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Abstract

It is postulated that the release of stored mediators from eosinophils and 

neutrophils is a critical element contributing to the pathogenesis of pulmonary diseases 

such as asthma. Pre-formed mediators in these cells are stored within cytoplasmic 

storage granules and small secretory vesicles and released by the process of 

exocytosis. Several stored mediators have been shown to damage airway epithelium, 

promote airway constriction and activate other inflammatory cells. The intracellular 

molecules that are essential for regulating mediator secretion from these cells remain 

poorly understood.

The formation of a SNARE (SNAP receptor) complex during secretory/granule 

docking at the plasma membrane has been identified as an essential step for 

exocytosis. The synaptic SNARE complex is comprised of one vesicular (v-) SNARE, 

VAMP-2 (vesicle associated membrane protein) and two target (t-) SNAREs: 

syntaxin-1 and SNAP-25 (synaptosome-associated protein of 25 kDa). Botulinum and 

tetanus toxins impair exocytosis by specifically cleaving SNAREs, and preventing a 

functional SNARE complex. It is postulated that distinct SNARE isoforms may, in 

part, regulate the specificity of vesicle/granule trafficking. The research objective of 

this project was to investigate the expression and functional role of candidate SNARE 

isoforms in exocytosis of pre-formed mediators from eosinophils and neutrophils.

Our results demonstrated that the v-SNARE, VAMP-2, was expressed on 

small cytoplasmic vesicles but not large granules in eosinophils or neutrophils. In 

contrast, tetanus-insensitive VAMP (TI-VAMP) and endobrevin (VAMP-8 ) were

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



expressed on large granules, in addition to membrane fractions containing secretory 

vesicles. Antibody-mediated inhibition of VAMP-2 in permeabilized cells supported 

the notion that this v-SNARE is primarily involved in vesicle-mediated trafficking. TI- 

VAMP, but not VAMP-8 , antibodies impaired the release of mediators from more 

than one granule compartment, suggesting that TI-VAMP is a common element in 

exocytosis. The t-SNAREs, SNAP-23 and syntaxin-4, were expressed on plasma 

membranes and shown to interact with each other. Antibody-mediated inhibition of 

syntaxin-4 suppressed the release of all stored mediators examined, indicating a 

central role for this isoforms in exocytosis from human granulocytes. In contrast to a 

previous study, our data did not indicate a significant role for the t-SNARE, syntaxin-6  

in exocytosis from either eosinophils or neutrophils. These observations suggest that 

specific SNARE isoforms play distinct roles in mediator release from human 

granulocytes. SNAREs and/or regulators of their assembly are, therefore, candidates 

for targeted inhibition which may prove to be a novel and effective anti-inflammatory 

treatment strategy.
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1

CHAPTER 1 

I. INTRODUCTION

1. Eosinophil and Neutrophil biology

1.1 Eosinophil and Neutrophil Differentiation

Eosinophils and neutrophils (polymorphonuclear leukocytes (PMNs)) are end- 

differentiated granulocytes which are critical effector cells in innate immunity/ 1 ;2) 

Eosinophils were named in 1879 by Paul Ehrlich for their high affinity for the 

negatively charged dye, eosin.(3) Eosinophils and PMNs are derived from CD34+ 

progenitors in the bone marrow.(2’4) A common myeloid precursor, the colony forming 

unit granulocyte/erythroid/ macrophage/ megakaryocyte (CFU-GEMM), gives rise to 

both eosinophils and PMNs. The CFU-GEMM differentiates further to yield two 

distinct lineages of precursors, the granulocyte/macrophage-colony forming unit (GM- 

CFU) and the eosinophil/basophil-colony forming unit (Eo/Bo-CFU). Mature PMNs 

are derived from GM-CFU under the influence of cytokines interleukin-3 (IL-3), 

granulocyte-macrophage colony stimulating factor (GM-CSF), granulocyte-colony 

stimulating factor (G-CSF).(5) Both eosinophils and basophils are derived from the 

Eo/Bo-CFU. In addition to JL-3 and GM-CSF, EL-5 is an essential differentiation 

factor for the production of mature eosinophils from Eo/Bo-CFU.(4;6) EL-5-deficient 

mice are eosinopenic.(7’8) Similarly, a significant reduction in circulating eosinophils
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occurs following administration of intravenous anti-IL-5 neutralizing antibodies in 

humans.(7;9-> In contrast, the overexpression of IL-5 causes profound increases in 

circulating and tissue eosinophils.0  0;11) More recent studies have recognized an 

additional and critical role for an array o f chemokines in granulocyte differentiation. 

CCR and CXCR chemokine receptors and their ligands have been shown to influence 

cell cycle progression, apoptosis and recruitment o f myeloid precursors and/or CD34+ 

progenitors.02' 15̂ Thus, chemokines and the expression of chemokine receptors appear 

to be critical components of eosinophil and PMN differentiation.

Eosinophils and PMNs exhibit similar transitions from undifferentiated 

myeloblasts to promyelocytes and myelocytes through mitotic divisions in the bone 

marrow. The later post-mitotic stages of metamyelocytes and band cells are 

characterized by maturational processes such as granule protein synthesis and nuclear 

condensation.0;2;4;I6) For the neutrophil lineage, it takes approximately 4-6 days to 

pass from the mitotic phases to the myelocyte stage and 5-7 days further for mature 

PMNs to form.06-* Similarly, eosinophil mature following the mitotic stage for about 8  

days prior to their release into the circulation.(4) Approximately 60% of all developing 

myelocytes in the bone marrow are committed to the neutrophil lineage, while mature 

neutrophils comprise -60 % of circulating leukocytes.0 6) Eosinophils comprise -3%  

of bone marrow and usually do not exceed 3% of the circulating leukocyte population 

in healthy individuals.0) In atopic (allergic) individuals, the numbers of peripheral 

blood eosinophils are, often, elevated and correlate with disease severity. ° 7'19) Recent 

studies have demonstrated that CD34+ progenitors that express the a-chain of the IL-5 

receptor (IL-5Ra) are upregulated in bone marrow(20) and induced sputum(21) from

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



allergic individuals following exposure to allergen. Similar observations in nasal 

mucosal explants have supported that IL-5 mediated differentiation of eosinophil 

progenitors occurs not only within the bone marrow, but at tissue sites of allergic 

inflammation.(22)

1.2 Mature Eosinophils and PMNs

Mature eosinophils are approximately 8 pm in diameter with a bilobed 

nucleus, although three or more lobes is not uncommon/1 Eosinophils are 

characterized by their unique large crystalloid granules (CG) (also known as specific 

or secondary granules). These store cationic proteins (discussed in section 1.6) and 

take up acidic dyes such as eosin. Additional stored eosinophil mediators are localized 

to small (or primary) granules and secretory vesicles (SV) (Table 1.1 pages 15-16, 

Table 1.3 page i§ ) /1,23) Following their release from the bone marrow, eosinophils 

circulate for 8 - 1 2  hours and then traffic into specific tissues, where they reside for at 

least one week/24) In neonates, eosinophils home to the gastrointestinal tract, thymus, 

spleen, lymph nodes, and endocrine organs (e.g.: uterus, mammary glands)/25'27̂

Mature PMNs are approximately 10-12 pm in diameter and have a highly 

condensed multilobular nucleus with usually 3-5 lobes. The neutral property of their 

granules is where the lineage name “neutrophil” is derived from.(16) PMNs contain at 

least 4 distinct granule populations: large azurophilic (or primary) granules (AG), 

secondary (or specific) granules (SG), tertiary granules (TG) and SV (Table 1.2, page 

77)/28) Mature PMNs are stored primarily within the bone marrow, but are also found 

within the lungs, liver and spleen/ 29'1 The neutrophil storage pool is a cellular source
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for host defense against infectious organisms, as evidenced by the depletion of the 

bone marrow pool in lethal bacterial sepsis.(30;31) Within the vasculature, PMNs are 

found in the circulation or in direct contact with the capillary endothelium, forming a 

“marginating pool”. In particular, the pulmonary vasculature bed contains a large 

resevoir of PMNs, some of which are marginating.(32;33) Circulating PMNs exhibit a 

half-life of approximately 7 hours and, unlike eosinophils, do not reside in any specific 

tissues until they are recruited by chemotactic agents such as infectious organisms 

(and/or their products) or chemotactic agents.(2)

1.3 Eosinophil recruitment to asthmatic airways 

Eosinophil recruitment and role in allergic inflammation

Asthma is a respiratory disease characterized by: (1) reversible airways 

obstruction, (2) persistent bronchial hyperreactivity, (3) inflammation and (4) airway 

remodeling (deposition of connective tissue proteins and development of 

fibrosis).(34;35) The infiltration of large numbers of eosinophils is a characteristic 

feature of asthma and has been found to correlate with symptom severity and 

exacerbations.(36'39) In addition, patients that have died of severe asthma demonstrated 

a marked elevation in mucosal eosinophils and deposition of eosinophil granule 

proteins in the bronchi.(40;41)

Eosinophil recruitment is mediated by a polarized T-cell response of the Th2 

functional subtype induced following allergen exposure in sensitized (allergic) 

individuals. Several inflammatory mediators have been identified and implicated in 

the accumulation and activation of eosinophils, including the cytokines IL-1, IL-3, IL-
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4, IL-5, IL-13 and GM-CSF and the chemokines RANTES, monocyte chemoattractant 

protein (MCP)-3, MCP-4, macrophage inflammatory protein (M lP)-la and eotaxins- 

1,2 and 3.(24;42_45) IL-3, IL-5 and GM-CSF exert pleiotropic effects on eosinophils, 

promoting their survival, differentiation and effector functions.(46;47) IL-4 and IL-13 

are potent agonists to induce eotaxin-1  expression in smooth muscle and epithelial 

cells.(48'51) Eotaxin released from these cells, in turn, recruits and can activate 

eosinophils for cytokine production(51;52), granule protein release (degranulation) (53':>5) 

and generation of superoxide.(54) In addition to their effector function, eosinophils 

have been implicated in the generation of the Th2 polarized phenotype. For example, 

the production of EL-13 is markedly reduced in eotaxin/IL-5 double deficient mice, 

indicating a role for eosinophils.(56) (Figure 1.1 ,page 6).
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Figure 1.1: Allergen-induced asthmatic inflammation involving recruitment and 
activation of eosinophils: central role for exocytosis. Following allergen exposure in 
sensitized individuals, allergen cross-linking of IgE bound to mast cell surfaces 
triggers rapid degranulation (exocytosis) and the release of mast cell mediators 
(histamine, prostaglandins (PGs) and platelet activating factor (PAF). Mast cell 
mediators can activate other inflammatory cells through the release of cytokines and 
proteases and contribute to pathological features of asthma such as mucus 
hypersecretion and smooth muscle contraction in small airways (bronchoconstriction). 
In the chronic day-to-day asthmatic condition a polarized T-cell response of the Th2 
subtype predominates, which is characterized by high levels o f IL-3, IL-4, IL-5 and 
GM-CSF. Secreted Th2 cytokines, particularly IL-5, stimulate eosinophilopoeisis in 
the bone marrow. Th2 cytokines and CC chemokines such as eotaxin-1  and-2 and 
RANTEs facilitate eosinophil recruitment to sites of allergen exposure. Tissue 
eosinophils can cause epithelial damage by exocytosis of granule proteins such as 
major basic protein (MBP), eosinophil cationic protein (ECP) and eosinophil 
peroxidase (EPO). In addition they may produce newly synthesized products such as 
superoxide, reactive nitrogen species (RNS) and lipid mediators (PGs and leukotrienes 
(LTs)) which contribute to pathological features of disease such as mucus 
hypersecretion and bronchoconstriction.
(Modified from: Moqbel R. 1999. Can. Respin J. 6(5) 453-457)
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Despite the correlation of eosinophil accumulation and symptom severity in 

asthmatics, it has been difficult to determine a cause and effect relationship due to the 

lack of eosinophil specific inhibitors. Recently, strategies aimed at specifically 

impairing eosinophil differentiation and recruitment have focused on targeting IL-5, 

eotaxins and the chemokine receptor, CCR3.(7,9,57) IL-5-deficient mice are 

characterized by dramatically reduced bone marrow and blood eosinophil counts as 

well as absence of eosinophils in the lung following allergen challenge/8̂ Deficiency 

in both IL-5 and eotaxin-1 caused a more pronounced reduction in allergen-induced 

eosinophila in mice, suggesting that both molecules are critical for coordinating 

eosinophil recruitment.(56) Studies in patients using humanized anti-IL-5 antibodies 

have stirred controversy and a strong debate about their efficacy in modulating human 

asthma.^ Leckie et al reported that blood and sputum eosinophils were significantly 

reduced in patients that received the anti-IL-5 antibody (Mepolizumab). However, 

beyond the dramatic drop in the number of blood and sputum eosinophils, there were 

no changes in lung function parameters when compared to controls. This cast doubt on 

the pathogenic role of eosinophils in allergic diseases/9̂ However, a follow up study 

reported that while anti-IL-5 treatment significantly depleted BAL and blood 

eosinophils (>80%), the numbers o f bronchial tissue and bone marrow eosinophils 

were reduced by only 50% and 60%.(58) It has been suggested that this treatment 

strategy may lack efficacy since it fails to significantly deplete eosinophils within the 

lung parenchyma.(59)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8

Eosinophils as immunoregulatory cells

It is important to recognize that eosinophils naturally home to the 

gastrointestinal tract and other specific tissues but are not found in significant numbers 

in the lungs of healthy individuals.(25;26;60) Eosinophils within the gastrointestinal tract 

of healthy subjects exhibit signs of extracellular granule proteins,(60;61) indicating that 

eosinophil activation and exocytosis are normal processes in the gastrointestinal tract. 

Similarly, the normal homing of eosinophils to the thymus during development is 

suggestive of a potential role in T-cell selection.(62) This notion is supported by the 

observations that eosinophils can act as antigen-presenting cells (APC) to activate T- 

cells(63,64) and migrate into lymph nodes following administration intratracheally in 

normal mice (64\  Moreover, IL-5/eotaxin-l double deficient mice, which are depleted 

in eosinophils, exhibit defects in T-cell production.(56)

Recent observations from our own laboratory suggest that eosinophils within 

lymph nodes may play an important role in the polarization of T-cells to the Th2 

subtype in allergic subjects. Eosinophils were observed in lymph nodes obtained from 

asthmatic subjects compared to normal subjects. Peripheral blood eosinophils were 

found to constitutively express the enzyme indolamine 2 ,3  dioxygenase (IDO), which 

has been previously identified as a critical factor determining apoptosis of T- 

cells.(65;<5(5) The findings from our laboratory have suggested that eosinophil-derived 

IDO may contribute to apoptosis of Thl cells, which may be a mechanism 

contributing to the Th2 phenotype in asthmatics (Odemuyiwa et al. J. Immunol in 

press). Collectively, the above observations indicate that eosinophils may have 

homeostatic or pathogenic roles, that might may be tissue/site specific.
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1.4 Neutrophil recruitment and activation in lung diseases

PMNs are recruited and activated in several respiratory illnesses such as 

chronic obstructive disease (COPD)(<57;68), acute lung injury (ALI) (69;70)? acute 

respiratory distress syndrome (ARDS)(71;72), and cystic fibrosis (CF).(73) Neutrophilia 

has also been reported in subgroups o f asthmatic patients and is frequently observed in 

cases of severe of asthma, including asthma deaths.(74'76) It is postulated that much of 

the tissue damage in diseases such as COPD is due to neutrophil-mediated destruction 

of lung elastic tissue by neutrophil proteinases (elastase, cathepsin G, proteinase 3 and 

MMPs) in addition to a number of other neutrophil mediators.(68;77) Indeed, in patients 

with COPD, increased PMNs and secreted neutrophil proteinases correlated with 

chronic cough and accelerated decline in lung function. (77'79) Similarly, a recent study 

correlated the numbers o f sputum PMNs and the TG mediator, 

matrixmetalloproteinase- 9 (MMP-9) (gelatinase B), with symptom severity in 

asthmatic subjects following allergen challenge.(80) Experimental animal models of 

lung injury have also supported PMNs are critical effectors in the pathogenesis of 

disease. The depletion of PMNs using anti-neutrophil antibodies(81) and a specific 

inhibitor of neutrophil elastase(82) were shown to reduce lung injury in animal models.

A central role for the CXC chemokine, IL-8 , and the cytokines IL-1(3 and 

TNF-a in the recruitment of PMNs to the airways has been indicated in pulmonary 

disease. Each of these mediators is elevated in BAL and sputum from patients with 

COPD and ARDS.(44;83'86) IL-8  is a potent chemoattractant for neutrophils, and 

neutralizing anti-IL-8  antibodies reduced neutrophil accumulation and lung injury in
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animal models.(87;88) IL-ip can stimulate the production of a variety o f chemotactic 

molecules, including IL-8 , (83) and has been demonstrated to correlate with symptom 

in ARDS.(89) TNF-a also plays a critical role in amplification of the inflammatory 

response by stimulating the production of several other cytokines.(83;90) PMNs are, 

themselves, sources of TNF-a and IL-8  and, thereby, can contribute to their own 

recruitment and accumulation (Figure 1.2, page 7/).(91;92)

In addition to the above-mentioned mediators, other CXC chemokines (eg: 

epithelial neutrophil-activating protein-78 (ENA-78), growth-related oncogene (GRO- 

a  and -p, and granulocyte chemotactic peptide-2 (GPC-2)) have been shown to be 

involved in neutrophil recruitment.(84,93,94) In a similar manner to IL-8 , the leukotriene, 

LTB4, mediates neutrophilic inflammation(95;96) and has been shown to be elevated in 

COPD exacerbations/97̂ More recently, IL-17 produced from CD4+T-cells has been 

implicated in neutrophil recruitment. This effect appears to be due, at least in part, to 

IL-17-mediated production of IL-8  by bronchial epithelial cells and possibly other cell
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Figure 1.2: Neutrophilic inflammation during exacerbations of COPD.
(A) Macrophage phagocytosis of bacteria and/or activation by chemokines/cytokines 
(induce release of LTB4 and TN F). (B) Epithelial activation in response to TNF-a and 
bacterial products (release of TNF-a and IL-8 ). (C) Activation of endothelium (due to 
TNF-a (elevated expression of adhesion molecules promoting neutrophil 
extravasation). (D) Neutrophil migration (follows from binding to adhesion molecules 
and IL-8/LTB4 chemotactic gradient, elastase release and tissue damage). (E) 
Neutrophil elastase release in airway (epithelial damage and protein leakage; increased 
mucus secretion; reduced mucociliary clearance; associated release of IL-8  and LTB4 
resulting in amplification of chemotactic signal). LTB4=leukotriene B4; IL- 
8=interleukin 8 ; TNF =tumour necrosis factor; ICAM-l=intercellular adhesion 
molecule 1. (Modifiedfrom: White AJ. Thorax 2003 58 73-80)
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1.5 Eosinophil and neutrophil mediators '

Eosinophils and PMNs are capable of exerting a wide range of biological 

effects on tissue and other inflammatory cells through the release of pre-formed 

mediators localized to granules and SV (discussed in section 1.6) and via de novo 

synthesis and release of products such as lipid mediators and cytokines. Over 29 

different cytokines, chemokines and growth factors have been identified in 

eosinophils, some of which are stored in either CG or SV or both (Table 1.1,pages 15- 

16).C',23’100) Similarly, a diverse number of pro-inflammatory mediators can be released 

from activated PMNs (Table 1.2, page 77).(92;101)

Like other leukocytes, eosinophils and PMNs contain lipid bodies, which are 

sites of storage of the enzymes cyclooxygenase and 5-lipoxygenase (5-LO) and their 

substrate, arachidonic acid (AA). Lipid mediators include: platelet activating factor 

(PAF), leukotrienes, prostaglandins and lipoxins.(1;102'104) In particular, much attention 

has been given to the leukotrienes (LTB4, LTC4, LTD4 and LTE4) for their roles in 

respiratory diseases.(102;104) Eosinophils have been identified as the principal LTC4- 

producing cells in the bronchial mucosa of asthmatic subjects(105) and, in contrast to 

PMNs, produce little LTB4/ 106̂ LTC4 and its extracellular derivatives, LTD4 and 

LTE4, are critical mediators in allergic inflammation in their capacity to induce 

bronchoconstriction, mucus hypersecretion, and increased vascular 

permeability.(104;I07) In addition, lipid mediators such as LTC4 and PAF can act in an 

autocrine fashion to induce exocytosis of eosinophil-derived mediators and the 

generation of superoxide (CV)-’'108’109'* LTB4 is a potent chemoattractant and activator 

for PMNs, and, thus, can contribute in an autocrine fashion to PMN recruitment.(9;>;96)
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The generation of reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) from granulocytes have been implicated in the pathogenesis o f asthma and 

other inflammatory diseases/110'112) ROS can directly injure airway tissues/1 lj) 

Similarly, the inappropriate formation of nitric oxide (NO)-derived oxidants can 

damage tissues and can also lead to the modification of protein function through the 

nitrosylation of tyrosine residues/114’115-1 Both eosinophils and PMNs can generate O2" 

by the recruitment and activation of the NADPH oxidase enzyme complex/116’117-> 

PMNs recruit these components predominantly to the phagosomal membrane for the 

subsequent elimination of ingested pathogens/117:118) In contrast, NADPH oxidase 

components are directed to the plasma membrane in eosinophils, suggesting the 

extracellular release of C>2’/ 119) Interestingly, eosinophils are capable of generating up 

to tenfold more O2" than PMNs which may be due to their higher expression of protein 

components of the NADPH oxidase complex/120)

Superoxide (O2’) formed in the phagosome or extracellular space from the 

activity of the NADPH oxidase is rapidly dismutated by the superoxide dismutase 

(SOD) to hydrogen peroxide (H202)/121) In the presence of halides, H2O2 is converted 

to hypohalous acids via the enzymatic activity of eosinophil peroxidase (EPO) and 

myeloperoxidase (MPO) from eosinophils and PMNs, respectively. EPO has a much 

higher affinity for Br' than other halides, leading to the production of hypobromous 

acid (HOBr). In contrast, MPO preferentially utilizes Cl' to form hypochlorous acid or 

bleach (HOG) (Figure 13, page iP ) /1’118’122’123/  The granule proteins, EPO and 

eosinophil cationic protein (ECP), have been detected within eosinophil phagosomes 

(124) indicating that, like PM Ns(117;118), granule-phagosome fusion accompanies
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phagocytosis. However, PMNs have been shown to have a much greater capacity to 

eliminate ingested microbes than eosinophils.(125) In addition, EPO and MPO can 

utilize a number organic and inorganic low molecular weight substances to generate 

an array of reactive oxidants and diffusible radical species, including nitrating 

intermediates/1 U;112) Interestingly, the generation of nitrogen intermediates by MPO 

and EPO has been shown to occur in the presence of plasma levels of halides, 

suggesting this reaction may be favored over the generation of HOC1 and HOBr, 

respectively (Figure 1 3 ,page 7P.(1I1;126)
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Table 1.1: Eosinophil cytokines and their intracellular storage sites

Interleukins mRNA&
protein

expression

Quantity /1  x 10® cells Localization

. Interleukin-la mRNA
protein

- -

i Interleukin-2 mRNA
protein 6 ± 2  pg

Crystalloid granules (core)

I Interleukin-3 mRNA
protein

-- --

Interleukin-4 mRNA
protein -75 ±  20 pg

Crystalloid granules (core)

: Interleukin-5 mRNA
protein

-- Crystalloid granules (core/ 
matrix?)

i Interleukin-6 mRNA
protein 25 ± 6  pg

Crystalloid granules (matrix)

Interleukin- 9 mRNA
protein

-- --

Interleukin-10 mRNA
protein -25 pg-

--

; Interleukin-11 mRNA — —

Interleukin-12 mRNA
protein

-- --

; Interleukin-13 mRNA
protein

-- --

Interleukin-16 mRNA
protein 1 .6± 0 .8n g

-

1 Leukemia inhibitory 
factor (LIF)

mRNA
Protein

-- --

! Interferons and Others
[ Interferon-y(IFN mRNA

protein
-- --

; Turn or Necrosis Factor 
(TNF)

mRNA
protein

- Crystalloid granules (matrix)

Granulocyte/Macrophage 
; Cdony-Stimulating Factor 
! (GM-CSF)

mRNA
protein 15.1 ± 0 3  pg

Crystalloid granules (core)

Chemokines •
| Eotaxin mRNA

protein 19 ± 4  pg
Crystalloid granules

Interleukin-8 mRNA
protein 140 pg

Cytoplasmic

Macrophage Inflammatory 
Protein-1 a  (MIP-1 a)

mRNA
protein

- -

Modified from: Lacy P; Becker AB; Moqbel R, 2004. In: The Human Eosinophil,
Wintrobe's Clinical Hematology 11th Ed. pp. 311-333. Lippincott Williams and Wilkins. Philadephia
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Table 1.1 (cont’d)
Eosinophil cytokines and their intracellular storage sites

C hem okines mRNA & 
protein 

exp ression

Q uantity  / 1 x 106 ce lls Localization

Monocyte chemoattractant 
protein-1 (MCP-1)

Protein - -

MCP-3 mRNA _ _ —

MCP-4 mRNA __ _
RANTES mRNA

protein 72 ± 1 5  pg
Crystalloid granules (matrix) and 
small secretory vesicles

Growth Factors
Hep arin-B in ding Epi derm al 
GrowthF actor-Like Binding 
Protein (HB-EGF-LBF)

mRNA “

Nerve GrowthF actor (NGF) mRNA
protein 4  ± 2  pg

-

PI atel et-D erived Gr owth 
Factor, B chain (PDGF-B)

mRNA - -

Stem Cell Factor (SCF) mRNA
protein

- Membrane cytoplasm

Transfarming Gr ovrth 
Factor-ot (TGFo)

mRNA
protein 22 ± 6  pg

Crystalloid granules (matrix) and 
small secretoryvesicles

T ransforming Gr ovrth 
Factor-^ 1 (TGF-j8l)

mRNA
protein

- -

Modified from: Lacy P; Becker AB; Moqbel R. 2004. In: The Human Eosinophil,
Wintrobe's Clinical Hematology 11th Ed. pp. 311-333. Lippincott Williams and Wilkins. Philadephia
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Table 1.2: PMN granule populations and their membrane and lumenal proteins

A zuroohilic  q ra n u le s  (AG) S oecific  a ra n u le s  (SG) Tertiarv  a ra n u le s  (TG) S e c re to rv  v es ic les  (SV)

M em brane

CD63 CD11b/CD18 CD11b/CD18 A lkaline p h o sp h a ta se
CD68 CD15 Cytochrome b 558 CD10
Presenelin 1 CD66 CD11b/CD18

- Diacylglycerol deacetylating CD13
Stomatin CD66b (formerly CD67) Enzyme CD14
Vacuolar H+ A TPase 
fMLP-R

Cytochrome b 558 fMLP-R
CD66b

G a protein subunit N RAMP-1 CD16

Laminin-R SCAMP CD45

Leukolysin uPA-R CR1

NB1 antigen 

R a p -1 ,-2

Vacuolar H+A T Pase C1q-R
Decay-accelerating factor 
(DAF)

SCAMP
Stomatin

Leukolysin 
Vacuolar H+A TPase

Throm bospondin-R
TNF-R
uPA-R
Vitronectin-R

M atrix p ro te in s

Acid glycerophosphatase P2-microglobuIin
Acetyltransferase

P lasm a proteins
Acid m ucopolysaccharide C ollagenase

a1-antitrypsin CRISP-3 (SGP-28) p2-microglobulin

a-m annosidase G elatinase CRISP-3

Azurocidin hCAP-18 Gelatinase

BPI
p-glycerophosphatase
P-glucoronidase
C athepsins
D efensins
E lastase
Lyzozyme
M yeloperox idase  (MPO)

H istam inase
H eparanase
L actoferrin
Lysozyme
NGAL
uPA
Sialidase
Transcobalamin-1

Lysozyme

N -acetyl p - g lu c o s a m in id a s e  
(p-HEX)
P ro te in a se -3
S ia lid a se
U biquitin-protein

G ra n u le  m e m b ra n e  an d  lum enal m a rk e r  p ro te in s  a re  b o ld e d
Modified from: Faurschou.M . & Borregaard.N. 2003. Microbes. Infect. 5(14) 1317-27.
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Table 1.3: Granule populations and stored mediators
in immature and mature human eosinophils.

C rystallo id
(secondary /specific )

g ran u le s

Prim ary
g ran u le s

Sm all
g ran u le s

S ecre to ry
v e s ic le s

Core
Catalase -

CathepsinD
Enoyl-C oA-hydrolase
,8-Glucuronidase
Mai or basic protein

Matrix
Addphosphatase Charcot-Leyden 

crystal protein 
(gale din-10)

A d d
phosphatase

Plasma proteins 
[Albumin]

Acjd-CaA oxidase Arylsulphatase B 
( active)

Arylsulphatase B 
(inactive)

C atalase

A d d 8 -
^yc erophosphatase

Elastase

B act eriri dal/perm eahility- 
increasing protein

Eosinophil 
cationic protein

Catalase
CathepsinD
Collagenase
Elastase

•

Enoyi-C oA-hydrolase 
(also in core)
Eosinophil cationic 
protein (E C P )
Eosinophil- derived 
neurotoxin (EDN)
Eosinophil 
peroxidase (E P O ) 
Flavin adenine 
dinucleotide (FAD) 
8-Glucuronidase

E P O

8-H ex osaminidase
3-Ketoacyl-CoA
thiolase
Lysozyme
Maior basic protein
Phosphdipase A j (Type 
n )
Nonspecific esterases 

1 Membrane
I CD 63 Cytochrome 

b<® [p22pkox]
1 V -tvo e H+- ATP ase V  AMP-2

Modified from: Lacy P; Becker AB; Moqbel R. 2004. In: The Human Eosinophil, 
Wintrobe's Clinical Hematology 11th Ed. pp. 311-333. Lippincott Williams and Wilkins. 
Philadephia
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Eosinophil-derived ROS SOD H20 2+ EPO + H (Br) (HOBr)

ONOO-
NOx

I
Protein nitration 
Tissue damage

Neutrophil-derived ROS SOD
H20 2+MP0 + H(CI)

Figure 1. 3
Generation of reactive oxygen and reactive nitrogen species by eosinophil 
peroxidase (EPO) and myeloperoxidase (MPO).
Superoxide (O2") generated from eosinophils or polymorphonuclear cells 
(PMNs) is rapidly dismutated by superoxide dismutase (SOD) to generate 
hydrogen peroxide (H2O2). In the presence of halides, (Br" for eosinophils; Cl" 
for PMNs), the enzymes EPO and MPO produce hypohalous acids leading to 
bromination or chlorination for eosinophils and PMNs, respectively. 
Alternatively, EPO and MPO can catalyze the formation of a number of 
reactive nitrogen species (NOx) that are involved in protein nitration. O2’ 
produced from eosinophils and neutrophils may also combine with NO 
produced from epithelial cells and/or inflammatory cells to produce 
peroxynitrite (ONOO-). ONOO- is microbicidal and can cause nitration of 
proteins leading to modification of their function.
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1.6 Granule populations in eosinophils and PMNs and stored mediators 

Eosinophil granules and granule proteins

Human eosinophils contain at least four different populations of membrane- 

bound granules which store pre-formed mediators: crystalloid granules (CG), primary 

granules, small granules and SV  (Table 1.1 pages 15-16, Table 1.3, page 75).(1)

Crystalloid granules (CG). These are unique large granules (0.5-0.8 pm diameter), 

also known as specific or secondary granules, which have a characteristic electron- 

dense core and an electron-lucent matrix. Approximately 200 CG are found within 

each mature eosinophil/^ In mature cells, cationic granule proteins localized to the 

CG matrix include eosinophil peroxidase (EP_0), eosinophil derived neurotoxin 

(EDN) and eosinophil cationic protein (ECP). In contrast, major basic protein (MBP) 

is localized to CG cores/1'1 The recruitment of eosinophils is a critical component for 

host defense to parasites, and each of the four cationic proteins is cytotoxic to 

helminths/127' 129) In addition, CG contain stored cytokines some of which are localized 

to the crystalline core (eg: IL-2, IL-5, IL-4 and GM-CSF) while others to the matrix 

compartment (eg: RANTES, IL-6, TNF-a and TGF-a).(1) CG also contain acid 

hydrolases, similar to lysosomes, and bactericidal proteins (Table 1.3,page 75)/I;I00)

MBP, named after its abundance (as much as 250 pg per cell), is synthesized 

during early eosinophiliopoiesis and granulogenesis as a proform (proMBP). ProMBP 

is found in non-condensed granules in maturing eosinophils, whereas MBP is 

localized to the electron dense core of CG /130̂ It is postulated that post-translational
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modifications of proMBP occur within the granule to ultimately form the functional 

protein. This processing event is necessary for the bioactivity of MBP, as proMBP 

lacks the cytotoxic and stimulatory effects of M BP/131) MBP is directly cytotoxic to 

airway tissues, including bronchial epithelium and pneumocytes(132), and is an 

effective stimulus for neutrophil superoxide (O2") production and secretion of IL- 

g (i33;i34) jyj^p has been suggested to contribute to airway hypperreactivity (AHR) in 

asthma functioning as an allosteric inhibitor of M2 muscarinic receptors on airway 

nerves/13;5)

The basic CG matrix proteins, EPO, ECP and EDN exert a number of effector 

functions. As described in section 1.5, EPO is an important enzyme involved in the 

production of reactive oxidants and nitrating intermediates which can cause tissue 

damage and/or protein modifications (Figure 1.3, page 7 <?)/in ’m) ECP and EDN are 

both members of the RNase (ribonuclease) A family, and, unlike EPO, are not 

exclusively localized to eosinophils. Human PMNs have recently been shown to 

contain granule stores o f EDN and ECP, albeit at much lower levels than 

eosinophils.(136;137) EDN has -100 fold higher RNAse activity than ECP and, 

accordingly, has been shown to be a more effective anti-viral agent/138) Both ECP and 

EDN are cytotoxic to nerves and cause hind limb paralysis (Gordon phenomenon) 

following intraventricular injection in rabbits/139) The mechanism of ECP-mediated 

cytotoxicity is unclear, but appears to be independent of its RNAse activity and may 

involve the formation of channels or pores in the target membrane/140-) ECP and EDN 

are also implicated in the activation of other leukocytes. ECP, and to a lesser extent 

MBP, can promote degranulation of mast cells/141) A selective chemotactic activity of
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EDN has recently been reported on dendritic cells in vitro and in vivo. EDN-mediated 

chemotaxis was pertussis toxin (PTX)-sensitive and was inhibited by preincubation 

with a placental RNase inhibitor/142)

Primary granules. These coreless granules are less numerous than CG, are enriched in 

Charcot-Leyden crystal (CLC) protein and found in both mature and immature 

eosinophils. CLC shares significant structural homology with the galectin family of 

carbohydrate-binding proteins and has been termed galectin-loP4̂  CLC is abundant 

in eosinophils (-10% of total cellular protein) and is secreted at tissue sites in 

eosinophilic disorders/15

Small granules. Similar to primary granules, these granules are coreless. Proteins 

stored within small granules include enzymes: acid phosphatase, arylsulfatase B, 

catalase and the NADPH oxidase components, and cytochromeb558.(1)

Secretory vesicles. These are highly numerous cytoplasmic vesicles, also known as 

microgranules or tubulovesicular structures which contain albumin, suggesting an 

endocytic o r ig in /S V  have been reported to contain preformed mediators such as 

EPO ,(144;145) RANTES,(146;147) IL-4(52;148) and-TGF-a(149) The mobilization of SV is 

postulated to be involved in the rapid and selective release of eosinophil mediators, 

termed piecemeal degranulation (PMD) (described in section 2.1).

PMN granules and granule proteins

As in eosinophils, all PMN granule populations are enveloped in a 

phospholipid bilayer and exhibit considerable heterogeneity in their protein contents. 

PMNs contain at least 4 distinctive granule populations: large azurophilic granules
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(AG), secondary (ox specific) granules (SG), tertiary (ox gelatinase) granules (TG) and 

SV  (Table 1.2, page 17).

Azurophilic granules (AG). These are the earliest formed granules in PMNs, also 

known as primary or peroxidase-positive granules, and are distinguished by the 

presence of myeloperoxidase (MPO)/150) As discussed in section 1.5, MPO is a critical 

enzyme for the generation of reactive oxidants and nitrogen species <'112;118;123) (Figure 

1.3, page 19) which are implicated in protein modification and tissue injury in 

inflammatory diseases/110’114;115). There are two distinct subsets of AG: (i) an early- 

appearing population which is defensin-poor and (ii) a late-appearing defensin-rich 

population/151:) Defensins exert cytotoxic effects on a wide variety of bacteria, fungi, 

enveloped viruses and protozoans by forming membrane spanning pores in the target 

organism/152) AG also contain three major serine proteinases, proteinase-3, cathepsin 

G and elastase. These enzymes are microbicidal, degrade a variety of extracellular 

matrix proteins (eg: elastin, fibronectin, laminin, type IV collagen and vitronectin) and 

can induce mediator release from epithelial cells, endothelium and other 

leukocytes/150’153̂ Abnormally high elastase activity is considered to be a major 

contributing element in the pathogenesis o f emphysema, particularly in patients with a 

deficiency in the plasma protease inhibitor, al-antitrypsin/154) Similarly, neutrophil 

proteinases are implicated in the pathogenesis of COPD.(77'79) It has been proposed by 

Griffiths and colleagues that since PMN AG and eosinophil CG contain shared 

enzymes with conventional lysosomes, they be considered “secretory lysosomes” 

(Table 1.2, page 17, Table 1.3 page 7§)/155) •
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Secondary (SG) and tertiary (TG) granules

Several antimicrobial proteins are localized to SG and TG (eg: lactoferrin 

(LTF), human cathelicidin cationic antimicrobial protein-18 (hCAP-18), neutrophil 

gelatinase-associated lipocalin (NGAL), lysozyme and natural resistance-associated 

macrophage protein (Nramp)-l). In addition, the membranes of these granules are 

important sites for intracellular membrane receptors and signaling molecules (Table 

1.2, page 17, Table 1.3 page i# ) /150) SG are distinguished by the presence of LTF, a 

member of the transferrin family of iron-binding proteins. LTF is present in several 

biological fluids (eg: breast milk and mucosal secretions) and exerts anti-microbial 

activity by sequestering iron or via the generation of its microbicidal form, 

lactoferricin, following pepsin cleavage/5 56) An anti-inflammatory role for LTF has 

been reported in allergic reactions. LTF is elevated following allergen exposure in 

sensitized individuals/157) Recombinant LTF appears to prevent allergen-induced skin 

inflammation in m ice/158) However, immobilized LTF was recently shown to 

stimulate 0 2 * production and degranulation from eosinophils, suggesting it both pro 

and anti-inflammatory properties/159)

TG are enriched in matrix metalloproteinase-9 (MMP-9) {ox gelatinase Z?)/160) 

MMP-9 and other neutrophil metalloproteinases, MMP-8 (collagenase) and MMP-25 

(leukolysin) exert a wide range of biological effects through their enzymatic cleavage 

of extracellular matrix proteins and a variety of other substrates, including 

chemokines/161) Excessive metalloproteinase activity is considered to be a major 

pathogenic factor contributing to tissue remodeling in neutrophilic airway diseases 

such as COPD and emphysema/154;162:163)
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Secretory vesicles

Similar to eosinophils, PMN S V contain albumin suggesting an endocytic 

origin.(150) These SV are, however, distinct from a constitutive exocytosis/endocytosis 

organelle and are not reformed following exocytosis.(164,165). In PMNs, the population 

of SV are a rich source of receptors including the p2-integrin CD1 lb/CD18 (Macl, 

CR3), complement receptor-1 CR1, formylmethionyl-leucyl-phenylalanine (fMLP)- 

receptor, CD 14 and FCyin receptor (CD 16). SV are also enriched in alkaline 

phosphatase and contain plasma proteins and MMP-25.(28,150)

1.7 Eosinophil and PMN granulogenesis 

Granule protein synthesis

Although the precise mechanisms regulating granule formation 

(granulopoiesis) remain to be determined, a variety o f studies collectively indicate that 

distinct granule populations (and stored mediators) arise from the differential 

expression of granule mediators. In PMNs, MPO is one o f the earliest granule proteins 

to be synthesized and is packaged into AG.(150) At the promyelocyte/myelocyte 

transition, the production of MPO ceases and defensins are synthesized giving rise to 

defensin-rich AG.(151) The myelocyte and later band cell stages are characterized by 

the sequential expression of LTF and gelatinase, giving rise to SG and TG, 

respectively/166) In accordance with this “targeting by timing” mechanism of granule 

biogenesis*'150'1, proteins synthesized during a particular myeloid stage are localized 

together in the same granules/151;166) In addition, the overexpression of the SG protein,
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NGAL, during the early stage of differentiation in myeloid HL-60 redirects this 

protein to MPO+ A G /167)

Eosinophil granule biogenesis has been less well studied than PMNs. Although 

a “targeting by timing” model is plausible, further studies are required to determine 

the precise molecules and mechanisms involved in these processes. The synthesis of 

eosinophil granule proteins begins at the promyelocyte/myelocyte transition/168) 

Eosinophil promyelocytes are abundant in large coreless immature CG (containing 

MBP, ECP, EDN and EPO)<'169) and also contain a few CLC+ primary granules/170) In 

eosinophils derived from CD34+ cells in vitro, it was demonstrated that expression of 

CLC mRNA could be detected following a few days in culture. An overlap, however, 

in synthesis o f granule proteins is suggested, at least for CLC and EPO, as immature 

granules in these progenitors contained both these proteins by electron microscopy/170) 

Similarly, the expression of eosinophil cytokines has been shown to coincide with the 

stages of granule protein synthesis (171,I72). This may suggest a common pathway for 

sorting cationic proteins and cytokines to CG during their synthesis. However, 

cytokines are additionally localized to albumin"1" SV(1;100), which are not found in 

eosinophil progenitors/173) This indicates a separate mechanism, whereby cytokines 

and/or growth factors are acquired by eosinophils via endocytosis of plasma 

mediators.

