (14). The neutrophil has also been proposed to be 

a major component of inflammation in asthmatic patients with severe forms of the 

disease, patients who smoke, and patients with viral exacerbations (14-18). 

The role of neutrophils in asthma is quite controversial and remains unclear, but 

its involvement in chronic obstructive pulmonary disease (COPD) is well established. 

COPD is characterized by airflow limitation that is not entirely reversible and associated 

with an abnormal inflammatory response of the lung to noxious particles or gases (19). 

The chronic airflow limitation is caused by narrowing and blockage of the small airways, 

reducing expiratory flow, such that a slow forced expiration is required to empty the 

lungs (20). A primary risk factor for COPD is cigarette smoking. It has been postulated 

that cigarette smoke induces lung macrophages and epithelial cells to release neutrophil 

chemokines such as interleukin-8 (IL-8). IL-8 levels have been shown to be higher in the 

sputum and bronchial washings of smokers compared with controls (21). Cigarette 

smoke also impairs phagocytosis of neutrophils by macrophages and reduces the ability 
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of macrophages to ingest apoptotic cells. This leads to a cascade of events that disrupt 

central and peripheral airways along with terminal airspaces, causing physiologic and 

clinical abnormalities. There are also higher numbers of neutrophils and CD8+ T 

lymphocytes infiltrating smooth muscle in the peripheral airways of patients with COPD 

compared with smokers and nonsmoking controls (22). This chronic inflammation 

contributes to changes in structure and contractility of airway smooth muscle, and 

chemokines such as IL-8 may play a role in smooth muscle proliferation and 

constriction (20). 

1.3. Neutrophil granules 

Upon stimulation, cytotoxic granule-derived compounds are released into phagosomes or 

into the extracellular environment. These granules can be characterized into four distinct 

populations: primary or azurophilic, secondary or specific, tertiary and secretory vesicles 

(23). Exocytic release of these granules is sensitive to different signalling mechanisms, 

evident in the hierarchy of release in response to increasing intracellular Ca2+ 

concentrations (24), suggesting granule-specific regulated pathways. Secretory vesicles 

are mobilized first, followed by tertiary granules (identified by gelatinase) which are 

mobilized more readily than secondary granules (identified by lactoferrin; LTF), which 

again are more readily exocytosed than primary granules (identified by MPO) (25). 

Although distinct in function and form, all granule subtypes share common structural 

characteristics. These include a phospholipid bilayer membrane and an intra-granular 

matrix containing proteins intended for exocytosis or delivery to the phagosome (26). 

Neutrophil granules are formed continuously during myeloid cell differentiation 

in the bone marrow. They start to form at the first stage of neutrophil maturation, marked 
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by the transition from myeloblast to promyelocyte, and continue unabated up to the stage 

of segmented cells. Granules are believed to be produced by the fusion of immature 

transport vesicles budding off from the trans-Golgi network (27, 28). Vesicles bud off 

from the cw-Golgi to form storage granules at the promyelocyte stage, but interestingly 

also from the trans-Golgi at the myelocyte stage where specific granules are formed (27, 

28). It has been suggested there exists a sorting apparatus that is localized in the cis-

Golgi in promyelocytes and moves to the trans-Golgi network in more mature cells (23). 

Granules may be sorted on the basis of their size, morphology, electron density or 

with reference to a given protein (28). The initial classification was based on whether the 

granule contained peroxidase or not (27), but granules can be further subdivided based on 

their intra-granular proteins. It is important to note that the development of granules is a 

continuum; some proteins are shared while others can serve as specific markers for a 

certain subset, eg. MPO, LTF and gelatinase (23). Therefore, granules are classified from 

a functional point of view; based on their readiness to exocytose. Table 1 shows the 

luminal contents of the different types of granules. 

1.3.1. Primary (azurophilic) granules 

Granule subtypes possess unique luminal contents and of these, primary granules contain 

the most potent cytolytic enzymes that aid in the elimination of pathogens. However, 

they also contribute extensively to host tissue damage in inflammatory states when 

released extracellularly. These early appearing granules were initially defined by their 

high concentration of MPO and their affinity for the basic dye azure A, hence their 

alternate name: azurophilic granules (29). Primary granules undergo limited exocytosis 

in response to stimulation, and they are believed to contribute primarily to the killing and 
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Table 1. Contents of human neutrophil granules. 

Primary 
(azurophilic) 
granules) 
•Acid jS-

glycerophosphatase 

•Acid 
mucopolysaccharide 

•ai-Antitrypsin 

•a-Mannosidase 

•Azurocidin 

•Bactericidal 
permeability 
increasing protein 

•/3-Glycerophosphatase 

•^-Glucuronidase 

•Cathepsins 

•Defensins 

•Elastase 

•Lysozyme 

•Myeloperoxidase 

•N-Acetyl-j8-
glucosaminidase 

•Proteinase-3 

•Sialidase 

•Ubiquitin protein 

Secondary 
(specific) granules 

•ft-Microglobulin 

•Collagenase 

•Cysteine-rich 
secretory protein-3 
(specific granule 
protein-28) 

•Gelatinase 

•Human cathelicidin 
protein-18 

•Histaminase 

•Heparanase 

•Lactoferrin 

•Lysozyme 

•Neutrophil gelatinase-
associated lipocalin 

•Urokinase-type 
plasminogen activator 

•Sialidase 

•Transcobalamin-1 

Tertiary 
(gelatinase) 
granules 
•Acetyltransferase 

•/^-Microglobulin 

•Cysteine-rich 
secretory protein-3 

•Gelatinase B 
(MMP-9) 

•Lysozyme 

Secretory vesicles 

•Plasma proteins 

Modified from: Farschou, M., and N. Borregaard. 2003. Neutrophil granules and 
secretory vesicles in inflammation. Microbes Infect 5:1317-1327. 
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degradation of engulfed microorganisms that take place in the phagolysosome (30). 

Moreover, CD63 is a lysosomal membrane marker specific to primary granules (31). 

Physically, they are rather large (-0.3 /xm in diameter) and electron dense (32, 33). 

1.3.2. Secondary (specific) granules 

Secondary granules constitute the second major subtype of neutrophil granules. 

Although smaller than primary granules (-0.1 /mi in diameter), they outnumber primary 

granules by three-fold (32). They are electron-lucent and peroxidase-negative as are 

tertiary granules, but they are unique in their luminal contents: secondary granules are 

rich in bacteriostatic compounds while tertiary granules are not. Readiness in exocytosis 

is also unique; tertiary granules are mobilized more rapidly in response to stimuli. 

Lactoferrin (LTF), which has bacteriostatic activity against a broad spectrum of Gram-

positive and Gram-negative bacteria, is stored mainly in secondary granules. It is 

bacteriostatic because it impairs bacterial growth by sequestering iron, which is essential 

for bacteria survival (34). CD66b is a lysosomal membrane marker specific to secondary 

granules in neutrophils. 

1.3.3. Tertiary granules 

Tertiary granules primarily serve as a reservoir of matrix-degrading enzymes and 

membrane receptors needed during neutrophil diapedesis (26, 35). An important marker 

for tertiary granules is gelatinase B, also known as matrix metalloproteinase-9 (MMP-9). 

It is stored in an inactive proform that undergoes proteolytic activation during exocytosis. 

Gelatinase B is capable of degrading structural components of the extracellular matrix 

and it is believed to be responsible for the destruction of vascular basement membranes 

and interstitial structures during neutrophil diapedesis and migration (36). 
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1.3.4. Secretory vesicles 

The most rapidly mobilizable intracellular granules in neutrophils are the secretory 

vesicles. Interestingly, the only known intravesicular content of secretory vesicles is 

plasma proteins, which suggests that they are endocytic in origin (37). It is their 

membrane that is important because they are rich in receptors required at the earliest 

stage of the neutrophil-mediated inflammatory response (38). They are distinguished by 

their detergent-dependent alkaline phosphatase activity (39, 40). 

1.4. Mechanisms of exocytosis 

Upon receptor-mediated stimulation of neutrophils, granules are mobilized leading to 

docking and membrane fusion which can occur intracellularly with phagolysosomes, or 

extracellularly at the plasma membrane. As stated above, the different subtypes of 

granules are mobilized in a hierarchal manner, with secretory vesicles showing the 

highest propensity for exocytosis, followed by tertiary granules, secondary granules and 

lastly, primary granules (25). Because granules and secretory vesicles appear to be 

distributed randomly throughout the cytoplasm, this hierarchy must rely on mechanisms 

that are able to distinguish between the subsets, rather than proximity or quantitative 

differences. Moreover, compound exocytosis can occur within neutrophils. Compound 

exocytosis is defined as the fusion of two or more granules prior to their fusion with the 

plasma membrane (33). As such, there must exist some kind of mechanism that 

recognizes granule subsets as target membranes to allow for homotypic or heterotypic 

fusion. 

The release of granule-derived mediators from neutrophils occurs by a tightly 

controlled receptor-coupled mechanism termed "regulated exocytosis" (5). It is thought 
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to take place in four discrete steps (41). The first step is granule recruitment from the 

cytoplasm and translocation to the target membrane which is dependent on actin 

cytoskeleton remodeling and microtubule assembly (42). This is followed by the second 

step of granule tethering and docking, leading to contact of the outer surface of the 

granule lipid bilayer membrane with the inner surface of the target membrane. The third 

step is granule priming that serves to make granules fusion-competent and ensure that 

they fuse rapidly, in which a reversible fusion pore develops between the granule and the 

target membrane. The fourth and final step, granule fusion, occurs via the creation and 

rapid expansion of the fusion pore, leading to total fusion of the granule membrane with 

the target membrane and expulsion of granular contents. 

1.5. Role of Rho GTPases in exocytosis 

One particular group of ras-related GTPases is the Rho subfamily of GTPases. The three 

prototypical members of the Rho GTPase subfamily are Rho, Rac, and Cdc42 (43, 44). 

Rho GTPases act as molecular switches and cycle between two states: an active GTP-

bound state and an inactive GDP-bound state. They serve a role in regulating actin 

cytoskeletal rearrangement and in the release of reactive oxygen species in neutrophils 

(43, 45). Remodeling of the actin cytoskeleton by Rho GTPases is crucial for allowing a 

wide range of cellular activities to occur, including regulation of cell polarity, 

microtubule dynamics, vesicular transport pathways, membrane trafficking, cell growth 

control and development (43, 46). Evidence that Rho GTPases are critically important in 

cellular regulation is provided in their availability as substrates for a number of bacterial 

toxins, including Clostridium difficile Toxin B and Clostridium sordellii lethal toxin, 

which inhibit Rho GTPase function by monoglucosylation of specific residues (47, 48). 
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1.5.1. Regulation of Rho GTPases 

Rho GTPases are controlled by three classes of regulatory proteins: GTPase-activating 

proteins (GAPs), guanine nucleotide dissociation inhibitors (GDIs), and guanine 

nucleotide exchange factors (GEFs). GAPs and GDIs negatively affect Rho GTPases by 

promoting the inactive GDP-bound state. GAPs catalyze the relatively slow intrinsic rate 

of GTP hydrolysis, while GDIs inhibit the exchange of GDP to GTP and also prevent the 

Rho GTPase from localizing to the plasma membrane (46). GEFs, on the other hand, 

enhance the rate at which GDP is exchanged for GTP, and also physically link the 

GTPase to specific subcellular locations where they produce an active signal (46, 49). 

All Rho GEFs contain a Dbl homology-Pleckstrin homology (DH-PH) signature 

domain. Named after the Dbl oncogene, the DH domain contains the catalytic core for 

GDP-to-GTP activity. Dbl was first postulated to have GEF function when it was 

observed to have 29% sequence identity with the Saccharomyces cerevisiae cell division 

cycle protein Cdc24 (50). Genetic analysis showed that Dbl was indeed upstream of the 

yeast small GTP-binding protein Cdc42 in the bud assembly pathway, and biochemical 

analysis also showed that Dbl can release GDP from the human homolog of Cdc42 in 

vitro (50). The PH domain, on the other hand, has no catalytic activity but is important 

for correct GEF cellular localization as it possesses a phosphatidylinositol-(3, 4, 5)-P3 

(PIP3) binding domain (49). 

1.5.2. Rac2 GEFs 

More than 35 GEFs are known to activate Rho GTPases, but only five, thus far, have 

been observed to interact specifically with mammalian Rac2. These are Swap70, Tiaml, 

Dock2/Elmo complex, Vavl and P-Rexl (Figure 1). Bone marrow mast cells from 
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Figure 1. Rac2 network pathway map. 
Rac2-GDP is inactive in the cytoplasm and is activated by GEFs into its GTP-bound state. Rac2 is also translocated to the plasma 
membrane by GEFs. These GEFs include SWAP70, Tiaml, DOCK2/Elmo complex, Vavl and P-Rexl. The activation of Rac2 leads 
to many downstream effects. Rac2-GTP can also be inactivated by several RhoGDIs and GAPS such as Abr, Bcr and P190RhoGAP 
Modified from: Diebold, B.A. and Bokoch, G.M. 2008. Rac2. UCSD-Nature Molecule Pages. (doi:10.1038/mp a002002 01) 



Swap70~~ mice show reduced FcsRI-mediated degranulation, abnormal actin 

rearrangement, defects in cell migration, impairment of calcium flux, abnormal 

translocation and activity of Akt kinase, and also improper translocation of Racl and 

Rac2 upon c-kit stimulation (51). Furthermore, the fourfold reduction in chemotaxis of 

Swap70"" mast cells toward stem cell factor is similar to that of Rac2~~ mast cells (51, 

52). However, Rac2 deficiency in mast cells seems to affect their function more severely 

than Swap70 deficiency. Sivalenka and Jessberger suggest that other GEFs of Rac may 

(partially) complement Swap70's function in Rac activation; or perhaps it is the 

coordinated action of several GEFs on Rac that is required for its full multi-factorial 

activation (51). Tiaml can act as a GEF for the three Rac isoforms (Racl, 2 and 3), but it 

is more specific for Rac2. Kinetic analysis showed that Tiaml-induced nucleotide 

exchange of Racl and Rac3 were equal, but the GDP dissociation from Rac2 was six-fold 

faster (53). The Dock2/Elmo complex has also been shown to regulate Rac2 as a GEF. 

Dock2" murine neutrophils show reduced Rac2 activation, defects in chemotaxis and 

reduction in superoxide production (54). Interestingly, while there were no actin 

polymerization rate abnormalities, there was poorly focussed distribution of F-actin, thus 

implicating a role for Dock2 in the polarized accumulation of actin in the leading edge of 

neutrophil cell motility (54). Likewise, Vavl7" neutrophils from bone marrow or 

peritoneal exudates exhibit reductions in superoxide production, F-actin generation and 

cell motility (55). These defects only occur when the neutrophils are stimulated with 

fMLF and not with IL-8 or leukotriene B4 (55). Vavl also associates with p67phox in 

order to activate nucleotide exchange on Rac2, which in turn enhances the interaction of 

Vavl with p67phox, suggesting a positive feedback loop where p67phox targets Vavl-
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mediated Rac activation (56). Finally, P-Rexl has also been shown to have GEF activity 

for Rac2. P-Rexl is synergistically activated by the f3y subunits of heterotrimeric G 

proteins and phosphatidylinositol-(3, 4, 5)-P3 (PIP3) and is more specific for Rac2 over 

Racl activation (57, 58). In P-Rexl deficient mouse neutrophils, fMLF-induced F-actin 

formation, superoxide production and cell migration rate were attenuated although 

degranulation was not altered (58). These processes are not affected when the 

neutrophils are stimulated by lipopolysaccharide (LPS) or phorbol myristate acetate 

(PMA), two pathways that are not Rac dependent (58). 

