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Abstract

Eosinophils are major effector cells in allergic inflammation and asthma. A large 

number o f eosinophil-derived mediators are stored in their unique crystalloid granules. 

Very little is known about mediator expression and storage, during eosinophilopoiesis, or 

mechanisms underlying their release from crystalloid granules o f eosinophils. The 

tetraspanin CD63 is associated with cell activation and mediator release in basophils and 

neutrophils, yet its expression and association with mediator release in eosinophils 

remains unknown.

We hypothesized that mediators are expressed early during eosinophil 

granulogenesis and subsequently stored in crystalloid granules in mature cells. These 

mediators are selectively mobilized and released to extracellular space upon agonist 

stimulation. We also hypothesized that CD63 is a participant in the activation o f mature 

eosinophil as well as selective mediator mobilization and release from crystalloid 

granules.

We examined mediator expression/storage and granulogenesis during eosinophil 

maturation in CD34* progenitor colonies. Furthermore, we examined the selective 

mobilization and release o f eosinophil-derived RANTES, from the IFN-y stimulated 

eosinophils. Finally. I studied the expression and potential association of CD63 with 

eosinophil mediator release.

As early as day 16 of culture o f CD34+projenitors expression and storage of 

RANTES. IL-4. MBP. and ECP were evident in maturing eosinophils. By day 28 of 

culture, acquisition o f typical crystalloid granule-like structures, seen in circulating 

eosinophils, was apparent in cultured eosinophil-like cells. Upon agonist stimulation,
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mediators prestored in crystalloid granules o f peripheral blood eosinophils were rapidly 

and selectively mobilized and released to extracellular space. My studies further showed 

that CD63 was expressed in human eosinophils and was associated with selective 

mobilization and release o f RANTES. This suggested that CD63 might play an important 

role in eosinophil activation and exocytosis. These data described here contribute to 

furthering our knowledge in how mediators are stored and released in human eosinophils. 

These findings serve as the basis for new therapeutic strategies in the treatment o f 

eosinophil related allergic inflammatory diseases particularly asthma.
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Preface

This thesis has been written in paper format according to guidelines o f the 

University of Alberta. Each chapter stands alone as a  separate document and is written in 

the style o f the Journal of Experimental Medicine. With few exceptions, the experimental 

data in this thesis was generated by Salahaddin Mahmudi-Azer. In instances, where the 

study is the result o f a collaborative work, details o f  the collaboration have been 

described.

Among various experimental procedures used in different parts o f the study, 

eosinophil isolation and purification, inhibition o f antibodies non-specific binding, 

cvtospin preparation, immunocytochemistry and immunostaining techniques, confocal 

laser scanning microscopy, flow cytometry, mediator release assay, and RT-PCR were 

optimized and performed solely by the author of the thesis.
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Chapter 1

General Introduction

Asthma, Eosinophils and Mediator Release

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



Asthma
I. Introduction

The term ‘asthma’ describes a heterogeneous collection o f clinical manifestations 

and characteristics, as opposed to a single condition. Asthma results from complex 

interactions between wide ranges o f environmental factors acting on a background of 

genetic predisposition. Although, at the beginning o f the 20th century asthma was a rare 

disease, almost a hundred years later it is approaching a true epidemic in developed 

countries. While millions of people are affected worldwide by asthma, attempts to define 

this disease were not successful until very recently. In the early 1950s, asthma definition 

emphasized on the reversibility o f  airflow obstruction, either spontaneously or as a result 

o f treatment (1). In the early 1960s, the presence o f bronchial hyperresponsiveness 

(BHR) was added to the definition o f  asthma (2).

In the mid 1980s, bronchoscopic examinations o f asthmatic patients led to a new 

era in understanding and defining asthma (3). By employing this procedure, scientists in 

the field were able to carry out close and detailed examination o f the airways. This close 

examination o f the asthmatic airways revealed the presence o f an intense inflammatory 

response characterized by the presence of eosinophils and mucosal sloughing in patients 

with newly diagnosed asthma who had a mild form of the disease (4).

As a result o f decades o f intense studies, asthma is now defined at least in Canada 

as “a chronic inflammatory disease o f  the airways in which many cell types play a role, in 

particular, mast cells, eosinophils and T lymphocytes. In susceptible individuals the 

inflammation causes recurrent episodes of wheezing, breathlessness, chest tightness and 

cough particularly at night and/or early morning. These symptoms are usually associated 

with widespread but variable airflow obstruction that is at least partly reversible either

9
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spontaneously or with treatment. The inflammation also causes an associated increase in 

airway responsiveness to a variety of stimuli” (5, 6 ). Current evidence indicates that 

airway inflammation plays a central role in the pathogenesis o f  asthma and it is a driving 

force in airway hyperresponsiveness and the susceptibility to airflow obstruction (7). It is 

unknown whether inflammation is the only cause o f airway hyperresponsiveness; 

nevertheless it is clear that inflammation is closely associated with the development of 

airway hyperresponsiveness. It has been proposed that the intensity of airway 

inflammation not only contributes to the degree o f airflow limitation but also is a major 

factor in determining the level of airway hyperresponsiveness (8 ).

2. Asthma as an inflammatory disease

Asthmatic inflammation develops as a result o f complex interactions among a 

wide variety o f inflammatory cell types and their respective mediators (9). Infiltration of 

inflammatory cells into the airway walls is a fundamental feature o f  asthma ( 1 0 ). 

Although, asthma is characterized by a specific form of bronchial inflammation mainly 

mediated by activated T cells (11), eosinophils (12) and mast cells (13). it is becoming 

increasingly apparent that other cell types including epithelial cells (14), fibroblasts (15). 

smooth muscle cells(16) and neutrophils (17) may also contribute to the inflammatory 

events (fig. 1).

3
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Figurel.l: Intravascular cells and connective tissue matrix proteins and cells involved 

inflammatory responses.
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T cells, central cells in the adaptive immune response, are thought to coordinate 

and amplify the effector functions of antigen-specific and nonspecific inflammatory cells 

such as B cells, mast cells and eosinophils (18, 19). T cells, which express a p  receptors 

can be divided into two major functional groups according to their expression o f the 

phenotypic surface molecule CD4 and CD8 . The CD4+ T cells also known as T-helper 

cells (Th). are now recognized as the important players in inflammatory response, 

whereas CD8 + T cells, termed cytotoxic T lymphocytes (CTL), largely function to 

eliminate body cells expressing new (non-self) surface antigens as a result of bacterial or 

viral infection or malignant transformation. The CD4+ T cells are particularly important 

in the regulation of antigen-driven inflammatory processes, but this does not exclude the 

possibility o f a role for the CD8 + T cell (20,21).

On the basis of murine studies on cloned T-cells, T-helper cells responses are 

classified into 2  subtypes, depending on their cytokine profile in response to antigenic 

stimulation. Thl cells, with a cytokine profile o f  IFN-y, IL-2, IL-12, IL-18, TNF and 

lymphotoxin (LT), which are important in activating macrophages and inducing cell- 

mediated immunity, and Th2 cells with cytokine profile of IL-4, IL-5, IL-6 , IL-9, IL-10, 

IL-13 together with IL-3 and GM-CSF (shared by both the Thl - and Th2-type T cells) 

which are important in humoral immunity and allergic inflammatory conditions (22, 23). 

A sequence of differentiation steps driven by exposure to antigen are thought to give rise 

to Thl and Th2 cells from common precursor cells, which secrete only IL-2 (24). CD4+ T 

cells first differentiate into ThO cells, which are known to have an unrestricted cytokine 

profile. Following continuous and chronic antigen stimulation, the CD4+ T cells 

subsequently differentiate into polarized Thl or Th2 cells (25, 26) (fig.2).

5
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Fig. 1.2: CD4+ T cells differentiation into polarized Thl - or Th2- type cells.
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The specific cytokine profile that develops in CD4^ T cells in both allergic and 

nonallergic diseases is not predetermined. Instead, it is influenced by the antigen type, 

dose, antigen-presenting cell type, cytokine microenvironment, costimulatory signals 

received by the T cell, and host or genetic factors (27-31). Thl cytokines inhibit the 

production of Th2 cytokines, whereas Th2 cytokines inhibit the production of Thl 

cytokines, thus emphasizing the production of polarized cytokine profiles during immune 

responses. Once CD4+ T cells fully differentiate into effector Thl and Th2 cells, the 

cytokine profiles become relatively fixed. However, Thl and Th2 cells, with discrete 

cytokine profiles and capacities to respond to IL-12 and IFN-y, represent ends o f a 

phenotypic spectrum o f Th cells. Other types of effector T cells, producing a variety of 

other combinations o f cytokines, such as IL-4 with IFN-y, can be observed in other 

situations (32,33).

The premise o f Thl and Th2 and the overall heterogeneity among CD4+ T cells 

has become widely accepted since it explains the inverse relationship between humoral 

and cell-mediated immunity, which has been observed clinically and experimentally for 

decades. CD4+ T cell heterogeneity also explains the development o f allergic 

inflammatory disease as the result o f an excessive production o f Th2 cytokines (IL-3, IL- 

4 .1L-5, IL-10, and IL-13) by allergen-specific CD4+ Th2 cells. Indeed, it is now widely 

accepted that Th2 cells assume a prominent role in orchestrating allergic inflammatory 

responses. Upon synthesis and release, Th2 -type cytokines are known to induce the 

infiltration o f inflammatory cells into the airway walls (predominantly eosinophils and 

lymphocytes). A sequential interaction o f these cells with resident cells (e.g., mast cells, 

macrophages, epithelial cells, endothelial cell etc.) generates a cascade o f events that

7
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contributes to the chronic inflammation and clinical manifestations associated with 

asthma. Mediators, generated by these interactions attract other inflammatory cells, 

thereby contributing to further inflammation, airway smooth muscle spasm 

(bronchospasm), airway mucus secretion, and airway microvascular leakage that lead to 

airway edema and narrowing. (34,35).

Although, the Thl and Th2 model seems to simply explain certain aspects of 

immune regulation and function, a number o f observations suggest that immune 

regulation is far more complex than initially suggested by the Thl/Th2 model. For 

example, Th2 cells, identified mainly by the capacity to produce IL-4 but not IFN-y, may 

be further subdivided. The amount of cytokines produced by Th2 cells (e.g., IL-5, IL-10. 

or Lymphotoxin) may vary considerably and change the specific functions o f Th2 cells 

(36).

3. Pathogenesis of asthma

Bronchial hyperresponsiveness is an important pathophysiological characteristic 

of asthma, which can describe many of the clinical features o f this disease (37). Bronchial 

hyperresponsiveness has been defined as an abnormal increase in airflow limitation 

following the exposure to stimulus. Almost all adult patients with symptomatic asthma 

have airway hyperresponsiveness to inhaled pharmacological stimuli (38). Bronchial 

hyperresponsiveness is thought by many to be closely associated with the infiltration and 

accumulation o f inflammatory cells and consequent inflammatory response in the airways 

(39) (fig. 3). In addition to recruitment of mature cells from the blood stream, tissue 

infiltration o f inflammatory cells may also involve progenitors o f inflammatory cells, 

which further proliferate in the submucosal tissue (40,41,42).

8
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Fig. 1.3: Recruitment of eosinophils into the airways o f an asthmatic patient. Airway 

biopsy of an asthmatic individual before and after allergen challenge was immunostained 

with specific antibody against eosinophil cationic protein (ECP). As shown, ECP+ 

immunostaining is increased following allergen challenge suggesting eosinophil 

recruitment into the airways (copied with permission from an original figure from Dr. 

Redwan Moqbel).
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In addition to inflammatory cells, structural tissue cells including endothelial and 

epithelial cells (43,44), fibroblasts (45,46), and smooth muscle cells (47,48) can also play 

an important regulatory role in inflammation, through the release o f a variety o f 

cytokines, chemokines and growth factors. Infiltration of inflammatory cells and their 

activation together with that o f  structural tissue cells at the site o f  inflammation result in 

an acute local response characterized by vascular leakage, mucus hypersecretion, 

epithelial shedding, and widespread airway narrowing. Furthermore, through the release 

o f proinflammatory mediators such as histamine, platelet-activating factor (PAF), 

derivatives o f the arachidonic acid cascade, such as prostaglandins and the cysteinyl 

leukotrienes. and toxic oxygen radicals, these cells cause persistence o f the inflammatory 

infiltrate and induce structural changes in the airway wall known as tissue remodeling 

(49.50).

Components of the extracellular matrix (ECM) have also been shown to influence 

the inflammatory response profoundly (51,52). In addition to containing released 

mediators, ECM proteins also act as ligands for cell adhesion molecules on inflammatory 

cells with the potential to effect infiltration and trafficking o f cells (53,54). ECM proteins 

can also activate granulocytes, increase mediator release and enhance their survival 

(55,56). Equally, several inflammatory mediators are known to affect the proliferation of 

airway smooth muscle and induce the synthesis o f ECM proteins and growth factors in 

fibroblasts and epithelial cells (57).

Emphasis on reversibility o f airflow obstruction as a defining feature o f  asthma 

may have delayed the recognition o f its potential to cause irreversible airflow obstruction. 

For decades, asthma was considered a completely reversible obstructive airway disease

10
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(58,59). This was in spite o f many patients showing evidence o f some residual airway 

obstruction. Several studies o f asthma in older adults gave rise to the idea that asthma can 

lead to irreversible airflow obstruction. This irreversible component is more prominent in 

patients with severe disease and even may persists after an aggressive course o f anti­

inflammatory treatment (60,61).

The process responsible for the permanent narrowing o f the airway lumen is a 

chronic, irreversible thickening of the walls of the airways described as “airway wall 

remodeling” (62,63). Thickening o f the airway wall has been demonstrated by pathologic 

studies and by radiographic studies using high-resolution computed tomography (64.65). 

The pathologic changes responsible for airway wall thickening include infiltration o f the 

airw ay wall by inflammatory cells, edema, hyperplasia o f epithelial goblet cells and of 

mucus-secreting glands, subepithelial collagen deposition, subepithelial accumulation of 

myofibroblasts, and thickening of the medial smooth muscle layers (66,67). These 

pathologic changes are presumed to result from repeated or chronic release o f the 

cytokines, proteases, and other chemical mediators of inflammation (68).

4. Development of atopy and asthma

It is believed that individuals with allergic asthma exhibit a cellular reaction in 

response to exposure to specific antigen(s) (69). The current model proposes that the first 

exposure to the antigen (sensitization) triggers the potential for these responses 

particularly in individuals with certain major histocompatibility complex (MHC) alleles 

and other genetic predispositions (70, 71). Upon exposure to a novel antigen and its 

contact with airway mucus, underlying naive airway epithelial cells and resident dendritic 

cells are primed. It is also likely that the antigen will penetrate the underlying submucosa,
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where it may come in contact with phagocytes (e.g., tissue macrophages, granulocytes) 

and enter lymphatics (72). It is believed that all of these cells can internalize, process, and 

present fragments o f  the antigen in association with MHC o f either class. Antigen- 

presenting cells (APCs) play a major role in activating lymphocytes responsible for 

setting the stage for subsequent local atopic responses (73). During primary exposure 

several cellular players are recruited, and primed. Upon a second exposure to the same 

antigen, primed cells respond through the release of proinflammatory mediators, which 

are directly responsible for rapid (within minutes) inflammatory response characterized 

by wheezing and reduced airflow. In many individuals with atopic asthma, depending on 

the dose o f allergen exposure, a clinical late-phase response (3 to 11 hours) will follow 

the early phase response, consisting principally of a second delayed-in-time of 

bronchoconstriction. The late-phase response represents a longer-term outcome of 

cellular activities that were set in motion during the early phase (74, 75).

5. Early phase response

Inhaled allergen challenge in previously sensitized allergic patients leads to an 

early (immediate) allergic inflammatory reaction. The early-phase response is initiated 

after the activation o f  cells bearing allergen-specific IgE receptor. This is characterized by 

rapid activation of airway mast cells and macrophages (76, 77). Cell types other than 

basophils and mast cells that bear the high-affinity IgE receptor (FcsRI) may also 

participate in early-phase response, but it is not known whether they can be activated 

directly by allergens (78). The observation that mast cell-derived mediators can initiate 

many typical characteristics of early-phase response such as vascular, bronchial, and 

cellular changes, indicate a central role for airway mast cells in early phase response.
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Activated mast cells rapidly release a number of proinflammatory mediators such as 

histamine, leukotriene C4 (LTC4), PAF, and bradykinin, which are known to increase 

vascular permeability leading to airway edema and clinical symptoms o f congestion and 

in some cases rhinorhea. Several mast cell products including histamine, LTC4, and 

prostaglandin D2 (PGD2) are smooth muscle constrictors and may induce 

bronchoconstriction. Increased mucus secretion is attributed to leukotrienes and possibly 

chymase (79-82) (fig. 4).

6. Late-phase response

O f particular importance to the development o f a clinical late-phase response is 

the recruitment of other inflammatory cells to the site o f  inflammation. Some mast cell- 

derived mediators are chemoattractants (leukotriene B4, PAF) that stimulate the influx o f 

inflammatory and immune cells several hours after allergen exposure (83,84).

Hours after allergen challenge, large number o f eosinophils, lymphocytes 

neutrophils, as well as some basophils are recruited to airway tissues including 

submucosa, epithelium, and airway lumen (85,86). A large number o f  cellular adhesion 

molecules are known to be involved in selective recruitment of the inflammatory cells 

(87,88). Expression o f some of the endothelial adhesion molecules (VCAM-1, ICAM-1, 

and E-selectin) are upregulated by certain cytokines, including TNF and IL-4, which are 

released during the early phase, suggesting that endothelial changes enhance late-phase 

leukocyte infiltration of airway tissues (89,90). In spite o f extensive data about the 

existence of endothelial cell/leukocyte adhesion molecule pairs, the extent to which their 

expression has an impact on the course o f asthma and allergic rhinitis awaits 

confirmation (91,92). Currently, expression of VCAM-1 appears to be upregulated in

13
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those with allergic inflammation after allergen challenge (93). The accumulation o f 

eosinophils in airway tissue and the release of their mediators are known to be a 

prominent component o f the late-phase response. Eosinophils, like mast cells, appear 

generate a variety o f pro-inflammatory mediators as well as cytolytic enzymes that 

disrupt airway epithelial cell integrity (94,95) (fig. 4).
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Fig. 1.4 : The current paradigm o f the pathogenesis o f both early and late phase asthmatic 

responses (copied with permission from an original figure by Dr. Redwan Moqbel).
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II. Eosinophils

1. Introduction and historical perspective

Using a compound microscope and the blood o f several animals, the English 

anatomist, T. W. Jones, in 1846 discovered that some white blood cells contained 

granular structures that became visible when immersed in hypotonic solutions (96). 

Although, it has been claimed that Jones had discovered the eosinophil (97), more likely 

he visualized the more abundant neutrophil (98). In the latter decades o f the 19th century, 

perhaps Brown was the first to detect eosinophils in the blood and bone marrow of 

patients with eosinophilic leukemia yet. the lack of appropriate dyes and staining 

techniques at that time prevented formal identification (99). About 120 years ago Paul 

Ehrlich (100) noticed that a certain population o f white blood cells stained with a 

negatively charged, brominated fluorescein compound, eosin. Therefore, he named this 

population of white blood cells “eosinophil". Decades later. Ehrlich received full credit 

for the discovery of the eosinophil.

During the next several decades, much was learnt about the biology of eosinophils 

including their critical role in host defense and allergic diseases (101,102). Elevated 

numbers o f eosinophils were associated with atopic dermatitis (103), allergic rhinitis 

(104). asthma (105), and helminth infections (106). The number of eosinophils was also 

markedly increased in animal tissues after acute anaphylaxis (107). The role o f the 

eosinophil in anaphylaxis remained the dominant explanation for eosinophil function 

from the early part of 20th century until the 1980s. It is now recognized that the 

eosinophils synthesize, store and secrete a number of cytotoxic mediators able to kill 

helminths (at least in vitro), damage mucosal tissues and cause disease.
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2. Eosinophil morphology and ultrastructure

Eosinophils are end differentiated leukocytes derived from the bone marrow, and 

have been identified in many mammalian and non-mammalian species. Human 

eosinophils are approximately 10-15 pm in diameter, with bilobed or trilobed nuclei and 

several distinct characteristics that distinguish them from other granulocytes (108.109). 

The synthetic structures o f eosinophils (Golgi apparatus and endoplasmic reticulum) are 

markedly reduced over their immature precursors. A prominent feature o f the eosinophil 

is the presence o f a large number o f granular structures that occupy approximately one- 

fifth o f the cytoplasm. In addition to nonmembrane-bound lipid bodies, cytoplasmic 

secretory granules o f at least three types (secondary granules, small granules and primary 

granules) have been characterized in eosinophils (110,111). Eosinophil secretory granules 

provide a major means for the ultrastructural identification o f eosinophils. Indeed, the 

first morphological marker of the eosinophil is the appearance o f granules that are visible 

at the promyelocyte stage (112). Further, the emergence o f crystalloid core-containing 

secondary granules in small numbers in immature precursors allows the assignment o f 

such cells to the eosinophil lineage (113) (fig. 5).
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Eosinophil Mediators
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Fig. 1.5: Eosinophil-derived mediators. (Modified with permission from a schematic 

design by Dr. Redwan Moqbel)
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3. Eosinophil granules

A. Specific secondary (crystalloid) Granules

In human peripheral blood eosinophils, specific granules are bicompartmental, 

membrane-bound, spherical structures with a centrally located crystalline core 

compartment surrounded by an outer matrix compartment (110). Using immunogold 

staining, a number of preformed proinflammatory cytokines/chemokines and cationic 

eosinophil mediators have been localized to the specific granules. Major basic protein 

(MBP). a cytotoxic protein known to damage a wide variety o f mammalian cells 

(114.115) and parasites (116-118), is predominantly present in the core compartment 

(119); while, eosinophil-derived neurotoxin (EDN), eosinophil cationic protein (ECP), 

and eosinophil peroxidase (EPO) reside in the matrix compartment (119,120). Specific 

granules, containing multiple cores, have also been visualized (121), but their occurrence 

is relatively rare (fig 6).
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(ECP, EDN, EPO, IL-5, IL-6, RANTES, plus many other cytokines)

Fig. 1.6 : The specific (crystalloid) granule o f eosinophils. (Modified with permission 

from a schematic design by Dr. Redwan Moqbel)
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B. Primary Granules

Primary granules are roughly spherical, of variable size, and contain no 

discemable core. They account for approximately 5% o f all eosinophil granules. In resting 

eosinophils, primary granules provide the sole location for the Galectin- 10 (Charcot- 

Leyden Crystals CLC) (122). These are colorless and have a characteristic hexagonal, 

bipyramidal structure with intrinsic lysophospholipase activity (123). Although, CLC 

protein possesses lysophospholipase activity, its role(s) in eosinophil or basophil function 

or associated inflammatory responses has remained speculative. The overall structural 

fold o f CLC protein is highly similar to that of galectins -1 and -2, members o f an animal 

lectin family formerly classified as S-type or S-Lac (soluble lactose-binding) lectins. In 

activated cells, trace amounts of CLC have been identified within the nucleus and 

cytoplasm, implying that this protein can be released intracellularly (124).

C. Small Granules

These small structures (<0.5 pm) have been identified in human tissue 

eosinophils, but are not seen within circulating cells or those in the bone marrow (125). 

They have been shown to contain arylsulphatase-B and acid phosphatase by cytochemical 

studies (125), and only one immunogold analysis has localized catalase to these granules 

(126). Thus, their function may be similar to that o f lysosomes and peroxisomes in other 

cells.

D. Lipid bodies

Lipid bodies represent specialized intracellular domains that form rapidly in 

response to agents that activate protein kinase C. Lipid bodies are large, non membrane- 

bound structures o f lipid that are present in small numbers (approximately five per cell) in
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mature eosinophils. Their number increases in activated cells (127). Lipid bodies are 

spherical (0.5-2 pm in diameter), electron-dense organelles that provide a principle site of 

storage for arachidonic acid (AA), which is esterified into glycerophospholipids (128). 

Furthermore, lipid bodies serve as sites at which the coordinated and regulated enzymatic 

events involved in arachidonate mobilization and oxidative metabolism could occur. 

Eosinophils and Asthma

There is a substantial body of evidence indicating the recruitment o f eosinophils 

into the airways o f asthmatic individuals, which is regulated by

T-cell-derived products (fig. 3). The infiltration of the airways with eosinophils has been 

shown to occur in mild atopic as well as non-atopic asthma (129,130). A large numbers 

of eosinophils have been shown to surround the bronchi in patients who have died o f 

asthma (131,132). Eosinophil-derived granule cationic proteins have been detected in 

bronchoalveolar lavage (BAL) fluid of both symptomatic and asymptomatic asthmatic 

subjects (132,133).

The increased presence o f eosinophils within asthmatic lungs and their activation 

has been associated with allergen induced early and late phase response as well as 

occupational asthma to various inciting agents (134-136). Within the airways of 

asthmatics, eosinophils are believed to release a number of proinflammatory granular 

cationic proteins including MBP, ECP, EPO and EDN. These cationic proteins have been 

associated with some of the pathophysiologic aspects of asthma, including cellular 

cytotoxicity, mast cell and basophil degranulation, and mucus hypersecretion (137). 

Although, elevated levels o f each of the four cationic proteins can be detected in the 

bronchoalveolar lavage fluid o f asthmatic individuals, only MBP has been shown capable
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of provoking both bronchoconstriction and airway hyperreactivity in primates (138). The 

cytotoxic properties of MBP toward respiratory epithelium (139), together with 

localization o f MBP at the sites o f bronchial damage (140), led to a widely held belief 

that the cytotoxicity is responsible for the pathogenic consequences of MBP in asthma 

(fig. 7).