In the myelocyte and metamyelocyte stages, synthesis of granule proteins 

begins to decrease and CG condense with the appearance of characterisitic cores/174) 

Using patch-clamp capacitance analysis, it has been estimated that exocytosed 

granules from horse eosinophils and cord blood-derived eosinophils differ in size by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



27

multiples of “unit granules”/ 1755176̂ These observations suggest that mature CG arise 

from homotypic fusions of immature granules which is a similar pattern postulated for 

granule maturation in neurons and endocrine cells/177;178) It is unclear if  neutrophils 

follow a similar pattern of unit granule fusion. It is postulated that condensation of CG 

also involves post-translational processing events for MBP, in particular, and the 

production of the mature active MBP from proMBP.(131) Such proteolytic events have 

been described for the neutrophil AG proteins, elastase and cathepsin G, which are 

similarly synthesized as pro forms, but stored in their active forms/179)

Once eosinophils reach maturation, MBP is no longer synthesized and 

messenger RNA (mRNA) is not detectable/130;180) However, mRNA has been detected 

for EPO, ECP and EDN in mature cells, indicating that eosinophils have the potential 

to generate these granule proteins beyond their maturation in the bone marrow/180)

The replenishment of the chemokine RANTES, in particular, following its release 

from IFN-y-activated mature eosinophils(146;18I) has been reported. This observation 

indicates that mature eosinophils retain the capacity to synthesize chemokines and/or 

cytokines, and raises several questions regarding protein sorting mechanisms 

following bone marrow maturation. It is possible that cytokines synthesized under 

such conditions may comprise a post-Golgi-derived storage compartment, although no 

studies have examined this in detail.

Sorting ofgranule proteins

In PMNs, it is postulated that granule proteins are not sorted by specific target 

sequences and follow the “targeting by timing” model of granulopoiesis/150) Although 

it might be predicted that AG would share similar sorting mechanisms for lysosomes,
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significant differences are apparent. MPO is a mannose-6-phosphate (M6P)-labeled 

protein, similar to other lysosome proteins, but its delivery to AG appears to be 

independent of the mannose-6-phosphate receptor (M6PR)/182) In addition, other AG 

proteins such as lysozyme and defensins are not M6P-tagged proteins/150) AG also do 

not contain lysosomal-associated membrane protein (LAMP)-l and - 2 (183), which are 

sorted to lysosomes via a specific targeting sequence in their cytoplasmic tails/184) 

However, like eosinophil CG,(185) AG membranes express the tetraspanin, CD63 

(LAMP-3)/186;> which is localized to late endosomes and lysosomes in other cell 

types (I87;188) The overlapping distribution of SG/TG and secretory vesicle membrane 

proteins suggests they may be delivered by a common pathway following their 

synthesis/150)

With the exception of a single study, no experimental data are available 

regarding the sorting of eosinophil granule proteins. Persson et al recently reported 

that LAMP-1 and LAMP-2 were detected on eosinophil CG and cytoplasmic small 

vesicles that were not albumin positive. Interestingly, binding experiments o f M6PR to 

eosinophil subcellular fractions did not indicate any significant level of M6P-labeled 

proteins in mature eosinophils/189) It remains to be determined whether the M6P 

pathway is important for granulogenesis during the early stages of eosinophil 

differentiation.
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2.0 Exocytosis of stored mediators

2.1 Patterns of exocytosis in eosinophils and PMNs

Eosinophil and PMN granule mediators are released to the extracellular space 

and/or or the phagosome lumen (for PMNs) by the process of regulated exocytosis. 

Exocytosis can be divided into distinct sequential steps which include: (i) granule 

mobilization, (ii) docking, (iii) membrane fusion and (iv) expansion of the fusion 

pore!'190) The molecules and mechanisms regarding these distinct phases of exocytosis 

are poorly understood in granulocytes. Granule mobilization likely involves the 

recruitment of signaling molecules (eg: monomeric Rab family GTPases and their 

effectors) and motor proteins (kinesins and myosins) to the granule membrane and the 

subsequent migration of granules along microtubules and actin.(191;192) Docking 

collectively refers to the physical interaction of the outer leaflet of the granule with the 

inner leaflet of the plasma membrane. This occurs through membrane-spanning 

protein families and additional membrane associated proteins, including SNAREs (see 

section 2.2). Docking is a prerequisite for the subsequent stages of membrane fusion, 

pore expansion and granule content release/190) Whether SNAREs, themselves, are 

directly involved in the membrane fusion event remains a subject of intense debate 

(see section 2.3).

The release of granule-derived proteins from PMNs, eosinophils and other 

granulocytes to the extracellular space has been referred to by many as degranulation. 

Degranulation, however, is a complex process in these cell types and at least four 

distinct modes (or patterns) of stored mediator release have been identified in 

experimental settings and in vivo. Classical (or simple) exocytosis occurs by single
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granule fusions with the plasma membrane. Compound exocytosis is characterized by 

granule-granule fusions within the cytoplasm followed by a single large exocytotic 

event resulting from granule membrane fusion with the plasma membrane. Piecemeal 

degranulation (PMD) involves the mobilization and secretion of small SV 

independent of large granule events and is implicated in the selective release of stored 

mediators. Finally, deposition of free floating granules and eventually their protein 

contents may result from necrosis or cytolysis and the subsequent loss o f cell integrity. 

Mediator release via necrosis, although physiologically relevant, is not considered a 

form of exocytosis.(1)

Both eosinophils and PMNs are rarely activated while in the circulation, but 

undergo degranulation following extravasation and migration into tissue sites/1 ;2) The 

examination of tissue and peripheral blood PMNs and eosinophils by several 

researchers has suggested that the predominant pattern of exocytosis is dependent, at 

least in part, on the type of the agonist(s) utilized and the cellular microenvironment. 

As mentioned in section 1.3, it is important to recognize that eosinophil activation and 

degranulation has been reported in normal healthy tissues/61) Thus, it must not be 

misintrepreted that eosinophil degranulation is always associated with disease 

pathology. In experimental settings, a wide variety of agonists have been shown to 

activate eosinophils and PMNs. Several o f these agonists, if  not all, are not selective 

activators of degranulation as they induce several other cellular responses, including 

chemotaxis, adhesion, and the generation of various mediators such as leukotrienes 

and O2". Activators of eosinophils and neutrophils include cytokines (10°;185>185;I93-195)5 

chemokines and chemotactic factors(52;54;55;I9<5:197), lipid mediators ('102;104;198),
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complement components (195:199'201), immunoglobulins(202,203) and granule-derived 

proteins/133;134;142;159)

Classical and compound exocytosis

Patch-clamp analyses have supported the notion that eosinophils and PMNs do 

exhibit classical and compound modes of secretion. The sequential secretion of single 

granules, as indicated by stepwise increases in membrane capacitance, has been 

observed following intracellular administration of Ca2+ and GTPyS into eosinophils 

from guinea pigs, horses and humans (175;'76;204'207) as well as human PMNs/208’209/  

Eosinophils stimulated in this manner also exhibit granule-granule fusions 

characteristic of compound exocytosis/210'212-1 Ultrastructural studies have confirmed 

that compound exocytosis is not limited to experimental manipulation in vitro, and 

eosinophils adhering to helminth parasitic larvae often exhibit this pattern of secretion. 

For the majority of helminth infections, eosinophil recruitment and attachment to 

parasites is thought to be critical for parasite containment and clearance/213’214/

A recent study by Lollike et al (2002) indicated that granule-granule fusions 

occured in PMNs following stimulation with ionomycin. Although a small number of 

compound events were observed, they accounted for -20% of the total increased 

membrane capacitance/2151 It is unclear, however, if PMNs exhibit compound 

exocytosis at tissue sites.

Piecemeal degranulation (PMD)

PMD was first described by Dvorak and colleagues as a unique pattern of 

secretion exhibited by tissue basophils in tumor lesions and contact allergy skin 

lesions. Intact cytoplasmic granules that exhibited content loss were detected, which
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were associated with the characteristic presence of numerous small cytoplasmic 

vesicles/216) Similar evidence of “eroded” cytoplasmic granules was later identified in 

tissue mast cells(217) and eosinophils/218-1 More recently, it has been shown that PMD 

is not limited to inflammatory cells. Microscopic analysis has indicated that murine 

chromaffin cells/219) and enteroendocrine cells exhibit PM D/220) PMNs do not appear 

to release their mediators by PMD, although granule populations are released in a 

sequential manner following cell activation (described below in: Hierarchial granule 

release from  PMNs).

PMD was first shown in cord blood-derived eosinophils cultured in IL-5/218) 

Similar to basophils and mast cells, electron microscopy demonstrated the presence of 

several cytoplasmic vesicles and partially eroded cytoplasmic CG.(218) Later studies 

which examined tissues from allergic subjects confirmed that the majority of 

infiltrating eosinophils exhibit signs ofPMD.(221'223) Interestingly, although guinea pig 

eosinophils exhibit similar PMD,(224) the secretory capacity of murine eosinophils has 

been questioned in several models of allergic inflammation. Tissue eosinophils, 

although recruited in abundance following allergen provocation, in murine models 

have exhibited negligible signs of degranulation/225;226) However, murine airway 

lumen eosinophils were recently shown to exhibit signs of PMD following allergen 

challenge/227) It is possible that differences in in vivo priming and activation of 

eosinophils may account for phenotypic differences observed between mice and 

humans. Despite this discrepancy, a pathogenic role for eosinophils has been clearly 

demonstrated by Lee et al (2004) in a murine model o f allergic inflammation. A new 

mutant mouse (PHIL) was generated in this study by a modification of the promoter
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region of the EPO gene, which is eosinophil specific. PHIL mice were shown to be 

completely devoid of eosinophils in the bone marrow, blood and tissue sites, but 

exhibited normal repetoires o f other leukocytes. Allergen challenge in sensitized mice 

demonstrated that PHIL mice did not develop AHR compared with wild type, 

providing compelling evidence for a pathogenic role of eosinophils in allergic 

disease/228)

It has been suggested that PMD may be a mechanism to permit the gradual 

release of stored granule mediators over a period of hours or days/229:230) However, 

rapid mobilization of SV was reported by our-laboratory to coincide with the secretion 

of the chemokine, RANTES, within minutes following stimulation of human 

eosinophils with EFN-y. The secretion of RANTES did not temporally coincide with 

the mobilization and release o f MBP (which remained localized to CG cores), 

suggesting that SV are involved in the rapid release of some preformed mediators/146) 

The release of preformed IL-4 via a vesicle-mediated pathway has, similarly, been 

reported for eosinophils stimulated with cytokines and CC chemokines.(52;148) The 

molecules and mechanisms regulating PMD are poorly understood. It was suggested 

by Dvorak et al (1975) that membrane budding of granules may be a mechanism for 

PMD, generating small vesicles mobilized to the cell periphery following cell 

activation/218;230) Alternatively, it has been proposed by Moqbel and colleagues that 

SV may function as transport carriers for CG-derived mediators during PMD. 

According to this model, SV are available as a rapidly mobilizable pool for exocytosis 

of stored mediators and surface membrane proteins. Following their fusion with the 

plasma membrane, recycled vesicles are postulated to participate in granule-vesicle
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fusions and may, thereby, transport CG mediators for secretion in successive rounds of 

exocytosis (Figure 1.4, page 35).(! 46 ,23Further studies are required to determine if 

this model occurs in activated eosinophils. To date, electron microscopy and 

subcellular fractionation analyses of eosinophils have identified vesicles which 

contained EPO,(144;I45) ECP,(232), RANTES (146) and TGF-a.(149) It is presently unclear 

if  cytoplasmic vesicles are homogenous in respect to their stored mediators and 

membrane proteins. Futhermore, Bandeira-Melo et al observed that IL-4, but not 

RANTES, was released following stimulation of eosinophils with IL-16, RANTES or 

eotaxin.(I48) This observation suggests that it is plausible that there is heterogeneity 

within the secretory vesicle pool.
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Figure 1.4: Proposed model for eosinophil piecemeal degranulation 
(PMD). Membrane budding of crystalloid granules may give rise to small 
vesicles for the slow release of mediators. Alternatively, secretory vesicles are 
postulated to be mobilized crystalloid'granules (CG). Following exocytosis, 
secretory vesicles are predicted to be recycled to CG to dock and receive 
intragranular contents. Multiple rounds of vesicle shuttling to the plasma 
membrane coupled to vesicle recycling is a postulated mechanism for content 
release of cytoplasmic CG and the resulting formation of intact cytoplasmic 
CG with eroded matrices and/or cores.
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Hierarcliial granule release from PMNs

There have been no studies to date that have determined PMD as a mode of 

secretion for PMNs. However, some similarities to eosinophil PMD are apparent, 

particularly in the rapid release of SV. Following stimulation with a wide range of 

agonists, rapid mobilization and secretion of secretory vesicle contents has been 

observed in PMNs followed by SG and TG exocytosis/233'236-* In contrast, large AG 

are typically sluggish in their mobilization and, most often, are associated with fusion 

to the phagosome for elimination of ingested microbes/118;234;235) Exocytosis of the 

different granule populations from PMNs can be determined by the examination of 

secreted marker proteins or the upregulation of granule membrane proteins on the cell 

surface. The upregulation of surface exposed CD63 and CD66b (formerly CD67) are 

commonly used markers for examining exocytosis of AG and SG/TG, 

respectively/237’238̂

The precise mechanisms regulating the sequential release of PMN granules are 

postulated to involve granule membrane proteins and/or cytoplasmic signaling 

proteins recruited to the granule surfaces/150) A critical role for calcium in this 

process has been indicated, as the hiearchial pattern of release can be mimicked in 

vitro by elevating intracellular Ca2+ levels in PMNs/234;239;240) Recently, Nusse et al 

demonstrated using patch-clamp analysis that PMN exocytosis exhibited a bi-phasic 

response following the adminstration of buffered Ca2+solutions. An initial high 

affinity (low Ca2+: 1.5-5 pM) phase was detected, followed by a low affinity (high 

Ca : -100 pM) phase. The high and low affinity phases correlated with the release of 

peroxidase-negative granules (SG and TG) and AG, respectively/24̂  This observation
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suggests that the duration and intensity of intracellular Ca2+ levels may determine the 

pattern and extent of degranulation.

Necrosis (cyto lysis) as a mode for cell free granule-protein deposition

Granule-derived proteins may be released into the extracellular space if the 

integrity of the plasma membrane is compromised and subsequent death occurs by 

necrosis (or cytolysis). The examination of human tissue from sites of allergic 

inflammation has suggested that relatively few tissue eosinophils undergo

•  (2 2 ]m222‘242’243)apoptosis. ’ ’ ’ However, cyto lysis of tissue eosinophils has been supported by

the observation of cell-free eosinophil CG in the extracellular space (Cfegs) by 

electron microscopy. The resulting extensive release of granule proteins is considered 

to be a significant factor contributing to disease pathology in allergic 

diseases/221,222,224) Similarly, the balance between the clearance of apoptotic PMNs 

and the accumulation of necrotic PMNs is a critical component contributing to the 

severity of neutrophilic diseases such as COPD/67;68;244)

2.2 SNAREs and the SNARE complex

SNAP receptors (SNAREs) are a highly conserved family o f small (10-35 

kDa) membrane-associated proteins which were first identified in bovine brain by 

Rothman and colleagues for their ability to interact with two cytosolic proteins, N- 

ethylmaleimide-sensitive factor (NSF) and soluble-NSF attachment protein 

(SNAP)/245) SNAP and NSF had been previously shown to be required for Golgi 

vesicle trafficking in a cell-free assay <'246,247) and have since been demonstrated to be 

critical in several intracellular trafficking pathways/248;249) Research efforts by several
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groups over the past decade have identified several isoforms of SNAREs and 

established this family has a key role in not only neurotransmitter release at synapses, 

but also several other pathways of intracellular membrane trafficking.(250‘254)

SNAREs are involved in the distal stage of membrane-bound transport during 

vesicle/granule docking with the target membrane. The proteins identified by Rothman 

and colleagues in 1993 (245) had previously been reported to localize to either the 

vesicle or presynaptic (plasma) membrane in iieurons.(255'257) This led to the proposed 

hypothesis by Sollner et al (1993) that targeting of transport vesicles/granules would 

be mediated by two functionally distinct classes of SNAREs, vesicular (v-) and target 

membrane (t-)-SNAREs.(245) The synaptic SNARE complex is comprised of the v- 

SNARE, vesicle-associated membrane protein (VAMP)-2 (previously termed 

synaptobrevin) and its cognate t-SNAREs, synaptosome-associated protein of 25 kDa 

(SNAP-25) and syntaxin-1 (Figure 1.5, page 41). Structural and sequence comparisons 

between the synaptic SNARE complex and a distantly related SNARE complex (258;259) 

have indicated a conserved arrangment for SNARE interactions. All SNAREs contain 

a positionally conserved 60-70 amino acid “SNARE m otif’ which consists of a 

repeating heptad of hydrophobic residues. VAMPs and syntaxins, which are both 

membrane-anchored proteins, contain a single copy of this motif. SNAP-25 and its 

related isoform, synaptosome-associated protein of 23 kDa (SNAP-23), contain two 

SNARE motifs and interact with membranes via palmitoylated cysteine residues 

(Figure 1.6,page 42).(260'262) SNARE motifs assemble into parallel four helix bundles 

(259,263) wj1jcj1 aj-g highly stable, being resistant to denaturation by sodium dodecyl 

sulfate (SDS)(264) and unfold only when either heated to high temperatures (>82 °C) or
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exposed to strong denaturants.(265) Based on these structural analyses, a second 

nomenclature was proposed that categorized SNAREs in terms of key residues 

required for assembly: either arginine (R-SNAREs) or glutamine (Q-SNAREs).(266) 

According to this classification, a SNARE complex is comprised of four helices: one 

R helix contributed by a VAMP isoform and three Q helices: one from syntaxin (Qa) 

and two from SNAP-25 (Qb and Qc) (Figure 1.5, page 41). While the majority of 

SNARE complexes appear to follow to this arrangement, exceptions are possible. In 

particular, homotypic fusion events in the ER are mediated by two Q-SNAREs 

without a requirement for an R-SNARE. This fusion event is mediated by the NSF- 

related ATPase, Cdc48p.(267)

As indicated above, the role of SNAREs and SNARE complex assembly in 

exocytosis has been extensively examined in synaptic vesicle release from neurons. In 

contrast to several other cell types, a number of morphologically-docked synaptic 

vesicles are localized to the plasma membrane in the resting state. These synaptic 

vesicles, termed the readily releasable pool (RRP) are rapidly released in a Ca2+- 

dependent manner following the generation of an action potential. Following their 

release, a second more numerous pool o f vesicles (the reserve pool) is recruited to the 

plasma membrane for future rounds of exocytosis. The number of vesicles within the 

RRP is an important component in determining the extent of neurotransmitter release 

following stimulation. In addition, the rate of replenishment of RRP from the reserve 

pool is a critical factor that determines the responsiveness of the synapse during 

repetitive stimulation (Figure U ,p a g e  43).'268;269)
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It has been proposed that the formation of SNARE complexes between two 

membranes (trans configuration) may be sufficient to overcome the energy barrier 

between the two opposing membranes to cause membrane fusion. In support of this, 

Rothman and colleagues have demonstrated SNAREs, alone, appear to be sufficient to 

induce membrane fusion and lipid content mixing using a cell-free proteoliposome 

fusion assay.(270) Recent structural analyses and biochemical studies have similarly 

supported a model in which “zippering” of SNARE motifs proceeds from the NH2- 

terminal ends towards their membrane anchors which may “pull” membranes 

together.(271'273) According to this model, following membrane fusion, cA-SNARE 

complexes (in the same membrane) are disassembled by SNAP and NSF thus allowing 

SNAREs to return to their “energized” state for future rounds of exocytosis (Figure 

1.8, page 4 4 y (-25y’27A’215'> jt has been suggested that NSF can mediate disassembly of cis 

but not trans configured SNARE complexes, thus ensuring the progression of the 

“zippering” process.(276) A role for NSF in SNARE complex disassembly and 

recycling is supported by the observation that a temperature-sensitive NSF mutant 

causes accumulation of SNARE complexes at the plasma membrane and loss of 

neuronal exocytosis in Drosophila.(277)
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Figure 1.5. Model of the neuronal SNAREs assembled into the core complex.
The ribbon diagrams represent the crystal structure of the core complex and the NMR 
structure of the amino-terminal Habc domain of syntaxin 1. The amino terminal region 
of syntaxin 1 (Habc domain) is coloured in orange and the SNARE (SNAP receptor) 
motifs are colour coded as follows: vesicular (v-) or (R-) SNARE: VAMP-2, red; 
target (t-) or (Q-) SNAREs: syntaxin 1, yellow, and synaptosomal-associated protein 
of 25 kDa (SNAP25): amino terminus, blue; SNAP25 carboxyl terminus, green. The 
cylinders represent the transmembrane regions o f synaptobrevin and syntaxin 1, which 
are inserted into the synaptic vesicle and plasma membranes, respectively. The curved 
lines represent short sequences that connect the SNARE motifs and the 
transmembrane regions, as well as the linker region between the Habc domain and the 
SNARE motif of syntaxin 1. The SNARE complex is a four helix bundle composed of 
one “R” coil and three “Q” coils: one from syntaxin-1 (Qa) and two from SNAP-25 
(Qb and Qc).
(Modified from: Rizo J. & SudhofT. Nature Rev. Neicrosci. 2002. 3(8) 641-653.)
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Figure 1.6. SNARE domains. The amino-terminal domain of syntaxin forms 
a three-helix bundle (red) that binds to its carboxy-terminal coil domain 
(purple), forming the closed conformation (right), which is bound and 
stabilized by sec-l/munc-18 (SM) family proteins (described in Chapter 6 ). A 
conformational change then occurs to allow dissociation of the SM protein and 
the opening up of syntaxin, facilitating core complex formation. The coil 
domains of syntaxin, SNAP-25 and VAMP form the four-helix bundle core 
complex (left). In addition to the coil domain, VAMP harbours a proline-rich 
amino-terminal domain (PP) and SNAP-25 harbours a central domain that 
contains four palmitoylated cysteine residues (CCCC). (SNAP-25,25 kDa 
synaptosome-associated protein; TM, transmembrane domain; VAMP, vesicle- 
associated membrane protein.)
(Modfied from: Chen YA & SchellerRH. 2001. Nature Rev. Mol. Cell Biol. 2 
98-106)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

DVP

Recruitment

Maturation

RRPRP

SV recycling

Synaptic
cleft

Pre-synaptic
membrane

Figure 1.7. Scheme of releasable pools in synaptic vesicle exocytosis. On the basis 
of different kinetic phases of release and the presumed sequence of events occurring 
before the actual release of a vesicle, pools of vesicles have been distinguished that 
differ in their state of release readiness. The readily releasable pool (RRP) consists of 
fully primed vesicles that only await the final calcium trigger for release. This pool is 
released within some tens of ms (<40 ms for melanotropes, <140 ms for chromaffins) 
upon a fast rise in internal calcium. The docked vesicle pool (DVP) consists of docked 
vesicles that require maturation steps before release can be triggered by calcium. 
Release of vesicles from the DVP occurs within 1 s upon a stepwise rise in internal 
calcium. The reserve pool (RP) consists of vesicles that are still linked to the 
cytoskeleton. These vesicles are only released >1 s after a calcium pulse and their 
release requires the presence of ATP
(Modified from: Kits K S & Mansvelder HD. Brain Res Brain Res Rev. 2000 
Aug;33(l):78-94.)
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Figure 1.8. Cycle of assembly and disassembly of the SNARE complex in 
synaptic vesicle exocytosis. Syntaxin exists in a closed conformation that 
needs to open to initiate core-complex assembly (nucleation). ’Zippering' o f the 
four-helix bundle towards the carboxyl terminus brings the synaptic vesicle 
and plasma membranes towards each other, which might lead to membrane 
fusion. After fusion, TV-ethylmaleimide-sensitive fusion protein (NSF) and 
soluble NSF-attachment proteins (SNAPs) disassemble the cis-core complexes 
that remain on the same membrane to recycle them for another round of fusion 
(energized state of SNAREs). SNAP25, synaptosomal-associated protein of 25 
kDa; SNARE, SNAP receptor.
(Modified from: RizoJ. & Sudho/T. Nature Rev. Neurosci. 2002. 3(8) 641-43)
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2.3 SNAREs as determinants of trafficking specificity and membrane fusion 

Specificity o f  SNAREs

It was originally proposed by Sollner et al (1993) that the specificity of 

membrane trafficking may be due, at least in part, to the unique and non-overlapping 

distribution of v- and t-SNAREs. In this simplistic model, only specific (cognate) sets 

of SNAREs would be anticipated to interact to yield a productive fusion event.*'245"1 The 

diversity of SNARE iso forms, 20-50 or more distinctively localized SNAREs in 

eukaryotes from yeast to humans, has indicated that there is certainly a potential for 

this role. A number of studies have suggested that different intracellular trafficking 

pathways utilize distinct subsets of SNARE isoforms.(250;252;258;278) Moreover, it has 

been shown that few non-cognate SNARE pairings induce fusion in cell-free fusion

(279;280)assays.

Other studies have indicated that the specificity o f SNAREs is not absolute and 

that additional regulatory molecules are likely required to direct vesicle traffic. Studies 

of yeast SNAREs have demonstrated that isoforms may participate in more than one 

trafficking step (281;282) and can compensate for the deletion of a related family 

member.(283) The normally lethal mutation of SNAP-25 in Drosophila has been shown 

to be prevented by overexpression of SNAP-24, a related isoform.(284) Similarly, it was 

demonstrated that overexpression of SNAP-23 could rescue the impaired secretion 

induced by botulinum-E toxin (which specifically impairs SNAP-25: see section 2.4) 

in insulin secreting HIT cells.(285) The interaction of recombinant SNAREs in vitro is 

also promiscuous.(286;287) However, this observation may be due to the loss of correct
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protein conformation, as recombinant proteins are not membrane-anchored. A recent 

study indicated that a region of the SNARE motif of VAMP-2 interacts with its 

anchoring membrane. This region was shown to be critical for the regulation of 

complex formation with syntaxin-1 and SNAP-25.(288) Thus, the spatial geometry of 

SNAREs anchored in their membranes is likely a critical element that determines 

trans complex formation.

Are SNAREs the minimal machinery for membrane fusion?

Despite the universality of SNAREs in membrane trafficking, several 

observations have cast doubt on whether trans-SNARE complexes are the minimal 

protein machinery required for membrane fusion. Deletion or mutational inactivation 

of synaptobrevin homologues in Drosophila(289), C.elegans(290) have demonstrated a 

severe, but not complete, defect in nerve secretion. Similarly, synapses from VAMP- 

2 -deficient mice exhibited ~ 1 0 0  fold decrease in neurotransmitter release which was 

correlated with a slow rate of fusion efficiency of the RRP.(291) Interestingly, VAMP-2 

deficient mice do not have gross morphological abnormalities in the brain nor 

significant levels of neurodegeneration, but die shortly after birth due to paralysis.(29I)

It has been postulated that tetanus-insensitive VAMP (TI-VAMP) (also known as 

VAMP-7), in particular, may compensate for the loss of VAMP-2 and/or may play a 

more dominant role in nerve development.(268;292;293) Similar to VAMP-2 knock-outs, 

neurons from SNAP-25-deficient mice are not impaired in their growth and exhibit a 

greatly reduced, but not completely abolished, secretory response.(294) In contrast, 

deletion of syntaxin in Drosophila caused a more severe impairment in 

neurotransmission.(284) It has been postulated that this may be due to the interaction of
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syntaxins with additional regulatory molecules such as the sec-1/mammalian 

homologue of unc-18 (munc-18) family which are essential for nerve development and 

secretion.(295;296>

Collectively, the observations from SNARE knock out animals suggest that 

SNAREs may act as fusion catalysts to enhance the rate of membrane fusion. Studies 

of cortical vesicle exocytosis from sea urchin eggs and yeast vacuole fusion have also 

provided evidence for different models of exocytosis regarding SNARE function. In 

contrast to the SNARE zippering model, the disassembly of cz's-SNARE pairings has 

been linked to priming events required for homotypic vacuole fusion in yeast.(297;298) A 

recent study has shown that the ATP-dependent step mediated by SNAP (Secl7p) and 

NSF (Secl8p) is required to release a soluble SNARE, Vam7p, from the vacuole 

membrane which is incorporated into and required for frans-SNARE assembly. The 

Secl7p/Secl8p ATP-dependent step can be by-passed by the addition of exogenous 

soluble Vam7p which permits trans-SNARE pairing and subsequent membrane 

fusion.(299) Exocytosis of morphologically docked cortical vesicles from sea urchin 

eggs, similar to RRP synaptic vesicles, is similarly elicited in response to Ca2+. 

However, fusion of cortical vesicles does not appear to coincide with SNARE 

complex assembly.’'300’301'1 In addition, trans-SNARE complexes may be disrupted by 

excess Secl7p/Secl8p during yeast vacuole fusion without influencing the fusion 

rate.(302) These observations suggest that SNAREs likely function to hold 

vesicles/organelles in close proximity to the acceptor membrane, but are not directly 

involved in the fusion event itself.
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2.4 Botulinum and tetanus toxins: research and clinical applications

The identification and classification of SNAREs by Sollner et a l (245) were 

paralleled with the discovery that these were also the substrates of the clostridial 

neurotoxins (CNT), botulinum (BoNT) and tetanus (TeNT).(303'306) CNTs are well 

characterized for their ability to drastically impair secretory function in neurons and 

endocrine cells due to specific cleavage of SNARE isoforms.(307'309) In addition, the 

intracellular administration of CNTs in non-neuronal cell types has been shown to 

impair vesicle/granule trafficking/237’310'31̂  Localized injections of botulinum toxins 

(serotypes BoNT-A,-B) are beneficial for the clinical treatment of tension headaches 

and muscle spasticity disorders. In addition, the use of these neurotoxins is being 

extended for both cosmetic and clinical applications/314)

CNTs are the products of the Clostridium botulinum and Clostridium tetani 

and are synthesized as a single polypeptide chain o f-150 kDa. Processing of the toxin 

results in a functional di-chain toxin that is comprised of a heavy chain (HC) (-100 

kDa) and light chain (LC) (-50 kDa). The heavy chain contains a ganglioside-binding 

region, which targets the toxin specifically to neurons. Following endocytosis from the 

receptor surface, the N-terminal portion of the HC facilitates pore formation in the 

lipid bilayer, injecting the enzymatic LC into the cytosol. The LCs of CNTs function 

as zinc-binding endoproteases to cleave specific SNARE isoforms (Figure 1.9 page 

50, Figure 1.10,page51).m )

There are seven serotypes of botulinum toxins, BoNT-A-G that exhibit 

differences in substrate specificity for VAMP, syntaxin or SNAP-25 family proteins. 

The selectivity of BoNTs and TeNT is mediated by their interaction with a specific
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binding region on the SNARE protein (confusingly termed the “SNARE-binding 

m otif’ which is not synonymous with the motif for SNARE-SNARE interactions).

Two copies of the binding motif are present in VAMP-2 (VI and V2), two in 

syntaxinl A (XI andX2) and four in SNAP-25 (Sl-4) (Figure 1.II ,page 52)P09) 

Ternary SNARE complexes (263)are functionally resistant to CNT cleavage which is 

thought to be due to masking of either the cleavage site and/or the toxin-binding 

regions. Thus, the ability of CNTs to impair membrane trafficking depends on the 

accessibility of SNARE-binding sites/315) In neurons, toxin accessibility to SNAREs is 

influenced by activation state and may occur more efficiently once secretion is 

initiated/316:317)

Depending on the toxin, assembly of SNARE complexes may either be 

inhibited or lead to assembled complexes, which are uncoupled from the membrane. 

For example, BoNT-D, E and F all impair SNARE complex formation. In contrast, the 

cleavage product of VAMP-2 resulting from BoNT-B, G and TeNT treatment can still 

form complexes, but is dissociated from the vesicle membrane/309) Other trafficking 

steps have been shown to be resistant to TeNT and BoNT treatment. Early 

observations of TeNT-resistant vesicle trafficking in polarized cells(318) and 

developing neurons(319) were postulated to involve a SNARE-independent 

mechanism. However, these trafficking steps have been shown to be mediated by a 

tetanus-insensitive VAMP (TI-VAMP) isoform/ 292’320’3215 Similarly, other SNARE- 

mediated trafficking steps may either be resistant or sensitive to these toxins due to 

sequence variations within the CNT cleavage sites of the SNARE isoforms/309)
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Figure 1.9. The di-chain structure of a Clostridial neurotoxin -  botulinum 
neurotoxin A (BoNT/A). Clostridial neurotoxins (CNT) are ~150-kDa 
proteins, synthesized as single-chain polypeptides and post-translationally 
modified to form di-chain molecules. CNT share the same domain architecture 
and overall structure. The light and heavy chains of BoNT/A are linked by a 
single disulfide bond, Cys430-Cys454. The light chain (LC), shown in white, 
functions as zinc-dependent endopeptidase and contains the catalytic zinc atom 
and HExxH motif associated with zinc-dependent proteases. The heavy chain 
comprises two functional domains of roughly equal size. The N-terminal 
section (HN), shown in grey, is the translocation domain, which forms ion 
channels spanning endosomal membranes and is thought to be involved in 
translocation and activation of the LC. The C-terminal section (HC), (striped 
region), is the binding domain.
(Modified from: Turton et al. Trends Biochem Sci. 2002 Nov;27(ll):552-8.)
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Figure 1.10. Mechanism of action of botulinum neurotoxins (BoNT). Each of the 
structural elements of botulinum neurotoxin, the light chain (LC) endopeptidase 
(black), the HN translocation domain (grey) and the HC cell-binding domain 
(horizontal striped) have a role in the mechanism of action of neurotoxin. The first 
stage in the intoxication process (interaction with gangliosides and an, as yet 
unidentified, protein receptor (striped square) (1) is followed by stage two, 
internalization of the toxin-receptor complex into an intracellular vesicle (2). The third 
stage (translocation) is characterized by release of the light chain endopeptidase from 
an acidic intracellular compartment into the cytosol (3). Once liberated from the 
vesicle, the light chain performs the final stage of intoxication; highly specific 
proteolytic cleavage of one of the proteins of the SNARE complex (4). BoNTs B, D, F 
and G cleave proteins of the VAMP family and BoNTs A, C and E cleave SNAP-25. 
BoNT/C also has the capacity to cleave syntaxin. Cleaved SNARE proteins are 
competent for facilitating docking of the secretory vesicle with the synaptic 
membrane, but fusion of the vesicle is compromised. Thus neurotransmitter release is 
inhibited. Abbreviations: HN, heavy chain N-terminal subdomain; HC, heavy chain C- 
terminal subdomain; SNARE, soluble NSF-attachment protein receptors; VAMP, 
vesicle-associated membrane protein; SNAP-25, synaptosomal-associated protein of 
25 kDa.(Modified from: Turton et al. Trends Biochem Sci. 2002 Nov;27(ll):552-8)
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Figure 1.11. Binding and cleavage sites of CNTs. The three synaptic proteins 
cleaved by TeNT and BoNTs light chains are shown. The cleavage sites are indicated 
by arrows. The residues delimited by a box denote the sites that determine the binding 
specificity o f the toxins light chains (also termed ‘SNARE-binding m otif (not the 
same as the SNARE motif for complex assembly). An additional binding site for the 
TeNT light chain on VAMP, rich in positive charges is indicated (+++).
(Modified from : Humeau Y. et al. 2000. Biochimie. 82(5) 427-446)
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II  STUDY OBJECTIVES AND HYPOTHESIS

The intracellular signaling molecules and mechanisms that regulate exocytosis 

of granule-derived mediators from eosinophils and neutrophils are poorly understood. 

The identification of proteins involved in these processes are critical to not only 

increasing our understanding of the pro-inflammatory role of these cells, but may 

provide novel therapeutic targets aimed at modulating secretory function. In 

accordance with the SNARE hypothesis,(245) the expression and localization of distinct 

SNARE isoforms may, in part, regulate the secretion of different granule 

compartments. Brumell et al (1995) first reported the expression of SNARE isoforms 

in human neutrophils. They showed that VAMP-2 in was localized to tertiary granules 

and small vesicles but was largely absent from secondary and primary granules by 

immunofluorescent and electron microscopy. The neuronal Q-SNAREs, syntaxin-1 

and SNAP-25, were not detected. However, syntaxin-4 was found to be expressed 

almost exclusively at the plasma membrane/322̂ A study by Lacy et al (1995) similarly 

found that neuronal SNARE isoforms, VAMP-1 and-2, SNAP-25 and syntaxin-1 were 

not detectable in subcellular fractions from guinea pig eosinophils.(j23) However, 

follow up experiments in our laboratory demonstrated that VAMP-2 exhibited a 

punctate staining pattern in human eosinophils using confocal microscopy (P. Lacy. 

1999).

Taken collectively, the above-mentioned two studies suggested that exocytosis 

of stored vesicle/granule mediators from eosinophils and neutrophils maybe SNARE- 

dependent. In addition to neutrophils(322), syntaxin-4 was shown to be a candidate Q-
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SNARE for exocytosis from human platelets/ 312’324'1 The homologue o f SNAP-25, 

SNAP-23(325), was also implicated in exocytosis from non-neuronal cell types such as 

mast cells and platelets.(312;326) I hypothesized that VAMP-2 was a critical R-SNARE 

for exocytosis from human eosinophils and neutrophils. Both syntaxin-4 and SNAP- 

23 were predicted to interact with VAMP-2 during granule/vesicle docking following 

exocytosis and to be essential for mediator release. In addition, it was anticipated that 

other isoforms of SNAREs and/or novel SNARE isoforms in these cells may impart 

specificity to exocytosis of specific granule compartments.

The research objectives of this project were two-fold: (i) To determine the 

expression and localization of candidate SNARE isoforms involved in exocytosis and 

(ii) to determine their functional role of SNARE isoforms in the release of stored 

granule mediators by antibody and/or CNT-mediated inhibition in permeabilized cells. 

The major findings of the study were as follows:

(1) VAMP-2 was identified as a candidate v-SNARE in eosinophil PMD and was 

localized to small vesicles, but not crystalloid granules. VAMP-2 was similarly 

detected in vesicle and membrane-enriched fractions but not on large azurophilic 

granules in human neutrophils. Neutralization of VAMP-2 function by BoNT-B or 

neutralizing antibodies caused a partial impairment of secretion in eosinophils, 

consistent with a role in PMD. In contrast, VAMP-2 inhibition did not significantly 

block mediator release from azurophilic, secondary or tertiary granules, suggesting it 

may be limited to small vesicle release in these cells.

(2) The t-SNAREs, SNAP-23 and syntaxin-4, were expressed on plasma membranes 

of eosinophils and PMNs. SNAP-23 and syntaxin-4 were found to interact in a cis-
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SNARE complex in granulocytes. Trans-SNARE complexes representing VAMP-2 

pairing with SNAP-23/syntaxin-4 were not detected, which may have been due to 

either epitope availability of the immunoprecipitating antibodies and/or rapid 

disassembly and recycling of trans-SNARE complexes. Neutralization of syntaxin-4 

by specific antibodies modestly impaired the release of multiple granule mediators 

from human eosinophils and neutrophils.

(3) The neurotoxin-resistant R-SNARE isoforms, tetanus-insensitive VAMP (TI- 

VAMP) and/or VAMP-8  (endobrevin), were expressed on crystalloid granules and 

azurophilic granules, in addition to membrane-enriched fractions. Antibody-mediated 

neutralization of TI-VAMP potently impaired the release of stored mediators from 

both eosinophils and neutrophils, whereas VAMP-8  antibodies had not effect. TI- 

VAMP is largely expressed on lysosomes and/or late endosomes in other non-neuronal 

cell types. The observation that TI-VAMP is a crticial isoform for exocytosis of large 

lysosome-like crystalloid and azurophilic granules suggests that trafficking molecules 

previously identified in lysosome biogenesis and protein sorting may also be involved 

in granulopoeisis and/or exocytosis in granulocyte lineages.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

References

1 Lacy P, Becker AB, Moqbel R. The Human Eosinophil. In: John P.Greer, John 
Foerster, John N.Lukens, George M.Rodgers, Frixus Paraskeuas, Bertil Glader, 
editors. Wintrobe's Clinical Hematology. Philadelphia: Lippincott Williams 
and Wilkins, 2004:311-33.

2 Keith M.Skubitz. Neutrophilic leukocytes. In: John P.Greer, John Foerster, 
John N.Lukens, George M.Rodgers, Frixus Paraskeuas, Bertil Glader, editors. 
Wintrobe's Clinical Hematology. Philadelphia: Lippincott Williams and 
Wilkins, 2004: 267-310.

3 Ehrlich P, Lazarus A. Histology of the blood: normal and pathological. 
Cambridge: Cambridge University Press, 1900.

4 Sehmi R, Denburg JA. Differentiation of human eosinophils. Role in allergic 
inflammation. Chem Immunol 2000; 76:29-44.:29-44.

5 Metcalf D. The molecular control of cell division, differentiation commitment 
and maturation in haemopoietic cells. Nature 1989; 339(6219):27-30.

6  Clutterbuck EJ, Sanderson CJ. Human eosinophil hematopoiesis studied in 
vitro by means of murine eosinophil differentiation factor (EL5): production of 
functionally active eosinophils from normal human bone marrow. Blood 1988; 
71(3):646-51.

7 O'Byme PM, Inman MD, Parameswaran K. The trials and tribulations of IL-5, 
eosinophils, and allergic asthma. J Allergy Clin Immunol 2001; 108(4):503-8.

8 Foster PS, Hogan SP, Ramsay AJ, Matthaei KI, Young IG. Interleukin 5 
deficiency abolishes eosinophilia, airways hyperreactivity, and lung damage in 
a mouse asthma model. J Exp Med 1996; 183(1): 195-201.

9 Leckie MJ, ten Brinke A, Khan J, Diamant Z, O'Connor BJ, Walls CM et al. 
Effects of an interleukin-5 blocking monoclonal antibody on eosinophils, 
airway hyper-responsiveness, and the late asthmatic response. Lancet 2000; 
356(9248):2144-8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

10 Dent LA, Strath M, Mellor AL, Sanderson CJ. Eosinophilia in transgenic mice 
expressing interleukin 5. J Exp Med 1990; 172(5): 1425-31.

11 Lee NA, McGarry MP, Larson KA, Hprton MA, Kristensen AB, Lee JJ. 
Expression of IL-5 in thymocytes/T cells leads to the development of a 
massive eosinophilia, extramedullary eosinophilopoiesis, and unique 
histopathologies. J Immunol 1997; 158(3):1332-44.

1 2  Lamkhioued B, Abdelilah SG, Hamid Q, Mansour N, Delespesse G, Renzi 
PM. The CCR3 receptor is involved in eosinophil differentiation and is up- 
regulated by Th2 cytokines in CD34+ progenitor cells. J Immunol 2003; 
170(l):537-47.

13 Jinquan T, Quan S, Jacobi HH, Jing C, Millner A, Jensen B et al. CXC 
chemokine receptor 3 expression on CD34(+) hematopoietic progenitors from 
human cord blood induced by granulocyte-macrophage colony-stimulating 
factor: chemotaxis and adhesion induced by its ligands, interferon gamma- 
inducible protein 10 and monokine induced by interferon gamma. Blood 2000; 
96(4): 1230-8.