1.5.3. Rac2 and primary granule exocytosis 

Our lab has shown that Rac2, a Rho GTPase, has a crucial and selective role in 

degranulation from neutrophils (59). Gene deletion of Rac2 led to an exocytotic defect in 

neutrophils, characterized by the complete absence of primary granule MPO release from 

murine bone marrow neutrophils (59). Interestingly, secondary and tertiary granule 

exocytosis in response to a variety of stimuli was normal, indicating a selective role for 

Rac2 in primary granule exocytosis. Rac2v" neutrophils from KO mice express normal or 

even elevated levels of Racl (60, 61), suggesting that Rac2 serves a distinct role from 

Racl in regulating translocation and exocytosis of granules. This is interesting as Racl 

and Rac2 share 92% identity in their amino acid sequences and mainly differ in the final 

10 amino acids of their carboxyl termini (62). Racl and Rac2 also show different 

functions in cell movement, with Racl being important for directed migration and Rac2 

being important for cell motility (63-65). 

Our previous findings suggest that activated Rac2 promotes F-actin-induced 

granule translocation. Rac2"" neutrophils failed to translocate primary granules to the cell 
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membrane during cytochalasin B (CB) and fMLF stimulation (59). This suggests that the 

defect in primary granule exocytosis in Rac2/_ cells lies in the translocation machinery 

required for the mobilization of granules toward the membrane for docking and fusion. 

This most likely requires actin polymerization, and Rac2 has been shown to induce the 

formation of F-actin which is required for chemotaxis (61). This may be the critical step 

which allows Rac2 to translocate granules to the cell membrane and direct the movement 

of neutrophils at the leading edge of the cell (61). Identification of downstream effectors 

that are responsible for regulating actin cytoskeletal remodeling will be important in 

identifying the pathway(s) associated with Rac2-mediated primary granule exocytosis 

(Figure 2). 

1.6. Proteomic analyses 

Two-dimensional (2D) gel electrophoresis, first described by O'Farrell (66), is based on 

the separation of proteins according to their charge in the first dimension by isoelectric 

focussing and size in the second dimension by SDS-PAGE. It is an excellent tool for 

protein abundance studies and the only technology available for simultaneous resolution 

of thousands of proteins. It has also been used as a diagnostic tool, comparing protein 

profiles of diseased tissue versus healthy tissue. 

The application of proteomics may provide a novel method to investigate 

differences in stimulated and non-stimulated neutrophils, potentially enabling the 

discovery of inflammation-associated targets. In fact, previous studies on proteomic 

changes within neutrophils exposed to LPS have identified proteins involved in the innate 

immune response (67). Fessler et al. compared the genomic and proteomic profiles of 
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Figure 2. Schematic diagram of neutrophil receptor-mediated signalling pathways 
in degranulation. 
When the chemotactic peptide fMLF binds formyl peptide receptor (FPR), it activates a 
number of pathways. The Rac2 pathway is specific to primary granule release and 
superoxide production, while increases in intracellular calcium affect primary, secondary, 
tertiary and secretory vesicles in a hierarchal manner. Several kinases are also affected 
although their downstream effectors have yet to be identified. ER, endoplasmic 
reticulum; ERK, extracellular signal-regulated kinase; fMLF, formyl-Met-Leu-Phe; GEF, 
guanine exchange factor; InsP3, inositol-l,4,5-triphosphate; LTF, lactoferrin; MMP-9, 
metalloproteinase-9; MPO, myeloperoxidase; p38 MAP, p38 mitogen-activated protein; 
PI3K, phosphoinositol-3 kinase; PKC, protein kinase C; VAMP-7, vesicle-associated 
membrane protein. 
Modified from: Lacy P. 2005. The role of Rho GTPases and SNARES in mediator 
release from granulocytes. Pharmacol Ther 107:358-376. 
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activated human neutrophils after a 4 h challenge with LPS (67). Their results showed an 

up-regulation of inflammatory regulators (i.e. annexin III), signalling molecules (i.e. Rab-

GDP dissociation inhibitor j8), several actin fragments and the proteasome /3 chain, and 

the down-regulation of various signalling proteins (i.e. Rho GTPase activating protein 1) 

(67). 

The cytoskeleton of neutrophils plays an important role in the maintenance of 

chemotactic signalling, cell polarity, movement, adhesion and phagocytosis. Intracellular 

signal transduction occurs at cytoskeleton-stabilized membrane domains and lipid rafts 

which contain integral membrane proteins (68). Therefore, a study to investigate the 

proteomic profile of endogenous lipid rafts and proteins was done on bovine neutrophils 

(69). Proteomic analyses on a subset of plasma membrane skeleton proteins isolated 

within cholesterol-rich, detergent-resistant membrane fragments identified 19 detergent-

resistant membrane proteins including fodrin, myosins, a-actinins, vimentin, F-actin 

binding proteins, lipid raft-associated integral membrane proteins and intracellular-dually 

acylated signal proteins (69). Although the difference between bovine and human 

neutrophils remain unclear, it is important because it shows that variation of proteomic 

profiles between animal and human neutrophils, and that differences between normal and 

pathological conditions should be further clarified to provide more tools for the further 

understanding of the pathophysiology of inflammatory diseases in humans. 

Furthermore, proteomic analysis has been used to examine human neutrophil 

granules. Lominadze et al. determined that optimal protein identification in the granule 

subsets required different methods because of their physical properties and luminal 

components, also identified 286 proteins from primary, secondary and tertiary granule 
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subsets (70). By performing a comprehensive analysis of the granule subsets, they 

provided a basis for understanding the role of exocytosis in neutrophil biology. 

1.7. Role of actin cytoskeleton in exocytosis 

Actin remodeling is a prime downstream target of activated effector molecules during 

receptor-mediated exocytosis. The actin cytoskeleton forms a ring-like structure around 

the periphery in many different kinds of secretory cells (71-73). This is thought to act as 

a barricade against aberrant granule docking and fusion at the plasma membrane. 

Therefore, it is logical to presume that the actin cytoskeletal mesh must be disassembled 

during exocytosis (74). However, some studies in neutrophils suggest that F-actin is 

normally diffuse in resting neutrophils and only forms into a cortical ring upon fMLF 

stimulation (65, 75). Other studies also report of actin remodeling to regulate neutrophil 

migration (76). Chemotaxis towards sites of infection are powered by polarized F-actin 

formation, with the leading edge of cells showing increased levels of actin polymerization 

(77). Jog et al. showed that secretory vesicles, tertiary, secondary and primary granules 

associate with decreasing amounts of actin, respectively (78). Furthermore, disruption of 

the actin cytoskeleton by latrunculin A and cytochalasin D enhanced the rate and extent 

of fMLF-stimulated tertiary, secondary and primary granule exocytosis, but caused a 

decrease in CD35 expression for secretory vesicles after an initial increase. This 

differential association of actin with neutrophil granule subsets suggest that actin may 

differentially regulate the exocytosis of each subset, although there does not seem to any 

correlation with graded exocytosis. It is not yet known what the precise relationship is 

between actin cytoskeletal depolymerization at the cell cortex and Rac2-mediated F-actin 

formation presumably involved in primary granule exocytosis. 
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1.8. Rationale for the study 

Rac2 is a Rho GTPase that has been shown by our laboratory to be essential for primary 

granule exocytosis and is known to regulate actin cytoskeletal dynamics (45, 46, 59, 72). 

Rho GTPases are also known for their role in signalling to the cytoskeleton via kinase 

cascades (79). Thus, we hypothesize that Rac2 gene deletion leads to aberrant regulation 

of signalling required for the release of primary granules in neutrophils. 

Furthermore, it is well established that actin depolymerization is critical for 

granule exocytosis from neutrophils. However, Rac2 has been implicated in actin 

polymerization, leading to the formation of F-actin filaments. We also set out to 

determine the requirements for actin remodelling in neutrophil exocytosis. 

1.9. Study objective 

The first aim is a hypothesis-generating study in which we used proteomic analysis to 

compare receptor-mediated signalling events between WT and Rac2"/_ neutrophils to 

determine alterations in downstream Rac2-dependent pathways. 

The second aim is to determine the role of Rac and actin remodelling in 

neutrophil granule exocytosis. This was done through a comprehensive examination of 

the effects of actin-altering pharmacological reagents on neutrophils. Imaging was also 

done to visualize these effects. 

My overall hypothesis is that Rac2 is required for signalling events to initiate the 

mobilization of primary granules to the cell membrane for exocytosis. Some of these 

events involve actin cytoskeleton remodelling. 

These studies provide important insights into the intracellular mechanisms 

regulating neutrophil mediator release. By increasing our understanding of these 
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mechanisms, we can contribute to the knowledge base of the role of neutrophils in 

inflammatory diseases, including severe asthma and COPD, and this may also provide 

novel anti-inflammatory targets for intervention. 
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CHAPTER II - Materials and Methods 

2.1. 2D DIGE proteomic analysis of Rac2"7" murine bone marrow neutrophils 

2.1.1. Animals 

Rac2 knockout (Rac2"A) mice were previously generated by targeted disruption of the 

rac2 gene and were backcrossed into C57B1/6 mice for more than 11 generations. Wild 

type C57B1/6 (WT) mice were purchased from Charles River Canada (Saint-Constant, 

PQ). Animals were bred on site and housed under specific pathogen-free conditions and 

fed autoclaved food and water ad libitum. Mice used in these experiments were between 

4-8 weeks of age. All experiments complied with the guidelines and policies of the 

University of Alberta's Animal Care and Use Committee and the Canadian Council on 

Animal Care. 

2.1.2. Isolation of murine bone marrow neutrophils 

Bone marrow neutrophils (BMN) were isolated from the femur and tibia of both WT and 

Rac2"" mice as previously described (61). The bones were immersed in a solution of 10X 

HBSS (Invitrogen, Burlington, ON) diluted to IX with 0.1% BSA (Sigma-Aldrich, 

Oakville, ON) and 1% glucose (Sigma-Aldrich; HBSS-BG), and then crushed using a 

mortar and pestle (Canadawide Scientific, Ottawa, ON) to liberate the bone marrow. 

Large debris was filtered out using a 40 /mi nylon cell strainer (BD Biosciences, 

Mississauga, ON). The filtrate was pelleted at 300g for 10 min at 4°C. Percoll (GE 

Healthcare, Baie d'Urfe, PQ) stock solution was made by mixing 9:1 Percoll to 10X 

HBSS. Pelleted cells were resuspended in 45% Percoll and then layered onto successive 

gradients consisting of 3 ml of 81%, 2 ml of 62%, 2 ml of 55% and 2 ml of 50% Percoll 

in HBSS-BG and centrifuged at 600g for 30 min at 10°C. The cell layer between 81% 
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and 62% was harvested and washed twice in 10 ml of HBSS-BG by centrifugation at 

300g- for 10 min at 4°C. The cells were resuspended in 3 ml of HBSS-BG and were 

layered over 3 ml of Histopaque-1119 (Sigma-Aldrich), then centrifuged at 600g for 30 

min at 10°C to remove contaminating erythrocytes. The cell layer between Histopaque 

and HBSS-BG was collected and washed twice in 10 ml HBSS-BG at 300g for 10 min at 

4°C. The cells were resuspended in colour-free RPMI-1640 (Invitrogen) and counted by 

using Kimura stain (for differential count) and Trypan Blue (for viability). There was an 

average of 3 x 107 isolated BMN per mouse. The purity of neutrophils was between 80-

85% as assessed by nuclear morphology with the remainder being mononuclear cells, and 

viability was > 90%. 

2.1.3. Stimulation of BMNs with CB/fMLF 

BMNs from WT and Rac27" mice were separated into two conditions for proteomic 

analysis: resting and cytochalasin B (CB)/formyl-Met-Leu-Phe (fMLF)-stimulated cells. 

A total of 6 x 108 cells were used for each condition. Resting BMNs were not treated 

with any stimulus, but incubated at 37°C concurrently with CB/fMLF-stimulated BMNs. 

For CB/fMLF treatment, cells were primed with 10 /xM CB for 5 min at 37°C then 

stimulated to degranulate with 5 /xM fMLF for 15 min at 37°C. Following stimulation, 

cells were centrifuged at 400g for 5 min at 4°. The supernatant was discarded and cell 

pellets were flash frozen in liquid nitrogen. 

2.1.4. Protein sample preparation 

The following was done by the Institute of Biomolecular Design (IBD) after we sent 

frozen samples of unstimulated and CB/fMLF-stimulated BMN from WT and Rac2~/_ 

mice to be analyzed. Protein samples were prepared as previously described (80). 

22 



Briefly, thawed cell pellets were solubilized in 0.45 ml of lysis/rehydration buffer (8 M 

urea, 2% (wt/v) 3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate hydrate 

(CHAPS), 1% (v/v) immobilized pH gradient (IPG) buffer (GE Healthcare) in the same 

pH range as the IPG strips to be used, 2 mg/ml DTT), incubated on ice for 30 min 

followed by a 60 min incubation in an ultrasound bath (Branson Ultrasonics, Danbury, 

CT) at 4°C. They were then centrifuged at 14 OOOg for 20 s and the supernatant was 

loaded onto 24 cm pH 3-10 non-linear (NL) IPG strips (GE Healthcare). An internal 

standard was also prepared by pooling an equal amount of protein from each 

experimental condition, thus allowing every protein from all samples to be represented on 

each gel. 

2.1.5. Labelling of BMNs with CyDye™ 

To determine the differences in protein expression between unstimulated and CB/fMLF-

stimulated WT and Rac2v" BMN, we performed CyDye™ two dimensional fluorescence 

difference gel electrophoresis (2D-DIGE; GE Healthcare). A maximum loading volume 

of 40 fig protein from the BMNs were labelled with 200 pmol of the amine reactive dyes 

Cy™3 or Cy™5 that had been freshly dissolved in anhydrous dimethyl formamide, in 

buffer containing 10 mM Tris-Cl, pH 8, 5 mM magnesium acetate, 8 M urea and 4% 

CHAPS. The pooled sample of total protein was labelled with Cy™2. This pooled 

sample was used as an internal standard that was run on all gels, creating an intrinsic link 

across all gels. Normalization to the internal standard allowed for the calculation of 

relative expression of the same protein across gels, which minimized the effect of gel-to-

gel variation. Samples were labelled in the dark for 30 min, then terminated by adding 10 

nmol lysine. An equal volume of buffer (8 M urea, 4% CHAPS, 2% (v/v) IPG buffer pH 
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3-10 NL and 2 mg/ml DTT) was added to each reaction. After incubation on ice for 15 

min, they were vortexed, then loaded onto 24 cm isoelectric focussing (IEF) strips at a pH 

range of 3-10. 

2.1.6. 2D gel electrophoresis 

The samples were loaded via active rehydration at 20 V for 12 h. Active rehydration 

requires the use of an isoelectric focusing tray while passive rehydration can be done 

overnight in the rehydration/equilibration tray. The strips were then focussed at 8 kV 

until a reading of 72 kV x h was reached. Prior to SDS-PAGE, the strips were 

equilibrated in 15 ml equilibration buffer (50 mM Tris-Cl, pH 8.8, 6 M urea, 30% (v/v) 

glycerol, 2% SDS, 10 mg/ml DTT) for 15 min on a rocking platform. Strips were 

positioned on 13% SDS-PAGE gels and electrophoresed at 2.5 W for 30 min, followed 

by 100 W at 10°C until bromophenol blue dye front reached the gel bottom. 

2.1.7. Image acquisition and analysis of DIGE gels 

The Typhoon™ 9400 Imager (GE Healthcare) was used to visualize the CyDye™ 

labelled proteins. Cy™3 images were scanned using a 532 nm laser and an emission 

filter of 580 nm band pass (BP) 30, Cy™5 images were scanned using a 633 nm laser and 

an emission filter of 670 nm BP 30, and Cy™2 images were scanned using a 488 nm 

laser and an emission filter of 520nm BP 40 at 100 /xm resolution. Images were cropped 

before analysis using ImageQuant V 5.2 (GE Healthcare). Image analysis was done 

using the cross-stain analysis mode of Progenesis Workstation v2004. To exclude 

background artifacts, gels were manually screened for visible anomalies such as streaks, 

particulates or background noise after automatic spot detection, and then matched to the 

annotated reference gel. One reference gel was arbitrarily selected in which all spots 
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were annotated with reference numbers. All other gels were compared to the reference 

gel. 