Although a large number o f studies have highlighted a critical role for eosinophils 

in airway hyperresponsiveness and the late asthmatic response, a recent study which 

examined the effects of a humanized IL-5 blocking monoclonal antibody on eosinophil 

numbers, airway hyperresponsiveness, and the late asthmatic response, questioned the 

role o f eosinophils in the asthmatic response (141). In this study the effects o f anti-IL-5 

on blood and sputum eosinophils, airway hyperresponsiveness, and the late asthmatic 

reaction to inhaled allergen in patients with mild asthma have been assessed. The authors 

suggested that while anti-IL-5 induced a significant reduction in the sputum and 

peripheral blood eosinophilia, it did not produce significant effect o f the late asthmatic 

response or airway hyperresponsiveness to histamine. This controversial study is 

interesting but has a number o f flaws that prevents unambiguous conclusions. Particularly 

the study was underpowered by sample size, and the patient selection was very 

restrictive. Finally, the study confined the investigation to effects o f anti-IL-5 antibody to 

peripheral blood and sputum eosinophils, without looking at tissue eosinophils. Further 

and better-designed studies are needed to elucidate the role o f  eosinophils in asthma.

Even though eosinophils may have a wide spectrum of functions, it might be difficult to 

conclude their role in asthma.
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Fig. 1.7: Role of eosinophils in the pathogenesis of asthma (copied with permission from 

an original figure by Dr. Red wan Moqbel & Andrew J. Wardlaw).
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III. Eosinophil Growth and Differentiation 

Introduction

Eosinophils are specialized proinflammatory cells that arise in the bone marrow 

and traffic via the blood to various mucosal sites where they are believed to exert their 

effector functions. Selective activation o f eosinophi(-differentiation pathways in the bone 

marrow may be an important event in the development and maintenance o f  allergic 

inflammatory responses. A large number o f studies, which have tried to elucidate the 

underlying mechanisms and pathways leading to eosinophil differentiation, have 

provided further means for therapeutic interventions in allergic inflammation.

Hemopoietic stem cells (HSCs) are the earliest recognizable inflammatory cell 

precursor in the bone marrow. HSCs are defined by their capacity for long-term self­

renewal and differentiation along multiple lineage pathways (142). The development o f 

mature hemopoietic cells from these pluripotent HSCs involves a regulated progression 

through lineage commitment, terminal differentiation and growth arrest (143). 

Cytokines/growth factors, as well as exogenous stimulation have been shown to be 

associated with the self-renewal and lineage commitment o f HSCs. It has been shown 

that a controlled proliferation o f primitive cells follows the fate determining stochastic 

mechanisms (144-147). A commonly used marker in identifying and isolating the 

progenitors is the CD34 antigen. CD34 is a monomeric, transmembrane 

glycophosphoprotein, whose expression within the hemopoietic system is restricted to 

early lymphohemopoietic stem cells and progenitors (148-149). CD34 may play an 

important role in progenitor cell adhesion and activation within the bone marrow stromal 

compartment (150).
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Myelopoiesis

Eosinophils and neutrophils are derived from a common myeloid progenitor 

lineage known as the CFU-GEMM (colony forming unit-

granulocyte/erythroid/macrophage/megakaryocyte), which can further differentiate to 

GM-CFU (Granulocyte/Macrophage-coIony forming unit) and Eo/B-CFU 

(Eosinophil/Basophil-colony forming unit). These two progenitor types are the earliest 

recognizable progenitors that can be identified using semisolid culture techniques. At 

least four different cytokines are known to induce the differentiation o f GM-CFU into 

mature neutrophils, macrophages or both. These include IL-3, GM-CSF, G-CSF and M- 

CSF (151,152).

Eosinophilopoiesis

Eosinophil turnover, or eosinophilopoiesis, occurs almost exclusively in the bone 

marrow although additional sites o f production can include the spleen, thymus, and 

lymph nodes. The ultimate commitment o f the stem cells to unipotential progenitors, and 

their subsequent survival and expansion into the mature eosinophils, has been studied 

extensively. However, a complete understanding of the factors and processes by which 

this occurs is still lacking. The eosinophil and basophil share a common late stage 

progenitor (Eo/B CFU), evidenced by shared content of the major granule proteins and 

proteoglycans (153-157), and the occurrence o f various forms of transition between the 

two cell types (153-155, 158). IL-3, IL-5 and GM-CSF have been shown to regulate the 

commitment to the eosinophil and basophil lineages (159,160). IL-5, which acts on a late- 

stage progenitor, specifically supports the terminal differentiation o f the eosinophil and 

basophil (161,162). While there is some evidence that IL-3 alone may support
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differentiation along the basophil lineage, this cytokine has not been shown to be as 

specific as IL-5 (163). Several growth factors such as G-CSF and stem cell factor (SCF). 

that are not specific for eosinophil lineage, are thought to act on early eosinophil 

progenitors in a synergistic fashion (164,165). IL-3, but not IL-5, can induce colony 

formation from CD34+ progenitors. However, only when these cells are grown first in IL- 

3 followed by IL-5, do eosinophil colonies emerge (164) (fig. 8).
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Granulogenesis

The morphologic characteristics of eosinophilopoiesis and the ontogeny o f the 

formation o f crystalloid granule have been partially investigated by analysis o f eosinophil 

progenitors with use o f electron microscopy and in vitro culture systems (166). This 

included the description o f early commitment to the eosinophil phenotype by the 

appearance o f numerous large immature granules in the cytoplasm (166). It has been 

reported that maturation o f  the crystalloid granules, in immature human eosinophilic 

myelocytes (in vitro culture system), may be accompanied by the formation of structures 

containing large irregular blocks o f dense core materials surrounded by irregular, rope­

like materials. Condensation of theses structures leads to the formation o f central cores 

that are often irregularly shaped (167). The observation that immature granules appear 

during early eosinophil development was confirmed in later studies showing pro-MBP 

messenger RNA and protein expression in developing eosinophils in vitro, which 

localized to large immature granules containing “hollow” electron-lucent cores (168). 

None of these studies, however, examined the expression and pattern o f granule storage 

o f cytokines, in parallel with cationic proteins, in differentiating eosinophils.

Regulation of Eosinophilopoiesis

Activation of specific hemopoietic pathways in the bone marrow may contribute 

to the allergic response through increased production and traffic o f lineage- committed 

inflammatory progenitor cells. In turn, lineage- committed progenitor may contribute to 

the disease process through increased production o f key effector inflammatory cells, such 

as eosinophils. Eosinophilopoietic mechanisms involved in allergic inflammatory 

responses, beginning in the bone marrow, can be measured in the peripheral circulation
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and even in tissue compartments. This mechanism can be targeted by anti-allergy 

therapies, indeed, corticosteroid treatment in patients during an asthma exacerbation, 

leads to marked reduction in circulating and bone marrow Eo/B-CFU. Many o f the 

effects o f  inhaled corticosteroids may be due to down-regulation of cytokine generation 

at the site o f allergen challenge, which in turn inhibits signaling to distal sites such as the 

bone marrow. A direct effect o f these drugs, however, on progenitors cannot be excluded 

since there is evidence (both in vitro and in vivo) that low, systemic levels o f 

corticosteroid (1 O'9 M) can block the differentiation o f the Eo/B progenitor in humans 

(169), and of the myeloid progenitor in dogs (170).

IV. Eosinophil-Derived Mediators 

Introduction

It is now known that eosinophils synthesize, store and release a wide spectrum of 

proinflammatory mediators. The effector and regulatory functions of eosinophils are 

thought to be widely associated with eosinophil-derived proinflammatory mediators. 

Eosinophil-derived mediators include preformed basic proteins, de novo synthesized 

phospholipids, cytokines, various enzymes including proteases, and products o f oxidative 

metabolism.

Eosinophil Granule Cationic Proteins

Eosinophil crystalloid granules contain four basic proteins known as major basic 

protein (MBP), eosinophil derived neurotoxin (EDN), eosinophil cationic protein (ECP), 

and eosinophil peroxides (EPO). As the name implies, MBP accounts for the majority 

(50%, approximately 250 pg/cell) o f the granule protein found in guinea pig eosinophils
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and was named for that fact (171). Detailed molecular studies suggest that MBP is 

translated as a more neutral prepro-protein, to protect the cell from the toxic actions o f the 

mature form, before it is taken up into the secondary granules and processed. Indeed, 

evidence now exists that pro-MBP is converted into mature MBP within granules during 

the process o f eosinophil differentiation.

Recently a novel homolog of MBP has been also identified in human eosinophil 

granules. Although, it has similar biological activity to MBP, it is considerably less 

abundant and does not interact with MBP in a synergistic manner with respect to its 

cytotoxicity. Its role in eosinophil-driven histopathology is not yet known (172).

MBP is a 13.8-kDa arginine- and cysteine-rich polypeptide composed o f 

117 amino acids that feature alternating hydrophobic and hydrophilic sequences (173). 

MBP has the potential to act in a paracrine manner to modify the activity o f other 

eosinophils. At low, non-cytotoxic concentrations, MBP is as effective as secretory IgA 

in evoking the exocytosis o f EDN (174) and is also known to be a potent degranulator of 

basophils. Moreover, MBP is a helminthotoxin and cytotoxin and has been shown to 

possess bactericidal activity. The ability of MBP to damage target cells is due to its 

ability to increase membrane permeability through surface charge interactions rather than 

by the formation of distinct pores (175).

Unlike MBP, other cationic proteins (ECP, EDN and EPO) are predominantly 

stored in the granule matrix surrounding the core (176,177).

ECP, a zinc-rich single-chain peptide, has a molecular mass ranging between 

16 and 21.4 kDa. (178). It shows a weak RNase activity, and exhibits a number o f  other 

properties. In addition to being bactericidal and helminthotoxic, ECP promotes the
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degranulation o f mast cells (179,180). Even though, the action mechanism o f ECP has not 

been studied in detail, it is believed that ECP exerts many o f its effects by creating 

functional pores or channels that cross the plasma membrane o f  the target cells, which are 

neither voltage nor ion-sensitive (181). Interestingly, it has been shown that the 

cytotoxicity o f ECP is not apparently dependent on its RNase activity (182).

EDN is an 18.5-kDa, single-chain polypeptide (179,183) with a pi o f (8.9), which 

is approximately 10 to 100 times more acidic than either human MBP or ECP, due to a 

relatively lower number of arginine residues in the protein, which probably accounts for 

its reduced cytotoxicity (184). EDN is known to have relatively poor helminthotoxin and 

cytotoxin effects, and similar to ECP, possesss neurotoxic activity (185). The toxic 

effects o f EDN have been linked to its marked and potent ribonuclease activity; 

nevertheless, it is not sufficient to account totally for its neurotoxicity (186). The high 

level of RNase activity associated with EDN suggests an additional but, as yet, undefined 

physiological function for the eosinophils.

EPO is a haem-containing protein composed of two subunits; a heavy chain of 

some 50- to 57-kDa and an 11- to 15-kDa light chain (187). The general consensus is that 

EPO is produced as a 79.5-kDa prepro-protein which is cleaved twice: first, by removal 

of the 13.8 kDa "pro" sequence to form an intermediate, and again resulting in two highly 

basic fragments corresponding to a light (12.7 kDa, pi = 10.8) and a heavy (53 kDa, 

pi = 10.7) chain (188). These chains may reassemble to form native EPO composed o f a 

two-chain monomer or, possibly, a four-chain dimmer. Once released, EPO can elicit a 

number o f effects, some of which are protective while others are potentially destructive.

In particular, EPO inactivates peptido- leukotrienes and converts LTC4 to a\\-trans
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isomers of LTB4 LTB4 is similarly inactivated by EPO but at a much slower rate (189). 

EPO also is bactericidal and in the presence o f hydrogen peroxide and bromide, can 

catalyze the formation of hypobromous acid and the highly reactive singlet oxygen (190). 

Lipid Mediators

Eosinophils have the capacity to synthesize an array o f phospholipid-derived 

mediators that have widespread biological and pharmacological actions. Some o f the 

more important products include PAF, LTC4, prostag!andin-E2 (PGE2), thromboxane-B2 

(TXB2), and lipoxin-A4 (LXA4 ). Lipid mediators play an important role in the 

pathogenesis o f inflammatory and allergic response. Indeed, inhibiting the function of 

leukotrienes and 5-lipoxygenase (5-LO) and 5-LO-activating protein (FLAP), which are 

key proteins necessary for Ieukotriene synthesis, have been considered in therapeutic 

strategies (191,192).

Lipid mediators are generally divided into two major classes: metabolites of 

arachidonic acid, and 2-acetylated phospholipids, the best characterized o f which is PAF 

(193). In most mammalian cells, the arachidonic acid and 2-acetylated phospholipids are 

synthesized from common precursor, 2 -arachidonoyl-glycerophospholids that are normal 

constituents o f the cell membrane (194,195) (fig. 5).

Human eosinophils are not only an important source o f lipid mediators but also a 

major target o f lipid mediators. In addition to their effect on various eosinophil functions, 

lipid mediators ofien influence their own production and release.

Eosinophil-derived cytokines, chemokines and growth factors

It is now clear that eosinophils synthesize up to 25 cytokines, chemokines, and 

growth factors, many of which are stored in their crystalloid granules (196,197). The
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recognition o f cytokines/chemokines syntheses by eosinophils has led to a significant re- 

evaluation o f their potential regulatory role in allergic inflammation. This is specially 

evident with regard to prolongation o f allergic responses, activation o f local 

inflammatory cells, and induction o f further inflammatory cell infiltration from the blood 

into mucosal tissues such as the airways. The wide array of cytokines produced by 

eosinophils suggests that they may have the capacity to either exacerbate or modulate the 

inflammatory response. The majority o f cytokines produced by eosinophils are likely to 

augment or maintain the Th2-like allergic reaction, particularly IL -la  (198), IL-2 (199), 

IL-3 (200), IL-4 (201), IL-5 (202), IL-6 (203), IL-9 (204), IL-10 (205), IL-16 (206), and 

GM-CSF (207).

In addition to the synthesis and release of regulatory cytokines, eosinophils also 

synthesize and release a number of chemokines, including eotaxin (208), M IP-la (209), 

and RANTES (210), which may regulate the infiltration and recruitment o f eosinophils 

and lymphocytes to the site o f allergic inflammation. Eotaxin, an eosinophil-specific 

chemokine, is involved in chemoattraction of eosinophils and has been shown to be a 

highly specific and potent agonist for the induction of an eosinophilic influx during 

allergic response (211). Other chemokines produced by eosinophils including RANTES 

and M IP-la, may be important regulators o f local inflammatory response by exerting 

chemoattractant effects on leukocytes (212,213). RANTES is also known to induce 

eosinophil activation, degranulation and superoxide generation along with its effects on 

eosinophils chemotactic activity (214-216).

Eosinophil-derived growth factors are likely to contribute to the pathogenesis of 

allergic inflammation. Eosinophil-derived growth factors include, interferon-y (IFNy)
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(217), GM-CSF (218). transforming growth factor a /p  (TGFa/p) (219), tumor necrosis 

factor (TNF) (220). heparin-binding epidermal growth factor (HB-EGF) (221), nerve 

growth factor (NGF) (222), and SCF (223) (fig. 5).

V. Eosinophil Exocytosis and M ediator Release

Upon activation and recruitment to the site o f inflammation, eosinophils have 

been shown to release their granule content to extracellular space. Various molecular 

mechanisms have been shown to underlie the eosinophil mediator release.

Cytolysis, Compound exocytosis, and Piecemeal Degranulation

Three mediator release patterns have been described in eosinophils; cytolysis or 

necrotic release, compound exocytosis, and piecemeal degranulation (PMD). Cytolysis is 

highlighted by degeneration o f eosinophils and the loss of membrane integrity, which 

further leads to the release of intact granules to the extracellular space. There is evidence 

to suggest that eosinophil lysis and distribution o f free eosinophil granules (as opposed to 

'classical degranulation') is an important mechanism by which eosinophils affect their 

surroundings (224). Disrupted necrotic eosinophils have been observed ultrastructurally 

in the IgE-mediated late-phase reaction, (225) and also in skin lesions in the 

hypereosinophilic syndrome (226) and bullous pemphigoid (subepidermal blistering 

autoimmune disease o f  the elderly) (227) (fig. 9).

In compound exocytosis, a number of granules fuse intracellularly to form a large 

degranulation chamber or cavity, which in turn fuses with the cell membrane before 

discharging the contents to extracellular space (228) (fig. 9).
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In physiological conditions, a more commonly observed mode of exocytotic 

mediator release in eosinophils, is PMD whereby stored mediators are selectively 

released from an intragranular pool leaving portions or all o f the granules empty in the 

intact cell (229,230). PMD is characterized by the presence o f a large number o f small 

secretory vesicles in the cytoplasmic compartments, along with translucent crystalloid 

granules highlighted by their partial loss o f content. In PMD, small secretory vesicles are 

thought to either bud from larger crystalloid granules to fuse with the plasma membrane, 

or are found within a separately mobilizable pool in the cytosol. The stimulation o f these 

vesicles may result in selective release o f granule mediators, including stored cytokines. 

Ex vivo studies have provided compelling evidence that the majority (67%) o f tissue 

eosinophils undergo a PMD-type release in inflamed airways (231). Physiological 

evidence that eosinophils undergo selective PMD has been provided in studies showing 

that two eosinophil granule proteins, ECP and EDN, are differentially released during 

stimulation by complexes o f different immunoglobulin subclasses (232,233) (fig. 9).
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Modes of degranulation in eosinophils
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Fig. 1.9 : Three proposed modes o f degranulation in human eosinophils. (Modified with 

permission from a schematic design by Dr. Redwan Moqbel)
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SNARE fusion complex in eosinophil exocytosis

In yeast and neuronal cells, a highly homologous set of membrane-associated 

complex o f proteins, known as SNAREs (SNAP Receptors), appears to regulate vesicular 

fusion. SNAREs were originally identified by their ability to bind the cytosolic fusion 

complex proteins SNAP (soluble NSF attachment protein) and NSF (N-ethylmaleimide 

sensitive factor)(234). SNARE proteins are subdivided into two functional groups: 

vesicular SNAREs (v-SNAREs) found on vesicular membranes, and target SNAREs (t- 

SNAREs), located on the target membrane. In neuronal cells, vesicle associated 

membrane protein-1 (VAMP-1) is one o f  the v-SNAREs, while syntaxin-1 and 

synaptosome-associated protein o f 25 kDa (SNAP-25), located on the plasma membrane 

are postulated t-SNAREs. These potentially critical molecules for granule docking and 

fusion pore formation mediate granule-plasma membrane fusion leading to the extrusion 

of granule contents to the exterior o f the cell (234). A functional SNARE complex is 

essential for neuronal cell exocytosis. The clostridial neurotoxins, tetanus (TeNT) and 

botulinum toxin serotypes (BoNT/A, B, C, D, E. F, and G), all of which contain zinc 

endopeptidase activity, inhibit exocytosis, by cleaving individual SNARE proteins 

specifically, thus, preventing their assembly as SNARE complexes (235,236). The 

pathological effects of TeNT and BoNT holotoxins are confined to neuronal cells since 

their heavy chain components require a ganglioside-binding site on the cell membrane, 

which is lacking in non-neuronal cells. These effects are most likely to be responsible for 

the spastic and flaccid paralysis induced by TeNT and BoNT toxin poisoning, 

respectively. SNARE isoforms have also been identified and shown to be a critical
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component o f vesicular trafficking not only in exocytosis, but also in ER to Golgi 

(237,238). intra-Golgi (239), and endocytic transport (238).

More recently, new isoforms of SNAREs (VAMP-2, syntaxin-4 and SNAP-23) 

have been described in cells outside the nervous system, including mast cells, neutrophils 

and platelets (240). SNARE proteins have been implicated in translocation o f GLUT-4 

containing vesicles to the plasma membrane in insulin responsive tissues such as fat and 

muscle (241,242) and a role for SNARE proteins in exocytosis has also been identified in 

hemopoietic cells. Degranulation of mast cells (243,244) and platelets (245-247) appears 

to be dependent on SNAREs. In addition, treatment of macrophages with tetanus toxin 

prevents lysozyme secretion (248). Thus, SNARE molecules may be central to the 

process o f exocytosis in eosinophils. Understanding the physiological role and activity of 

SNAREs in eosinophil mediator release may contribute to the development o f new 

therapeutic strategies and at the current time members of our group are investigating the 

expression and function of members o f SNAREs family in human eosinophils (fig. 10).
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Fig. 1 .10: Proposed model for SNARE molecules in exocytosis and granule docking.
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Tetraspanin, CD63, in Eosinophil Exocytosis

The cell membrane is rather like an ocean afloat with many cell surface proteins, 

some in motion, while others are anchored to the cytoskeleton. Each individual protein 

may be capable o f executing certain tasks (signaling, adhesion, exocytosis, etc.). It has 

been o f extreme interest to scientists, however, to reveal the mechanisms and molecules 

involved in organization of these dissimilar cell surface proteins into functional mobile 

complexes, capable o f united functions that they could not carry out as single molecules. 

There is a growing body o f evidence suggesting that the members o f an emerging family 

of proteins, the tetraspanins or transmembrane-4 superfamily (TM4SF), may serve just 

such an organizing function. Their ability to interact with many other signaling molecules 

and participate in activation, adhesion, and mediator release could all relate to the 

tetraspanin role as “molecular facilitators’’ that group together large molecular complexes 

and allow them, through stabilization, to function more efficiently (249,250).

Basic structural motifs o f tetraspanins include the presence o f four hydrophobic, 

putative transmembrane domains (TM1-TM4), forming a small and a large extracellular 

loop (ECl and EC2), with short intracellular amino and carboxyl tails. These highly polar 

transmembrane-region residues may interact intramolecularly and play a part in the 

folding o f the molecule; alternatively they may form intermolecular bonds and be 

involved in the assembly of complexes with other transmembrane molecules. In contrast 

to the hydrophobic domains, the extracellular domains o f the family show a great deal of 

divergence in terms o f length, sequence and degree of glycosylation.

Some tetraspanins have a nearly ubiquitous tissue distribution (CD9. CD63,

CD81, CD82) whereas others are highly restricted, for example, to lymphoid and myeloid
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cells (CD53) of mature B cells (CD37) (249,250). Most TM4SF proteins can be found on 

the plasma membrane, and several are located in cell lameliopodia and filopdia, 

consistent with their role in motility (251,252). Many TM4SF proteins including CD9, 

CD37, CD53, CD63, CD81, CD82 and CD151, are also found in intracellular granules 

and vesicles (253-258). Although, the data currently available largely suggest a role for 

this superfamily in the regulation of cell development, proliferation, activation, adhesion 

and mediator release, the precise biochemical function o f the TM4SF is not known (259- 

262).

CD63, previously known as lysosome-associated membrane protein-3 (lamp-3) and 

granulophysin (263,264), is a widely expressed glycoprotein member o f the tetraspanin 

superfamily present on the surface o f platelets, basophils, monocytes, macrophages and 

neutrophils (265-268) (fig. 11). The CD63 protein, utilized as a marker for lysosomal- 

type vesicles, contains a 'Gly-Tyr' lysosomal-targeting motif not found in other TM4SF 

proteins (269). CD63 is also known to be expressed in human eosinophils (270,271).

Since antibodies to CD63 inhibit the binding o f monocytes to serum-coated 

plastic and also prevent the adhesion o f neutrophils to endothelial cells (272). it has been 

proposed that CD63 may couple to intracellular signal transduction pathways and have a 

role in cellular adhesion. In endothelial cells, CD63 was identified as a component o f  

Weibel-Palade bodies (273). These secretory granules undergo exocytosis upon 

appropriate stimulation. Interestingly, the adhesion protein, P-selectin and the von 

Willebrand factor also colocalize with CD63 to the Weibel-Palade bodies (273). Other 

studies have demonstrated that antibodies to CD63 induce neutrophil adhesion, which is 

probably mediated by LFA-1 (leukocyte function antigen) since antibodies to LFA-1 and
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Ca2+depletion block CD63 mediated adhesion (274). CD63 has also been shown to 

associate with tyrosine kinase activity in neutrophils (Src, Lyn and Hck) (269,275).

A number o f other studies associated CD63 with early stages o f melanoma. 

Interestingly, CD63 is strongly expressed on the cell surface in the primary stages of 

melanoma, but is weaker, or absent in the more malignant stages and in normal 

melanocytes (276,277). This has led to speculation that CD63 may limit the progression 

o f melanoma. Studies on CD63-transfected 3T3 fibroblasts have shown that CD63 

suppresses their growth in nude mice (278). These results have been further confirmed by 

studies showing that transfection o f CD63 into human melanoma cells suppressed their 

growth and metastasis in nude mice whilst having no effect on the growth of melanoma 

cells in vitro (279). An association between CD63 with CD9 and CD81 in melanoma has 

been also demonstrated, which supports the idea that CD63, CD9 and CD81 may form a 

complex in the surface membrane o f melanoma cells (280). The formation of these 

complexes is consistent with the view that the TM4SF molecules in general are involved 

in signal transduction. CD63 together with other members o f TM4SF including CD9, 

CD81 and CD151, have been shown to specifically form a complex with 

phosphatidylinositol (PI) 4-Kinase. CD63-PI 4-kinase complexes were shown to almost 

entirely localize to intracellular space, and thus are considered distinct from other 

TM4SF-PI 4-kinase complexes (e.g. involving CD9), which are largely located in the 

plasma membrane. This may suggest that a specific subset o f TM4SF proteins may 

recruit PI 4-kinase to specific membrane locations, and thereby influence 

phosphoinositide-dependent signaling (281).
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There are further studies that associate CD63 with mediator release. In basophilic 

cells, the specific anti-CD63 antibody ADI was shown to inhibit IgE-mediated histamine 

release (282). By immunoprecipitation, CD63 was shown to have close physical 

association with the FceRl in basophilic cells and a number of anti-human CD63 

antibodies induced granular secretion from transfected rat basophilic leukemia (RBL) 

cells (283). CD63 may be sequestered in intracellular granules, prior to their translocation 

to the membrane during cell activation (284). In resting neutrophils, CD63 localizes to 

the membrane of azurophilic granules, while upon stimulation it translocates to the 

surface membrane (268). A similar phenomenon has been also shown in platelets and 

while, in resting platelets CD63 is present in dense granules and lysosomal membranes, 

following platelet activation, it translocates to the plasma membrane (285). Clearly there 

are a number of studies on CD63 function in various leukocyte populations, but its 

functions in human eosinophils yet to be known.
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Fig. 1.11: Molecular structure o f tetraspanin CD63, EC1 (extracellular loop 1), EC2 

(extracellular loop 2), TM1-TM4 (transmembrane domains), IC (intracellular domain), N 

(N terminus), C (C terminus).
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VI. Sum m ary

Eosinophils are major effector cells in allergic inflammatory diseases particularly 

asthma. They have been shown to synthesize, store and release a wide range o f 

proinflammatory mediators some of which are known to damage airway tissues. A large 

proportion o f eosinophil-derived mediators are stored in unique crystalloid granules. 