14 de Wynter EA, Heyworth CM, Mukaida N, Jaworska E, Weffort-Santos A, 
Matushima K et al. CCR1 chemokine receptor expression isolates erythroid 
from granulocyte-macrophage progenitors. J Leukoc Biol 2001; 70(3):455-60.

15 Reid S, Ritchie A, Boring L, Gosling J, Cooper S, Hangoc G et al. Enhanced 
myeloid progenitor cell cycling and apoptosis in mice lacking the chemokine 
receptor, CCR2. Blood 1999; 93(5): 1524-33.

16 Steven M.Holland, John LGallin. Neutrophils. In: R.G.Crystal, J.B.West, 
editors. The Lung: Scientific foundations. Philadelphia: Lippincott Raven, 
1997: 877-90.

17 Gibson PG, Manning PJ, OByme PM, Girgis-Gabardo A, Dolovich J,
Denburg JA et al. Allergen-induced asthmatic responses. Relationship between 
increases in airway responsiveness and increases in circulating eosinophils, 
basophils, and their progenitors. Am Rev Respir Dis 1991; 143(2):331-5.

18 Hughes JM, Rimmer SJ, Salome CM, Hodge L, Liu-Brennan D, Woolcock AJ 
et al. Eosinophilia, interleukin-5, and tumour necrosis factor-alpha in asthmatic 
children. Allergy 2001; 56(5):412-8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

19 Kimura M, Tsuruta S, Yoshida T. Correlation of house dust mite-specific 
lymphocyte proliferation with IL-5 production, eosinophilia, and the severity 
of symptoms in infants with atopic dermatitis. J Allergy Clin Immunol 1998; 
101(1 Pt l):84-9.

20 Sehmi R, Wood LJ, Watson R, Foley R, Hamid Q, O'Byme PM et al. 
Allergen-induced increases in IL-5 receptor alpha-subunit expression on bone 
marrow-derived CD34+ cells from asthmatic subjects. A novel marker of 
progenitor cell commitment towards eosinophilic differentiation. J Clin Invest 
1997; 100(10):2466-75.

21 Dorman SC, Efthimiadis A, Babirad I, Watson RM, Denburg JA, Hargreave 
FE et al. Sputum CD34+IL-5Ralpha+ cells increase after allergen: evidence for 
in situ eosinophilopoiesis. Am J Respir Crit Care Med 2004; 169(5):573-7.

22 Cameron L, Christodoulopoulos P, Lavigne F, Nakamura Y, Eidelman D, 
McEuen A et al. Evidence for local eosinophil differentiation within allergic 
nasal mucosa: inhibition with soluble IL-5 receptor. J Immunol 2000;
164(3): 1538-45.

23 Lacy P, Moqbel R. Immune effector functions o f eosinophils in allergic airway 
inflammation. Curr Opin Allergy Clin Immunol 2001; l(l):79-84.

24 Rothenberg ME. Eosinophilia. N Engl J Med 1998; 338(22):1592-600.

25 Rothenberg ME. Eosinophilic gastrointestinal disorders (EGID). J Allergy Clin 
Immunol 2004; 113(1):11-28.

26 Kato M, Kephart GM, Talley NJ, Wagner JM, Sarr MG, Bonno M et al. 
Eosinophil infiltration and degranulation in normal human tissue. Anat Rec 
1998; 252(3):418-25.

27 Homung D, Dohm K, Sotlar K, Greb RR, Wallwiener D, Kiesel L et al. 
Localization in tissues and secretion of eotaxin by cells from normal 
endometrium and endometriosis. J Clin Endocrinol Metab 2000; 85(7):2604-8.

28 Borregaard N, Cowland JB. Granules of the human neutrophilic 
polymorphonuclear leukocyte. Blood 1997; 89(10):3503-21.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

29 Christensen RD, MacFarlane JL, Taylor NL, Hill HR, Rothstein G. Blood and 
marrow neutrophils during experimental group B streptococcal infection: 
quantification of the stem cell, proliferative, storage and circulating pools. 
PediatrRes 1982; 16(7):549-53.

30 Wheeler JG, Chauvenet AR, Johnson CA, Dillard R, Block SM, Boyle R et al. 
Neutrophil storage pool depletion in septic, neutropenic neonates. Pediatr 
Infect Dis 1984; 3(5):407-9.

31 Zeligs BJ, Armstrong CD, Walser JB, Bellanti JA. Age-dependent 
susceptibility of neonatal rats to group" B streptococcal type III infection: 
correlation of severity o f infection and response of myeloid pools. Infect 
Immun 1982; 37(l):255-63.

32 Berkow RL, Dodson RW. Functional analysis of the marginating pool of 
human polymorphonuclear leukocytes. Am J Hematol 1987; 24(l):47-54.

33 Sibille Y, Reynolds HY. Macrophages and polymorphonuclear neutrophils in 
lung defense and injury. Am Rev Respir Dis 1990; 141(2):471-501.

34 Kay AB. Pathology of mild, severe, and fatal asthma. Am J Respir Crit Care 
Med 1996; 154(2 Pt 2):S66-S69.

35 Wardlaw AJ, Brightling CE, Green R, Woltmann G, Bradding P, Pavord ED. 
New insights into the relationship between airway inflammation and asthma. 
Clin Sci (Lond) 2002; 103(2):201-11.

36 Bentley AM, Menz G, Storz C, Robinson DS, Bradley B, Jeffery PK et al. 
Identification of T lymphocytes, macrophages, and activated eosinophils in the 
bronchial mucosa in intrinsic asthma. Relationship to symptoms and bronchial 
responsiveness. Am Rev Respir Dis 1992; 146(2):500-6.

37 Gleich GJ. Mechanisms of eosinophil-associated inflammation. J Allergy Clin 
Immunol 2000; 105(4):651-63.

38 Gibson PG. Use of induced sputum to examine airway inflammation in 
childhood asthma. J Allergy Clin Immunol 1998; 102(5):S100-S101.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

39 Wardlaw AJ, Dunnette S, Gleich GJ, Collins JV, Kay AB. Eosinophils and 
mast cells in bronchoalveolar lavage in subjects with mild asthma. 
Relationship to bronchial hyperreactivity. Am Rev Respir Dis 1988; 
137(l):62-9.

40 Synek M, Beasley R, Frew AJ, Goulding D, Holloway L, Lampe FC et al. 
Cellular infiltration of the airways in asthma of varying severity. Am J Respir 
Crit Care Med 1996; 154(l):224-30.

41 Filley WV, Holley KE, Kephart GM, Gleich GJ. Identification by 
immunofluorescence o f eosinophil granule major basic protein in lung tissues 
of patients with bronchial asthma. Lancet 1982; 2(8288):11-6.

42 Kay AB. TH2-type cytokines in asthma. Ann N Y Acad Sci 1996; 796:1-8.:1- 
8 .

43 Lukacs NW. Role of chemokines in the pathogenesis of asthma. Nat Rev 
Immunol 2001; 1(2):108-16.

44 Gonzalo JA, Lloyd CM, Wen D, Albar JP, Wells TN, Proudfoot A et al. The 
coordinated action of CC chemokines in the lung orchestrates allergic 
inflammation and airway hyperresponsiveness. J Exp Med 1998; 188(1): 157- 
67.

45 Rothenberg ME. Eotaxin. An essential mediator of eosinophil trafficking into 
mucosal tissues. Am J Respir Cell Mol Biol 1999; 21(3):291-5.

46 Adachi T, Alam R. The mechanism of IL-5 signal transduction. Am J Physiol 
1998; 275(3 Pt 1):C623-C633.

47 Koenderman L, van der BT, Schweizer RC, Warringa RA, Coffer P,
Caldenhoven E et al. Eosinophil priming by cytokines: from cellular signal to 
in vivo modulation. Exit Respir J Suppl 1996; 22:119s-125s.:119s-25s.

48 Mishra A, Rothenberg ME. Intratracheal IL-13 induces eosinophilic 
esophagitis by an IL-5, eotaxin-1, and STAT6 -dependent mechanism. 
Gastroenterology 2003; 125(5): 1419-27.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

49 Zimmermann N, Hogan SP, Mishra A, Brandt EB, Bodette TR, Pope SM et al. 
Murine eotaxin-2: a constitutive eosinophil chemokine induced by allergen 
challenge and IL-4 overexpression. J Immunol 2000; 165(10):5839-46.

50 Wills-Karp M, Luyimbazi J, Xu X, Schofield B, Neben TY, Karp CL et al. 
Interleukin-13: central mediator of allergic asthma. Science 1998; 
282(5397):2258-61.

51 Zimmermann N, Hershey GK, Foster PS, Rothenberg ME. Chemokines in 
asthma: cooperative interaction between chemokines and EL-13. J Allergy Clin 
Immunol 2003; lll(2):227-42.

52 Bandeira-Melo C, Sugiyama K, Woods LJ, Weller PF. Cutting edge: eotaxin 
elicits rapid vesicular transport-mediated release of preformed IL-4 from 
human eosinophils. J Immunol 2001; 166(8) :4813-7.

53 Kampen GT, Stafford S, Adachi T, Jinquan T, Quan S, Grant JA et al. Eotaxin 
induces degranulation and chemotaxis of eosinophils through the activation of 
ERK2 and p38 mitogen-activated protein kinases. Blood 2000; 95(6): 1911-7.

54 Badewa AP, Hudson CE, Heiman AS. Regulatory effects of eotaxin, eotaxin-2, 
and eotaxin-3 on eosinophil degranulation and superoxide anion generation. 
Exp Biol Med (Maywood) 2002; 227(8):645-51.

55 Fujisawa T, Kato Y, Nagase H, Atsuta J, Terada A, Iguchi K et al. Chemokines 
induce eosinophil degranulation through CCR-3. J Allergy Clin Immunol 
2000; 106(3):507-13.

56 Mattes J, Yang M, Mahalingam S, Kuehr J, Webb DC, Simson L et al.
Intrinsic defect in T cell production of interleukin (IL)-13 in the absence of 
both IL-5 and eotaxin precludes the development o f eosinophilia and airways 
hyperreactivity in experimental asthma. J Exp Med 2002; 195(11):1433-44.

57 Bertrand CP, Ponath PD. CCR3 blockade as a new therapy for asthma. Expert 
Opin Investig Drugs 2000; 9(l):43-52.

58 Flood-Page PT, Menzies-Gow AN, Kay AB, Robinson DS. Eosinophil's role 
remains uncertain as anti-interleukin-5 only partially depletes numbers in 
asthmatic airway. Am J Respir Crit Care Med 2003; 167(2):199-204.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

59 Bochner BS, Busse WW. Advances in mechanisms of allergy. J Allergy Clin 
Immunol 2004; 113(5):868-75.

60 Mishra A, Hogan SP, Lee JJ, Foster PS, Rothenberg ME. Fundamental signals 
that regulate eosinophil homing to the gastrointestinal tract. J Clin Invest 1999; 
103(12): 1719-27.

61 Kato M, Kephart GM, Morikawa A, Gleich GJ. Eosinophil infiltration and 
degranulation in normal human tissues: evidence for eosinophil degranulation 
in normal gastrointestinal tract. Int Arch Allergy Immunol 2001; 125 Suppl 
1:55-8. :55-8.

62 Throsby M, Herbelin A, Pleau JM, Dardenne M. CD1 lc+ eosinophils in the 
murine thymus: developmental regulation and recruitment upon MHC class I- 
restricted thymocyte deletion. J Immunol 2000; 165(4):1965-75.

63 MacKenzie JR, Mattes J, Dent LA, Foster PS. Eosinophils promote allergic 
disease of the lung by regulating CD4(+) Th2 lymphocyte function. J Immunol 
2001; 167(6):3146-55.

64 Shi HZ, Humbles A, Gerard C, Jin Z, Weller PF. Lymph node trafficking and 
antigen presentation by endobronchial eosinophils. J Clin Invest 2000; 
105(7):945-53.

65 Fallarino F, Grohmann U, Vacca C, Orabona C, Spreca A, Fioretti MC et al. T 
cell apoptosis by kynurenines. Adv Exp Med Biol 2003; 527:183-90.:183-90.

6 6  Mellor AL, Baban B, Chandler P, Marshall B, Jhaver K, Hansen A et al. 
Cutting edge: induced indoleamine 2,3 dioxygenase expression in dendritic 
cell subsets suppresses T cell clonal expansion. J Immunol 2003; 171 (4): 1652- 
5.

67 Sutherland ER, Martin RJ. Airway inflammation in chronic obstructive 
pulmonary disease: comparisons with asthma. J Allergy Clin Immunol 2003; 
112(5):819-27.

6 8  Barnes PJ, Shapiro SD, Pauwels RA. Chronic obstructive pulmonary disease: 
molecular and cellular mechanisms. Eur Respir J 2003; 22(4):672-88.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

69 Abraham E. Neutrophils and acute lung injury. Crit Care Med 2003; 31(4 
Suppl):S195-S199.

70 Lee WL, Downey GP. Neutrophil activation and acute lung injury. Curr Opin 
Crit Care 2001; 7(l):l-7.

71 Baughman RP, Gunther KL, Rashkin MC, Keeton DA, Pattishall EN. Changes 
in the inflammatory response of the lung during acute respiratory distress 
syndrome: prognostic indicators. Am J Respir Crit Care Med 1996; 154(1):76- 
81.

72 Steinberg KP, Milberg JA, Martin TR, Maunder RJ, Cockrill BA, Hudson LD. 
Evolution of bronchoalveolar cell populations in the adult respiratory distress 
syndrome. Am J Respir Crit Care Med 1994; 150(1):113-22.

73 Chmiel JF, Berger M, Konstan MW. The role of inflammation in the 
pathophysiology o f CF lung disease. Clin Rev Allergy Immunol 2002; 23(1):5- 
27.

74 Wenzel SE, Schwartz LB, Langmack EL, Halliday JL, Trudeau JB, Gibbs RL 
et al. Evidence that severe asthma can be divided pathologically into two 
inflammatory subtypes with distinct physiologic and clinical characteristics. 
Am J Respir Crit Care Med 1999; 160"(3):1001-8.

75 Green RH, Brightling CE, Woltmann G, Parker D, Wardlaw AJ, Pavord ID. 
Analysis of induced sputum in adults with asthma: identification of subgroup 
with isolated sputum neutrophilia and poor response to inhaled corticosteroids. 
Thorax 2002; 57(10):875-9.

76 Ennis M. Neutrophils in asthma pathophysiology. Curr Allergy Asthma Rep 
2003; 3(2): 159-65.

77 Turato G, Zuin R, Saetta M. Pathogenesis and pathology of COPD. 
Respiration 2001; 68(2):117-28.

78 Stanescu D, Sanna A, Veriter C, Kostianev S, Calcagni PG, Fabbri LM et al. 
Airways obstruction, chronic expectoration, and rapid decline of FEV1 in 
smokers are associated with increased levels o f sputum neutrophils. Thorax 
1996; 51(3):267-71.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

79 Di Stefano A, Capelli A, Lusuardi M, Balbo P, Vecchio C, Maestrelli P et al. 
Severity of airflow limitation is associated with severity o f airway 
inflammation in smokers. Am J Respir Crit Care Med 1998; 158(4):1277-85.

80 Boulay ME, Prince P, Deschesnes F, Ghakir J, Boulet LP. Metalloproteinase-9 
in induced sputum correlates with the severity of the late allergen-induced 
asthmatic response. Respiration 2004; 71(3):216-24.

81 Folz RJ, Abushamaa AM, Suliman HB. Extracellular superoxide dismutase in 
the airways of transgenic mice reduces inflammation and attenuates lung 
toxicity following hyperoxia. J Clin Invest 1999; 103(7):1055-66.

82 Kawabata K, Hagio T, Matsumoto S, Nakao S, Orita S, Aze Y et al. Delayed 
neutrophil elastase inhibition prevents subsequent progression of acute lung 
injury induced by endotoxin inhalation in hamsters. Am J Respir Crit Care 
Med 2000; 161(6):2013-8.

83 Goodman RB, Pugin J, Lee JS, Matthay MA. Cytokine-mediated inflammation 
in acute lung injury. Cytokine Growth Factor Rev 2003; 14(6):523-35.

84 Goodman RB, Strieter RM, Martin DP, Steinberg KP, Milberg JA, Maunder 
RJ et al. Inflammatory cytokines in patients with persistence of the acute 
respiratory distress syndrome. Am J Respir Crit Care Med 1996; 154(3 Pt 
1):602-11.

85 Aaron SD, Angel JB, Lunau M, Wright K, Fex C, Le Saux N et al.
Granulocyte inflammatory markers and airway infection during acute 
exacerbation of chronic obstructive pulmonary disease. Am J Respir Crit Care 
Med 2001; 163(2):349-55.

8 6  Suter PM, Suter S, Girardin E, Roux-Lombard P, Grau GE, Dayer JM. High 
bronchoalveolar levels of tumor necrosis factor and its inhibitors, interleukin-1 , 
interferon, and elastase, in patients with adult respiratory distress syndrome 
after trauma, shock, or sepsis. Am Rev Respir Dis 1992; 145(5):1016-22.

87 Broaddus VC, Boylan AM, Hoeffel JM, Klim KJ, Sadick M, Chuntharapai A et 
al. Neutralization of IL-8  inhibits neutrophil influx in a rabbit model of 
endotoxin-induced pleurisy. J Immunol 1994; 152(6):2960-7.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



65

8 8  Sekido N, Mukaida N, Harada A, Nakanishi I, Watanabe Y, Matsushima K. 
Prevention of lung reperfusion injury in rabbits by a monoclonal antibody 
against interleukin-8 . Nature 1993; 365(6447):654-7.

89 Park WY, Goodman RB, Steinberg KP, Ruzinski JT, Radella F, Park DR et al. 
Cytokine balance in the lungs of patients with acute respiratory distress 
syndrome. Am J Respir Crit Care Med 2001; 164(10 Pt 1):1896-903.

90 Tracey KJ, Lowry SF, Cerami A. Cachetin/TNF-alpha in septic shock and 
septic adult respiratory distress syndrome. Am Rev Respir Dis 1988;
138(6): 1377-9.

91 Hoshi H, Ohno I, Honma M, Tanno Y, Yamauchi K, Tamura G et al. IL-5, EL- 
8 and GM-CSF immunostaining o f sputum cells in bronchial asthma and 
chronic bronchitis. Clin Exp Allergy 1995; 25(8):720-8.

92 Cassatella MA. The production of cytokines by polymorphonuclear 
neutrophils. Immunol Today 1995; 16(l):21-6.

93 Villard J, Dayer-Pastore F, Hamacher J, Aubert JD, Schlegel-Haueter S, Nicod 
LP. GRO alpha and interleukin-8  in Pneumocystis carinii or bacterial 
pneumonia and adult respiratory distress syndrome. Am J Respir Crit Care 
Med 1995; 152(5 Pt l):1549-54.

94 Proost P, Wolf-Peeters C, Conings R, Opdenakker G, Billiau A, Van Damme 
J. Identification of a novel granulocyte chemotactic protein (GCP-2) from 
human tumor cells. In vitro and in vivo comparison with natural forms of 
GRO, IP-10, and EL-8. J Immunol 1993; 150(3): 1000-10.

95 Kilfeather S. 5-lipoxygenase inhibitors for the treatment of COPD. Chest 2002; 
121(5 Suppl):197S-200S.

96 Crooks SW, Stockley RA. Leukotriene B4. Int J Biochem Cell Biol 1998; 
30(2): 173-8.

97 Gompertz S, O'Brien C, Bayley DL, Hill SL, Stockley RA. Changes in 
bronchial inflammation during acute exacerbations of chronic bronchitis. Eur 
Respir J 2001; 17(6):1112-9.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66

98 Hoshino H, Laan M, Sjostrand M, Lotvall J, Skoogh BE, Linden A. Increased 
elastase and myeloperoxidase activity associated with neutrophil recruitment 
by IL-17 in airways in vivo. J Allergy Clin Immunol 2000; 105(1 Pt l):143-9.

99 Linden A, Adachi M. Neutrophilic airway inflammation and IL-17. Allergy 
2002; 57(9):769-75.

100 Lacy P, Moqbel R. Eosinophil cytokines. Chem Immunol 2000; 76:134- 
55.:134-55.

101 Scapini P, Lapinet-Vera JA, Gasperini S, Calzetti F, Bazzoni F, Cassatella 
MA. The neutrophil as a cellular source of chemokines. Immunol Rev 2000; 
177:195-203.: 195-203.

102 Bandeira-Melo C, Weller PF. Eosinophils and cysteinyl leukotrienes. 
Prostaglandins Leukot Essent Fatty Acids 2003; 69(2-3): 135-43.

103 Weller PF, Bozza PT, Yu W, Dvorak AM. Cytoplasmic lipid bodies in
eosinophils: central roles in eicosanoid generation. Int Arch Allergy Immunol 
1999; 118(2-4):450-2.

104 Busse WW. Leukotrienes and inflammation. Am J Respir Crit Care Med 1998; 
157(6 Pt 2):S210-S213.

105 Cowbum AS, Sladek K, Soja J, Adamek L, Nizankowska E, Szczeklik A et al. 
Overexpression of leukotriene C4 synthase in bronchial biopsies from patients 
with aspirin-intolerant asthma. J Clin Invest 1998; 101(4):834-46.

106 Weller PF, Lee CW, Foster DW, Corey EJ, Austen KF, Lewis RA. Generation 
and metabolism of 5-lipoxygenase pathway leukotrienes by human 
eosinophils: predominant production of leukotriene C4. Proc Natl Acad Sci U 
S A 1983; 80(24):7626-30.

107 Henderson WR, Jr. The role of leukotrienes in inflammation. Ann Intern Med 
1994; 121(9):684-97.

108 Bartemes KR, McKinney S, Gleich GJ, Kita H. Endogenous platelet-activating 
factor is critically involved in effector functions o f eosinophils stimulated with 
IL-5 or IgG. J Immunol 1999; 162(5):2982-9.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67

109 Bandeira-Melo C, Hall JC, Penrose JF, Weller PF. Cysteinyl leukotrienes
induce IL-4 release from cord blood-derived human eosinophils. J Allergy Clin 
Immunol 2002; 109(6):975-9.

110 Andreadis AA, Hazen SL, Comhair SA, Erzurum SC. Oxidative and 
nitrosative events in asthma. Free Radic Biol Med 2003; 35(3):213-25.

111 MacPherson JC, Comhair SA, Erzurum SC, Klein DF, Lipscomb MF, Kavuru 
MS et al. Eosinophils are a major source of nitric oxide-derived oxidants in 
severe asthma: characterization of pathways available to eosinophils for 
generating reactive nitrogen species. J  Immunol 2001; 166(9):5763-72.

112 Brennan ML, Wu W, Fu X, Shen Z, Song W, Frost H et al. A tale of two 
controversies: defining both the role o f peroxidases in nitrotyrosine formation 
in vivo using eosinophil peroxidase and myeloperoxidase-deficient mice, and 
the nature of peroxidase-generated reactive nitrogen species. J Biol Chem 
2002; 277(20):17415-27.

113 Johnson KJ, Fantone JC, HI, Kaplan J, Ward PA. In vivo damage of rat lungs 
by oxygen metabolites. J Clin Invest 1981; 67(4):983-93.

114 Halliwell B, Zhao K, Whiteman M. Nitric oxide and peroxynitrite. The ugly, 
the uglier and the not so good: a personal view o f recent controversies. Free 
Radic Res 1999; 31(6):651-69.

115 Patel RP, McAndrew J, Sellak H, White CR, Jo H, Freeman BA et al. 
Biological aspects of reactive nitrogen species. Biochim Biophys Acta 1999; 
1411(2-3):385-400.

116 Lacy P, Mahmudi-Azer S, Bablitz B, Gilchrist M, Fitzhanis P, Cheng D et al. 
Expression and translocation of Rac2 in eosinophils during superoxide 
generation. Immunology 1999; 98(2):244-52.

117 Roos D, van Bruggen R, Meischl C. Oxidative killing of microbes by 
neutrophils. Microbes Infect 2003; 5(14):1307-15.

118 Lee WL, Harrison RE, Grinstein S. Phagocytosis by neutrophils. Microbes 
Infect 2003; 5(14): 1299-306.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

119 Lacy P, Abdel-Latif D, Steward M, Musat-Marcu S, Man SF, Moqbel R. 
Divergence of mechanisms regulating respiratory burst in blood and sputum 
eosinophils and neutrophils from atopic subjects. J Immunol 2003; 
170(5):2670-9.

120 Bolscher BG, Koenderman L, Tool AT, Stokman PM, Roos D. NADPH:02 
oxidoreductase of human eosinophils in the cell-free system. FEBS Lett 1990; 
268(l):269-73.

121 Babior BM, Kipnes RS, Cumutte JT. Biological defense mechanisms. The 
production by leukocytes of superoxide, a potential bactericidal agent. J Clin 
Invest 1973; 52(3):741-4.

122 Thomas EL, Bozeman PM, Jefferson MM, King CC. Oxidation of bromide by 
the human leukocyte enzymes myeloperoxidase and eosinophil peroxidase. 
Formation of bromamines. J Biol Chem 1995; 270(7):2906-13.

123 Hampton MB, Kettle AJ, Winterboum CC. Inside the neutrophil phagosome: 
oxidants, myeloperoxidase, and bacterial killing. Blood 1998; 92(9):3007-17.

124 Egesten A, Blom M, Calafat J, Janssen H, Knol EF. Eosinophil granulocyte 
interaction with serum-opsonized particles: binding and degranulation are 
enhanced by tumor necrosis factor alpha. Int Arch Allergy Immunol 1998; 
115(2):121-8.

125 DeChatelet LR, Migler RA, Shirley PS, Muss HB, Szejda P, Bass DA. 
Comparison of intracellular bactericidal activities of human neutrophils and 
eosinophils. Blood 1978; 52(3):609-17.

126 Podrez EA, Schmitt D, Hoff HF, Hazen SL. Myeloperoxidase-generated 
reactive nitrogen species convert LDL into an atherogenic form in vitro. J Clin 
Invest 1999; 103(11):1547-60.

127 Hamann KJ, Gleich GJ, Checkel JL, Loegering DA, McCall JW, Barker RL. In 
vitro killing of microfilariae of Brugia pahangi and Brugia malayi by 
eosinophil granule proteins. J Immunol 1990; 144(8):3166-73.

128 Klion AD, Nutman TB. The role of eosinophils in host defense against 
helminth parasites. J Allergy Clin Immunol 2004; 113(l):30-7.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

129 Butterworth AE, Wassom DL, Gleich‘GJ, Loegering DA, David JR. Damage 
to schistosomula of Schistosoma mansoni induced directly by eosinophil major 
basic protein. J Immunol 1979; 122(l):221-9.

130 Popken-Harris P, Checkel J, Loegering D, Madden B, Springett M, Kephart G 
et al. Regulation and processing of a precursor form of eosinophil granule 
major basic protein (ProMBP) in differentiating eosinophils. Blood 1998; 
92(2):623-31.

131 Popken-Harris P, McGrogan M, Loegering DA, Checkel JL, Kubo H, Thomas 
LL et al. Expression, purification, and characterization of the recombinant 
proform of eosinophil granule major basic protein. J Immunol 1995; 
155(3):1472-80.

132 Wardlaw AJ, Moqbel R, Kay AB. Eosinophils: biology and role in disease. 
Adv Immunol 1995; 60:151-266.

133 Shenoy NG, Gleich GJ, Thomas LL. Eosinophil major basic protein stimulates 
neutrophil superoxide production by a class LA phosphoinositide 3-kinase and 
protein kinase C-zeta-dependent pathway. J Immunol 2003; 171(7):3734-41.

134 Page SM, Gleich GJ, Roebuck KA, Thomas LL. Stimulation of neutrophil 
interleukin-8  production by eosinophil granule major basic protein. Am J 
Respir Cell Mol Biol 1999; 21(2):230-7.

135 Jacoby DB, Gleich GJ, Fryer AD. Human eosinophil major basic protein is an 
endogenous allosteric antagonist at the inhibitory muscarinic M2 receptor. J 
Clin Invest 1993; 91(4):1314-8.

136 Sur S, Glitz DG, Kita H, Kujawa SM, Peterson EA, Weiler DA et al. 
Localization of eosinophil-derived neurotoxin and eosinophil cationic protein 
in neutrophilic leukocytes. J Leukoc Biol 1998; 63(6):715-22.

137 Sur S, Glitz DG, Kita H, Kujawa SM,.Peterson EA, Weiler DA et al. 
Localization of eosinophil-derived neurotoxin and eosinophil cationic protein 
in neutrophilic leukocytes. Int Arch Allergy Immunol 1999; 118(2-4):255-8.

138 Domachowske JB, Dyer KD, Adams AG, Leto TL, Rosenberg HF. Eosinophil 
cationic protein/RNase 3 is another RNase A-family ribonuclease with direct 
antiviral activity. Nucleic Acids Res 1998; 26(14):3358-63.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70

139 Fredens K, Dahl R, Venge P. The Gordon phenomenon induced by the 
eosinophil cationic protein and eosinophil protein X. J Allergy Clin Immunol 
1982; 70(5):361-6.

140 Young JD, Peterson CG, Venge P, Cohn ZA. Mechanism of membrane 
damage mediated by human eosinophil cationic protein. Nature 1986; 
321(6070):613-6.

141 Patella V, de Crescenzo G, Marino I, Genovese A, Adt M, Gleich GJ et al. 
Eosinophil granule proteins activate human heart mast cells. J Immunol 1996; 
157(3):1219-25.

142 Yang D, Rosenberg HF, Chen Q, Dyer KD, Kurosaka K, Oppenheim JJ. 
Eosinophil-derived neurotoxin (EDN), an antimicrobial protein with 
chemotactic activities for dendritic cells. Blood 2003; 102(9):3396-403.

143 Ackerman SJ, Liu L, Kwatia MA, Savage MP, Leonidas DD, Swaminathan GJ 
et al. Charcot-Leyden crystal protein (galectin-10) is not a dual function 
galectin with lysophospholipase activity but binds a lysophospholipase 
inhibitor in a novel structural fashion. J Biol Chem 2002; 277(17):14859-68.

144 Dvorak AM, Ackerman SJ, Furitsu T, Estrella P, Letoumeau L, Ishizaka T. 
Mature eosinophils stimulated to develop in human-cord blood mononuclear 
cell cultures supplemented with recombinant human interleukin-5. II.
Vesicular transport of specific granule matrix peroxidase, a mechanism for 
effecting piecemeal degranulation. Am J Pathol 1992; 140(4):795-807.

145 Dvorak AM, Estrella P, Ishizaka T. Vesicular transport o f peroxidase in human 
eosinophilic myelocytes. Clin Exp Allergy 1994; 24(l):10-8.

146 Lacy P, Mahmudi-Azer S, Bablitz B, Hagen SC, Velazquez JR, Man SF et al. 
Rapid mobilization of intracellularly stored RANTES in response to interferon- 
gamma in human eosinophils. Blood 1999; 94(l):23-32.

147 Bandeira-Melo C, Gillard G, Ghiran I, Weller PF. EliCell: a gel-phase dual 
antibody capture and detection assay to measure cytokine release from 
eosinophils. J Immunol Methods 2000; 244(1-2):105-15.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



71

148 Bandeira-Melo C, Woods LJ, Phoofol’o M, Weller PF. Intracrine cysteinyl 
leukotriene receptor-mediated signaling of eosinophil vesicular transport- 
mediated interleukin-4 secretion. J Exp Med 2002; 196(6):841-50.

149 Egesten A, Calafat J, Knol EF, Janssen H, Walz TM. Subcellular localization 
of transforming growth factor-alpha in human eosinophil granulocytes. Blood 
1996; 87(9):3910-8.

150 Faurschou M, Borregaard N. Neutrophil granules and secretory vesicles in 
inflammation. Microbes Infect 2003; 5(14):1317-27.

151 Amljots K, Sorensen O, Lollike K, Borregaard N. Timing, targeting and 
sorting of azurophil granule proteins in human myeloid cells. Leukemia 1998; 
12(11):1789-95.

152 Ganz T, Lehrer RI. Defensins. Pharmacol Ther 1995; 66(2):191-205.

153 Owen CA, Campbell EJ. The cell biology of leukocyte-mediated proteolysis. J 
Leukoc Biol 1999; 65(2):137-50.

154 Stockley RA. Neutrophils and protease/antiprotease imbalance. Am J Respir 
Crit Care Med 1999; 160(5 Pt 2):S49-S52.

155 Blott EJ, Griffiths GM. Secretory lysosomes. Nat Rev Mol Cell Biol 2002; 
3(2): 122-31.

156 Ward PP, Uribe-Luna S, Conneely OM. Lactoferrin and host defense. Biochem 
Cell Biol 2002; 80(1):95-102.

157 Zweiman B, Kucich U, Shalit M, Von Allmen C, Moskovitz A, Weinbaum G 
et al. Release of lactoferrin and elastase in human allergic skin reactions. J 
Immunol 1990; 144(10):3953-60.

158 Cumberbatch M, Dearman RJ, Uribe-Luna S, Headon DR, Ward PP, Conneely 
OM et al. Regulation of epidermal Langerhans cell migration by lactoferrin. 
Immunology 2000; 100(l):21-8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



72

159 Thomas LL, Xu W, Ardon TT. Immobilized lactoferrin is a stimulus for 
eosinophil activation. J Immunol 2002; 169(2):993-9.

160 Kjeldsen L, Bjerrum OW, Askaa J, Borregaard N. Subcellular localization and 
release of human neutrophil gelatinase, confirming the existence of separate 
gelatinase-containing granules. Biochem J 1992; 287(Pt 2):603-10.

161 Stamenkovic I. Extracellular matrix remodelling: the role of matrix 
metalloproteinases. J Pathol 2003; 200(4) :448-64.

162 Atkinson JJ, Senior RM. Matrix metalloproteinase-9 in lung remodeling. Am J 
Respir Cell Mol Biol 2003; 28(1): 12-24.

163 Foronjy R, D'Armiento J. The role of collagenase in emphysema. Respir Res 
2001; 2(6):348-52.

164 Kobayashi T, Robinson JM. A novel intracellular compartment with unusual 
secretory properties in human neutrophils. J Cell Biol 1991; 113(4):743-56.

165 Berger M, Wetzler EM, Welter E, Turner JR, Tartakoff AM. Intracellular sites 
for storage and recycling of C3b receptors in human neutrophils. Proc Natl 
Acad Sci U S A 1991; 88(8):3019-23.

166 Borregaard N, Sehested M, Nielsen BS, Sengelov H, Kjeldsen L. Biosynthesis 
of granule proteins in normal human bone marrow cells. Gelatinase is a marker 
of terminal neutrophil differentiation. Blood 1995; 85(3):812-7.

167 Le C, V, Cowland JB, Calafat J, Borregaard N. Targeting of proteins to 
granule subsets is determined by timing and not by sorting: The specific 
granule protein NGAL is localized to azurophil granules when expressed in 
HL-60 cells. Proc Natl Acad Sci U S A 1996; 93(13):6454-7.

168 Bainton DF. Developmental biology of neutrophils and eosinophils. In: 
J.LGallin, R.Synderman, editors. Inflammation: Basic Principles and Clinical 
Correlates. Philadelphia: Lippincott Williams and Wilkins, 1999: 61-76.

169 Egesten A, Calafat J, Weller PF, Knol EF, Janssen H, Walz TM et al. 
Localization of granule proteins in human eosinophil bone marrow 
progenitors, hit Arch Allergy Immunol 1997; 114(2):130-8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73

170 Calafat J, Janssen H, Knol EF, Weller PF, Egesten A. Ultrastructural 
localization of Charcot-Leyden crystal protein in human eosinophils and 
basophils. Eur J Haematol 1997; 58(l):56-66.

171 Velazquez JR, Lacy P, Mahmudi-Azer S, Bablitz B, Milne CD, Denburg JA et 
al. Interleukin-4 and RANTES expression in maturing eosinophils derived 
from human cord blood CD34+ progenitors. Immunology 2000; 101(3):419- 
25.

172 Mahmudi-Azer S, Velazquez JR, Lacy P, Denburg JA, Moqbel R. 
Immunofluorescence analysis of cytokine and granule protein expression 
during eosinophil maturation from cord blood-derived CD34 progenitors. J 
Allergy Clin Immunol 2000; 105(6 Pt 1):1178-84.

173 D.Zucker-Franklin. Eosinophil structure and maturation. In: AA Mahmoud, 
KF Austen, AS Simon, editors. The eosinophil in health and disease. New 
York: Grune and Stratton, 1980.

174 Bainton DF, Farquhar MG. Segregation and packaging of granule enzymes in 
eosinophilic leukocytes. J Cell Biol 1970; 45(l):54-73.

175 Scepek S, Lindau M. Exocytotic competence and intergranular fusion in cord 
blood-derived eosinophils during differentiation. Blood 1997; 89(2):510-7.

176 Hartmann J, Scepek S, Lindau M. Regulation of granule size in human and 
horse eosinophils by number of fusion events among unit granules. J Physiol 
1995; 483(Pt l):201-9.

177 Tooze SA. Biogenesis of secretory granules in the trans-Golgi network of 
neuroendocrine and endocrine cells. Biochim Biophys Acta 1998; 1404(1- 
2):231-44.

178 Arvan P, Castle D. Sorting and storage during secretory granule biogenesis: 
looking backward and looking forward. Biochem J 1998; 332(Pt 3):593-610.

179 Gullberg U, Lindmark A, Lindgren G, Persson AM, Nilsson E, Olsson I. 
Carboxyl-terminal prodomain-deleted human leukocyte elastase and cathepsin 
G are efficiently targeted to granules and enzymatically activated in the rat 
basophilic/mast cell line RBL. J Biol Chem 1995; 270(21): 12912-8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

180 Shalit M, Sekhsaria S, Mauhorter S, Mahanti S, Malech HL. Early 
commitment to the eosinophil lineage by cultured human peripheral blood 
CD34+ cells: messenger RNA analysis. J Allergy Clin Immunol 1996; 
98(2):344-54.

181 Velazquez JR, Lacy P, Moqbel R. Replenishment of RANTES mRNA 
expression in activated eosinophils from atopic asthmatics. Immunology 2000; 
99(4):591-9.

182 Nauseef WM, McCormick S, Yi H. Roles of heme insertion and the mannose- 
6 -phosphate receptor in processing of the human myeloid lysosomal enzyme, 
myeloperoxidase. Blood 1992; 80(10):2622-33.

183 Bainton DF. Distinct granule populations in human neutrophils and lysosomal 
organelles identified by immuno-electron microscopy. J Immunol Methods 
1999; 232(l-2):153-68.

184 Eskelinen EL, Tanaka Y, Saftig P. At the acidic edge: emerging functions for 
lysosomal membrane proteins. Trends Cell Biol 2003; 13(3):137-45.

185 Mahmudi-Azer S, Downey GP, Moqbel R. Translocation of the tetraspanin 
CD63 in association with human eosinophil mediator release. Blood 2002; 
99(ll):4039-47.

186 Cham BP, Gerrard JM, Bainton DF. Granulophysin is located in the membrane 
of azurophilic granules in human neutrophils and mobilizes to the plasma 
membrane following cell stimulation. Am J Pathol 1994; 144(6) :1369-80.

187 Rous BA, Reaves BJ, Ihrke G, Briggs JA, Gray SR, Stephens DJ et al. Role of 
adaptor complex AP-3 in targeting wiid-type and mutated CD63 to lysosomes. 
Mol Biol Cell 2002; 13(3):1071-82.

188 Peden AA, Oorschot V, Hesser BA, Austin CD, Scheller RH, Klumperman J. 
Localization of the AP-3 adaptor complex defines a novel endosomal exit site 
for lysosomal membrane proteins. J Cell Biol 2004; 164(7):1065-76.

189 Persson T, Calafat J, Janssen H, Karawajczyk M, Carlsson SR, Egesten A. 
Specific granules of human eosinophils have lysosomal characteristics: 
presence of lysosome-associated membrane proteins and acidification upon 
cellular activation. Biochem Biophys Res Commun 2002; 291(4):844-54.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

190 Bader MF, Holz RW, Kumakura K, Vitale N. Exocytosis: the chromaffin cell 
as a model system. AnnN Y Acad Sci 2002; 971:178-83.: 178-83.

191 DePina AS, Langford GM. Vesicle transport: the role of actin filaments and 
myosin motors. Microsc Res Tech 1999; 47(2):93-106.

192 Hammer JA, m , Wu XS. Rabs grab motors: defining the connections between 
Rab GTPases and motor proteins. Curr Opin Cell Biol 2002; 14(l):69-75.

193 Horie S, Gleich GJ, Kita H. Cytokines directly induce degranulation and 
superoxide production from human eosinophils. J Allergy Clin Immunol 1996; 
98(2):371-81.

194 Leung BP, Culshaw S, Gracie JA, Hunter D, Canetti CA, Campbell C et al. A 
role for IL-18 in neutrophil activation. J Immunol 2001; 167(5):2879-86.

195 Binder R, Kress A, Kan G, Herrmann K, Kirschfink M. Neutrophil priming by 
cytokines and vitamin D binding protein (Gc-globulin): impact on C5a- 
mediated chemotaxis, degranulation and respiratory burst. Mol Immunol 1999; 
36(13-14):885-92.

196 Baggiolini M, Boulay F, Badwey JA, Cumutte JT. Activation of neutrophil 
leukocytes: chemoattractant receptors and respiratory burst. FASEB J 1993;
7(11):1004-10.

197 Taub DD, Anver M, Oppenheim JJ, Longo DL, Murphy WJ. T lymphocyte 
recruitment by interleukin-8  (IL-8). IL-8 -induced degranulation of neutrophils 
releases potent chemoattractants for human T lymphocytes both in vitro and in 
vivo. J Clin Invest 1996; 97(8): 1931-41.

198 O'Flaherty JT, Kuroki M, Nixon AB, Wijkander J, Yee E, Lee SL et al. 5-Oxo- 
eicosanoids and hematopoietic cytokines cooperate in stimulating neutrophil 
function and the mitogen-activated protein kinase pathway. J Biol Chem 1996; 
271(30):17821-8.

199 Takafuji S, Tadokoro K, Ito K. Effects of interleukin (IL)-3 and IL-5 on human 
eosinophil degranulation induced by complement components C3a and C5a. 
Allergy 1996; 51(8):563-8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

200 Carlson M, Peterson C, Venge P. The influence of IL-3, IL-5, and GM-CSF on 
normal human eosinophil and neutrophil C3b-induced degranulation. Allergy 
1993; 48(6):437-42.

201 Binder R, Kress A, Kirschfink M. Modulation of C5a-mediated effector 
functions of human polymorphonuclear leukocytes by tumor necrosis factor 
alpha and granulocyte macrophage colony-stimulating factor. Exp Clin 
Immunogenet 1999; 16(4):212-25.

