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ABSTRACT: 

 

 Polymorphonuclear neutrophils (PMNs) are important effector cells in 

host defense and the inflammatory response to antigen. The involvement of PMNs in 

inflammation is mainly mediated by the Fc receptor family, including IgE receptors. 

Recently, we have shown that human PMNs from allergic asthmatic subjects express 

the high affinity receptor, FcεRI. In this study, we have examined the regulation of 

FcεRI by human PMNs in vitro and in vivo during the allergic pollen season.  

 First we studied the pattern of expression of FcεRI in PMNs during the pollen 

allergic and outside the pollen season. Peripheral blood neutrophils were isolated from 

adult atopic asthmatics (AA) (n=17), allergic non asthmatics (ANA) (n=15) and 

healthy donors (n=16) by dextran, ficoll gradient centrifugation and magnetic cell 

sorting (MACS). Surface, total protein and mRNA expression of FcεRI were 

investigated in the three groups by FACS, immunocytochemistry (ICC) and 

fluorescent in situ hybridization (FISH) respectively. Secondly, we investigated the 

effect of Th-2 cytokines which are known to regulate IgE receptor expression. PMNs 

from atopic asthmatic subjects were stimulated in vitro with Th-2 cytokines (IL-4, IL-

9, GM-CSF) and Th-1 cytokine IFN-γ. Finally we determined whether the expression 

of FcεRIβ chain correlated with the surface expression of FcεRIα chain in PMNs. 

 Irrespective of the season, PMNs from atopic asthmatic subjects showed 

increased expression of FcεRI α chain in surface, total protein and mRNA compared to 

atopic non asthmatics and healthy donors (n=20). Interestingly, FcεRIα chain surface 

and mRNA expression increased significantly during pollen season compared to non 

 xiii



pollen season (P=0.001) in PMNs isolated from AA (n=9) in contrast to healthy 

donors and ANA (n=8). Furthermore similar pattern of FcεRI expression were 

observed in vitro when PMNs were stimulated with Th2 cytokines. IL-4, IL-9 and 

GM-CSF showed increased protein and mRNA expression of FcεRIα chain at 6 and 

18hrs (n=6) whereas IFN-γ down regulated the mRNA expression of FcεRIα chain at 

6hrs.  Also, irrespective of season AA (n=11) subjects showed increased expression of 

FcεRI β chain when compared to ANA (n=10) and healthy donors (n=9). Western blot 

analysis showed increased FcεRI β protein in atopic asthmatic subjects (n=4). 

Interestingly irrespective of the groups, there was a positive correlation r = 0.8054 

between total protein expression of β chain with surface expression of α chain of 

FcεRI in neutrophils.  

 Our data suggest that the expression of FcεRI in neutrophils of atopic 

asthmatic patients is highly regulated. Our in vitro studies provide evidence that Th-2 

cytokines such as IL-9, IL-4 and GM-CSF up-regulate the expression of FcεRI.  

Furthermore we show evidence of increased expression of FcεRIβ chain in neutrophils 

of atopic asthmatic subjects. Collectively these results suggest that FcεRI mediated 

neutrophil dependent activation may play a key role in allergic diseases.

 

 xiv



1. INTRODUCTION: 

 

1.1 Allergic Diseases - Disorders of immune system:

 The immune system is a balance between increased protection from unwanted 

invasion and decreased over-reactions to harmful events. In allergic diseases this 

balance is disturbed leading to adverse reactions (1). The term “allergy” was coined by 

Von Pirquet in 1906, describing the role of antigens in protective immune responses 

(favorable effect) and hypersensitivity reactions (harmful effect) (2).  

 Allergic diseases such as asthma, rhinitis, eczema and food allergies are 

increasing in recent years in developing and developed countries (3). Studies of 

worldwide prevalence of asthma by the International Study of Asthma and Allergies in 

Childhood (ISSAC) and European Community Respiratory Health Survey (ECRHS) 

clearly shows the prevalence of asthma to be higher in developed countries (4-6). 

Asthma is one of the most prevalent conditions affecting Canadians; over 2.4 million 

Canadians are diagnosed with asthma. It is the leading cause of absenteeism from 

school and third leading cause of work loss. An estimated 10% of children and 5% of 

adults have active asthma and the prevalence of asthma among adults has been shown 

to increase over the last 20 years. Direct costs of asthma in Canada are estimated at 

$600 million per year and the costs of public health due to allergic disease are growing 

every year (7-9). Due to their impact, major research efforts have been made to 

understand the complex processes and reactions in allergic diseases.  
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1.2. Asthma: a heterogenous disease :   

 Asthma is a complex disorder, with a number of features characterizing its 

complexity. Asthma is defined by the National Asthma Control Task force as “A 

disorder of the airways characterized by paroxysmal or persistent symptoms (dyspnea, 

chest tightness, wheeze and cough) with variable airflow limitation [and] airway 

hyperresponsiveness to a variety of stimuli”(10). The symptoms vary with different 

patients and may include shortness of breath, cough, chest tightness, sputum, and 

wheezing or noisy respirations (11). Activators of asthma (e.g.: viral infections, 

occupational agents, allergens etc.,) and the clinical manifestation of the disease are 

closely related, further they determine the severity of asthma (12).  