2.1.8. Image analysis and spot picking 

Gels were stained with Coomassie brilliant blue (PhastGel Blue R; GE Healthcare) for 12 

h, then destained in 30% methanol, 10% acetic acid. Scanning was done on a flat bed 

computer scanner. Image analysis was done using Pro genesis Workstation v2002.01 

(Nonlinear Dynamics Ltd, Newcastle, UK). Spot picking lists were automatically 

generated and exported directly to the Ettan™ spot picker robot. Protein spots were 

excised directly from the gel and, using the circular 1.5 mm picker head and put into 96-

well microtitre plates. 

2.1.9. In-gel tryptic digestion, peptide extraction and mass spectrometric analysis 

In-gel digestion was performed using an automated Mass PREP™ station (Waters 

Canada, Mississauga, ON) according to the manufacturer's protocol. Briefly, gel plugs 

were washed with 50 raM ammonium bicarbonate, then 50% (v/v) acetonitrile in water. 

This was followed with a wash in 100% acetonitrile to dehydrate the gel plugs. The gel 

plugs were then reduced in 10 mM DTT and alkylated by 50 mM iodoacetamide, 

followed by overnight digestion with trypsin in 50 mM ammonium bicarbonate (pH 8) at 

37°C. Tryptic peptides were extracted using sequential steps of 1% (v/v) formic acid, 2% 

(v/v) acetonitrile and 50% (v/v) acetonitrile. Liquid chromatography/mass 

spectrometry/mass spectrometry (LC/MS/MS) on a Micromass Q-ToF-2™ mass 

spectrometer coupled with a Waters CapLC capillary HPLC (Waters Canada) was used to 

analyse peptide extracts. Peak lists were developed using Mascot Distiller (v 1.1.1.0). 

Smoothing was not applied, and the peak-to-noise criterion for peak picking was 2. 
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Centroids, or the peak's centre of mass, were calculated at peak height of 50% and charge 

states were calculated using the Q-ToF survey scan and peaks were de-isotoped. Protein 

identification from the generated MS/MS data was performed using the Mascot search 

engine (Mascot Daemon 2.0.1, Matrix Science, UK). Parameters used in the search 

include: the enzyme was specified as trypsin; one missed cleavage was allowed; 

precursor mass accuracy of ±0.6 Da; fragment ion mass accuracy of ±0.8 Da; fixed and 

variable modifications were cabamidomethyl (C) and oxidation (M) respectively; and the 

National Center for Biotechnology Information (NCBI) non-redundant database was 

searched for matches. The absolute score threshold for individual peptides was examined 

and only those peptides with a score threshold high enough to warrant identity were used 

to identify the proteins. 

2.1.10. Protein abundance calculations 

Protein relative abundance was calculated using the Progenesis software by normalizing 

the intensity signal measured for a protein spot from each experimental sample (i.e. the 

gel on which the protein was detected via Cy™3 or Cy™5 labelling) to the intensity 

signal of the pooled sample (i.e. total protein abundance via Cy™2 labelling). 

2.2. The role of actin cytoskeleton in Rac-mediated exocytosis in human neutrophils 

2.2.1. Isolation of human peripheral blood neutrophils 

Human neutrophils were purified from peripheral blood of healthy donors in accordance 

with the University of Alberta Health Research Ethics Board requirements for the use of 

human samples. Briefly, 50-100 ml of peripheral blood was drawn from donors and 

sedimented in 6% dextran in RPMI-1640 for 30 min at ambient temperature. The 

leukocyte-rich suspension was collected, layered onto a 15 ml Ficoll-paque (GE 
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Healthcare) gradient and then centrifuged at room temperature at 400g for 30 min to 

separate out plasma, monocytes/lymphocytes and granulocytes/erythrocytes. After 

centrifugation, the plasma, monocyte/lymphocyte and Ficoll layers were discarded, and 

the cell pellet was resuspended in 1.5 ml of sterile deionized water for 20 s to lyse 

contaminating erythrocytes. Cells were quickly placed in 12 ml of RPMI-1640 

containing 5 mM EDTA (Invitrogen; Buffer A) and centrifuged at room temperature at 

300g for 5 min. The supernatant was discarded and the cell pellet was resuspended in 10 

ml RPMI-1640 containing 5 mM EDTA and 2% FBS (Invitrogen). Cells were allowed to 

rest on ice for 1 h before experiments. Counts using Kimura stain and Trypan Blue 

indicated > 95% purity of neutrophils and > 99% viability, respectively. 

2.2.2. Neutrophil stimulation 

Secretion assays were carried out as previously described (59). Briefly, cells were 

resuspended at 1 x 106 cells/ml in RPMI-1640, and aliquots (50 /xl) of this cell suspension 

was added to each well of a 96 v-well microplate (Invitrogen) already containing the 

respective drug to be examined in RPMI-1640 to a total well volume of 250 /xl. 

Latrunculin B (Lat B; destabilizes F-actin; Calbiochem, San Diego, CA), jasplakinolide 

(JP; stabilizes F-actin; Calbiochem) and the small molecule Rac inhibitor NSC23766 

(Calbiochem) were dissolved in DMSO (Sigma-Aldrich). Neutrophils were pretreated 

with these drugs for 15 min at 37°C prior to stimulation with 2.5 fiM Ca ionophore 

A23187 for 15 min at 37°C or 10 juM CB (Sigma-Aldrich) for 5 min at 37°C then 5 /iM 

fMLF (Sigma Aldrich) for 15 min at 37°C to induce granule exocytosis. At the end of the 

incubation times, the v-well microplate was placed on ice to stop the reactions, and 

unstimulated cells were lysed by addition of an equivalent volume of RPMI-1640 
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containing 0.5% CHAPS (Sigma-Aldrich). The microplate was then centrifuged at 300g 

at 4°C for 6 min to pellet the cells. Supernatant was carefully removed for assay of 

released granule proteins. 

2.2.3. Measurement of primary granule exocytosis 

Myeloperoxidase (MPO), an enzyme marker for primary granules, was assayed using 3, 

3', 5, 5'-tetramethylbenzidine (TMB; Sigma-Aldrich) in a colorimetric enzyme secretion 

assay based on a previously established technique (81). Briefly, 150 /xl of TMB substrate 

solution was added to 50 /xl of supernatant and incubated in the dark at room temperature 

for 15-30 min. The reaction was then terminated with 50 /xl of 1 M H2SO4. Plates were 

read spectrophotometrically at 450 nm (Molecular Devices, Sunnyvale, CA). 

Background-corrected absorbance values were divided into the average value from an 

equivalent number of 0.5% CHAPS-lysed cells to give a percentage of total cellular 

mediators released. 

2.2.4. Confocal microscopy 

Neutrophils were prepared by treatment of cells in suspension with the indicated drugs 

for 15 min, followed by stimulation with A23187, CB/fMLF or fMLF. The suspensions 

were then fixed in freshly prepared 2% paraformaldehyde (Sigma-Aldrich) in 0.25 M 

sucrose (Sigma-Aldrich) to maintain cell integrity. Cells were adhered to poly-L-lysine 

coated glass slides. Cells were then permeabilized with 0.5% Triton XI00 in PBS, 

stained with a 1:500 dilution of anti-CD63 (Serotec, Raleigh, NC) conjugated to Alexa 

Fluor 488 (Invitrogen) to detect primary granules. A 1:1000 dilution of rhodamine-

phalloidin (Invitrogen) was used to stain for F-actin. Images were acquired on an 

Olympus FV1000 confocal laser scanning microscope (Olympus Canada, Markham, ON) 
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with a 63X/1.4 NA plan apochromat objective and processed using Fluoview software 

(Olympus). 

2.2.5. Rac activation assay 

Activated, or GTP-bound, Racl and Rac2 were affinity precipitated from neutrophils 

lysates using glutathione-S-transferase-tagged p21 binding domain of PAK (GST-PBD) 

immobilized on GST-affinity beads (82). Lysates were prepared from 8 x 106 cells by 

sonication in 400 til of H-buffer (20 mM HEPES-KOH, pH 7.5, 1 mM DTT, 5 mM 

MgCl2, 60 mM NaCl, 1% Triton X-100 + PIC: 1 tig/ml each of leupeptin, pepstatin, 

antipain and aprotinin, 1 mM phenylmethylsulfonyl fluoride). Cell debris was then 

removed by centrifugation and 300 \xg of lysate was incubated with 30 /xg of immobilized 

GST-PBD beads. These were incubated in 400 itl H-buffer for 30 min at 4°C. The bead 

pellet was washed four times with H-buffer and resuspended in 45 /xl of Laemmli sample 

buffer. 15 td of each sample was analyzed by immunoblot for Racl (ARC03; 

Cytoskeleton Inc., Denver, CO) and Rac2 (07-604; Upstate, Waltham, MA) specific 

antibodies. Immunoblots were detected using IRDye800 fluorescently tagged secondary 

antibodies (Rockland Immunochemicals, Gilbertsville, PA) and the Odyssey image 

analysis system (LiCor, Seattle, WA). 

2.2.6. Actin polymerization assay 

Actin polymerization induced from cellular activity was measured using a previously 

described pyrene-actin polymerization assay (83). Briefly, 12 fig of purified neutrophils 

lysates were lysed using 70 /xl of lysis buffer (5 mM Tris-Cl, pH 8, 50 mM KC1, 0.2 mM 

CaCl2, 0.2 mM ATP, 0.17% NP-40, 0.35 mM MgCl2 + PIC). This was then mixed with 

50 id of 12 jLiM actin polymerization stock mixture containing 35% pyrene-labelled actin 
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in G-buffer (5 mM Tris-Cl, pH 8, 0.2 niM CaCl2, 0.2 mM ATP) (Cytoskeleton Inc.). 

Fluorescence intensity readings were recorded every 18 s using a QM-4SE 

spectrofluorimeter (Ex 360 nm/Em 407 nm, 10 nm bandwidth, 2 s integration) with a 

four-position heated sample holder set to 30°C (Photon Technologies Inc., London, ON). 

The pyrene-actin stock mixture was equilibrated for 10 min, test samples were then added 

and fluorescence measurements were taken for 30 min. Actin polymerization activity 

(APA) was calculated from polymerization curves by determining the average rate of 

fluorescence intensity increase for 30 min of reaction time (84) divided by the 

micrograms of test sample protein (AFI/ug). APA values were normalized to untreated 

resting cells for each experiment with the APA of the lysis alone subtracted. 

2.2.7. Measurement of O2" release from neutrophils 

Production of extracellular O2" from neutrophils in suspension was measured using an 

established technique (85). Briefly, 2 x 1 0 cells were suspended in 1-ml microcuvettes 

containing supplemented PBS (PBS+), pH 7.4 (with 1.2 mM MgCl2, 5 mM KC1, 0.5 mM 

CaCi2, 5 mM glucose and 0.1% BSA) and 50 juM ferricytochrome c (Sigma-Aldrich) at 

room temperature. The mixture was blanked at 550 nm in a Beckman DU 640 

spectrophotometer (Beckman Instruments, Mississauga, ON) before adding 10 ng/ml 

phorbol myristate acetate (PMA) or 5 juM fMLF to induce O2" production. To test the 

effects of Rac inactivation, 160 juM of NSC23766 was added to 2 x 107 cells/ml in RPMI-

1640 and incubated at 37°C for 15 min before stimulation with PMA or fMLF. 

2.2.8. Flow cytometry 

Neutrophil samples for flow cytometry were prepared and stimulated in similar fashion to 

those prepared for the in vitro actin polymerization assay. Samples were fixed in 4% 
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paraformaldehyde for 30 min on ice. They were then permeabilized by incubation with 

0.5% Triton-XlOO in PBS and stained using a 1:500 dilution of anti-CD63 conjugated to 

Alexafluor-488. F-actin was detected using a 1:1000 dilution of rhodamine-phalloidin. 

The volume was approximately 500 ul at 107 cells/ml for each sample. They were then 

measured for differences in F-actin fluorescence and granularity via detection of anti-

CD63 labelled primary granules. 

2.2.9. Electron microscopy 

Neutrophils were examined by electron microscopy after drug pre-treatment followed by 

stimulation as described previously in 2.2.2. The cells were then cooled on ice, 

centrifuged at 1000g- for 1 min and fixed overnight in 2.5% glutaraldehyde, 0.1 M 

cacodylate, pH 7.2 at 4 ° C. Fixed cells were stained with diaminobenzidine (DAB) (5 

min incubation in 2.5 mM DAB, 0.02% hydrogen peroxide, 0.1 M cacodylate, pH 7.2 at 

room temperature) to enhance the density of peroxidase-containing vesicles. The 

neutrophils were washed three times in 0.1 M cacodylate, pH 7.2, embedded in 1% 

ultrapure agarose and post-fixed in 0.2% aqueous osmium tetroxide for 1 h at 4°C. After 

serial dehydration by incubation in 60%, 80%, 95%) and 100% ethanol, propylene oxide 

and 50%o propylene oxide epon resin, the samples were embedded in epon resin. Ultra-

thin sections were excised from cured resin-embedded cells, mounted on copper coated 

grids and stained with saturated uranyl acetate and lead citrate. The neutrophils were 

viewed on a Phillips 410 transmission electron microscope and images were acquired 

using AnalySIS camera and software. 

Neutrophil EM sections were counted for granule numbers. Counts were 

performed in a blinded manner; that is, images were labelled as A, B, C, etc., and given to 
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another person unaware of the conditions. Cells that were selected for counting were 

those that contain multi-lobed nuclei, characteristic of polymorphonuclear neutrophils, 

and had a minimum section width of 7 /mi (86). Since cell preparations were usually 

>98% pure neutrophils, there were few contaminating cells. Cells used for image 

acquisition and granule counting did not display nuclear shrinkage or chromatin 

condensation (i.e. did not appear pycnotic). Granules were counted if they possessed the 

following characteristics: dark grey or black membrane-bound organelles, electron-dense, 

peroxidase-containing (i.e. DAB-positive) structures that were not part of the nucleus, 

with a size ranging 0.2-0.5 /mi. 

2.2.10. Calculations and statistical analysis 

Data was analyzed by one-way statistical analysis of variance (ANOVA) and post-hoc 

analysis was determined by Tukey's post test. The data depicted in figures are means 

plus or minus the standard error of the mean (± SEM). 
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CHAPTER III - Proteomic Analysis 

3.1. Background 

Neutrophil activation promotes the production and release of inflammatory mediators, 

up-regulation of cell surface adhesion molecules, an increase in migration, infiltration, 

phagocytosis and degranulation, as well as receptor modifications and signal transduction 

(87, 88). Neutrophils play an important role in the inflammatory process, and since other 

leukocyte-derived proteins have been associated with the pathogenesis of this disease, the 

identification of neutrophilic inflammatory biomarkers may also be useful in diagnosis 

and treatment. For example, the proteomic profile of macrophages taken from HIV-

infected patients with cognitive impairment demonstrated that alterations in the monocyte 

function corresponded with the onset of HIV-1-associated dementia (89). Moreover, 

previous studies have used proteomic analyses to investigate proteins undergoing 

nitration in response to stimuli in inflammatory disease models. Aulak et al. identified 

more than 40 nitrotyrosine-immunopositive proteins, including 30 not previously 

identified (90). The proteins identified comprise of those related to oxidative stress, 

apoptosis ATP production and other metabolic functions (90). 