Upon recruitment to the site o f inflammation and activation, eosinophil-derived 

mediators are released to the extracellular space. Mechanisms underlying mediator 

expression, storage, mobilization and release in eosinophils remain largely unknown.

VII. Hypotheses

We hypothesize that:

1. In the early stages o f eosinophil maturation, eosinophil-derived mediators are 

expressed and stored within structures that further evolve to crystalloid 

granules.

2. Mediators stored within crystalloid granules could be selectively and rapidly 

mobilized and released to extracellular space upon agonist stimulation.

3. CD63 is expressed in eosinophils and is associated with selective mediator 

mobilization and release in agonist-activated eosinophils o f asthmatic 

individuals.

VIII. Objective

I. To identify and optimize necessary techniques in studying mediator expression, 

a nd  localization in human eosinophils.
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2. To determine cytokine and granule protein expression and storage during 

eosinophil maturation from  cord blood-derived CD34+ progenitors.

3. To determine mechanisms underlying selective mobilization and release o f  

intracellularly stored mediators in response to agonist activation in human 

peripheral blood eosinophils.

4. To determine the CD63 expression in resting and agonist-activated human 

peripheral blood eosinophils and its association with selective mediator 

mobilization and release
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Chapter 2

Immunofluorescence analysis of cytokine and granule protein 

expression during eosinophil maturation from cord blood- 

derived CD34+ progenitors1

1 Authors. S. Mahmudi-Azer, J. Velazquez, P. Lacy, B. Bablitz, and R. Moqbel. A version of 
this chapter was published in J. Allergy Clin. Immunol. 2000 105:1178-84.1 contributed to this 
work by carrying out the majority of the experimental procedures, including cytospin 
preparation, immunofluorescent staining and confocal laser scanning microscopy, and also by 
preparing and writing the manuscript.
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Introduction

Eosinophils are prominent cells in allergic inflammation, asthma and host defense 

against parasitic diseases (1 -4). These inflammatory leukocytes are apparently derived 

from myelocytic progenitors in the bone marrow (5,6), which have been shown to be 

CD34+ (7.8). Eosinophils store and release, upon appropriate activation, a wide spectrum 

o f pro-inflammatory mediators including cationic granule proteins; major basic protein 

(MBP). eosinophil cationic protein (ECP), eosinophil peroxidase (EPO), and eosinophil- 

derived neurotoxin (EDN) (1,2). They have also been shown to synthesize up to 23 

cytokines, chemokines and growth factors, many of which are stored in their crystalloid 

granules (9,10). Ultrastructurally, the crystalloid granule is comprised o f two 

compartments, namely an electron-dense crystalline core (internum), and an electron- 

lucent matrix. Mediators have been shown to be differentially stored within these two 

compartments; thus while MBP (11,12), GM-CSF (13), and IL-2, (14), have been 

detected in the internum, ECP, EDN, EPO (1,11), together with a number o f other 

cytokines and chemokines including IL-5 (15), IL-6 (16), RANTES (17) and TNFa (18) 

appear to be stored within the granule matrix.

Recombinant human interleukin 3 (rhIL-3) and interleukin 5 (rhIL-5) are known 

to induce the differentiation o f maturing eosinophils from isolated progenitors in in vitro 

culture systems (19, 20). Indeed, the morphological characteristics of eosinophilopoiesis 

and the ontogeny of the formation of crystalloid granule have been partially investigated 

by analysis o f eosinophil progenitors using electron microscopy and in vitro culture
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system (21). This included the description o f  early commitment to the eosinophil 

phenotype by the appearance o f numerous large immature granules in the cytoplasm (21). 

The observation that immature granules appear during early eosinophil development was 

confirmed in later studies showing pro-MBP mRNA and protein expression in developing 

eosinophils in vitro, which localized to large immature granules containing “hollow” 

electron-lucent cores (22). None of these studies, however, have examined the expression 

and pattern o f granule storage of cytokines, in parallel with cationic proteins, in 

differentiating eosinophils.

We have recently demonstrated the transcription of cytokines (IL-4 and 

RANTES) in maturing eosinophils cultured from CD34+ progenitors (23). In this study, 

using in vitro culture system and confocal laser scanning microscopy, we aimed to 

investigate the production of IL-6 and RANTES at the protein level, during rhIL-3 and 

rhIL-5-induced eosinophil maturation from CD34" progenitors, and their ultimate storage 

in crystalloid granule-like structures. Our previous studies have shown that confocal laser 

scanning microscopy (CLSM) is a powerful technique in detecting cytokine expression 

and storage in peripheral blood eosinophils (16,17). MBP and ECP were chosen as 

markers o f eosinophil crystalloid granules, while IL-6 and RANTES were representative 

o f eosinophil-derived cytokines and chemokines, respectively.

Our data describe the relationship between the storage patterns o f cytokines 

juxtaposed with cationic granule proteins during the course of eosinophil maturation.

This study provides new insights on mediator expression during in vitro 

eosinophilopoiesis. In addition, for the first time, our study shows that cytokine storage is
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an early event in the natural history o f the eosinophil and not only confined to mature or 

activated cells.

Methods

Isolation and purification o f  C D 3 f cells from  cord blood

Human cord blood samples were provided by Dr. B. H. Mitchell, Prenatal 

Research Center, Royal Alexandra Hospital, Edmonton. AB, Canada. A total o f 25 mL of 

cord blood was diluted 1:4 in PBS and loaded onto a 45-mL Ficoll-Paque (Pharmacia 

Biotech, Inc. Uppsala. Sweden) followed by centrifugation at 400 g  at room temperature 

for 25 min. The upper layer containing mononuclear cells was collected and washed 

twice in 5 mM PBS EDTA. The isolated mononuclear layer was incubated with 

micromagnetic beads coupled to anti-CD34 mAb (QBEND-10) (Miltenyi Biotec GmbH, 

Bergisch Gladbach, Germany) for 30 min, and subjected to positive selection by loading 

the cell suspension on a Mini-MACS separation column (Miltenyi Biotec). CD34+ cells 

were eluted by positive selection after removing the column from the magnetic field. The 

purity o f isolated cells (>95%) was determined using immunofluorescent labeling with 

phycoerythrin-conjugated antibody (anti-HPCA-2; Becton Dickinson, Mississauga, ON, 

Canada) and FACS analysis. The number and viability (>99%) o f purified CD34+ cells 

was determined by trypan blue exclusion.

Semi-solid culture o f  CD34* cells

Purified CD34+ cells were cultured in 35mm Petri dishes (Falcon Plastic, Oxnard, 

CA) at a concentration o f 4xl04 cells/ml in RPMI supplemented with Iscove’s Modified 

Dulbecco's (BioWhittaker, Walkersville, MD), P-mercaptoethanol (lx lO '5 M), penicillin
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(10,000 units/ml), streptomycin (10 mg/ml), 0.3% NaHC03, 20% heat-inactivated FCS 

(Gibco BRL Life Technologies, Ltd. Burlington, ON, Canada), 5 ng/ml rhIL-3 

(Genzyme, Markham, ON, Canada), 2 ng/ml rhIL-5 (Pharmingen, Mississauga, ON, 

Canada), and 0.84% methylcellulose (StemCell Technologies Inc, Vancouver, BC, 

Canada). Cultured cells were maintained at 37 °C in 5% C 0 2, examined at weekly 

intervals and the cytokine concentrations adjusted.

Cell collection and cytospin preparation

Cytospins o f freshly purified CD34+cells and in vitro cultured cells at days 16, 19, 

23 and 28, were prepared by spinning 2xl04 cells suspended in 100 pi 20% FCS in 

RPMI-1640 in a Cytospin 2 centrifuge (Shandon Ltd, Runcom, UK) at 800 rpm for 2 

minutes. Cytospins were air-dried and stored at -20°C until used.

Immunofluorescent labeling (CD34, MBP, ECP, IL-6 and RANTES)

Slides o f purified CD34* and cultured cells (days 16, 19, 23, 28) were fixed for 8 

min in 2% paraformaldehyde in PBS (room temperature) and washed five times in Tris- 

buffered saline (TBS, pH 7.4). Following fixation, cells were blocked using 3% FCS in a 

humidified container for 30 min. After a second washing step, slides were incubated 

overnight with TBS containing 1% mouse monoclonal anti-human MBP (BMK-13, 

generated in-house) at 4°C. Immunoreactivity to MBP was detected by incubating slides 

withl5 pg/mL Rhodamine (TRITC)-labeled goat anti-mouse antibody (Jackson 

ImmunoResearch Laboratories Inc, West Grove, PA) for 2 h. Following another washing 

step, slides were blocked again for 2 h using 50 pg/mL goat anti-mouse IgG fab fragment 

(Molecular Probes, Eugene, OR) and double-labeled with one of the following: primary
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mouse monoclonal anti-human ECP (EG2), (2 (ig/mL, Kabi Pharmacia, Newington, NH), 

anti-human IL-6 (2 pg/mL) (R&D Systems, Minneapolis, MI), anti-human RANTES (5 

jag/mL) (R&D Systems) overnight at 4°C. Immunoreactivity against ECP, IL-6 and 

RANTES were visualized using 20 pg/mL BODIPY FL-conjugated goat anti-mouse 

antibody (Molecular Probes). In double immunofluorescent staining of cytospins o f 

purified CD34* cells, phycoerythrin-conjugated anti-CD34 (10 pg/mL) (Becton 

Dickinson) was used to detect CD34 expression, and BODIPY-FL conjugated secondary 

antibody (20 pg/mL) was used to detect immunoreactivity for MBP, ECP, IL-6 and 

RANTES. Mouse IgGl (R&D Systems) at equivalent concentrations was used as the 

isotype control. After a final washing step, 10 pi o f  the antibleaching agent, (0.4% n- 

propyl gallate (Sigma, Oakville, ON, Canada) in 3:1 glycerol: lOxTBS) was applied to 

the slides before coverslip attachment.

Confocal laser scanning microscopy

Immunofluorescent staining of freshly purified CD34+ and developing eosinophils 

was examined using a Leica confocal laser scanning microscope as indicated in earlier 

reports (16,17).

Results

Immunofluorescence o f  cytokines in purified cord blood-derived CD34* cells

We examined the immunoreactivity of freshly prepared CD34+ cells purified from 

human cord blood within 12 h of collection. Immunofluorescence studies in double­

labeled cells showed no detectable immunoreactivity against ECP (Fig. 1 U), MBP (Fig.

1 V), IL-6 (Fig. 1 W) and RANTES (Fig. 1 Z), in cells positive for CD34. Interestingly,

89

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



although our earlier study (23) indicated that cord blood-derived CD34+ cells express 

mRNA for RANTES, our immunofluorescent staining suggested that the translated 

protein for RANTES was undetectable. This was in contrast to CD34+-derived maturing 

eosinophils produced in culture from day 16 onward, which exhibited positive 

immunoreactivity to MBP, ECP, IL-6 and RANTES.

Immunofluorescent staining characteristics o f  maturing eosinophils

To examine the expression and storage o f granule cationic proteins (MBP, ECP) 

together with cytokines (IL-6, RANTES) and to characterize the immunostaining pattern 

o f colonies collected from selected time points, cytospins o f cultured cells on days 16, 19, 

23 and 28 were prepared and double-labeled with BMK-13 followed by EG2, anti-human 

IL-6 or anti-human RANTES. Images taken from isotype controls (Figure 1 Q-T) 

demonstrate that there was negligible autofluorescence or nonspecific binding in these 

samples. In these figures, isotype control images were visualized by artificial 

enhancement o f the images.

Immunofluorescent staining o f  developing eosinophils with anti-MBP and anti-ECP 

Analysis o f the developing eosinophils immunoreactivity for MBP and ECP at 

day 16 indicated that most o f the cells were mononuclear in appearance with a large 

nucleus and diffuse immunostaining. As shown in Fig. 1, the pattern o f immunoreactivity 

to MBP and ECP displayed a number o f large granule-like structures suggesting that 

these may localize to immature granules. The majority o f these granule-like structures 

was spherical in appearance, and exhibited intense immunoreactivity against MBP and 

ECP, which mostly localized to the periphery o f these structures (Fig. 1 A-D). At this 

stage of culture, ECP predominantly co-localized with MBP, which resulted in the
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appearance o f yellow color in the combined image (Fig. 1 C and D). At day 19, maturing 

eosinophils were mononuclear in appearance and contained a heterogeneous population 

o f granule-like structures with various sizes (Fig. 1 E-H). These structures showed 

heterogeneous immunostaining with intense immunoreactivity against MBP and ECP 

localizing to their periphery, and negligible immunoreactivity in the core regions (Fig.

1H). On day 19, MBP and ECP co-localization was not as evident as day 16, and sites o f 

immunoreactivity were observed which roughly coincided with either ECP (green regions 

in Fig. IE) or MBP (red regions in Fig. IF), indicating distinct localization sites for either 

o f the granule cationic proteins (shown in combined images in Fig.l G and H). At day 23. 

immunostaining pattern of the developing eosinophils began to approach the 

immunofluorescent characteristics of mature peripheral blood eosinophils. Developing 

cells from day 23. immunostained for granular cationic proteins, showed signs o f  lobular 

formation in their nuclei (large dark shape) (Fig.l I-K). Developing eosinophils on day 23 

showed strong immunoreactivity for MBP and ECP; however, the large granular 

structures, which were previously seen at earlier stages of culture, were less visible since 

immunoreactivity against MBP and ECP appeared to localize to distinct intracellular sites 

with very little overlap (Fig. 1L). At day 28, the immunoreactivity pattern o f cultured 

cells resembled that o f mature peripheral blood eosinophils, in that they exhibited bilobed 

nuclei and highly focused regions o f immunoreactivity to MBP and ECP. Interestingly, 

the immunostaining pattern o f some granular structures was similar to that previously 

described in mature peripheral blood crystalloid granules (17). Immunoreactivity to ECP 

appeared to localize to the periphery of granular structures, while immunoreactivity to 

MBP localized to the core o f these structures (Fig. IP). Nevertheless, unlike mature

91

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



peripheral blood eosinophils, which contain a large number o f crystalloid granules 

homogeneously distributed in cytoplasm, the number o f granular structures observed in 

cultured cells was substantially less. The reduced number o f granular structures in day 28 

cultured cells may be due to the release o f the granules under these culture conditions 

because o f increased fragility and cell activation (Fig. 1 M-P).
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Fig. 2.1. CLSM images o f single and double immunofluorescent staining o f  maturing 

eosinophils with antibodies for MBP and ECP, freshly isolated cord blood-derived 

CD34* progenitor, magnified images o f granules and isotype control. The BODIPY-FL 

channel (green) corresponded to ECP immunoreactivity o f developing eosinophils at days 

16 (A), 19 (E), 23 (1), and 28 (M) o f culture. The rhodamine (TRITC) staining (red) 

corresponded to MBP at days 16 (B), 19 (F), 23 (J), and 28 (N). Combined images o f  the 

same cells are shown to the right (C, G, K, O) and yellow color in these images indicates 

the colocalization of cationic granule proteins. Isotype control images for ECP, MBP, 

combined (day 19 of culture), and purified CD34* are shown in Q through T, 

respectively. Maturing eosinophils from day 16 and after, unlike freshly isolated cord- 

blood CD34* progenitors, exhibited positive immunoreactivity to MBP and ECP. The 

inset in T shows a freshly isolated CD34' cell, double-labeled with antibodies for MBP 

(green) and CD34 (red). Right, Magnified images of granules at day 16 (D). 19 (H), 23 

(L). and 28 (P). Double-labeled CD34' cells with specific antibodies against CD34 (Red) 

with either o f ECP (U), MBP (V), IL-6 (W) and RANTES (X). (Original magnification 

x 100.) Bar (A) indicates 10 pm.
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Immunoreactivity o f  developing eosinophils to anti-IL-6 and RANTES

Developing eosinophils at day 16 of culture co-expressed MBP and IL-6 as well 

as MBP and RANTES. The immunostaining pattern of day 16 cells with IL-6 and MBP 

along with RANTES and MBP was comparable to that of MBP and ECP. 

Immunoreactivity for both IL-6 (Fig. 2) and RANTES (Fig. 3) predominantly co­

localized with granule proteins indicating a similar storage pattern for these mediators at 

early stages o f development.
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Fig. 2.2 CLSM images of developing eosinophils immunostained for MBP and 

IL-6. Developing eosinophils were labeled with BODIPY FL (green) 

representing IL-6 staining at days 16 (A), 19 (D), 23 (G), 28 (J), and TRITC (red) 

demonstrating MBP staining at days 16 (B), 19 (E), 23 (H), and 28 (K). Right, 

combined MBP and RANTES immunoreactivity in developing eosinophils at 

days 16 (C), 19 (F). 23 (I), and 28 (L).
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At day 19 of culture, immunoreactivity against IL-6 and RANTES were observed 

to be localized to the granular structures similar to those observed with ECP. However, 

unlike ECP and MBP, which were distributed in distinct compartments, IL-6 and 

RANTES co-localized strongly with MBP as indicated by yellow color in the combined 

images (Fig. 2 and 3 C, F, I. L). By day 23 o f  culture, immunoreactivity to IL-6 and 

RANTES in developing eosinophils localized to a population of smaller sized granular 

structures. On day 28, immunoreactivity to IL-6 and MBP in addition to RANTES and 

MBP. showed immunostaining patterns in developing eosinophils, which approached that 

o f mature peripheral blood eosinophils. Immunoreactivity to IL-6 and RANTES in day 28 

cells localized to a population of granular structures, which exhibited an immunostaining 

pattern suggestive of the appearance of crystalloid granules. Namely, while 

immunoreactivity to IL-6 and RANTES localized to the periphery of the granular 

structures. MBP staining localized to the core regions o f these structures (Fig.2 and 3 J- 

L).
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Fig. 2.3. Images of developing eosinophils immunostained for MBP and RANTES. 

Green color represents RANTES immunostaining in developing eosinophils at days 16 

(A). 19 (D), 23 (G), and 28 (L), whereas red color is associated with MBP 

immunostaining at days 16 (B), 19 (E), 23 (H), and 28 (K). Combined images for each 

row are shown in (C, F, I, and L).
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Discussion

The main objective o f our study was to investigate the expression and storage of 

eosinophil-derived cytokines/chemokines in comparison with granule cationic proteins in 

cord blood CD34+ cell-derived maturing eosinophils. In vitro culture o f CD34+ cells in 

the presence o f appropriate cytokines has provided an excellent tool for researchers in the 

field o f hemopoiesis to study leukocyte maturation and differentiation. We have 

combined this method with double immunofluorescent staining together with CLSM to 

examine the evolution o f the expression pattern o f cytokines/chemokines and granule 

cationic proteins during maturation and differentiation.

We chose to examine the expression and storage pattern o f four eosinophil- 

derived mediators, namely MBP, ECP, IL-6 and RANTES. The intracellular storage 

patterns o f MBP and ECP are well known in circulating and tissue eosinophils (1,11,12).

Although EG, (24), was originally described as immunoreactive for the extracted 

form of ECP in activated eosinophils, our studies have shown that it is also 

immunoreactive with the granular stored form o f ECP, similarly to a recent study by 

Nakajima et al (25). In addition, we chose to investigate the protein expression for IL-6 

and RANTES as representatives o f eosinophil-derived cytokines and chemokines, 

respectively. IL-6 (26,27) and RANTES (28,29) are thought to be important in the 

development and maintenance o f the inflammatory response in the airways.

Our observations suggest that MBP, ECP, IL-6 and RANTES are not expressed at 

detectable levels in freshly purified CD34" cells. However, in our hands, they appeared to 

be fully expressed at the protein level in maturing cells at day 16 o f culture. At this stage, 

all eosinophil-derived mediators included in this study appeared to be associated with
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large, hollow-cored granules, an observation in agreement with earlier study by Scott et 

al. (22) and Popken-Harris et al. (15). Interestingly, on day 16, only a few granules 

showed exclusive immunostaining for MBP. This may be due to differential mediator 

storage pattern among immature granules. At later stages of maturation (day 19), granules 

appeared more condensed with intensely co-localizing immunoreactivity for MBP and all 

other mediators studied.

It is tempting to speculate that the large granules present at day 19 developing 

eosinophils may have formed by condensation of numerous hollow-cored granules 

observed at day 16. Interestingly, at days 19 and 23 o f  culture ECP showed a slightly 

distinct pattern o f immunostaining from that of MBP, IL-6 and RANTES. Yet at more 

advanced stages o f maturation (day 28 of culture), the distribution o f immunoreactivity 

for ECP largely resembled those o f IL-6 and RANTES. This may well indicate 

differential mediator packaging throughout eosinophil maturation under these culture 

conditions.

A large proportion of immunoreactivity to these mediators in early stages o f 

culture appeared to localize to cytoplasmic regions in these cells. It is important to 

emphasize that these mediators may also be stored in small secretory vesicles, which may 

result in an immunostaining pattern resembling that o f "cytoplasmic” distribution. This 

has been demonstrated for RANTES immunoreactivity, which appeared to localize to a 

population of small secretory vesicles in mature peripheral blood eosinophils (17).

Although the morphological and biosynthetic properties o f maturing human 

eosinophils have been partially investigated by a number of laboratories (19-22,30,31), 

our work is the first to examine the differential expression and storage of
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cytokines/chemokines during eosinophil development. The early expression o f these 

mediators is potentially important, since it may indicate that maturing eosinophils have 

the potential to exhibit local immuno-effector and immuno-regulatory function during 

differentiation and maturation in the bone marrow as well as local tissues. Indeed, 

maturing eosinophils generated from bone marrow-derived CD34* cells are capable of 

mediator release at early stages o f their development (32). It will be o f interest to quantify 

these mediators, although in the present study this could not be pursued due to practical 

considerations, such as limited cell numbers and the high viscosity o f the methylcellulose 

used to grow these cells. However, we emphasize that, in this respect at least, cord blood- 

derived eosinophils in vitro are likely to be phenotypically distinct from those produced 

within the bone marrow in vivo. The findings of this study, should contribute to our 

understanding of cytokine synthesis in early progenitor cells as well as developing 

eosinophils.
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Chapter 3

Rapid mobilization of intracellularly stored RANTES in 

response to interferon-y in human eosinophils1

1 Authors, P. Lacy, S. Mahmudi-Azer, B. Bablitz , S.C. Hagen, J. Velazquez, S.F. Paul 
Man, and R. Moqbel. A version of this chapter was published in Blood 1999 94:23-32.1 
contributed to this work by carrying out a number of the experimental procedures 
described, including preparation of eosinophils, cell activation, cytospin preparation, 
immunofluorescent staining and confocal laser scanning microscopy, as well as data 
analysis. I also helped in the preparation of the final version of the manscript.
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Introduction

Eosinophil accumulation is a hallmark of allergic inflammation, particularly 

within the airway mucosa of asthmatic subjects. Eosinophils are thought to be activated 

in response to local inflammatory stimuli by releasing an array o f mediators. These 

consist o f cytotoxic granule proteins such as major basic protein (MBP), eosinophil 

cationic protein (ECP), and eosinophil peroxidase (EPO), products o f  respiratory burst, 

and lipid mediators (1,2). In addition, eosinophils potentially synthesize or produce up to 

18 different cytokines and growth factors, including IL-2 (3,4), IL-4 (5), IL-6 (6,7), GM- 

CSF (8-10), and RANTES (11-13). A number of these proteins have been shown to exert 

autocrine effects on eosinophils, including RANTES (8,11,14).

RANTES is a CC chemokine which has been shown to be a potent 

chemoattractant for CD47CD45RO* T cells, eosinophils, basophils, 

monocyte/macrophages, and mast cells (15-18). In addition to eosinophils, RANTES is 

synthesized and/or released by a number of other cell types, such as T cells, platelets, 

macrophages, endothelial cells, fibroblasts, epithelial cells, and a mast cell line (16,19- 

23). Cutaneous injection of RANTES was found to induce marked eosinophil recruitment 

in human subjects, which was more rapid in allergic compared with normal subjects (24). 

In earlier studies, RANTES has been implicated in delayed-type hypersensitivity 

reactions (19), and in ongoing inflammatory processes in rheumatoid arthritis (20). 

RANTES may have a role in contributing to the infiltration o f inflammatory cells in 

allergen-challenged airway mucosal tissue in asthma. Although the expression and release 

of RANTES in tissue and bronchoalveolar lavage (BAL) fluids from resting asthmatic
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and normal subjects do not differ significantly (25,26), the levels o f  RANTES were found 

to be elevated in BAL fluids obtained from asthmatics 4 h after allergen challenge (27) 

and in nasal fluids obtained from subjects with allergic rhinitis following challenge with a 

grass pollen extract (28). Increased RANTES secretion correlated strongly with elevated 

tissue eosinophil numbers in both asthma and rhinitis. Furthermore, RANTES has been 

shown to upregulate expression of CD11/CD18 on monocytes (29) and induce histamine 

release from human basophils (30), suggesting that it may also have a  role in immediate- 

type allergic responses.

It has previously been shown that peripheral blood eosinophils express mRNA for and 

release bioactive RANTES in response to serum-coated beads, using 

immunocytochemistry (ICC), in situ hybridization (ISH), and ELISA (11). A granular 

pattern o f immunocytochemical staining o f  eosinophils was observed, suggesting that 

eosinophils store preformed RANTES in intracellular compartments. Interferon-y (IFNy) 

was found to upregulate RANTES mRNA and protein expression in eosinophils 

following 16 h o f stimulation (11). IFNy has been shown to be a viable stimulus for 

eosinophils in a number o f studies (6,7,9,31-33).