"Atopy has previously been used as a poorly defined term to refer to allergic 

conditions which tend to cluster in families, including hay fever (allergic rhinitis), 

asthma, eczema, and other specific and non-specific allergic states. More recently, 

atopy has been characterized by the production of specific IgE in response to common 

environmental allergens" (13) . Allergy (atopy) is known to be a major risk factor for 

asthma. The important link between atopy and asthma is in the development of 

persistent inflammation in the airway wall leading to functional and structural changes 

in local tissues responsible for the various symptoms of the disease (14). When atopic 

asthmatics are challenged with a specific allergen they have a biphasic response 

including acute and late-phase reactions separated by 2-8hrs time (Fig 1.2.1). Various 

cellular and molecular mechanisms underlie these reactions which are discussed in the 

following sections. 
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1.3. Mechanisms of allergic diseases : 

 The process of allergic diseases is complex and diverse. This section will give 

an overview of some of the mechanisms and hypothesis that are involved in allergic 

diseases. 

 

 

 
Fig 1.2.1: Biphasic response including acute and late-phase reactions. “An 
asthmatic response in the lungs can be measured as a fall in the forced expired volume 
of air in one second (FEV1). The immediate response peaks within minutes after 
antigen inhalation and then subsides. Approximately 8 hours after antigen challenge, 
there is a late-phase response that also results in a fall in the FEV1. The immediate 
response is caused by the direct effects on blood vessels and smooth muscle of rapidly 
metabolized mediators such as histamine released by mast cells. The late-phase 
response is caused by the effects of an influx of inflammatory leukocytes attracted by 
chemokines and other mediators released by mast cells during and after the immediate 
response.” Adapted from (15).  
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1.3.1. Immunoglobulin E (IgE) mediated mechanisms:

 IgE is one of the major mediators of allergic reactions such as urticaria, 

seasonal allergy, asthma and anaphylaxis (16). In allergic conditions, IgE is 

overproduced to environmental allergens such as pollen, house dust mites and animal 

danders. Allergens crosslink by binding to IgE molecules bound to the high-affinity 

receptor for IgE (FcεRI) on the surface of mast cells and basophils. This leads to the 

aggregation of FcεRI and its subsequent activation of the cells. Ultimately this 

activation leads to mast cell degranulation, synthesis of pro-inflammatory lipid 

mediators, synthesis and secretion of cytokines and chemokines. These reactions take 

place rapidly once the immune system encounters allergens; know as “Immediate 

hypersensitivity”or “type I hypersensitivity” (2, 17).   

 In the case of asthma, the acute-phase component of allergy is typical of 

immediate hypersensitivity reactions triggered through IgE cross linking. The results 

of effector functions of immediate reactions such as cytokines and other mediators set 

the stage for late phase reactions, which commences several hours later with influx of 

various cells such as eosinophils, T-cells, monocytes, basophils, neutrophils and 

platelets (18, 19).  

 

1.3.2. Th1/Th2 hypothesis: 

 T helper cells (CD4+ cells) can be differentiated into Th1 or Th2 subsets based 

on the cytokines they produce following stimulation. Th1 cells produce cytokines such 

as IL-2, IL-12, Tumor necrosis factor (TNF)-β, Interferon (IFN)-γ which are involved 

in elimination of intracellular pathogens. Th2 cells produce IL-4, IL-5, IL-6, IL-9, IL-
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13, GM-CSF that promote allergic inflammation and diseases mediated by IgE 

antibodies (20, 21). Previously it was thought that the different subsets were derived 

from two cellular lineages, but studies have shown that they are from the same cellular 

lineage and different subsets are produced by environmental and genetic factors (22). 

Cytokines produced by each subset seems to inhibit the development and functions of 

the other. The cytokines produced by Th1 subset (e.g.: IFN-γ) inhibit the development 

and production of Th2 subset cells (21).   

  In the differentiation process of Th1 cells the cytokine IL-12 (produced by 

macrophages, dendritic cells) acts through the signal transducing activator of 

transcription – 4 (STAT-4) signaling pathway.  It leads to increased levels of T box 

expression in T cells (T-bet), which in turn controls the expression of Th1 cytokine 

IFN-γ.  IFN γ also acts through STAT-1 to upregulate the expression of T-bet. 

Furthermore IFN-γ produced by T cells, NK cells act in a positive feedback 

mechanism in regulating the production of IL-12 by macrophages (23-25). In the 

process of Th2 differentiation IL-4 acts via STAT-6 signaling pathway leading to the 

binding of transcription factor GATA-3. The expression of GATA-3 is necessary for 

the production of Th2 cytokines (26).  

 The expansion of Th2 cells play a central role in development of allergic 

response and presence of Th2 cytokines modulate the balance of Th1/Th2 cells (21). 

Asthma is generally accepted to be Th2 dominant. A working hypothesis has been 

shown that Th2 cytokines contribute significantly for asthma pathology through their 

ability to increase epithelial damage and Bronchial Hyper Responsiveness (BHR) by 

 5



promoting IgE synthesis, maturation and activation of mast cells, basophils and other 

cells (27, 28).  