The molecular mechanisms that regulate neutrophil exocytosis are poorly 

understood. Several pathways may be associated with this, including actin cytoskeleton 

remodelling and protein kinase activation (Figure 2). Rac2 has been previously shown to 

be important in the regulation of neutrophil primary granule exocytosis (59), but little is 

known regarding its downstream effectors and how they are perturbed. Gene deletion of 

Rac2 in mice leads to a loss of chemotactic ability in peripheral blood and bone marrow 

neutrophils, along with reduced superoxide production in response to fMLF, tumour 
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Figure 3. Sample preparation for proteomic analysis. 
Bone marrow neutrophils were isolated from C57B1/6 WT and Rac2-/- mice and separated into two conditions for proteomic analysis: 
unstimulated and CB/fMLF-stimulated. Unstimulated cells were not treated with anything, but were incubated at 37°C concurrently 
with the stimulated condition. For the CB/fMLF condition, cells were primed with 10 fiM CB for 5 min then 5 /iM fMLF for 15 min 
at 37°C. The samples were then lysed to release proteins and labelled with Cy™ dyes for 2D-DIGE anlysis. 
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Figure 3. Diagram of Amersham Ettan DIGE 2D electrophoresis analysis. 
A total of 40 ixg of protein from each sample was labelled with either Cy™3 or Cy™5 dye and internal standard was labelled with 
Cy™2 dye. The internal standard consists of a pool taken from all the samples. These were then run on a single gel, separating them 
by size and isoelectric focusing. The fluorescent gel was then imaged at different wavelengths and algorithms applied using the 
DeCyder DIA module software to be examined for spot differences. 



the samples within the experiment. This created an image that is the average of all 

experimental samples, with all proteins in the experiment represented. By doing so, we 

are able compare each protein spot to its representative within the internal standard on the 

same gel to produce a ratio of relative protein levels, effectively removing the system gel-

to-gel variation. We were interested in spots that changed significantly in abundance 

between WT and Rac2v" samples. Spots of interest were then identified by MS and 

compared to a database of known protein sequences and masses. Figures 5 and 6 shows a 

flowchart outlining how we characterized the proteome of BMN from unstimulated or 

CB/fMLF-stimulated WT or Rac2"" mice using the DeCyder software. We predicted that 

granule proteins will decrease in abundance following stimulation by CB/fMLF, while 

other molecules may increase in concentration. Furthermore, these same proteins were 

predicted to be significantly altered in Rac2"" neutrophils compared with WT cells. The 

purpose of this study was to generate a database of protein abundance changes in WT and 

Rac2_/" neutrophils, and to further characterize identified proteins with functional studies. 

3.1.1. Ettan DIGE 

The DeCyder DIA module processes images from a single gel, performs spot detection 

and spot quantitation. This is accomplished using algorithms to detect spots on a 

cumulative image derived from merging three individual images from one in-gel linked 

image set. The co-detection ensures that all spots are represented in all the images 

processed. The DIA module then quantitates spot protein abundance for each image and 

expresses it as a ratio, indicating changes in expression levels by direct comparison of 

corresponding spots. The ratio is then used for protein spot quantitation against the 

internal standard to allow for accurate inter-gel protein spot comparisons. This data is 
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Figure 5. Schematic of single gel analysis using the DeCyder DIA module. 
A single gel comprising of three images is processed for spot co-detection. The spot 
volumes are normalized to the normalization pool: Cy™3/Cy™2 and Cy™5/Cy™2. 
After normalization, Cy™3/Cy™5 volume ratios are generated. 
First, DeCyder uses its detection algorithms to estimate the number of spots. Then dye 
tags are assigned to the images. The primary images are usually the internal standard 
while the secondary and tertiary images are Cy™3 or 5. To exclude artifacts such as 
dust, we assign parameters to the slope, area, peak height and volume of the spots. A 
manual confirmation of the spots comes next to ensure exclusiveness. The software then 
renormalizes the data based on set parameters. 
Modified from: Tannu, N.S., and S.E. Henby. 2006. Two-dimensional fluorescence 
difference gel electrophoresis for comparative proteomics profiling. Nat Protoc 1: 1732-
1742. 
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Figure 6. Schematic of multi-gel analysis using the DeCyder BVA module. 
The BVA module allows for comparison of multiple gels. After image matching on the 
DIA module, the volume information is used to generate average ratios for each spot for 
statistical analysis (t test and ANOVA) to create a list of differentially regulated protein 
spots. The BVA module also allows for visualization of 2D and 3D images of individual 
spots with differential expressions as well as their within-group variability. 
First, multiple XML DIA files are imported into BVA. Groups and master gels are 
assigned with the standard being the Cy™2 labelled images, the control and treatment 
gels being Cy™3 or 5, and the master gel being the one with the highest resolution and 
most number of spots. This is the gel where spots will be picked from. Next, we must 
manually landmark all the gels with respect with the master gel, or allow the software to 
automatically landmark for us. For our experiment, we manually landmarked and 
visually confirmed it. Statistical analysis was then done on the samples. 
Modified from: Tannu, N.S., and S.E. Henby. 2006. Two-dimensional fluorescence 
difference gel electrophoresis for comparative proteomics profiling. Nat Protoc 1: 1732-
1742. 
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transferred to BVA for analysis. 

The DeCyder BVA module processes multiple gel images and performs gel to 

gel matching of spots, allowing for quantitative comparisons of protein expression across 

multiple gels. Images that have undergone spot detection in DIA are generated as XML 

files and these files, together with the original scanned image, are then used in BVA 

module. The images are matched to a single master image, identifying common protein 

spots across the gels. Statistical analysis is also done to highlight proteins that show 

significant abundance changes under different experimental conditions. 

3.2. Results 

3.2.1. Differential in-gel analysis 

The initial analysis of the neutrophil proteome was carried out by subjecting whole cell 

lysates to Ettan DIGE analysis (see section 3.1.1 and Figures 3 - 6 for description). 2D 

DIGE gels were run with samples from WT unstimulated versus WT CB/fMLF-

stimulated (Figure 7A), WT unstimulated versus Rac2"" unstimulated (Figure 7B), Rac2"" 

unstimulated versus Rac2_/" stimulated (Figure 7C), and Rac2_/" stimulated versus WT 

stimulated (Figure 7D) and directly compared. Each condition was run 3 times, for a 

total of 12 gels from 24 samples. The DeCyder differential in-gel analysis (DIA) 

software module processed single gel images by performing background subtraction, 

detection and quantification, in gel normalization and gel artifact removal. From this, we 

identified spots of interest - those that increased or decreased greater than 1.5-fold with a 

volume ratio of more than 1 (excluding dust or artifacts) and transferred the data to the 

biological variance analysis (BVA) software module for further processing. Figure 8 

shows examples of 3D histograms taken from the DIA software module. 
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Figure 7. Annotated gels from the DIA module of the DeCyder software. 
A) WT unstimulated (Cy™3 dye, left) versus WT CB/fMLF-stimulated (Cy™5 dye, 
right); B) WT unstimulated (Cy™3 dye, left) versus Rac2"/_ unstimulated (Cy™5 dye, 
right); C) Rac2"A unstimulated (Cy™3 dye, left) versus Rac2";" stimulated (Cy™5 dye, 
right); and D) WT stimulated (Cy™3 dye, left) versus Rac2_/" stimulated (Cy™5 dye, 
right). Cells were stimulated with CB (10 fiM) for 5 min, then fMLF (5 fxM) for 15 min 
at 37°C prior to termination and lysis of sample. Red represents a decrease in spot 
abundance, blue represents an increase, and green represents no change. 
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Figure 8. Three dimensional histograms of spots of interest taken from the DIA 
software module. 
A) Spot of increased abundance in WT unstimulated compared to WT stimulated 
neutrophil lysates; B) spot of decreased abundance of WT unstimulated compared to WT 
stimulated; C) spot of increased abundance of Rac2_/" stimulated compared to Rac2_/" 
stimulated; and D) spot of decreased abundance of WT stimulated compared to Rac2"/_ 

stimulated. This is representative of 24 samples in 12 separate gels. Each gel had 2 
samples (Cy™3 and Cy™5), and a control mixture of all samples (Cy™2). 

42 



3.2.2. Biological variance analysis 

The DeCyder BVA software module performed inter-gel statistical analysis to provide 

relative protein abundance and the first overlap of gels. Log abundance ratios were then 

compared between the gels using t-test and ANOVA. Using fluorescent dyes to label the 

proteins also allowed the use of a pooled internal standard (sample composed of equal 

aliquots from each condition). This approach was essential for assessing biological and 

experimental variance, thereby increasing the robustness of statistical analysis (93). The 

individual protein data from each condition (Cy™3- or Cy™5-labeled) were normalized 

against the Cy™2-labeled internal standard, Cy™5:Cy2™2 and Cy™3:Cy™2. 

The gels were matched to a single master image and the software identified 

common protein spots across the gels. Tables 2 (WT unstimulated versus WT 

stimulated), 3 (Rac2"/_ unstimulated versus Rac2_/~ stimulated), 4 (Rac2_/~ unstimulated 

versus Rac2"" stimulated), and 5 (WT stimulated versus Rac2-/" stimulated) show the top 

50 spots that were sorted based on their statistical significance. It was from this data that 

we picked spots to be identified by mass spectrometry. 

3.2.3. Proteins identified as being differentially expressed in Rac2 KOs 

Over 3500 spots were revealed by DIGE, from which 22 were chosen for identification 

by MS because they showed statistically significant differences between WT stimulated 

and unstimulated samples while this trend was not apparent in Rac2"/_ samples. None of 

the spots chosen for sequencing correlated with Rac2, indicating that this approach was 

not sensitive enough to detect loss of Rac2 expression in Rac2"/_ BMN. Indeed, no 

regulatory or signalling molecules (such as GTPases, kinases or phosphatases) could be 
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Table 2. BVA on spots of interest from WT unstimulated versus WT stimulated 
BMN samples determined from the DIA software module. 

Master Number 
1018 
1048 
572 
616 
970 
637 
425 
965 
535 
1038 
382 
504 
312 
888 
560 
1060 
983 
691 
985 
677 
971 
1021 
738 
903 
998 
969 
220 
957 
999 
854 
676 
1037 
548 
636 
389 
374 
561 
354 
841 
234 
1162 
694 
974 
1010 
1039 
973 
567 
1097 
603 
164 

Appearance 
24 
24 
24 
24 
24 
24 
24 
21 
18 
21 
24 
24 
21 
21 
21 
12 
24 
24 
24 
24 
24 
18 
24 
21 
21 
24 
15 
21 
24 
24 
24 
21 
21 
21 
21 
24 
21 
24 
21 
24 
21 
24 
24 
24 
15 
12 
24 
21 
21 
18 

p-value (t test) 
2.80E-07 
2.70E-06 
9.20E-06 
4.70E-05 
2.80E-05 
8.70E-06 
6.10E-07 
9.80E-06 
3.10E-05 
4.70E-05 
3.20E-05 
2.70E-05 
0.00014 
5.30E-05 
4.50E-06 
0.0013 

0.00011 
0.00053 
0.0003 

2.80E-05 
0.00032 
0.00044 
0.00093 
0.00058 
0.0015 

6.60E-05 
0.0072 

0.00017 
0.00087 
8.40E-05 
0.00033 
0.00062 
3.00E-05 
0.00026 
0.00062 
0.0029 

3.80E-05 
0.00023 

0.001 
0.00019 
0.0006 
0.0013 
0.0003 

0.00069 
0.0052 
0.0083 
0.003 
0.002 

0.0002 
0.0018 

Average Ratio 
4.56 
2.62 
2.46 
3.41 
3.9 

2.75 
-2.14 
5.11 
3.01 
3.4 

-2.01 
2.34 
2.96 
1.96 
2.99 
3.52 
3.48 
-2.85 
2.95 
1.66 
3.31 
4.15 
2.24 
-1.15 
1.49 
3.28 
2.17 
3.13 
3.39 
-1.28 
1.7 

3.22 
-1.55 
3.15 
1.94 
-1.2 
-1.7 

-1.86 
-1.43 
-1.26 
-1.35 
1.47 
3.08 
-1.59 
2.43 
3.28 
-1.45 
-1.24 
-2.96 
-1.3 

p-value (One way ANOVA) 
2.20E-10 
5.30E-08 
5.30E-08 
2.60E-07 
2.80E-07 
6.60E-07 
8.70E-07 
1.30E-06 
2.00E-06 
2.00E-06 
2.20E-06 
4.70E-06 
5.10E-06 
6.20E-06 
7.80E-06 
1.20E-05 
1.50E-05 
2.10E-05 
2.50E-05 
3.10E-05 
4.00E-05 
4.30E-05 
4.30E-05 
4.40E-05 
5.70E-05 
5.90E-05 
6.00E-05 
7.90E-05 
9.50E-05 
0.0001 
0.00011 
0.00013 
0.00015 
0.00016 
0.00018 
0.0002 
0.00025 
0.00025 
0.0003 
0.00032 
0.00032 
0.00051 
0.00059 
0.00062 
0.00062 
0.00065 
0.00093 

0.001 
0.0011 
0.0013 

The top 50 spots of interest were ranked in order of significance based on ̂ -values from 
one way ANOVA. Appearance describes the amount of times the spot appeared out of 
24 gels and average ratio describes the difference of the spot from the compared gel. A 
positive average ratio indicates an increase in relative proteins abundance, while a 
negative average ratio shows decreased abundance. Out of the top 50 spots, the majority 
of proteins increased in relative abundance (33/50) upon stimulation with CB/fMLF. 
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Table 3. BVA on spots of interest from Rac2" unstimulated versus Rac2 
stimulated BMN samples determined from the DIA software module. 

Master Number 
1018 
572 
1048 
616 
970 
637 
425 
965 
1038 
535 
382 
504 
312 
888 
560 
1060 
983 
691 
985 
945 
677 
981 
971 
738 
1021 
903 
1040 
998 
969 
220 
957 
999 
854 
676 
1037 
548 
636 
371 
1041 
389 
374 
536 
354 
561 
1108 
841 
1162 
234 
686 
925 

Appearance 
24 
24 
24 
24 
24 
24 
24 
21 
21 
18 
24 
24 
21 
21 
21 
12 
24 
24 
24 
15 
24 
9 
24 
24 
18 
21 
24 
21 
24 
15 
21 
24 
24 
24 
21 
21 
21 
24 
24 
21 
24 
24 
24 
21 
21 
21 
21 
24 
24 
24 

p-value (t test) 
0.00049 
0.0022 
0.008 

0.00037 
0.0031 
0.015 
0.56 
0.016 
0.0052 
0.0066 
0.14 
0.011 
0.007 
0.0092 
0.039 
0.0034 
0.023 
0.013 
0.0044 
0.0081 
0.078 
ND 

0.0083 
0.00095 
0.017 
0.021 
0.0011 
0.00081 
0.022 
0.028 
0.03 

0.0059 
0.025 
0.027 
0.055 
0.11 
0.049 
0.0064 
0.0048 
0.085 
0.0033 
0.86 
0.58 
0.85 

0.0013 
ND 

0.022 
0.19 
0.03 
0.017 

Average Ratio 
-1.97 
-1.45 
-1.4 

-2.11 
-1.79 
-1.47 
1.05 
-2.09 
-2.28 
-1.88 
1.14 
-1.52 
-1.3 

-1.58 
-1.52 
-1.2 

-2.02 
1.61 
-2.25 
-1.06 
-1.23 
1.05 
-2.03 
-1.61 
-1.99 
-1.24 
-1.47 
-1.3 

-1.87 
-1.16 
-1.78 
-2.34 
-1.17 
-1.4 

-1.46 
1.23 
-1.9 

-1.15 
-1.44 
-1.23 
-1.14 
-1.01 
1.06 
-1.01 
-1.28 

1 
-1.31 
-1.07 
-1.25 
-1.41 

p-value (One way ANOVA) 
2.20E-10 
5.30E-08 
5.30E-08 
2.60E-07 
2.80E-07 
6.60E-07 
8.70E-07 
1.30E-06 
2.00E-06 
2.00E-06 
2.20E-06 
4.70E-06 
5.10E-06 
6.20E-06 
7.80E-06 
1.20E-05 
1.50E-05 
2.10E-05 
2.50E-05 
3.00E-05 
3.10E-05 
3.90E-05 
4.00E-05 
4.30E-05 
4.30E-05 
4.40E-05 
4.50E-05 
5.70E-05 
5.90E-05 
6.00E-05 
7.90E-05 
9.50E-05 
0.0001 
0.00011 
0.00013 
0.00015 
0.00016 
0.00016 
0.00017 
0.00018 
0.0002 
0.00024 
0.00025 
0.00025 
0.00025 
0.0003 
0.00032 
0.00032 
0.00042 
0.00049 

The top 50 spots of interest were ranked in order of significance based on /7-values from 
one way ANOVA, similar to Table 2. In this case, only 5 protein spots increased in their 
relative abundance in CB/fMLF-stimulated BMN over unstimulated cells. The majority 
of the top 50 proteins decreased in relative abundance upon stimulation. The highlighted 
numbers indicate those spots identical to the WT top 50 values. ND = Not determined. 
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Table 4. BVA on spots of interest from WT unstimulated versus Rac2 
unstimulated BMN samples determined from the DIA software module. 