202 ICita H, Abu-Ghazaleh RI, Gleich GJ, Abraham RT. Regulation of Ig-induced 
eosinophil degranulation by adenosine 3',5'- cyclic monophosphate. J Immunol 
1991; 146(8):2712-8.

203 Unkeless JC, Shen Z, Lin CW, DeBeus E. Function of human Fc gamma RIIA 
and Fc gamma RIHB. Semin Immunol 1995; 7(l):37-44.

204 Hartmann J, Scepek S, Hafez I, Lindau M. Differential regulation of exocytotic 
fusion and granule-granule fusion in eosinophils by Ca2+ and GTP analogs. J 
Biol Chem 2003; 278(45):44929-34.

205 Kemen P, Wymann MP, von T, V, Deranleau DA, Tai PC, Spry CJ et al.
Shape changes, exocytosis, and cytosolic free calcium changes in stimulated 
human eosinophils. J Clin Invest 1991'; 87(6):2012-7.

206 Aizawa T, Kakuta Y, Yamauchi K, Ohkawara Y, Maruyama N, Nitta Y et al. 
Induction of granule release by intracellular application of calcium and 
guanosine-5'-0-(3-thiotriphosphate) in human eosinophils. J Allergy Clin 
Immunol 1992; 90(5):789-95.

207 Nusse O, Lindau M, Cromwell O, Kay AB, Gomperts BD. Intracellular 
application of guanosine-5'-0-(3-thiotriphosphate) induces exocytotic granule 
fhsion in guinea pig eosinophils. J Exp Med 1990; 171(3):775-86.

208 Nusse O, Lindau M. The calcium signal in human neutrophils and its relation 
to exocytosis investigated by patch-clamp capacitance and Fura-2 
measurements. Cell Calcium 1993; 14(4):255-69.

209 Nusse O, Lindau M. GTP gamma S-induced calcium transients and exocytosis 
in human neutrophils. BiosciRep 1990; 10(1):93-103.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



77

210 Hafez I, Stolpe A, Lindau M. Compound exocytosis and cumulative fusion in 
eosinophils. J Biol Chem 2003; 278(45):44921-8.

211 Scepek S, Lindau M. Focal exocytosis by eosinophils—compound exocytosis 
and cumulative fusion. EMBO J 1993; 12(5):1811-7.

212 Newman TM, Tian M, Gomperts BD. Ultrastructural characterization of tannic 
acid-arrested degranulation of permeabilized guinea pig eosinophils stimulated 
with GTP-gamma-S. Eur J Cell Biol 1996; 70(3):209-20.

213 Scepek S, Moqbel R, Lindau M. Compound exocytosis and cumulative
degranulation by eosinophils and its role in parasite killing. Parasitology Today 
1994;(10):276-8.

214 Dombrowicz D, Capron M. Eosinophils, allergy and parasites. Curr Opin 
Immunol 2001; 13(6):716-20.

215 Lollike K, Lindau M, Calafat J, Borregaard N. Compound exocytosis of 
granules in human neutrophils. J Leukoc Biol 2002; 71(6):973-80.

216 Djukanovic R, Lai CK, Wilson JW, Britten KM, Wilson SJ, Roche WR et al. 
Bronchial mucosal manifestations of atopy: a comparison of markers of 
inflammation between atopic asthmatics, atopic nonasthmatics and healthy 
controls. Eur Respir J 1992; 5(5):538-44.

217 Dvorak AM, Kissell S. Granule changes of human skin mast cells 
characteristic of piecemeal degranulation and associated with recovery during 
wound healing in situ. J Leukoc Biol 1991; 49(2): 197-210.

218 Dvorak AM, Furitsu T, Letoumeau L, Ishizaka T, Ackerman SJ. Mature 
eosinophils stimulated to develop in human cord blood mononuclear cell 
cultures supplemented with recombinant human interleukin-5. Part I. 
Piecemeal degranulation of specific granules and distribution of Charcot- 
Leyden crystal protein. Am J Pathol 1991; 138(l):69-82.

219 Crivellato E, Nico B, Perissin L, Ribatti D. Ultrastructural morphology of 
adrenal chromaffin cells indicative of a process of piecemeal degranulation. 
Anat Rec 2003; 270A(2): 103-8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

220 Crivellato E, Ribatti D, Mallardi F, Beltrami CA. Granule changes of human 
and murine endocrine cells in the gastrointestinal epithelia are characteristic of 
piecemeal degranulation. Anat Rec 2002; 268(4):353-9.

221 Eijefalt JS, Andersson M, Greiff L, Korsgren M, Gizycki M, Jeffery PK et al. 
Cytolysis and piecemeal degranulation as distinct modes of activation of 
airway mucosal eosinophils. J Allergy Clin Immunol 1998; 102(2):286-94.

222 Eijefalt JS, Greiff L, Andersson M, Matsson E, Petersen H, Linden M et al. 
Allergen-induced eosinophil cytolysis is a primary mechanism for granule 
protein release in human upper airways. Am J Respir Crit Care Med 1999; 
160(1):304-12.

223 Egesten A, Calafat J, Janssen H, Knol EF, Malm J, Persson T. Granules of 
human eosinophilic leucocytes and their mobilization. Clin Exp Allergy 2001; 
31(8):1173-88.

224 Eijefalt JS, Korsgren M, Nilsson MC, Sundler F, Persson CG. Association 
between inflammation and epithelial damage-restitution processes in allergic 
airways in vivo. Clin Exp Allergy 1997; 27(11): 1344-55.

225 Malm-Eijefalt M, Persson CG, Eijefalt JS. Degranulation status of airway 
tissue eosinophils in mouse models of allergic airway inflammation. Am J 
Respir Cell Mol Biol 2001; 24(3):352-9.

226 Denzler KL, Borchers MT, Crosby JR, Cieslewicz G, Hines EM, Justice JP et 
al. Extensive eosinophil degranulation and peroxidase-mediated oxidation of 
airway proteins do not occur in a mouse ovalbumin-challenge model of 
pulmonary inflammation. J Immunol 2001; 167(3):1672-82.

227 Clark K, Simson L, Newcombe N, Koskinen AM, Mattes J, Lee NA et al. 
Eosinophil degranulation in the allergic lung of mice primarily occurs in the 
airway lumen. J Leukoc Biol 2004; 75(6):1001-9.

228 Lee JJ, Dimina D, Macias MP, Ochkur SI, McGarry MP, O'Neill KR et al. 
Defining a link with asthma in mice congenitally deficient in eosinophils. 
Science 2004; 305(5691):1773-6.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79

229 AM Dvorak. Ultrastructural features of human basophil and mast cell secretory 
function. In: G.Marone, LM Lichtenstein, SJ Galli, editors. Mast cells and 
basophils. New York: Academic Press, 2000: 63-88.

230 Dvorak HF, Dvorak AM. Basophilic leucocytes: structure, function and role in 
disease. Clin Haematol 1975; 4(3):651-83.

231 Logan MR, Lacy P, Bablitz B, Moqbel R. Expression o f eosinophil target 
SNAREs as potential cognate receptors for vesicle-associated membrane 
protein-2 in exocytosis. J Allergy Clin Immunol 2002; 109(2):299-306.

232 Karawajczyk M, Seveus L, Garcia R, Bjomsson E, Peterson CG, Roomans 
GM et al. Piecemeal degranulation of peripheral blood eosinophils: a study of 
allergic subjects during and out of the pollen season. Am J Respir Cell Mol 
Biol 2000; 23(4):521-9.

233 Sengelov H, Follin P, Kjeldsen L, Lollike K, Dahlgren C, Borregaard N. 
Mobilization of granules and secretory vesicles during in vivo exudation of 
human neutrophils. J Immunol 1995; i54(8):4157-65.

234 Sengelov H, Kjeldsen L, Borregaard N. Control of exocytosis in early 
neutrophil activation. J Immunol 1993; 150(4):1535-43.

235 Faurschou M, Sorensen OE, Johnsen AH, Askaa J, Borregaard N. Defensin- 
rich granules of human neutrophils: characterization of secretory properties. 
Biochim Biophys Acta 2002; 1591(l-3):29-35.

236 Sengelov H, Kjeldsen L, Diamond MS, Springer TA, Borregaard N.
Subcellular localization and dynamics of Mac-1 (alpha m beta 2) in human 
neutrophils. J Clin Invest 1993; 92(3): 1467-76.

237 Mollinedo F, Martin-Martin B, Calafat J, Nabokina SM, Lazo PA. Role of 
vesicle-associated membrane protein-2, through q-soluble N- ethylmaleimide- 
sensitive factor attachment protein receptor/r-soluble N- ethylmaleimide- 
sensitive factor attachment protein receptor interaction, in the exocytosis of 
specific and tertiary granules of human neutrophils. J Immunol 2003;
170(2): 1034-42.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



80

238 Martin-Martin B, Nabokina SM, Blasi J, Lazo PA, Mollinedo F. Involvement 
of SNAP-23 and syntaxin 6  in human neutrophil exocytosis. Blood 2000; 
96(7):2574-83.

239 Lew PD, Monod A, Waldvogel FA, Dewald B, Baggiolini M, Pozzan T. 
Quantitative analysis o f the cytosolic free calcium dependency of exocytosis 
from three subcellular compartments in intact human neutrophils. J Cell Biol 
1986; 102(6) :2197-204.

240 Perez HD, Marder S, Elfinan F, Ives HE. Human neutrophils contain 
subpopulations of specific granules exhibiting different sensitivities to changes 
in cytosolic free calcium. Biochem Biophys Res Commun 1987; 145(2):976- 
81.

241 Nusse O, Serrander L, Lew DP, Krause KH. Ca2+-induced exocytosis in 
individual human neutrophils: high- and low-affinity granule populations and 
submaximal responses. EMBO J 1998; 17(5):1279-88.

242 Jeffery PK, Godfrey RW, Adelroth E, Nelson F, Rogers A, Johansson SA. 
Effects of treatment on airway inflammation and thickening of basement 
membrane reticular collagen in asthma. A quantitative light and electron 
microscopic study. Am Rev Respir Dis 1992; 145(4 Pt l):890-9.

243 Uller L, Andersson M, Greiff L, Persson CG, Eijefalt JS. Occurrence of 
Apoptosis, Secondary Necrosis and Cytolysis in Eosinophilic Nasal Polyps. 
Am J Respir Crit Care Med 2004;.

244 Hofinan P. Molecular regulation of neutrophil apoptosis and potential targets 
for therapeutic strategy against the inflammatory process. Curr Drug Targets 
Inflamm Allergy 2004; 3(l):l-9.

245 Sollner T, Whiteheart SW, Brunner M, Erdjument-Bromage H, Geromanos S, 
Tempst P et al. SNAP receptors implicated in vesicle targeting and fusion [see 
comments]. Nature 1993; 362(6418):318-24.

246 Whiteheart SW, Brunner M, Wilson DW, Wiedmann M, Rothman JE. Soluble 
N-ethylmaleimide-sensitive fusion attachment proteins (SNAPs) bind to a 
multi-SNAP receptor complex in Golgi membranes. J Biol Chem 1992; 
267(17):12239-43.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

247 Clary DO, Griff IC, Rothman JE. SNAPs, a family of NSF attachment proteins 
involved in intracellular membrane fusion in animals and yeast. Cell 1990; 
61(4):709-21.

248 Hay JC, Scheller RH. SNAREs and NSF in targeted membrane fusion. Curr 
Opin Cell Biol 1997; 9(4):505-12.

249 Whiteheart SW, Schraw T, Matveeva EA. N-ethylmaleimide sensitive factor 
(NSF) structure and function. Int Rev Cytol 2001; 207:71-112.:71-112.

250 Chen YA, Scheller RH. SNARE-mediated membrane fusion. Nat Rev Mol 
Cell Biol 2001; 2(2):98-106.

251 Martinez-Area S, Alberts P, Galli T. Clostridial neurotoxin-insensitive
vesicular SNAREs in exocytosis and endocytosis. Biol Cell 2000; 92(6) :449- 
53.

252 Pelham HR. SNAREs and the specificity of membrane fusion. Trends Cell 
Biol 2001; 11(3):99-101.

253 Rizo J, Sudhof TC. Snares and M uncl8 in synaptic vesicle fusion. Nat Rev 
Neurosci 2002; 3(8):641-53.

254 Burgoyne RD, Morgan A. Secretory granule exocytosis. Physiol Rev 2003; 
83(2):581-632.

255 Bennett MK, Calakos N, Scheller RH. Syntaxin: a synaptic protein implicated 
in docking of synaptic vesicles at presynaptic active zones. Science 1992; 
257(5067):255-9.

256 Elferink LA, Trimble WS, Scheller RH. Two vesicle-associated membrane 
protein genes are differentially expressed in the rat central nervous system. J 
Biol Chem 1989; 264(19): 11061-4.

257 Sudhof TC, Baumert M, Perin MS, Jahn R. A synaptic vesicle membrane 
protein is conserved from mammals to Drosophila. Neuron 1989; 2(5):1475- 
81.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



82

258 Bock JB, Matem HT, Peden AA, Scheller RH. A genomic perspective on 
membrane compartment organization. Nature 2001; 409(6822):839-41.

259 Antonin W, Fasshauer D, Becker S, Jahn R, Schneider TR. Crystal structure of 
the endosomal SNARE complex reveals common structural principles of all 
SNAREs. Nat Struct Biol 2002; 9(2): 107-11.

260 Weimbs T, Low SH, Chapin SJ, Mostov KE, Bucher P, Hofmann K. A
conserved domain is present in different families of vesicular fusion proteins: a 
new superfamily. Proc Natl Acad Sci U S A 1997; 94(7):3046-51.

261 Ungar D, Hughson FM. SNARE protein structure and function. Annu Rev Cell 
Dev Biol 2003; 19:493-517.:493-517.

262 Vogel K, Roche PA. SNAP-23 and SNAP-25 are palmitoylated in vivo. 
Biochem Biophys Res Commun 1999; 258(2):407-10.

263 Sutton RB, Fasshauer D, Jahn R, Brunger AT. Crystal structure of a SNARE 
complex involved in synaptic exocytosis at 2.4 A resolution. Nature 1998; 
395(6700):347-53.

264 Hayashi T, Yamasaki S, Nauenburg S, Binz T, Niemann H. Disassembly of the 
reconstituted synaptic vesicle membrane fusion complex in vitro. EMBO J 
1995; 14(10):2317-25.

265 Fasshauer D, Antonin W, Subramaniam V, Jahn R. SNARE assembly and 
disassembly exhibit a pronounced hysteresis. Nat Struct Biol 2002; 9(2): 144- 
51.

266 Fasshauer D, Sutton RB, Brunger AT, Jahn R. Conserved structural features of 
the synaptic fusion complex: SNARE proteins reclassified as Q- and R- 
SNAREs
1. Proc Natl Acad Sci U S A 1998; 95(26):!5781-6.

267 Powell KS, Latterich M. The making and breaking of the endoplasmic 
reticulum. Traffic 2000; l(9):689-94.

268 Kavalali ET. SNARE interactions in membrane trafficking: a perspective from 
mammalian central synapses. Bioessays 2002; 24(10):926-36.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83

269 Kits KS, Mansvelder HD. Regulation of exocytosis in neuroendocrine cells: 
spatial organization of channels and vesicles, stimulus-secretion coupling, 
calcium buffers and modulation. Brain Res Brain Res Rev 2000; 33(l):78-94.

270 Weber T, Zemelman BV, McNew JA, Westermann B, Gmachl M, Parlati F et 
al. SNAREpins: minimal machinery for membrane fusion. Cell 1998; 
92(6):759-72.

271 Melia TJ, Weber T, McNew JA, Fisher LE, Johnston RJ, Parlati F et al. 
Regulation of membrane fusion by the membrane-proximal coil of the t- 
SNARE during zippering of SNAREpins. J Cell Biol 2002; 158(5):929-40.

272 Fiebig KM, Rice LM, Pollock E, Brunger AT. Folding intermediates of 
SNARE complex assembly. Nat Struct Biol 1999; 6(2): 117-23.

273 Matos MF, Mukheijee K, Chen X, Rizo J, Sudhof TC. Evidence for SNARE 
zippering during Ca2+-triggered exocytosis in PC 12 cells. Neuropharmacology 
2003; 45(6):777-86.

274 May AP, Whiteheart SW, Weis WI. Unraveling the mechanism of the vesicle 
transport ATPase NSF, the N-ethylmaleimide-sensitive factor. J Biol Chem 
2001; 276(25):21991-4.

275 Jahn R. Principles of exocytosis and membrane fusion. Ann N Y Acad Sci 
2004; 1014:170-8.:170-8.

276 Weber T, Parlati F, McNew JA, Johnston RJ, Westermann B, Sollner TH et al. 
SNAREpins are functionally resistant to disruption by NSF and alphaSNAP. J 
Cell Biol 2000; 149(5):1063-72.

277 Littleton JT, Chapman ER, Kreber R, Garment MB, Carlson SD, Ganetzky B. 
Temperature-sensitive paralytic mutations demonstrate that synaptic 
exocytosis requires SNARE complex assembly and disassembly
3. Neuron 1998; 21(2):401-13.

278 Jahn R, Lang T, Sudhof TC. Membrane fusion. Cell 2003; 112(4):519-33.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

279 Parlati F, Varlamov 0 , Paz K, McNew JA, Hurtado D, Sollner TH et al. 
Distinct SNARE complexes mediating membrane fusion in Golgi transport 
based on combinatorial specificity. Proc Natl Acad Sci U S A 2002; 
99(8):5424-9.

280 McNew JA, Parlati F, Fukuda R, Johnston RJ, Paz K, Paumet F et al. 
Compartmental specificity of cellular membrane fusion encoded in SNARE 
proteins. Nature 2000; 407(6801): 153-9.

281 Fischer vM, Stevens TH. The Saccharomyces cerevisiae v-SNARE Vtilp is 
required for multiple membrane transport pathways to the vacuole
1. Mol Biol Cell 1999; 10(6):1719-32.

282 von Mollard GF, Nothwehr SF, Stevens TH. The yeast v-SNARE Vtilp 
mediates two vesicle transport pathways through interactions with the t- 
SNAREs Sed5p and Pepl2p
1. J Cell Biol 1997; 137(7):1511-24.

283 Gotte M, Gallwitz D. High expression of the yeast syntaxin-related Vam3 
protein suppresses the protein transport defects of a pepl2 null mutant. FEBS 
Lett 1997; 41 l(l):48-52.

284 Vilinsky I, Stewart BA, Drummond J, Robinson I, Deitcher DL. A Drosophila 
SNAP-25 null mutant reveals context-dependent redundancy with SNAP-24 in 
neurotransmission. Genetics 2002; 162(1):259-71.

285 Sadoul K, Berger A, Niemann H, Weller U, Roche PA, Klip A et al. SNAP-23 
is not cleaved by botulinum neurotoxin E and can replace SNAP- 25 in the 
process of insulin secretion. J Biol Chem 1997; 272(52):33023-7.

286 Fasshauer D, Antonin W, Margittai M, Pabst S, Jahn R. Mixed and non
cognate SNARE complexes. Characterization of assembly and biophysical 
properties
1. J Biol Chem 1999; 274(22): 15440-6.

287 Yang B, Gonzalez L, Jr., Prekeris R, Steegmaier M, Advani RJ, Scheller RH. 
SNARE interactions are not selective. Implications for membrane fusion 
specificity. J Biol Chem 1999; 274(9):5649-53.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



85

288 Kweon DH, Kim CS, Shin YK. Regulation of neuronal SNARE assembly by 
the membrane. Nat Struct Biol 2003; 10(6):440-7.

289 Deitcher DL, Ueda A, Stewart BA, Burgess RW, Kidokoro Y, Schwarz TL. 
Distinct requirements for evoked and spontaneous release of neurotransmitter 
are revealed by mutations in the Drosophila gene neuronal-synaptobrevin. J 
Neurosci 1998; 18(6):2028-39.

290 Nonet ML, Saifee O, Zhao H, Rand JB, Wei L. Synaptic transmission deficits 
in Caenorhabditis elegans synaptobrevin mutants. J Neurosci 1998; 18(1):70- 
80.

291 Schoch S, Deak F, Konigstorfer A, Mozhayeva M, Sara Y, Sudhof TC et al. 
SNARE function analyzed in synaptobrevin/VAMP knockout mice. Science 
2001; 294(5544):1117-22.

292 Martinez-Area S, Alberts P, Zahraoui A, Louvard D, Galli T. Role of tetanus 
neurotoxin insensitive vesicle-associated membrane protein (TI-VAMP) in 
vesicular transport mediating neurite outgrowth. J Cell Biol 2000; 149(4):889- 
900.

293 Martinez-Arca S, Coco S, Mainguy G, Schenk U, Alberts P, Bouille P et al. A 
common exocytotic mechanism mediates axonal and dendritic outgrowth. J 
Neurosci 2001; 21(11):3830-8.

294 Washboume P, Thompson PM, Carta M, Costa ET, Mathews JR, Lopez- 
Bendito G et al. Genetic ablation of the t-SNARE SNAP-25 distinguishes 
mechanisms of neuroexocytosis. Nat Neurosci 2002; 5(1): 19-26.

295 Verhage M, Maia AS, Plomp JJ, Brussaard AB, Heeroma JH, Vermeer H et al. 
Synaptic assembly of the brain in the absence of neurotransmitter secretion. 
Science 2000; 287(5454):864-9.

296 Weimer RM, Richmond JE, Davis WS, Hadwiger G, Nonet ML, Jorgensen 
EM. Defects in synaptic vesicle docking in unc-18 mutants. Nat Neurosci 
2003; 6(10): 1023-30.

297 Wickner W. Yeast vacuoles and membrane fusion pathways. EMBO J 2002; 
21(6):1241-7.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86

298 Ungermann C, Nichols BJ, Pelham HR, Wickner W. A vacuolar v-t-SNARE 
complex, the predominant form in vivo and on isolated vacuoles, is 
disassembled and activated for docking and fusion. J Cell Biol 1998; 
140(l):61-9.

299 Thomgren N, Collins KM, Fratti RA, Wickner W, Merz AJ. A soluble SNARE 
drives rapid docking, bypassing ATP and Seel7/18p for vacuole fusion.
EMBO J 2004; 23(14):2765-76.

300 Tahara M, Coorssen JR, Timmers K, Blank PS, Whalley T, Scheller R et al. 
Calcium can disrupt the SNARE protein complex on sea urchin egg secretory 
vesicles without irreversibly blocking fusion. J Biol Chem 1998; 
273(50):33667-73.

301 Coorssen JR, Blank PS, Tahara M, Zimmerberg J. Biochemical and functional 
studies of cortical vesicle fusion: the SNARE complex and Ca2+ sensitivity. J 
Cell Biol 1998; 143(7): 1845-57.

302 Ungermann C, Sato K, Wickner W. Defining the functions of trans-SNARE 
pairs. Nature 1998; 396(6711):543-8. ■

303 Schiavo G, Benfenati F, Poulain B, Rossetto O, Polverino de Laureto P, 
DasGupta BR et al. Tetanus and botulinum-B neurotoxins block 
neurotransmitter release by proteolytic cleavage of synaptobrevin [see 
comments]. Nature 1992; 359(6398):832-5.

304 Blasi J, Chapman ER, Yamasaki S, Binz T, Niemann H, Jahn R. Botulinum 
neurotoxin Cl blocks neurotransmitter release by means of cleaving HPC- 
1/syntaxin. EMBO J 1993; 12(12):4821-8.

305 Blasi J, Chapman ER, Link E, Binz T, Yamasaki S, De Camilli P et al. 
Botulinum neurotoxin A selectively cleaves the synaptic protein SNAP-25. 
Nature 1993; 365(6442): 160-3.

306 Schiavo G, Rossetto O, Catsicas S, Polverino dL, DasGupta BR, Benfenati F et 
al. Identification of the nerve terminal targets of botulinum neurotoxin 
serotypes A, D, and E. J Biol Chem 1993; 268(32):23784-7.

307 Schiavo G, Matteoli M, Montecucco C. Neurotoxins affecting 
neuroexocytosis. Physiol Rev 2000 2000; 80(2):717-66.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

308 Turton K, Chaddock JA, Acharya KR. Botulinum and tetanus neurotoxins: 
structure, function and therapeutic utility. Trends Biochem Sci 2002;
27(11):552-8.

309 Humeau Y, Doussau F, Grant NJ, Poulain B. How botulinum and tetanus 
neurotoxins block neurotransmitter release. Biochimie 2000; 82(5):427-46.

310 Chen F, Foran P, Shone CC, Foster KA, Melling J, Dolly JO. Botulinum 
neurotoxin B inhibits insulin-stimulated glucose uptake into 3T3-L1 
adipocytes and cleaves cellubrevin unlike type A toxin which failed to 
proteolyze the SNAP-23 present. Biochemistry 1997; 36(19):5719-28.

311 Galli T, Chilcote T, Mundigl O, Binz T, Niemann H, De Camilli P. Tetanus 
toxin-mediated cleavage of cellubrevin impairs exocytosis of transferrin 
receptor-containing vesicles in CHO cells. J Cell Biol 1994; 125(5): 1015-24.

312 Flaumenhaft R, Croce K, Chen E, Furie B, Furie BC. Proteins of the exocytotic 
core complex mediate platelet a-granule secretion. Roles of vesicle-associated 
membrane protein, SNAP-23, and syntaxin 4. J Biol Chem 1999; 274(4):2492- 
501.

313 Hackam DJ, Rotstein OD, Sjolin C, Schreiber AD, Trimble WS, Grinstein S. 
v-SNARE-dependent secretion is required for phagocytosis. Proc Natl Acad 
Sci U S A 1998; 95(20): 11691-6.

314 Jankovic J. Botulinum toxin in clinical practice. J Neurol Neurosurg Psychiatry 
2004; 75(7):951-7.

315 Hayashi T, McMahon H, Yamasaki S, Binz T, Hata Y, Sudhof TC et al.
Synaptic vesicle membrane fusion complex: action of clostridial neurotoxins 
on assembly. EMBO J 1994; 13(21):5051-61.

316 Hua S Y, Charlton MP. Activity-dependent changes in partial VAMP
complexes during neurotransmitter release. Nat Neurosci 1999; 2(12):1078-83.

317 Hunt JM, Bommert K, Charlton MP, Kistner A, Habermann E, Augustine GJ 
et al. A post-docking role for synaptobrevin in synaptic vesicle fusion. Neuron 
1994; 12(6):1269-79.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



88

318 Ikonen E, Tagaya M, Ullrich 0 , Montecucco C, Simons K. Different 
requirements for NSF, SNAP, and Rab proteins in apical and basolateral 
transport in MDCK cells. Cell 1995; 81(4):571-80.

319 Osen-Sand A, Staple JK, Naldi E, Schiavo G, Rossetto O, Petitpierre S et al. 
Common and distinct fusion proteins in axonal growth and transmitter release. 
J Comp Neurol 1996; 367(2):222-34.

320 Coco S, Raposo G, Martinez S, Fontaine JJ, Takamori S, Zahraoui A et al. 
Subcellular localization of tetanus neurotoxin-insensitive vesicle- associated 
membrane protein (VAMP)/VAMP7 in neuronal cells: evidence for a novel 
membrane compartment
1. J Neurosci 1999; 19(22):9803-12. .

321 Galli T, Zahraoui A, Vaidyanathan W ,  Raposo G, Tian JM, Karin M et al. A 
novel tetanus neurotoxin-insensitive vesicle-associated membrane protein in 
SNARE complexes of the apical plasma membrane of epithelial cells. Mol 
Biol Cell 1998; 9(6):1437-48.

322 Brumell JH, Volchuk A, Sengelov H, Borregaard N, Cieutat AM, Bainton DF 
et al. Subcellular distribution of docking/fusion proteins in neutrophils, 
secretory cells with multiple exocytic compartments. J Immunol 1995; 
155(12):5750-9.

323 Lacy P, Thompson N, Tian M, Solari R, Hide I, Newman TM et al. A survey 
of GTP-binding proteins and other potential key regulators of exocytotic 
secretion in eosinophils. Apparent absence of rab3 and vesicle fusion protein 
homologues. J Cell Sci 1995; 108(Pt ll):3547-56.

324 Reed GL, Houng AK, Fitzgerald ML. Human platelets contain SNARE 
proteins and a Seclp homologue that interacts with syntaxin 4 and is 
phosphorylated after thrombin activation: implications for platelet secretion. 
Blood 1999; 93(8):2617-26.

325 Ravichandran V, Chawla A, Roche PA. Identification of a novel syntaxin- and 
synaptobrevin/VAMP-binding protein, SNAP-23, expressed in non-neuronal 
tissues. J Biol Chem 1996; 271(23):13300-3.

326 Guo Z, Turner C, Castle D. Relocation of the t-SNARE SNAP-23 from 
lamellipodia-like cell surface projections regulates compound exocytosis in 
mast cells. Cell 1998; 94(4):537-48.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2 

METHODS AND MATERIALS

A. Materials

(i) Antibodies

SNAREs SNARE antibodies used and their recognition sites are summarized in 

Figure 2.1, page 91. Sodium azide (NaN3)-free mouse mAb (IgGi) to the cytoplasmic 

domains of human syntaxin-4 (aa 1-280) and rat syntaxin-6  (aa 1-136) were obtained 

from BD Pharmingen (San Diego, CA, USA). Mouse VAMP-2 mAb (Cl 69.1) (rat 

VAMP-2: aa 2-17) and rabbit anti-SNAP-23 antiserum (C-terminus peptide: 

DRJDDIANARAKKLIDS) were obtained from' Synaptic Systems, GmbH (Gottingen, 

Germany). Affinity-purified rabbit anti-SNAP-23 was also generously contributed by 

Dr. D. Castle (University of Virginia Health Sciences Center, Charlottesville, VA). 

Mouse mAb to human TI-VAMP clone 158.2 (aa 119-188)(1) and affinity purified 

anti-human VAMP-8  (TGI5) rabbit IgG (N-terminus: MEEASGSAGNDRVRN) (2) 

were kind gifts from Dr. T. Galli (INSERM, Paris, France).

Other antibodies Mouse anti-CD63 mAb (IgGi) was purchased from BD 

Pharmingen. Mouse IgGi and purified rabbit IgG were obtained from R&D Systems 

(Minneapolis, MN, USA) and Cedarlane Laboratories (Hornby, ON, Canada), 

respectively. Mouse anti-human MBP (BMK-13) is an in-house mAb and has 

previously been described/3̂ CD9 antibodies were a gift from Dr. Andrew Shaw 

(Cross Cancer Institute, University of Alberta). Mouse monoclonal anti-calnexin
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(IgGi), a marker for endoplasmic reticulum (ER), was obtained from StressGen 

Biotechnologies (Victoria, BC, Canada). Rabbit polyclonal anti-giantin, a marker for 

czs-Golgi, was a kind gift from Dr. T. Hobman (Department of Cell Biology, 

University o f Alberta). Rhodamine-Red-X-conjugated affinity purified donkey anti

rabbit IgG and Rhodamine-Red-X-conjugated affinity purified goat anti-mouse IgG 

were from Jackson Immunoresearch Laboratories Inc.(Westgrove, PA, USA)

BODIPY FL labeled goat anti-mouse antibodies were purchased from Molecular 

Probes (Eugene, OR, USA). Phycoerythrin conjugated (PE) anti-rabbit and anti-mouse 

antibodies were purchased from Cedarlane laboratories (cat # CLCC43004, 

CLCC30004).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91

SNAP-23 

Q-Coil
cccc

Q-Coil
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NH2 R-Coil TM

Syntaxin-4

H, Hh H„ Q-Coil TM

Antibody

Anti-VAMP-2
Anti-VAMP-7
Anti-VAMP-8
Anti-syntaxin-4
Anti-syntaxin-6
Anti-SNAP-23

Region Recognizes

NH2 domain 
NH2& coil 
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monomeric protein 
monomeric protein 
monomeric protein 
monomeric & complexed protein 
monomeric & complexed protein 
monomeric & complexed protein

Figure 2.1. SNARE domains and antibody recognition sites. The amino- 
terminal domain o f syntaxins, (including syntaxin-4) form a three-helix bundle 
(red) that binds to its carboxy-terminal coil domain (purple), forming a closed 
conformation (see also Figure 1.6, page 42). One “Q”coil domain of syntaxin 
combines with 2 “Q” coils SNAP-23 and 1 “R” coil from either VAMP-2, 7 
or-8  to form the four-helix SNARE complex. The NH2 terminal 3-helix coil of 
syntaxin (Habc domain) does not participate in SNARE-SNARE interactions, 
but extends out o f the SNARE complex (see Figure 1.5, page 41) (TM, 
transmembrane domain) SNAP-23, like SNAP-25 is anchored via four 
palmitoylated cysteine residues (CCCC). Antibodies used and their recognition 
regions are shown.
(Modfied from: Chen YA & Scheller RH. 2001. Nature Rev. Mol. Cell Biol. 2 
98-106)
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(ii) Other reagents

Streptolysin-0 (SLO) (100 pg/ml stock) was purchased from Dr. S. Bhakdi (Johannes 

Gutenberg University, Mainz, Germany). Botulinum B light chain (BoNT-B LC) and 

tetanus holotoxin (TeNT) were purchased from Calbiochem (LaJolla, CA, USA). 

Nycodenz was purchased from Invitrogen (Carlsbad, CA, USA).

B. Preparation of eosinophils and neutrophils

Isolation of eosinophils and neutrophils from atopic and healthy individuals, 

respectively, has been described previously.(4) Briefly, erythrocytes from peripheral 

blood (100ml: eosinophil isolations or 50 ml: neutrophil isolations) were sedimented 

in 6% dextran (10 ml 6 % dextran to 40ml whole blood) for 30 min. Leukocyte-rich 

supernatants were collected and layered onto Ficoll-paque (Amerham Biosciences,

PQ, Canada) (50ml blood / 15ml Ficoll gradient) and centrifuged for 25 min at 1200 

rpm (~350g) at room temperature. Monocytes at the Ficoll interface were removed and 

contaminating erythrocytes in granulocyte pellets lysed in 0.5 ml water and washed in 

RPMI-1640 (with HEPES modification) containing 5 mM EGTA (Buffer A). Cells 

were resuspended in Buffer A + 10% FBS for further applications. Neutrophil purity 

was >98%. For eosinophil isolations, eosinophil/neutrophil granulocyte pellets were 

resuspended at 1 x 106 cells/ml and incubated for 30 min at room temperature with 

CD16 immunomagnetic beads (12 pi beads/ 5 x 107 cells), CD3 and CD14 beads (10 

pi of each) Miltenyi Biotec Inc.(Aubum, CA, USA). Highly purified CD16' 

eosinophils (>99%) were isolated by immunomagnetic selection using AutoMACS, 

Miltenyi Biotec Inc.(Aubum, CA, USA).
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C. RT-PCR, subcloning and sequencing of PCR products

RNA was extracted from granulocytes (2 x 106 cells minimum/extraction) with 

Trizol reagent (Invitrogen) producing 0.2-1 pg RNA. Cells were solubilized in Trizol 

(1 ml / 5-10 x 106 cells) and incubated for 5 min. A volume of 0.2 ml chloroform per 1 

ml Trizol was added and tubes shaken vigourously for 15 sec. Tubes were centrifuged 

at 12,000g- for 15 min at 4C. The aqueous supernatant was collected and transferred to 

a clean tube. 0.5 ml isopropanol was added/ 1 ml Trizol used initially and tubes 

incubated 10 min at room temperature. Tubes were centrifuged at 12,000g for 10 min 

at 4 0 C. The RNA pellet was washed once in 75% ethanol and pelleted by 

centrifugation at 7,500g  for 5min. Pellets were dried under vacuum for 30-60 min, 

resuspended in RNase-free water (10 pl/sample) and stored at - 8 0 0 C until use.

Reverse transcription (RT-PCR) was carried out as follows: 1 pg total RNA (or 

less) was added to 1 pi oligo-(dT)i2-i8 (500 pg/ml) and topped to 11 pi with RNase 

free water. The mixture was heated for 10 min at 70 0 C, following which 8 pi of RT 

master mix was added per reaction (4pl 5X First stand buffer (Gibco/BRL), 2pl 0.1 M 

DTT, 1 pi mixed dNTPs (10 mM), 1 pi RNase-free water). 1 pi of M-MLV (200 

units) was added and reactions incubated for 37 C for 1 hr. Reactions were then 

terminated at 7 0 0 C for 10 min. cDNA generated was stored at - 2 0 0 C or used 

immediately for PCR reactions.

PCR reactions using intron-spanning primers for the housekeeping gene (32- 

microglobulin and SNAREs was performed. Primer sequences were directed human 

sequences of VAMP-2 (NIH Genbank Access. No. NM_014232.1), TI-VAMP
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(NM_005638), VAMP-8  (NM_003761), syntaxin-4 (AF026007), syntaxin-6  

(NM_005819) and SNAP-23 (U55936) Primer sequences were as follows:

VAMP-2: forward nt- 5 ’ ATGTCTGCTACCGCTGCCACG-3 ’

reverse nt -  5’ AGAGCTGAAGTAAACTATGATGATG-3’ 

TI-VAMP: forward-nt-70-89 5’ AGACTGAAGCCATGGCGATT-3’

reverse-nt-721-742-5 ’-CTATTTCTTC ACAC AGCTTGGC-3 ’. 

VAMP-8: forward-nt-14-33 5’ -GGCGAATTCACTTACTGACC-3 ’

reverse-nt-581 -600 5 ’-GTCTCTCC AGCCC ACTCTAA-3 ’. 

Syntaxin-4: forward nt-5 ’-ATGCGCGAC AGGACCC ACGAGCTG-3 ’

reverse nt-5 ’ -ITATCCAACCACTGTGACGCCAATGAT-3 ’ 

Syntaxin-6 forward-nt-16-35 5’- CCCTTCTTTGTGGTGAAAGG -3’ 

reverse-nt-545-564 5’- CTGGGACATGTTCTTCAGCA -3’. 

SNAP-23: forward nt-5 ’-CTGGGTTTAGCCATTGAGTCTCAGG-3 ’

reverse nt- 5’-GGTGTC AGCCTTGTCTGTGATTCG-3’

Primers for VAMP-2[182], SNAP-23[19] and syntaxin-4[182] were from previously 

published reports. All other primers were designed using the Primer3 primer design 

program (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Specificity and 

template alignment of primers was confirmed using BLAST (NCBI) and Clustal X 

software.

PCR reactions were carried out in 20 pi volume according to the following 

protocol. 2 pi of cDNA was added to 17.5 pi of PCR master mix. 0.5 pi of Taq 

polymerase was added immediately before amplification. Reactions were carried out 

in a PTC 100 Thermal Controller (M-J Research) according to the following program:
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Step 1: 5 min at 9 4 0 C, Step 2: 45 sec at 9 4 0 C, Step 3: 45 sec at 6 0 0 C, Step 4: 2 min 

at 72 0 C, Step 5: repeat Steps 1-4 for 30 cycles, Step 6 : 7 min at 72 0 C, Step 7: 4 0 C. 

Amplified products were subcloned and sequenced as previously described.® Briefly, 

PCR products were subcloned into the pCR™ 2.1 plasmid vector using the TIA 

cloning kit (Invitrogen Corporation, Carlsbad, CA) and double-stranded plasmid DNA 

isolated with the Wizard Plus Mini-prep kit (Promega Corporation, Madison, WI) as 

previously described.® Plasmid DNA, containing the inserted PCR product, was 

sequenced using M l3 forward and reverse primers and carried out on an A B I373A 

automated sequencer (Applied Biosystems, Foster City, CA)

D. Confocal laser scanning microscopy (CLSM)

Eosinophils were resuspended at 1 x 1-06 cells/ml in color-free RPM I1640 

containing 20% FBS and cytospins generated by centrifugation at 400 rpm (50, 000 

cells/slide). Slides were air dried for 1 h, wrapped in aluminum foil and stored at 

-20 0 C until use. Slides were warmed to room temperature, re-hydrated for 1 min in 

PBS, then fixed in 2% paraformaldehyde (in PBS) for 5 min. Slides were washed in 

TBS, and blocked for 0.5 hr in 5% goat serum in TBS.

(i) Single labeling fo r  t-SNAREs Slides were incubated for 1 hr with TBS containing 

2.5 pg/ml affinity purified anti-SNAP-23,12.5 pg/ml anti-syntaxin-4, 5 pg/ml anti- 

calnexin, or anti-giantin (1:3000). Purified rabbit IgG (2.5 pg/ml) was used as the 

negative control for anti-SNAP-23, normal rabbit serum (1:3000) was used as the 

control for anti-giantin, and mouse IgGi (12.5 pg/ml and 5 pg/ml) was used as the 

control for anti-syntaxin-4 and anti-calnexin, respectively. SNAP-23 and giantin (as 

cA-Golgi marker) immunoreactivity were detected using 10 pg/ml Rhodamine-Red-X-
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conjugated affinity purified donkey anti-rabbit IgG. Syntaxin-4 and calnexin 

immunoreactivity were detected using 14 pg/ml Rhodamine-Red-X-conjugated 

affinity purified goat anti-mouse IgG (Jackson Immunoresearch Laboratories Inc.). 

Images were captured using the Molecular Dynamics Confocal Imaging System 2001 

(Molecular Dynamics, Sunnyvale, CA).

(ii) Double labeling o f VAMP-2 and RANTES Slides were incubated for 1 hr with 5 

pg/ml anti-VAMP mAb or isotype control (mlgGl), washed 3X in TBS and labeled 

with 20 pg/ml BODEPY FL secondary antibodies. Slides were washed and blocked for 

1 h in 10 pg/ml goat anti-mouse Fab fragment (Jackson Immunoresearch Inc.), 

following which they were incubated for 1 h with anti-human RANTES mAb (R&D 

Systems) at room temperature. Slides were washed in TBS and immunoreactivity to 

RANTES detected by incubation with 15 pg/ml goat anti-mouse IgG conjugated to 

TRITC or Rhodamine Red (Jackson Immunoresearch Inc.) Confocal analysis was 

carried out on labeled cells using the Molecular Dynamics Confocal Imaging System 

2001 (Molecular Dynamics, Sunnyvale, CA) and Image Space 3.2 software for 

detection and imaging of immunofluorescence. The pixel intensity of the cytoplasmic 

regions of the cells was quantified by positioning an arbitrary fixed circle (124 pixels) 

over randomly selected areas within the cytoplasm. Average values and standard 

errors of the mean were achieved for the time course (between 2 -1 1  cells/time point) 

by measuring between 15-89 cytoplasmic regions of 124 pixels at each time point.