 

1.3.3. Other factors – Environment/ Genetics: 

 

1.3.3a. Genetic factors: 

 Allergic diseases have long been known to run in families indicating the role of 

genetic factors. Since the phenotype of allergy and asthma is heterogeneous and do not 

follow simple Mendelian patterns, study of the genetics has been complex (29).  

Several candidate genes are linked with the development of allergic diseases. 

Chromosome 5 is linked to total serum IgE concentration and several candidate genes 

that encode various cytokines (IL-4, IL-5, IL-9, IL-13, CD14 and GM-CSF) are found 

to be associated (30). Furthermore polymorphisms on Chromosome 11q13 has been 

linked to the β chain of the high affinity IgE receptor, which is related to atopy, 

asthma, bronchial hyperresponsiveness and severe atopic dermatitis (31-35). A 

polymorphism within the FcεRI-β gene has been shown to be associated with levels of 

IgE (36). More recently, Single Nucleotide Polymorphisms (SNPs) in the ADAM33 

gene has been shown to be associated with the function of airway smooth muscle cells 

or structural cells, linking its role in BHR and remodeling in asthma. ADAM 33 

belongs to ADAM (a disintegrin and metalloprotease), a family of proteins having 

varied function in the cell adhesion and other regulatory roles in cells (37). Thus 

several genes on different chromosomes may contribute to the pathogenesis of allergy 

and asthma (38, 39).  
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Even though genetic factors play a significant role in the pathogenesis of 

allergic diseases, environmental factors are thought to play an important and major 

role in affecting the development of allergic diseases. 

 

1.3.3b. Environmental factors: 

 Around 40% of the clinical expressions of allergic diseases are accounted for 

genetic factors; but there is an absolute requirement for interactions with 

environmental factors (40). Several hypotheses have been proposed to explain the 

interaction of environmental factors in the increase of allergic diseases; one of the 

widely discussed is the “Hygiene Hypothesis”. The hypothesis suggests that 

westernized lifestyle characterized by higher standard of household, declining family 

size and personal cleanliness has contributed to the rise in allergic diseases. Infections 

in early childhood reduce the risk of developing allergic disease (41).  

 The involvement of environmental factors and complex genetic factors are 

combined together to contribute to the development of allergic diseases.  

 

1.4. Cellular components of IgE mediated allergic reactions:  

 There are many cellular components involved in allergic reaction. This section 

focuses on important cells and their functions in allergic responses through IgE 

mediated mechanisms.  
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1.4.1. Mast Cells: 

 Mast cells are derived from CD34+ hematopoetic progenitor cells. “Cytokines 

that might influence mast cells proliferation, maturation, activation and survival 

includes IL-4, IL-5, IL-9 and IFN-γ ” (42). In humans there are two types of mast cells 

based on their secretory protease content namely (i) MCT, which contains tryptase 

alone and is located mainly in the mucosa of the lung and small intestine and (ii) 

MCTC which has tryptase and chymase and predominantly found in skin, 

gastrointestinal submucosa and blood vessels (43).  

 Mast cells are the initial cells to respond to an allergen. It propagates its 

response through IgE antibodies attached to FcεRI. If FcεRI is not expressed, IgE 

mediated allergic reactions is less effective and other mechanisms have not been 

shown to compensate for its absence (44). IgE and FcεRI cross-linking lead to the 

activation of mast cells. Activation culminates in immediate allergic response, 

eventually releasing mediators through degranulation (2, 45, 46).  

 

1.4.2. Basophils: 

 Like mast cells, basophils develop from CD34+ stem cells. The half life of 

basophils in circulation is hours to days. These cells have equal sensitivity like mast 

cells when allergens cross-link IgE and FcεRI complexes. Further basophils upon 

activation release preformed mediators like histamine, lipid mediators, produce 

cytokines and chemokines. Although these cells do not reside in peripheral tissues, 

they are recruited after mast cell activation (2). 
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1.4.3. Eosinophils: 

 Eosinophils differentiate from CD34+ pluripotent stem cells. IL-5 is important 

in differentiation and maturation of eosinophils. Immature CD34+ cells may be 

recruited to sites of allergic inflammation where differentiation into eosinophils is 

enabled by local IL-5 cytokine production (47).  

 FcεRI receptor is shown to be expressed in eosinophils in hypereosinophilic 

syndrome and allergic asthmatic subjects (48, 49). Studies have shown that cross-

linking of IgE and FcεRI by anti-IgE causes degranulation in subjects who have 

hypereosinophilic disease. Eosinophil activation leads to release of preformed, highly 

basic mediators stored in granules. The granules contain major basic protein, 

neurotoxin, eosinophilic cationic protein and other mediators which are toxic to 

respiratory epithelial cells (allergic inflammation) and parasites (43). 

 

1.4.4. Antigen Presenting Cells (APCs): 

 Dendritic cells, Langerhans cells and macrophages are antigen presenting cells 

that play a role in IgE mediated allergic responses. The expression of FcεRI is variable 

in these cells (50).  