Master Number 
1018 
572 
1048 
616 
970 
637 
425 
965 
535 
1038 
382 
504 
312 
888 
560 
1060 
983 
691 
985 
945 
677 
981 
971 
738 
1021 
903 
1040 
998 
969 
220 
957 
999 
854 
676 
1037 
548 
636 
371 
1041 
389 
374 
536 
354 
561 
1108 
841 
234 
1162 
686 
925 

Appearance 
24 
24 
24 
24 
24 
24 
24 
21 
18 
21 
24 
24 
21 
21 
21 
12 
24 
24 
24 
15 
24 
9 
24 
24 
18 
21 
24 
21 
24 
15 
21 
24 
24 
24 
21 
21 
21 
24 
24 
21 
24 
24 
24 
21 
21 
21 
24 
21 
24 
24 

p-value (ftest) 
0.042 
0.32 
0.69 
0.039 
0.54 

0.0025 
0.13 
0.93 
0.66 
0.074 
0.26 
0.28 
0.21 
0.13 
0.62 

0.0094 
0.55 
0.69 

0.0085 
0.0013 
0.049 
ND 
0.86 
0.95 
0.15 
0.82 

0.0047 
0.32 
0.19 
0.035 
0.73 
0.031 
0.0015 
0.25 
0.41 
0.013 
0.091 
0.04 
0.12 
0.25 

0.0076 
0.00067 

0.14 
0.016 
0.0053 
0.022 
0.0032 
0.0079 
0.016 
0.025 

Averaqe Ratio 
1.2 

-1.06 
-1.03 
-1.2 

-1.05 
-1.11 
1.16 
-1.02 
-1.06 
1.3 
1.09 
-1.1 
-1.19 
1.1 

-1.03 
-1.47 
1.17 
-1.09 
1.28 
1.35 
-1.22 
-2.01 
-1.01 
-1.02 
1.17 
1.01 
1.38 
1.09 
-1.21 
-1.21 
1.06 
1.37 
1.3 
1.09 
-1.14 
1.18 
-1.13 
1.1 
1.16 
-1.12 
1.15 
1.68 
1.2 
1.4 
1.23 
1.25 
1.19 
1.37 
1.19 
1.24 

p-value (One way ANOVA) 
2.20E-10 
5.30E-08 
5.30E-08 
2.60E-07 
2.80E-07 
6.60E-07 
8.70E-07 
1.30E-06 
2.00E-06 
2.00E-06 
2.20E-06 
4.70E-06 
5.10E-06 
6.20E-06 
7.80E-06 
1.20E-05 
1.50E-05 
2.10E-05 
2.50E-05 
3.00E-05 
3.10E-05 
3.90E-05 
4.00E-05 
4.30E-05 
4.30E-05 
4.40E-05 
4.50E-05 
5.70E-05 
5.90E-05 
6.00E-05 
7.90E-05 
9.50E-05 
0.0001 
0.00011 
0.00013 
0.00015 
0.00016 
0.00016 
0.00017 
0.00018 
0.0002 
0.00024 
0.00025 
0.00025 
0.00025 
0.0003 
0.00032 
0.00032 
0.00042 
0.00049 

The top 50 spots of interest were ranked in order of significance based on p-values from 
one way ANOVA, as described in Table 2. ND = not determined. 
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Table 5. BVA on spots of interest from WT stimulated versus Rac2_/" stimulated 
BMN samples determined from the DIA software module. 

Master Number 
1018 
1048 
572 
616 
970 
637 
425 
965 
535 
1038 
382 
504 
312 
888 
560 
1060 
983 
691 
985 
945 
677 
981 
971 
738 
1021 
903 
1040 
998 
969 
220 
957 
999 
854 
676 
1037 
548 
636 
371 
1041 
389 
374 
536 
354 
561 
1108 
841 
1162 
234 
686 
925 

Appearance 
24 
24 
24 
24 
24 
24 
24 
21 
18 
21 
24 
24 
21 
21 
21 
12 
24 
24 
24 
15 
24 
9 
24 
24 
18 
21 
24 
21 
24 
15 
21 
24 
24 
24 
21 
21 
21 
24 
24 
21 
24 
24 
24 
21 
21 
21 
21 
24 
24 
24 

D-value (Hest) 
9.00E-05 
0.00037 
0.0012 
0.074 
0.0026 
0.011 

7.90E-05 
0.0041 
0.0019 
0.006 

0.00062 
0.019 
0.0019 
0.028 
0.0036 
0.0015 
0.011 
0.004 
0.073 
0.0047 
0.15 
ND 

0.013 
0.032 
0.044 

0.00012 
0.092 
0.0016 
0.18 

0.0045 
0.032 
0.061 
0.0067 
0.068 
0.0098 
0.41 
0.13 

0.00095 
0.077 
0.024 
0.0013 
0.078 
0.0027 
0.022 
0.0022 
0.017 
0.0011 
0.017 
0.063 
0.088 

Averaqe Ratio 
2.77 
1.82 
1.6 
1.35 
2.07 
1.69 
-1.75 
2.39 
1.51 
1.95 
-1.61 
1.4 
1.92 
1.36 
1.91 
1.98 
2.02 
-1.94 
1.68 
1.12 
1.11 
-1.6 
1.61 
1.36 
2.44 
-1.41 
1.11 
1.24 
1.45 
1.54 
1.86 
1.99 
-1.16 
1.32 
1.93 
-1.07 
1.47 
-1.28 
1.21 
1.41 
-1.19 
1.24 
-1.45 
-1.23 
-1.22 
-1.15 
-1.3 

-1.14 
1.19 
1.22 

D-value (One wav ANOVA) 
2.20E-10 
5.30E-08 
5.30E-08 
2.60E-07 
2.80E-07 
6.60E-07 
8.70E-07 
1.30E-06 
2.00E-06 
2.00E-06 
2.20E-06 
4.70E-06 
5.10E-06 
6.20E-06 
7.80E-06 
1.20E-05 
1.50E-05 
2.10E-05 
2.50E-05 
3.00E-05 
3.10E-05 
3.90E-05 
4.00E-05 
4.30E-05 
4.30E-05 
4.40E-05 
4.50E-05 
5.70E-05 
5.90E-05 
6.00E-05 
7.90E-05 
9.50E-05 
0.0001 
0.00011 
1.30E-04 
0.00015 
0.00016 
0.00016 
0.00017 
0.00018 
0.0002 
0.00024 
0.00025 
0.00025 
0.00025 
3.00E-04 
0.00032 
0.00032 
0.00042 
0.00049 

The top 50 spots of interest were ranked in order of significance based on/?-values from 
one way ANOVA, as described in Table 2. Out of the top 50 spots, 35 proteins showed 
an increase in relative abundance in CB/fMLF-stimulated Rac2"" BMN compared to WT 
stimulated cells. ND = not determined. 
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detected. Most of the proteins identified were cytoskeletal or housekeeping protein 

which makes sense since they are the most abundant and separable protein species. 

The spots that were chosen to be sequenced resulted in multiple hits, but only 

species-specific (mouse) matches were considered. Six known proteins and three 

unknown proteins were identified by MS. In Table 6, the proteins are identified and 

sorted in descending order of WT CB/fMLF-stimulated BMN when compared to WT 

unstimulated BMN. In Table 7, the proteins are identified and sorted in descending order 

of WT CB/fMLF-stimulated BMN when compared to Rac2~;~ unstimulated BMN. In 

Table 8, the proteins are identified and sorted in descending order of Rac2_/" unstimulated 

BMN when compared to WT unstimulated BMN. In Table 9, the proteins are identified 

and sorted in descending order of Rac2"7" CB/fMLF-stimulated BMN when compared to 

Rac27" stimulated BMN. 

In all gels, the abundance of coronin showed consistent and significant changes. 

Chitinase also showed consistent changes and was a very abundant protein. Spot maps 

for these two proteins were traced back to the DeCyder BVA module. The gel showed 

that coronin and chitinase were of a relatively high molecular weight and had mid-range 

pis (Figure 9A). From WT unstimulated to WT stimulated BMNs, coronin increased in 

abundance (Figure 9B) while chitinase decreased in abundance (Figure 9C). In WT 

stimulated compared to Rac2_/" stimulated BMNs, we see the converse (Figure 9D, E). 

A scatter plot of abundance measurements from all gels showed that in WT and 

Rac2~" unstimulated BMNs, coronin remained in relatively low abundance, but when 

stimulated with CB/fMLF, there is a large and significant increase in abundance although 

the increase is less pronounced in Rac2_/" BMNs (Figure 10A). Chitinase, on the other 
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Table 6. Proteins identified by mass spectrometry and their differences in spot 
abundance compared between WT unstimulated BMN and WT stimulated BMN. 

Identity 

NIH protein 
database 
accession 
number 

WT unstim 

Volume (SD) Difference 

WT stim 

Volume (SD) Difference 

Coronin NP 034028 0.024 (0.033) 1.000 0.084 (0.035M 3.578 

GAPDH ^WJ89484 0.020 (0.020) 1.000 0.035 (0.035)̂  

HSP60 NP 034607 0.075 (0.056) 1.000 0.120(0.116)^ 

Chitinase NP 075675 2.245(1.592) 1.000 0.941 (0.741)̂  

Granule protein BAB26414 0.238 (0.053) 1.000 0.086 (0.067M 

jg-actin ^BL01512 0.328(0.192) 1.000 0.111 (0.0821 

[Granule protein NP 032720 0.048(0.019) 1.000 0.013(0.013)^ 

|/3-actin b\BL01512 0.104(0,068) 1.000 0.026 (0.004) 

kctin capping protein NP 033928 0.169 (0.040) 1.000 0.037 (0.024J -4.568 

|Granule protein EDL09016 | 0.180(0.223)1 1.000 0.014(0.010)1 -12.4231 

HSP60, heat shock protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; N" 
National Institutes of Health 

H, 
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Table 7. Proteins identified by mass spectrometry and their differences in spot 
abundance compared between Rac2"' unstimulated BMN and Rac2" stimulated 
BMN. 

Identity 

Coronin 

GAPDH 

HSP60 

0-actin 

Chitinase 

Granule protein 

iff-actin 

Granule protein 

Actin capping protein 

Granule protein 

NIH protein 
database 
accession 
number 

NP 034028 

AAU89484 

NP 034607 

ABL01512 

NP 075675 

NP 032720 

ABL01512 

BAB26414 

NP 033928 

EDL09016 

Rac2"'' unstim 

Volume (SD) 

0.016(0.018) 

0.034 (0.052) 

0.079 (0.058) 

0.076(0.012) 

1.889(1.400) 

0.052(0.019) 

0.271 (0.165) 

0.288 (0.078) 

0.171 (0.054) 

0.136(0.156) 

Difference 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

Rac2"'" stim 

Volume (SD) 

0.044 (0.036) 

0.052 (0.057) 

0.113(0.092) 

0.068(0.031) 

1.577(0.815) 

0.039(0.017) 

0.201 (0.108) 

0.187(0.069) 

0.105(0.070) 

0.069(0.081) 

Difference 

2.750 

1.529 

1.430 

-1.118 

-1.198 

-1.333 

-1.348 

-1.540 

-1.629 

-1.971 
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Table 8. Proteins identified by mass spectrometry and their differences in spot 
abundance compared between WT unstimulated BMN and Rac2" unstimulated 
BMN. 

Identity 

GAPDH 

Granule protein 

Granule protein 

HSP60 

Actin capping protein 

Chitinase 

ff-actin 

Granule protein 

5-actin 

Coronin 

NIH protein 
database 
accession 
number 

AAU89484 

BAB26414 

NP 032720 

NP 034607 

NP 033928 

NP 075675 

ABL01512 

EDL09016 

ABL01512 

NP 034028 

WT unstim 

Volume (SD) 

0.020 (0.020) 

0.238 (0.053) 

0.048(0.019) 

0.075 (0.056) 

0.169(0.040) 

2.245(1.592) 

0.328(0.192) 

0.180(0.223) 

0.104(0,068) 

0.024 (0.033) 

Difference 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

Rac2"" unstim 

Volume (SD) 

0.034 (0.052) 

0.288 (0.078) 

0.052(0.019) 

0.079 (0.058) 

0.171 (0.054) 

1.889(1.400) 

0.271 (0.165) 

0.136(0.156) 

0.076(0.012) 

0.016(0.018) 

Difference 

1.700 

1.210 

1.083 

1.053 

1.012 

-1.188 

-1.210 

-1.324 

-1.368 

-1.500 
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Table 9. Proteins identified by mass spectrometry and their differences in spot 
abundance compared between WT stimulated BMN and Rac2_/" stimulated BMN. 

Identity 

Granule protein 

Granule protein 

Actin capping protein 

ff-actin 

Granule protein 

fl-actin 

Chitinase 

GAPDH 

HSP60 

Coronin 

NIH protein 
database 
accession 
number 

EDL09016 

NP 032720 

NP 033928 

ABL01512 

BAB26414 

ABL01512 

NP 075675 

AAU89484 

NP 034607 

NP 034028 

WT stim 

Volume (SD) 

0.014(0.010) 

0.013(0.013) 

0.037 (0.024) 

0.026 (0.004) 

0.086 (0.067) 

0.111 (0.082) 

0.941 (0.741) 

0.035 (0.035) 

0.120(0.116) 

0.084 (0.035) 

Difference 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

Rac2"'" stim 

Volume (SD) 

0.069(0.081) 

0.039(0.017) 

0.105 (0.070) 

0.068(0.031) 

0.187(0.069) 

0.201 (0.108) 

1.577(0.815) 

0.052 (0.057) 

0.113(0.092) 

0.044 (0.036) 

Difference 

4.744 

3.001 

2.793 

2.655 

2.185 

1.809 

1.676 

1.464 

-1.064 

-1.899 

52 



A) MW pi 
(kDa) 3 

70 

10 

5 • l O 

a. 