Cell profiles were collected by plotting pixel intensities obtained from the radius 

(drawn from the cell center to perimeter) of representative cells. Values were averaged 

and their standard errors of the mean computed. Results were analyzed for
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significance using Student’s t test (one-tailed) for flow cytometry, and Kruskal-Wallis 

one-way analysis of variance (together with Dunn’s multiple comparison test) for data 

obtained using confocal analysis. Results were considered significant when p < 0.05.

£ . Subcellular fractionation using a linear nycodenz gradient

A detailed description of reagents and the protocol for subcellular fractionation 

is described in Appendix A. Cells were washed (2X) in ice cold Buffer A and 

resuspended at 15 x 106 cells/ml (eosinophils) or 20 X 106 cells/ml (neutrophils) in ice 

cold Buffer B. Cells were homogenized using a precision ball-bearing cell cracker 

(EMBL, Heidelberg, Germany) using 8.010 mm ball bearing (-15-20 passages) and 3 

cc syringes. Homogenization was confirmed by examination for intact cells by light 

micoscopy (40X objective). Nuclei from homgenates were removed by centrifugation 

for 10 min at 2000 rpm (450°-) in a Sorvall centrifuge. Post-nuclear supernatant was 

layered on top of a linear Nycodenz (0-45%) gradient and centrifuged for 1 h at 100, 

OOOg- (30, 000 rpm) using a SW 40TI rotor in'a Beckman ultracentrifuge (brake and 

acceleration set at minimum). Fractions were collected using a fraction collector (18 

drops/fractions for neutrophils; 24 drops/fraction). Fractions were aliquoted (3X) and 

one set of 1:10 diluted fractions made (50 pi of fraction : 450 pi Buffer A). Fractions 

were stored at -80 °C until use for marker assays or Western blot analysis.

F. Marker assays for subcellular fractions

Fractions were examined for activities of marker proteins: Peroxidase, EPO 

and MPO, markers of eosinophil C G (6) and neutrophil A G (7), respectively; P- 

hexosaminidase (B-HEX) (marker of eosinophil small granules(6) and azurophilic
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granules (7:8)), lactate dehydrogenase (LDH) (a cytoplasmic marker(9)). Membrane- 

enriched fractions from eosinophils were detected by dot-blot analysis for CD9. 

Fractions enriched in neutrophil secretory vesicles/plasma membranes were detected 

by alkaline phosphatase activity in the presence or absence of 0.1 % Triton-X-100, 

based on previous studies/10; 11 ̂

(i) EPO and MPO assay Eosinophil peroxidase (EPO) and neutrophil 

myeloperoxidase (MPO) were detected using 3,3’,5,5’-tetramethylbenzidine (TMB) 

substrate solution (Sigma, Oakville, ON, Canada)/12) A volume of 50 pi o f 1:10 

diluted fractions were added to 150 pi of TMB substrate and incubated 10-15 min at 

room temperature. Reactions were terminated by the addition of 50 pi of 1M H2SO4 

and read at 450 nm in colorimetric plate reader. The percentage release of maximum 

calculated according to the following formula: [(ODtest- OD blank) / (ODmax test value -  

OD blank)] X 100.

(ii) (3-hexosaminidase ((3-HEX) assay A total of 50pl o f 1:10 fractions were added to 

50 pi of P-HEX substrate solution (37. 95 mg of 4-methylumbelliferyl N-acetyl-P-D- 

glucosaminide (Sigma M-2133) dissolved in 1 ml dimethylsulfoxide (DMSO) added 

to 99 ml 0.2 M citrate buffer, pH 4.5) and incubated for 2 h at 37 °C. Reactions were 

terminated by addition of 100 pi of 0.2 M Tris buffer. Plates were read at 450 nm 

(excitation 356 nm) in a fluorescent plate reader. The percentage release of maximum 

calculated according to the following formula: [(ODtest-  OD blank) / (ODmax test value -  

OD blank)] X 100.

(Hi) LD H assay I added 10 pi of neat fractions to 80 pi of reaction mixture (1 mg/ml 

P-NADH (Sigma) in 0.75 M pyruvate, pH 7.5) and incubated for 30 min at 37 C.
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Following incubation, 80 pi of dinitrophenylhydrazine solution (100 pi of 20 mg/ml 2, 

4- dinitrophenylhydrazine in DMSO added to 10 ml of 1M HC1) was added per well 

and incubated for 20 min at room temperature. The reaction was stopped by addition 

of 3.5 M NaOH and plates read at 450 nm. The percentage release of maximum 

calculated according to the following formula: ABS (absolute value)[(ODtest- OD blank) 

/ (ODmax test value -  OD blank)] x 100. (For this assay, lower absorbance values correlate 

with higher LDH activity).

(iv) Alkaline phosphatase assay (neutrophil fractions) I added 30 pi of neat fractions 

to 1 2 0  pi of substrate solution ( 2 0 0  mg of p-Nfitrophenyl phosphate disodium salt 

(Sigma 104 Phosphate substrate Mw=263.1 in 100 ml 0.2 M Tris, pH 10.5 containing 

5 mM MgCl2 ) with or without 0.1% TX-100 'to determine peak activities of secretory 

vesicles and plasma membranes, respectively. Reactions were incubated for 30 min at 

3 7 0 C and terminated with 100 pi of 2 M NaOH. Plates were read at 410 nm and the 

% release of maximum calculated according to the following formula: [(ODtest- OD

blank) /  (O D m a x  test value- O D  blank)] X 1 0 0 .

(v) CD9 dot blot analysis (eosinophil fractions) All incubations were performed at 

room temperature. Neat fractions were spotted onto of onto nitrocellulose strips (~1 

cm spacing/fraction, 2 pl/spot) and allowed to dry for 15-30 min. Strips were placed in 

incubation trays and blocked for 20 min in 5% milk in TBS-0.1% Tween 20 (TBS-T), 

pH 7.6. Blocking solution was removed and strips incubated for 30 min in CD9 mAb 

(1:1000 in 5% milk in TBS-T). Strips were washed (2X) for 15 min in TBS-T. Rabbit 

anti-mouse antibodies (DAKO Diagnostics Canada, Mississauga, ON, Canada) were 

added for 30 min (1:40 in 5% milk TBS-T). Strips were washed (2X) for 15 min in
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TBS-T. Mouse APAAP (DAKO Diagnostics Canada) was added at 1:30 (in 5% milk 

in TBS-T) for 30 min. APAAP was removed by 2X washes for 15 min in TBS-T. 

Alkaline phosphatase reagent (1 mg/ml Fast Red Sigma F2768) was added for a 

maximum of 15 min and then strips rinsed with ddH20 for 10 min. Strips were dried, 

scanned and immunoreactive “dots” quantitated. Pecentage of maximal activity was 

expressed according to the formula: (Densitytest) / (Densitymaxtestvaiue) x 100.

G. Generation of high-speed light membrane pellets

Cells were homogenized using a precision ball-bearing cell cracker and post-nuclear 

supernatant generated as described in the subcellular fractionation section. Granules 

were pelleted from post-nuclear supernatants by centrifuation at 10, OOOg for lOmin. 

Supernatants containing cytosol and light membranes (secretory vesicles, plasma 

membranes, ER membranes and Golgi membranes) were stored at -80 °C until use. 

These supernatants were (occasionally) pooled from separate donors and centrifuged 

at 100, 000g (32, 000 rpm) for 1 h in a SW 50.1 rotor in a Beckman ultracentrifuge. 

Membrane pellets were either resuspended in 3X SDS loading buffer for Western blot 

analysis or 0.5 ml RIPA buffer (PBS +1%  Nonidet P-40 + 0.1% SDS) containing a 

protease inhibitor cocktail (5 pg/ml each of leupeptin, aprotinin and TAME (Sigma)) 

for immunoprecipitation experiments (see below).

H. Digestion of VAMP-2 in light membrane pellets using tetanus toxin (TeNT)

Lyophilized tetanus holotoxin (TeNT) was resuspended in 0.1 M K H 2 P O 4 , pH 7.4, 

supplemented with 0.1% BSA. Holotoxin was reduced by incubation in 0.01 M DTT 

for 30 min at 37°C. A sample of reduced toxin was denatured by boiling the toxin for
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10 min. Reduced toxin and denatured toxin (225 ng) were each added to 5 x 106 cell 

equivalents of eosinophil light membrane pellets in 2 mM ZnCh and 10 mM DTT. 

Samples were incubated for 1 h at 37°C, and transferred to ice to stop the reaction. 

SDS-PAGE and Western blot analysis was carried out using mouse monoclonal 

antibody to VAMP-2 (1:10,000)

I. Western blot analysis and immunoprecipitation

(i) Western blot analysis

Subcellular fractions representing peak marker activities for granules, 

membranes/vesicles, and cytosol were subjected to SDS-PAGE (16% acrylamide 

content) (25pi fraction/lane: 0-10 pg maximum protein/lane) and Western blot 

analysis. Samples were resuspended in an equal volume of 3X SDS loading buffer 

(New England Biolabs, Beverly, MA, USA) and boiled for 3 min.(I3) Lysates of 

human platelets, rat brain and CaCo-2 cells were used as positive controls for SNARE 

protein expression (rat brain: VAMP-2, TI-VAMP, syntaxin-6 ; the human colonic cell 

line, CaCo-2: VAMP-8 ; platelets: SNAP-23 and syntaxin-4). Whole rat brain was 

homogenized in ~ 2-4 ml of RIP A buffer using a dounce homogenizer. Homogenate 

was incubated on ice for 0.5 hr and nuclei/tissue debris removed by centrifugation at 

7,000g  for 10 min. Homogenates were aliquoted and stored at -80 °C until use. 

containing 5 pg/ml protease inhibitor cocktail (5 pg/ml leupeptin, aprotinin and 

TAME (Sigma)) For preparation of platelet lysates, peripheral blood (50 ml) was 

obtained from mildly atopic donors, and subjected to centrifugation at 300g- for 10 

min. Plasma-rich supernatant devoid of cells was harvested and centrifuged at 1800g 

for 5-8 mins, and the platelet-rich pellet resuspended in 1 ml 0.25 M sucrose, 10 mM
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HEPES, pH 7.4, and 1 mM EGTA containing 0.1% Triton X-100. CaCo-2 cells were 

provided by Dr. Glen Armstrong (University o f Calgary). Cells were homogenized at 

20 x 106 cells/3Opl RIPA buffer and left on ice for 0.5 h. Nuclei were removed by 

centrifugation at 7,000g  for 10 min and lysates stored at -80 0 C until use. Protein 

content of lysates was determined using the DC  assay (Bio-Rad Laboratories, 

Mississauga, ON, Canada).

Protein from electrophoresed gels were transferred to Immobilon PVDF 

membranes (Millipore, Bedford, MA, USA) using a semi-dry transfer (BioRad 

Laboratories) for 45 min at 15 V. Immobilon blots were incubated in 5% milk in TBS- 

T either overnight at 4C or for 1 h. Primary antibodies were diluted in 5% milk in 

TBS-T with the exception of TI-VAMP antibodies (these must be diluted in TBS-T 

alone without milk) and incubated for 1 h at room temperature. Dilutions for 

antibodies were as follows: VAMP-2 mAb: 1:10, 000 (50 ng/ml); TI-VAMP mAb: 

1:1000; VAMP-8  antiserum: 1:1000; syntaxin-4 mAb: 1:5000 (50 ng/ml); syntaxin-6  

mAb: 1:1000 (250 ng/ml); SNAP-23 antiserum: 1:1000. Blots were washed 2X in 

TBS-T for 15 min. Secondary antibodies conjugated to horse-radish peroxidase, goat 

anti-mouse HRP and donkey anti-rabbit HRP (Amersham BioSciences, Baie d’urfe,

PQ, Canada) were added (1:5000) for 1 h at room temperature. Blots were washed 4 X 

5 min in TBS-T. ECL substrate was added (Pierce SuperSignal, MJS Biolynx Inc., 

Brockville, ON, Canada) for 1 min to blots and exposed to Hyperfilm (Amersham 

Biosciences) for 5-30 min exposure time.

(ii) Immunoprecipitation o f  syntaxin-4 from  high speed light-membrane pellets
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For co-precipitation experiments, high speed light-membrane pellets were 

resuspended in 0.5 RIPA buffer containing 5 pg/ml protease inhibitor cocktail (5  

pg/ml each of leupeptin, aprotinin and TAME (Sigma)). Resuspended pellets were 

precleared with 2.0 pg mouse IgGi and 40pl of a 1:1 slurry of RIPA buffer: Protein G 

Sepharose beads (Amersham Biosciences) for 1 h at 4 °C with continuous rotation. 

Beads were pelleted by centrifugation at l,000g- for 10 min. Supernatants were 

transferred to clean tubes and incubated with either 2.0 pg anti-syntaxin-4 mAb or 5 pi 

of SNAP-23 for 1 h (minimum) or overnight with continuous rocking. 40 pi of 1:1 

bead slurry (RIPA buffer: Protein G Sepharose) was added for 1 h at 4°C and beads 

pelleted by centrifugation at l,000g for 10 min. Precleared beads and 

immunoprecipitate beads were washed 3X in RIPA buffer, resuspended in an equal 

volume of 3X SDS loading buffer, boiled for 3min and subjected to acrylamide gel 

electrophoresis (16% acrylamide content).

J. FACS analysis of granule fractions

Granules from subcellular fractions exhibiting peak EPO and MPO activities 

were pelleted by centrifugation at 12,000°- for 15 min. Granule pellets were fixed in 

5% formalin/PBS, pH 7.2 for 10 min, and washed twice in cold PBS. Fixed granules 

were blocked in 5% milk/PBS for 1 hr or overnight. Granules were washed in PBS 

and incubated with primary antibodies: 1:200 (5 pg/ml) VAMP-2 mAb, 1 TOO TI- 

VAMP, 1:100 VAMP-8  antiserum, 1:50 syntaxin- 6  mAb (5 pg/ml) in 5% milk/PBS 

for 1 h. Permeabilized eosinophil granules and non-permeabilized neutrophil granules 

were examined for the expression of CG and AG granule-membrane markers, MBP
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and CD63, respectively. For MBP labeling of eosinophil granules (positive control), 

blocking and antibody incubations were performed under permeabilizing conditions (+ 

0.1% saponin) (1:100 anti-MBP mAb). Neutrophil granules were labeled with 1:200 

anti-CD63 mAb (positive controls) under non-permeabilizing conditions. Following 

primary antibody incubation, granules were washed three times in PBS and incubated 

for 1 h in 1:200 PE-conjugated secondary antibodies (Cedarlane). Granules were 

washed three times in PBS and examined by FACS analysis for mean fluorescence 

intensity (MF1) the entire cell or granule population (ungated). Percentage of positive 

events determined in respect to isotype control antibodies (% gated in M l). Results 

from three separate experiments were averaged, the SEM calculated, and significance 

from isotype controls (p < 0.05) determined using a paired T-test.

K. Ca2+ and GTPyS-induced mediator secretion in SLO-permeabilized cells 

Rationale, background and experimental protocol

The exogenous application of Ca2+ and GTPyS was previously demonstrated to 

activate secretion in permeabilized eosinophils and neutrophils.(14) Since mature end- 

differentiated cells such as eosinophils and neutrophils are not easily transfected with 

recombinant proteins, we selected to modify the permeabilization technique described 

by Gomperts and colleagues(15) to introduce SNARE neutralizing antibodies into 

permeabilized cells. The targeting of SNARE isoforms by SLO permeabilization has 

been successfully used for other non-neuronal cell types.(16) In addition, 

permeabilization or microinjection is required to examine the effects of clostridial
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neurotoxins, such as TeNT and BoNT, in non-neuronal cell types, as exogenous toxins 

selectively bind and enter neurons only.(17:18)

It was previously demonstrated that the intensity of the secretory response was 

dose-dependent on calcium/14) In order to be able to detect inhibitory responses using 

SNARE antibodies we wished to establish the maximal secretory response using an 

optimal dose of SLO and calcium which would not compromise cell integrity. We 

utilized a series of EGTA-buffered calcium solutions, described previously(15), to 

determine the maximal secretion of EPO from human eosinophils. The EPO assay 

(described above) was selected for these optimization experiments since it is fast, 

quantitative and cost-effective. A detailed description of materials and methods for 

SLO permeabilization and activation of the cells with Ca2+and GTPyS is described in 

Appendix A.

Briefly, cells were washed 3 times in BSS (137 mM NaCl, 2.7 mM KC1,2 mM 

MgCL, 20 mM PIPES, pH=6 .8) and resuspended at 1 x 106 cells/ml. Cells were added 

in triplicate to v-well plates (50,000 cell/well) and permeabilized in 0.1-1.0 pg/ml 

streptolysin-0 (SLO) for increasing periods of time (0 ,1 ,2 , 5,10,15 min). Exocytosis 

was induced by the addition of Ca2+and GTPyS using Ca2+EGTA-buffered BSS. 

Granulocytes were incubated in either pCa 5, 5.5, 6.5, 7 supplemented with 10 pM 

GTPyS (activated) or pCa 7 in BSS alone (negative control) (note: pCa X= 10-x M 

Ca2+). Reactions were terminated at 10 min by the addition of 100 pi cold BSS, plates 

centrifuged at 350g for 5 min at 4°C, and supernatants examined for EPO activity (see 

protocol above). Cell lysates (using 0.5% Triton-X-100) were used to determine total 

peroxidase activity. Values were expressed as either percent of total peroxidase
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activity (detected in lysates) or % of maximal release (detected at pCa 5) according to 

the following formulae:

%  total peroxidase: [(ODtest-  O D  neg control (pCa ?)) / (O D  lysed-  O D  neg control (pCa 7))] X 100 

% maximal release: [ (O D test -  O D  neg control (PCa 7)) / (O D  pca5-  O D  neg control (pCa 7))] x 100

Results obtained from optimization experiments

The secretion of EPO from permeabilized human eosinophils was elevated in 

response to increasing Ca2+ doses (Figure 2.2A,page 111). A maximum secretion of 

58% ± 14% of total peroxidase (EPO) activity was obtained at pCa 5 (n=5). A 

minimum dose of 1.0 pg/ml SLO was required to induce this response from 

eosinophils and was used for all subsequent experiments using SNARE antibodies. 

Neutrophils were similarly found to exhibit Ca2+-dependent release of MPO ( 6 8 % ± 

8 % of total at pCa 5) in optimization experiments (data not shown). In contrast to 

eosinophils, neutrophils were readily permeabilized at lower doses of SLO (0.1 pg/ml 

minimum effective dose). The doses of SLO used for these experiments are 

comparable to previously reported effective doses, which are known to vary according 

to cell type,(19) (20) and were used for all subsequent secretion experiments. 

(2i;22)«Negative controis” (permeabilized at pCa 7) exhibited a small spontaneous 

release values of EPO and MPO, 9% ± 3% and 14% ± 5%, from eosinophils and 

neutrophils, respectively.

Eosinophils and neutrophils exhibited a decrease in the secretory response of 

EPO and MPO, respectively, at increasing incubation times with SLO prior to 

activation. This “rundown” of the maximal secretion response was previously 

described in studies by Gomperts and colleagues, and is anticipated to reflect the
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increasing loss of cytosolic signaling proteins following permeabilization/ 19’231 

Delayed addition of Ca2+ and GTPyS to eosinophils markedly reduced the secretion of 

EPO as early as 5 min, while neutrophil secretion exhibited a more modest impairment 

which was not evident until -10 min (Figure 2.2B,page 111).

A previous study from our laboratory demonstrated that eosinophils rapidly 

(within 10 min) and selectively released RANTES following treatment with IFN-y. 

RANTES was localized to both small secretory vesicles and the matrix of eosinophil 

crystalloid granules/ 6-1 Stimulation with IFN-y caused the selective release of 

RANTES as indicated by the loss of RANTES but not MBP immunoreactivity by 

confocal laser scanning microscopy (CLSM). RANTES secreted from eosinophils, at a 

density of 4 x 106 cells/ml was determined by ELISA to be -80  pg/ml (maximum) at 

-2  h. IFN-y-induced secretion of RANTES from eosinophils was confirmed in a 

separate study by Bandeira-Melo et al using a microscopy-based fluorescent assay/ 241 

We hoped to examine RANTES secretion from SLO-permeabilized eosinophils in the 

presence or absence of SNARE antibodies. In optimization experiments using 

densities of eosinophils 1-2 x 106 cells/ml only small quantities of RANTES were 

released (-30-50 pg/ml) following stimulation with pCa 5 and 10 pM GTPyS. Similar 

results were obtained using 500IU IFN-y as a stimulus in SLO-permeabilized 

eosinophils (data not shown). Since the lowest detection limit of the RANTES ELISA 

kit is near these values (30 pg/ml) (R&D systems) and quantitative measurements 

would be required for experiments using SNARE antibodies, RANTES was not 

examined from permeabilized cells. It is possible that increasing the density of 

eosinophils may permit the measurement of the relatively small amount of RANTES
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secreted from eosinophils. However, due to the limited eosinophil harvest from 100 ml 

peripheral blood and the necessity for adequate controls and replicates, increasing cell 

density was not possible for these experiments.

Protocol fo r  SNARE antibody incubations

To examine the role of SNARE isoforms, cells were permeabilized in SLO in 

the presence of SNARE-specific Abs (0.1 -20 pg/ml) or matched isotype control 

mouse IgGi or rabbit IgG from R&D Systems (Minneapolis, MN, USA). To ensure 

that permeabilized granulocytes exhibited near maximal secretory responses, cells 

were treated with SLO in the presence of control or SNARE antibodies for 2 min at 

37°C prior to activation with Ca2+ (pCa5) and GTPyS for 10 min. As shown in Figure 

2 3 , page 112 (see methods below) (also Figure 5.5, Chapter 5), this short 

permeabilization period was sufficient to permit the entry of exogenous antibodies into 

SLO-permeabilized cells.

L. Analysis of granule-derived mediator release from SLO-permeabilized cells

Neutrophil supernatants were examined for myeloperoxidase (MPO) (marker 

for AG), lactoferrin (LTF) (marker for SG) and matrix metalloproteinase-9 (MMP-9) 

(marker for TG).(25) Eosinophil supernatants were examined for secretion of eosinophil 

peroxidase (EPO) and eosinophil-derived neurotoxin (EDN).(26,27) Release of EPO and 

MPO was determined on fresh undiluted supernatants using 3,3’,5,5’- 

tetramethylbenzidine (TMB) substrate solution (Sigma, Oakville, ON, Canada)/12)

The OD450nm for blank wells containing BSS alone were subtracted from the sample 

OD450nm, and the percentage peroxidase release was calculated by the formula:
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( O D 450nm of test samples/OD4sonm of lysed cells) x 100 = % release. The spontaneous 

release from negative controls was subtracted from all samples to give percent specific 

release. MMP-9 and LTF were determined by ELISA kits obtained from R&D 

Systems and Oxis Research Ltd. (Portland, OR, USA), respectively. EDN 

concentration was determined by radioimmunoassay in the laboratory of Dr. H. Kita 

(Mayo Clinic, Rochester, MN) as previously described/28̂ For all mediators examined, 

results (in triplicate) from separate experiments were expressed as mean percent 

release of control according to the formula: [ (O D test A b -  O D  neg control) /  (O D jS0type A b - 

O D  neg control)] x 100. Values from separate experiments were averaged and shown with 

error bars representing SEM.

M. FACS analysis of streptolysin-0 (SLO)-permeabilized cells: entry of 

exogenous antibodies

It was previously demonstrated by Lindau and Gomperts (1991)(23) that 

exogenously added lactate dehydrogenase (LDH) could rapidly enter mast cells 

following SLO-permeabilization. To demonstrate that antibodies could similarly enter 

eosinophils and PMNs with rapid kinetics, we examined the uptake of exogenously 

added fluorescently-labeled antibodies following SLO permeabilization. Cells were 

washed 3 times in buffered saline solution (BSS) (137 mM NaCl, 2.7 mM KC1,2 mM 

MgCL, 20 mM PIPES, pH=6 .8 ), resuspended at 1 x 106 cells/ml and incubated with

1.0 (a.g/ml phycoerytherin (PE)-conjugated anti-mouse antibodies (Cedarlane) in the 

presence or absence of 1.0 pg/ml (eosinophils) or 0.1 pg/ml (neutrophils) SLO. 

Samples were warmed for 1 min at 37°C to initiate permeabilization and examined
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continuously by flow cytometry for the change in fluorescence intensity for 8.5 min. 

Results from this experiment (Figure 23 , page 112) demonstrated that antibodies 

rapidly entered (within 1 min) SLO-permeabilized eosinophils and neutrophils.
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Figure 2.2
Secretory responsiveness to elevation of calcium and following streptolysin-0 (SLO) 
permeabilization (A) Eosinophils were permeabilized in 1.0 mg/ml SLO containing different 
doses of calcium (pCa7-pCa5) supplemented with 10 mM GTPgS. Negative permeabilized 
controls (pCa8) were incubated in the absence of GTPgS. Cell supernatants were examined for 
EPO content following 10 min incubation at 37 °C, and % total release calculated as described 
in the Materials and Methods.(*) p<0.05 from negative control, as determined by the paired T 
test (n=5) (B) Exocytosis of EPO and MPO was determined for eosinophils and neutrophils, 
respectively, after increasing periods of permeabilization with SLO (permeabilization interval) 
prior to activation with Ca2+ (pCa 5) and 10 mM GTPgS. Values are expressed as percentage 
of maximal release which was detected at the time = 0 permeabilization interval (58% ± 14% 
EPO and 6 8% ± 8% MPO of total cellular peroxidase activity).
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Figure 2.3
Entry of exogenous antibodies into SLO permeabilized granulocytes. Eosinophils 
(A) and neutrophils (B) were incubated with 1.0 mg/ml phycoerythrin (PE)-labeled 
antibodies in the absence or presence of 1.0 mg/ml or 0.1 ug/ml SLO, respectively, for 
1 min at 37°C. Cells were then examined continuously by flow cytometery for the 
change in log fluorescence intensity for -8.5 min.
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Abstract

Background: Exocytosis is an integral event-during IFNy-induced piecemeal 

degranulation in eosinophils. In many tissues, SNAREs (SNAP receptors), including 

vesicle-associated membrane protein (VAMP), act as specific intracellular receptors to 

allow granule fusion with the membrane during degranulation. However, the 

mechanisms underlying eosinophil piecemeal degranulation induced by IFNy are not 

well understood. Objective: To assess whether eosinophils express the vesicular 

SNARE protein VAMP-2, and to determine the involvement of VAMP-2 in IFNy- 

induced piecemeal degranulation. Methods: Human peripheral blood eosinophils 

(>97%) from atopic subjects were subjected to RT-PCR and sequence analysis using 

specific primers for VAMP-2 mRNA. Western blot and flow cytometry analysis was 

carried out to confirm the identity of VAMP-2 and its susceptibility to cleavage by 

tetanus toxin. Confocal laser scanning microscopy imaging was conducted on double

labeled cytospins of eosinophils at 0, 5,10, 30, 60 min and 16 h o f IFNy (500 U/ml) 

stimulation. Results: Eosinophils expressed VAMP-2 mRNA (n = 4 donors) which 

exhibited 100% homology with human VAMP-2 cDNA upon sequencing. Eosinophils 

were also found to express tetanus toxin-sensitive VAMP-2 protein. RANTES and 

VAMP-2 immunofluorescence were observed to colocalize to similar intracellular 

structures by confocal imaging. IFNy induced a rapid translocation of VAMP-2-positive 

organelles towards the cell membrane in correlation with RANTES. Conclusions:

These findings suggest that exocytosis in human eosinophils is regulated by SNAREs, 

with a specific role indicated for VAMP-2 in piecemeal degranulation.
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Introduction

SNARE proteins have been implicated as critical regulators of membrane fusion at all 

levels of membrane trafficking in eukaryotic cells. These integral membrane molecules 

were first described for their ability to bind jV-ethylmaleimide-sensitive factor (NSF) 

and soluble NSF-attachment proteins (SNAPs).1̂  Their role in regulation of exocytosis 

in neuronal tissues is highlighted by the ability of tetanus and botulinum neurotoxins to 

cleave these molecules in situ and prevent further release of vesicular contents/2) The 

paradigm of SNARE function proposes that binding of vesicular SNAREs (v-SNAREs) 

to cognate intracellular receptors on target membranes (t-SNAREs) must occur in order 

to drive membrane fusion/1,3) The specificity of donor-target membrane fusion is 

postulated to be dependent on SNARE isoforms specific to each membrane 

compartment. Several isoforms of v-SNAREs have been identified, including vesicle- 

associated membrane protein (VAMP/synaptobre vin) / 4'6) In the case of exocytotic 

release, VAMP-1 and VAMP-2 have been implicated as granule-associated v-SNAREs 

which recognize and bind to t-SNAREs in the plasma membrane/ 7-1 More recent studies 

have demonstrated that cells outside of the neuronal/neuroendocrine system also express 

VAMP-1 and VAMP-2.(8'10)

Eosinophils are specialized secretory cells which have been shown to release 

some or all o f the contents of their crystalloid'granules following recruitment and 

activation in allergic inflammation and contribute to mucosal damage/ 1 The process of 

eosinophil granule mediator release in tissues appears to occur by either compound 

exocytosis/12) piecemeal degranulation/13) or necrotic release/14) Piecemeal 

degranulation seems to be the most physiologically relevant form of eosinophil
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degranulation in allergic inflammation, since approximately 67% of all tissue 

eosinophils observed in nasal biopsies from individuals with seasonal allergic rhinitis 

appear to undergo piecemeal degranulation, with the remainder exhibiting necrotic or 

cytolytic release.°4) In vitro studies on peripheral blood eosinophils have shown that 

IFNy selectively induced the release of a chemokine, RANTES ,°5) in a manner closely 

resembling piecemeal degranulation observed in vivo. However, the mechanisms 

underlying this important physiological process are not yet understood. In an earlier 

study, a number of isoforms of SNARE proteins, including VAMP-1, could not be 

detected in guinea pig eosinophils (VAMP-l, VAMP-3/cellubrevin, synaptotagmin, 

synaptophysin, syntaxin-1 and SNAP-25).06) We hypothesized that, instead, human 

eosinophils express VAMP-2 mRNA and protein, and that VAMP-2 is rapidly 

mobilized together with RANTES during IFNy-induced piecemeal degranulation. These 

observations show for the first time that the SNARE isoform, VAMP-2, may be 

involved in the regulation of eosinophil secretory processes.
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Results

VAMP-2 mRNA is expressed in eosinophils. Purified eosinophils were subjected to RT- 

PCR analysis using a previously published set of primers specific for VAMP-2.(17) 

Eosinophils from four different atopic subjects demonstrated VAMP-2 mRNA 

expression (Fig. 3.1 A). Eosinophils from one normal nonatopic subject were also found 

to express VAMP-2 mRNA (data not shown), suggesting that the gene encoding 

VAMP-2 may be expressed regardless of disease or activation status. Eight clones were 

prepared from a PCR product obtained from a representative atopic subject. Four clones 

were subjected to sequence analysis by the dideoxy chain-termination method. 

Eosinophil mRNA for VAMP-2, containing the entire coding sequence of the molecule 

(348 bp), exhibited 100% homology to that of human cDNA encoding VAMP-2 (NIH 

Genbank accession no. NM_014232.1). The predicted amino acid sequence derived 

from eosinophils was inclusive of all known toxin cleavage sites for VAMP-2 (tetanus 

toxin, botulinum toxins B, D, F, and G).

Eosinophils express VAMP-2 immunoreactivity sensitive to cleavage by tetanus toxin. 

Eosinophil membranes were prepared and subjected to incubation with reduced tetanus 

toxin at 37°C before separation by SDS-PAGE and immunoblot analysis using 

monoclonal antibody to VAMP-2. The light membranes prepared from blood 

eosinophils exhibited immunoreactivity for VAMP-2 migrating to 18 kDa, equivalent to 

that found in rat brain preparations, which was sensitive to cleavage by reduced tetanus 

toxin but not boiled (inactive) toxin (Fig. 3.1 B). Immunoblot analysis with an isotype 

control (mouse IgGi), at a similar concentration to anti-VAMP-2, did not yield any 

immunoreactive bands (data not shown).
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Eosinophils express VAMP-2 protein at lower levels than the crystalloid granule 

marker CD63. Expression of VAMP-2 protein in eosinophils was determined by flow 

cytometry analysis of formaldehyde-fixed and permeabilized eosinophils. Eosinophils 

were analyzed for intracellular VAMP-2 immunoreactivity in comparison with a 

crystalloid granule membrane marker, CD63.(18;19) Permeabilized eosinophils 

demonstrated minimal labeling with isotype control (Fig. 3.2 A) while CD63 staining 

was significantly greater than control (16-fold increase in MFI over isotype; see Table 

below Fig. 3.2 A). Conversely, cells stained with anti-VAMP-2 showed a smaller, 

although still significant, increase in immunofluorescence, with a 1.75-fold increase in 

MFI over isotype control (p < 0.001).

CD63+ crystalloid granules do not express VAMP-2. The expression of VAMP-2 

protein on isolated, purified eosinophil crystalloid granules was determined by flow 

cytometry analysis. Interestingly, while CD63 expression was detectable in a population 

of gated crystalloid granules (23-fold increase in fluorescence over isotype control; p  < 

0.001), VAMP-2 was not significantly expressed in this population (Fig. 3.2 B). 

VAMP-2 was rapidly mobilized during IFNy-induced piecemeal degranulation. Double

labeling of eosinophil cytospins was carried out in order to examine the expression of 

VAMP-2 in comparison with an eosinophil-derived mediator, RANTES, known to be 

stored in both the crystalloid granules and a putative population of small secretory 

vesicles/ 155

In eosinophils obtained from four atopic donors, VAMP-2 co-localized with 

RANTES in what appeared to be small cytoplasmic bodies, which appear yellow due to 

coinciding green and red fluorescence (Fig. 3.3 B and D). In addition, eosinophil
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VAMP-2 and RANTES co-localized with each other in perinuclear regions, which were 

also positive for calnexin immunoreactivity (Fig. 3.3 L). The overlap in staining of 

VAMP-2 and RANTES with that of calnexin suggests some expression of these 

molecules in the endoplasmic reticulum.

In a time course analysis of eosinophil cytospins prepared at 0 ,2 , 5 ,10,30,60 

min, and 16 h of stimulation, VAMP-2 and RANTES immunoreactivity were mobilized 

together to the plasma membrane during IFNy-induced (500 U/mL) piecemeal 

degranulation (Fig. 3.3 C, arrow, and G). After as early as 5 min, VAMP-2 

immunoreactivity was intensified around the periphery of stimulated cells in a highly 

punctate manner (Fig. 3.3 F, arrowhead). IFNy also induced the redistribution of 

RANTES immunoreactivity after 10 min as previously reported/15) with some loss of 

RANTES activity in cytoplasmic regions accompanied by an intensification in the 

submembranous regions of the cell (Fig. 3.3 C and G). Figure 3.3 B and C represent 

cells obtained from a different donor from that o f Fig. 3 .3 D-J, in which a particularly 

pronounced translocation of RANTES and VAMP-2 could be observed (Fig. 3.3 C, 

compared with unstimulated cells in Fig. 3.3 B). In this example, RANTES and VAMP- 

2  could be observed to co-localize strongly in-tightly punctate structures immediately 

adjacent to the cell membrane, suggesting that exocytotic release of RANTES maybe 

occurring. The more commonly observed time course o f redistribution of 

immunoreactivity for VAMP-2 and RANTES in most cells responding to IFNy is shown 

in Fig. 3.3 D-J.

The redistribution of cytoplasmic immunoreactivity for VAMP-2 and RANTES 

in double-labeled IFNy-treated cells was found to be statistically significant (Fig. 3.4 A).
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RANTES immunoreactivity was significantly reduced (p < 0.001) at 5 ,10,30, and 60 

min post IFNy stimulation. The immunofluorescence for RANTES returned to basal 

levels after 16 h of continuous incubation with IFNy. MBP immunoreactivity was also 

depleted significantly after 5 and 30 min (p < 0.01) of stimulation by IFNy compared 

with control (t = 0) values (Fig. 3.4 A). While VAMP-2 immunoreactivity was not 

significantly changed from control (t = 0 ) values throughout the time course, it was 

significantly decreased at times 5,10, and 30 min compared with 2 min measurements 

(Fig. 3.4 A) in parallel with values obtained for RANTES. Interestingly, cell profiles of 

pixel intensities from representative cells taken from 0 and 10 min of IFNy stimulation 

(Fig. 3.4 B) exhibited a pronounced shift in VAMP-2 and RANTES immunoreactivity 

towards the cell membrane (bold lines), as well as a significant depletion in cytoplasmic 

RANTES. These observations indicate that, along with depletion in cytoplasmic 

immunoreactivity for VAMP-2 and RANTES, these molecules were mobilized together 

to the cell membrane. RANTES immunoreactivity has previously been shown to be 

detected in supernatants of PFNy-stimulated eosinophils after 60-120 min of incubation, 

suggesting release of RANTES during degranulation concurrently with intracellular 

translocation of VAMP-2 and RANTES.(I5)
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Figure 3.1. VAMP-2 expression in human eosinophils from atopic subjects. (A) Products of 
RT-PCR (2 x 106 cells/sample) were visualized on an ethidium bromide-stained 2% agarose 
gel. Lanes 1-4 represent PCR products for (32-microglobulin (335 bp) obtained from eosinophil 
mRNA purified from four different atopic donors. Lanes 5-8 represent VAMP-2 PCR products 
(348 bp) obtained from the same group of atopic donors. Lanes are flanked by DNA ladders.
(B) Immunoblot analysis of VAMP-2 in eosinophils, following incubation with reduced tetanus 
toxin (lane A), boiled tetanus toxin (lane B), and in the absence of toxin (lane C). Lanes A-C 
each contain membranes prepared from 5 x 106 cell equivalents. Eosinophil light membranes 
were also titrated (lane D, 10 x 106 cell equiv., lane E, 5 x 106 cell equiv., lane F, 2.5 x.106 cell 
equiv., lane G, 1 x 106 cell equiv.) and electrophoresed concurrently with rat brain positive 
control (lane H, 0.5 pg rat brain synaptosomes. Numbers at left indicate the positions of 
prestained molecular weight markers. (Figures 3A and 3B were generated by P.Lacy and M. 
Logan, respectively.)
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Figure 3.2. Flow cytometry analysis of VAMP-2 expression in permeabilized 
eosinophils and purified crystalloid granules. (A) Permeabilized eosinophils stained 
with iso type control antibody (mouse IgGi; solid line), VAMP-2 antibody (solid area), 
and CD63 antibody (dotted line). The average ± SEM values of MFI is shown in the 
table beneath the figure from 10,000 events per measurement. (B) Crystalloid granules 
obtained from density gradient centrifugation were fixed (without permeabilization) and 
labeled with isotype control (light solid line), VAMP-2 antibody (heavy solid line), and 
CD63 antibody (dotted line). The average ± SEM percentage of gated events (Ml; gated 
for CD63+ granules) is shown beneath the diagram from 10,000 events per 
measurement. Results are averaged from three measurements taken from a 
representative sample. *** indicatesp  < 0.001.(Figure 3.2 was generated by P. Lacy)
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Figure 3.3. Confocal microscopy analysis of double-labeled eosinophils following 
stimulation with IFNy. (A) Immunofluorescence detection of VAMP-2 (green color 
from BODIPY FL) in an eosinophil, which co-localized with RANTES (red color from 
TRITC) to produce yellow regions in (B) and (D). IFNy was added to cells (500 U/mL) 
and the distribution of VAMP-2 and RANTES was analyzed following 0 min (D), 2 min 
(E), 5 min (F), 10 min (G), 30 min (H), 60 min (I), and 16 h (J) at 37°C. (K) Negative 
control with an isotype antibody (mouse IgGi). (L) Calnexin stain indicating 
endoplasmic reticulum distribution in eosinophils. (F) Arrowhead, punctate staining of 
VAMP-2 immunofluorescence observed at 5 min of stimulation, followed by 
translocation of VAMP-2 and RANTES (arrows in C and G). Orig. mag, 100X.
(Figure 3.3 was generated by P. Lacy (n=2) and M. Logan (n = l) )
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Figure 3.4. RANTES mobilization from IFNy-stimuIated eosinophils occurs 
concurrently with translocation of VAMP-2. (A) Intensity o f cytoplasmic 
immunofluorescence for RANTES, VAMP-2, and granule MBP following IFNy 
stimulation. Values were obtained from the same population of cells shown in Fig. 3 (D- 
J). Statistical comparisons for RANTES and MBP were carried out using t = 0 as the 
control (t = 2 min for VAMP-2). (B) Cell profiles of immunofluorescence along the 
radii of representative cells before (light lines) and after 10 min IFNy stimulation (heavy 
lines). RANTES immunoreactivity is indicated by solid lines, while VAMP-2 is shown 
in dotted lines. * indicates p  < 0.05, ** p  < 0.01, and *** p  < 0.001 using one-way 
analysis of variance (Kruskal-Wallis) followed by Dunn’s multiple comparison test. 
(Figure 3.4 was generated by P. Lacy)
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Discussion

We report here that human eosinophils express VAMP-2 mRNA and protein, 

which was sensitive to cleavage by tetanus toxin. Furthermore, we demonstrate that 

eosinophil VAMP-2 co-localized with RANTES, which were both rapidly mobilized 

towards the plasma membrane in response to IFNy stimulation in advance of RANTES 

release. VAMP-2 is known to be essential for, or at least implicated in, the process of 

exocytotic secretion in many cell types/8;20"22). We now propose that piecemeal 

degranulation, a major physiological event in eosinophilic inflammation, maybe 

regulated by VAMP-2.

The nucleotide sequence obtained from cloning of the eosinophil VAMP-2 PCR 

product showed an exact match with that o f human VAMP-2, suggesting that 

eosinophils employ an identical molecule for regulation of exocytosis as described in 

other tissues/1,6) Interestingly, the expression pattern of VAMP-2 appeared to be 

restricted to CD63- secretory vesicles. Immunoreactivity for VAMP-2 co-localized with 

RANTES, suggesting that it may belong to a pool o f rapidly mobilizable small secretory 

vesicles sensitive to IFNy stimulation previously described/15) We now have compelling 

evidence for a role for VAMP-2 in mediating selective release of RANTES from 

eosinophils, a process akin to piecemeal degranulation described in other studies/14;15) 

The peripheral redistribution of the VAMP-2 immunofluorescence was accompanied by 

a depletion of signal from the cytoplasm, suggesting that VAMP-2-containing small 

secretory vesicles had mobilized towards the plasma membrane. In addition, the 

antibody to VAMP-2 used in this study recognizes the N-terminus sequence of the 

molecule, which is occluded during trans-SNARE complex formation/23) Our finding
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that VAMP-2 immunoreactivity increased slightly, but not significantly, after 2 min of 

IFNy stimulation suggests that a few of the VAMP-2 molecules may have been partially 

occluded in resting or unstimulated cells.