An immature APC is thought to internalize a specific allergen via IgE – FcεRI 

receptor recognition (51).  The internalization enables the APCs, especially dendritic 

cells to migrate to lymphatic tissues. Subsequently in lymphatic tissues they prime T 

cells into effector and memory cells. Also APCs and Th2 cells play an important role 

in B cell maturation and differentiation into cells producing allergen specific IgE (52). 

Further, mature APCs can be recruited to the sites of inflammation by changes in their 
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receptor expression and upregulating chemokine receptors like CXCR4 and CCR4 

(50). Mature APCs may have increased numbers of FcεRI, which can bind to IgE with 

different specificities, thereby enhancing cross-linking by a defined allergen at the 

surface. It is thought that APCs contribute to the chronic allergic disease in skin and 

respiratory tract  (50, 53).  

 

1.4.5. Lymphocytes: 

 T helper (CD4+) lymphocytes differentiate into either Th1 (pro-inflammatory) 

or Th2 (pro-allergic) cells depending on the regulatory cytokines present in the 

stimulation process. Th2 cells provide signals such as IgE receptor expression and 

mucus production which are important in the pathogenesis of inflammation. In the 

production of IgE, interaction between B cells and T cells via CD40 and CD40L is an 

important signal.  “IL-4 and CD40L, the two signals required for IgE production, are 

provided by CD4+ Th2 cells present in respiratory mucosa and regional lymphoid 

tissues of individuals with asthma” (54). Furthermore Th-2 derived IL-4 and IL-13 

have been shown to drive the germline transcription of Cε exons promoting the 

isotype switching of IgE. 

 Th2 cells also play a critical role in the maintenance of allergic bronchial 

inflammation (typical of asthma) and allergen induced hyperresponsiveness. In 

addition Th2 cells produce IL-5 and GM-CSF promoting eosinophilopoiesis, thus  

enhancing allergic inflammation (54).  
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 B lymphocytes act as the source of IgE. Binding of IgE to the IgE receptors 

sets the stage for allergic reactions. Binding of IgE to FcεRII has two consequences 

either inhibition or amplification of IgE production (16).  

  

1.4.6. Neutrophils :  

 Neutrophils are polymorphonuclear leukocytes (PMNs) which play an 

essential role in the immune system. It is the first line of defense against 

microorganisms and acts as a critical effector cell in both innate and humoral 

immunity (55). The process of elimination of microbial infection by PMNs is beyond 

the scope of this project. However neutrophil mediated inflammatory response and 

their role in asthma is discussed. 

 The inflammatory response mediated by PMNs is a multi-step process 

involving the initial adhesion of circulating PMNs to activated vascular endothelium. 

This leads to subsequent extravasations and migration towards the inflammatory site, 

where they exert their actions depending on the in situ milieu. Most of the stages in the 

process depend on the mobilization of cytoplasmic granules and secretory vesicles. 

These components are contained within  PMNs granules, and they constitute of 

antimicrobial proteins, proteases, components of the respiratory burst oxidase, 

membrane bound receptors, extracellular matrix proteins and soluble mediators of 

inflammation (56). 
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1.5. Neutrophils in Asthma: 

 The contributions of various cells such as mast cells and eosinophils have been 

recognized in asthma pathogenesis. However, a recent review reported that only about 

50% of asthma cases are associated with eosinophilic inflammation and the remaining 

subjects had increased neutrophils (PMNs) and IL-8 in the airways (57). PMNs have 

only recently been targeted with considerable interest. Earlier the role of PMNs in 

inflammation was thought to be restricted to phagocytosis, release of cytotoxic agents 

and enzymes. Now it is clear that they release various other mediators such as 

cytokines and Matrix Metalloproteinases (MMPs) that could have a significant effect 

on the airways in disease states such as asthma (58).   

 Recently, PMNs have been reported to be increased in bronchial biopsies, 

especially in subjects with severe asthmatics (59). Sputum analysis from the patients 

showed that PMNs were a prominent cell type, even in milder asthmatics (59). Under 

basal conditions increased PMNs have been observed in subjects with persistent 

asthma compared with controls, especially subjects with low eosinophil counts (60). 

Similar observations have been reported for Bronchoalveolar lavage (BAL) where 

severe asthmatics show increased number of PMNs when compared to normal subjects 

(61-63). These data suggest that the underlying type of asthma may have an effect on 

neutrophil numbers. 

 

1.5.1. Neutrophil products: 

 There is a wide range of inflammatory products produced by PMNs including 

cytokines (IL-1β, IL-6, IL-8, TNFα, TGFβ), lipids (LTB4, LTA4, PAF, TXA2), 
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proteases (elastase, collagenase, MMP-9), microbial products (lactoferrin, MPO, 

Lysozyme), reactive oxygen intermediates (superoxide, H2O2, OH-), and nitric oxide 

(64).  

 Although almost all of the products have been implicated in asthma, some of 

the important products are cytokine IL-8, protease elastase, lipid mediator LTB4 and 

matrix metalloproteinase MMP-9. Interleukin – 8 is a potent chemoattractant for 

PMNs has been reported to be increased in asthmatic patients (65). Recently TGF-β, a 

growth factor has been demonstrated to be produced by airways and peripheral blood 

PMNs which is thought to be important in airway remodeling (66). 