4 

• i 

4 

* 

* t 

9 

itinase *" 

V 

f 

1 
Li.*-* 

< ,m: \ 

* 
1 

ft . <UM«* 

)ronin ' * 

• 

r 
m 1 

« 

^ j , : " — 

B) Coronin 
WT unstim WT stim 

Q Chitinase 
WT unstim WT stim 

53 



D) Coronin 
WT stim Rac2_/" stim 

E) Chitinase 
WT stim R3C2"'' stim 

Figure 9. Spots on a WT unstimulated BMN gel were identified as coronin and 
chitinase. 
In each gel, coronin and chitinase, as examples, were identified as discrete spots. A) An 
annotated gel where chitinase (MW = 52 kDa, pi = 4.84) and coronin (MW = 51 kDa, pi 
- 6.05) were found in positions indicated. B) 3D histogram of the spot correlating with 
coronin. The left panel is WT unstimulated BMN and the right is WT stimulated BMN. 
C) 3D histogram of the spot correlating with chitinase. The left panel is WT 
unstimulated BMN and the right is WT stimulated BMN. D) 3D histogram of the spot 
correlating with coronin. The left panel is WT stimulated BMN and the right is Rac2^" 
stimulated BMN. E) 3D histogram of the spot correlating with chitinase. The left panel 
is WT stimulated BMN and the right is Rac2_/" stimulated BMN. 
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Figure 10. Scatter plots of standardized log abundance of spots of coronin and 
chitinase taken from the DeCyder BVA module. 
Coronin and chitinase, as examples, were back traced as spots into the BVA module 
where the software calculated their standardized log abundance ratios. A) Coronin, in 
WT and Rac2"" unstimulated BMN, had approximately the same abundance, but when 
stimulated with CB/fMLF, there was an increase in abundance. This increase in 
abundance was not as pronounced in the Rac2"" samples as it was in the WTs. B) 
Chitinase, in WT and Rac2_/" unstimulated BMN, had approximately the same abundance, 
but when stimulated with CB/fMLF, there was a decrease in abundance. This decrease in 
abundance was not as pronounced in the Rac2_/" samples as it was in the WTs. Each spot 
represents different spots from 4-6 gels run on 3 samples (each sample is pooled from 4 
mice). 
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hand, showed the opposite trend. In WT and Rac2"" unstimulated BMNs, chitinase was 

in high abundance, but when stimulated with CB/fMLF, there was a decrease in 

abundance (Figure 10B). Again, this trend was not as pronounced in the Rac2"/_ samples 

as it was in the WT samples. These differences were statistically significant. 

3.3. Summary 

Our findings indicate that coronin and chitinase, and other proteins listed in Tables 6 - 9 , 

were significantly altered in their abundance in samples prepared from stimulated Rac2"" 

and WT neutrophils. Although our analysis was sensitive enough to detect numerous 

changes in protein abundance (i.e. pi, molecular weight, and concentration changes), we 

could not determine whether they were due to specific modifications such as 

phosphorylation, methylation or nitration. As well, we could not correlate changes of 

two protein isoforms simultaneously. For example, we found that the abundance of 

coronin increased in wild-type samples after stimulation; however, we could not detect a 

corresponding decrease in abundance of another spot which would represent coronin 

being covalently modified. This is likely due to corresponding changes not fitting the 

minimal proteomic screening criteria of 1.5-fold change in abundance with statistical 

relevance of/? < 0.001 by one way ANOVA. 

Of particular interest was coronin which was identified as a protein which showed 

a more abundant isoform in WT stimulated but not WT unstimulated cells. Coronin is an 

actin-binding protein that is important for chemotaxis and phagocytosis (94, 95). 

Coronin may be an interesting protein to pursue in the elucidation of the Rac2 pathway of 

exocytosis because it has been implicated as a regulator of the cytoskeleton and 

membrane trafficking (96). Interestingly, /3-actin and actin-capping proteins were also 
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identified. This suggests that the actin cytoskeleton, and some of its associating proteins, 

may play a regulatory role in neutrophil exocytosis - specifically in the Rac2 signalling 

cascade. 

Chitinase is also interesting because it is an enzyme that degrades chitin, an 

abundant biopolymer that is found in the walls of fungi; the exoskeleton of crabs, shrimp, 

and insects; the micro filarial sheath of parasitic nematodes; and the lining of the digestive 

tracts of many insects (97). Chitinases are produced in large quantities by hosts 

defending against infections from chitin-containing organisms. Acidic mammalian 

chitinase is induced during TH2 inflammation through an IL-13-dependent mechanism 

(98). Zhu et al. showed that it played an important role in the pathogenesis of TH2 

inflammation and IL-13 effector pathway activation and demonstrated that chitinase is 

expressed in an exaggerated fashion in human asthmatic tissues (98). Our data showed 

that chitinase was decreased in both WT and Rac27" BMNs when they were stimulated 

with CB/fMLF. We can infer that chitinase may be released during degranulation, 

resulting in a lower abundance in stimulated cells. Furthermore, its abundance is higher 

in stimulated Rac2~/" neutrophils, which falls in line with the observation that Rac2-/" 

neutrophils show less degranulation when stimulated with CB/fMLF (59). Interestingly, 

YKL-40, a mammalian member of the chitinase family, is found in specific granules in 

human neutrophils (99). To follow up on this, we should investigate the function of 

chitinase in relation to Rac2 in neutrophils before we can arrive at any conclusions. 

A problem associated with this experimental design is that the purity of cells was 

80-85%, so some of these results may not be valid because of contamination from other 

cells. The main contaminating cell types were immature neutrophils and monocytes. We 
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cannot be sure the changes in protein abundance are specific to neutrophils. Furthermore, 

for future experiments, it would be beneficial to analyze subcellular compartments such 

as purified granules, but this has an inherent problem in that granules are lost when cells 

degranulate which makes it difficult to compare granule proteins before and after 

stimulation. 

In summary, we detected nine proteins (six known, three unknown) that changed 

in abundance between CB/fMLF-stimulated WT and Rac2"" murine BMN. Our 

experimental design using DeCyder analysis for proteomics was not able to discriminate 

whether changes in protein abundance were due to modifications such as 

phosphorylation, methylation or nitrosylation. In addition, proteins with hydrophobic 

regions or low abundance were also difficult to detect using this approach - in agreement 

with findings from other laboratories (100). Nevertheless, the software performed 

statistical analysis on multiple gels, providing extensive data on spot abundance changes. 

Through this, we found two proteins of note - coronin and chitinase - which showed 

differences between WT and Rac2v" neutrophils and may play a role in the Rac2-

mediated primary granule pathway. 
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CHAPTER IV - Role of actin cytoskeleton 

4.1. Background 

Our proteomic data implicated a role for coronin, /3-actin, and an unknown actin capping 

protein in exocytosis. These conclusions lead us to investigate whether actin was a key 

player in neutrophil granule exocytosis. Indeed, numerous studies of exocytosis in many 

different kinds of secretory cells have suggested a regulatory role for the actin 

cytoskeleton in granule translocation (42, 71, 72). Myeloid cells possess an F-actin-rich 

cortical region which is considered to be an impediment in preventing granule docking 

and fusion at the plasma membrane, the so-called "actin-barrier" hypothesis. 

Furthermore, F-actin exists in equilibrium with cytoplasmic G-actin. A comprehensive 

study of neutrophil degranulation revealed that all major granule types associated with 

actin (78). Indeed, primary, secondary and tertiary granule exocytosis from isolated 

neutrophils is enhanced through the pre-treatment of cells with CB, an actin 

depolymerizing drug, which supports the actin-barrier hypothesis (78). In contrast to this, 

other studies have shown evidence that it is rather actin polymerization that facilitates 

exocytosis (101-105). This suggestion seems quite plausible in neutrophils since their 

movement towards stimuli (i.e. a chemotactic gradient) is triggered by polarized F-actin 

assembly which may also drive polarized mobilization of granules on this very actin 

network (45, 106). Therefore, we hypothesize that actin polymerization may be needed 

in the cell cytoplasm to direct granules to the cell periphery, while depolymerization must 

occur concurrently at the cell cortex to allow for successful degranulation. 

The bacterially derived secretagogue, fMLF, is a natural potent stimulus of human 

neutrophils, but in vitro stimulation of primary granule exocytosis from neutrophils 
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requires priming with an actin depolymerizing agent. These actin depolymerizing agents 

include CB, a fungal toxin which blocks barbed ends of actin filaments (107), and leads 

to actin meshwork disassembly, mimicking surface binding in neutrophils and enhancing 

fMLF-induced primary granule exocytosis (108, 109). This is a well known observation 

among neutrophil biologists and it suggests that primary granules require F-actin 

depolymerization for their extracellular secretion. We hypothesized that similar drugs 

which destabilize F-actin will also stimulate primary granule exocytosis when combined 

with fMLF, and conversely, stabilizing F-actin will have the opposite effect. 

4.2. Results 

4.2.1. Effects of actin drugs on primary granule exocytosis 

We observed that CB, a mycotoxin that blocks addition of actin monomers to the barbed 

ends of actin filaments, enhanced fMLF-induced exocytosis while Lat B, a structurally 

unique marine toxin that acts by sequestering monomeric actin and consequently 

stimulates actin depolymerization (110), enhanced fMLF-induced primary granule 

exocytosis at much lower doses than CB (Figure 11). This finding confirms previous 

reports, and demonstrates that Lat B is more specific for actin than CB (110). However, 

at higher doses of Lat B or CB (> 10 /zM), primary granule exocytosis was reduced. This 

suggests that partial actin depolymerization is needed for degranulation, while complete 

F-actin depolymerization blocks it. JP, which binds to and induces actin polymerization 

(111), did not stimulate exocytosis at any dose tested (Figure 11). 

We next examined the effect of combinations of actin drugs on either CB/fMLF 

or A23187-stimulated primary granule exocytosis. Based on our data and previous 

literature indicating the obligatory priming step for exocytosis via actin depolymerizing 
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Figure 11. Comparison of the effects of actin altering drugs on fMLF-stimulated 
neutrophil exocytosis. 
Neutrophils were preincubated with increasing concentrations of either CB, Lat B, or JP 
for 5 min followed by stimulation with 5 piM fMLF for 15 min at 37°C. Extracellular 
supernatants were collected from each condition and assayed for MPO activity. The 
release of MPO was calculated as a percentage of total cellular mediator activity (± SEM) 
from at least 3 independent experiments (except JP, where n = 1). Statistical significance 
is compared to the lowest drug dose condition. * p < 0.05, ** p < 0.01, *** p < 0.001. * 
represents Lat B/fMLF and # represents CB/fMLF. 
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drugs (Figure 11) (59, 108, 109), we hypothesized that further disruption of F-actin 

would increase primary granule exocytosis, while stabilization would suppress it. Indeed, 

the addition of 0.5 - 10 /̂ M Lat B to CB/fMLF- or A23187-stimulated neutrophils further 

amplified MPO release (Figure 12 A, C). Lat B enhanced A23187-induced exocytosis at 

doses of up to 10 [iM, whereas for CB/fMLF, it was only stimulatory at 0.5 fiM. While 

these observations are statistically significant, we cannot be certain that it is not an 

anomaly since the graph generally follows the classic dose response curve. Be that as it 

may, these results can also suggest that there exists an actin depolymerization "threshold" 

for degranulation, and when it is exceeded, it is inhibitory to exocytosis. Treatment of 

neutrophils with Lat B in conjunction with CB, two drugs that promote actin 

destabilization, exceed the actin depolymerization threshold needed to enhance 

exocytosis as compared to low doses of Lat B. Stabilization of F-actin with JP reduced 

both CB/fMLF- and A23187-stimulated exocytosis (Figure 12 B, D), although the 

inhibition was not absolute. At least 20% of maximal MPO release was still observed in 

response to CB/fMLF, while as much as 50% of the response persisted in response to 

A23187 when cells were pre-treated with JP. 

4.2.2. Morphological staining of stimulated neutrophils via actin and primary 

granule staining 

We next examined human neutrophils by confocal microscopy to confirm our 

biochemical findings and to visualize the effects of the actin altering drugs. Neutrophil 

primary granules were labelled with anti-CD63 antibodies conjugated to Alexa Fluor 488, 

and F-actin was labelled with rhodamine-phalloidin. The cells were treated similarly to 

those used in the secretion assays, then fixed in suspension and adhered to poly-L-lysine 
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Figure 12. Effect of actin altering drugs on CB/fMLF- and A23187-induced 
primary granule exocytosis. 
Neutrophils were preincubated with increasing concentration of either Lat B or JP for 15 
min followed by stimulation with CB/fMLF or A23187 for 15 min at 37°C. Extracellular 
supernatants were collected from each condition and assayed for MPO activity. The 
release of MPO was calculated as a percentage of total cellular mediator activity (± SEM) 
of lysed cells and then normalized to stimulus alone for each for at least three 
independent experiments. Statistical significance is compared to the no drug condition. 
* p < 0.05, ** p < 0.01, *** p < 0.001. 
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coated glass slides for staining. Resting neutrophils showed diffuse primary granule 

staining with an intact cortical ring-like structure (Figure 13). Intensity profiling (Figure 

13, right column) revealed sharp peaks at the cell periphery for the rhodamine-phalloidin 

staining corresponding to the actin cortical ring, but relatively even distribution of CD63. 

When stimulated with CB/fMLF, F-actin polarization occurred along with the 

redistribution of primary granules to the same sites. This was evident from the 

colocalization of peaks on the one side of the intensity profile. Pre-treatment of the cells 

with JP resulted in diffuse F-actin staining and less prominent cortical actin ring. While 

the primary granules were also relatively diffuse, there was a detectable translocation of 

granules toward the cell membrane after CB/fMLF stimulation (Figure 13). This 

suggests that stabilization of F-actin may allow for the movement of granules to the 

periphery of the cell for exocytosis, but stabilization of the cortical ring hindered the final 

docking/fusion step required for exocytosis. 

Next, we examined the morphology of the neutrophils treated with stimulatory 

versus inhibitory doses of Lat B in conjunction with CB/fMLF. Intriguingly, at a low 

dose of Lat B (1.25 juM) together with CB/fMLF, there was increased primary granule 

translocation to the cell periphery and reduced cytoplasmic F-actin staining in a diffuse, 

non-polarized state (Figure 13). At a high dose of Lat B (50 /xM) together with 

CB/fMLF, the pattern of F-actin staining resembled the intensity profile of low Lat B and 

CB/fMLF. However, at high Lat B and CB/fMLF, CD63+ granule staining was distinctly 

enhanced throughout the cytoplasm, suggesting retention of primary granules in the 

neutrophil. These observations confirmed the results from the biochemical assays which 

showed high doses of Lat B inhibited CB/fMLF-induced primary granule exocytosis. 
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Figure 13. Morphological analysis of stimulated neutrophils pretreated with actin 
altering drugs. 
Samples were prepared by treatment of neutrophils in suspension with either 1.25 /JM 
(stimulatory dose) Lat B, 50 /xM (inhibitory dose) Lat B or 10 fiM JP for 15 min, 
followed by stimulation 10 /iM CB 5 min/5 fiM fMLF for 15 min at 37°C. Cells were 
fixed in 2% paraformaldehyde with 0.25 M sucrose PBS solution while still in suspension 
to maintain cell integrity. They were then adhered to glass slides with poly-L-lysine. 
Cellular F-actin was stained with rhodamine-phalloidin (red) and primary granules were 
stained with Alexa-Fluor 488-conjugated CD63 antibodies (green). Cross-sectional 
intensity profiles for F-actin (red line) and primary granules (green line) are shown on the 
right. Images are representative of at least 75% of cells on slides. Scale: each panel is 12 
jiimx 12 /mi. n = 3. 
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4.2.3. The Rac inhibitor NSC 23766 blocks human neutrophil Racl and Rac2 

activation 

Our lab has previously shown that primary granule exocytosis was reduced in Rac2-/-

murine bone marrow neutrophils, which was associated with a lack of primary granule 

translocation to the cell membrane during stimulation (59). Accordingly, we examined 

whether Rac regulates primary granule exocytosis by altering actin cytoskeletal dynamics 

in human neutrophils. NSC23766, a small molecule Rac inhibitor, has been shown to 

inhibit the binding of GTP to both Racl and Rac2, which is necessary for small G-protein 

activation and signalling (112, 113). NSC23766 blocks Rac function by binding to Trp56 

and specifically inhibiting the binding of GEFs Trio and Tiaml (112). However, it has 

yet to be determined to physically inhibit GTP binding to Racl and Rac2 in human 

neutrophils. Thus, we investigated the effects of NSC23766 on Rac activation in 

stimulated neutrophils. We used a pull-down assay where GST was conjugated to the 

Rac-binding domain of p21-activated kinase (PAK), which specifically associates with 

GTP-bound Rac or Cdc42 (82). Neutrophils stimulated with fMLF or CB/fMLF showed 

increased GTP binding to both total Rac (Figure 14A) and Rac2 (Figure 14B), but pre-

treatment with NSC23766 for 15 min prior to stimulation reduced GTP binding. In 

contrast, the inhibitory effect of NSC23766 on GTP binding by total Rac and Rac2 was 

less evident in Lat B/fMLF-stimulated cells. In addition, we compared the effects of 

stimulation at different time intervals which showed enhanced levels of Rac-GTP in 

fMLF-stimulated samples at 1 min as compared to 15 min. These results indicate that the 

more highly specific actin depolymerization by Lat B versus CB acts to sustain Rac 

signalling, or elicit a positive feedback loop that countermand the inhibitory effects of 
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Figure 14. Detection of activated total Rac and Rac2 in stimulated neutrophils. 
Neutrophils were preincubated with 40 pM NSC23766 or vehicle for 15 min followed by 
stimulation for 1 min (left columns) or 15 min (right columns) with fMLF, CB/fMLF, or 
Lat B/fMLF. Control samples were not stimulated (Resting). Activated total Rac-GTP 
(A) or Rac2-GTP (B) was determined by incubation of 300 fig of lysates prepared from 
PBNs with 30 pig of GST-PBD beads (in 500 fx\) and immunoblotting for total Rac and 
Rac2 in the bound fraction. Total Rac load and Rac2 load is immunoblot analysis of 
30 ng total cell lysate. n = 3. 
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NSC23766 specifically in Lat B treated neutrophils. A23187 stimulation is not expected 

to increase Rac-GTP because changes in intracellular Ca2+ is not sufficient nor required 

for Rac activation (114). 