We originally hypothesized that intracellular RANTES was secreted following 

stimulation by IFNy in a time-dependent manner. However, preliminary data indicated 

that IFNy had a more rapid effect on mobilization o f RANTES than previously 

anticipated. Thus, we propose that RANTES is rapidly mobilized from intracellular stores 

in a piecemeal pattern o f degranulation. Eosinophils were purified from  peripheral blood 

obtained from atopic asthmatics and stimulated with recombinant hum an IFNy. The
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release of RANTES was analyzed in cells using a combination of in vitro assay, 

RANTES-specific ELISA, immunogold analysis, confocal laser scanning microscopy 

(CLSM), and subcellular fractionation, and its localization was compared with that of 

known crystalloid granule proteins MBP and EPO. Our findings suggest that RANTES, a 

stored product o f eosinophils, is readily and selectively released in a pattern akin to 

piecemeal degranulation after stimulation.

Materials and Methods 

Materials

Mouse monoclonal alkaline phosphatase anti-alkaline phosphatase (APAAP) 

detection kits were obtained from Dako (Glostrup, Denmark). Adenosine triphosphate, 

aprotinin, Na-/?-tosyl-L-arginine methyl ester (TAME), phenylmethylsulfonyl fluoride 

(PMSF), Fast Red TR, leupeptin, 4-methylumbelliferyl N-acetyl-P-D-glucosaminide, P- 

nicotinamide adenine dinucleotide (reduced form), sodium pyruvate, and 

tetramethylbenzidine (TMB) substrate solution were purchased from Sigma (Oakville, 

ON. Canada). Genistein was obtained from Calbiochem Corporation (San Diego, CA, 

USA). Recombinant human IFNa was a kind gift from Dr. Aziz Ghahary, Department of 

Surgery, University o f Alberta. Nycodenz was purchased from Gibco BRL Life 

Technologies. Ltd (Grand Island, NY, USA). All reagents used in this study, including 

media, were negative for LPS activity, as determined using the E-Toxate assay (Sigma). 

Preparation o f  eosinophils

Peripheral blood (100 ml) was obtained from mild atopic asthmatic and atopic 

nonasthmatic subjects displaying eosinophilia >5%, and who were not receiving oral
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corticosteroids. Following red blood cell sedimentation in 5% dextran, remaining cells 

were subjected to density centrifugation on Ficoll. Eosinophils were then purified from 

the granulocyte pellet by immunomagnetic selection using the MACS system (Miltenyi 

Biotec GmbH, Bergisch Gladbach, Germany). Highly purified CD 16' eosinophils (>99%) 

were obtained by negative selection, depleted of neutrophils using anti-CD 16-conjugated 

immunomagnetic beads as described previously (7,10,34). Contamination by 

mononuclear cells and lymphocytes was avoided by co-incubation with anti-CD 14 and 

anti-CD3-coated micromagnetic beads (Miltenyi Biotec).

In vitro assay o f  granule protein release from  eosinophils

Purified human eosinophils were aliquoted at 2 x 106 cells/tube and treated with 

500 U/ml IFNy at 37°C for various times in RPMI-1640 (BioWhittaker, Walkersville, 

MD, USA). The reaction was terminated by placing tubes on ice and centrifuging cells at 

400g for 5 min at 4°C. Assays were then carried out for RANTES immunoreactivity in 

supernatants using a Quantikine ELISA kit (R & D Systems, Minneapolis, MN, USA) 

with a detection sensitivity o f 31.2 pg/ml. For detection o f two other crystalloid granule 

proteins, EPO and P-hexosaminidase, assays for these were a modification o f those 

carried out previously (4,7,10,35). Briefly, EPO activity was assayed using TMB 

substrate solution by combining 50 pL sample with 150 pL substrate solution in a 96- 

well microplate and incubating at room temperature for 15 min. The reaction was 

terminated by 50 pL 4 M sulfuric acid and absorbance was read at 450 nm in a 

spectrophotometric microplate reader (Vmax Kinetic Microplate Reader, Molecular 

Devices, Sunnyvale, CA, USA). For P-hexosaminidase activity, present in both secretory
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and lysosomal granules, 50 pi sample was added to each well o f a 96-well microplate and 

mixed with 50 pi substrate solution (1 mM 4-methylumbelliferyl N-acetyl-p-D- 

glucosaminide in 0.2 M citrate buffer, pH 4.5, and 0.1% Triton X-100) before incubating 

(37°C, 1-2 h). The reaction was terminated by the addition o f 150 pi ice-cold 0.2 M Tris, 

and the fluorescence (excitation 360 nm. emission 460 nm) measured in a Millipore 

CytoFluor 2350 plate reader (Millipore, Nepean, ON, Canada).

Immunogold labeling and electron microscopy

This procedure was a modification o f a previously described technique (5).

Briefly, pelleted isolated eosinophils were fixed in freshly prepared formaldehyde (2% in 

phosphate buffer, 0.1 M, pH 7.4 [PB]) for 2 h, embedded in Lowicryl K4M resin, and 

subjected to an infiltration procedure involving a progressive lowering o f the temperature. 

Silver sections were cut and picked up onto Formvar-coated copper grids. Before 

labeling, sections were blocked for 10 min with 0.14% glycine in PB. Additional 

blocking was done for 10 min in 3% horse serum. Grids were then floated on a solution 

containing 20 pg/ml mouse monoclonal anti-human RANTES antibody (R & D Systems) 

for 2 h. A further blocking step was performed using 0.14% glycine in PB. The 

immunoreactive label was visualized by goat anti-mouse antibody conjugated to gold 

particles (20 nm diameter; E-Y Laboratories, Inc., San Mateo, CA, USA) at 0.5 pg/ml in 

PB for 2 h. Sections were washed 3 times with 0.14% glycine in PB before being rinsed 

for 3 min with distilled water. For negative controls, we substituted anti-RANTES with 

mouse IgGl as the isotype control (20 pg/ml; R & D Systems). Staining with osmium
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tetroxide was omitted to ensure visualization of gold particles in electron-dense 

crystalloid granules in eosinophil sections.

Double labeling and confocal laser scanning microscopy

Cytospins of eosinophils (100 pi o f 0.5 x 106 cells/ml in RPMI supplemented with 

20% FCS) were made by spinning slides in a Cytospin 2 (Shandon Ltd, Astmoor, 

Runcorn, UK) centrifuge (800 rpm for 2 min) followed by fixing in 2% 

paraformaldehyde in PBS for 6 min. These fixing and staining procedures were optimized 

as previously reported (36), and are satisfactory for visualization o f  granule proteins in 

the absence o f a permeabilization step. In our hands, permeabilization agents were 

detrimental in obtaining optimal cell morphology. Slides were then subjected to a wash 

step (five washes in Tris-buffered saline [TBS], pH 7.4), followed by incubation in 

blocking solution (2% BSA) in a humidified container for 1 h. Specific antibody binding 

was carried out for 1 h with TBS containing 5 pg/ml mouse monoclonal anti-human 

RANTES antibody (R & D Systems). Immunoreactivity to RANTES was detected using 

20 pg/ml BODIPY FL-conjugated goat anti-mouse antibody (Molecular Probes, Eugene, 

OR, USA) as previously optimized by our laboratory (36). Slides were blocked again for 

2 h using 50 pg/ml goat anti-mouse IgG (Molecular Probes) and double-labeled with 

1% mouse monoclonal anti-human MBP antibody (BMK-13) in TBS for 1 h. Bound 

BMK-13 was detected by incubating 5 pg/ml Texas Red-labeled goat anti-mouse 

antibody for 1 h (Caltag Laboratories, San Francisco, CA, USA). Mouse IgGl (5 pg/ml) 

was used as an isotype control (R & D Systems). After a final wash step, 10 pi o f 

antibleaching agent (0.4% w-propyl gallate [Sigma] in 3:1 glycerol:TBS) was applied to
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each slide before coverslip attachment. Slides were examined using a 100X objective 

under a Leica confocal laser scanning microscope (CLSM; Heidelberg, Germany). 

Images were collected and processed as previously described (7).

Subcellular fractionation

Purified peripheral blood eosinophils were homogenized by repeated passages 

through a ball-bearing cell homogenizer, with resulting organelles separated by linear 

density gradient as described in earlier reports (4,5,7,10). Briefly, at least 5 x 107 purified 

eosinophils from asthmatics were suspended in ice-cold 0.25 M HEPES-buffered sucrose 

(containing 10 mM HEPES, 1 mM EGTA, pH 7.4) and centrifuged at 4°C. Cells were 

resuspended in homogenization buffer (HEPES-buffered sucrose described above, 

supplemented with 100 pg/ml PMSF, and 5 pg/ml each o f leupeptin, aprotinin, and 

TAME, 2 mM MgCl: and 1 mM ATP) to 10-15 x 106/ml, and subjected to 10-20 passes 

through a 12 pm clearance in a ball bearing homogenizer (EMBL. Heidelberg, Germany). 

The homogenate was centrifuged at 400 g  for 10 min, and the resulting postnuclear 

supernatant was layered onto an 8-ml linear Nycodenz gradient (0-45% Nycodenz 

dissolved in HEPES-buffered sucrose with protease inhibitor cocktail) in a Beckman 

14 x 89 mm Ultra-Clear™ centrifuge tube (Beckman, Palo Alto, CA, USA). The gradient 

was subjected to equilibrium density centrifugation at 100.000 g  for 1 h at 4°C, and 

24 x 0.4 ml fractions were collected from each preparation and stored at -80°C until used. 

Marker enzyme assays

Three marker enzyme assays were used to obtain profiles o f specific subcellular 

organelles in fractions collected from density gradient centrifugation. Activities o f EPO
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and P-hexosaminidase were determined in supernatants and pellets using the same 

technique described earlier in this section. Cytosolic activity was determined using a 

modification of a microtitre plate endpoint assay (37) for lactate dehydrogenase (LDH), 

where 10 pL of sample was mixed with 80 pL 1 mg/ml NADH and 0.75 mM pyruvate in 

pH 7.5 phosphate buffer in a microtitre plate and incubated at 37°C for 30 min, followed 

by the addition o f 80 pL 0.2 mg/ml 2,4-dinitrophenylhydrazine in 1 M HC1 and 

incubation at room temperature for 20 min. The reaction was terminated by the addition 

o f 40 pL 3.5 M NaOH and absorbance read at 450 nm. Plasma membrane activity was 

determined by dot blot analysis (see below) with monoclonal antibody to CD9 as 

previously described (4,5,7,10).

Dot blot analysis

Dot blot analysis was carried out to determine the distribution o f CD9 in 

subcellular fractions o f resting and stimulated eosinophils. Anti-CD9 mAb (purified 

IgG2a) was kindly provided by Dr. A.R.E. Shaw (Cross Cancer Institute, University of 

Alberta). A mouse monoclonal IgG2a isotype control was used as the negative control for 

anti-CD9 (Pharmingen Canada, Mississauga, ON, Canada). Samples of each fraction (2 

pL) were pipetted onto nitrocellulose strips, allowed to dry and blocked in 5% milk 

powder. Blocked membrane strips were incubated with 1:1000 anti-CD9 antibody, and 

after extensive washings in TBS. pH 7.6 + 0.2% Tween-20, were developed using 

APAAP staining technique as previously described (10). The fractional activities o f anti- 

CD9 immunoreactivity were assessed by staining density using a gel scanner, given 

arbitrary units and converted to percentage o f total activity in all fractions.
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Data presentation

The bioactivity of eosinophil granule, membrane and cytosol constituents 

following fractionation are expressed as frequency distributions as previously described 

(10). RANTES was quantitatively displayed as pg/fraction and pg/ml in fractions and 

supernatants, respectively. Statistical comparisons were carried out using the Mann- 

Whitney test (one-tailed) and the Kruskal-Wallis one-way analysis o f variance. Results 

were considered significant when p  < 0.05.

Results

Immunocytochemistry using APAAP

In cytospin preparations o f antibody-specific staining of buffy coat from asthmatic 

subjects, RANTES immunoreactivity was detected in eosinophils using APAAP staining. 

Morphologically identifiable eosinophils, but not neutrophils or lymphocytes, displayed a 

mixture o f granular and extragranular staining corresponding to RANTES 

immunoreactivity (Fig. 1 A). This indicates that while RANTES appears to be stored in 

association with the unique crystalloid granules of eosinophils, it may also be found in a 

number o f other intracellular compartments. The isotype control antibody (mouse IgG l) 

was negative (Fig. IB).
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Fig 1.3. Human eosinophil detected in a buffy coat cytospin. (A) The eosinophil was 

stained specifically with mouse monoclonal anti-human RANTES (20 pg/mL) using 

APAAP staining, as indicated by the arrow. Two unlabeled cells are also visible within 

this field, a neutrophil possessing a multilobed nucleus (upper left) and a lymphocyte (left 

o f the stained eosinophil). (B) Isotype control using mouse IgGl antibody (20 pg/mL). 

Original magnification x 100.
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Release o f  RANTES following IFNy stimulation, in vitro

Incubation of eosinophils in culture media containing human recombinant IFNy 

for prolonged periods (up to 24 h) has been previously demonstrated to upregulate the 

expression o f a number o f eosinophil-derived cytokines, including RANTES (11). In 

order to evaluate the time course o f RANTES release during short periods o f  stimulation 

by IFNy (500 U/ml), the amount o f RANTES released by stimulated cells was measured 

at 0, 10, 30, 60, 120, and 240 min (2 X 106 cells/time point). IFNy induced a rapid release 

o f RANTES from human eosinophils, reaching maximal levels after 60-120 min (4 

experiments). In a representative experiment, eosinophils released an average o f 80 ± 15 

pg/ml RANTES following 120 min of IFNy stimulation (p < 0.05; Fig. 2 A). The amount 

o f maximal release varied between the 4 donors (range = 74.5-302 pg/ml). After 2 h 

stimulation, the amount o f RANTES detected in supernatants was diminished to baseline 

values. Unstimulated eosinophils showed no significant spontaneous release o f RANTES 

(Fig. 2A). Thus, IFNy was found to induce rapid in vitro release of RANTES from human 

peripheral blood eosinophils. In comparison, the release of EPO was assayed in the same 

supernatants and plotted as a percentage of release induced by 60 min o f incubation at 

37°C with a maximally-stimulating agonist, serum-coated Sephadex beads, in a separate 

sample. EPO release was potently induced by IFNy within 60 min of incubation and 

diminished after 120 and 240 min o f incubation. However, since EPO activity is not 

always stable following its release (38,39), we also measured P-hexosaminidase activity 

in these supernatants. P-hexosaminidase activity continued to increase in supernatants
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during continuous incubation, reaching values exceeding the levels induced by serum- 

coated Sephadex beads, after 240 min of stimulation by IFNy (Fig. 2B).
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Fig 2.3. Time course of RANTES, EPO, and P-hexosaminidase release from human 

peripheral blood eosinophils induced by 500 U/mL recombinant human IFN-y. (A) 

RANTES immunoreactivity in supernatants o f  stimulated eosinophils (2 * 106 cells/time 

point) was detected using a specific ELISA. Values represent averages o f triplicate 

measurements from cells at 0, 10, 30,60, 120, and 240 minutes of incubation obtained 

from a representative donor. A similar trend o f  release was observed in four separate 

donors. The dotted line represents a single measurement o f spontaneous release of 

RANTES from eosinophils (duplicate values given for times 0 and 60 minutes). *

P < .05 compared with RANTES measured in supernatants at the start o f the time course
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by Kruskal-Wallis one-way analysis of variance. The detection sensitivity o f the 

RANTES ELISA was 31.2 pg/mL. (B) IFN-y also induced the release o f  eosinophil 

peroxidase and another granule-stored product, P-hexosaminidase, detected in the same 

IFN-y-stimulated supernatants shown in (A). The amount o f  granule protein release is 

expressed as a percentage of the release induced by a maximally stimulating agonist 

(serum-coated Sephadex beads) in another sample. Points and error bars represent the 

mean and standard error o f mean (SEM) o f at least three measurements.
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Immunogold labeling o f  RANTES

Unstimulated eosinophils exhibited a granular staining pattern for RANTES 

immunoreactivity, as indicated by the proximity o f gold particles to electron-dense 

granule cores (Fig. 3A, B). This pattern o f immunolabeling suggests that RANTES may 

be stored in association with crystalloid granules. In addition, RANTES-specific staining 

was distributed throughout the cell in the extragranular milieu (shown by the arrowhead 

in Fig. 3A). The isotype control showed negligible background (Fig. 3C).
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Fig 3.3. Transmission electron microscopy of immunogold-labeling of RANTES in 

unstimulated eosinophils. (A) The arrow indicates gold particles associated with electron- 

dense crystalloid granules, while the arrowhead shows immunogold labeling of 

extragranular areas. (B) Higher magnification o f another cell. (C) Isotype control using 

mouse IgGl antibody. Original magnifications: (A), *9,100; (B), *34,000; and (C), 

*6,900.
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Confocal laser scanning microscopy (CLSM)

To examine mobilization of stored RANTES using MBP as a marker for 

eosinophil crystalloid granule, resting and IFNy-stimulated eosinophils were subjected to 

immunofluorescent labeling with appropriate antibodies. Immunostained cells displayed 

discrete green and red labels, which correspond to BODIPY FL-conjugated RANTES 

(Fig. 4A) and Texas Red-conjugated MBP (Fig. 4B) immunoreactivity, respectively. 

Where colors overlapped in the combined images, the immunofluorescence appeared 

yellow (Fig. 4C), suggesting that the two labeled proteins co-localize to the same 

intracellular compartment. The isotype control exhibited negligible immunoreactivity 

after subtraction of autofluorescence as previously reported [data not shown; (36)]. At 

higher magnifications, crystalloid granules appeared doughnut-shaped, with red centers 

(crystalline core MBP) surrounded by green immunofluorescence to RANTES, 

corresponding to the core and matrix o f  the crystalloid granules, respectively (Fig. 4D, E, 

& F). There was only partial overlap between MBP and RANTES immunoreactivities in 

the granules.

In time course experiments, eosinophils stimulated with 500 U/ml IFNy for 0, 5, 

10, 30, 60 min and 16 h were fixed and stained for RANTES and MBP 

immunofluorescence. Interestingly, after 10 min of incubation with IFNy, RANTES 

immunofluorescence was redistributed around the periphery of the cells (Fig. 41, M, &

O), while that o f MBP remained within the core of the secretory granules. The RANTES- 

specific immunofluorescence became visibly depleted in cells after 1 h o f incubation with 

IFNy, although MBP activity was still detectable (Fig. 4K). After 16 h o f incubation,
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RANTES immunoreactivity returned, indicating that some degree of replenishment may 

have occurred (Fig. 4L). These findings were reproduced in eosinophils from 3 asthmatic 

donors, and images represent the labeling pattern of the majority of cells in cytospin 

preparations.

To test the specificity of the IFNy response, eosinophils were incubated with 

genistein (10"6 M) for 10 min prior to adding 500 U/ml IFNy for 10 min. Genistein is a 

broad specificity tyrosine kinase inhibitor used to inhibit early steps in the IFNy receptor 

signaling pathway following ligand binding (40). It fully inhibited the effects o f IFNy on 

RANTES immunoreactivity in single-labeled cells (Fig. 4P; a stimulated single-labeled 

cell is shown for comparison in Fig. 40). Inhibition by genistein was detected in > 90% 

of cells examined by CLSM. In confirmation of this, we have also observed that genistein 

(10^M) inhibited RANTES release from eosinophils in vitro (2 x 106) by 32% after 120 

min o f IFNy incubation (data not shown). In addition, we incubated eosinophils with 

IFNa (1000 U/ml) for 10 min and found that it had no observable effect on the 

distribution o f RANTES immunoreactivity in eosinophils (Fig. 4Q). We took advantage 

of the small numbers o f cells required for study by CLSM to examine the effects o f IFNa 

and genistein on eosinophils, since other in vitro techniques require substantially larger 

numbers o f cells. In a separate assay, recombinant human IL-3 (25 ng/ml), IL-5 (10 

ng/ml). and GM-CSF (10 ng/ml) did not induce significant RANTES release from 

eosinophils after 1 h o f stimulation (data not shown).
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Fig 4.3. CLSM of immunofluorescence staining o f eosinophils. (A through C) 

Unstimulated eosinophils labeled with BODIPY FL indicating RANTES 

immunoreactivity (A), Texas Red corresponding to MBP (B), and combined images (C). 

(D through F) Higher magnification o f eosinophil crystalloid granules showing matrix- 

associated doughnut-shaped RANTES immunoreactivity (D), surrounding red-labeled 

cores o f MBP immunoreactivity (E), and combined images o f the same structure (F). (G 

through L) Combined images o f RANTES and MBP, depicting time course o f  IFN-y 

(500 U/mL) stimulation, comparing (G) unstimulated cells with those stimulated for 

5 minutes (H). 10 minutes (I), 30 minutes (J), 60 minutes (K), and 16 hours (L). (M) 

Lower magnification o f combined images of eosinophils stimulated for 10 minutes with 

IFN-y. (N) Single-labeled unstimulated eosinophil, compared with (O) cell after 

10 minutes stimulation (500 U/mL IFN-y). (P) Inhibitory effect o f 10"6 mol/L genistein 

added for 10 minutes before IFN-y stimulation. (Q) Cell incubated with 1,000 U/mL IFN- 

a  for 10 minutes. Original magnification * 100 for all images, except for (M), *63.
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Subcellular fractionation

Eosinophils (5 x 10') were homogenized, loaded onto gradients o f Nycodenz (0- 

45%) for ultracentrifugation, and fractions containing intact organelles collected for later 

analysis by ELISA and assays for enzyme activity. Intracellular compartments were 

identified in gradients by measuring marker enzyme activities within individual fractions 

(Fig. 5). Crystalloid secretory granules were measured using assays for EPO and p- 

hexosaminidase, while plasma membrane activity was determined by dot blot analysis of 

the fractions using anti-CD9. Cytosolic fractions were detected using an endpoint assay 

for LDH. Fractions with plasma membrane activity are known to contain other light 

membranes including Golgi compartments, as determined by galactosyl transferase 

activity measured in subfractionated guinea pig eosinophils (41). We have previously 

shown that the pellet produced from pooled fractions corresponding to peak granule 

protein activity, which sediment at high buoyant densities typically observed for 

crystalloid granules, is enriched in secretory granules (10).
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Fig 5.3. Subcellular fractionation of unstimulated peripheral blood eosinophils (5 * 107) 

obtained from an asthmatic donor. Fractions were collected from a 0% to 45% linear 

Nycodenz gradient and analyzed for marker enzyme activities to obtain profiles of 

subcellular compartments. Marker assays used were eosinophil peroxidase (secretory 

granules). P-hexosaminidase (secretory granules and lysosomal granules), CD9 (plasma 

membrane), and lactate dehydrogenase (cytosol). Quantification of RANTES was 

performed by ELISA for each fraction and is expressed as pg/fraction.
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In unstimulated eosinophils, RANTES immunoreactivity was detected in at least 

two separate intracellular compartments (Fig. 5 & 6A). The first peak of RANTES- 

specific activity was detected in secretory granule-rich fractions, determined by EPO and 

P-hexosaminidase activity, while a larger peak was found to be associated with the light 

membrane fractions, which overlapped with CD9 immunoreactivity. Some CD9 

immunoreactivity was visible in the granule fractions, as described earlier (4,10,42), 

although its optical density was too low to be detected, suggesting that a small amount o f 

CD9 is also intracellularly distributed in the eosinophil. This observation confirmed our 

results from immunogold labeling and CLSM, which suggested that RANTES 

immunoreactivity only partially co-localized with secretory granules in unstimulated 

cells. Unstimulated eosinophils in this example were found to store approximately 

72 pg RANTES/106 cells.
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Fig 6.3. Subcellular fractionation o f resting and IFN-y-stimulated eosinophils (5 * 107 per 

fractionation). These experiments were conducted at different times using purified blood 

eosinophils from the same donor. Immunoreactivity to RANTES was determined in 

individual fractions by ELISA and expressed as pg/fraction. Profiles of EPO activity are 

shown here for comparison. (A) Unstimulated eosinophils, followed by eosinophils 

stimulated for (B) 10 minutes and (C) 60 minutes with 500 U/mL IFN-y. Stimulation with 

IFNy (500 U/ml) induced a striking change in the distribution o f RANTES 

immunoreactivity in subfractionated eosinophils. RANTES was rapidly depleted from 

light membrane-associated fractions following 10 min of IFNy stimulation (Fig. 6B), 

while some immunoreactivity remained within the granule-associated fractions. 

Eosinophils stored approximately 23 pg/106 cells o f RANTES-specific activity following
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IFNy stimulation for 10 min, a reduction o f 68% compared with unstimulated cells. 

Moreover, eosinophils stimulated for 60 min with IFNy showed a marked loss o f 

RANTES immunoreactivity from fractions containing peak secretory granule activity 

(Fig. 6C). which was translocated to plasma membrane-associated fractions at 49% of the 

quantity measured in unstimulated cells (35 pg RANTES/106 cells). These results are in 

agreement with those o f CLSM, in which eosinophils displayed reduced RANTES 

activity after stimulation with IFNy (Fig. 4J, K). Each subfractionation profile was 

prepared on different occasions from the same donor to allow comparison o f control and 

stimulated cells. IFNy-stimulated eosinophils showed similar profiles of EPO activity to 

that o f unstimulated cells (Fig. 6), although the peak o f EPO activity appeared to be 

partially diminished after 60 min of IFNy stimulation.

Discussion

We have shown for the first time that RANTES immunoreactivity in human 

eosinophils is associated with the matrix of the crystalloid granules. This is based on its 

close apposition to the crystalline core granule protein marker, MBP. Interestingly, 

RANTES was also detected in an extragranular compartment distinct from MBP- and 

EPO-containing granules, which was readily released in response to IFNy. We propose 

that the rapidly mobilizable RANTES is contained within a putative pool o f small 

secretory vesicles that is physically distinct from crystalloid granule.

The profile o f RANTES immunoreactivity in fractions from unstimuiated 

eosinophils suggests that the larger peak is likely to be associated with small, light- 

density vesicles, which possess a greater buoyant density than that o f the plasma
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membrane, as indicated by CD9 immunoreactivity. It is important to note that these 

fractions do not fully discriminate between endosomal membranes, Golgi, and plasma 

membrane (41.43). The light membrane fractions are also likely to contain the 

vesiculotubular structures previously described in eosinophils (44).