 The protease elastase has a wide range of actions. It breaks down collagen III 

and promotes the formation of Collagen IV, drives proteolysis of surfactant proteins, 

and activates matrix metalloproteases (MMPs). Elastase acts on the epithelium, 

enhancing mucus secretion, reducing ciliary beat frequency and may lead to secondary 

release of leukotrienes from the epithelium (64). It may also release IL-8 and other 

cytokines from airway epithelium (64). Elastase damages the endothelium by 

increasing the permeability, promoting apoptosis and activates eosinophils and mast 

cells (64). 

 PMNs produce large amounts of lipid mediator LTB4 and also its precursor 

LTA4. LTB4 is a potent chemoattractant for PMNs, eosinophils, monocytes and 

fibroblasts (67). It also activates nuclear factor NF-κB, promotes the synthesis of IL-5, 

IL-6 and IL-8 and enhances the synthesis of IgE in B cells (68-70). 

 MMPs consist of over 20 different proteases which are stored as inactive 

proforms which undergo proteolytic activation. This enables various abilities such as  
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cleavage of components of the extracellular matrix, enhancing cell trafficking, and 

activating other enzymes (71). MMPs play an important role in the degradation of 

vascular basement membranes and interstitial structures during neutrophil 

extravasation and migration (56).  MMP-9, a gelatinase - is thought to play an 

important role in asthma (72). It has been shown to be increased in chronic asthma and 

in status asthmatics. Recently studies suggest that MMP-9 in asthmatic airways might 

influence tissue injury and repair processes (72). 

 

1.5.2. Receptors expressed by PMNs: 

 PMNs not only produce a number of diverse substances but also express 

various receptors that have been shown to have a role in inflammatory reactions 

including allergy. PMNs express various Th1 and Th2 cytokine receptors including 

IL-4, IL-6, IL-9, IFN-γ and GM-CSF (73-76). Human PMNs express IgE receptors 

such as high affinity IgE receptors (FcεRI), low affinity IgE receptors (FcεRII/ CD23) 

and Galactin 3 (Mac-2/ εBP) (77-79). 

 

1.5.3. Potential roles of PMNs in asthma: 

 When PMNs are associated with asthma they are likely to be involved in the 

chronic inflammation, wound repair and remodeling processes. It is known that PMNs 

play an important role in remodeling processes in skin, eyes and blood vessels (80). It 

is a possibility that PMNs may contribute in the fibrotic processes associated with 

asthma, especially the thickening of sub basement membrane due to the production of 

TGF-β and MMP-9. Studies have shown TGF-β to be present in BAL fluid of 
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asthmatic patients with 50% of the production of TGF-β to be produced by PMNs (66, 

81). PMNs are also thought to play a role in the mucus production and secretion in 

severe asthmatics. Even though few studies in humans support the primary role of 

PMNs in mucus production, animal models have demonstrated removal of PMNs 

leads to decrease in the mucus production (82).  

 

1.5.4. Presence of PMNs in various type of asthma: 

 PMNs have been shown to be increased with severe asthma exacerbation, 

nocturnal asthma and viral induced exacerbations of asthma associated with IL-8 

production (83-85).  In acute severe asthmatic patients PMNs have been shown to be 

present in sputum, BAL fluid, transbronchial and endobronchial biopsies (61, 86) . 

 PMNs have also been implicated in occupational asthma. Following challenge 

with toluene diisocyanate, PMNs are increased in association with LTB4 and IL-8 (87, 

88). Studies have demonstrated that young infants who had persistent wheezing had 

increased numbers of PMNs in the airways without any other infections being 

observed. The increase had been observed in conjunction with increase in IL-8 and 

TGF-β (89). 

 

1.6. IgE and IgE Receptors:

 

1.6.1. Structure of IgE:

 IgE and its receptors are key in IgE mediated mechanisms in allergic diseases.  
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IgE is one of the five immunoglobulins (Ig) in human immune system. It is a 

heterotetramer of two heavy (H) and light (L) chains with variable (V) and constant 

(C) regions. IgE heavy chain is represented as ε. ΙgE heavy chain consists of one 

variable region and four constant regions, similar to IgM. In contrast IgA, IgG and IgD 

consist of three constant regions. The extra domain in IgE is Cε2, since CH2 and CH3 

domains of IgA, IgG and IgD are similar to CH3 and CH4 domains of IgE and IgM 

(Figure 1.6.1). Each of Ig domains contains about 110 amino acids and comprises a β-

sheet with three and four β-strands as sandwich in C-type topology (90).  

 

 

 

Fig 1.6.1. Structure of IgE. Domain structure of IgE; showing the binding sites of 

high affinity IgE receptor (FcεRI) and low affinity IgE receptor (FcεRII). Adapted 

from (91) 
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The V regions of L- and H- chains form up a pair of identical antigen – binding 

sites. These together with adjacent CH (Cε1) domain pair form the antigen binding 

fragment (Fab) region of the antibody. The remaining Ig domains form the Fc 

(constant) fragment of the antibody. The Fc fragment binds to the cellular receptors. 