4.2.4 The Rac inhibitor NSC23766 inhibits primary granule exocytosis and actin 

polymerization in response to CB/fMLF and Lat B/fMLF, but not A23187 

To determine whether NSC23766 affects primary granule exocytosis in human 

neutrophils, we pre-treated cells with varying doses of NSC23766 for 15 min and then 

stimulated with CB/fMLF (10 /xM/5 /xM, respectively). This brief pre-treatment 

drastically reduced the secretion of primary granule MPO (Figure 15), which 

corresponded with inhibition of Rac activation (Figure 14). Figure 15 is normalized to 

the percentage of MPO release without drug as 100% but the actual percentage when 

stimulated with CB/fMLF or A23187 is usually approximately 60 to 80%. Inhibition was 

apparent at 10 JUM NSC23766 and maximal at > 40 /xM. Primary granule exocytosis in 

response to A23187 was not affected by NSC23766, even when treated with high doses 

(up to 160 /xM). Interestingly, Lat B/fMLF-stimulated neutrophils also showed reduced 

MPO secretion when pre-treated with NSC23766 (Figure 15), although Rac remained 

activated (GTP-bound) under these conditions (Figure 14). 

To associate F-actin formation with Rac activation, we examined whether 

inhibition of Rac using NSC23766 would affect F-actin polymerization. An in vitro actin 

polymerization assay was used; this measures the capacity of a sample to stimulate the 

polymerization of exogenously added pyrene-actin, which undergoes a fluorescence 

intensity increase when incorporated into F-actin. Neutrophil lysates prepared from 

fMLF or CB/fMLF stimulation and pre-treated with NSC23766 showed inhibition of F-
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Figure 15. Effect of NSC23766 pre-treatment on neutrophil exocytosis. 
Neutrophils were preincubated with increasing concentrations of NSC23766 for 15 min 
followed by stimulation with CB/fMLF, Lat B/fMLF or A23187 for 15 min at 37°C. 
Supernatants were collected from each condition and assayed for MPO activity. Release 
of MPO was calculated as a percentage of total cellular mediator activity (± SEM) of 
lysed cells and normalized to stimulus alone for at least three independent experiments. 
*** p < 0.001. * represents Lat B/fMLF and # represents CB/fMLF. 
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actin formation as compared to those without pre-treatment (Figure 16). However, there 

were negligible differences in lysates prepared from neutrophils that were stimulated with 

A23187. 

We also investigated the effects of NSC23766 on respiratory burst induced by 

PMA or fMLF. Neutrophils that were pre-treated with NSC23766 for 15 min did not 

show any difference in O2" production compared to non-treated cells stimulated either 

with PMA (Figure 17A) or fMLF (Figure 17B). Agonists that activate G protein-coupled 

receptors, such as fMLF, have been shown to activate GEFs Vavl and P-Rexl, leading to 

Rac activation necessary for respiratory burst (55, 115). Since NSC23766 was not able to 

inhibit O2" release from PMA-stimulated neutrophils, it can be inferred that a different 

GEF, such as Trio or Tiaml, may be responsible for activating Rac-mediated exocytosis 

of primary granules. 

4.2.5. NSC23766 inhibits CB/fMLF- and Lat B/fMLF-induced primary granule 

translocation as visualized via confocal microscopy 

Our results demonstrate that NSC23766 inhibits primary granule exocytosis in a dose 

dependent manner when stimulated with CB/fMLF or Lat B/fMLF. These observations 

were confirmed via confocal microscopy by examining neutrophils treated in the same 

fashion as those in the secretion assay. When stimulated with Lat B/fMLF, neutrophil 

primary granules translocated toward the periphery (Figure 18) which is also evident in 

the intensity profile as large peaks near the edge (Figure 18, right column). Unlike 

CB/fMLF stimulation, we did not see any significant polarization of F-actin at the cell 

membrane. Pre-treatment of neutrophils with NSC23766 followed by stimulation with 

CB/fMLF modestly reduced F-actin polarization at the cell periphery and, similar to 
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Figure 16. Determination of actin polymerization activity of neutrophil lysates. 
Actin polymerization stimulated by neutrophil lysates was determined by a pyrene-actin 
polymerization assay as described in the Materials and Methods, section 2.2.6. 
Polymerization reactions contained 5 (iM pyrene-actin and 0.1 mg/ml neutrophil lysate 
prepared from resting cells, fMLF-, CB/fMLF- or A23187-stimulated cells. Lysates 
prepared from fMLF- or CB/fMLF-stimulated neutrophils showed enhanced 
polymerization activity (grey bars), which was reduced when cells were preincubated 
with NSC23766 (black bars). Shown are the average activities (± SEM) calculated from 
at least three independent experiments normalized to unstimulated samples (Resting). 
Statistical analysis is based on comparison to its respective condition with no NSC 
23766. ** p < 0.01, ***p< 0.001. 
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Figure 17. Effect of NSC23766 on respiratory burst. 
Neutrophils (2 x 107/ml) were preincubated with 160 /xM NSC23766 for 15 min at 37°C. 
Following this incubation step, 2 x 106 of either NSC23766 or non-treated neutrophils 
were suspended in 1-ml microcuvettes containing PBS+ and 50 JUM ferricytochrome c at 
25°C. The mixture was blanked at 550 nm. Stimulation of respiratory burst was 
achieved using either 5 JUM fMLF (A) or 16.2 nM of PMA (B). Readings were collected 
every 15 s for a total running time of 15 min. n = 1. 
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Figure 18. Morphological analysis of stimulated neutrophils pretreated with 
NSC23766. 
Neutrophils pre-treated with NSC23766 were examined by confocal microscopy. Cells 
were treated in suspension with 40 /xM NSC23766 (15 min), followed by stimulation 
with CB/fMLF or Lat B/fMLF (15 min) at 37°C. Cells were fixed in 2% 
paraformaldehyde with 0.25 M sucrose PBS solution while still in suspension to maintain 
cell integrity. They were then adhered to glass slides with poly-L-lysine. Cellular F-
actin was stained with rhodamine-phalloidin (red) and primary granules were stained 
with Alexa-Fluor 488-conjugated CD63 antibodies (green). Cross-sectional intensity 
profiles for F-actin (red line) and primary granules (green line) are shown on the right. 
Images are representative of at least 75% of cells on slides. Scale: each panel is 12 fim x 
12 /mi. n = 3. 
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NSC23766 pre-treated Lat B/fMLF-stimulated neutrophils, inhibited primary granule 

translocation towards the cell membrane. These results suggest that NSC23766 inhibited 

primary granule progress from the cytoplasm to the cell periphery. 

4.2.6. Actin polymerization is unaffected by NSC23766 as detected by flow 

cytometry 

To confirm the results we observed from the in vitro actin polymerization assay we used 

stained neutrophils samples as previously described for the in vitro actin polymerization 

assay except cells were unfixed. We observed negligible differences between the various 

conditions which is different from the actin polymerization assay results which showed 

increased F-actin formation in CB/fMLF and fMLF samples, and a decreased F-actin 

formation in samples pre-treated with NSC23766 (Figure 19). One plausible explanation 

for this is the stimulation time of 15 min was too long to observe significant changes in 

F-actin, since these occur within 15 s of stimulation (61). 

4.2.7. Electron microscopy 

To support our observations from the confocal image analysis, we used EM to investigate 

changes in neutrophil morphology. EM provides better resolution and detail as to what 

was occurring with granule distribution inside the neutrophils. We stained the 

neutrophils with DAB to enhance the electron density of peroxidase-containing primary 

granules. Resting cells showed numerous vesicles evenly distributed throughout the 

cytoplasm (Figure 20A). When simulated with CB/fMLF, we saw fewer granules 

compared to resting neutrophils (Figure 20C). fMLF did not show any difference from 

resting (Figure 20B). Pre-treatment with JP resulted in clustering of granules in the 

centre of the cell but with a similar granule count to that seen in resting cells (Figure 
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Figure 19. Mean fluorescence of F-actin in neutrophils pre-treated with NSC23766. 
Neutrophils were prepared in suspension with or without 40 JUM of NSC 23766 for 
15 min, followed by stimulation 10 jiiM CB (5 min)/5 juM fMLF (15 min), 10 /iM Lat B 
(5 min)/5 /xM fMLF (15 min), 2.5 /iM A23187 (15 min); or 10 /iM CB (5 min), 10 jLtM 
Lat B and 5 /iM fMLF alone for 15 min at 37°C. Cells were then fixed in 4% 
paraformaldehyde for 30 min on ice. Following fixation, samples were permeabilized by 
incubation with 0.5% Triton-XlOO in PBS and cellular F-actin was stained with 
rhodamine-phalloidin and primary granules were stained with Alexa-Fluor 488-
conjugated CD63 antibodies. Sample volume was approximately 500 pX. This graph is a 
triplicate from one experiment. 
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Figure 20. Electron micrographs of human neutrophils exposed to various 
stimulatory conditions and actin altering drugs. 
Samples were prepared for EM analysis by treatment of cells at 37°C in suspension with 
a) no drugs; b) 5 pM fMLF (15 min); c) 10 pM CB (5 min) followed by 5 jiM fMLF 
(15 min), hereby referred to as CB/fMLF; d) pre-incubation of 10 juM JP (15 min) 
followed by CB/fMLF; e) pre-incubation of 1.25 fiM Lat B (15 min) followed by 
CB/fMLF; and f) pre-incubation of 50 /iM Lat B (15 min) followed by CB/fMLF. This is 
representative of 90% of the cells in section and is representative of 3 separate 
experiments. The window size is 7 jxva. and magnification is 9100X. 

76 



20D). Intriguingly, at low doses of Lat B (1.25 uM) together with CB/fMLF, we see a 

decrease in the number of granules within the neutrophil and those that were still inside 

the cell were near the membrane (Figure 20E). However, high, or inhibitory, Lat B dose 

(50 jaM) together with CB/fMLF showed similar granule count as resting cells, 

suggesting retention of granules in the cell (Figure 20F). These findings confirm the 

results from the biochemical assays where high doses of Lat B inhibited CB/fMLF-

induced primary granule exocytosis and the confocal images. Figure 21 shows blinded 

neutrophil granule counts in graphical form. 

When stimulated with Lat B/fMLF or CB/fMLF, neutrophils showed reduced 

granule counts compared to resting (Figure 22A, B, E). Pre-treatment of cells with 

NSC23766, then stimulation with CB/fMLF or Lat B/fMLF, to inhibited granule 

translocation since granule counts matched those seen in resting cells (Figure 22C, D). 

Figure 23 shows blinded neutrophil granule counts in graphical form. 

Taken together, our results from EM confirm those seen in the secretion assay as 

well as confocal microscopy: inhibiting Rac or altering the dynamic balance of actin via 

stabilization (JP treatments) or conversely excessive depolymerization (with high Lat B 

treatments) significantly abrogates granule exocytosis. 
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Figure 21. Granule count of neutrophils exposed to actin altering drugs. 
Graphs were generated by granule count of nine separate cells that underwent that same 
treatment in three separate experiments. Statistically significant differences were seen in 
samples compared to the resting condition. *** p < 0.001. 
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Figure 22. Electron micrographs of human neutrophils exposed to various 
stimulatory conditions and NSC23766. 
Samples were prepared for EM analysis by stimulation with 5 jLtM fMLF (15 min) at 37°C 
with pre-treatment of cells at 37°C in suspension with a) 1.25 />iM Lat B (5 min); b) 10 
/iM CB (5 min); c) 40 /xM NSC23766 (15 min) followed by 1.25 /xM Lat B (5 min); and 
d) 40 /xM NSC23766 (15 min) followed by 10 /*M CB (5 min). e) Neutrophils were not 
treated with any drug. This is representative of 90% of the cells in section and is 
representative of 3 separate experiments. The window size is 7 /mi and magnification is 
9100X. 
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Figure 23. Granule count of neutrophils exposed to NSC23766. 
Graphs were generated by granule count of nine separate cells that underwent that same 
treatment in three experiments. Statistically significant differences were seen in samples 
compared to the resting condition. *** p < 0.001. 
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4.3. Summary 

We investigated the hypothesis that focal regions of actin remodelling are important for 

exocytosis through a comprehensive examination using pharmacological reagents that 

disrupt actin remodelling. Drugs that enhanced actin depolymerization stimulated 

exocytosis, but only at low concentrations. High doses, or combinations of 

depolymerization reagents, inhibited primary granule exocytosis, as did F-actin 

stabilization drugs at all doses tested. Confocal and electron microscopy imaging of 

suspended neutrophils was performed to visualize these and it showed that cortical actin 

was indeed remodelled. Moreover, F-actin patches were frequently seen to coincide with 

sites of exocytosis. We also show that NSC23766 blocks Rac activation in human 

neutrophils along with exocytosis and actin remodelling. However, it does not alter 

superoxide release, which effectively link exocytic mechanisms to Rac signalling. 

The data provided by granule counting may not be statistically robust on its own 

since a limited number of cell sections were counted condition. Improvements to the 

granule count data could be made by counting a higher number of cells per experimental 

condition to enhance the robustness of these findings (up to a minimum of 10 cells per 

experiment in at least 3 separate experiments to give a total of 30 counted cells per 

condition). Furthermore, there may be human error in visually counting granules. To 

reduce this potential bias, computer software should be used to count the granules. 

In summary, our results indicate that Rac plays an essential role in primary 

granule exocytosis via stimulation of actin polymerization to assist in granule 

mobilization to the cell membrane. 
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CHAPTER V - Discussion 

5.1. Proteomic analysis 

The use of proteomic technology to model systems provides unique insights into both the 

cellular biology of activated neutrophils and the regulation of its transduction machinery. 

We compared the proteomic profiles between WT unstimulated against WT CB/fMLF-

stimulated, Rac2_/" unstimulated and Rac2_/~ CB/fMLF-stimulated murine BMNs. Over 

3500 individual spots were identified among the gels, and we attempted to establish spots 

of interest by rejecting those that: i) did not increase or decrease more than 1.5-fold in 

spot abundance, ii) had a high standard deviation when comparing replicate experiments, 

or iii) were present in less than two-thirds of replicate experiments. With these criteria, 

we narrowed our search down to 22 spots to be identified by mass spectrometry. 

Most of the proteins identified were housekeeping proteins, but the finding of 

coronin was of significant interest. A hypothesis-generating study is one that groups and 

ranks data, suggesting possible relationships with other factors (i.e. generates an 

hypothesis). Indeed, our proteomic analysis between WT and Rac2"/_ murine BMN 

created an important question: What is the role of coronin in the Rac2 pathway? 