IFNy was observed to activate the release of RANTES from eosinophils in 

parallel with two other granule-associated proteins, EPO and P-hexosaminidase. 

Invariably, the levels o f RANTES in these supernatants diminished to baseline values 

after 240 min of incubation. Those of EPO were similarly found to become reduced after 

120 min of incubation (Fig. 2). These observations suggest that both RANTES and EPO 

may be sequestered by surfaces within the assay after their release. Released EPO is 

likely to be lost to surfaces due to its inherent highly cationic nature (pi o f 10.8) (38,39). 

In addition, RANTES is rapidly sequestered by cell surface glycosaminoglycans 

following its secretion, which then foster the adhesion and activation o f RANTES- 

responsive cells (45). In our subfractionation studies, immunoreactivity to RANTES was 

observed to shift to a very low density peak after 60 min of stimulation with IFNy, which 

was shifted to the right in comparison with the light density peak o f RANTES in 

unstimulated cells (Fig. 6A & C). This shift in the density o f RANTES immunoreactivity 

suggests that released RANTES may be adhering to the glycosaminoglycans coating the 

surfaces o f eosinophils. In support of the possibility that specific eosinophil products may 

be lost to surfaces during in vitro assay, the non-cationic granule-derived enzyme P- 

hexosaminidase (predicted pi o f 5.4-5.9) was found to increase in supernatants during 

incubation with IFNy (Fig. 2B).
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Evidence for the existence of a putative small secretory vesicle in eosinophils was 

provided in our studies on the effects of IFNy on RANTES mobilization by CLSM. 

RANTES immunoreactivity appeared to be transferred to the periphery o f  cells during 

IFNy stimulation, apparently to a different vesicular compartment from the crystalloid 

granules. Moreover, the subcellular fractionation profile o f RANTES in IFNy-stimulated 

cells (after 10 min) showed that much of the RANTES associated with light density 

fractions was depleted, while granule-associated RANTES was maintained at a level 

equivalent to that of unstimulated cells. The observation that IFNy exerted such a rapid 

effect on mobilization and release of eosinophil-derived RANTES was novel and 

compelling. This is complementary to an earlier report, in which IFNy (1000 U/ml) 

upregulated RANTES mRNA and protein expression within eosinophils after 16 h o f 

stimulation (11), and provides further support for our recent finding that IFNy rapidly 

elevated IL-6 immunoreactivity in human peripheral blood eosinophils (7). After 60 min 

of stimulation by IFNy, nearly all the detectable RANTES immunoreactivity was co­

localized with very light density membranes as determined by subcellular fractionation, 

indicating that the crystalloid granule-associated RANTES may have been selectively 

removed and transported via small secretory vesicles.

These observations suggest that eosinophils possess a unique mechanism for 

selective, piecemeal release o f mediators from the crystalloid granules, probably through 

exocytosis o f a population o f small, light-density vesicles. Such small secretory vesicles 

may be responsible for shuttling crystalloid granule proteins from the granules to the 

plasma membrane. Selective release o f eosinophil granule proteins has been described in
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earlier reports (46). A similar pattern o f piecemeal degranulation has been proposed 

based on electron microscopy sections o f eosinophilic degranulation, in vivo (44). 

Previous studies have shown that eosinophils undergo degranulation in response to 

intracellularly applied agonists, for example, GTPyS (35,47), although the mechanisms 

regulating exocytotic release have not yet been fully elucidated. We are currently 

investigating the identity o f the putative small secretory vesicles with a view to 

determining their precise co-localization with known eosinophil-derived intracellular 

proteins.

IFNy has been shown to stimulate eosinophils in vitro, as shown in its ability to 

augment eosinophil-induced ADCC (31) and induce the expression of FcyRIII (CD 16) 

(32), and CD69 (33). Further, IFNy has been demonstrated to stimulate the release and/or 

upregulation o f a number o f cytokines from eosinophils, including IL-3 (48), IL-6 (6,7), 

GM-CSF (8,9), and RANTES (11). Expression of functional IFNy receptors on human 

peripheral eosinophils has been described recently (49). These and future experiments 

continue to contribute to the intriguing observation that IFNy can induce rapid changes in 

cytokine expression, receptor upregulation, and mediator release in eosinophils.

Activation of RANTES mobilization and release from eosinophils by IFNy was 

specific, as shown by genistein inhibition, a broadly specific tyrosine kinase inhibitor, 

suggesting that IFNy acts on these cells via the IFNy receptor which activates the Jak- 

STAT pathway (40). Furthermore, other cytokines such as IFNa, IL-3, IL-5, and GM- 

CSF were found to have little or no effect on RANTES immunoreactivity or release into 

supernatants (Fig. 4Q; data not shown). The effects o f  IFNy were unlikely to be LPS-
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mediated since the culture media containing IFNy used in this study, as well as all other 

media, were negative for LPS as determined by routine E-Toxate testing (data not 

shown).

All eosinophils tested in these experiments were derived from subjects exhibiting 

atopy. It is possible that the effects o f IFNy on RANTES mobilization were due to 

enhanced susceptibility o f the cells to IFNy because o f priming, for example (50). 

However, we have also detected IFNy-induced release o f intracellularly stored RANTES 

from eosinophils obtained from atopic nonasthmatic subjects. Thus, we conclude that it is 

unlikely that the capacity o f eosinophils to generate a differential response to IFNy is 

dependent on the asthmatic status o f the donor.

In both human and murine studies, cytokines released during immune and 

inflammatory reactions have been proposed to follow a dichotomy o f  Thl and Th2-type 

responses depending on the nature o f the stimulus delivered to the immune system. 

Release of IFNy has been associated with Thl-type cytokine responses in bacterial and 

viral infections along with the suppression of atopy (51.52). On the other hand, 

eosinophils are regarded as Th2-type effector cells with the potential to respond to Th2- 

type cytokines thought to be associated with the allergic phenotype (2,53,54). However, 

the distinction between Thl and Th2 cytokine profiles in most cases o f  infection and 

inflammation in humans is less clearcut. Thus, while IFNy potently inhibits granulocytic 

maturation and proliferation in the bone marrow (55), the levels o f IFNy have been found 

to be increased in the sera o f patients with acute severe asthma, who also exhibit lung and 

tissue eosinophilia (56,57). The significance of these findings may be that IFNy has a role

138

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



in regulation of eosinophil homeostasis by stimulating fully mature eosinophils locally 

while preventing excessive eosinophilia. as suggested by Valerius et al. (31). It is 

tempting to speculate that IFNy released from virus-infected inflammatory and immune 

cells within the airway mucosa in asthmatics may contribute to activation o f resident 

airway eosinophils during viral exacerbation of asthmatic attacks (58).

Eosinophil-derived RANTES is likely to play a role in paracrine, autocrine, or 

juxtacrine signaling following its release, and its bioactivity on other eosinophils, at least 

in vitro, has previously been demonstrated (11). Besides RANTES, eosinophils contain a 

number o f other cytokines in their secretory granules, such as IL-2, IL-4, IL-5, IL-6, 

TNFa, and GM-CSF (4,5,7,10,59,60). Storage of cytokines as preformed mediators 

within secretory granules and their rapid release following stimulation may lend 

eosinophils the potential to regulate local inflammatory responses. Many of eosinophil- 

derived cytokines so far described are produced in smaller proportions than those o f other 

immune cells, such as T cells. However, unlike eosinophils, T cells are not known to have 

the capacity to store cytokines. Cytokines produced from an overwhelming influx o f 

actively degranulating eosinophils into the airways in asthma, for example, are likely to 

prolong their own survival and perpetuate the inflammatory response. These exciting 

observations will be important in expanding our knowledge of the cytokine and 

chemokine network that regulates the processes o f eosinophil activation and subsequent 

secretion of cytokines, chemokines, and especially granule proteins with their recognized 

damaging sequelae in allergic inflammation.
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Chapter 4

The association of the tetraspanin, CD63, with agonist-induced 
exocytosis in eosinophils from asthmatic subjects1

1 Authors, S. Mahmudi-Azer, Gregory M Downey, and R. Moqbel. A version of this chapter has 
been submmited to Blood. I carryed out all o f the experimental procedures and also prepared and 
wrote the manuscript.
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Introduction

Eosinophils are major effector cells in allergic inflammation, asthma and host 

defense against parasitic helminths (1-4). They synthesize, store and release a wide range 

o f pro-inflammatory mediators including at least four cationic proteins (1,2) and up to 23 

cytokines, and growth factors (5.6). Eosinophils contain different populations of 

mediator-storage organelles including small secretory vesicles as well as crystalloid 

granules. The latter secretory granules are the site o f storage of cytotoxic cationic 

proteins as well as a number o f cytokines, chemokines and growth factors (7.8). The 

membrane-bound crystalloid granule is comprised o f two compartments: an electron- 

dense crystalline core (internum) where major basic protein (MBP) (9,10) is stored and 

an electron-lucent matrix (7) where three cationic proteins (1,9) together with a number 

o f  other cytokines including IL-6 (11), and RANTES (12) are stored.

In eosinophils, three mediator-release mechanisms have been described; cytolysis 

or necrotic release, compound exocytosis, and piecemeal degranulation (PMD). In 

compound exocytosis, a number o f granules fuse intracellularly to form a large 

degranulation chamber or cavity, which in turn fuses with the cell membrane before 

discharging its contents to extracellular space. In physiological conditions a more 

commonly seen mode of exocytotic mediator release in eosinophils is PMD whereby 

stored mediators are selectively released from intragranular pool leaving portions or all of 

the granules empty in the intact cell (13, 14). Various stimuli, including crosslinking o f 

different subclasses o f immunoglobulins are known to induce selective mediator release 

from eosinophils (15,16). Our own previous studies showed that IFNy induces a rapid and 

selective intracellular mobilization and release of RANTES as early as 10 minutes after
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stimulation, while not affecting MBP translocation (12). The mechanisms underlying the 

selective mediator release in eosinophils remain unexplained. In fact, the molecular basis 

o f PMD has not yet been identified.

CD63, also known as Iysosome-associated membrane protein (lamp3) (17,18), is 

a member o f the tetraspanin superfamily (TM4) whose membership has grown to 20 

proteins since its discovery in 1990. Tetraspanins are membrane-associated molecules, 

which span the membrane four times (TM1-TM4) with two extracellular domains (EC1- 

EC2). As cell-surface proteins, tetraspanins appear to act as “molecular facilitators’* by 

increasing the formation and stability o f  functional signaling complexes (19). CD63 is 

proposed to be involved in a number o f  cellular functions including cell activation (20) 

mediator release (21), adhesion (22), proliferation and differentiation (23). Originally 

identified as a platelet-activating antigen (24), CD63 is present in a wide variety o f cells. 

In neutrophils and basophils, CD63 is an activation marker, in that its surface expression 

is upregulated from intracellular stores by stimulation (25,26). Present only in 

myeloperoxidase (MPO)-containing granules o f neutrophils, CD63 has been described as 

a marker for azurophil granule fusion with the plasma membrane both in vitro and in vivo 

(19.25). In the rat basophilic leukemia cell line (RBL), an antibody against CD63 (A D I) 

inhibited IgE-mediated histamine release, which suggested a role for CD63 in mediator 

release (27).

Although, CD63 has been described in human eosinophils (28,29), very little is 

known about its possible function(s). Here we hypothesized that tetraspanin CD63 is 

involved in intracellular events associated with peripheral blood eosinophils activation 

and selective mediator mobilization and release from crystalloid granules. We have used
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RT-PCR, immunofluorescent staining, confocal laser scanning microscopy, flow 

cytometry and P-hexosaminidase release assay to determine the expression, localization, 

and potential function of CD63 in peripheral blood eosinophils. Our findings indicate that 

CD63 may be an important element in the complex process o f eosinophil activation and 

exocytosis, particularly PMD.

Materials and Methods 

Eosinophil Purification

Eosinophils were purified from peripheral blood of documented mild atopic 

asthmatic subjects as previously described (11,12.30). Briefly, samples of peripheral 

blood (100 ml) were collected in heparin-containing tubes. Erythrocytes were sedimented 

for 45 min at room temperature with 10 ml 5% dextran (100,000-200,000 kDa; Sigma. 

Oakville, ON, Canada). The upper phase of the leukocyte-rich plasma was then layered 

onto a 15 ml Ficoll gradient (Pharmacia Biotech, Inc, Uppsala. Sweden) and centrifuged 

for 25 min at lOOOg. After removal o f excess plasma, mononuclear layer, and Ficoll, the 

resulting granulocyte pellet was resuspended in 2 ml RPMI-1640 (BioWhittaker, 

Walkersville, MD). Contaminating erythrocytes were removed by hypotonic lysis on ice 

in 1 ml sterile FUO for 5 seconds. The resultant pellet was incubated with a mixture o f 12 

pi anti-CD 16. 10 pi anti-CD3 and 10 pi anti-CD 14-coated immunomagnetic beads 

(MACS beads: Miltenyi-Biotec. Bergisch-Gladbach, Germany) for 45 min at 4°C to 

remove contaminating neutrophils, lymphocytes, and monocytes respectively by negative 

selection on a magnetic column. The resulting eosinophil purity was usually greater than 

99%.
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Granule purification

Purified eosinophils (4><107) were washed in 10 ml ice cold buffer A (10 mM 

HEPES. 0.25 M sucrose, ImM EGTA, pH 7.4) and resuspended in ice cold 

homogenization buffer (HEPES-buffered sucrose supplemented with 2 mM/L MgCh and 

1 mM ATP and 5 pg/mL each of leupeptin, aprotinin. and TAME, pH 7.4) to optimal 

subffactionation density (between 10 and 15 * 106/mL). Cells then were subjected to

15 to 20 passes through a ball-bearing homogenizer(EMBL, Heidelberg, Germany) 

possessing 12-pm clearance. To obtain the postnuclear supernatant the homogenate was 

centrifuged at 400 g  for 10 min. The resulting postnuclear supernatant was subjected to 

density centrifugation at 10,000g for 15 min at 4°C. Supernatant containing light 

membrane w'as discarded and the pellet containing crystalloid granules was resuspended 

in 50 pi buffer B and used in experimental procedures immediately after.

RT-PCR analysis

Total RNA was extracted from resting and stimulated eosinophils using the 

QIAGEN QIAShredder and RNeasy MiniK.it (QIAGEN Inc, Mississauga, ON, Canada) 

according to the manufacturer's instruction. Three different stimuli were used to 

stimulate the eosinophils (2xl06 cells per each of the following time- points: 0, 2, 4 and

16 hours), IFNy (20 ng/ml. R & D Systems, Minneapolis, Minnesota, USA), a 

combination o f C5a (800 nM) and cytochalasin B (CB), (10 ng/ml, Sigma), and a cocktail 

o f IL-3 (10 ng/ml), IL-5 (5 ng/ml) and GM-CSF (10 ng/ml) (Genzyme, Cambridge, Ms).

One third of each sample of total cellular RNA (-300 ng) were reverse 

transcribed by incubating with 200 U superscript II reverse transcriptase (Gibco BRL 

Life Technologies, Ltd, Grand Island, NY), IX first Strand Buffer, and 0.5 mM of mixed
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dNTPs (Gibco BRL). Aliquots (2 pi) of cDNA were used in a 20 |j.I PCR reaction 

containing 2.5 U o f Taq DNA polymerase, IX PCR buffer, 25 pM mixed dNTPs (Gibco 

BRL), and 0.2 pM each o f the appropriate forward (5 ') and reverse (3 ') primers. A hot 

start was performed in the initial denaturation step at 95 °C for 3 min before samples were 

subjected to 35 cycles o f heating to 95°C for 45 sec, 55°C for 1 min, and 72°C for 30 sec 

in a thermal cycler (M-J Research, Watertown, MA). A final extension step was then 

performed by heating to 72°C for 7 min. The following PCR primers (synthesized by the 

DNA services laboratory, University o f Alberta) were used for the CD63 amplification,

5 '-AACAACCACACTGCTTCGATCC-3' (forward) and 5 -TTTCGG 

TCTGAAAAAATAATCCGTTT -3' (reverse) (CD63 product o f 427 bp). Amplification 

o f (32-microglobulin ( 5 -CTCGCGCTACTCTCTCTTTCTGG-3', 5 -GCTTACATGTCT 

CGATCCGACTTAA-3') was used to verify that equal amounts o f RNA were used for 

reverse transcription and PCR amplifications from the different experimental conditions. 

The PCR product was electrophoresed on a 2% agarose gel, stained with ethidium 

bromide, and photographed under ultraviolet light. The densities o f RT-PCR bands were 

determined by scanning the photographs and using ImageMaster computer software 

(Pharmacia).

Flow cytometry

Eosinophils (5x 105 cells per test) incubated in the presence or absence o f IFNy, 

C5a/CB and IL-3/IL-5/GM-CSF (10 min) were fixed in 5% formalin (10 min at 4°C) and 

blocked in 5% milk in flow buffer (PBS + 1% BSA + 0.1% sodium azide) overnight at 

4°C. Following blocking, cells were washed (X3) in flow buffer and incubated with 5 

pg/ml o f one o f the following antibodies: mouse monoclonal anti-CD63 (IgGi;
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Pharmingen, San Diego, CA), or mouse IgGi isotype control (R & D Systems), for 60 

min on ice. After three washing steps cells were incubated with goat Fab2 anti-mouse IgG 

conjugated to phycoerythrin (5 pg/ml) (Cedarlane Laboratories Ltd, Hornby, ON, 

Canada) for 30 min at 4°C. Cells were subsequently washed three times and resuspended 

in flow buffer to a final density o f 1 x 106 cells/ml and analyzed on a FACScan instrument 

using CellQuest software (Becton Dickinson, San Jose, CA). Eosinophil crystalloid 

granules obtained from purified eosinophils were subjected to the same procedure 

described above, and further examined using FACS analysis. To examine the intracellular 

or intragranular pool o f CD63, eosinophils or their purified granules were permeabilized 

by adding 0.1% saponin to the blocking reagent.

Immunojluorescent labeling

Cytospins o f resting as well as IFNy-, C5a/CB- and IL-3/IL-5/GM-CSF- 

stimulated (10 min) eosinophils were prepared by spinning 3x 104 cells (suspended in 

100 pi 20% FCS in RPMI-1640) in a Cytospin 2 centrifuge (Shandon, UK) at 800 rpm 

for 2 min. To prepare cytospins of crystalloid granules the same procedure was carried 

out on highly purified crystalloid granules. Slides were then foil-wrapped and stored at - 

20°C until used. Slides o f resting and agonist-stimulated eosinophils were fixed for 8 min 

in 2% paraformaldehyde in PBS (room temperature) and washed (X5) in Tris-buffered 

saline (TBS, pH 7.4). Following fixation, cytospins were blocked using 3% FCS in a 

humidified container (30 min). After a second washing step, slides were incubated 

overnight with TBS containing 1% mouse monoclonal anti-human CD63 (5 pg/ml) at 

4°C. BODIPY-FL conjugated secondary antibody (20 pg/mL) (Molecular Probes,

Eugene, OR, USA) was used to detect immunoreactivity o f CD63 (2h, room
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temperature). Following another washing step, slides were blocked again for 2 h using 

goat anti-mouse IgG Fab fragment (Jackson ImmunoResearch Laboratories, West Grove, 

PA, USA), (50 pg/mL) and double-labeled with either mouse monoclonal anti-human 

MBP (1%) (BMK-13, generated in-house (31) or mouse monoclonal anti-human 

RANTES (5 fig/mL) (R&D system) at 4°C. Immunoreactivity against MBP and 

RANTES were detected by incubating slides with 15 pg/mL Rhodamine (TRITC)-labeled 

goat anti-mouse antibody (Jackson ImmunoResearch Laboratories Inc, West Grove, PA) 

for 2 h. Mouse IgGl (R&D Systems) at equivalent concentrations was used as the isotype 

control. After a final washing step. 10 pi o f the anti-bleaching agent, 0.4% n-propyl 

gallate (Sigma) in 3:1 glycerol: lOxTBS, was applied to the slides before coverslip 

attachment.

Confocal laser scanning microscopy

Immunofluorescent staining of resting and stimulated eosinophils as well as 

purified crystalloid granules were examined using a Zeiss Laser Scanning Confocal 

Microscope (LSM 510) mounted on a Zeiss Axiovert M l00 inverted microscope with a 

63X plan-apochromatic lens. The 488nm laser line (generated from 25mW argon laser) 

and 543nm laser line (generated from lmW HeNe laser) were used to image BODIPY- 

FL (green) and Rhodamine (TRITC) (red), used in the experiments. A band pass filter 

(505-550 nm) was used to collect emission from BODIPY-FL and a long pass filter 

(560nm) was used to collect signals from TRITC. To avoid spillover of the 

fluorochromes, sequential scanning mode o f  the machine was used to collect images from 

double stained samples. Image acquisition was optimized using the required pinhole 

setting, photomultiplier gain, and offset. Higher spatial resolution was achieved by using
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the appropriate zoom on the computer. Images were further analyzed and developed 

using LSMIB 4.0 software.

Measurement o f  /3-hexosaminidase release and statistical analysis

Freshly purified eosinophils (2x l05 cells) were stimulated using IFNy, C5a/CB 

and IL-3/IL-5/GM-CSF for 10 min. Cell free supernatants (50pl) were mixed with 50pl 

substrate solution (1 mM 4-methylumbelliferyl N-acetyl-P-D-glucosaminide in 

0.2 M citrate buffer, pH 4.5. and 0.1% Triton X-100) and incubated for 60 min at 37°C. 

The reaction was terminated by the addition o f 150 pi ice-cold 0.2 M Tris, and the 

fluorescence (excitation 360 nm, emission 460 nm) was measured in a Millipore 

CytoFluor 2350 plate reader (Millipore. Nepean, ON, Canada) as described in earlier 

studies (11,12). Experiments were done in triplicates. Values were averaged and their 

standard error o f the mean was calculated. Results were analyzed for significance using 

Student's t test and they were considered significant whenp< 0.01.
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Results

CD63 mRNA expression in human eosinophils

Highly purified peripheral blood eosinophils were examined by RT-PCR to detect 

the CD63 mRNA. Our results showed that both resting and IFNy (20 ng/ml) stimulated 

eosinophils express CD63 mRNA. No detectable changes in mRNA expression was 

evident after IFNy stimulation for 2 ,4  and 16h (fig. 1). The same was true for eosinophils 

stimulated by C5a/CB, or IL-3/IL-5/GM-CSF stimulation (data not shown).
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Fig. 1.4. RT-PCR analysis of eosinophil CD63 mRNA expression:

Lanel= resting eosinophils, lane 2 = 2h after IFNy stimulation, lane 3 = 2h medium 

alone, lane 4 = 4h after IFNy stimulation, lane 5 = 4h medium alone, lane 6 = 16h after 

IFNy stimulation, lane 7= 16h medium alone. Resting peripheral blood eosinophils 

express CD63 mRNA (lane 1). Neither IFNy (lane 2 ,4  & 6), nor C5a/CB or IL-3/IL- 

5/GM-CSF (date not shown) stimulation o f eosinophils showed significant regulatory 

effect on CD63 mRNA expression.
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CD63 protein expression and localization in human eosinophils

CD63 protein expression was examined using a combination o f 

immunofluorescent staining and confocal laser scanning microscopy on cytospins o f 

purified peripheral blood eosinophils. Cytospins of freshly purified eosinophils were 

prepared and immunostained using monoclonal anti-human CD63. CD63 was expressed 

in resting peripheral blood eosinophils, which appeared predominantly localized to the 

membrane of crystalloid granules (fig. 2A). The association o f immunoreactivity against 

CD63 with crystalloid granules membrane was further confirmed by immunofluorescent 

staining o f an isolated population o f crystalloid granules (fig. 2B).

To determine the intracellular localization site o f  CD63 relative to MBP (marker 

for eosinophils granule crystalline cores) and RANTES (marker for granule matrix 

regions), we carried out double-immunofluorescent staining procedure on a population of 

isolated granules as well as freshly purified eosinophils. While immunoreactivity against 

MBP predominantly localized to the core region (fig. 2C-D) and did not colocalize with 

CD63, the immunoreactivity against RANTES and CD63 colocalized to the peripheral 

compartment o f the crystalloid granules highlighted by yellow color in the combined 

image (fig. 2E).

Localization and mobilization o f  CD63 in stimulated eosinophils

To examine the intracellular localization and kinetics of CD63 mobilization 

relative to MBP in agonist-stimulated cells, freshly isolated eosinophils were stimulated 

(10 min) with IFNy (20 ng/ml), C5a (800 nM) /CB (10 ng/ml) or IL-3 (10 ng/ml) /IL-5/

(5 ng/ml) GM-CSF (10 ng/ml). Cytospins of stimulated eosinophils were prepared, fixed, 

double immunostained for CD63 and MBP and examined under confocal fluorescent
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microscopy. As early as 10 min after IFNy (fig. 2 F-H) or C5a/CB stimulation (fig. 2 I- 

K), CD63 immunostaining appeared to be confined only to the granules adjacent to the 

cell membrane while MBP immunoreactivity remained relatively unaltered. In contrast to 

IFNy and C5a/CB, stimulation with IL-3/IL-5/GM-CSF induced the appearance o f 

discrete clusters of CD63 that colocalized predominantly with eosinophil MBP (fig. M- 

O). IFNy, and C5a/CB-induced intracellular mobilization o f CD63, were inhibited by the 

tyrosine kinase inhibitor, genistein (1 O'6 M) and the same was true for IL-3/IL-5/GM- 

CSF-induced translocation o f CD63 and MBP (fig. 2 P) (n=5).

CD63 translocation coincided with that o f  RANTES

We have previously shown that IFNy stimulation o f eosinophils induces the rapid 

mobilization o f RANTES to cell periphery prior to its release to extracellular space (12). 