We were unable to test the functional effect of tetanus toxin on IFNy-induced 

degranulation for the reason that this requires .permeabilization of the cell membrane in 

order to allow the toxin light chain (its catalytic component) into the cytoplasm. Non

neuronal cells do not exhibit any capacity for binding and endocytosis of clostridial 

toxins, which is the postulated mechanism of action in neuronal cells.(24) 

Permeabilization techniques (using streptolysin-O, for example) render receptor-coupled 

mechanisms refractory to further stimulation due to washout of cytosolic signalling 

molecules.(25) Thus, permeabilization of eosinophils followed by IFNy stimulation is not 

feasible, since intracellular signalling pathways are likely to be severely interrupted by 

cytosolic washout of proteins. Other strategies would have to be employed to directly 

demonstrate an involvement of VAMP-2 in IFNy-induced eosinophil degranulation.

Eosinophil VAMP-2 expressed on secretory vesicles is likely to bind to cognate 

t-SNAREs in the plasma membrane during the process of exocytosis. We have recently 

identified the expression of the t-SNARE isoforms SNAP-23 and syntaxin-4 in human 

eosinophils, which appear to be localized predominantly in the plasma membrane.

Further studies will be carried out to investigate the functional interaction of these 

SNARE molecules.

The intriguing finding that eosinophil crystalloid granules were negative for 

VAMP-2 immunoreactivity suggests that VAMP-2 may not regulate membrane fusion 

of these granules with the plasma membrane. According to the SNARE hypothesis, in
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order for membrane trafficking to occur between granules or other membrane-bound 

compartments, there must exist a set of intracellular membrane receptors that recognize 

and bind each other to enable specific fusion. In light of these observations, a new, 

distinct and as yet unidentified iso form of VAMP may exist on the membranes of 

crystalloid granules to facilitate the shuttling of small vesicles as part of piecemeal 

degranulation or to fuse directly with the plasma membrane during compound 

exocytosis.

In summary, we propose that eosinophils express VAMP-2, which we believe is 

critical for controlling the exocytotic machinery in these cells. A role for VAMP-2 in 

eosinophil secretion may be particularly relevant in processes involving piecemeal 

degranulation. The SNARE molecules may lend themselves to immunopharmacological 

manipulation. Modulation or prevention of SNARE-regulated degranulation in 

eosinophils may prevent damaging sequelae associated with asthmatic inflammation.
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Abstract

Exocytosis of eosinophil granule-derived mediators is thought to he an 

important effector response contributing to allergic inflammation. Secretion from 

many cell types has been shown to be dependent on the formation of a docking 

complex composed of SNAREs (SNAP receptors) located on the vesicle (v-SNAREs) 

and the target membrane (t-SNAREs). SNARE isoforms, VAMP-2, SNAP-23 and 

syntaxin-4, have been described in secretory processes in myeloid cells. Previously, 

we have demonstrated that the v-SNARE, VAMP-2, is a candidate v-SNARE involved 

in eosinophil exocytosis, and is localized to a pool of RANTES+ vesicles that 

translocate to the cell periphery after IFN-y-induced degranulation. The objective of 

this study was to determine whether eosinophils express the t-SNARE isoforms, 

SNAP-23 and syntaxin-4, as potential binding targets for VAMP-2 during exocytosis. 

Human peripheral blood eosinophils (>97%) from atopic subjects were subjected to 

RT-PCR and sequence analysis using specific primers for SNAP-23 and syntaxin-4. 

Protein expression and localization was determined by Western blot analysis of 

eosinophil subcellular fractions, and confirmed by confocal laser scanning microscopy 

(CLSM). Nucleotide sequences obtained from PCR products exhibited nearly identical 

(>95%) homology with reported sequences for human SNAP-23 and syntaxin-4. Both 

SNAP-23 and syntaxin-4 were present in plasma membranes, with some staining in 

ER and Golgi. Negligible expression was detected in crystalloid and small/secretory 

granules. Plasma membrane-associated t-SNAREs, SNAP-23 and syntaxin-4, are 

expressed in human eosinophils, and are likely candidates for association with VAMP- 

2 during docking which is followed by exocytosis.
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Introduction

Eosinophils are prominent inflammatory cells with the potential to act in an 

immunomodulatory manner in allergic inflammation/^ Piecemeal degranulation 

(PMD) has been identified as a major mechanism for exocytotic release intissue 

eosinophils obtained from patients with allergic rhinitis.(2) PMD has also been 

observed to occur in vitro following physiological stimulation/3"^

Degranulation is dependent on a membrane fusion event (exocytosis) in which 

SNARE fusion proteins are thought to play a crucial role/7;8) Exocytosis occurs 

following the formation of a ternary SNARE complex consisting of the vesicular 

SNARE (v-SNARE), VAMP (vesicle-associated membrane protein), and two target 

membrane SNAREs (t-SNAREs), syntaxin and SNAP-25 (synaptosome-associated- 

protein of 25 KDa)/9) Isoforms of SNAREs have been described in non-neuronal 

tissues, and have a critical role in exocytosis/7;8:10' 13)

We have established an in vitro model to study PMD in eosinophils which 

involves the selective mobilization and release of RANTES following stimulation with 

BFN-y/3) In a recent report, we demonstrated that human eosinophils express the v- 

SNARE VAMP-2, which localized to RANTES+ secretory vesicles distinct from 

crystalloid granules. VAMP-2 translocation was induced upon cell activation with 

IFN-y, and coincided with RANTES mobilization to the plasma membrane/14) The 

presence of VAMP-2 in human eosinophils has also been reported in separate studies, 

and these findings may have important implications for a role for VAMP-2 in 

eosinophil mediator release/15) VAMP-2 is capable of forming SNARE complexes 

with the t-SNAREs, SNAP-23 and syntaxin-4, in v/tro.(16;17) Recent studies indicate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



137

that these t-SNAREs may be critical components of the exocytotic machinery in mast 

cells, platelets and neutrophils/7,12,13,18"20'’ The expression and localization of SNAP-23 

and syntaxin-4 in human eosinophils has not been examined. We hypothesized that 

human eosinophils express syntaxin-4 and SNAP-23 which are localized to the cell 

membrane, serving as potential binding partners for VAMP-2 during PMD. In this 

report, we demonstrate for the first time that syntaxin-4 and SNAP-23 proteins are 

expressed in association with the plasma membrane of human eosinophils, and may be 

critical components for exocytosis.

Results

Syntaxin-4 and SNAP-23 mRNA are expressed in eosinophils. Purified eosinophils 

were subjected to RT-PCR analysis using specific primers as described. Eosinophils 

from four different atopic subjects exhibited mRNA expression for both SNAP-23 

(498 bp) and syntaxin-4 (894 bp) (Fig 4.1). Consistent with the previous report, we 

also detected a faint band at 340 bp, which may indicate expression of a splice variant, 

SNAP-23B (21) (Fig 4.1 A). Eosinophils from a non-atopic donor were also found to 

express both SNAP-23 and syntaxin-4 mRNA (data not shown), indicating that gene 

expression of these two proteins is not exclusive to allergic disease.

Sequences for both SNAP-23 and syntaxin-4 coding regions were obtained 

from eosinophils of a representative atopic donor. Sequencing of eosinophil cDNA 

derived from SNAP-23-specific primers exhibited 97% homology to that of human 

cDNA for SNAP-23A (NIH Genbank Access. No. U55936). The PCR product 

generated from eosinophil cDNA for syntaxin-4 also exhibited 97% homology to the
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reported human cDNA sequence for syntaxin-4 (NTH Genbank Access. No. 

AF026007).

SNAP-23 and syntaxin-4 are expressed in eosinophil light membrane fractions.

Eosinophil light membranes were prepared and subjected to separation by SDS-PAGE 

and immunoblot analysis, using either anti-SNAP-23 or anti-syntaxin-4. Platelet lysate 

(10 pg protein/lane) was used as a positive control for SNAP-23 and syntaxin-4 

protein expression. <-!3’20;22) Light membranes from eosinophils (enriched in small 

secretory vesicles, plasma membranes and Golgi membranes, but devoid of nuclei and 

crystalloid granules) exhibited immunoreactivity for both SNAP-23 and syntaxin-4, 

which comigrated with the positive control, to apparent molecular weights of 

approximately 30 kDa and 35 kDa, respectively (Fig 4.2A & B). No immunoreactivity 

was obtained using either of the control antibodies, normal rabbit serum and mouse 

IgGi (data not shown).

SNAP-23 and syntaxin-4 are localized to eosinophil plasma membranes and 

intracellular regions. Consistent with previous findings, organelles were separated to 

different density regions of the Nycodenz gradient as determined by peak activities of 

marker proteins (Fig 4.3A).(3,23) Subcellular fractions (30 pi) (0-7.5 pg protein/lane) 

were subjected to separation by SDS-PAGE and immunoblot analysis using either 

anti-SNAP-23 or anti-syntaxin-4. Optical densities of immunoreactive bands for 

SNAP-23 (Fig 4.3B) and syntaxin-4 (Fig 4.3C) revealed near identical distribution in 

the gradient, each characterized by a major peak in activity with a shoulder of 

immunoreactivity in higher density fractions. Peak optical density of both SNAP-23 

and syntaxin-4 precisely coincided with plasma membrane-rich fractions (Fig 4.3A).
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Both SNAP-23 and syntaxin-4 were not detected in EPO or (3-Hex-positive fractions, 

indicating that crystalloid granules do not express these t-SNAREs. SNAP-23 

immunoreactivity could be faintly detected in the LDH-containing cytosolic fraction, 

which may be the result of homogenization causing disruption and detachment of 

SNAP-23, a peripheral membrane protein.

Plasma membrane and other intracellular sites o f expression of SNAP-23 and 

syntaxin-4 was confirmed by CLSM. Eosinophil cytospins were prepared and 

immunolabeled for syntaxin-4 (n=3) or SNAP-23 (n=3). In both cases, minimal 

labeling was observed for isotype control antibodies compared to detectable 

fluorescence using SNARE-specific antibodies (Fig 4.4). Specific labeling of both 

SNAP-23 and syntaxin-4 was detected at the cell periphery, which confirmed 

localization to the plasma membrane observed in our analysis of subcellular fractions. 

A highly focused perinuclear region exhibited intense immunoreactivity for SNAP-23, 

closely resembling the staining pattern obtained with anti-giantin, a czs-Golgi 

membrane marker,(24,25) (Fig 4.4B). To a lesser extent, punctate cytoplasmic staining 

for SNAP-23 was also detected. Perinuclear immunoreactivity for syntaxin-4 was 

similarly detected, but was considerably less intense than SNAP-23 (Fig 4.4C).
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Figure 4.1. SNAP-23 and syntaxin-4 mRNA expression in human eosinophils 
from atopic subjects. Total RNA (2 x 106 eosinophils) was obtained from four 
different atopic donors and reverse transcribed and amplified (30 cycles) prior to gel 
analysis. Products were visualized on ethidium bromide-stained 2% agarose gels. (A) 
PCR products corresponding to SNAP-23A (498 bp) and, to a much lesser extent, 
SNAP-23B (~ 340 bp) were detected (Lanes 5-8). (B) Syntaxin-4 PCR products (894 
bp) are shown in lanes 5-8. Each gel shows PCR products for [32-microglobulin 
control ((32-MG) (335 bp) (lanes 1-4), and is flanked by DNA ladders with sizes 
indicated on the right. (Figure 4.1 was generated by A. Johri)
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Figure 4.2. Eosinophils express SNAP-23 and syntaxin-4 in light membrane 
fractions. Eosinophil light membrane fractions were subjected to immunoblot 
analysis for SNAP-23 and syntaxin-4, as described in the Methods and Materials 
section. Shown here is a representative result from three separate experiments. 
Immunoreactivity of 5 x 10 cell equivalents o f eosinophil light membrane fractions 
(Eos) to SNAP-23 (A) and syntaxin-4 (B) is shown in relation to concurrently 
electrophoresed 10 ug platelet lysate positive controls (Pit). Molecular weight markers 
are shown on the left. (Figure 4.2 was generated by M. Logan)
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Figure 4.3. Subfractionation of eosinophils to show intracellular localization of SNAP-23 
and syntaxin-4. (A) Subcellular distribution of intracellular compartments in density 
gradients prepared from eosinophils. Fractionated human peripheral blood eosinophils (5 x 
107) were measured for EPO (crystalloid granules), (3-hexosaminidase (crystalloid / small 
granules), CD9 (plasma membrane), and LDH (cytosol) to determine positions of respective 
intracellular compartments in the gradient. The activities of marker enzymes are depicted as 
percentages of maximal activity in fractions from the gradient. Fraction 1 contains 45% 
Nycodenz while fraction 13 contains 0% Nycodenz. Fractions 1-16 (0-7.5 pg protein/lane) 
were subjected to electrophoretic separation and immunoblot analysis for SNAP-23 (B) and 
syntaxin-4 (C). Molecular weight markers are shown on the left, frnmunoreactive bands 
detected for SNAP-23 and syntaxin-4 were expressed as percentages of maximal optical 
density (A). Shown are representatives of two separate experiments. (Figure 4.3 was generated 
by P. Lacy (n=l) and M. Logan (n=2))
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A | B ; | c

Figure 4.4. Immunofluorescent staining of eosinophils with SNAP-23 and 
syntaxin-4 antibodies. Plasma membrane (arrows) and perinuclear (arrowheads) 
immunofluorescence using specific antibodies on fixed, permeabilized eosinophil 
cytospins against SNAP-23 (A) and syntaxin-4 (C) are shown compared to isotype 
controls, affinity-purified rabbit IgG (D) and mouse IgGi (F), respectively. Golgi 
labeling (arrowheads) using a specific cw-Golgi marker, anti-giantin (B), is shown 
compared to its isotype control, normal rabbit serum (E). DIC microscopy images of 
cells are shown below in each case. Original magnification, 63x. (Figure 4.4 was 
generated by M. Logan)
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Discussion

We report here that human eosinophils express the t-SNAREs, SNAP-23 and 

syntaxin-4, which may form an integral part of the cells’ exocytotic machinery. In a 

previous study, we demonstrated that the v-SNARE VAMP-2 translocated in 

association with a RANTES+ pool of small secretory vesicles, but not the crystalloid

granules, to the plasma membrane during exocytosis.(14) In support of our findings, 

two parallel publications demonstrated that eosinophil immunoreactivity using 

antibodies specific for VAMP isoforms(15;17') was localized to small secretory vesicles, 

with minimal staining of crystalloid granules. From this, we sought to identify 

potential t-SNARE binding partners for VAMP-2 in human eosinophils.

Guinea pig eosinophils do not express the neuronal t-SNAREs, syntaxin-1 and 

SNAP-25,(26) which are the postulated binding partners for VAMP-2 in neuronal 

cells.(9) However, alternative t-SNARE isoforms, syntaxin-4(I8'20’22,27) and SNAP- 

23^0), have been described in a wide variety of non-neuronal tissues, and appear to 

participate in important secretory roles during platelet^13,20) and mast cell(7,18) 

exocytosis. In support of our previous findings on VAMP-2, we propose that SNARE 

proteins may be critical components of the protein machinery required for eosinophil 

granule-derived mediator release during receptor-mediated exocytosis.

The nucleotide sequences obtained from cloning of SNAP-23 and syntaxin-4 

PCR products were almost identical to their respective database sequences for human 

tissue homologs.(7;12;13) Subcellular fractionation analysis indicates that part of the 

intracellular expression of SNAP-23 and syntaxin-4 coincided with the plasma 

membrane, which was confirmed by CLSM. Plasma membrane staining for both
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SNAP-23 and syntaxin-4 was more intense at regions o f contact between cells, as 

compared to single cells (data not shown), which may be attributable to aggregation of 

antibody complexes. However, this is unlikely, since isotype control antibodies did not 

exhibit staining in similar cell aggregates, nor was any intensified membrane staining 

at points of cell contact found in czs-Golgi (anti-giantin) labeling. This suggests that 

eosinophils may employ these two t-SNAREs for regulation of exocytosis in a similar 

manner to other reported non-neuronal tissues.(28;)

In addition to plasma membrane localization, we detected SNAP-23 

immunoreactivity to a perinuclear region closely resembling cfr-Golgi staining using 

anti-giantin. A previous report demonstrated similar labeling in HeLa cells co

transfected with SNAP-23 and syntaxin-11(29), and suggested that SNAP-23 may have 

a role in vesicle trafficking to late endosomes and/or the rrans-Golgi network.

However, it is possible this observation may have been the result of overexpression of 

SNAP-23 in these cells. We postulate that perinuclear staining for syntaxin-4 could 

equally reflect localization to the ER or transport vesicles. Consistent with this 

finding, previous reports indicate that syntaxin-4 expression is not exclusive to the 

plasma membrane. Syntaxin-4 is expressed on GLUT4-containing organelles in 

adipocytes(30), and may also be associated with phagosomal maturation in 

macrophages.(27)

To a much lesser extent, punctate cytoplasmic staining was evident for SNAP- 

23, and may suggest localization to small secretory vesicles. Eosinophil crystalloid 

granules, however, did not contain detectable levels of either t-SNARE in subcellular 

fractions. This was confirmed by the apparent absence of SNAP-23 or syntaxin-4
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labeling in eosinophil granules by CLSM. A recent report on neutrophils indicated that 

SNAP-23 is localized to azurophilic and tertiary granules, with minor amounts in 

plasma membrane-positive fractions/12) In contrast, we report here that SNAP-23 and 

syntaxin-4 expression in association with eosinophil granules is negligible. This may 

indicate that SNAP-23 has distinct roles in membrane trafficking processes in the 

eosinophil from that of related cell types, e.g., mast cells and neutrophils.

Confocal imaging of t-SNAREs to perinuclear and cytoplasmic regions may 

correlate with minor peaks of immunoreactivity seen in higher density subcellular 

fractions (Fig 4.3A). It must be emphasized, however, that the intrinsic buoyant 

density of the Golgi apparatus, ER, and small secretory vesicles is close to that of 

plasma membrane using this gradient technique,(26) thus making it difficult to 

discriminate between these membrane compartments. It is possible that SNAP-23 and 

syntaxin-4 localized to intracellular sites may participate in membrane trafficking 

processes. However, the localization of t-SNAREs to these organelles may also simply 

reflect the presence of newly synthesized proteins destined for the plasma membrane 

or other cellular locations. Interestingly, a recent report indicated that palmitoylation 

of conserved SNAP-23 residiues might not be essential for its association with 

membranes/3 ̂  This may indicate that SNAP-23 is capable of associating with 

syntaxin family members prior to its own incorporation into membranes.

It is speculated that a critical function for plasma membrane-associated t- 

SNAREs in eosinophils is in the distal stages of granule/vesicle docking and 

exocytosis. This prediction is supported by previous observations that SNAP-23 and 

syntaxin-4 appear to be essential proteins involved in membrane fusion events in
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various cell types.(7;I2;13;20;28) Based on our findings, using our in vitro model of 

PMD, we propose that granule/vesicle docking and fusion in human eosinophils is 

absolutely dependent on SNARE complex formation (Fig. 4.5). In this model, small 

cytoplasmic secretory vesicles are mobilized to the cell membrane. It is conceivable 

that crystalloid granules transfer portions of their content to cytoplasmic vesicles. 

Vesicle shuttling, therefore, may provide a mechanism for the selective release of 

granule-derived mediators during PMD. In addition, we suggest that the t-SNAREs, 

SNAP-23 and syntaxin-4, participate in docking events during whole granule 

extrusions. Blocking SNARE molecules may. prevent eosinophil degranulation, and 

thus provide attractive targets for pharmacological manipulation.
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Figure 4.5: Scheme for putative SNARE complex involvement in eosinophil PMD 
of RANTES.
In resting eosinophils, RANTES is localized to the matrix compartment of crystalloid 

granules as well as a cytoplasmic pool of VAMP-2+ secretory vesicles. These 
secretory vesicles serve as a source of rapidly mobilizable RANTES during stimulus- 
secretion coupling. We hypothesize that VAMP-2+ secretory vesicles may participate 
in bi-directional trafficking, accepting granule-derived mediators for subsequent 
transport to the plasma membrane. Alternatively, crystalloid granule membrane 
“budding” may also contribute to this pool of rapidly mobilizable vesicles. Receptor- 
coupled stimulation is thought to induce translocation of secretory vesicles to the cell 
membrane for binding with the t-SNAREs, SNAP-23 and syntaxin-4. The formation 
of a SNARE fusion complex at vesicle docking is postulated to be an obligatory step 
for mediator release. (Figure 4.5 was generated by M. Logan)
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Abstract

Granulocyte exocytosis is proposed to be critically dependent on the 

interaction of SNAP receptors (SNAREs) located on granules/vesicles (R-SNAREs) 

and plasma membrane (Q-SNAREs). Previous studies indicated that the R-SNARE, 

VAMP-2, as well as Q-SNAREs (SNAP-23, syntaxin-4 and -6) are implicated in 

exocytosis from human granulocytes. According to the SNARE hypothesis, it is 

anticipated that distinct R-SNAREs may, in part, regulate mediator release from 

distinct granule populations. TI-VAMP (VAMP-7) and endobrevin (VAMP-8) have 

been implicated in endosome/lysosome trafficking, however their function in 

granulocyte exocytosis remains obscure. We investigated the expression and 

functional role of SNAREs in the secretion of different granule-derived mediators in 

human granulocytes. TI-VAMP and VAMP-8, were localized to granule and 

membrane-enriched fractions, whereas syntaxin-6 was not detectable. In 

permeabilized cells, anti-TI-VAMP, but not anti-VAMP-8, antibodies impaired the 

secretion of all mediators examined (in eosinophils, eosinophil peroxidase; in 

neutrophils, myeloperoxidase, lactoferrin, and matrix metalloprotease-9) in a dose- 

dependent manner. In contrast, anti-VAMP-2 modestly and selectively impaired 

secretion from small granules and vesicles. Syntaxin-4, but not syntaxin-6, was found 

to interact with SNAP-23 and was partially involved in mediator secretion from 

multiple compartments. Our observations indicate a novel and critical role for TI- 

VAMP in human granulocyte exocytosis.
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Introduction

Exocytosis is dependent on the formation of SNARE (SNAP receptor) 

complexes during granule docking to the plasma membrane. The SNARE complex is 

formed by the interaction of one R-SNARE coil, from a vesicle-associated membrane 

protein (VAMP), with three Q-SNARE coils: one coil from a syntaxin isoform and 

two coils from either synaptosome-associated-protein of 25 or 23 kDa (SNAP-25 or 

SNAP-23)/15 VAMP-2 is a critical R-SNARE for synaptic vesicle exocytosis from 

neurons/2’35 but is also implicated in secretion in non-neuronal tissues/4;5) Tetanus 

(TeNT) and botulinum (BoNT) neurotoxins, which cleave VAMP-2, impair synaptic 

vesicle exocytosis from neurons/65 Recent studies indicate that tetanus-insensitive 

VAMP (TI-VAMP, also known as VAMP-7) and VAMP-8 (endobrevin), are involved 

in endocytic(7'115 and/or exocytic (12'I6) pathways. Both TI-VAMP and VAMP-8 share 

limited homology with VAMP-2, and are neurotoxin-resistant/10;12;14)

The release of granule-derived mediators from eosinophils and neutrophils is 

critical in the manifestation of inflammatory responses in many pathological 

conditions/17'205 Pre-formed mediators in eosinophils include cationic proteins stored 

in crystalloid granules (CG)(21;22) and cytokines, localized to CG and/or secretory 

vesicles/23'265 A diverse number of mediators are stored within neutrophils and reside 

in four distinct granule populations: azurophilic granules (AG), small (secondary) 

granules (SG), tertiary granules (TG) and secretory vesicles (SV)/27:285

We have previously shown that VAMP-2 is localized to secretory vesicles in 

human eosinophils and involved in DFN-y-induced exocytosis/295 Brumell et al 

demonstrated that neutrophil VAMP-2 was partially localized to TG and SG, with
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negligible expression in AG.(30) Consistent with these findings, Mollinedo et al 

reported VAMP-2 was involved in exocytosis of CD66b+ (formerly CD67) TG and 

SG but not CD63+ AG in electropermeabilized neutrophils/3 Both human 

eosinophils(32) and neutrophils(31;33) express the Q-SNAREs, SNAP-23 and syntaxin-4, 

which are localized, although not exclusively, to plasma membranes. In 

electropermeabilized neutrophils, antibody-mediated neutralization of VAMP-2, 

SNAP-23, syntaxin-4 and -6 leads to loss of SG and TG exocytosis indicating a role 

for these SNAREs in neutrophil degranulation/31;33)

The VAMP(s) localized to eosinophil CG and neutrophil AG and their role in 

exocytosis of these compartments remains to be identified. In addition, it is unclear if 

specific SNAREs are required for exocytosis of distinct or overlapping granule 

populations. In this study, we sought to investigate the expression and function of R- 

SNAREs, VAMP-2, TI-VAMP and VAMP-8, in the secretion of eosinophil and 

neutrophil granule-derived mediators. We also examined the expression and role of 

syntaxin-4 and 6 in granulocyte exocytosis, which were previously shown to be 

important in human neutrophils/31;33) Our data show a critical role for TI-VAMP in the 

secretion of stored mediators from multiple granule populations in human 

granulocytes.
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Results

TI-VAMP, VAMP-8 and syntaxin-6 mRNA are expressed in eosinophils and 

neutrophils.

Eosinophil and neutrophil mRNA was isolated from three subjects and PCR 

products for TI-VAMP (674 bp), VAMP-8 (587 bp) and syntaxin-6 (549 bp) were 

generated by RT-PCR (Figure 5.1). Eosinophils from non-atopic donors also 

expressed mRNA for all three SNARE isoforms (data not shown), indicating gene 

expression is not exclusive to allergic disease. Cloned PCR products were sequenced 

which exhibited significant homology (>98%) to reported human cDNA sequences for 

TI-VAMP, VAMP-8 and syntaxin-6.

TI-VAMP and VAMP-8 are localized to membrane and granule fractions.

Organelles from postnuclear supernatants were separated according to their 

differential densities by subcellular fractionation, as indicated by peak activity of 

marker proteins. Eosinophil large CG and small granules were clearly separated from 

fractions enriched in CD9+membranes and cytosol (Figure 5.2A). Similarly, 

neutrophil AG and SG were separated from secretory vesicles/membrane fractions and 

cytosolic fractions, as indicated by peak activities for MPO, P-HEX, AP, and LDH 

(Figure 5.2B). Western blot analysis was performed on fractions exhibiting peak 

activities for granule, membrane and cyosolic markers. TI-VAMP was most 

abundantly expressed in granule-enriched fractions in both eosinophils and 

neutrophils, which co-migrated with rat brain.positive controls (Figure 5.2C).
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VAMP-8 was detected in both granule and membrane fractions which co

migrated with CaCo-2 cell lysate controls (Figure 5.2C) VAMP-8 expression in 

eosinophils exhibited a similar pattern to that of TI-VAMP, with enrichment in 

granule fractions. In contrast, we found that VAMP-8 was most strongly expressed in 

neutrophil secretory vesicles/plasma membrane fractions. In three separate 

experiments, syntaxin-6 was not detected in either eosinophil or neutrophil fractions 

despite consistent immunoreactive bands in rat brain controls (Figure 5.2C). The 

concentration of granule (50-100 pg) or membrane fractions (25-50 pg) for 

neutrophils were similarly found to contain no detectable syntaxin-6 (data not shown). 

This observation is in contrast to a previous report demonstrating syntaxin-6 

expression in neutrophils.(33)

The expression of TI-VAMP and VAMP-8 in granulocytes was confirmed by 

flow cytometric analysis of granule fractions which exhibited peak peroxidase activity. 

Labeling for MBP (69 ±3% ) and CD63 (59% ± 7%) indicated significant enrichment 

o f CG and AG within eosinophil and neutrophil granule fractions, respectively (Figure 

5.3A,B). Granule fractions contained negligible plasma membrane contaminants, as 

indicated by CD9 and alkaline phosphatase (AP) activities for eosinophils and 

neutrophils, respectively (Figure 5.2). A significant number of eosinophil granules 

expressed TI-VAMP on their surfaces (22 ± 5%), similarly to AG (20 ± 4%) (Figure 

5.3; p  < 0.05). VAMP-8 was also detected on granules by flow cytometric analysis, 

with 34 ± 8% expression in CG and 37 ± 6% in AG (Figure 5.3; p  < 0.05). CG and 

AG-enriched fractions labeled with VAMP-2 mAb exhibited negligible 

immunofluorescence above isotype controls (data not shown), as previously
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reported/29'3 No significant immunoreactivity for syntaxin-6 was found on CG and 

AG granules (5 ± 2% and 6 ± 2%, respectively).

Interaction of SNAP-23 and syntaxin-4 in a ci's-SNARE complex.

The Q-SNAREs, SNAP-23 and syntaxin-4, localize predominantly to plasma 

membrane and are involved in exocytosis in several non-neuronal cell types/34'37) In 

eosinophils(32) and neutrophils/31’’33) both isaforms are found at the plasma membrane 

and other intracellular structures. SNAP-23 and syntaxin-4 interact with multiple R- 

SNARJEs(13; 38;39; 40) and are, therefore, potentially critical docking partners for 

assembly of trans-SNARE complexes (between two membranes) during 

granule/vesicle docking. In addition, c/s-SNARE complexes (in the same membrane) 

have been reported for Q-SNAREs(12,35) which maybe important for the regulation of 

SNARE assembly.

We examined membrane-enriched fractions for SNARE isoforms interacting 

with syntaxin-4. Membrane fractions of resting eosinophils and neutrophils were 

subjected to immunoprecipitation with syntaxin-4 mAb. Syntaxin-4 was detected in 

immunoprecipitates, corresponding with syntaxin-4 in platelet lysate controls. SNAP- 

23 consistently co-precipitated with syntaxin-4 in granulocytes (Figure 5.4). Similarly, 

syntaxin-4 co-precipitated with SNAP-23 (data not shown). In membrane fractions 

generated from granulocytes that had been activated with pCa 5 and 10 pM GTPyS 

under SLO-permeabilizing conditions for 10 min, SNAP-23 also co-precipitated with 

syntaxin-4 in activated cells (data not shown). However, analysis of both resting and 

stimulated immunoprecipitates for VAMP-2, TI-VAMP or VAMP-8 did not reveal 

immunoreactive bands indicative of a trans-SNARE complex due to R-/Q-SNARE
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pairing (data not shown). Addition of 1 mM TV-ethylmaleimide, an inhibitor of 

SNARE complex disassembly(12,41) either prior to SLO-permeabilization or following 

stimulation with Ca2+and GTPyS for 10 min, did not enhance the amount of R- 

SNAREs or SNAP-23 co-precipitated with syntaxin-4. Similar results were obtained 

for SNAP-23 immunoprecipitates (data not shown).

Effect of SNARE-specific antibodies on secretion of granule-derived mediators.

We determined the role of SNAREs in exocytosis by examining secreted 

granule proteins from SLO-permeabilized cells incubated in the presence of isoform- 

specific SNARE antibodies. SLO has been used in studies of Ca2+ and GTPyS- 

mediated exocytosis in guinea pig eosinophils(42;43) and human neutrophils(44;45) and 

permits the entry of exogenous proteins, including antibodies, into the cell 

interior.(j7;46;47) We confirmed the kinetics of diffusion of exogenous antibodies into 

permeabilized eosinophils and neutrophils by using flow cytometry analysis. PE- 

labeled antibodies were shown to rapidly enter (within 1 min) cells incubated with 

SLO and demonstrated increasing immunoreactivity over time (Figure 5.5A,B). 

Titration of SLO revealed that neutrophils were more readily permeabilized than 

eosinophils (0.1 vs 1.0 pg/ml SLO). These doses are comparable to previously 

reported effective doses, which are known to vary according to cell type, and were 

used for all subsequent secretion experiments/37’42’45147-1

In control experiments, GTPyS-induced secretory responses of granulocytes

74*were enhanced by addition of Ca , and reached maximal levels within 10 min at pCa 

5 (58% ± 14% of total cellular EPO, and 68% ± 8% MPO, n = 5). Eosinophils and 

neutrophils preincubated with isotype antibodies (mlgGl and rabbit IgG) released
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52% ± 9% EPO and 70 ± 9% MPO, respectively, which were similar to controls done 

in the absence of antibody (n = 6). “Negative controls” (permeabilized at pCa 7) 

exhibited a small spontaneous release values of EPO and MPO, 9% ± 3% and 14% ± 

5%. These observations support a requirement for Ca2+ for exocytosis, as previously 

reported,(43,44) and indicate that SLO did not compromise granule membrane integrity 

(n = 6) (data not shown). As described in previous studies, granulocytes exhibited a 

characteristic “rundown” of the secretory response at increasing incubation times with 

SLO prior to activation.(42,46) Delayed addition of Ca2+ and GTPyS to eosinophils 

markedly reduced the secretion of EPO as early as 5 min, while neutrophil secretion 

exhibited a more modest impairment which was not evident until -10 min (Figure 

5.5C). To ensure that permeabilized granulocytes exhibited near maximal secretory 

responses, cells were treated with SLO in the presence of control or SNARE 

antibodies for 2 min prior to activation with Ca2+ (pCa5) and GTPyS for 10 min. As 

shown in Figure 5.5A & B, this short permeabilization period was sufficient to permit 

the entry of exogenous antibodies into SLO-permeabilized cells.

We next tested the effects of SNARE antibodies on eosinophil and neutrophil 

secretion using optimal permeabilization and stimulation conditions. In human 

eosinophils, VAMP-2 mAb selectively impaired the secretion of EPO to 59 ± 6% of 

control at an effective dose of 5 pg/ml (Fig. 6A), and inhibition was not potentiated at 

higher doses (up to 20 pg/ml). In contrast, secretion of EDN (105 ± 11% of control) 

was unaffected by VAMP-2 mAb (20 jag/ml). In neutrophils, VAMP-2 mAb (up to 20 

ug/ml) did not significantly inhibit secretion of MPO and LTF (94 ± 4% and 91 ± 4% 

of control, respectively). The release ofMMP-9 was slightly more susceptible to 5
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(j.g/ml antibody treatment (83 ± 6% of control), although this did not increase using 

higher doses of VAMP-2 mAb (20 pg/ml) (Figure 5.6B).

We also examined the effect of the enzymatic light chain of botulinum-B 

(BoNT-B-LC), which targets VAMP-2 but not TI-VAMP.(6;I4) Our experiments 

indicated that 10 nM BoNT-B-LC did not significantly impair the release of either 

EDN or MMP-9 from eosinophils and neutrophils, respectively (Figure 5.8). We were 

unable to measure EPO and MPO release since boiled inactivated toxin (at doses of >5 

nM) interfered with peroxidase measurements. The presence of dithiothreitol in 

commercially supplied TeNT and BoNT-B may be responsible for this interference. 

Similarly, we observed that sodium azide (>0.004%) in commercially supplied 

antibodies impaired peroxidase assays. Consequently, all antibodies utilized in the 

study were azide-free.

Anti-syntaxin-4 modestly inhibited secretion of EPO and EDN from 

permeabilized eosinophils to 74% ± 2% and 76% ± 8% of control, respectively 

(Figure 5.6A). We observed the same degree of inhibition in neutrophils (-80% of 

control) for MPO, LTF and MMP-9 in the presence of anti-syntaxin-4 (Figure 5.6B). 

Similar to responses with VAMP-2 mAb, increasing the dose of syntaxin-4 mAb to 20 

jug/ml was not found to enhance its inhibitory effect on any of these mediators. 

Syntaxin-6 mAb exhibited negligible inhibitory effects on released mediators at 20 

pg/ml (Figure 5.6), consistent with our finding that neither eosinophils nor neutrophils 

expressed detectable syntaxin-6 protein.

Interestingly, TI-VAMP mAb potently impaired the secretion of all 

granulocyte-derived mediators examined in this study in a dose-dependent manner. In
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eosinophils, the secretion of EPO and EDN was significantly inhibited in response to 1 

pg/ml TI-VAMP mAb (Figure 5.7A). Similar results were obtained using TI-VAMP 

mAb for neutrophils, which impaired the secretion of MPO at lower doses (0.2 pg/ml). 

Slightly higher doses of TI-VAMP mAb were required to inhibit MMP-9 and LTF 

secretion (0.4 pg/ml) (Figure 5.7B). No inhibitory effect was detectable using VAMP- 

8 Ab (0.1-20 pg/ml) for any of the tested mediators in granulocytes (Figure 5.7).
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Figure 5.1. Expression of mRNA for TI-VAMP, VAMP-8 and syntaxin-6 in 
human eosinophil and neutrophils. Total RNA (2 x 106 cells) was obtained from 
three different donors, reverse transcribed and amplified (30 cycles) prior to gel 
analysis. Products were visualized on ethidium bromide-stained 2% agarose gels. PCR 
products obtained using SNARE-specific primers for three separate donors (lanes 1-3) 
for human eosinophils (A) and neutrophils (B). Positive controls for PCR products are 
shown (Lane 4) using HeLa (syntaxin-6) and CaCo-2 (TI-VAMP, 8) RNA. Each gel 
shows PCR products for P 2-microglobulin control (P2-M) (lanes 1-4, lower panels) 
(Figure 5.1 was generated by M. Logan)
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Figure 5.2. Expression of TI-VAMP and VAMP-8 in granule and light membrane 
fractions. Eosinophil (A)and neutrophil (B) subcellular fractions were generated and 
examined for marker protein activities: EPO, MPO and [B-HEX (granules); alkaline 
phosphatase (AP for neutrophil membrane/secretory vesicles) and CD9 (eosinophil 
membrane/secretory vesicles); and LDH (cytosol) as indicated in the Methods section. 
Fractions with peak activity for marker proteins were examined in duplicate by Western blot 
analysis for expression of TI-VAMP, VAMP-8 and syntaxin-6: eosinophil fractions (left 
panels); neutrophil fractions (right panels). Fraction numbers are indicated below each panel 
and molecular weight markers on the left. Immunoreactive bands are shown in respect to 
concurrently electrophoresed positive controls: 100 pg rat brain homegenate (RB) (TI-VAMP 
and syntaxin-6) and 100 jig CaCo-2 cell lysate (VAMP-8).
(Figure 5.2 was generated by M. Logan)
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Figure 5.3. Flow cytometric analysis of TI-VAMP and VAMP-8 expression in 
eosinophil crystalloid (CG) and azurophilic (AG)-enriched fractions. Non- 
permeabilized eosinophil CG fractions (A) and neutrophil AG fractions (B) were 
stained with isotype control antibodies (mouse IgGi or rabbit IgG; grey filled), TI- 
VAMP or VAMP-8 antibodies (solid black). As positive controls, saponin- 
permeabilized CG were mouse anti-human major basic protein (MBP) mAb and non- 
permeabilized AG labeled with mouse anti-human CD63 mAb. Negative controls 
labeled with secondary antibody alone are shown (dotted black). (C) The average ± 
SEM values for gated events (M l) was calculated for CG (white bars) and AG (black 
bars) from 3 separate experiments and significance from isotype controls determined 
(*p<  0.05). (D) The mean fold increase of MFI over isotype controls for all CG 
(white bars) and AG (black bars) populations (10,000 events per measurement) is 
shown below the flow data. (Figure 5.3 was generated by M. Logan)
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Figure 5.4: In vivo interaction of Q-SNAREs, SNAP-23 and syntaxin-4.
Eosinophil and neutrophil light membrane pellets (20 x 106 cell equivalents; left and 
right panels respectively) were precleared using control antibodies (mlgGi) and 
subjected to immunoprecipitation using syntaxin-4 antibodies. Western blot analyses 
of precleared light membranes and syntaxin-4 immunoprecipitates are shown using 
anti-syntaxin-4 (upper panels) or anti-SNAP-23 (lower panels) antibodies. 
Immunoreactivity of syntaxin-4 and SNAP-23 was confirmed in respect to 
concurrently electrophoresed positive controls, 50 pg platelet lysate (Pit). Molecular 
weight markers are shown on the left. (Figure 5.4 was generated by M. Logan)
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Figure 5.5: Secretory responsiveness following SLO permeabilization and entry 
of exogenous antibodies into permeabilized granulocytes. Eosinophils (A) and 
neutrophils (B) were incubated with 1.0 pg/ml PE secondary antibodies in the absence 
or presence of 1.0 pg/ml or 0.1 ug/ml SLO, respectively, for 1 min at 37°C. Cells were 
then examined continuously by flow cytometery for the change in log fluorescence 
intensity for -8.5 min. (C) Exocytosis of EPO and MPO was determined for 
eosinophils and neutrophils, respectively, after increasing periods o f permeabilization 
with SLO (permeabilization interval) prior to activation with Ca2+ (pCa 5) and 10 uM 
GTPyS. Values are expressed as percentage of maximal release which was detected at 
the time = 0 permeabilization interval (58% ± 14% EPO and 68% ± 8% MPO of total 
cellular peroxidase activity). (Figure 5.5 was generated by M. Logan)
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Figure 5.6: Effect of VAMP-2- and syntaxin-4-specific antibodies on granule- 
derived mediator secretion. Human eosinophils (A) and neutrophils (B) were 
permeabilized in SLO and incubated in the presence of isotype control antibodies 
(mlgGi), VAMP-2 mAb, syntaxin-4 mAb or syntaxin-6 mAb (0.1-20 pg/ml) prior to 
activation with 10 pM Ca2+ and GTPyS for 10 min. Cell supernatants were examined 
for granule-derived mediators as indicated in Methods. Data are expressed as the 
average percentage o f isotype control ± SEM from three separate experiments. Shown 
are representative averaged experiments for an effective dose of 5 pg/ml which 
represents the maximum inhibitory response for these antibodies.
(Figure 5.6A was generated by M. Logan. Figure 5.6B was generated by M. Steward)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TI-VAMP
pg/ml

VAMP-8
pg/ml

B B  MPO 
□  LTF 
M  MMP-9

120 -

C 1 0 0 -
o  o

re 20-V
S

T

80-

60- I

40-

0.1
i
0.2 0.4

TI-VAMP
pg/ml

0.8

I
I .