IgE binds to its receptors at the site of Cε3. Similar to other immunoglobulins IgE is 

also glycosylated and differences in glycosylation affect the interaction of IgE with its 

receptors (Fig 1.6.1) (2, 52).  

IgE is the least abundant antibody in the serum. The concentration of IgE in 

serum is ~150ng/ml in the circulation of normal individuals (92). The half life of IgE 

in serum is three days and much of the IgE is sequestered in tissues (93). In certain 

parasitic infections serum IgE concentrations may be three times greater than the 

normal levels without symptoms of allergic disease. IgE concentrations in the 

circulation may increase ten times the normal levels in allegic individuals. Allergen 

specific IgE antibody concentrations are tightly correlated with symptoms of the 

disease (94, 95). In some subjects with asthma or hayfever, IgE antibodies are 

detectable only in secretions from the target organ, suggesting occurrence of local IgE 

antibody synthesis (52).  

 

1.6.2. Role of cytokines and transcription factors in the modulation of IgE and 

IgE mediated allergic reactions: 

 Immunoglobulin E (IgE) mediated allergic reactions are characterized by 

various cytokines which influence the modulation of IgE synthesis and allergic 

inflammation. IgE is an important player in allergic diseases. The process of B cells 
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producing IgE via isotype class switching is a tightly regulated process. In this process 

T cells (Th1 and Th2) play a central role in the isotype determination through its 

interaction with its cognate B cell and by secretion of specific cytokines. The 

cytokines released by Th2 cells especially IL-4 and IL-13 specify the class switching 

to IgE by B cells (52).  

 The two Th cell subsets Th1 and Th2 differentiate from Th0 cells when 

activated through its T cell receptor. The Th1 differentiation involves various 

cytokines and transcription factors such as IL-12, IFN-γ, STAT 4, STAT 1 and T-bet 

(transcription factor expressed in T cells). IL-12 activates STAT 4, which then induces 

IFN-γ gene expression via T-bet; IFN-γ stimulates T-bet and vice versa forming an 

auto regulatory network. The IFN-γ produced by Th1 cells directs the B cells to switch 

to immunoglobulin G (IgGs) and not to IgE. Further IFN-γ also represses the 

differentiation of Th2 cells from Th0 cells (52, 96, 97).  

 Th2 cell differentiation involves cytokines such as IL-4 and transcription 

factors GATA3 and c-maf. The production of GATA3 leads to the transcription of 

cytokines such as IL-4, IL-5, IL-9, and IL-13. GATA3 is an autoregulator of its own 

transcription and is thought to control IL-4 gene transcription. The cytokine IL-4 

produced by Th2 cells stimulates the B cells to switch to IgE and it suppresses the 

gene expression of IFN-γ (52).  

  In mucosal tissues of atopic asthmatics, IL-4 is secreted by mast cells and 

basophils which might contribute to Th2 cell differentiation of fresh Th0 cells. Further 

the allergic conditions in these subjects may maintain the Th2 state leading to 

increased production of IgE (52).  
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1.6.3. IgE receptors: 

There are three types of IgE receptors, the high affinity IgE receptor (FcεRI), 

the low affinity IgE receptors FcεRII/CD23 and Galactin – 3 which are reviewed in 

this part.  

 

1.6.3.1. High affinity IgE receptor (FcεRI): 

 FcεRI belongs to an immunoglobulin superfamily of proteins which is 

abundantly present around 200,000 molecules per cell in basophils and mast cell 

membranes (2).  

 

 

 

 

Fig 1.6.2 Human FcεRI. Tetrameric form (abg2) and trimeric form (ag2), TM 

represents Transmembrane region. Adapted from (44)  
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 In rodents, FcεRI is expressed in mast cells, basophils and eosinophils. The 

expression of the receptor is tetrameric consisting of one α chain, one β chain and two 

identical γ chains in all the cell types (98, 99). The tetrameric form of FcεRI is 

maintained as a complex in the plasma membrane. Hydrophobic and electrostatic non 

covalent interactions enable the maintenance of the complex in the membrane (44, 

100, 101) (Figure 1.6.2). 

The FcεRIα chain is a type I integral membrane protein. It consists of a 

transmembrane region with a cytoplasmic tail of varied length; cytoplasmic tail (~17 

amino acids) does not react with any signaling molecules. The extracellular N terminal 

region consists of two Ig like domains designated as α1 and α2. The hydrophobic 

patch formed by these two domains and the interface region form a putative site for 

binding of Fc portion of IgE.  The α chain core protein is ~28kDa in molecular 

weight. It consists of two extracellular domains and a transmembrane domain with a 

short cytoplasmic tail. It contains seven N-linked glycosylation sites. The α chain is 

heavily glycosylated. These glycosylation sites prevent the aggregation of the 

receptors in the absence of antigen and it plays an important role in the interaction 

between the α chain and Endoplasmic Reticulum (ER) folding apparatus  (2), (99), 

(102-105). Further the α chain contains a ER retention signal, which is a di-lysine 

motif located in the cytoplasmic domain; in the absence of other chains the α chain is 

degraded in the ER. This control mechanism forms an important regulatory role in the 

expression of FcεRI in the murine system (106). 
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   The β chain consists of four transmembrane domains. The γ subunit is a homo 

or heterodimer consisting of a transmembrane and cytoplasmic tail. It is a common 

chain shared among FcγRIII, FcγRI, FcεRI, FcαR and TCR depending on the cellular 

contexts (44).  