Coronin has been implicated in many actin-based processes such as cell mobility, 

phagocytosis and membrane trafficking (96, 116). Of the seven mammalian coronins 

characterized so far, most belong to the group of actin filament cross-linking and 

bundling proteins. Coronin-1 and -7 are mainly expressed in hematopoietic cells, 

coronin-5 and -6 are expressed in the brain, and coronin-2-4 are broadly expressed (96). 

Human neutrophils express coronin-1-4 and -7 (95). 
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Coronin-1 has been studied extensively in human phagocytic leukocytes and is 

present in cytosolic as well as cytoskeletal fractions. Macrophages and neutrophils 

exhibit phagocytic defects when coronin is knocked down (94, 95). Coronin is thought to 

act as a bridge between the actin cytoskeleton and the plasma membrane due to its 

membrane association (117). During phagosome formation, peripheral cytoskeleton and 

cytosolic coronin-1 staining is lost, and an association with the F-actin encompassing 

early phagocytic vacuoles can be seen (118). Dissociation of coronin-1 from the vacuole 

occurs along with the phosphorylation on serine residues involving PKC (118). 

Interestingly, the subcortical F-actin that surrounds the plasma membrane was unaffected 

in macrophages treated with an inhibitory coronin construct, suggesting that inhibition of 

coronin does not affect all actin-based processes (94). 

While Rac2 has been shown to be important in neutrophil superoxide production 

and primary granule exocytosis, both of which require extensive actin cytoskeleton 

remodelling, there is a divergence in signalling pathways since PKC activation results in 

superoxide generation, but not in primary granule release. Given that PKC is not 

involved in primary granule release (119), one can assume coronin is also not involved in 

primary granule exocytosis. Indeed, Yan et al have shown that when coronin function is 

inhibited by transduction of a dominant-negative form of the protein, surface 

upregulation of CD63, a marker of primary granules, in response to cytochalasin D/fMLF 

or ionomycin is not affected as measured by flow cytometry when compared to control 

neutrophils (95). However, activation of the NADPH oxidase for superoxide production 

is also not affected by knocking down coronin (95). This is surprising since coronin has 

been previously demonstrated to associate directly with p40p ox in a complex with p47/'/!0* 
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and p67phox (120). Furthermore, in neutrophils treated with PMA, a potent PKC activator, 

both p40phox and coronin showed redistribution to perinuclear regions but this was not 

observed in patients with chronic granulomatosis disease lacking p47p ox or p67p ox (120). 

Grogan et al (120) suggests that the phox proteins may contribute to the regulation of the 

actin cytoskeleton through their interaction with coronin, although their precise role 

remains unknown. 

The fact that the inhibition of coronin does not affect cortical actin, in 

macrophages, at least (94), lends credence to our conceptual model in which there exists 

two separate and distinct pools of actin for successful neutrophil primary granule 

exocytosis: the first in which Rac-mediated polymerization of actin must occur for 

granule translocation, and the final actin depolymerization step where the cortical actin 

ring must disperse for granule docking and release. One could speculate that coronin 

may be involved in the first step since it is decreased in both unstimulated and CB/fMLF-

stimulated Rac2"/" BMN. On the contrary, inhibition of neutrophil coronin also does not 

have an effect on CD63 translocation to the cell membrane (95). In the face of such 

contrasting data, further experiments need to be done in order to elucidate the precise role 

of coronin in association with Rac2 and the actin cytoskeleton. 

As with every method, there are limitations to proteomic analysis. One main 

problem is that we do not have a common and standard gel matrix to compare and 

reproducibly align protein patterns. It is very difficult to relate to the changes in 

expression levels on proteins on 2D gels when we can only see a tiny fraction of all 

proteins present. Only by using methodological manipulations such as subcellular 

fractionation, affinity-purification of samples or the use of zoom gels (which are used in 
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2D gels to cover narrow pH ranges and to give higher resolution, as well as being more 

sensitivity) can low abundance proteins be detected (100). Furthermore, because there is 

no analogous amplification step for proteins as polymerase chain reaction is for genes, 

proteins that are present in minute amounts are overshadowed by highly abundant 

proteins. These abundant proteins are usually housekeeping proteins; and in our data, we 

can see that this is the case. Regulatory proteins that are in low abundance, like GTPases, 

kinases and phosphatases, or hard to isolate proteins, like hydrophobic transmembrane 

receptors and basic nuclear proteins, are rarely found (100). 

There are still many issues with proteomics that needs to be resolved, but the 

application of functional proteomics can provide researchers with a tool to investigate 

signal transduction networks in inflammation. By confirming the subcellular localization 

of proteins and their interactions, we can learn more about the functions of proteins, 

providing us with unprecedented opportunities to unlock the mysteries of biological 

processes. This may potentially enable the discovery of disease-associated targets and 

more effective or novel therapeutic strategies. 

5.2. Actin cytoskeleton 

Actin remodelling is an essential part of exocytosis (121), although specific mechanisms 

have yet to be understood for stimuli that elicit neutrophil exocytosis. Our results show a 

necessity for both actin polymerization and depolymerization in primary granule 

exocytosis. Low concentrations of actin depolymerizing drugs enhanced degranulation, 

while high concentrations or combinations of these drugs inhibited this process. Through 

confocal imaging of neutrophils, we observed that cortical actin was remodelled during 

CB/fMLF stimulation into polarized patches at the cell membrane that colocalized with 
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primary granules. Lat B/fMLF-stimulated cells also showed an increase in granule 

translocation, however, as a more potent actin destabilizer, it showed less polarization of 

actin to sites of granule translocation. JP, an actin stabilizing drug, was inhibitory to 

primary granule exocytosis at all doses tested, but interestingly, it did not completely 

block granule translocation. A23187-stimulated neutrophils exhibited similar responses 

to all the actin drug treated CB/fMLF-stimulated neutrophils, suggesting that Ca2+ and 

Rac2 signalling may share a common pathway for actin cytoskeleton remodelling for 

primary granule exocytosis. 

There was an F-actin cortical ring in resting neutrophils, similar to that seen in 

resting mast cells (45), which dissipated when stimulated with CB/fMLF and more 

significantly, Lat B/fMLF. This is in contrast from previous studies that showed diffuse 

F-actin in resting neutrophils which then assembled into a cortical ring upon stimulation 

with fMLF (65, 75). The explanation behind this discrepancy is most likely 

methodological as neutrophil purification procedures, which differed in our study (used 

Ficoll rather than Percoll to purify), have a significant effect on morphology. 

Our results show evidence that F-actin affecting drugs, either through stimulating 

or preventing depolymerization, inhibit neutrophil degranulation. However, we also 

discovered that at very low concentrations of Lat B, in conjunction with CB/fMLF, 

enhanced granule translocation and exocytosis. This suggests there may be a requirement 

for increased actin depolymerization, perhaps through the reduction of the actin 

polarization patch seen in CB/fMLF alone. Our results indicate there may be two pools 

of actin implicated in the regulation of neutrophil degranulation, especially in the case of 

primary granules, analogous to that observed in neuroendocrine cell exocytosis (71). 
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Since actin remodelling steps are necessary for chemotaxis when neutrophils encounter a 

chemoattractant (65), it is logical to think that actin remodelling may also facilitate 

polarized granule translocation and exocytosis. A shift from G-actin to F-actin would be 

required to expedite granule mobilization to the cell membrane. However, this idea is in 

direct contrast with the need for depolymerization of F-actin in order for primary granules 

to exocytose since depolymerizing drugs are required to achieve this in vitro (59, 108, 

109). Furthermore, it is plausible that the cortical actin ring-like structure seen in resting 

neutrophils acts as a physical impediment which restricts random granule docking and 

fusion, similar to mast cells (45). There is a preferential reorganization of F-actin in 

neutrophils upon stimulation with CB/fMLF, and although the cortical ring-like structure 

dissipates when treated with CB/fMLF, F-actin was not completely converted into G-

actin. However, it is difficult to arrive at conclusions regarding the role of actin in 

exocytosis in the presence of actin-depolymerizing drugs. Instead, it was reorganized and 

polarized to sites of primary granule translocation at the cell periphery. Our results 

suggest that fMLF activation of Rac initiates F-actin rearrangement and polarization. Lat 

B was much more efficacious in stimulating F-actin depolymerization as observed from 

our confocal images, which was also confirmed in the biochemical assays of primary 

granule exocytosis. This is likely due to the higher specificity that Lat B has for actin 

depolymerization than CB, clearly shown in our dose-response curves. 

We show for the first time that the small molecule Rac inhibitor NSC23766 

inhibited primary granule exocytosis in response to CB/fMLF or Lat B/fMLF stimulation. 

Similar to effects the gene-deletion of Rac2 in neutrophils (59), Rac may play a key role 

in regulation of primary granule exocytosis in human neutrophils. When we examined 
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Rac activation using Lat B/fMLF as a stimulus, there was prolonged Racl- or Rac2-GTP 

formation when neutrophils were pre-treated with a dose of NSC23766 that inhibited 

degranulation. Our explanation for this is that an unknown molecule, not yet elucidated, 

is able to sense increases in G-actin to promote sustained activation of Rac by a GEF 

which is not affected by NSC23766. Currently, only the association of two Rac GEFs, 

Trio and Tiaml, are known to be blocked by NSC23766 while this drug has no effect on 

Vavl association (112). It should be noted that we have not observed a lack of Rac-GTP 

formation in the presence of MPO secretion. Therefore, Rac-GTP may be necessary, but 

not sufficient for primary granule exocytosis, and Rac-GTP formation may be dissociated 

from primary granule exocytosis. 

From our imaging and biochemical analyses of granule exocytosis, we showed 

that NSC23766 inhibited cytoplasmic F-actin polymerization, as well as primary granule 

translocation for subsequent exocytosis in response to CB/fMLF or Lat B/fMLF. This 

suggests that Rac may signal through F-actin polymerization to cause granule 

94-

translocation to the cell periphery. Conversely, NSC23766 had no effect on Ca 

ionophore-stimulated exocytosis, indicating that Ca2+ acts downstream of Rac to activate 
94-

granule translocation and secretion. Previous studies have shown that Ca signalling is 
94-

very important in granule exocytosis in RBL-2H3 cells, and that Ca levels were 

decreased when cells were exposed to dominant negative constructs of Rac proteins but 

were restored when exposed to constitutively active forms of Rac (122). Thus, it is 

reasonable to assume that Rac-mediated signalling, specifically Rac2 signalling in 

neutrophils, takes advantage of the Ca2+ pathway as a means of primary granule 

translocation and exocytosis. 
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In conclusion, our results highlight a possible mechanism by which Rac controls 

exocytosis and release of primary granule contents through favourable F-actin formation 

which is necessary for granule translocation to sites of exocytosis. Evidently, there is 

also a requirement for F-actin depolymerization within the cell cortex, which is achieved 

in vitro by reagents such as CB or Lat B. When neutrophils are activated in response to 

infection or inflammation, numerous signalling cascades are turned on, leading to the 

necessary depolymerization steps needed to eliminate the cortical F-actin barrier 

concurrently with central F-actin polymerization to enhance granule movement to the cell 

membrane. Our results demonstrate a role for Rac in actin-mediated granule 

translocation, and a dynamic process that involves constant actin remodelling rather than 

simple static polymerization or depolymerization. Our experimental methodology will 

allow us to further characterize key regulatory molecules implicated in the Rac signalling 

pathway. This may lead to the development of novel therapeutic strategies for the 

treatment of inflammatory disorders including severe asthma and COPD, among 

numerous others. 

5.3. Outcomes and future directions 

Proteomics is the global analysis of changes in the abundance of proteins in a cell. The 

strengths of this approach include the potential identification of new targets for disease 

intervention and treatment, given that most drug targets are proteins. Knowledge of 

protein expression patterns can contribute new insights into toxic side effects during drug 

screening and can guide the optimization process. Additionally, specific proteins can be 

identified as biomarkers for a disease, furthering the usefulness of proteomics for 

diagnosis and prognosis. However, protein expression can fluctuate markedly during a 
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course of differentiation and in response to environmental stimuli, and many proteins can 

exist in multiple isoforms due to alternative splicing, RNA editing, alternative promoters 

and post-translational modifications (123). Furthermore, there are technical challenges 

associated with identifying low abundance proteins. Highly abundant proteins such as 

cytoskeletal proteins, chaperones, endoplasmic reticulum proteins, proteasome 

components and matrix proteins often overwhelm the detection of regulatory proteins of 

low abundance like GTPases, kinases, phosphatases, hydrophobic transmembrane 

receptors and basic nuclear proteins (100). Nevertheless, the use of large quantities of 

starting material has enabled the identification of low copy numbers of proteins by DIGE 

analysis (124). 

From our new understandings of proteomic analysis, there are some limitations 

that can be addressed in the future. To start, in order to identify what kind of 

modification the protein spot had undergone rather than just looking for changes in 

abundance, we can do a Western Blot on the gels with anti-phospho/methyl/nitro 

antibodies. Furthermore, analyzing 2D gels with whole cell lysates now seems like a 

"shotgun" approach. Instead, subcellular fractions of neutrophil granules may be run on 

2D gels between WT and Rac2"" BMNs. Additionally, in future studies, it may be 

prudent to go beyond protein identification and analyse protein modifications. 

An alternate proteomics approach may be to use multi-dimensional protein 

identification technology (MudPIT). Wolters et al described an automated method for 

"shotgun" proteomics that could be used to test our hypothesis (125). This technique 

combines multi-dimensional liquid chromatography with electrospray ionization tandem 

MS and is analogous to DNA sequencing. It is automated and it improves the overall 
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analysis of proteomes by identifying proteins of all functional and physical classes. 

Using this method, the Yates lab identified a total of 1484 proteins, one of the largest 

screens to date (126). Most importantly, a dynamic ratio of 10,000 to 1 was shown 

between the most abundant protein and the least abundant protein. They also identified 

131 proteins with 3-12 predicted transmembrane domains that may have escaped 

identification using conventional proteomic approaches (100,126). 

For studies of how the actin cytoskeleton regulates neutrophil exocytosis, similar 

experiments could be performed to determine the effects of cytoskeletal drugs on the 

other granule subsets (secondary, tertiary and secretory) to see whether actin alterations 

can also affect their exocytosis. Furthermore, since Rac2 has only been shown to be 

essential for primary granule exocytosis (59), it may also be interesting to examine 

whether Rac inhibition, using NSC23766, has any effect on exocytosis of other granule 

subsets. 

Based on the data presented and previous literature, a simple Rac2 pathway for 

fMLF-stimulated neutrophil primary granule exocytosis has been proposed (Figure 24). 

A chemotactic peptide such as fMLF binds to a FPR, leading to PLC activation through 

the Ga subunit of the heterotrimeric G protein. PLC then catalyzes the cleavage of PIP2 

into IP3 and DAG. DAG activates PKC, and PKC triggers the activation of Tiaml. 

Tiaml enhances the exchange of GDP for GTP on Rac2. Rac2 activation also leads to 

PLC, coronin and finally, Arp2/3 complex activation. Arp2/3 causes actin 

polymerization which allows for granule attachment on the filament to be translocated to 

the cell periphery. Arp2/3 binds to the pointed end of actin, mimicking the barbed end, 

which has higher affinity for new monomer addition (127). 
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Figure 21. Conceptual model of fMLF-induced Rac2 pathway leading to actin polymerization for primary granule 
translocation to cell periphery. 
A chemotactic peptide such as fMLF binds to FPR, leading to PLC activation through the Got subunit of the heterotrimeric G protein. 
PLC catalyzes the cleavage of PIP2 into IP3 and DAG. DAG activates PKC, and PKC triggers the activation of Tiaml. Tiaml 
enhances the exchange of GDP for GTP on Rac2. Rac2 activation also leads to PLC, coronin and finally Arp2/3 complex activation. 
Arp2/3 causes actin polymerization which allows for granule attachment on the filament to be translocated to the cell periphery. 
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