20

VAMP-8
pg/ml

Figure 5.7: Effect of TI-VAMP-specific antibodies on granule-derived mediator 
secretion. SLO-permeabilized eosinophils (A) and neutrophils (B) were incubated in 
the presence of increasing doses of TI-VAMP mAb, VAMP-8 Ab or matched 
concentrations of isotype control antibody (mlgGi or rabbit IgG), activated with Ca2+ 
and GTPyS for 10 min, and secretion of granule-derived mediators was determined as 
described in the legend for Figure 5.6. (Figure 5.7 was generated by M. Logan)
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Figure 5.8: Effect of Botulinum B enzymatic light chain (BoNTB-LC) on granule- 
derived mediator secretion. SLO-permeabilized eosinophils (A) and neutrophils (B) 
were incubated in the presence of increasing doses of BoNTB-LC (nM) or matched 
concentrations of heat inactivated toxin (boiled for 5 min), activated with Ca2+ and 
GTPyS for 10 min, and secretion of (A) eosinophil derived neurotoxin (EDN) and (B) 
matrix metalloproteinase-9 (MMP-9) determined. (Figure 5.8A was generated by M. 
Logan. Figure 5.8B was generated by M. Steward)
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Discussion

Our results demonstrate for the first time that TI-VAMP is critically involved 

in exocytosis of granule-derived mediators from human granulocytes. We show that 

eosinophil CG and neutrophil AG express significant amounts of TI-VAMP and 

VAMP-8 on their granule membranes. Examination of subcellular fractions indicated 

that TI-VAMP is not restricted to CG and AG, however, and is also expressed in 

secretory vesicle/plasma membrane-enriched fractions. A functional role for TI- 

VAMP in exocytosis of CG and AG is implicated in the finding that EDN and MPO 

secretion were abolished in the presence of TI-VAMP mAb. The observation that TI- 

VAMP mAb inhibited the release of neutrophil SG and TG mediators, in particular, 

suggests that TI-VAMP is not restricted to a single compartment and may participate 

in exocytosis of more than one granule population.

Exocytosis in neutrophils has been reported to exhibit a hierarchical pattern, 

with rapid mobilization of small vesicles, SG and TG followed by the slower release 

of AG.(48) Eosinophils exhibit rapid mobilization of secretory vesicles, termed 

piecemeal degranulation (PMD),(24,49'51) which may or may not coincide with CG 

exocytosis depending on the agonists utilized.(24,25;52’54) Our observations confirm 

previous studies(52;53;55’56,57) that Ca2+ and GTPyS-induced activation of eosinophils 

and neutrophils induces exocytosis of multiple granule compartments. In accordance 

with the SNARE hypothesis, it is postulated that exocytosis of distinct granule 

populations maybe regulated, in part, by different SNARE isoforms.(58)

Antibody and/or peptide neutralization of SNAREs is proposed to result in 

conformational and/or steric hindrance of SNARE assembly, and has been
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demonstrated to impair secretory responses from a variety of cell types/31;34;36:59;60) 

The TI-VAMP mAb used in this study binds specifically to the cytoplasmic region of 

TI-VAMP which includes the domain required for SNARE assembly/40) In contrast to 

our findings with TI-VAMP mAb, the application of VAMP-2 mAb only partially 

inhibited EPO but not EDN secretion. EPO and EDN are localized to CG in 

eosinophils/61 ;62) although immmunoreactivity for EPO has also been observed in 

small cytoplasmic vesicles by electron microscopy/5 We have previously shown that 

VAMP-2 immunoreactivity coincided with RANTES-containing small secretory 

vesicles, but is not detectable on large crystalloid granules in human eosinophils/29̂ 

The selective inhibitory effect of VAMP-2 mAb on secreted EPO in the present study 

suggests that, under these experimental conditions, a proportion of exocytosed EPO is 

mediated by small vesicles.

Hoffmann et al. similarly reported that VAMP-2 was enriched in fractions 

containing secretory vesicles but not CG. They observed that TeNT impaired the 

release of ECP in SLO permeabilized eosinophils, although this was not compared to 

inactivated toxin/64) In contrast to their findings, we observed that the release o f the 

CG mediator, EDN, was not blocked by 10 nM BoNT-B light chain which cleaves 

VAMP-2 at the identical site as TeNT. As well, we observed that anti-VAMP-2 

treatment only partially blocked EPO release which was not potentiated at higher 

doses of antibody. The differences in experimental approaches to both SLO 

permeabilization, cell activation and examined mediators may account for this 

discrepancy. In addition, our present study has shown that caution should be used in
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the use and interpretation of toxin-mediated effects, since increasing doses have the 

potential to interfere with the measurement of secreted mediators.

Similar to eosinophils, VAMP-2 was localized to neutrophil secretory vesicles 

and/or small granules in previous studies/30’3’-1 Mollinedo et al demonstrated that 

antibody-mediated neutralization of VAMP-2 impaired the surface upregulation of the 

SG/TG marker, CD66b, but not the AG marker, CD63, in electropermeabilized 

neutrophils/31} Consistent with this study, we observed that the same VAMP-2 mAb 

had a negligible inhibitory effect on the release of AG-derived MPO. In contrast to 

this study, which indicated VAMP-2 mAb substantially blocked CD66b upregulation, 

we observed a very modest inhibitory effect on secreted LTF and MMP-9 using the 

same antibody. It is possible that this discrepancy may relate to differences in 

experimental approaches of permeabilization and the evaluation of exocytosis. In 

addition, CD66b was recently identified is a common marker for SG and TG.(31) Since 

we have determined the differential exocytosis of mediators stored in SG and TG, this 

may also account for our reported differences.using VAMP-2 mAb.

In contrast to our VAMP-2 mAb results, antibodies targeting TI-VAMP 

abolished the release of neutrophil MPO, LTF and MMP-9 in a dose-dependent 

manner. Higher doses of TI-VAMP mAb were required to impair neutrophil LTF and 

MMP-9 release compared to MPO release. This may reflect differences in epitope 

availability during cell activation and/or the temporal progression of the secretory 

response. The sequential release of SG/TG followed by AG has been associate with a 

biphasic response in Ca2+ sensitivity.(44;65) Thus, it is possible that antibody-mediated 

inhibition of AG is more effective at lower doses due to their slower recruitment to the
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plasma membrane. The observation that TI-VAMP mAb potently blocked LTF and 

MMP-9 release indicates that this R-SNARE is involved in exocytosis of SG and TG, 

in addition to AG.

The expression of TI-VAMP on CG and AG reported here is consistent with 

observations that this R-SNARE is localized to CD63+ compartments in rat basophilic 

cells (RBL-2H3) and late endosomes/lysosomes in other cell types.(7;40;59;66) Rao et al 

recently demonstrated that exocytosis of lysosomes in fibroblasts is mediated by TI- 

VAMP.(59) Recent studies have revealed insights into the mechanism of sorting TI- 

VAMP to CD63+compartments. Deletion of the amino terminal domain of TI-VAMP 

(longin domain) was shown to cause its mis-sorting from late endosomes to the apical 

membrane in transfected fibroblasts.(40) The longin domain was demonstrated to 

interact with a subunit of the AP-3,(40) an adaptor protein which has been demonstrated 

to be critical for the sorting of membrane proteins such as CD63 (LAMP-3), LAMP-1 

and LAMP-2 to lysosomes.(67;68) TI-VAMP does not appear to be restricted to 

lysosome trafficking, however, and was reported in vesicle trafficking to the apical 

membrane in neurons(15;16) and epithelial cells/1 ̂

The localization of VAMP-8 to CG and AG suggests a potential role in 

exocytosis. VAMP-8 was previously implicated in platelet granule exocytosis(13) and 

is localized to granules in RBL-2H3 cells.(12) However, VAMP-8 has been localized to 

the trans-Golgi network and early endosomes (8"n) in other cell types, suggesting its 

function may be cell type-specific. In our hands, VAMP-8 Ab did not impair the 

release of any of the tested granule proteins. This may indicate VAMP-8 is not 

functionally implicated in eosinophil and neutrophil exocytosis. However, it is
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possible that the accessibility to the VAMP-8 epitope may be limited in situ and 

further studies are needed to determine if  this R-SNARE participates in granulocyte 

exocytosis.

The Q-SNAREs, SNAP-23 and syntaxin-4, are expressed in eosinophils(32) 

and neutrophils(30;3I;33) and are potential docking partners for R-SNAREs during 

exocytosis. Antibody-mediated inhibition of syntaxin-4 modestly impaired the 

secretion of all neutrophil and eosinophil mediators measured in this study. Similar to 

the effects of the VAMP-2 mAb, we found that increasing doses of syntaxin-4 mAb 

did not potentiate the inhibitory effects on secretion from either cell type. It is 

plausible that SNAP-23/syntaxin-4 cis-SNARE complexes, which were detected in 

bothgranulocytes, may limit epitope availability of syntaxin-4 during activation, 

thereby reducing the inhibitory effect of the syntaxin-4 mAb.

We attempted to immunoprecipitate trans-SNARE complexes, but were unable 

to detect R-SNAREs VAMP-2, TI-VAMP, or VAMP-8 in syntaxin-4 

immunoprecipitates in either resting or Ca2+/GTPyS-activated cells (with or without N- 

ethylmaleimide), although SNAP-23 readily co-precipitated with syntaxin-4. In 

neurons, tra/2s-SNARE complexes are detectable during active exocytosis, although 

these are rapidly disassembled and VAMPs are recycled within seconds from the 

plasma membrane/69-* It is possible that the rapid process of SNARE recycling events 

may have limited the numbers of stable R/Q-SNARE pairings, thereby preventing 

immunoprecipitation of-rrans-SNARE complexes in granulocytes. It is also possible 

that the epitopes recognized by the syntaxin-4 and SNAP-23 antibodies are concealed
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within trans-SNAKE complexes and/or by additional regulatory molecules associated 

with Q-SNAREs during activation of exocytosis.

Syntaxin-6 has been shown to partner with several SNAREs and is localized to 

several sites including the /rans-Golgi network,(70) secretory granules/vesicles,(? 1) 

endosomes(72) and plasma membrane.(33) In our studies, syntaxin-6 mRNA was 

expressed in both human eosinophils and neutrophils from separate donors. Using 

commercially available antibodies, we found negligible syntaxin-6 protein in cell 

lysates and membrane fractions from either cell type. Consistent with this observation, 

we observed that syntaxin-6 mAb did not impair secretion of any of the examined 

mediators in permeabilized cells. Our findings are in contrast to an earlier study which 

indicated a role for syntaxin-6 at neutrophil plasma membranes in the exocytosis of 

CD66b+ and CD63+ granules/33̂  The discrepancy between our findings and this 

previous study may reflect differences in experimental approaches and/or the 

syntaxin-6 antibodies used. However, an alternative explanation is that very 

low/neglible levels of syntaxin-6 observed may relate to the regression of the Golgi 

apparatus in mature granulocytes.(73;74)

In summary, our observations support a role for TI-VAMP in exocytosis of 

CD63+ granules, which have been previously proposed as “secretory lysosomes,” (75) 

and small granule/vesicle populations in eosinophils and neutrophils. The observation 

that TI-VAMP is involved in mediator release from different granule compartments is 

consistent with recent observations that SNAREs are capable of interacting with 

multiple partners1'13;39’7<5), and have the potential to participate in more than one 

trafficking step.(77;78) Further studies are required to determine the signaling molecules
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involved in the sequential recruitment of granule populations, a process which may 

involve various SNARE isoforms. These studies are necessary in the pursuit of 

candidate proteins that may prove to be selective targets for the modulation of 

secretory function from these important inflammatory cells.
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I. Summary and model of SNARE-mediated 
exocytosis in eosinophils and PMNs

The observations arising from this research project, in agreement with the 

SNARE hypothesis(1), have provided evidence for a critical role for SNARE isoforms 

in exocytosis of stored mediators from human eosinophils and PMNs. As described 

previously, the intracellular application of Ca2+ and GTPyS into SLO-permeabilized 

granulocytes is an effective albeit artificial method to induce secretion from these cell 

types.(2'5) A modification of this SLO-permeabilization technique, used for the 

described studies (Chapter 5), is an effective method to introduce neutralizing 

antibodies into the cell interior that interfere with SNARE function. Although this 

technique has its limitations, particularly due to the loss o f cell responsiveness 

following permeabilization, it is a useful tool to determine the role of candidate 

proteins involved in exocytosis using antibodies and/or peptide inhibitors. The data I 

have presented support a major role for TI-VAMP in exocytosis of large and small 

granules from eosinophils and PMNs. In contrast, VAMP-2 is restricted to small 

vesicles and does not appear to play a major role in exocytosis o f large CG and AG 

from eosinophils and PMNs, respectively. The Q-SNAREs, SNAP-23 and syntaxin-4 

have been identified as docking partners of VAMP-2 and TI-VAMP for exocytosis in 

these granulocytes (Figure 6.1).
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Figure 6.1: Model SNARE isoforms implicated in eosinophil and PMN exocytosis. The R-
SNARE, VAMP-2, was localized to small secretory vesicles in both eosinophils and PMNs 
(Chapter 5). In addition, VAMP-2 was reported to be expressed on PMN secondary and 
tertiary granules (Mollinedo et al. 2003. J. Immunol 170 (2) 1034-42). Our data suggested 
VAMP-2 is mostly involved in the rapid release of small vesicles following receptor-induced 
cell activation (Chapters 3, 5). In particular, VAMP-2 was shown to be a candidate R-SNARE 
involved in eosinophil piecemeal degranulation (PMD). TI-VAMP was localized to PMN 
azurophilic granules and eosinophil crystalloid granules, and is involved in the release of 
stored mediators from these compartements. TI-VAMP was not restricted to large granules, 
and antibody-mediated inhibition of TI-VAMP supported that it is involved in the release of 
PMN secondary and tertiary granule mediators (Chapter 5). The Q-SNAREs, SNAP-23 and 
syntaxin-4, were demonstrated to be docking partners for VAMP-2 and TI-VAMP at the 
plasma membrane (Chapter 4). The R-SNARE, VAMP-8 (not shown), was localized to PMN 
azurophilic granules and eosinophil crystalloid granules. In addition, it was also expressed in 
membrane-enriched fractions. Antibodies directed to VAMP-8 did not impair the release of 
any granule mediators examined, which may suggest VAMP-8 is not involved in exocytosis of 
storage granules (Chapter 5). Further studies are needed to determine if VAMP-8 is involved 
in granule-granule fusions or granulogenesis in these cells.
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R-SNAREs

This study provided the first demonstration that TI-VAMP is localized to 

CD63+ eosinophil CG and neutrophil AG, and involved in exocytosis of these 

compartments. TI-VAMP was also expressed in membrane-enriched compartments in 

both cell types, indicating it is not exclusively localized to large granules. The 

observation that antibodies directed to TI-VAMP impaired the secretion of distinct 

markers of AG, SG and TG in permeabilized PMNs supports this R-SNARE is 

involved in the trafficking of more than one granule compartment. The multiple role 

of TI-VAMP is plausible particularly in light o f recent studies in yeast that have 

demonstrated a single SNARE isoform may be involved in multiple trafficking steps 

in vz'vo/6"8) Although VAMP-8 was localized to both granules and enriched membrane 

fractions, similar to TI-VAMP, antibodies directed to VAMP-8 did not exhibit any 

inhibitory effect on granule mediator release. As mentioned in Chapter 5, we cannot 

rule out that VAMP-8 antibodies were unable to bind to their eptiopes in vivo and, 

therefore, were not effective to block VAMP-8.

Recent studies by Galli and colleagues have provided compelling evidence that 

TeNT-resistant exocytotic events required for the elongation of axons and dendrites 

are critically dependent on TI-VAMP during nerve development/9,10) As might be 

anticipated, TI-VAMP immunoreactivity in developing neurons does not coincide 

with VAMP-2+compartments, supporting the notion that distinct sets of R-SNAREs 

mediate vesicle/granule trafficking/11) TI-VAMP is partially colocalized to CD63+ 

compartments in PC 12 n e u r o n s a n d  is similarly localized to CD63+ late endosomes 

(LE) and lysosomes (LYS) in other non-neuronal cells/12'15-’ Andrews and colleagues
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recently demonstrated that TI-VAMP is localized to LYS in NRK cells. TI-VAMP- 

dependent exocytosis of LYS is triggered in response to plasma membrane injury and 

the elevation of intracellular calcium/13) This process provides a mechanism to 

maintain cell viability by inserting a membrane “patch” into the plasma 

membrane/16-17) Membrane injury induced by eosinophil cationic proteins (MBP,

ECP, EDN) may provide a similar mechanism to stimulate degranulation in a 

paracrine or autocrine fashion/18;19) For example, it has recently been shown that MBP 

induced both O2'  production and IL-8 release from PMNs via a phosphoinositide 3- 

kinase (PI3K) and PKC-zeta-dependent signaling mechanism/20)

A number of studies have shown that VAMP-2 is the dominant R-SNARE 

involved in synaptic vesicle release from neurons (21'23) and in exocytosis from non

neuronal cells/24'27) We showed VAMP-2 was expressed in membrane-enriched 

fractions with no detectable immunoreactivity in CG-enriched fractions from human 

eosinophils/28) In resting cells, VAMP-2 immunoreactivity coincided with RANTES 

(previously demonstrated to be localized to SV and the matrix of C G (29)) and was 

distributed throughout the cytoplasm. Following stimulation with EFN-y, which was 

shown previously to mobilize RANTES-containing SV, immunoreactivity for both 

VAMP-2 and RANTES was shifted rapidly to the cell periphery/28) Although we were 

unable to examine the secretion of RANTES in SLO-permeabilized eosinophils 

(discussed in Chapter 2), anti-VAMP-2 antibodies partially inhibited Ca2+ and GTPyS- 

induced secretion of EPO but had no effect on EDN release. EPO has been previously 

localized to SV (30,31/  in addition to its localization to CG. Collectively, these
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observations support a role for VAMP-2 in SV exocytosis during PMD, but do not 

indicate a role for this R-SNARE in CG fusions by classical exocytosis.

Similar to eosinophils, we found negligible protein expression for VAMP-2 in 

AG-enriched fractions. VAMP-2 immunoreactivity was detected in membrane- 

enriched fractions, albeit not at high levels. Antibody-targeted inhibition of VAMP-2 

did not appreciably block the release of marker proteins from AG, SG or TG in SLO- 

permeabilized PMNs. These observations suggest that VAMP-2 is predominantly 

involved in small vesicle trafficking in these cells. In support of this notion, Brumell et 

al (1995) previously showed that VAMP-2 was found mostly in secretory 

vesicle/plasma membrane enriched fractions and, to a lesser exent, TG fractions from 

human PMNs. VAMP-2 immunoreactivity did not coincide with CD63 and CD67 

(now designated CD66b), but co-localized to CD35, a marker of SV.(32) In another 

study by Mollinedo et al, VAMP-2 was localized to some, but not all, SG and TG by 

immunogold electron microscopy. In this study, the same VAMP-2 mAb used in our 

experiments impaired exocytosis of CD66b+ SG and TG, but not CD63+AG in 

electropermeabilized PMNs. TeNT (400 nM) was found similarly to impair CD66b 

surface upregulation, although an inactivated toxin control was not utilized nor CD63 

examined.(33) These observations suggested VAMP-2 is involved in SG and TG 

exocytosis, although it is unlikely to be a specific marker for these granules. We 

observed that BoNTB-LC (10 nM), which cleaves VAMP-2 at the same site as TeNT, 

did not impair the release of either EDN or MMP-9 from eosinophils and PMNs, 

respectively. While it is possible that higher doses of either BoNTB-LC or TeNT may 

impair secretory function in eosinophils and PMNs, our studies have shown that the
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conclusions from these experiments should be approached carefully. We observed that 

even low concentrations of boiled inactivated toxin (>20 nM) interfered with the 

peroxidase (EPO/MPO) assay and, therefore, can interfere with the readout of secreted 

mediators. It is possible that the high level ofdithiothreitol (DTT) (10 mM) in 

commercially supplied BoNT and TeNT (required to reduce and activate the toxin) 

may be responsible for this effect.

O-SNAREs

We have observed that both SNAP-23 and syntaxin-4 are exclusively localized 

to membrane-enriched fractions from eosinophils and not detected in granules. Both 

Q-SNAREs were localized predominantly to the plasma membrane, with additional 

immunoreactivity for SNAP-23 and syntaxin-4 in the Golgi compartment and ER, 

respectively.(34) Anti-syntaxin-4 antibodies modestly suppressed exocytosis of 

mediators from eosinophils and PMNs, which may have been attributed to limited 

epiotpe availability of syntaxin-4 due to its interaction with SNAP-23 (Chapter 5). In a 

previous study, Martin-Martin et al reported that SNAP-23 antibodies impaired 

exocytosis of CD67+ (now CD66b) small granules (SG/TG), but not CD63+AG, in 

electropermeabilized PMNs.(35) However, it is unclear how this selective effect 

occured, particularly since SNAP-23 was detected in membrane-enriched fractions,

SG, TG and, to a much lesser extent, AG of resting PMNs.(35) In this same study, 

syntaxin-6 was detected in membrane fractions and interacted with SNAP-23. 

Antibody-mediated inhibition of syntaxin-6 in electropermeabilized PMNs was 

reported to block both the surface upregulation of CD63 and CD66b, indicating a role
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in both small (SG and TG) and large (AG) exocytosis.(35) Our studies, utilizing 

commercially available azide-free monospecific antibodies, did not reveal any 

detectable syntaxin-6 protein in either eosinophils or PMNs. These findings were in 

agreement with the observation that syntaxin-6 antibodies (up to 20 pg/ml) did not 

impair the release o f any of the examined eosinophil or PMN mediators examined in 

SLO-permeabilized cells (Chapter 5).

II. Potential mechanisms of TI-VAMP and VAMP-8 
function in granule/vesicle trafficking and 
granule biogenesis

TI-VAMP and VAMPS in the endocyticpathway

A number of recent studies have supported the notion that TI-VAMP and 

VAMP-8 are involved in endocytic transport to the LE and LYS. TI-VAMP is widely 

expressed in several rat tissues(14) and, as mentioned in section I, is localized to 

CD63+ LE and LYS or lysosome-like storage granules in various cell types/12'15) In 

addition, TI-VAMP has been shown to localize to transport vesicles in epithelial cells 

(36) and developing neurons (9"n) as well as the trans-Golgi network (TGN) by electron 

microscopy in PC12 neurons/14) VAMP-8 has been shown to preferentially localize to 

EE (37'39) and has since been observed on compartments that communicate with these 

organelles. These include the plasma membrane, clathrin-coated pits, LE and the

t g n .(40;41)

Studies using neutralizing antibodies and/or recombinant proteins have 

supported a role for TI-VAMP in transport to the LE and LYS. The addition of the
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cytoplasmic domain of TI-VAMP was found to impair homotypic fusions of LYS and 

LE-LYS derived from rabbit alveolar macrophages, in vitro. This treatment had no 

effect on the homotypic fusion events of early endosomes (EE), suggesting TI-VAMP 

is selectively involved in LE and LYS fusion events.(15) Similarly, anti-TI-VAMP 

antibodies introduced into SLO-permeabilized HeLa cells impaired the degradation of 

internalized epidermal growth factor (EGF) without affecting the internalization of 

EGF or recycling of the transferrin receptor to the plasma membrane.(!4)

Anti-VAMP-8 antibodies were reported by Antonin et al (2000) to impair the 

homotypic fusion of EE and EE-LE fusions, in vitro. (40) Interestingly, it was 

mentioned in a separate study by Mullock et al (2000) that VAMP-8 antibodies 

exhibited no inhibitory effect on LE-LYS fusions in vitro.(41) Our findings that 

VAMP-8 antibodies did not impair mediator release from lysosome-like eosinophil 

CG and neutrophil AG similarly suggest that VAMP-8 may not be involved in fusion 

events from LYS and/or storage granules. VAMP-8 was also detectable in membrane 

fractions, suggesting it may be localized to SV and/or endosomes. It is possible that 

VAMP-8 is acquired by CG and AG during their development, possibly through 

interaction with endosomes (Figure 6.2). Further studies are required to determine the 

role of VAMP-8 in these cells.
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Figure 6.2: Model of SNARE isoforms involved in the endocytic pathway. R-SNARES 
localized to endosomes in mammalian cells include VAMP-2, -3 and -8. The plasma 
membrane Q-SNAREs, SNAP-23 and syntaxin-4 .may be involved in endocytosis. Transport 
from early endosomes (EE) to late endosomes (LE) and/or lysosomes (LYS) has been shown 
to be mediated by TI-VAMP and/or VAMP-8. The majority of experimental data supports that 
TI-VAMP is involved in homotypic fusions of LE/LYS. The Q-SNARE, syntaxin-7 has been 
demonstrated to be involved in transport from EE to LE/LYS and homotypic fusions of 
LE/LYS. Syntaxin-7 has also been shown to be involved in the delivery of lumenal proteins to 
LYS. TI-VAMP and SNAP-23 have been localized to the trans-Golgi network, in addition to 
other intracellular sites in mammalian cells. This suggests that these isoforms may be involved 
in delivery of lumenal proteins to LYS, similar to syntaxin-7. In addition, a human homologue 
of the yeast R-SNARE, Vtilp, hVtilp has been identified recently. Vtilp is essential for the 
development and maturation of yeast lysosome-like vacuoles. It is likely that hVtilp is 
similarly required for LYS development in mammalian cells. Exocytosis of TI-VAMP 
containing compartments, such as LYS or LY-like storage granules has been shown to be 
mediated by TI-VAMP, SNAP-23 and syntaxin-4 (Chapter 5, Rao. et al. 2004. J. Biol. Chem. 
279(19) 20471-79)
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According to the SNARE hypothesis, in order for homotypic LYS or LE-LYS 

fusion to proceed, Q-SNAREs must be present on these compartments. Our 

observations (Chapter 5), and those of Rao et al (2004)(13), have indicated that 

exocytosis of TI-VAMP-containing compartments is mediated by the Q-SNAREs, 

SNAP-23 and syntaxin-4. As discussed in section II, SNAP-23 is localized to several 

intracellular sites including membrane channels, granules and plasma membranes in 

different hematopoeitic cell types. SNAP-23 has also been reported on endosomal 

membranes and the TGN, suggesting it could participate in LE/LYS trafficking and 

the biosynthetic pathway (Figure 6.2).(42;43) In eosinophils, SNAP-23 and syntaxin-4 

were undetectable in CG-enriched fraction, which suggests that other Q-SNARE 

isoforms may be involved in granule-granule fusions during maturation and compound 

exocytosis.(34)

Syntaxin-7 has recently been shown to localize to LE and LYS and is capable 

of associating with both TI-VAMP <-44) and VAMP-8.(41;44) Antibodies directed against 

syntaxin-7(15;41) and the syntaxin-7 cytoplasmic domain(15) have been shown to impair 

LE-LYS fusions, in vitro. In addition, the overexpression of the cytoplasmic domain 

of syntaxin-7 impaired the degradation of internalized FITC-dextran in NIH3T3 and 

NRK cells. Overexpression of this mutant did not influence the internalization process 

or the transport of cathepsin D and LAMP-2 to LYS. Thus, it is postulated that 

syntaxin-7 is predominantly involved in transport from EE to LE without influencing 

the biosynthetic transport pathway from the TGN.(45) Syntaxin-7 has been shown to 

be expressed in human platelets. However, antibody-mediated inhibition of syntaxin-7 

was found to not affect mediator release significantly from either platelet dense
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granules(46) or lysosomes.(47) The role of syntaxin-7 in granule biogenesis and 

exocytosis from eosinophils and PMNs remains to be determined.

A conserved mechanism fo r  lysosome/granule biogenesis and secretion?

TI-VAMP is a member of a highly conserved family of proteins termed 

“longins”. Longins contain ~110 additional amino acids in the N terminus that are not 

found in other VAMP species (brevins). An 80% sequence homology of the longin 

domain is observed for 77 of the 110 residues across yeast, protozoans, animals and 

plants (Figure 6.3). Interestingly, sequencing of the genomes o f Arabidopsis thaliana, 

as well as a number of other plant species have revealed no brevin but several longin 

genes.(48) The observations of Galli and colleagues that exocytosis mediated by TI- 

VAMP is critical for neuron development support an essential function for this 

isoform in animals.(9;10) In addition, studies on the development and fusion events of 

yeast vacuoles suggest that biogenesis and fusion of LYS and, potentially, LYS-like 

granules such as eosinophil CG and neutrophil AG may be mediated by a conserved 

protein machinery.
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SynaptobrevinV A M P-2, -3, -8

TI-VAM P Synaptobrevin

V W ASynaptobrevin

L o n g in

Figure 6.3: Structure and domain composition of brevins and longins. In addition 
to the the conserved synaptobrevin (or brevin) domain common to all VAMP species, 
tetanus-insensitive VAMP (TI-VAMP) and related isoforms (eg: Ykt-lik efamily 
members such as the S. cerevisiae R-SNARE, Ykt6p) contain an additional amino 
terminal region of approximately 110 residues termed the longin domain (striped 
oval). Longins are found in protists, plants and animals suggesting an important and 
evolutionary conserved function. Brevins (such as VAMP-2, -3 and -8) and the 
longin, TI-VAMP both have transmembrane (TM) spanning anchors. YKT-like 
longins have an isoprenyl anchor (zig-zag line) instead of a transmembrane domain 
(TM). The grey oval in the structure of brevins represents a variable N-terminus and 
the black rectangles at the C-termini of brevins and longins represent intravesicular 
tails. Modified from: Filippini F. et al. 2001. Trends. Biochem. Sci. 26(7) 407-409.
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Analysis of the sequence of the yeast vacuole R-SNARE, Ykt6p, has pointed 

to it as a member of the longin family, similar to human TI-VAMP.(48) Syntaxin-7 was 

first identified for its homology with the yeast TGN Q-SNARE, Pepl2p (49) and was 

later shown to exhibit a higher homology with the Q-SNARE, Vam3p in S. cerevisiae 

and A. thalianaS41̂  Pepl2p and Vam3p, in addition to the R-SNARE, Vtilp, are 

critical elements in the sorting of vacuolar proteins. Mutants of each of these proteins 

cause improper vacuole development.(50'52) Pepl2p and Vtilp mutants have reduced 

viability(51;52), whereas Vam3p mutants grow in a similar fashion to wild type (Figure

6.4).(50) Pepl2p and Vam3p exhibit redundancy and have been shown to be capable of 

compensating for each other’s loss.(6;50) Vtilp is involved in two transport steps, 

interacting with Pepl2p in Golgi to prevacuolar transport and with Sed5p (syntaxin-5 

homologue) in trafficking to the cz's-Golgi.(8;52) It has been demonstrated that mouse 

syntaxin-7 can function as a replacement for deleted Pepl2p and Vam3p in homotypic 

vacuole fusion.(45) Interestingly, syntaxin-7 is upregulated during melanogenesis in 

B16 melanoma cells, suggesting it may be important for the development of 

melanosomes.(44) A human homologue of Vtilp, hVtil, has also been identified and 

can, similarly, serve as a substitute in the two yeast transport steps mediated by this R- 

SNARE.(53)

The homotypic fusion of yeast vacuoles involves the R-SNAREs Nyvlp, Vtilp 

and Ykt6p, which are localized to the vacuolar membrane. These R-SNAREs are 

incorporated into cw-SNARE complexes with Q-SNAREs Vam3p and Vam7p 

(SNAP-25 homologue), on the vacuole membrane.(54) In contrast to the model 

proposed for synaptic vesicle fusion (see Introduction: section 2.2), ATP dependent
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disassembly of cz's-SNARE complexes mediated by Secl7p (SNAP) and Secl8p 

(NSF) has been shown to be a prerequisite for subsequent fusion/54’555 Following this 

disassembly, Vam7p (a soluble SNARE) is released from cA-SNARE complexes and 

incorporated into trans-SNARE complexes resulting in downstream fusion (Figure

6.4)/565 Several other molecules have been identified in yeast vacuole fusion, 

including Ypt7p (Rab) and its recruited proteins (“HOPS” complex of the vacuolar 

sorting (VPS) family), phosphatidyl inositides, calmodulin and subunits of the 

vacuolar H+ ATPase/545 The above mentioned studies have suggested that granule 

biogenesis and granule-granule fusions may involve a number of homologues for these 

yeast proteins. For example, over 40 VPS family members have been identified in 

yeast. Mammalian homologues of this family have recently been shown to bind to 

syntaxin-7/575

A proteomic approach may help identify several candidates involved in these 

processes. The analysis of latex-bead containing phagosomes from macrophages and 

PMNs by such methods has been utilized to identify a large number of proteins 

recruited to the phagosome during its formation and maturation/585 A similar approach 

may provide insights into granule trafficking. The separation o f contaminating 

lumenal proteins from granule membrane proteins may prove to be technically 

challenging for such experiments. However, digestion of granule membrane proteins 

with an array of proteases may succeed in separating these components and reveal the 

nature of the molecules recruited to the granule membranes during different 

developmental stages and/or following agonist-induced degranulation.
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Since granules from eosinophils and PMNs are not docked to the plasma 

membrane, unlike synaptic vesicles and cortical granules from sea urchin eggs, it is 

unlikely that an in vitro system can be designed to examine fusion events with the 

plasma membrane in these cells. However, it is plausible that granule-granule fusions 

may be examined in a similar manner to cell free assays described for yeast or 

proteoliposomes. A large scale test of pharmacological inhibitors using such a system 

may reveal candidate proteins involved in granule-granule fusions, which could then 

be explored in more detail. This approach could utilize either labeling of lipids with 

fluorophores for resonance imaging during fusion, as previously used by Rothman and 

colleagues/59’60̂ Alternatively, the yeast vacuole fusion system is a highly quantitative 

assay based on the generation of a functional enzyme that occurs only following 

membrane fusion (Figure 6.5)/54’6I) While the generation of deletion mutants (used in 

the yeast system) for human granulocytes is impractical, transfection of fluorescently- 

labeled granule membrane using retroviral vectors and/or protein delivery methods is 

achievable and may permit for such an in vitro approach. It has been previously shown 

that delivery of exogenous proteins into human eosinophils was successful using a 

commercially available protein conjugate (Chariot, Active Motif, Carlsbad, CA)/62) 

Preliminary experiments in our laboratory have shown that -60% of human 

eosinophils are positively labeled with PE-labeled antibodies conjugated to Chariot 

according to the manufacturer’s protocol (Figure B .l, Appendix B).
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Figure 6.4: Simplified overview of yeast vacuole fusion. Q-SNAREs (Q-), pepl2p and 
Vam3p (both which exhibit homology to human syntaxin-7: brackets) are critical proteins for 
the delivery of lumenal vacuole proteins from the Golgi apparatus. The R-SNARE (R-), Vtilp, 
is also critical in this process. Deletion of pepl2p, Vtilp or Vam3p cause impaired maturation 
of yeast vacuoles. R-SNAREs localized to the vacuole include, Ykt6p, Nyvlp and Vtilp. 
Ykt6p is a longin family member, similar to tetanus-insensitive VAMP (TI-VAMP). Vacuole 
Q-SNAREs include Vam3p and VAm7p (homologous to human SNAP-25). R- and Q- 
SNAREs on the vacuole are assembled into cis-SNARE complexes with Secl7p (SNAP) prior 
to fusion. Seel 8 (NSF) disassembles cis-SNARE complexes in an ATP-dependent manner 
which is accompanied by Ypt7p (Rab GTPase)-mediated tethering of the vacuoles. This 
tethering event is followed by other tethering events mediated by the GTPases, Cdc42 and 
Rholp. The formation of tmw-SNARE complexes are associated with the formation of a 
fusion pore which expands in a radial fashion, forming a vertex ring. Ca2+-dependent fusion 
of the two vacuoles occurs, which results in the internalization of the membrane inside the 
vertex ring. Modified from: Wickner W. 2002. EMBOJ. 21(6) 1241-47.
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Figure 6.5: In vitro fusion assays (A) In vitro liposome fusion assay. Purified 
recombinant SNAREs are reconstituted into artificial liposomes. The liposome with 
the v-SNARE contains a quenched fluorescent lipid that is dequenched upon fusion. 
(.B) In vitro vacuole fusion assay. Vacuoles from two different yeast strains are 
isolated. One contains unprocessed alkaline phosphatase; the other has no alkaline 
phosphatase. Upon fusion, alkaline phosphatase activity is measured.
Modified from: Ungar et a l 2003. Annu Rev Cell Dev Biol. 19:493-517.
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Targeting o f  TI-VAMP to lysosomes and the role o f  the sorting adaptor, AP-3

The sorting protein adaptor, AP-3, has been shown to be critical for correct 

localization of lysosome membrane proteins such as LAMP-1,-2 and CD63 

(Figure 6.6).(63'65) Mocha or pearl mice, which have mutated subunits of AP-3, exhibit 

storage deficiencies in lysosome compartments such as platelet dense granules and 

melanosomes/66,67) AP-3 is also involved in the budding of synaptic microvesicles 

from endosomes during nerve development/6̂  However, it has been pointed out that 

since mocha mice exhibit no detectable abnormalities in nerve terminals, AP-3 is 

unlikely to be required for the biogenesis of all synaptic vesicles/69) Mocha and pearl 

mice are models for the autosomal recessive inherited disease, Hermansky Pudlak 

syndrome (HPS) found in populations worldwide. Patients with HPS exhibit storage 

pool deficiency of platelet dense granules, hypopigmentation and accumulation of 

ceroid pigments in lyososomes. Considerable morbidity and mortality from HPS are 

caused by fibrotic lung disease, granulomatis colitis and prolonged bleeding/70)

Recently, Martinez-Arca et al (2003) demonstrated that the 5 subunit of AP-3 

interacted directly with the longin domain of TI-VAMP. Full length wild type TI- 

VAMP was re-directed from LYS to EE when expresed in mocha cells lacking AP-3S. 

Deletion of the longin domain caused a similar effect on TI-VAMP localization 

supporting the hypothesis that the interaction of TI-VAMP with AP-3 is necessary for 

its proper targeting to LYS/71) It is not yet determined if TI-VAMP, itself, is necessary 

for the delivery of lumenal and/or lysosomal membrane proteins, although this study 

suggests a potential role for this R-SNARE in this pathway. Clark et al (2003) 

examined CTLs obtained from a patient with HPS type 2 (HPS2) for their ability to
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release stored granule proteins and to eliminate target cells. CTLs were shown to lack 

P3A, y and |o.3A subunits o f AP-3 and, as anticipated, CD63 was re-directed from 

granules to the plasma membrane. Interestingly, perforin and granzymes were 

correctly localized to granules in AP-3-deficient cells. HPS2 CTL granules failed to 

polarize to the cell periphery upon contact with target cells and was correlated with 

impaired killing efficiency.1(72) In a separate study, W2 cells (B-lymphoblastoid cell 

line derived from a patient with HPS-2 who carries a single nucleotide substitution in 

one allele of the j33A gene and a 63 bp deletion in the other gene allele) were shown to 

exhibit impaired antigen presentation mediated by CD lb. This defect was found to 

correlate with an inability for CDlb to access the LYS.(73) Together, these 

observations argue in favor of a role for AP-3 in LYS and lytic granule trafficking and 

fusion events, which may also include granules from other granulocyte types. It has 

not been determined whether AP-3, itself, is directly involved in membrane fusion 

events and/or exocytosis. It is plausible that LYS and lytic granules from AP-3 

deficient cells in these studies lack membrane transport proteins such as TI-VAMP 

and other SNAREs which are more directly responsible for these effects.

The expression and role of AP-3 in granule biogenesis and/or TI-V AMP- 

mediated trafficking of granules in eosinophils and PMNs has not yet been examined. 

Galli and colleagues reported that overexpression of the longin domain alone impaired 

exocytotic events during nerve development and arrested axon and dendrite 

elongation/9,10) However, the mechanisms for this have not been precisely defined. It 

has been shown that truncated recombinant TI-VAMP, lacking the longin domain, 

partners more readily with Q-SNAREs, such as syntaxin-l/SNAP-25 and syntaxin-
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4/SNAP-23, than full length TI-VAMP.(9,71) Thus, the presence of the longin domain, 

in the absence of other regulatory proteins, causes structural inhibition of TI-VAMP 

for assembly into SNARE complexes. Similar binding properties have been previously 

demonstrated for recombinant syntaxin-1 in vitro. The N-terminus Habc domain of 

syntaxin-1 is folded over the SNARE-binding motif resulting in a “closed” 

conformation unavailable for SNARE assembly.(74) An “open” conformation of 

syntaxin is postulated to be regulated by the munc-18 (mammalian homologue of unc- 

18) family of syntaxin-binding proteins, which have been shown to be essential for 

membrane fusion (see section IV).(74;75) It is possible that the inhibitory effect of the 

longin domain, in vivo, may be due to a similar interaction with a yet to be identified 

regulatory protein(s). Based on the observation that the longin domain interacts with 

AP-3 (71), this may suggest a role for AP-3 in exocytosis. Further studies are required 

to determine if  the longin domain can function as an inhibitor of exocytosis in 

eosinophils and PMNs and to determine its mechanism of action in this respect.

Although granulocytes are known to have several other effector roles other 

than secretion (Chapter 1, section 1.5), it is postulated that much of the tissue damage 

associated with their recruitment is due to the release of pre-formed mediators. The 

availability of mocha and pearl mice will allow for the design of future studies to 

examine the role of AP-3 in the trafficking of TI-VAMP+ granules/vesicles and 

exocytosis of granulocytes, in vivo. These experiments would also provide a potential 

opportunity to determine the effect of granlocytes defective in granule stores and/or 

granule secretion on pulmonary inflammation. Both Mocha and pearl mice are derived 

from a C57B1/6J background(66;67), the latter of which has been utilized as a model for
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allergen-induced airway inflammation.(76,77) Thus it is possible to design experiments 

to address the in vivo roles of eosinophils and PMNs lacking AP-3 in adoptive transfer 

experiments. Although eosinophils are not abundant in the circulation of wild type 

mice, much higher numbers of these cells could be obtained by breeding the AP-3 

deficient lines with IL-5 transgenic mice (also available with a C57B1/6J 

background).(76)
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Figure 6.6: Diagrams of the four adaptor protein (AP) complexes. All four 
complexes consist of two large subunits: a b subunit and a more divergent subunit, 
either g, a, d, or e ; a medium (m ) subunit; and a small (s) subunit. The carboxy- 
terminal domains of the two large subunits project as ‘ears’, connected to the ‘head’ of 
the complex by flexible hinges. Yeast two-hybrid experiments have shown that the 
g /a/d /e subunits interact with the s subunits, that the b subunits interact with the m 
subunits and that the two large subunits interact with each other, b units are important 
for clathrin binding. The m and b subunits have been implicated in cargo selection and 
have been reported to bind to sorting signals contained in the cytoplasmic tails of 
transmembrane proteins. AP-1 and AP-2 are components of clathrin-coated vesicles 
associated with the trans-Golgi network (TGN) and plasma membrane, respectively. 
AP-3 is implicated in sorting of lysosome membrane proteins such as LAMP-1, -2 and 
-3 (CD63). AP-4 has been reported to localize to the TGN and may be involved in 
TGN to the endosome-lysosome network, similar to AP-3.
Modified from: Robinson,MS & Bonifacino, JS. 2001. Curr. Opin. Cell. Biol. 13(4) 
444-53.
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III. Implications for piecemeal degranulation and 
secretory vesicle trafficking

Based on previous studies, it was anticipated that Ca2+ and GTPyS activation 

of permeabilized eosinophils and PMNs would cause the release of multiple granule 

compartments.(2'5) Consistent with these previous findings, we observed that addition 

of Ca2+ (pCa5) and GTPyS caused a rapid (within 10 min) release of both small (SG 

and TG) and large (AG) granule mediators from human PMNs (Chapter 5). We have 

not yet examined exocytosis o f S V specifically from human PMNs, although this may 

be addressed in future experiments by determining the alkaline phosphatase activity in 

cell supernatants.(78;79) The release of SV from eosinophils is, however, more difficult 

to assess experimentally, as no conclusive marker has been identified for this 

compartment.