 In humans, FcεRI is present as tetrameric and trimeric forms.  The tetrameric 

form (αβγ2) is constitutively expressed on effector cells of anaphylaxis such as mast 

cells and basophils. The trimeric form (αγ2) is variably expressed on antigen 

presenting cells such as langerhan cells, monocytes, dendritic cells. The table 1.6.1 

gives an overview of the FcεRI types expressed by various cell types.  FcεRI αβ and γ 

mRNA has been shown to be present in PMNs, eosinophils and human platelets (53).  

  

Table 1.6.1: FcεRI types expressed by various cell types and their known cell       

functions 

Cell types Cell function FcεRI type 

Mast cells, basophils Cell activation and 

degranulation 

Tetrameric 

Monocytes, Langerhan 

cells, Blood Dendritic cells 

Anitgen presenting cells 

and modulation of cell 

differentiation 

Trimeric 

Neutrophils Allergic diseases Tetrameric* 

Eosinophils Defense against parasites Unknown 

Platelets Inflammation Unknown 

Source: adapted from (53). * see our work. 
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The β chain increases the stability and signaling capacity of FcεRI. The γ chain 

which is shared by other Fc receptors is important for signaling (53). Both the chains 

contain Immunoreceptor Tyrosine based Activation Motifs (ITAMs) in their 

cytoplasmic tails. However there is minor difference in the ITAMs of the β and γ 

chains, leading to their functional differences (Fig 1.6.2) (2).   

 

1.6.3.2. Low affinity IgE receptors:

 

1.6.3.2a. FcεRII/ CD23: 

 The low affinity IgE receptor which is known as FcεRII or CD23 is a type II 

integral membrane protein belonging to the C-type lectin superfamily. It has a C – 

type (Calcium dependent) lectin domain at the distal, C terminal end of the 

extracellular sequence (107). CD23 is found on sub populations of neutrophils, B and 

T lymphocytes, monocytes, macrophages, NK cells, eosinophils, Langerhans cells and 

platelets. In humans two isoforms of CD23 are generated namely CD23a and CD23b 

due to different mRNA splicing patterns and transcription initiation sites (2). These 

two isoforms differ by six to seven amino acid sequences in their cytoplasmic N-

termini. CD23a is expressed in antigen-activated B cells whereas CD23b is induced by 

IL-4 in various types of cells (52), whereas both can be expressed on eosinophils 

(108). 

 The lectin domains of CD23 are separated from the cell membrane by a three 

stranded coiled-coil stalk, which is known as “Leucine Zipper”. These lectin domains 

provide the binding sites for IgE and complement receptors. CD23 exists as a 45-kDa 
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monomer and a trimer on the cell surface in an equilibrium mixture. The trimer has a 

ten fold higher affinity for IgE (109). Membrane bound metalloproteases cleaves the 

45-kDa CD23 stalk to a 37-kDa soluble fragment (sCD23). Other proteases act on the 

soluble fragment CD23 (sCD23) at specific sites to produce 16-kDa fragment (110). 

CD23 and 16-kDa sCD23 have been shown to have opposite effects on the regulation 

of IgE synthesis (52, 111). 

 

1.6.3.2b. Functions of CD23: 

 CD23 has been shown to be important for antigen presentation in human B 

lymphocytes. It is bound in the membrane of human B cells to HLA –DR, which 

enables it to undergo endocytosis and recycling (112). CD23a have been shown to 

facilitate antigen presentation in murine B cells in vivo and human B cells in vitro. 

 CD23 fragments which are more than 25-kDa stimulate IgE synthesis in B 

cells on incubation with suboptimal concentrations of IL-4 and anti-CD40 (113, 114). 

It has also been shown to have a negative feedback regulation on IgE synthesis (115, 

116). 

 25kDA soluble CD23 (sCD23) promotes growth and differentiation of 

promyelocytes into basophils and prothymocytes into T cells and differentiation of 

Germinal Centre B cells into plasma cells in vitro (117).  

 

1.6.3.2c. Galactin-3/Mac-2/ε-BP: 

 Galactin 3 also known as Mac-2 or ε-Binding protein (ε-BP) belong to 

S –type lectins with the ability to bind IgE through carbohydrate recognition domains 
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(118). Mac-2 is endogenous soluble lectins and can be expressed by various cell types, 

including PMNs. Mac-2 has a restricted recognition pattern for IgE, they are 

recognized by specific glyocoforms of IgE (79, 119-121). 

Galactin 3 has been shown to play a role in leukocyte recruitment, during 

Streptocococcal pneumonia infections it has a direct function in mediating adhesion of 

neutrophils to endothelium and induce extravasation into the lungs (122). It promotes 

adhesion of neutrophils and other cell types to laminin in an integrin independent 

manner (123-125). Furthermore Galactin 3 is chemotactic for human monocytes and 

macrophages which are thought to be more potent than chemokine monocyte 

chemoattractant protein- 1 (MCP-1). Macrophages which lack receptor for MCP-1 has 

been shown to respond readily to Galactin 3 (126). Also recently a role for Galactin 3 

in phagocytosis was shown in the studies of macrophages from null mutant mice (127, 

128).  