To examine the association o f CD63 with RANTES translocation to cell periphery, 

double-immunofluorescent staining with specific antibodies to RANTES and CD63 was 

conducted on IFNy-stimulated eosinophils. Following IFNy stimulation (10 min) o f 

eosinophils, immunoreactivity against RANTES colocalized with that o f  CD63, with both 

translocating to the periphery of the cells (fig. 2 Q-S). The presence o f CD63- and MBP- 

negative granules in stimulated eosinophils was further confirmed by differential 

interference contrast (DIC) image (T). Mouse IgGl at equivalent concentrations was used 

as isotype control for all the above mentioned immunostaining procedures (fig. 2L)
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Fig. 2.4. Confocal laser scanning microscopy (CLSM) images of immunostained 

peripheral blood eosinophils o f asthmatic subjects: Representative images o f  human 

eosinophils stained with TRITC-conjugated secondary antibody (red color) to detect the 

MBP as well as RANTES immunoreactivity, or BODIPY-FL-conjugated secondary 

antibody (green color)to detect immunoreactivity against CD63. (A) Resting peripheral 

blood eosinophils labeled with BODIPY-FL indicating CD63 immunoreactivity. (B) 

Highly purified crystalloid granules immunostained with anti-CD63. (C) Higher 

magnification of a combined image of eosinophil crystalloid granules immunostained for 

MBP (TRITC) indicating core-associated immunoreactivity, and CD63 indicating matrix- 

associated CD63 immunoreactivity. (D) Combined image of double immunofluorescence 

(MBP & CD63) staining of resting eosinophils, red TRITC represents immunoreactivity 

against MBP and green BODIPY-FL is indicative o f  CD63 immunoreactivity. (E) 

Combined image of double immunofluorescence (RANTES & CD63) staining o f  resting 

eosinophils, TRITC detected RANTES and BODIPY-FL detected CD63. (F-H) Double 

immunofluorescence (MBP & CD63) staining of IFNy-stimulated eosinophils (time=10 

min): MBP immunostaining (F), CD63 immunostaining (G) and combined image (H). (I- 

K.) Double immunofluorescence (MBP & CD63) staining of C5a/CB-stimulated 

eosinophils (time=10 min): MBP immunostaining (I), CD63 immunostaining (J) and 

combined image (K). (L) Combined image of isotype control for CD63 and MBP 

immunostaining. (M-O) Double immunofluorescence (MBP & CD63) staining o f IL- 

3/IL-5/GM-CSF-stimulated eosinophils (time=10 min): MBP immunostaining (M),

CD63 immunostaining (N) and combined image (O). (P) Combined image o f double 

immunofluorescence (MBP & CD63) staining of IFNy-stimulated eosinophils pre-
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incubated with genistein (10*6 M), which inhibited the IFNy-induced translocation of 

CD63. (Q-T) Double immunofluorescence (RANTES & CD63) staining o f IFNy- 

stimulated eosinophils: RANTES immunostaining (Q), CD63 immunostaining (R), 

combined image (S), and differential interference contrast (DIC) image of the same cell 

(T). Original magnification is 63x10 X for all images.

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

164



Dexamethasone effect on agonist-induced CD63 translocation

To examine the effect of dexamethasone on agonist-induced intracellular 

translocation o f CD63, freshly purified eosinophils were incubated in the presence of 

dexamethasone (lO-6 M) for 60 min prior to agonist stimulation. Interestingly, 

dexamethasone inhibited the IFNy (fig 3A-D), C5a/CB (fig 3E-H) or IL-3 /IL-5/GM-CSF 

(fig 3I-L)-induced intracellular mobilization of CD63 (n=6).
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■
Fig. 3.4 The effects of dexamethasone on agonist*induced CD63 translocation:

Representative images of human eosinophils single stained with BODIPY-FL-conjugated 

secondary antibody (green color) to detect immunoreactivity against CD63. (A, B) 

immunofluorescence (CD63) staining of IFNy-stimulated eosinophils and DIC image of 

the same cell (time=10 min). (C. D) Immunofluorescence staining of eosinophils pre­

incubated with dexamethasone (1 0 6 M) prior to IFNy-stimulation. and the DIC image of 

the same cell. (E, F) Immunofluorescence staining of C5a/CB-stimulated eosinophils and 

DIC image of the same cell. (G. H) Immunofluorescence staining of eosinophils pre­

incubated with dexamethasone (1 0 6 M) prior to C5a/CB-stimulation. and the DIC image 

of the same cell. (I. J) Immunofluorescence staining of IL-3/IL-5/GM-CSF stimulated 

eosinophils and DIC image of the same cell. (K, L)) Immunofluorescence staining of
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eosinophils pre-incubated with dexamethasone (10*6 M) prior to IL-3/IL-5/GM-CSF - 

stimulation, and the DIC image of the same cell. Original magnification is 63 x 10 X for 

all images.
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CD63 surface expression in resting and stimulated eosinophils

The surface expression of CD63 was examined by flow cytometry. Freshly 

isolated eosinophils were immunostained with anti-CD63 antibody and analyzed using 

FACScan instrument. Our results indicated that CD63 is expressed on the surface of 

resting eosinophils. Saponin-permeabilized cells showed a significant shift (50-fold) in 

mean fluorescent intensity (MFI). which may be indicative o f  a much larger intracellular 

site o f CD63 expression and/or storage (fig. 4) (n=4).
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Fig. 4.4. Analysis o f CD63 surface expression: CD63 expression on the surface o f 

purified eosinophils was examined using flow cytometry analysis. (1) Isotype control. (2) 

CD63 expression in non-permeabilized eosinophils, (3) CD63 expression in (0.1%) 

saponin -permeabilized eosinophils (3).
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CD63 surface expression was further enhanced after agonist stimulation (10 min), 

with C5a/CB inducing maximum upregulation in contrast to the combination o f IL-3/IL- 

5/GM-CSF, which induced minimum upregulation (fig. 5) (n=4). This surface 

upregulation o f CD63 coincided with intracellular translocation o f CD63 and RANTES 

upon agonist stimulation. Upregulation of CD63 surface expression upon stimulation 

with either agonist was equally inhibited by genistein (n=4).
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Fig. 5.4. Analysis of CD63 surface expression in agonist stimulated eosinophils: (I)

CD63 surface expression on resting eosinophils, (2) CD63 surface expression on IFNy- 

stimulated eosinophils, (3) CD63 surface expression on C5a/CB-stimulated eosinophils, 

(4)CD63 surface expression on IL-3/IL-5/GM-CSF-stimulated eosinophils.
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CD63 expression on isolated populations o f  crystalloid granules

We studied the expression of CD63 on the surface o f isolated crystalloid granules 

and examined the presence o f an intragranular pool and/or an inverted membrane 

configuration o f CD63. We immunostained both a permeabilized and a non- 

permeabilized populations o f  dispersed and highly purified eosinophil crystalloid 

granules. The obtained results indicated that CD63 was expressed on the surface of 

crystalloid granules. Interestingly, mean fluorescent intensity (MFI) o f permeabilized 

granules was increased approximately 2-folds in saponin-permeabilized granules (fig. 6) 

(n=4). To ensure that granules were intact after isolation, granule preparations were 

immunostained with antibodies against MBP or RANTES and no immunostaining was 

detected by flow cytometry against either o f  the two mediators in non-permeabilized 

granule preparation. Only permeabilized granules showed MBP and RANTES 

immunoreactivity (data not shown).
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Fig. 6.4. Analysis of CD63 expression on the surface of purified crystalloid granules:

(1) Isotype control, (2) CD63 expression on the surface of non-permeabilized purified 

crystalloid granules, (3) CD63 expression in saponin-permeabilized granules.
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Mediator release in stimulated eosinophils and the effects o f  dexamethasone and the 

tyrosine kinase inhibitor, genistein

We examined the association between intracellular translocation and surface 

upregulation o f CD63 with mediator release upon agonist-stimulation. We measured P- 

hexosaminidase release in the supernatant o f IFNy, C5a/CB or IL-3/1L-5/GM-CSF 

stimulated-eosinophils. Our results indicated that agonist stimulation o f  eosinophils (10 

min) induced P-hexosaminidase release, with C5a/CB inducing maximum release in 

contrast to the combination of IL-3/IL-5/GM-CSF, which induced minimum release 

(n=6). p-hexosaminidase release occurred concurrently with CD63 translocation to the 

cell periphery and the cell surface upregulation. Indeed, P-hexosaminidase release 

induced by various stimuli was associated with agonist-induced enhancement of CD63 

surface expression measured by mean fluorescent intensity. In particular, C5a/CB 

induced more P-hexosaminidase release in parallel with its stronger effect on CD63 

surface expression (fig. 7 & fig.5).

Glucocorticoids have been long recognized for their anti-inflammatory effects. 

Indeed, glucocorticoids represent a mainstay o f therapy for bronchial asthma, and other 

allergic diseases. The clinical efficacy of glucocorticoids in allergic inflammation is 

partially mediated by their potent inhibitory effects on the elaboration o f pro- 

inflammatory and eosinophil-active cytokines (32). We examined the potential inhibitor)' 

effects o f glucocorticoids on p-hexosaminidase release and CD63 translocation. Pre­

treatment o f eosinophils with dexamethasone (60 min) prior to agonist-activation, down- 

regulated P-hexosaminidase release significantly (fig. 7). Dexamethasone, in the absence 

o f agonist stimulation, did not alter the P-hexosaminidase release. To examine the
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potential involvement of tyrosine kinases activity in CD63 translocation following 

agonist stimulation, eosinophils were pre-incubated with genistein. Genistein pre- 

treatment down-regulated the P-hexosaminidase release in agonist-activated eosinophils 

in a similar fashion to dexamethasone (data not shown).
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Effects of dexamethasone on agonist-induced £-hexosaminidase release

RPMI + + - - - - -
IFNy - - + + - - -
C5a/CB - - + + - -
IL-3/IL-5/ - - - - + +
GM-CSF
Dex. - + - + - + +

Fig. 7.4. Mediator (P-hexosaminidase) release in agonist stimulated eosinophils and 

effects of dexamethasone: Freshly purified eosinophils (2x10s cells) were stimulated 

using IFNy, C5a/CB and IL-3/IL-5/GM-CSF, for 10 min and P-hexosaminidase was measured in 

cell free supernatants. The effect of dexamethasone on agonist-induced mediator release was 

examined by pre-incubating cells with dexamethasone (10-6) for 60 min. The Student T-Test was 

used to analyze the results. Values represent averages o f triplicate measurements. A similar trend 

of release was observed in 6 separate donors. The first column shows spontaneous release of p-
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hexosaminidase from eosinophils, the second and third columns show IFNy-induced release and 

dexamethasone effect, the fourth and fifth columns represent the C5a/CB-induced release and 

dexamethasone effect, and the sixth and seventh columns show the IL-3/IL-5/GM-CSF induced 

release and dexamethasone effect. * Represents the statistical significance o f dexamethasone 

inhibition of mediator release, error bars represent the mean and SEM o f measurements (*  p<  

0 .01 ).
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Discussion

In this study, we have investigated the expression, and localization o f CD63 in 

resting and activated human peripheral blood eosinophils. We have further examined the 

association o f  CD63 intracellular localization and surface expression with selective 

mediator mobilization (RANTES) and release (p-hex) in agonist-activated eosinophils. 

We have previously examined RANTES ultrastructural localization in human eosinophils 

by immunogold (12).

Selective mediator release or piecemeal degranulation is a well documented mode 

o f mediator release in human eosinophils with around 67% o f  all airway mucosal 

eosinophils exhibiting lucent granules indicative o f PMD in association with asthma (33. 

34, 35), allergic rhinitis (36, 37), and nasal polyposis (13, 38,39). In allergen-exposed 

nasal airways, virtually all viable eosinophils in mucosal tissue showed signs o f PMD 

under active disease conditions (36). Eosinophil granule alterations reflecting PMD have 

also been described in guinea pig models o f asthma (40, 41).

In a previous study we showed that selective release o f  RANTES in eosinophils 

upon IFNy stimulation occurred in parallel with a rapid initial mobilization o f RANTES 

to the cell periphery followed by secretion to the extracellular space. (12). RANTES 

trafficking as well as release was suggested to be associated with a pool o f rapidly 

mobilizable small mediator-containing vesicles. These vesicles are thought to bud from 

crystalloid granules, fuse with plasma membrane and selectively evacuate the content o f 

specific granules to extracellular space (42,43). However, no molecular and cell surface 

marker for this gradual and selective mediator release (PMD) has been identified. To
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date, researchers have only relied on determining the percentage of altered granules 

(granules exhibiting ultrastructural signs o f  protein release) in tissue eosinophils (13).

In this study we propose CD63 as a molecular marker for PMD since it appears to 

be associated with intracellular mediator mobilization (RANTES) to the cell periphery 

and extracellular space (P-hex). In support o f  this proposal, we have demonstrated that in 

resting eosinophils, CD63 is expressed on the membrane o f all MBP immunoreactive 

crystalloid granules. However, upon IFNy or C5a/CB stimulation, CD63 appeared to 

localize to the periphery of granules that are adjacent to the plasma membrane. The CD63 

translocation to the cell periphery upon IFNy stimulation predominantly coincided with 

RANTES translocation, which has been shown also to mobilize to the cell periphery prior 

to its release to extracellular space (12).

Interestingly, agonist stimulation upregulated CD63 on the eosinophil cell 

surface. Agonist-induced surface upregulation of CD63 appeared to coincide with P- 

hexosaminidase release suggesting a potential role for CD63 in mediator release. Indeed, 

the agonist that induced higher upregulation o f surface membrane expression for CD63 

equally induced higher P-hexosaminidase release (fig. 5 & fig. 7). The surface 

upregulation of CD63 following cell stimulation and subsequent mediator release in 

eosinophils are in agreement with previous observations in neutrophils. These studies 

demonstrated CD63 mobilization to the plasma membrane following cell stimulation. 

CD63 in human neutrophils has been used as a marker for the fusion o f azurophilic 

granules with plasma membrane (25). Surface upregulation o f CD63 in eosinophils have 

been shown to occur in vivo, since surface expression o f  CD63 was observed to be
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upregulated in eosinophils recovered from bronchoalveolar lavage of allergic asthmatic 

patients (44).

In localization studies, we provided evidence that CD63 is expressed on the 

membrane o f purified crystalloid granules. To control for structural integrity o f purified 

granules and to show that CD63 immunostaining is not intragranular, we immunostained 

the same granule populations with specific antibody against MBP as well as RANTES. 

No immunoreactivity against MBP or RANTES was observed indicating that the 

dispersed granules were intact. Interestingly, following permeabilization, granules 

showed two fold increase in immunoreactivity against CD63. This increase in 

immunoreactivity o f permeabilized granules is presumably caused either by intragranular 

storage of CD63 or by the presence o f granule-membrane associated CD63 on both the 

inner and outer leaflet o f the granule. However, it is unlikely that there will be an 

intragranular pool o f CD63 approximately equal to the membrane-associated pool. We 

therefore, speculate that this two-fold increase in immunoreactivity of permeabilized 

granules may be due to the interaction with the same epitope o f CD63 facing the inner 

leaflet o f the granules, potentially caused by the dynamic fusion of small secretory 

vesicles with crystalloid granules. Indeed, a previous study showed that members of 

tetraspanin superfamily such as CD37, CD53, CD63, CD81 and CD82 are concentrated 

on the internal membrane of MHC class II-enriched compartment (45). This indicates 

that the “extracellular loops” o f tetraspanins may face the inner comportment o f an 

intracellular organelle.

Interestingly, and unlike IFNy and C5a/CB, stimulation with IL-3/IL-5/GM-CSF 

induced the appearance of discrete clumps of CD63, which predominantly colocalized
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with large intracellular stores of MBP. The formation o f such large intracellular pools o f 

MBP may be associated with compound exocytosis. Furthermore, the colocalization o f 

CD63 with MBP pools may indicate the association of CD63 with compound exocytosis 

induced by eosinophil-active cytokines. The association o f CD63 with intracellular 

mediator mobilization (RANTES and MBP) and release (P-hex) may suggest a role for 

CD63 as a “molecular chaperone” and may be indicative o f  the association of CD63 with 

eosinophil secretory processes.

We used genistein to examine the specificity and the involvement o f protein 

kinases in eosinophil response to agonist stimulation. Genistein is a broad specificity 

protein kinase inhibitor, shown to inhibit protein tyrosine kinases as well as other protein 

kinases by acting as a competitive inhibitor of ATP (46, 47). Tyrosine kinase activity has 

been implicated in eosinophil activation and mediator release. Genistein has been shown 

to inhibit tyrosine phosphorylation, cell activation, and mediator release responses o f 

eosinophils induced by different agonists (48, 49,50,51). Genistein has been used to 

inhibit early steps in the IFNy receptor-signaling pathway following ligand binding (52). 

In our hands, genistein fully inhibited agonist-induced (IFNy, C5a/CB and IL-3/IL- 

5/GM-CSF cocktail), intracellular translocation and mobilization of CD63 and RANTES 

as well as cell surface upregulation o f CD63 and P-hex release. The inhibitory effects o f 

genistein on intracellular movement o f CD63 indicated a functional involvement of 

protein kinases in these processes. Nevertheless, the precise signal transduction pathways 

that link agonist stimulation with CD63 translocation and mediator release remains 

unknown.
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Dexamethasone also inhibited agonist-induced intracellular translocation and 

mobilization and cell surface upregulation o f CD63, and at the same time it also down- 

regulated agonist-induced P-hexosaminidase release. These observations further support 

the association o f CD63 mobilization and translocation to the cell periphery with agonist- 

induced P-hexosaminidase release. Eosinophils are known to be important targets o f 

glucocorticoides effects (53). Disruption o f the cytokine network by glucocorticoids is 

known to indirectly diminish eosinophil generation, survival, and function. A number o f 

studies indicate the direct effect o f glucocorticoids on the survival and other functions of 

these cells including activation, adhesion and apoptosis (54-56). Indeed, glucocorticoids 

have been shown to inhibit antibody-dependent cellular cytotoxicity and degranulation in 

rat eosinophils (57). An inhibitory effect for dexamethasone on agonist-induced IL-8 and 

MCP-1 generation as well as release by eosinophils has been also reported (58). It is 

tempting to speculate that inhibitory effect o f dexamethasone on mediator release may be 

associated with its inhibitory effect on CD63 mobilization and translocation to the cell 

periphery. However, further investigation is required to examine the interconnection 

between inhibitory effects o f dexamethasone on mediator release and CD63 mobilization 

and translocation to the cell periphery.

Various agonists used in our experiments which included IFNy, C5a/CB and a 

cocktail o f IL-3/IL-5/GM-CSF are known to activate different signal transduction 

pathways. While JAK2 tyrosine kinase activation appears to be the initiating event for 

signaling through IL-3/IL-5/GM-CSF (59,60), IFNy affects eosinophils through its 

specific receptor and utilizes the Jak/Stat pathway as its long-term (hours) mode o f 

signaling (61,62). C5a-induced stimulation is known to activate heterotrimeric G proteins
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(63,64). The association o f intracellular translocation and cell surface upregulation of 

CD63 with activation of these different signal transduction pathways may suggest a 

central function for CD63 in signal transduction events and, as it has been proposed 

previously, CD63 may in fact act as a “molecular facilitator" in processes associated with 

exocytosis.

Members o f SNARE fusion complex have been proposed to play a central role in 

exocytosis (65). Our recent studies have shown that human peripheral blood eosinophils 

express members o f the SNARE fusion complex, including VAMP-2 (66), syntaxin-4 

(67) and SNAP-23 (68). In addition to SNAREs, another group o f proteins that are 

proposed to be involved in eosinophil exocytosis are Rho-related family o f GTPases. 

Members o f Rho-related GTPases, including Rac-2. have been identified in eosinophils 

and shown to be critical in the assembly o f NADPH oxidase complex prior to the 

generation o f superoxide (69).

The potential interdependence between different elements o f eosinophils 

exocytosis remains the subject of speculation. We are intrigued by the potential interplay 

between the CD63 and members of SNARE fusion complex and/or Rho-related GTPases 

and are currently pursuing studies to define the mode o f  their interaction.

In conclusion, our observations have important implications for expanding current 

knowledge on the association of tetraspanins with the eosinophil and describe a new 

potential role for CD63 in the processes leading to eosinophil exocytosis. Our findings 

provide a new target for future intervention in eosinophil mediator release, which may 

potentially lead to new therapeutic strategies in the treatment o f eosinophil related 

allergic inflammation and asthma.
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A. Immunofluorescence analysis o f cytokine and granule protein expression 

during eosinophil maturation from cord blood-derived CD34+ progenitors

Crystalloid granules are the major storage sites for eosinophil derived mediators. In 

mature eosinophils a large number o f mediators including cationic proteins and 

cvtokines/chemokines have been shown to be stored in these unique structures (1,2). 

Although mediator expression and their subsequent storage in crystalloid granules 

appears to be central to the proinflammatory function o f eosinophils, these areas o f  

eosinophil studies remain relatively unknown. In this study, I examined the 

morphological characteristics of eosinophilopoiesis and the processes leading to 

granulogenesis. I studied the expression and pattern o f granule storage o f a cytokine (IL- 

6) and a chemokine (RANTES) in parallel with cationic proteins in maturing eosinophils. 

Previous studies have only partially examined the morphological characteristics o f 

eosinophilopoiesis and the formation o f crystalloid granule using electron microscopy 

and in vitro culture systems (3.4). However, none of these studies examined the 

expression and pattern of granule storage o f cytokines in parallel with cationic proteins in 

maturing eosinophils.

Using double immunofluorescent staining together with CLSM, we examined the 

evolution o f the expression pattern of cytokines/chemokines and granule cationic proteins 

during differentiation and maturation o f CD34" progenitor-derived eosinophils in an in 

vitro culture system. Our observations suggested that MBP, ECP. IL-6 and RANTES are 

not expressed at detectable levels in freshly purified CD34+cells. However, maturing 

eosinophils exhibited positive immunostaining for all o f these proteins between days 16 

and 28 of culture. During early stages o f eosinophil culture from CD34+progenitors (day
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16), immunoreactivity against these mediators localized to granular structures and 

discrete immunostaining was observed around the periphery but not in the centre o f these 

granular structures. By day 28 o f culture, eosinophil-like cells showed evidence for the 

acquisition of crystalloid granule-like morphology analogous to that observed in mature 

peripheral blood eosinophils.

The early expression of mediators and their storage in granular structures is an 

important finding, since it indicates that maturing eosinophils may have the capacity to 

exhibit local immune-effector and immune-regulatory function during differentiation and 

maturation in the bone marrow as well as at local (in situ) tissues. In fact, previous 

studies have shown that maturing eosinophils generated from bone marrow-derived 

CD34+ cells are capable o f mediator release at early stages o f their development (5). 

Whether maturing eosinophils, known to express and store these mediators, play a role in 

immune effector and immune regulatory processes in the bone marrow or the local tissue, 

is an important issue that requires further investigation.

Interestingly, in day 16 of culture, maturing eosinophils appeared to contain a large 

number o f small granular structures. Later during culture (day 19) this population of 

small granules appeared to be replaced by a smaller number of larger granules. The 

decrease in number and increase in size of the granular structures in day 19 could 

potentially be the outcome of one of the following two processes:

1) A proportion of smaller size granules may be released to extracellular space due 

to sub- or supra-optimal concentrations o f growth factors and cytokines in culture media, 

with the remaining granules possibly increasing in size by incorporating mediator 

containing vesicles. These presumably shuttle mediators between maturing granules and
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Golgi compartment. The perceived increase in the size o f the granules may also have 

been caused by mediator synthesis within the granule itself. Indeed, a recent study by 

Dvorak et al. has shown that RNA as well as ribosomes are detectable in granules o f 

mature human mast cells. In this study, the authors have suggested that aspects of 

mediator synthesis processes may occur within granules (6). It is tempting to speculate 

that, as in the granules o f mature human mast cells, granules o f maturing eosinophils may 

contain protein synthesis machinery which they can use to synthesize prestored 

mediators. This process may be at least partially independent o f the Golgi compartment.

2) The increase in the size and decrease in the number o f granular structures may 

have been caused by intracellular fusion o f smaller granules resulting in the formation o f 

larger granules. In a previous study researchers, using whole-cell patch-clamp 

capacitance measurements, showed that homotypic fusion o f unit granules takes place in 

maturing eosinophil cultures, in vitro (5). In this study, the authors have proposed that 

mature large specific granules are formed by homotypic fusion of unit granules of similar 

size (5).

The intracellular fusion of granules has been also described in mature human 

eosinophils in a process known as compound exocytosis. Here a number o f crystalloid 

granules merge intracellularly to form a large intracellular membrane-bound pool of 

mediators, before release to the extracellular space (7,8). Merging of mature crystalloid 

granules o f eosinophils in compound exocytosis suggests the presence of the putative 

elements necessary for granule membranes to fuse together. Similar mechanisms may 

underlie the merging of smaller granules in the earlier days o f granulogenesis in semi­
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solid cultures leading to the formation of larger granular structures by day 19. 

Nevertheless, further studies are needed to confirm or disprove the above speculations.

Another interesting aspect o f granule maturation is the differential localization 

and compartmentalization o f mediators within the granules at various days o f culture. 

During the early stages of culture, immunoreactivity against MBP, ECP, IL-6 and 

RANTES appeared to be localized to the periphery but not to the centre of these granule­

like structures. Nonetheless, by day 28, some o f the granular structures showed patterns 

of immunoreactivity similar to that o f mature crystalloid granules. While MBP 

immunoreactivity was observed to be localized to the core compartment, 

immunoreactivity against other mediators such as ECP, IL-6, and RANTES localized to 

the matrix compartment. Such differential localization and compartmentalization o f 

mediators may indicate the potential presence o f as yet unidentified sorting molecules 

and mechanisms in maturing eosinophil granules. Mediator trafficking and sorting within 

the ER and Golgi compartments have been the subject o f intense investigations. 

However, mediator trafficking and differential localization within secretory granules 

remain generally unknown.

Taken together, the intragranular processes associated with granule structure and 

size as well as mediator compartmentalization within granule structures are intriguing 

and require further studies. It was due to the lack o f  appropriate antibody markers and 

limited cell numbers in our in vitro culture system that we were unable to fully 

investigate the molecules and mechanisms underlying the changes regulating granular 

size, structure and differential compartmentalization o f mediators within both core and
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matrix. Such studies require a larger number of cells, which may be achieved in future by 

using more advanced in vitro culture systems.

B. Selective mediator release in eosinophils

The activation o f eosinophils and the release o f eosinophil granule mediators in 

airw ay mucosa is considered a critical process in the pathogenesis o f asthma, allergic 

rhinitis, and nasal polyposis (10-14). There is also increasing evidence for the presence of 

cationic granule products, such as MBP. ECP in airway tissues and lavae (15-17). 