The R-SNAREs, VAMP-2, TI-VAMP and VAMP-8 were all detected in 

membrane-enriched fractions from eosinophils and PMNs and are, thus, potential 

candidates involved in SV trafficking. It is postulated that a portion of secreted EPO is 

mediated by VAMP-2+ SV in SLO-permeabilized eosinophils, which correlated with 

the partial inhibitory effect of VAMP-2 mAb. Further studies are needed to determine 

the localization and role of these R-SNAREs in SV trafficking. A study by Bandiera- 

Melo et al (2002) reported that IL-4, but not RANTES, was released from eosinophils 

following stimulation with IL-16, RANTES or eotaxin.(80) This observation suggests 

that there is a potential for heterogeneity o f stored mediators in the SV pool and, by 

inference, SNARE isoforms. It will also be of interest to examine the role of the 

reported SNARE isoforms in cells stimulated with other agonists (eg:
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cytokine/chemokine receptors). It is likely these experiments will need to be 

performed in intact cells since the loss of cytoplasmic signaling proteins in 

permeabilized cells will impair the responsiveness to surface receptor ligands. It is 

anticipated that the development o f transfection and/or protein delivery methods, as 

discussed above in section n, will be instrumental for such future experiments.

In resting eosinophils, similar to PMNs, SV are distributed throughout the 

cytoplasm and are readily mobilized and exocytosed following cell activation/29;8!;82)

It has been shown that PMN SV are not re-populated following their secretion,(83;84) an 

observation not yet established for eosinophils. RANTES mRNA and protein have 

been reported to be re-synthesized following its release from eosinophils, which 

coincided with the appearance of punctate cytoplasmic staining for this 

chemokine.(29;8;)) However, it is not known if  these compartments are similar to the 

stored SV pool in unstimulated cells or may represent a new post-Golgi-derived 

vesicle population. SV from both cell types contain albumin, indicating an endocytic 

origin.(86;87) It may be hypothesized that SNAREs localized to SV are involved in 

endocytic recycling. Candidates for this include VAMP-2, VAMP-3 and VAMP-8, 

localized previously to endosomes in other cells.(88) Studies have not supported a role 

for TI-VAMP in endocytosis or homotypic fusion events of EE.(14;15) However, 

exocytosis of TI-VAMP vesicles has been observed in epithelial cells(36) and 

developing neurons(9,10) indicating that TI-VAMP may be a candidate R-SNARE for 

SV exocytosis. As discussed in section H, it is also possible that TI-VAMP is involved 

in transport from the TGN to granules.(14)
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“Budding” of eosinophil CGs has been suggested to be a mechanism for

PMD. According to this hypothesis, secretory vesicles derived from CG are postulated

to shuttle CG cargo to the cell periphery for mediator release.(89;90) A modified version

of this model has been suggested by Moqbel and colleagues (2002). According to this

proposed scheme, S V serve as a rapidly mobilizable pool for exocytosis of stored

mediators. Following their exocytosis, SVs are recycled and may then fuse with CG to

transport CG cargo to the surface. It is postulated that waves o f these exocytotic and

recycling events occur as the driving mechanism for PMD (Figure 1.4B, Chapter 

^ (2 9 :3 4 )

It has not been clearly demonstrated whether granule-vesicle fusions actually 

occur during PMD, nor has there been any confirmation of CG budding by methods 

other than electron microscopy. If budding occurs as a mechanism for PMD, it is 

anticipated that the vesicles derived from membrane evaginations would contain 

similar membrane proteins to CG. In addition, it seems plausible that these vesicles are 

likely to be distinct from the cytoplasmic pool of SV. For example, the stored 

cytoplasmic SV pool contains albumin, whereas CG do not. In addition, the stored SV 

pool does not appear to express CD63, a marker of CG. It is anticipated that if  budding 

occurs, the secretory vesicles derived from CG would contain similar membrane 

proteins. From our studies, this may suggest that vesicles expressing TI-VAMP and/or 

VAMP-8 may be derived from CG. In contrast, the observation that VAMP-2 is not 

localized to CG suggests that VAMP-2+ vesicles are unlikely to be derived from CG. It 

is also evident that a recycling event likely occurs during PMD, since cytoplasmic CG 

with eroded contents do not appear to be substantially of smaller size than “intact” CG
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by electron microscopy/89) Thus, a mechanism must be in place to maintain the 

overall surface area of the CG membrane, possibly through endocytic recycling. In 

both models of budding and recycling, membrane evaginations from CG would also 

undoubtedly require the recruitment of coat and adaptor proteins involved in 

membrane budding/69,9If the recycling model is a mechanism for PMD, it would 

also be expected that CG would acquire markers of EE or recycling endosomes (eg: 

Rab5 and its effector, EEA1 and/or R a b ll) /92) These predictions remain to be 

determined experimentally and may shed light on the mechanism of PMD in these 

cells. As mentioned in section II, a proteomic screening approach to examine changes 

in CG membrane proteins during activation may be useful in the identification of such 

proteins. In addition, labeling of the identified membrane markers by immunogold 

electron microscopy will be useful to examine membrane budding and/or recycling 

events.

An alternative explanation for eroded cytoplasmic CG in eosinophils may be 

suggested from synaptic vesicle cycle. In neurons, two distinct modes of vesicle 

recycling have been identified. A slow mode (tens of seconds) which occurs via 

clathrin-coated vesicles and a rapid mode (milliseconds) which is a quick reversal of 

the exocytic event without intermixing of the plasma (presynaptic) membrane. This 

fast recycling has been termed “kiss-and-run” fusion/93"95) The number of fast 

recycling events has been shown to increase with elevated intracellular calcium in 

neurons and chromaffin cells/96;97) In chromaffin cells it was shown that full discharge 

of granule contents could occur via “kiss-and-run”. Thus, complete fusion with the 

plasma membrane is not essential for granule content release/96-1 The mechanism of
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recycling for these rapid remains unclear. Holroyd et al (2002) demonstrated that 

vesicles retrieved along this rapid pathway were associated with dynamin and peptide 

inhibitors of dynamin blocked their recycling/98̂  Their findings suggest that kiss-and- 

run endocytosis is unlikely to be mediated by a reversal of SNARE complex assembly.

It is not known if  kiss-and-run type fusion and recycling events occur for CG. 

However, it is possible that such an event may be, at least in part, responsible for the 

presence of eroded cytoplasmic CG from tissue eosinophils at sites of inflammation. 

Lindau and colleagues have demonstrated that fusion pores in both eosinophils and 

PMNs exhibit a conductance similar to an ion channel. This suggests the fusion pore 

may be formed by a membrane spanning protein or protein complex/99,100) SNAREs 

represent only one candidate family implicated in membrane fusion, and it is still 

unclear if  they are directly responsible for pore formation (Chapter 1, section 2.3). In 

eosinophils and PMNs, fusion pores appear reversible, at least for a brief period 

following their formation (99,I01-). Similar reversibility and conductance properties have 

been reported for larger mast cell granules/102;103) Collectively, these observations 

suggest that transient and reversible fusions, like kiss-and-run, may occur in these 

cells.

IV. Regulators of SNARE assembly and other 
exocytotic proteins

Several proteins have been identified to bind and potentially regulate SNARE 

localization and or their assembly. While it is beyond the scope of this project to 

discuss all of these regulators, a brief discussion of the families o f proteins for which
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we have preliminary experimental data is hereby described. Current studies on these 

molecules continue in our lab to determine their role in SNARE localization and/or 

assembly as well as mediator secretion.

Secl/M uncl8 (SM) proteins: A family of conserved syntaxin-binding proteins, SM 

proteins, has been directly implicated in regulation of SNARE complex assembly. SM 

proteins were initially identified as critical vesicular transport proteins in yeast (Seel) 

and C. elegans (unc-18).(104’105) Three mammalian homologues of unc-18 (Munc-18) 

have been identified: Muncl8-l(or -a), -2(b) and-3(c).(106) Muncl8-c is the most 

broadly expressed isoform, and has been identified in non-neuronal tissues.(107'n2) SM 

proteins have been demonstrated to be essential for secretion. Deletion mutants in C. 

elegans (unci8 )(104), Drosophila (Rop)(113;ll4) and mice (Muncl8-a)(n5) are all 

paralyzed and devoid of secretion from neuronal tissues.

SM proteins selectively bind to a “closed” conformation of syntaxin. In this 

conformation, syntaxin amino terminal region is folded over its SNARE-binding 

region. Thus, when bound to Muncl8, syntaxin has an impaired ability to associate 

with other SNAREs and form docking complexes (Figure 6.7).(74;116;117) Similar to the 

reported promiscuous interaction of SNARE isoforms, Mime 18 isoforms can bind 

multiple syntaxins, at least in vitro. Muncl8-a and b exhibit similar binding to 

syntaxin-1 A, 2 and 3 (n8' 12°) while Muncl8-c is capable of interacting with syntaxin-2 

and 4 (118). These observations lend further support to the notion that the specificity of 

granule/vesicle docking is unlikely to be determined by a single family of proteins, but 

is the result of coordinated interactions of multimeric signaling complexes.
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Preliminary data generated in our laboratory indicated human eosinophils 

expressed mRNA and protein for Munc-18c. Munc-18c is localized to membrane- 

enriched fractions and, to a lesser extent, EPO-enriched granules.(Figure B.2, 

Appendix B). Houng et al (2003) recently reported that human platelets expressed all 

three mammalian SM isoforms, muncl8-a, b and c, which were detected in membrane 

and cytosolic fractions. In their study, administration of peptides or neutralizing 

antibodies that interfere with the assembly of Muncl8-c-syntaxin complexes resulted 

in a potentiation of Ca2+-induced secretion. These observations support the assumption 

that the disassembly o f Muncl8-syntaxin complex is associated with mediator release 

in platelets/112) SM proteins have additionally been critically implicated in mediator 

secretion from mast cells.(121)
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SM proteins

S . cerevisiae Sec1 Mammals
C. elegans unc-18 munc18-1(a) n e u ro n s  a n d  e n d o c r in e  tis su e s

Drosophila Rop munc18-2(b) w id e  t is s u e  distribution
munc18-3(c) w ide  t is s u e  distribution

Open
syntaxinClosed syntaxin

SM
'abc

SNARE complex
(VAMP-2, SNAP-25, syntaxin-1)

Figure 6.7: Model of Secl/Munc-18 (SM) protein function in SNARE assembly 
and exocytosis
(Left) Syntaxin-1 is in a “closed” conformation when bound to Muncl8-a and is not 
available for assembly into SNARE complexes. In this closed conformation, the Habc 
amino terminal region of syntaxin-1 is folded over its SNARE binding motif. SM 
family proteins are essential for secretion, and deletion of SM proteins in C. elegans, 
Drosophila and mice (Muncl8-a deletion) cause severely impaired nervous secretion 
and paralysis. (Right) It is postulated SM proteins are critical for regulating SNARE 
assembly. The release of Muncl8-a from syntaxin-1 may be mediated by 
phosphorylation events mediated byeither protein kinase-c (PKC) isoforms or cyclin- 
dependent kinase-5 (cdk-5). Phosphorylated Muncl8-a has a reduced affinity for 
syntaxin-1. An “open” linear form of syntaxin-1 assembles into SNARE complexes 
with VAMP-2 and SNAP-25.
Modified from: Rizo J  and SudhofTC. 2002. Nature Rev. Neurosci. 3 641-653
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Regulation o f the SM-syntaxin complex and SNARE partnering

The activation of protein kinase C (PKC) by diacylglycerol (DAG)- and Ca2+- 

mediated activation is regarded as a key triggering step in exocytosis from a variety of 

cell types. Bates et al (1993) have reported the expression of conventional, novel and 

atypical isoforms of PKC in eosinophils.(I22) A role for PKC in mediator secretion 

from human eosinophils is supported by observations of both PM A (123) and allergen- 

induced mediator release from eosinophils/12̂  (I25)Similarly, studies in PM Ns/I26' I28), 

mast cells,(129;130) lymphocytes(131) and platelets(132;133) suggest that PKCs maybe 

essential in regulating degranulation in hematopoietic cells. It is postulated that an 

important effector function of PKCs is the regulation of SNARE partnering with other 

SNAREs and/or SNARE-associated accessory proteins. SNAP-25, VAMP-2 and SM 

proteins are all phosphorylated by PKC, in vitro. (134'137) PKC-mediated 

phosphorylation of SNAREs is reported to reduce their affinity for SNARE-SNARE 

partnering/132;I34) Similarly, PKC-mediated phosphorylation of SM proteins reduced 

their affinity for syntaxins in vfrro/ni;136) An attractive model for exocytosis is that 

stimulus-coupled Ca2+-mediated activation of PKC leads to the phosphorylation of 

Muncl8 and/or SNAREs, resulting in an “open” syntaxin conformation for SNARE 

assembly/136)

Another candidate for regulation of SM-syntaxin complex is cyclin-dependent 

kinase-5 (cdk5). Cdk5-mediated phosphorylation of Muncl8-a has been reported to 

occure in the absence of a Ca2+ flux in association with mediator release from 

neuroendocrine cells. Munc-18-a when phosphorylated by cdk-5 in vitro, has a 

reduced affinity for syntaxin-1 similar to the effect mediated by PKC. The Thr574 cdk-
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5 recognition site is highly conserved in SM proteins from yeast to mammals/138) Cdk- 

5 has also been shown to be critical for synaptic vesicle endocytosis by 

phosphorylating “dephosphin” proteins involved in recycling events. These include 

dynamin I, amphiphysin I and II and synaptojanin/139;140) The expression of dominant- 

negative cdk-5 has been shown to impair synaptic vesicle recycling(140) and secretion 

of insulin from pancreatic (3-cells/141 ̂  In addition, pharmacological inhibitors of 

cyclin-dependent kinases, olomoucine and roscovitine, have been shown to impair 

exocytosis from chromaffin cells(138) and pancreatic (3-cells(141) and synaptic vesicle 

recycling/I40)

The role of cdk-5 has not been well established beyond the nervous system and 

endocrine tissues. Recent studies have revealed that active cdk-5 is expressed in non

neuronal tissues. Elevated cdk-5 has been reported to increase during myogenesis in 

mouse C2 cells(142) and is expressed in lens epithelial cells in rats/143) In addition, the 

expression of cdk-5 and its upstream activator, p35, have been identified in 

differentiating monocytes from the leukemic cell line, HL-60.(144) Our laboratory has 

demonstrated that cdk-5 is expressed in resting human peripheral blood eosinophils. 

Preliminary studies indicated that the pharmacological inhibitor, roscovitine, impaired 

EPO release from eosinophils activated with calcium ionophore. This effect appeared 

to be specific for exocytosis, as PMA-induced release of superoxide was not affected 

by roscovitine treatment (S.O. Odemuyiwa: unpublished observations). The role of 

cdk-5 in the phosphorylation of SM proteins and other potential targets is currently 

being investigated in human eosinophils.
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Monomeric GTPases: Rabs and others

Rabs comprise a diverse family (>40 isoforms) of the Ras-related monomeric 

G proteins. Several studies have supported that Rab isoforms localize to membranes of 

distinct intracellular compartments, lending credit to the notion that this family of 

proteins may be particular important in directing distinct granule/vesicle populations 

to their appropriate destinations/145'14̂  A wide variety of Rab effector proteins have 

been identified, and are involved in a diverse number o f roles including Golgi vesicle 

budding, recruitment of cytoskeletal proteins for organelle/vesicle movement and 

protein-protein tethering at granule/vesicle docking.(146;148' 150) Recent studies have 

implicated a number of Rab isoforms in exocytosis and SNARE assembly in 

hematopoietic cells.

CTLs derived from Rab27 deficient mice exhibited impaired release of granule 

proteins, granzyme A and hexosaminidase, and did not efficiently kill target cells/150) 

In a separate study, Torii et al (2004) recently demonstrated that the Rab27 effector, 

granuphilin, directly interacts with the H3 domain of syntaxin-la in pancreatic (3-cells. 

The overexpression of granuphilin mutants that were incapable of binding either 

syntaxin-1 a or Rab27 were shown to cause impaired granule recruitment to the plasma 

membrane/151) These observations support that Rab27 is involved in tethering 

granules to the plasma membrane. A similar tethering and/or docking role for Rab4 is 

suggested from the observation that recombinant Rab4 directly interacted with 

syntaxin-4, in vitro/ 152) In platelets, Rab4 was localized to alpha granule and the 

addition of a dominant-negative Rab4, incapable of hydrolyzing GTP, was shown to 

impair mediator release from permeabilized cells/153) Preliminary data generated in
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our laboratory have shown both Rab4 and Rab27 are expressed in human eosinophils. 

Rab27 was detected in EPO-enriched granules, whereas only a minor immunoreactive 

band was detected for Rab4 in these fractions.(Figure B.3, Appendix B). In RBL-2H3 

cells, Rab3D was precipitated with an unidentified Ser/Thr kinase o f-130 kDa 

(termed Rak3D) which was capable of phosphorylating syntaxin-4 in vhro/154:154) In 

addition, a potential role for Rab6 in exocytosis may be suggested from the 

observation that this isoform was phosphorylated in a PKC-dependent manner 

following thrombin-induced activation of platelets/133)

As discussed in section II, it is postulated that biogenesis and exocytosis of CG 

and AG from eosinophils and PMNs, respectively, may utilize conserved protein 

machinery identified for yeast vacuole fusion: In addition, it is anticipated that 

exocytosis of these compartments shares several similarities with the exocytosis of 

lysosomes. In yeast vacuole fusion, a sequential recruitment of GTPases has been 

shown to be involved in docking interactions. These include the Rab Ypt7p and Ypt7- 

recruited effectors, which are followed by the'Rho family GTPases, Rholp and 

Cdc42p/155,156) In mammalian cells, Rab7 and Rab9 have been shown to be involved 

in transport from the EE to the LE/LYS and recycling o f the M6PR from endosomes, 

respectively/15' '159̂ The expression and role of Rab 7 and Rab9 in granulocyte 

exocytosis has not yet been examined.

Cdc42 and Rac2 (both Rho family members) have been shown to be involved 

in chemotactic signaling and superoxide production from PMNs and eosinophils/160' 

163) Abdel-Latif et al (2004) showed that Rac2-deficient PMNs derived from mouse 

bone marrow exhibited impaired release of MPO. Interestingly, the release of
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lactoferrin and MMP-9 was similar in wild type and Rac2-deficient cells suggesting 

that Rac2 has a selective role in AG exocytosis/164) It remains to be determined if 

Rac2 is predominantly involved in signaling events required for granule mobilization 

or docking of granules with the plasma membrane.

V. SNARE isoforms involved in granule/vesicle 
trafficking from other hematopoeitic cells

A number o f recent studies, as well as' observations from our laboratory, have 

demonstrated a critical role for SNAREs in granule/vesicle trafficking in other 

hematopoietic cell types. Below is a brief description o f isoforms that have been 

implicated in granule/vesicle exocytosis and docking with the plasma membrane.

R-SNAREs

VAMP-2,3, -8 and TI-VAMP have all been reported to localize to granules 

and/or SV in the rat basophilic cell line, RBL-2H3.(I65;166) The observation that 

overexpressed GFP-TI-VAMP colocalized with the granule marker, CD63, may 

suggest it plays a role in exocytosis, similar to eosinophils and PMNs/I67) However, 

no studies to date have examined the functional role of R-SNAREs in exocytosis from 

these cells. Similarly, tissue mast cells have not been studied in detail in respect to R- 

SNARE function, although VAMP-2 was shown to exhibit a punctate intracellular 

staining pattern in rat peritoneal mast cells (RPMC).(168) Preliminary date from our 

laboratory has indicated that, in addition to eosinophils and PMNs, other cell types 

with LYS-like storage granules express TI-VAMP. These include the rat basophilic
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cell line, KU812, human periperal blood basophils, antigen-specific cytotoxic 

lymphocyte (CTL) clones and the human NK.cell line, YT Indy.(169;170) Each of these 

cell types also express protein for VAMP-2, -3 and -8 . Further studies are currently 

underway to determine their functional role in the release of stored mediators.

Studies by separate groups have indicated that VAMP-3 (171' 173) and 8 ,(173) but 

not VAMP-2, (m ;i74;i75) ^  expressed in human platelets. Electron microscopy studies 

by Feng et al (2002)(172) indicate that VAMP-3 is predominantly localized to alpha- 

granules, although not all cytoplasmic granules exhibited VAMP-3 immunoreactivity. 

Functional analyses of secretion in SLO-permeabilized platelets utilizing neutralizing 

antibodies(172), TeNT (which cleaves VAMP-3, in addition to VAMP-2)(175) and 

peptide analogues(173), have indicated that VAMP-3 is involved in mediator release 

from alpha and/or dense granules. These findings, however, are in contrast with a later 

report that showed no impaired secretory response of the three platelet granule 

populations in platelets derived from VAMP-3 deficient mice.(I76) The precise 

localization of platelet VAMP-8 has not been identified. The addition of recombinant 

VAMP-8 to SLO-permeabilized platelets was reported to impair mediator release from 

dense granules but not alpha granules, which could suggest it is exclusively involved 

in secretion of the former granule type.(I73)

VAMP-2 and 3 have been implicated in exocytosis of S V following activation 

of phagocytosis in murine macrophages.(177;178) Hackam et al (1998) reported that 

treatment with TeNT impaired phagocytosis in murine J774 macrophages(177). 

Clustering of VAMP-3 was found at the site of phagosome formation and was 

additionally incorporated into early phagosomes, suggesting its involvement in
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phagosomal maturation events/178-1 A study by Allen et al, however, demonstrated that 

macrophages derived from VAMP3 deficient mice did not exhibit impaired 

phagocytosis or phagosome maturation, regardless of the type of receptor engagement 

or particle load.(179) They have suggested that each of VAMP-2,3 and 8, all of which 

have been localized to recycling endosomes(88;180;181), may perform redundant roles 

and/or compensate for each other in phagocytic processes.

Q-SNAREs

A number of observations have indicated that Q-SNAREs in hematopoeitic 

cells types are localized to multiple intracellular sites. By means of co-precipitation 

and in vitro experiments, SNAP-23 and syntaxin-4 have both been shown to interact 

with VAMP-2, -3, -8 and TI_vam P.(33;71;173;,82;183) Syntaxin-4 is also capable of 

binding to SNAP-25 (1U;183> and overexpressed SNAP-23 can function as a 

replacement for impaired SNAP-25.(184) These observations suggest Q-SNAREs are 

capable of participating in more than one trafficking step. However, the localization of 

these Q-SNAREs likely defines the transport steps they participate in. Most, if not all, 

Q/R-SNARE interactions in hematopoietic cells have been identified by co

precipitation studies. Particularly since recombinant SNAREs bind promiscuously in 

vitro (183,I85-), it is possible that SNARE-SNARE pairings identified by such methods 

may have resulted following cell lysis and, therefore, might not be representative of 

interactions in vivo. Therefore, SNARE interactions alone are unlikely to be sufficient 

to assign a particular SNARE to a given transport step.
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Electron microscopy studies of human platelets have shown that SNAP-23, 

syntaxin-2 and syntaxin-4 are localized to multiple membranes including: storage 

granules, membrane channels and the plasma membrane/47’172) Similarly, both SNAP- 

23 and syntaxin-4 were not exclusively localized plasma membranes in eosinophils 

and other intracellular sites appeared to include the Golgi apparatus and ER, 

respectively.(34) As discussed in section I, SNAP-23 has been reported to localize to 

granules, in addition to the plasma membrane, in PMNs/35-1 Similarly, SNAP-23 was 

reported to re-localize from plasma membranes to granules in RPMC following Ca2+ 

and GTPyS-induced activation. The mobilization of SNAP-23 was postulated to be 

involved in preparing granules for a fusion ready state and/or required for cytoplasmic 

granule-granule fusions during compound exocytosis in these cells/168) Docking 

partners for macrophage R-SNAREs include syntaxin-2, 3, and 4, all of which have 

been localized to both plasma membrane and isolated phagosomes/186)

Several of the above mentioned studies have supported a role for Q-SNARE 

isoforms in exocytosis. Antibodies directed against SNAP-23 were shown to prevent 

SNAP-23 relocation from the plasma membrane to granules and impaired secretion of 

the granule mediator, (3-hexosaminidase ((3-HEX) in SLO-permeabilized RPMCs/168) 

In platelets, antibody-mediated inhibition of syntaxin-4 was reported to impair 

mediator release from both alpha-granules(175) and lysosomes(47), but not dense 

granules/46) However, neutralization by SNAP-23 and syntaxin-2 antibodies impaired 

the secretion of platelet dense granules and lysosomes in a separate study/46;47) 

Syntaxin-2, similar to syntaxin-4, can associate with both SNAP-23 and SNAP-25
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(47;I83). These observations suggest that the same Q-SNAREs can function in the 

release of more than one granule type.

Conclusions

An overlapping set of SNARE isoforms have been identified in vesicle/granule 

trafficking in hematopoeitic cell types, including eosinophils and PMNs. Our data and 

the observations from other studies suggest that TI-VAMP and molecules involved in 

its targeting and trafficking play an important role in exocytosis and, potentially, 

granule biogenesis. Due to the apparent redundancy in isoforms involved in these 

secretory processes, the design of inhibitors of SNAREs and/or other exocytotic 

proteins may prove to be effective agents to impair mediator release from a number of 

leukocytes. Such inhibitors may prove to be clinically beneficial in the treatment of a 

number of inflammatory conditions. Further research is required to define more 

precisely the mechanisms of exocytosis in these cell types and to identify additional 

candidates for targeted inhibition. As well, the challenging task of specifically 

targeting such inhibitory agents to particular cells and/or microenvironments will need 

to be addressed in future studies.
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Materials for subcellular fractionation

Buffer A*
g or ml (250 ml)

0.25 M sucrose 
10 mM HEPES, ph=7.4 
ImM EGTA, ph=7.0

21.39 g
2.5 ml of 1M
2.5 ml o f 100 mM

Adjust ph to 7.4. Filter thru 0.45 um, store in 50 ml aliquots in -20C

Buffer B (made fresh)

10 ml Buffer A*
+ 2 mM MgC12 (20 ul of 1M)
+ 1 mM ATP (100 ul of 100 mM)
+ 5 pg/ml protease inhibitors** (5 pg/ml leupeptin, TAME, aprotinin (Sigma) 
+ 100 pg/ml PMSF (100 pi of 10 mg/ml stock)

45% Nycodenz

45 g Nycodenz in ~ 75 ml of Buffer A 
stir on stirplate ~ 1 hr to dissolve 
bring total volume to 100ml with Buffer A 
filter thru 0.45 um, store 5ml aliquots in -20C

add 5 pg/ml protease inhibitors** prior to use
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Ultracentrifuge tube 
(place on angle for 
layering gradient)

Glass
capillary

Plastic
tubing

Peristaltic pump 
(see next page for 

hose set up)

45% Nycodenz 
(on stir plate)

Preparation of Nycodenz gradient for subcellular fractionation
In an ultracentrifuge tube (Beckman 9/16X 3 % in : 14X95 mm #344060) place 0.5 ml o f  45% Nycodenz into the 
bottom of the tube (this will serve as a cushion for the heaviest organelles (the granules) to rest on following 
subsequent ultracentrifugation. Place 4 ml o f each 45% Nycodenz and Buffer B into each flat-bottomed tube. Attach 
0.6 CC and 1.2 CC plastic hoses with glass capillary (50 ul) according to diagram. Place the end of the hose into Buffer 
B (A), keep the ends o f  the hoses (B) out o f the Nycodenz. Turn on peristaltic pump at +5.00 setting and let run until 
to Buffer B flow until just ready to leave hose (point *). Turn off the pump and insert hose ends (B) into the 45% 
Nycodenz. Turn pump back on (note: you cannot turn the pump off at this stage!!!). Layer the gradient on top o f  the 
Nycodenz cushion being careful not to lose contact with the interface (this will cause mixing) (note: this takes about 10 
min to pour so make sure you have a steady seat). After the gradient is poured, layer the post-nuclear supernatant onto 
the gradient (note: this is difficult and requires steady hands: transfer pipettes and/or loading the post-nuclear 
supernatant into a syringe are useful methods).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A ppendix  A  249

Direction of pump 
(and fluid movement)

0.6 cc hose? 
from Buffer.

1.2 cc hose to 
gradient 

(centrifuge tube)

I
1.2 cc hose from 
45%nycodenz/ 

Buffer B mix

0.6cc hose 
to 45% 

Nycodenz

Dual end plastic 
tubing attatchment

4 ml 45% Nycodenz 
(on stir plate)
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Place capillary to bottom 1.2 cc tubing
carefully

To fraction 
collector

Collection of subcellular fractions following ultracentrifugation: Set peristaltic pump a t+10.0.
Set fraction collector at 24 drops/fraction (eosinophils) or 22 drops/fraction (neutrophils).
Ensure fractions tubes are labeled (note the direction o f the collections is different from standard ELISA plates: start 
: top left, moves down the row, then up next row from-bottom to top)

Following fraction collection:
Make 1 set of 1:10 diluted fractions (50 ul fraction : 450 ul Buffer A)
Aliquot remaining fractions (3X)
Store fractions at-80C.
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SLO permeabilization of eosinophils and neutrophils

Ca2+-EGTA buffer preparation

Materials

Potassium oxalate
1 M CaC12 (commercially supplied solution)
EGTA
PIPES
50 mL burette

Method

• Prepare 500 ml 0.25 M CaC12 by diluting i M solution 1 : 4 (125 ml 1 M solution + 
375 ml dH20).

• Prepare 500 ml of solution containing ~ 0.2 M EGTA + 40 mM PIPES. Dissolve 
EGTA by mixing acid form with 4x molar equivalent of NaOH (i.e. 0.4 moles or 
20 ml 10 M NaOH in 500 ml). Adjust the pH to neutrality (pH 7).

• Clean all volumetric glassware (burette and pipettes) in detergent (Decon 90) or 
chromic acid. Rinse extensively in water. Before filling, rinse glassware in 
appropriate solution.

• Titrate 0.25 M CaC12 (in burette) with 50 ml buffered chelator after adding 5 ml of 
10 M NaOH to keep pH above 10. Approximately 40 ml of CaC12 will have to be 
added. Add indicator to the buffered chelator (2.5 ml 1 M potassium oxalate) and 
titrate until cloudiness persists for 1 min.

• Repeat this titration twice.
• Prepare the CaEGTA stock solution using same pipette and burette to mix 50 ml of 

buffered chelator (omit the alkali and indicator)with the exact same amount of 
CaC12 indicated by the titrations. The total volume should be approximately 90 ml.

• Prepare the EGTA stock solution by adding 40 ml water to 50 ml buffered EGTA.
• Adjust the pH of both solutions to 6.80 and bring their volumes up to exactly 100 

ml in volumetric flasks.
• These two solutions may be stored in tightly capped Falcon tubes for many months 

at -20°C. Use the solutions in proportions shown in Table I to achieve the required 
level of free Ca2+.
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Table I
Recipe for Ca2+ buffer solutions

pCa **
[Ca]total

[EGTA]total

Volume (ml) 

CaEGTA EGTA

8 0.014 0.112 7.888
7 0.124 0.996 7.004
6.75 0.202 . 1.614 6.386
6.5 0.310 2.481 5.519
6.25 0.444 3.555 4.445
6.0 0.587 4.698 3.302
5.75 0.717 5.736 2.264
5.5 0.819 6.552 1.448
5.25 0.891 7.125 0.875
5 0.938 7.501 0.499
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Secretion assay for SLO permeabilized eosinophils and neutrophils 
with incubation of exogenously added antibodies

Materials
Buffered salt solution (BSS), pH 6.8:

10X stock (500 ml)
137mMNaCl 40 g
2.7 mM KC1 • l g
2 mM MgCl2 2 g
20 mM PIPES 3 g or 10 mL 1 M PIPES

• Adjust pH of stock to 6.8 with 10 M NaOH (do this slowly if using 
powdered PIPES, as PIPES takes time to dissolve). Check pH of 
diluted solution before use.

• Dilute solution 1:10 before use (usually make up 100 mL for each 
assay) and add 1 mg/ml BSA.

EGTA solution (pH 6.8)
10 x 106 cells (10 mL) cell suspension/plate (density 1 x 106 cells/ml)
10% CHAPS (for neutrophils) or 10% Triton-X-100 (for eosinophils) (in H2O) 
Streptolysin-0 (100 pg/mL)
100 mM GTPyS (Boehringer Mannheim 95-97% pure solution)
Calcium buffers (pCa 5 and 8) (made from protocol on previous page: see **) 
Inhibitory antibody (AZIDE FREE)
Isotype control antibody (AZIDE FREE)
Sigma TMB solution (T8540)
V-well 96-well microplates (volume/well = 0.25 mL)
Flat-well 96-well microplates (Falcon)
Remove from fridge:

10% CHAPS (in H2O) (for neutrophil lysates)
10% TX-100 (in H20) (for eosinophil lysates)
TMB solution (myeloperoxidase substrate) just before use 

Remove from freezer:
100 mM ATP (maybe frozen and thawed repeatedly)
Streptolysin-0 (100 pg/mL) (do not repeatedly freeze and thaw)
Calcium buffers (pCa’s can be frozen and thawed repeatedly)
100 mM GTPyS (may be frozen and thawed repeatedly)
Antibody (isotype + test)

Method
• Prepare 100 pM GTPyS by adding 1 pi frozen stock (100 mM) to 0.999 ml BSS 

buffer. Leave on ice.
• For neutrophil assays prepare 1% CHAPS solution in BSS (50 pi 10% CHAPS + 

450 pi BSS). For eosinophils prepare 1% TX-100 similarly. Leave on ice.
• Make up two tubes of pCa 5 and pCa 8 solutions:
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• pCa 5 tube: Add 1.733 ml BSS, 900 p.1 GTPyS stock, 277 pi pCa 5, and 90 pi 
ATP (100 mM). Leave on ice.

• pCa 8 tube: Add 2.633 ml BSS, 277 pi pCa 8, and 90 pi ATP (100 mM). Leave 
on ice.

• For neutrophils: prepare 0.2 pg/ml SLO by adding 10 pi frozen stock of SLO (100 
pg/ml) to 4.995 ml BSS. For eosinophils: prepare 2.0 pg/ml SLO solution. Leave 
on ice.

• Prepare inhibitory antibody to a final concentration of 2 pg/ml in either 0.2 pg/ml 
SLO (neutrophils) or 2.0 pg/ml SLO (eosinophils). Leave this on ice.

• Prepare inhibitor-SLO solutions to go into microplate by sequential dilution using 
the LOGSTEPS program. For example, for VAMP-2 mAb (1 mg/ml stock):

T ube# Antibody SLO (ul o f  0.2 ug/ml) Ab cone with cells (diluted 2X)
1 138.6 til o f  #2 160 ul 0.10 u.g/ml
2 138.6 ul o f #3 160 ul 0.22 ug/ml
3 138.6 ul o f  #4 160 ul 0.46 u.g/ml
4 138.6 ul o f  #5 160 ul 1.00 ug/ml
5 138.6 ul o f  #6 160 ul 2.15 u.g/ml
6 138.6 ul o f  #7 160 ul 4.64 u.g/ml
7 4.4 ul o f 1 mg/ml anti-VAMP-2 or 

8.8 ul o f 0.5 mg/ml isotype
435.6 ul or 

431.2 ul
10.00 ug/ml

Total volume in each tube = 160 |il except for tube #6 = 440.pl

• Make up isotype control by using same series of antibody dilutions in SLO.
Microplate preparation
While spinning down 5 x 106 cells and resuspending these in 5 ml BSS, use a V-
welled microtitre plate on ice to pipette following reagents.
• Add 50 pi of appropriate inhibitor-SLO mix into each well except Controls in 

Column 10, Blanks in Column 11 and Lysed Cells in Column 12.
• For Columns 10 and 11 on the plate, add 50 pi SLO.
• For Column 12 on the plate, add 50 pi 1% CHAPS in BSS.
• Resuspend cells in BSS at 1 x 106/ml. Do not leave cells in BSS any longer than 5- 

10 min as they gradually lose their secretory capacity.
• Remove pCa 5 and pCa 8 solutions from ice and allow these to warm at room 

temperature.
• Remove plate from ice and allow this to warm at room temperature.
• Get a reagent tray and adjust a multichannel pipette to 50 pl/well.
• Chill down some BSS to get it ready to stop the reaction.
• Pour cells into a reagent tray and quickly transfer 50 pi cells to all wells. Mix cells 

briefly to ensure mixing of SLO and inhibitor with cells. When cells are added to 
Column 12 on the plate, make sure that you pipette the mixture up and down 3-4 
times to assist in complete solubilization of cells.

• Place microplate into 37°C incubator for 2 min. The cells will be permeabilized in 
this step, so do not run over time!

• Pour pCa 5 and pCa 8 into different reagent trays.
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• Remove microplate from incubator at 37°C at 2 min and transfer 50 pi of pCa 5 
into all wells EXCEPT Columns 11 and 12.

• Transfer 50 pi of pCa 8 into Columns 11 and 12.
• Incubate for 10 min at 37°C.
• Stop reaction by adding 100 pi ice-cold BSS to each well
• Centrifuge plate for 5 min at 1500 rpm (~350g) at 4°C
• Remove supernatants for analysis of secreted mediators (TX-100 or CHAPS lysed 

represent total granule-derived proteins) •

Secretion assay plate layout:

1
Control

#1

2
Control

#2
4

3
Control

#3
4

4 5
Inhibitor

#1
4

6
Inhibitor

#2
4

7
Inhibitor

#3
4

8 9 10
Control

(no
Ab) 4

11
Blank

(pCa
8)4

12
0.5%

CHAPS
Lysed

cells
4

A 0.1 ug/ml

B 0.22 
ug/ml 

—̂

C 0.46
Ug/ml

->
D 1 ug/m l 

->
E 2.15

Ug/ml
->

F 4.64
Ug/ml

G 10 jig/ml 
->

H Empty
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Chariot alone (grey) 
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Figure  B .l:  D elivery o f exogenous PE -labeled  antibodies into eosinophils using C h a rio t 
p ro te in  con jugate . Eosinophils were isolated according to Chapter 2. Conjugation o f  PE-labeled 
goat anti-m ouse phycoerythrin (PE) labeled antibodies (Cedarlane: see Chapter 2) to Chariot and 
incubations w ith cells were perform ed according to the manufacturer’s specifications (Active Motif, 
Carlsbad, CA ).Eosinophils w ere incubated with goat anti-mouse PE antibodies alone o r Chariot protein 

linker alone as controls. Following incubation, eosinophils were washed three tim es in PBS and examined 
by FACS analysis for log fluorescence intensity. Shown is a  representative o f  tw o sim ilar experiments. The 
examination o f  two experim ents revealed that approximately 60% o f  eosinophils exhibited a right shift 
in fluorescence intensity from controls (M l gate shown).
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Figure B.2: Expression of muncl8-c related isoform, platelet seel protein (PSP) in human eosinophils.

(Left) mRNA expression of munc-18c products obtained for human eosinophils. Total RNA isolated 
from eosinophils was subjected to RT-PCR using full length primers to human muncl 8-c 
(forward: 5’-CTAAAGAGCGTCGTGTGGCAG -3.’, reverse: 5 ’- AGCACAACGCACTTCAGAGA -3’) 
or primers designed to generate a truncated product of muncl 8-c (XXX bp)
(forward: 5 ’-GCCACCTTGGATGAAAATCC-3\ reverse: 5’-AGCAGGTCCTGTTCAGTTTTGC-3’). 
RT-PCR was performed as described in Chapter 2 using RNA from themurine adipocyte cell line, 3T3-L1 as a 
positive control. Products obtained using the full length primers (Iefttwo lanes) and truncated primers (right two lanes) 
are shown. The eosinophil product was subcloned and sequenced (n=l). Sequence analysis revealed that the 
eosinophil product was 100% homologous to the reported sequence for human PSP, a related isoform to 
muncl8-c (Genbank accession # AF032922) (Reed. Et al. 1999. Blood 93(8) 2617-26).

(Right) PSP expression in eosinophil subcellular fractions. Membrane-enriched pellets (40 X 106 cells) and 
EPO-enriched granule fractions (5 x 106 cells: ~ 50 pg protein) were prepared as described in Chapter 2 and 
subjected to SDS-PAGE. Platelet lysate (described in Chapter 2) was used as a positive control (50 pg). Western 
Blot analysis was carried out using rabbit antisemm antibodies generated against human PSP (1:1000) (a gift from 
G. Reed, Cadiovascular Biology Laboratory, Harvard School o f Public Health, Boston, MA. An immunoreactive 
band o f the predicted size (~70 kDa) is shown. An extra non-specific band of -55-60 kDa is also evident for 
platelet lysates, consistent for this antibody. Molecular weight markers (kDa) are shown on the left.
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Figure B.3: Expression of Rab 4 and Rab27 in hum an eosinophils. Eosinophil whole cell lysates (WCL) (20- 
80 pg) and 10 pg EPO+granule fractions (EG) were subjected to SDS-PAGE and Western blotting with 
monoclonal antibodies to (A) Rab4 and (B) Rab27 (each at 1:1000) (purchased from BD biosciences: sodium 
azide free). Rat brain (RB) and Yt-Indy (YT) lysate positive controls are shown on the right for Rab4 and Rab27, 
respectively. (A) An immunoreactive band band of the predicted size for Rab4 (-30 kDa) was detected which co
migrated with the rat brain control. Additional immunoreactive bands were detected for WCL which may have 
reflected overloading of the gel or non-specific binding. The expression of Rab4 in EG was very low, suggesting 
it may not be a major component o f crystalloid granule membranes. (B) A single band corresponding to Rab27 
was detected which co-migrated with YT lysate. An immunoreactive band for Rab27 was apparent in EG, 
suggesting it may be involved in docking and/or tethering o f  crystalloid granules.
This data was generated by Michael Cheung (AHFMR summer student 2003) under the supervision o f  M. Logan
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