However, despite intensive studies on airway eosinophils, little is known about the 

molecules and mechanisms regulating degranulation o f these cells in the inflamed airway 

tissue.

Piecemeal degranulation or selective mediator release, whereby the granular 

content is fully or partially released from intracellular granules, is a prominent 

mechanism by which eosinophils discharge extracellularly their proinflammatory 

mediators (18,19). There is general agreement that PMD is a true phenomenon, but the 

regulatory molecular mechanisms associated with this event in airway mucosa remain 

largely unexplored.

Having studied mediator expression, storage, and compartmentalization in 

maturing eosinophils we investigated the mobilization and release o f prestored mediators 

in crystalloid granules o f mature eosinophils following agonist stimulation. In our studies 

on eosinophil exocytosis. we used RANTES, a chemokine prestored in mature peripheral 

blood eosinophils, as a marker for selective mediator mobilization and release.

Indeed we showed that RANTES immunoreactivity in human eosinophils was 

associated with electron lucent matrix o f the crystalloid granules. This was based on its
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close apposition to the crystalline core protein marker, MBP. Our data also indicated that 

IFNy stimulation o f eosinophils rapidly (10 min) activated the selective release of 

RANTES from intracellular pools. Prior to its release, RANTES immunoreactivity was 

observed to be selectively mobilized and appeared to localize to a population of granules 

adjacent to the cell periphery, while MBP immunoreactivity remained relatively 

unchanged.

Using subcellular fractionation on resting eosinophils we were able to detect 

RANTES immunoreactivity in two distinct compartments. Interestingly, RANTES was 

detected in a readily releasable pool distinct from MBP- and EPO-containing granules. 

This rapidly mobilizable pool o f RANTES was associated with light membrane fractions 

and was released to extracellular space 10 min after IFNy stimulation. Following 60 min 

o f IFNy stimulation light-membrane associated RANTES immunoreactivity was restored 

while crystalloid granule-associated RANTES was equally reduced. This suggests that 

RANTES may have translocated from crystalloid granule-associated pool to a light 

membrane-associated pool. Indeed, crystalloid granule associated RANTES may have 

acted as a reservoir for the readily releasable pool.

The presence of a similar readily releasable pool o f mediators has been detected 

in pancreatic endocrine P-cells. Measuring cell capacitance, insulin exocytosis, provoked 

by a modest elevation of C a 2+, shown to be resolved into a rapid release phase followed 

by a slower but sustained release phase (18). The former is thought to represent rapid 

exocytosis of a fusion competent pool o f granules (Readily Releasable Pool, RRP) while 

the latter likely represents delayed exocytosis o f granules that have to be recruited into 

the RRP from reserve pools (19). Interestingly, exocytosis o f this readily releasable pool
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o f granules is independent o f ATP and C a 2+, indicating that they have progressed beyond 

ATP-dependent priming. In contrast, the slower recruitment phase was both C a 2+ and 

ATP-dependent. This suggests that it represents delayed exocytosis o f granules that have 

to be recruited into the RRP from reserve pools and require maturation to achieve fusion- 

competency (19).

Our observations suggest that eosinophils possess a similar mechanism for 

selective piecemeal release of mediators prestored in either small secretory vesicles or 

crystalloid granules. We propose that the rapid release o f RANTES in activated 

eosinophils may be associated with a primed population of small secretory vesicles. As 

well the further budding of small secretory vesicles from crystalloid granules may 

account for the putative restoration o f  this population o f secretory vesicles. Indeed, such 

small secretory vesicles may be responsible for shuttling proteins between crystalloid 

granules and plasma membrane. Selective release o f eosinophil granule proteins and its 

association with vesicle budding from crystalloid granules has been described in earlier 

reports (20). A similar pattern of piecemeal degranulation has also been proposed based 

on electron microscopy sections of degranulating eosinophils, in vivo (20).

Little is known about underlying molecular mechanisms and signal transduction 

pathways associated with selective mediator sorting, mobilization and piecemeal 

degranulation. The gradual, time-dependent and selective mobilization of RANTES 

immunoreactivity to granules adjacent to the cell periphery may indicate the presence of 

a specific mechanism regulating intragranular mediator sorting and translocation. It is 

possible that upon selective sorting and recruitment o f  mediators into small secretory
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vesicles, the latter bud from a distal population o f granules and merge with granules 

proximal to plasma membrane in a stepwise fashion.

To date, three basic classes o f vesicles associated with intracellular trafficking o f 

proteins, have been identified: COPII, COPI and clathrin coated vesicles (21). While 

COPII-coated vesicles have been proposed to facilitate cargo translocation in ER (22), 

COPI-coated vesicles are thought to facilitate mediator translocation in the Golgi 

compartment. Indeed COPI has been proposed to be widely associated with membrane 

budding and fusion events in the Golgi compartment (23). Clathrin-coated vesicles 

transport lipids and proteins between intracellular membrane compartments. Clathrin- 

coated vesicles are the most prominent of the carriers in the endocytic pathway, (between 

the plasma membrane and early endosomes), and in the secretory pathway, (between the 

trans-Golgi network and late endosomes) (24). Clathrin coats act at the plasma membrane 

to form endocytic transport vesicles, at the trans-Golgi network (TGN) to form 

endosome-targeted vesicles, as well as possibly at other transport sites. It is tempting to 

speculate that clathrin coats may be responsible for the budding of small secretory 

vesicles from eosinophil crystalloid granules and subsequent translocation o f RANTES 

from a reservoir pool to a light membrane-associated pool.

One fascinating aspect o f the process of mediator mobilization and release in 

eosinophils is its selectivity. While a large number o f mediators are prestored in 

crystalloid granules, mediators are selectively mobilized and released. Two particular 

family members, p23 and p24, which are especially abundant in Golgi membrane, are 

proposed to be associated with selective mediator translocation in Golgi compartment

(25). Both p23 and p24 are highly concentrated in Golgi-derived COPI-coated vesicles
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(26). It has been proposed that the cytoplasmic tails o f  the p24 family o f proteins act as a 

coat receptor and are important for coat assembly, while their luminal domains have been 

proposed to bind cargo on the opposite side of the membrane (25-27). A similar process 

may facilitate the selective cargo recruitment to small secretory vesicles and orchestrate 

the piecemeal degranulation in eosinophils. Yet, the expression of clathrin, COPI, COPII, 

p24 and p23 and their potential association with selective mediator mobilization and 

release in eosinophils remain unknown and perhaps should be included in future studies.

C. The association of the tetraspanin, CD63, with eosinophil selective mediator 

release

As transmembrane proteins with extracellular domains, tetraspanins have been proposed 

to act as “adaptors" or “molecular facilitators". By adapting and facilitating the formation 

of functional signaling complexes and increasing their stability, tetraspanins are thought 

to coordinate various cellular functions such as cell proliferation, differentiation, 

activation and adhesion (28).

The tetraspanin, CD63. is a protein of single long open reading frame of 238 

amino acids containing four putative transmembrane regions and three N-glycosylation 

sites (29). CD63 is identical to ME491, an antigen reported as a melanoma-associated 

antigen. Although, CD63 is not related to the lysosomal glycoprotein family, it contains 

the putative lysosomal targeting signal Gly-Tyr in its short cytoplasmic tail (29).

A number o f studies have examined the CD63 expression and potential function 

in various cell types, including neutrophils, basophils, platelets, and endothelial cells 

(30-36). Yet, its expression and function in human eosinophils remain widely unexplored.
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To further our understanding on the selective mobilization and release o f  

prestored RANTES in agonist-activated eosinophils, we examined the participation of 

CD63 in exocytosis. In resting peripheral blood eosinophils CD63 localized to the 

membrane and/or matrix compartment of all MBP + granules. Following IFNy (10 min) 

or C5a/CB stimulation o f eosinophils, intracellular CD63 immunoreactivity appeared to 

be confined to membranes o f those crystalloid granules adjacent to the plasma 

membrane. Indeed, intracellular mobilization and translocation o f CD63 to the cell 

periphery upon IFNy stimulation coincided with that o f RANTES. We also observed that 

upon mediator release. CD63 expression was upregulated on plasma membrane o f  

stimulated cells. Interestingly, peripheral blood eosinophils o f asthmatics showed higher 

CD63 expression on their surface membrane when compared with eosinophils o f  non­

asthmatic individuals (Moqbel, Mahmudi-Azer, unpublished data).

As discussed above, our subcellular fractionation studies o f IFNy-activated 

eosinophils, revealed that RANTES immunoreactivity localized to two distinct pools: 1) a 

readily releasable light membrane-associated pool o f small mediator-containing vesicles 

which released their content to extracellular space within minutes after stimulation, and

2) crystalloid granule-associated pool which may act as a reservoir for the light 

membrane-associated pool. It is thought that budding o f mediator-containing vesicles 

may selectively and gradually evacuate the content o f crystalloid granules (37-39). Our 

studies on CD63 localization in activated eosinophils indicated a convergence between 

CD63 and mediator mobilization and release. As a consequence, we propose that 

immunoreactivity against RANTES together with that o f CD63, (both o f  which are
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originally associated with MBP+ granules), translocate to cell periphery in order to restore 

the light membrane-associated pool o f RANTES (Fig. 1).

Vesicle budding in other intracellular compartments involves a number of 

different molecules. In /rarcy-Golgi network (TGN) the vesicle formation is associated 

with selective capture o f the cargo molecules at the budding site. This occurs together 

with the recruitment o f  regulatory and structural proteins required for local deformation 

and fission o f the membrane pit and for delivery and fusion o f the resulting vesicle to the 

target membrane (40). Clathrin-based systems are responsible for a large fraction of the 

vesicular traffic originating from TGN. During vesiculation, cytosolic clathrin assemble 

into a coat that drives membrane deformation. Clathrin is also associated with a number 

of other proteins, some of which are directly involved in the recruitment o f cargo. They 

are referred to as adaptors because they link clathrin coats and cargo sorting (41).

Adaptor proteins constitute a large family o f monomeric and heterotetrameric 

complexes, which are found to varying extents in all nucleated cells from yeast to 

humans. The founding members are the mammalian AP-1 complex, specific for traffic 

from the TGN to the endosome. and AP-2 adaptor complexes specific for traffic 

originating at the plasma membrane and the endosome (42,43). A second mammalian 

AP-1 complex, specific for the endosomal compartment, has been also identified (44,45). 

The fifth family member. AP-3. is mostly associated with endosomal membranes (46,47). 

To my knowledge, there are no studies addressing the identification o f the expression o f 

various members o f the AP family in eosinophils or to examine the potential association 

o f CD63 with members of this family. The presence of a putative
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Fig. 5.1: Proposed model for vesicle budding from crystalloid granules
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lysosomal targeting signal on CD63 (29) and its association with PI4 kinases (48,49), 

tyrosin kinases such as Lyn and Hck (50), and selective mediator mobilization and 

release renders this molecule a suitable candidate for potential association with members 

of the AP family.

The association of CD63 with various signal transduction pathways highlights a 

potential central role for this molecule in cell activation and mediator release. Various 

agonists used in our experiments, which included IFNy, C5a/CB and a cocktail o f IL- 

3/IL-5/GM-CSF are known to activate distinct signal transduction pathways. While JAK2 

tyrosine kinase activation appears to be the initiating event for signaling through IL-3/IL- 

5/GM-CSF (51.52), IFNy activates eosinophils through its specific receptor and utilizes 

the JAK-2/STAT-1 pathway as its long-term (hours) mode o f signaling (53,54). C5a- 

induced stimulation is known to activate heterotrimeric G proteins (55,56). The 

association of intracellular translocation and cell surface upregulation of CD63 with 

activation o f these different signal transduction pathways may suggest a facilitating role 

for CD63 in signal transduction events leading to exocytosis. These may be a novel role 

for a member o f the tetraspanin family o f proteins.

Members o f SNARE fusion complex have been proposed to play a central role in 

exocytosis (57). SNARE proteins have been proposed to mediate all intracellular 

membrane fusion events. There are over 30 SNARE family members in mammalian cells 

and each is found in a distinct subcellular compartment. It is likely that SNAREs encode 

aspects o f membrane transport specificity but the mechanism by which this specificity is 

achieved remains controversial (58). Our recent studies have shown that human 

peripheral blood eosinophils express non-neuronal members o f the SNARE fusion
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complex, including VAMP-2 (59)(vesicular v-SNARE), syntaxin-4 (60) and SNAP-23 

(61) (target t-SNAREs). In a recent study on human neutrophil exocytosis, syntaxin 6 

was shown to localize mainly to the plasma membrane o f  human resting neutrophils, 

whereas SNAP-23 was shown to localize primarily in the mobilizable tertiary and 

specific granules. Interestingly, in this study, the authors showed that antibodies against 

SNAP-23, introduced into electropermeabilized neutrophils, inhibited Ca2+ and GTPyS 

induced exocytosis o f CD67-enriched specific granules, while negligibly affecting 

exocytosis o f the CD63-enriched azurophilic granules. These data may indicate that 

distinct molecular processes may regulate mediator release from CD67-enriched specific 

granules and CD63-enriched azurophilic granules (62).

In addition to SNAREs, another group of proteins that are proposed to be 

involved in eosinophil exocytosis are the Rho-related family o f GTPases. In fact, 

members o f Rho-related GTPases, including Rac-2, have been identified in eosinophils 

and shown to be critical in the assembly o f NADPH oxidase complex prior to the 

superoxide generation (63). The potential interdependence between different elements o f 

eosinophils exocytosis remains the subject o f speculation. We are intrigued by the 

potential interplay between the CD63, members o f SNARE fusion complex and/or Rho- 

related GTPases and our laboratory is vigorously currently pursuing studies to define the 

mode and pathways of such potential interactions.

In conclusion, much remains to be known about complicated molecular 

mechanisms underlying eosinophil mediator release. It is, however, clear that selective 

and local inhibition o f eosinophil mediator release are strategies worth pursuing which 

may potentially lead to novel therapeutic approaches in the treatment o f allergic
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inflammatory diseases. Our observations on eosinophil granulogenesis, mediator 

expression/storage and compartmentalization release have important implications for 

expanding current knowledge on processes underlying eosinophil maturation. 

Furthermore, our studies on selective mediator release and the close association o f CD63 

with cell activation and piecemeal degranulation o f  eosinophils may open new horizons 

in existing knowledge into the biological functions o f  tetraspanins. Taken together, the 

data presented in this thesis have initiated a number o f challenging and exiting questions. 

Chief among them is the precise role of CD63 in signal transduction pathways and its 

association with membrane trafficking during eosinophil activation. I also hope that these 

findings will provide conceptual bases for the development o f new therapeutic strategies 

toward the goal of modulating cell activation and mediator release in eosinophil-related 

allergic inflammation, specially asthma.
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Appendix I

Confocal Laser Scanning Microscopy and 

Immunofluorescent Staining Techniques in Detection and 

Localization of Mediators in Eosinophils1

1.1 Author: S. Mahmudi-Azer. Portions of this chapter were published in Human Airway 
Inflammation: Sampling Techniques an Analytical Protocols, D.F. Rogers and L.E. Donelly 
(Editors), Human Press Inc. I wrote the section on confocal laser scanning microscopy.

220

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



Introduction

Tracing the movement o f various mediators inside the cell and their localization 

to different subcellular components are some of the fascinating aspects o f  the modem cell 

and molecular biology. Advanced methods o f  confocal laser scanning microscopy, 

combined with immunofluorescent staining, can facilitate the detection and localization 

o f mediators such as cytokines and chemokines to different intracellular compartments. 

These methods can also be used to trace the intracellular movement o f mediators. 

Conventional light microscopy

Microscopy has been a mainstay o f biology, ever since Leeuwenhoek, (1689- 

1723) used a simple microscope with a magnification of 30-200 times and a resolution of 

approximately 1 pm. It was many years later that the addition o f a second lens led to the 

evolution of the compound microscope, which has contributed fundamentally to the 

development of various aspects o f biological sciences. In 1876, Ernst Abbe established 

the foundation of light microscopy and hypothesized that the theoretical maximum 

resolution of the light microscope (0.2 pm) was limited by the wavelength o f light. Since 

then, the major focus in light microscopy has been on developing methods o f illumination 

and promoting contrast (1).

In conventional light microscopy, “out of focus information” (which will be 

further discussed) has been a major obstacle, since it contributes to lessened visibility and 

loss of distinguishable structures (2). One solution to the limitations of light microscopy 

was the introduction and use o f electron microscopy in which electrons are employed to 

form the image. Since electrons have a shorter wavelength (0.2 r)m) than light, they 

produce better resolution o f the ultrastructural details. However, the complex preparation
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procedures are lengthy and can be damaging to the specimen. This technique also suffers 

from fixation and sectioning artifacts. In addition, the electron microscope provides only 

two-dimensional images, which are difficult to reconstruct (3).

Confocal laser scanning microscopy

After several decades o f effort, the invention o f laser as a source o f light led to the 

development o f confocal laser scanning microscopy CLSM (originally introduced by 

Maiman in 1960). Since laser can produce light beams with a very high degree of 

monochromaticity and polarization, the use o f laser as a light source overcame various 

difficulties in conventional light and electron microscopy. An appropriate laser could 

serve as a valuable light source in those modes of microscopy where monochromaticity, 

high intensity and a high degree o f coherence and polarization are important (4,5).

Confocal microscopy offers several advantages over conventional light and 

electron microscopy. In conventional light microscopy, in addition to the plane in which 

the objective lens is focused, information is collected from much of the depth or volume 

of the specimen and the collected information is uniformly and simultaneously 

illuminated. This leads to out-of-focus blur from areas above and below the focal plane o f 

interest. Out-of-focus light reduces contrast and decreases resolution, making it difficult 

to distinguish various cellular structures. Whereas, in confocal microscopy the shallow 

depth o f field (0.5-1.5 pm) allows information to be collected from a well-defined optical 

section. Furthermore, in confocal microscopy the illumination is not simultaneous, but 

sequential and is focused as a spot on one volume element o f the specimen at a time 

(6,7). Consequently the “out-of-focus information” is virtually eliminated, which results 

in an increase in contrast, clarity, and detection sensitivity. Depending on the specific
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microscope design, wavelength of light, the quality o f objective lens, and confocal 

microscope setting, the spot size may be as small as 0.25 pm in diameter and 0.5 pm in 

depth (8,9).

In addition to the virtual elimination o f “out-of-focus information”, the confocal 

microscope optically scans the specimen so that the physical sectioning artifact observed 

with light and electron microscopes are eliminated. As optical sectioning is noninvasive, 

living, as well as fixed, cells can be observed with greater clarity. Moreover, the 

specimen can be optically sectioned not only in the xy plane (perpendicular to the optical 

axis o f the microscope), but also vertically (parallel to the optical axis of the microscope) 

in the xz or yz plane (10,11).

Confocal imaging systems are based on the principle o f Minsky (12), which states 

that both the illumination and detection (imaging) systems are focused on the same single 

volume element o f the specimen. The illumination volume elements are sampled in such 

a way that a spatial filter removes most of the signals from outside the plane of focus and 

further reduces out-of-focus information. Thus, the illumination, specimen, and detector 

all have a single focus, that is, they are confocal (13).

It is now agreed that confocal microscopy not only bridges the gap between light 

and electron microscopy, but provides a means to observe structural components o f  living 

cells and tissues in three dimensions without fixation or physically sectioning artifacts.

To achieve confocal imaging, excitation light (from a laser source) is directed 

toward the specimen. The beams of light pass through a scanning system and a dichroic 

mirror and further reach the objective and focus the scanning beams as a single spot on 

the specimen. Although, fluorescence emission generated by the specimen scatter in all
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directions, it is only the fluorescence from the focal plane o f the specimen, which returns 

via the objective and scanning system. Fluorescence from the focal plane is reflected off 

the dichroic mirror and focused on a detector. In front o f the detector is a spatial Alter 

containing an aperture (detection pinhole), which defines the image o f the spot in the 

focal plane o f the microscope. Most fluorescence originating from either above or below 

the plane o f focus o f the specimen does not pass through the aperture o f the spatial filter 

and. as a result, little out-of-focus light reaches the detector. Thus the spatial filter not 

only provides continuous access to the detector for in-focus light, but also effectively 

suppresses light from out o f confocal planes. To form a two-dimensional image, the laser 

beam scans the specimen horizontally and vertically, and the induced fluorescent light is 

detected, multiplied and converted into a video signal for display on a computer screen 

(fig. 1).
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Principle of Confocal Laser Scanning Microscopy
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Figure 1. A schematic diagram demonstrating the principle o f confocal laser scanning 

microscopy. Excitation of the fluorochrome-labeled specimen is achieved by the passage 

of light emitted at the excitation maximum appropriate for the fluorochrome through an 

illumination aperture. This light passes through a dichroic mirror and is focused on the 

specimen through the objective lens. Fluorochrome excitation leads to the emission o f  a 

longer wavelength light (fluorescence), which returns via the objective and reflects off 

the dichroic mirror through the imaging aperture (the detection pinhole), and is detected 

by a photomultiplier tube. Light from above and below the plane of focus is blocked by 

the pinhole. Thus, out-of-focus light is virtually eliminated from the final confocal image. 

Immunofluorescent labeling

Immunofluorescent labeling can be considered as the demonstration and 

visualization o f antigens of interest in tissue sections, cytospins, smears, or cells by the 

use o f specific antigen-antibody interactions. The latter culminate in the attachment o f a 

fluorescent marker to the antigen in question. The aim of immunofluorescent labeling is 

therefore, to achieve reproducible and consistent demonstrations o f specific antigens with 

a minimum of background staining while at the same time, and ideally, preserving the 

integrity o f tissue or cell architecture (14.15).

Multiple immunofluorescent labeling techniques allow the co-localization and 

comparison of several cellular components, organelles and mediators, over time. Using a 

combination o f double-immunofluorescent staining and confocal laser scanning 

microscopy, it is possible to trace the intracellular movement o f mediators over time. In 

double-immunofluorescent staining two different fluorochromes with distinct excitation 

and emission wavelength, are used to label two components o f interest. Images o f each
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labeled component are obtained at various time points and combined. In combined 

images, color distribution and composition are explanatory o f the relative localization of 

the two-immunostained components of interest. This method could be further extended to 

study three mediators by employing triple-immunofluorescent staining using three 

different fluorochromes (15).

Two different immunofluorescent labeling methods, direct and two-step indirect 

staining are currently used to localize antigens, based on parameters such as type o f 

specimen, degree o f sensitivity required, and cost. In the direct technique a fluorescent- 

labeled antibody reacts directly with the antigen of interest. Direct immunofluorescent 

labeling is widely used since it utilizes only one antibody and can be completed rapidly.

In the two-step indirect method, an unlabelled primary (first layer) antibody is visualized 

by adding a labeled secondary (second layer) antibody directed against the 

immunoglobulin o f the animal species in which the primary antibody has been raised. 

This method is more sensitive than the direct method since several fluorescent-labeled 

antibodies may react with different antigenic sites on the primary antibody. This 

technique is also more versatile than the direct method as the same fluorescent-labeled 

secondary antibody can be used with a variety o f primary antibodies raised from the same 

animal species (16)(fig. 2).
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Direct and Indirect Immunofluorescent Labeling
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Figure 2. Direct and indirect immunofluorescent labeling. In the direct method, a 

fluorochrome-conjugated primary antibody is used to detect and visualize the antigen of 

interest. In the indirect method, a fluorochrome-conjugated secondary antibody binds to 

and detects a primary antibody, which is specific for the antigen of interest.
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Here we describe confocal laser scanning microscopy and double- 

immunofluorescent staining methodology employed in intracellular detection, 

colocalization and tracing o f two human eosinophil-derived cytokines, namely 

interleukin-6 (IL-6) and chemokine RANTES with a well characterized crystalloid 

granule marker, major basic protein (MBP) in purified peripheral blood eosinophils o f 

asthmatic patients (fig. 3)( 17,18).

Materials

Reagents

The following buffers were prepared as 10x stocks and stored at 4°C for many 

months. All general chemicals were of the highest quality available from commercial 

sources (Sigma-Aldrich Canada, Mississauga, ON; BDH Inc, Toronto, ON; Fisher 

Scientific, Fair Lawn, NJ; and ICN Biomedicals Inc, Aurora, OH).

1 .Phosphate-buffered saline (PBS) lOx stock solution: 80 g/L NaCl, 2 g/L KC1, 21.71 g/L 

NaiHP0.4.7H20, 2 g/L K.H2PO4, pH 7.2-7.4. Filtered through 0.22 pm before storage. 

Final concentration of lx  solution: 137 mM NaCl, 2.7 mM KC1, 8.1 mM Na2HP0 4 , 1.4 

mM KH2PO4. pH of lx solution was adjusted to 7.2-7 A  if necessary.

2.Tris-buffered saline (TBS) 10x stock solution: 60.7 g/L Tris-HCl, 87.66 g/L NaCl, pH 

7.6. Filtered through 0.22 pm before storage. Final concentration of lx solution: 100 

mM Tris, 150 mM NaCl. pH of lx solution was adjusted to 7.4 if  necessary.

3.RPMI-1640 (BioWhittaker, Walkersville, MD).

4.Paraformaldehyde (2%) (Fisher Scientific) in PBS was prepared just before use. To 

prepare 2% paraformaldehyde 5 g paraformaldehyde powder was added to 250 mL 1 x
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PBS, and heated to 55-60°C while stirring on a heating platform until fully dissolved. 

After cooling the solution to room temperature, it was filtered through 0.22 pm. 

(Caution: Paraformaldehyde solutions should be prepared in a fume hood as these 

release toxic formaldehyde gas upon overheating. In addition, since formaldehyde 

solutions are flammable, they should not be overheated).

5.Bovine serum albumin (ICN Biomedicals, Inc., Aurora, OH).

6.Fetal calf serum (Gibco BRL Life Technologies, Grand Island, NY).

7.Antibleaching solution. 250 pi 10x TBS, 1.87 g glycerol, and 10 mg n-propyl gallate 

(Sigma-Aldrich) were added to a graduated test tube, and made up to 2.5 ml with 

double-distilled water. Dissolved by vortexing.

8.Dextran (-110,000 Da, Fluka BioChemika, Buchs, Switzerland).

9.Ficoll-Paque Plus (Amersham Pharmacia Biotech AB, Uppsala, Sweden)

Anti-CD3. CD14. and CD16-coated immunomagnetic beads (MACS beads; Miltenyi

Biotec. Bergisch-Gladbach, Germany).

10. Mouse monoclonal (IgGl) anti-human MBP antibody (BMK.-13. generated in- 

house).

11. Mouse monoclonal (IgG2) anti-human IL-6 antibody (Immunotech, Westbrook, 

ME).

12. Mouse monoclonal (IgG2) anti-human RANTES antibody (Molecular Probes, 

Eugene, OR).

13. Goat anti-mouse IgG2 antibody (Molecular Probes).

14. Rhodamine Red-labeled goat polyclonal anti-mouse IgG antibody (Jackson 

ImmunoResearch Laboratories Inc, West Grove, PA).
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15. BODIPY FL-conjugated goat polyclonal anti-mouse IgG antibody (Molecular 

Probes).

Apparatus

1 .Cytospin 2 centrifuge (Shandon Ltd, Astmoor, Runcorn, UK) for slide preparation.

2.Leica confocal laser scanning microscope system (Leica Lasertechnik GmbH, 

Heidelberg, Germany), equipped with a krypton/argon laser to allow simultaneous 

scanning of up to three excitation wavelengths (488, 568 and 647 nm), in order to 

acquire multiple images from a single pass and reduce bleaching o f photosensitive 

fluorochromes.

Methods

Eosinophil Purification

1.Samples of peripheral blood (50-100 ml), from atopic subjects exhibiting a mild 

eosinophilia (>5%) not receiving oral corticosteroids, were collected in heparinized 

tubes.

2.10 ml 5% dextran was added to whole blood and thoroughly mixed in 50 ml syringes 

before allowing the erythrocytes to settle by gravitation. Erythrocytes were sedimented 

for 45 min at room temperature. (Dextran acts by promoting rouleaux formation of 

erythrocytes).

3.The upper phase o f the leukocyte-rich plasma was removed and the plasma was layered 

onto a 15 ml Ficoll-Paque Plus cushion in a sterile 50 ml Falcon conical centrifuge 

tube. Gradient was centrifuged for 25 min at lOOOg at room temperature.

4.Excess clarified plasma, mononuclear layer and excess Ficoll (until <1 ml remained 

above the granulocyte pellet) were removed.
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5.Contaminating erythrocytes were removed by hypotonic lysis on ice by adding 2-3 ml 

sterile H^O to the granulocyte pellet for a few seconds, followed by rapid addition of 

10-15 ml ice-cold RPMI-1640 and centrifugation.

6.1mmediately after washing, the cell pellet was resuspended in 300 pi R PM I, and 12 pi 

anti-CD 16-coated immunomagnetic beads for every 50 x 107 cells, plus 10 pi anti-CD3 

and 10 pi anti-CD14-coated immunomagnetic beads were added to the total cell 

suspension.

7.The mixture was incubated for 45 min at 4°C. (It is important not to incubate the beads 

with cells on ice. as this will reduce the binding ability o f the antibody-conjugated 

beads. This procedure will remove contaminating neutrophils, lymphocytes, and 

monocytes, respectively, by negative selection).

8.The mixture was added to a freshly prepared magnetic column according to the 

manufacturer's instructions (Miltenyi Biotec) and purified eosinophils were eluted in a 

sterile Falcon 50 ml conical tube. The resulting eosinophil purity was greater than 97%.

Slide preparation and immunofluorescent labeling

Following is the method description of double labeling o f eosinophil cytospins

using the indirect labeling approach.

1. Cytospins o f purified eosinophils were prepare by spinning 3-5 x 104 cells 

(suspended in 100 pi 20% FCS in RPMI-1640) in a Cytospin 2 centrifuge at 800 

rpm for 2 min.
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2. Slides were air-dried for at least 1 h at room temperature in order to permeabilize 

cells (see Note 1). Slides were wrapped individually in foil and stored at -20°C 

until needed.

3. Cytospin slides were fixed for 10 min in freshly prepared 2% paraformaldehyde 

in PBS and rinsed five times in TBS.

4. Slides were blocked by adding 60 pi 3% FCS in TBS and incubating within a 

humidified container for 30 min at room temperature (see Note 2).

5. For the first labeling step, slides were washed with TBS and incubated for 1 h at 

room temperature with 60 pi primary antibody, e.g. 1% mouse monoclonal anti­

human MBP (i.e., BMK-13) prepared in TBS containing 1% BSA (see Note 3). 

An isotype control (5 pg/ml mouse monoclonal IgGl) was used in place o f this 

antibody on a separate cytospin slide to provide a negative control for the 

immunofluorescence.

6. Slides were washed and incubated with 50 pg/ml Rhodamine Red-labeled goat 

anti-mouse IgG antibody in TBS containing 1% BSA (60 pi) for 1 h at room 

temperature.

7. Following another washing step, slides were blocked again for 2 h at room 

temperature using 50 pg/mL goat anti-mouse IgG in TBS containing 1% BSA (60 

pi). This blocking step is necessary for preventing cross-reaction o f the primary 

antibody used in step 5 with the secondary antibody used in step 9 o f this method.

8. Doublelabeling was carried out by adding 60 pi primary mouse monoclonal anti­

human IL-6 or RANTES (5 pg/mL) in TBS containing 1% BSA and incubating 

for 1 h at room temperature (see Note 3). Another isotype control antibody
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incubation step was included in place o f this antibody (5 pg/ml mouse 

monoclonal IgG l) on the same slide used in step 5 as the negative control for 

doublelabeling.

9. Following another wash, 20 pg/mL BODIPY FL-conjugated goat anti-mouse IgG 

in TBS containing 1% BSA (60 pi) was added to each slide and incubated for 1 h 

at room temperature to detect anti-IL-6 or anti-RANTES antibody binding.

10. 10-pl antibleaching reagent was added to each slide prior to coverslip application. 

Coverslips were sealed using nail polish.

Confocal laser scanning microscopy

The immunofluorescent staining o f  eosinophils was examined using a Leica 

CLSM equipped with a krypton/argon laser, which excites at three major wavelengths 

(488, 568 and 647 nm). The highest magnification available with a Plan Apo 100X/1.32 

oil immersion objective on this system can be used in order to fully resolve the structure 

of immunolabeled intracellular organelles. The image acquisition settings were optimized 

using the required pinhole size, photomultiplier gain, and offset. It is possible to achieve 

a higher spatial resolution by using the appropriate zoom setting on the computer. 

Following subtraction of eosinophil autofluorescence and nonspecific binding by the use 

o f the isotype control-labeled cytospin slides, images were processed and saved using the 

Multi-user Multi-tasking Image Analysis software. Images were stored on the computer 

and transferred as TIF files to Adobe Photoshop software (Adobe Systems, Inc.,

Mountain View, CA) for further image processing.
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Notes

The following notes are critical points to bear in mind when investigating 

intracellular mediator detection and localization using immunofluorescent staining and 

CLSM.

1. In our hands, air-drying of eosinophil cytospins has been found to be the optimal 

permeabilization technique for preserving cellular morphology. Addition o f 

permeabilization agents, such as saponin, at later stages has been found to induce 

a marked deterioration in cell morphology.

2. Care should be taken to reduce autofluorescence and block nonspecific antibody 

binding through the use o f appropriate blocking conditions. In addition, 

eosinophil granule proteins are highly positively charged, and therefore are 

readily stained by anionic fluorochromes, such as fluorescein and FITC unless 

blocked by expensive and stringent blocking proteins (e.g. human IgG). Thus, the 

use o f anionic fluorochromes in staining eosinophils should be avoided. Instead, 

antibodies conjugated to neutral fluorochromes. such as BODIPY and Rhodamine 

Red should be employed for eosinophil immunofluorescence studies. Provided 

that these neutral fluorochromes are used in these studies, it is possible to use 

conventional blocking conditions (e.g. FCS. goat serum) with eosinophils (see 

next chapter)( 19).

3. The optimal concentration of primary monoclonal antibody preparations in 

immunofluorescence staining must be determined by titration. For most 

antibodies, a good starting concentration will be in the range o f 1-50 pg/mL.
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Optimization of the antibody label should be achieved by comparison of the 

antibody label with a suitable isotype control at the same concentration.
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Figure 3. CLSM images of single and double immunofluorescent staining of peripheral 

blood eosinophils with antibodies for MBP combined with RANTES (A-L), and MBP
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combined with IL-6 (M-O). (A-C) are images o f unstimulated eosinophils labeled with 

BODIPY FL indicating RANTES (green color) immunoreactivity (A), Rhodamine Red 

corresponding to MBP (red color) (B), and combined image (C). (D-F) Higher 

magnification o f eosinophil crystalloid granules showing matrix-associated doughnut­

shaped RANTES immunoreactivity (D), surrounding red-labeled cores o f  MBP 

immunoreactivity (E), and combined image of the same structure (F). (G-L) Combined 

images of RANTES and MBP, depicting time course o f IFNy (500 U/mL) stimulation, 

comparing (G) unstimulated cells with those stimulated for 5 min (H), 10 min (I), 30 min 

(J). 60 min (K). and 16 h (L). (M-O) Unstimulated eosinophils labeled with BODIPY FL 

indicating IL-6 immunoreactivity (M), Rhodamine Red corresponding to MBP (N), and 

combined image (O).
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Appendix II

Inhibition of Nonspecific Binding of Fluorescent-Labelled 

Antibodies to Human Eosinophils1

1 Authors: S. Mahmudi-Azer, P. Lacy, B. Bablitz and R. Moqbel. A version of this 
chapter was published in J. Immunol. Methods 1998, 217, 113-9.1 carried out all 
experimental procedures described here and prepared and wrote the manuscript.
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Introduction

Eosinophils have been proposed to play a major role in a number of 

different diseases including asthma, allergic diseases, and helminthic infections.

In recent years, a wide range o f inflammatory and regulatory roles have been 

ascribed to these cells, particularly in the pathogenesis of various eosinophil- 

related diseases with an impact on a considerable proportion of the world 

population (1). Eosinophilia is a hallmark of allergic reactions, where their 

accumulation at sites of inflammation leads to the release o f toxic products, which 

significantly contribute to the induction of tissue damage (2).

Eosinophils have been shown to synthesize, store, and secrete a wide 

range of inflammatory mediators, including numerous cytokines and chemokines, 

with the potential to contribute to the regulation and effector function o f these 

cells (3-11). There is a growing requirement for the development o f specialised 

methods to accurately detect eosinophil products, especially by 

immunofluorescent staining, in asthma and related allergic conditions. Among the 

available fluorochromes used in immunofluorescence, fluorescein isothiocyanate 

(FITC) is the most commonly used conjugate for detection, quantification, and 

localization o f cytokines and other proteins in immune cells. However, it is 

important to bear in mind that FITC is negatively charged, and will bind 

positively charged molecules in immunofluorescent staining. This is particularly
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evident in eosinophils, which possess densely packed cationic proteins in their 

unique crystalloid granules. Indeed, FITC on its own has been used as an 

eosinophil-specific stain for immunofluorescence (12-14). Binding by fluorescein 

and its related compounds has been identified as a major source o f false positive 

results in immunohistochemical analyses, and consequently fluorescein-related 

molecules has had limited use in reports o f eosinophil immunolabelling (15,16). 

Eosinophil crystalloid granules contain four cationic proteins, namely: major 

basic protein (MBP), eosinophil peroxidase (EPO), eosinophil-derived neurotoxin 

(EDN), and eosinophil cationic protein (ECP), which account for the bulk o f the 

granule proteins (17,18). Thus, these arginine-rich granule proteins are 

responsible for nonspecific binding of FITC-conjugated antibodies.

Although, several methods have been reported to improve the specificity 

o f immunofluorescent techniques in eosinophils, this problem has not yet been 

fully resolved (19-22). In many cases, these techniques were primarily concerned 

with reducing autofluorescence in eosinophils, rather than optimisation of 

immunofluorescence. However, modem techniques such as confocal laser 

scanning microscopy (CLSM) permit us to screen out eosinophil-derived 

autofluorescence. In this study, we propose that nonspecific binding by FITC- 

conjugated antibodies can be eliminated by increasing the potency o f blocking 

reagents. Secondly, by substituting the ionic FITC for a neutral fluorochrome,
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such as BODIPY FL, the high background caused by charge-based interaction o f 

fluorochromes with eosinophil granule proteins can be reduced. To evaluate these 

approaches, we have used FITC-conjugated rat monoclonal anti-human 

interleukin-6 (IL-6) and mouse monoclonal anti-human IL-6 antibody detected by 

secondary BODIPY FL-conjugated goat anti-mouse antibody. These conjugates 

were used to detect IL-6 stored within peripheral blood eosinophils purified from 

asthmatic individuals. We examined immunofluorescence in cytospins of 

eosinophils by CLSM. In order to test a range o f blocking conditions with isotype 

control and FITC-labelled secondary antibody, we used normal human IgG, fetal 

calf serum (FCS), bovine serum albumin (BSA), and normal human, goat and 

horse sera at concentrations ranging between 1-10%. We also investigated 

BODIPY FL conjugates with a view to eliminating background binding by 

charged-based interaction o f ionic fluorochromes.

Materials and methods 

Eosinophil Purification

Samples o f peripheral blood (50 ml), obtained from asthmatic subjects 

who had given their informed consent, were collected in heparin-containing tubes. 

Erythrocytes were sedimented for 45 min at room temperature with 10 ml 5% 

dextran (100,000-200,000 kDa; Sigma, Oakville, Ontario, Canada). The upper 

phase o f the leukocyte-rich plasma was then layered onto a 15 ml Ficoll gradient
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and centrifuged for 25 min at lOOOg. After removal o f excess plasma, 

mononuclear layer, and Ficoll, the resulting granulocyte pellet was resuspended in 

2 ml RPMI-1640 (BioWhittaker, Walkersville, MD, USA). Contaminating 

erythrocytes were removed by hypotonic lysis on ice in 2-3 ml sterile H ,0  for a 

few seconds. The resultant pellet (containing approximately 5xl07 cells) was 

incubated with a mixture o f 12 pi anti-CD 16, 10 pi anti-CD3 and 10 pi anti- 

CD 14-coated immunomagnetic beads (MACS beads; Miltenyi-Biotec, Bergisch- 

Gladbach. Germany) for 45 min at 4°C to remove contaminating neutrophils, 

lymphocytes, and monocytes by negative selection on a magnetic column. The 

resulting eosinophil purity was usually greater than 99%.

Slide preparations and immunofluorescent labelling

Cytospins of eosinophils were prepared by spinning 3xl04 cells 

(suspended in 100 pi 20% FCS in RPMI-1640) in a Cytospin 2 centrifuge 

(Shandon. UK) at 800 rpm for 2 min. Slides were then foil-wrapped and stored at 

-20°C until used.

The procedure for fixation and permeabilisation o f eosinophils was 

optimised by using different fixatives and permeabilisation reagents for various 

periods o f time. We used 1, 2, and 4% paraformaldehyde in PBS for 5, 7, and 10 

min; ethanol at 30.45, and 60 sec; 1:1 methanol.acetone for 30,45,60, and 120 

sec. We also permeabiiised cytospins following each fixation condition using
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1. 2. and 3% saponin in PBS; 1, 2, and 3% trypsin in PBS; and 1% saponin with 

0.1 % sodium azide in PBS for 10, 30, and 45 min. Fixing eosinophils with 2% 

paraformaldehyde for 10 min (in the absence of a permeabilisation step, which 

usually caused a marked deterioration in cell morphology) was found to be 

optimal, and thus used for preserving morphology and antigenicity o f the 

preparations.

For experimental analysis, slides o f eosinophils were fixed for 10 min in 

2% paraformaldehyde in PBS and washed five times in Tris-buffered saline (TBS, 

pH 7.6). Following fixation, slides were blocked using 1, 2, 5, and 10% (10. 20, 

50, and 100 mg/ml) human IgG (Sigma. Reagent Grade 1-4506), FCS (Gibco BRL 

Life Technologies. Grand Island. NY, USA), BSA (ICN Biomedicals, Inc.,

Aurora. OH. USA), normal human, goat and horse sera (Gibco BRL Life 

Technologies). Each blocking solution was tested for its efficacy by incubating 

with eosinophil cytospins for 30. 45. 60, and 120 min at room temperature. After 

a second washing step, slides were incubated with 5 pg/ml FITC-conjugated 

monoclonal rat anti-human IL-6 (Pharmingen, San Diego, CA, USA) for 60 min 

at room temperature. The same concentration of FITC-conjugated rat monoclonal 

lgG2a (Pharmingen) was used as isotype control. In a parallel experiment, 

cytospins were incubated with 2 pg/ml mouse monoclonal anti-human IL-6 

antibody (Immunotech. Westbrook. Maine, USA) for 60 min at room temperature.
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and binding o f mouse anti-human IL-6 was detected by incubating slides with 20 

fig/ml BODIPY FL-conjugated goat anti-mouse secondary antibody (Molecular 

Probes, Eugene, Oregon. USA) for 60 min at room temperature. After the final 

wash. 10 (il o f antibleaching agent (0.4% /7-propyl gallate [Sigma] in 3:1 glycerol: 

TBS) (23) was used before coverslip application.

Confocal laser scanning microscopy

Immunofluorescent staining o f eosinophils was examined using a Leica 

confocal laser scanning microscope (Heidelberg, Germany), equipped with a 

krypton/argon laser which excites at three major wavelengths (488, 568 and 647 

nm). Magnification of specimens was achieved with a Plan Apo objective 

100X/1.32 oil immersion. Image acquisition was optimized using the required 

pinhole setting, photomultiplier gain, and offset. Higher spatial resolution was 

achieved by using the appropriate zoom on the computer. Eosinophil 

autofluorescence was subtracted and images were processed and saved using the 

Multi-user Multi-tasking Image Analysis software. The latter was developed by 

Leica Lasertechnik GmbH (Heidelberg, Germany) and run on the Motorola 68030 

CPU workstation using an OS9 operating system. Images were further analyzed 

and cropped by Adobe Photoshop 4.0 software (Adobe Systems, Inc., Mountain 

View, CA, USA).

Results
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Effect o f  normal human IgG on nonspecific binding o f  FITC-conjugated antibody 

to eosinophils

Purified peripheral blood eosinophils were immunostained using FITC- 

conjugated monoclonal rat anti-human IL-6 under different blocking conditions 

(normal human IgG, FCS. BSA, normal human, goat and horse sera). Blocking 

reagents were applied at 1, 2, 5, and 10% across 30,45,60, and 120 min at room 

temperature. Among these reagents, only 2% (20 mg/ml) normal human IgG 

significantly decreased nonspecific binding of primary labelled FITC-conjugated 

rat monoclonal anti-human IL-6 antibody to eosinophils (Table 1, Fig. 1). The use 

o f a mouse monoclonal anti-human IL-6 antibody detected with a FITC- 

conjugated secondary antibody generated similar results to the negative control. 

The effect of increasing concentration of these blocking reagents on background 

staining is summarized in Table 1.
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Blocking Reagent 
(60 min incubation)

Concentration

1% 2% 5% 10%

FCS + + + +

BSA + + + +

Normal Human Serum + + + +

Horse Serum + + + +

Goat Serum + + ♦ +

Normal Human IgG +/- ■ +/- +/-

Table 1. Effects o f increasing concentrations o f blocking reagents on nonspecific 

binding o f isotype control antibody followed by secondary FITC-conjugated 

antibodies to eosinophils. The symbols are as follows: (-) reduced nonspecific 

binding (negligible background), (+) presence of nonspecific binding (high 

background), and (+/-). weak nonspecific binding. Among the reagents used for 

this study, no detectable difference was observed at concentrations between 1- 

10%. except for human IgG which showed maximal blocking efficiency at 2%.
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In contrast to normal human IgG, which demonstrated the highest 

blocking efficiency at 2%, none of the other blocking reagents exhibited 

detectable effects on nonspecific binding at the concentrations used. Longer 

incubation times with these blocking reagents did not eliminate background 

fluorescence (Table 2. for human IgG; data not shown for other blocking 

reagents). However, normal human IgG was optimal at blocking after 60 min of 

incubation (Table 2). In addition, a Texas Red-conjugated antibody used to detect 

antibody binding to MBP in other sets o f experiments was found to require human 

IgG for blocking to prevent charge interaction o f this ionic fluorochrome with 

eosinophil granule proteins (data not shown).
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Blocking Reagent Incubation Time 
(min)

30 45 60 120

Normal Human IgG +/- +/- - +/-

Table 2. Normal human IgG (2%) showed optimal efficiency of blocking 

nonspecific binding of FITC-conjugated antibodies to eosinophils after 60 min 

incubation. Symbols are as described in the legend for Table 1. Incubation o f 

human IgG with eosinophils for 120 min slightly increased nonspecific binding.
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A comparison oj BODIPY FL and FITC fo r immunofluorescent staining o f  

eosinophils

Cytospins o f purified peripheral blood eosinophils were immunostained 

using mouse monoclonal anti-human IL-6 antibody. Bound anti-human IL-6 was 

detected with the use o f BODIPY FL-conjugated goat anti-mouse antibody (Fig.

1). A conventional blocking reagent (2% BSA) was sufficient to reduce 

background staining using BODIPY FL-conjugated antibody. Comparison of 

images from eosinophils immunostained with FITC- and BODIPY FL-conjugated 

antibodies (Fig. 1) suggest that these antibodies were similarly able to detect IL-6 

provided that sufficient blocking was achieved for FITC-conjugated antibody. 

They also show similar immunoreactivity corresponding to intracellular 

localization and distribution of IL-6 within eosinophils. Taken together, we found 

that FITC-conjugated antibodies employed in eosinophil immunostaining required 

stronger blocking conditions than those used conventionally. However, BODIPY 

FL-conjugated antibody exhibited very low nonspecific background and did not 

require the blocking conditions used with FITC. These findings were confirmed 

using a mouse monoclonal anti-RANTES antibody detected with FITC- and 

BODIPY FL-conjugated antibodies. Thus, BODIPY FL-conjugated antibodies 

appear to be superior to FITC in detecting intracellular proteins in cytospins o f 

human peripheral blood eosinophils.
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Figure 1. Confocal laser scanning microscopy images o f  immunofluorescent 

labelling o f  IL-6 in cytospins of human peripheral blood eosinophils. Cytospins 

o f eosinophils were labelled with FITC-conjugated rat monoclonal isotype control 

antibody following incubation for 1 h with a conventional blocking reagent (2% 

BSA) (A), or 2% (20 mg/ml) human IgG (B) (original magnification 63X). IL-6 

immunoreactivity was detected using FITC-conjugated anti-IL-6 blocked with 2% 

human IgG (D), while negative control with isotype antibody showed negligible 

nonspecific staining (C). Similarly, IL-6 immunoreactivity could be detected with 

BODIPY FL-conjugated antibody to anti-IL-6 (F) using conventional blocking 

conditions (2% BSA), which could be blocked using an isotype control (E). For 

(C-F). original magnification 100X.
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Discussion

In this report we describe two different methods for decreasing nonspecific 

binding o f fluorochrome-conjugated antibodies to eosinophils. Current methods 

used to detect and localize intracellular products in eosinophils rely on 

immunocytochemical detection procedures optimised for other inflammatory and 

immune cell types. However, these methods suffer serious shortcomings when 

applied to preparations o f eosinophils.

We and others have employed FITC-conjugated antibodies for 

intracellular localisation o f eosinophil proteins (22,11). In our studies, we have 

established that nonspecific binding is eliminated by human IgG (2%). Human 

IgG. but not other blocking reagents, may prevent association of fluorochrome 

conjugates to eosinophil proteins by steric hindrance following binding to 

eosinophil granule proteins. This approach will help in obtaining more accurate 

visualization o f proteins o f interest in these and similar studies.

FITC-conjugated antibodies are widely used to detect intracellular proteins 

in various cell types. In addition to its relatively high absorptivity, excellent 

fluorescence quantum yield, and good water solubility, FITC has an excitation 

maximum that closely matches the 488 nm spectral line o f the argon-ion laser, 

making it the fluorochrome o f choice for CLSM and flow cytometric applications 

(24). However, FITC use in immunofluorescent studies has a number of
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drawbacks, including a comparatively high rate o f photobleaching, pH-sensitive 

fluorescence (significantly reduced below pH 7), and nonspecific binding to 

positively charged molecules (25). In contrast, BODIPY dyes are insensitive to 

pH, exhibit greater photostability than fluorescein in some conditions, and lack 

ionic charge. This suggests that BODIPY may be a better fluorochrome for 

conjugation in studies o f immunofluorescence in eosinophils.

Comparison of the blocking conditions required by FITC- and BODIPY 

FL-conjugated antibodies in detecting IL-6 suggested that FITC-conjugated 

antibodies require much stronger blocking conditions in order to prevent 

nonspecific binding. Similar results were obtained using either rat or mouse 

monoclonal antibodies detected by FITC conjugates. We also observed similar 

nonspecific binding by another negatively charged fluorochrome used as a 

conjugate for secondary antibody, namely Texas Red (data not shown), suggesting 

that human IgG is a suitable blocking reagent for most ionic fluorochromes used 

in immunofluorescent labelling o f eosinophils. All findings reported in this paper 

using antibodies to IL-6 were reproduced in parallel experiments employing 

antibodies specific for RANTES. We have concluded that since BODIPY FL- 

conjugated antibodies do not require stringent blocking reagents, they present a 

preferable option for use in immunofluorescent staining of eosinophil proteins.
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These findings may have implications for future studies involving 

immunofluorescent staining of intracellular proteins in eosinophil cytospins and 

eosinophil-containing biopsy sections. The difficulty in blocking nonspecific 

antibody binding to eosinophils during colour substrate reactions (e.g., during 

APAAP staining) may also be eliminated by the use o f blocking conditions as 

outlined above, although it is important to remember that ionic fluorochromes 

pose a special challenge due to additional staining caused by the detection 

molecule. We anticipate that these findings will provide a significant 

improvement in fluorescent immunostaining o f eosinophils.
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