 

1.6.4. IgE binding with its receptors:

 The binding of IgE with its high affinity receptors is bimolecular and is 

characterized by an association constant Ka of 1010 M-1 (129, 130). The slow 

dissociation rate of IgE and its receptors with a half life of 20 hrs may be one of the 

reasons for the high affinity of IgE to FcεRI (131).  

The binding of IgE to its low affinity IgE receptors have a Ka of 2-7 x 106-7 M-

1(52). Two molecules of 16-kDa CD23 fragment binds to Cε3-4 fragment of IgE, 

where one IgE molecule crosslinks two molecules of the membrane bound CD23 

trimers and several IgE molecules crosslinks to form linear or cyclic oligomers (132). 
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1.7. Regulation of surface expression of FcεRI: 

 Various studies have shown IgE as an important regulator of surface 

expression of FcεRI. The density of basophil surface IgE and FcεRIα expression have 

been shown to correlate with serum levels of IgE regardless of the disease state (133). 

Experiments in IgE deficient mice system shows that mast cells which lack FcεRI 

receptors in vivo, when incubated with IgE in vitro or injected in vivo upregulate the 

expression of FcεRI (134) . This upregulation is also observed in human mast cells 

and basophils (135), suggesting that IgE ligand-mediated upregulation may be a 

general mechanism in rodents and humans. “The strong correlation between total IgE 

receptors and serum IgE was an unexpected finding that suggests that either the two 

are associated by primary genetic programming, or that the presence of one induces or 

modulates the other” (136). Another hypothesized mechanism of IgE upregulation is 

hypothesized that it could upregulate FcεRI by protecting it from degradation (44). 

Also recent studies favor the hypothesis showing that the stabilization of the receptor 

at the cell surface enables the use of preformed receptor pool and basal level 

expression of the receptor (137).  

Other important factors that play a crucial role in the regulation of FcεRI are 

cytokines. Experiments from animal models and cell lines suggest that the basal level 

expression of FcεRI could be under the control of cytokines (138-140). Bone marrow 

cultured mouse mast cells and human basophils precursors, cultured in the presence of 

IL-3 express FcεRI very early during differentiation before granules are detected 
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(141). IL-4 and IL-9 have been reported to induce FcεRI α chain expression in mast 

cells, eosinophils and monocytes and fetal liver cells (139, 140, 142, 143).  

The intracellular assembly of α and γ chains of FcεRI is an important 

regulation step in the surface expression of the receptors. This interaction between the 

α and γ chain leads to masking of a retention signal and export of the receptor 

complex from the ER to the cell surface. Also the assembly of α and γ is mandatory 

for their transfer into the Golgi compartment where terminal glycosylation takes place. 

In this process, glucosidase trimming of terminal glucose residues in the ER is thought 

to be a quality control step in the export of immature FcεRIα (144). 

The mRNA transcripts of FcεRI subunits namely α, β and γ are not equally 

abundant. The γ transcripts are the most abundant of the three, whereas β transcripts 

are less abundant than α transcripts, suggesting that the subunits are not coordinately 

synthesized (44).  

   

1.7.1. Role of β chain in the regulation of FcεRI: 

 The β chain (FcRβ) has been implicated in the pathogenesis of allergy by a 

number of genetic studies. Genetic linkage with atopy has been demonstrated on the 

chromosome 11q12-13 (145-147). Further the association was found between the 

atopic phenotypes and polymorphisms in the coding region of FcRβ gene (148), but 

their significance in contributions to these allergic phenotypes is yet to be established 

(149).  
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The β chain and the γ chain of the FcεRI complex contain Immunoreceptor 

Tyrosine-based Activation Motifs (ITAMs) in their cytoplasmic tail. ITAMs act as 

acceptors of high energy phosphates and also provide docking sites for other signaling 

proteins. Mutational studies show that the ITAM of the FcRβ has a different function 

than the ITAM of FcRγ. The FcRγ ITAM is directly responsible for signal 

transduction whereas the FcRβ ITAM does not itself signal but rather amplifies the 

FcRγ signal (150). Lyn and Syk are two tyrosine kinases that are associated with 

FcεRI. Lyn preferentially binds to β chain ITAM, whereas Syk can bind to both β and 

γ chains with more affinity to γ chain (2). Signaling capacity of two complexes αβγ2 

and αγ2 has been analyzed in vitro. The αβγ2 complexes induce lyn-dependent 

tyrosine phosphorylation of FcRγ chains, activation of syk tyrosine kinase and calcium 

mobilization at a much higher levels than αγ2 complexes (150, 151).  

 The β chain enhances maturation and assembly processes of FcεRI; eventually 

increasing the surface expression of the receptor (152). It amplifies activation signals 

mediated within the cells (153). In vivo analysis of FcRβ has shown to be involved in 

early signaling events and also in late responses such as cell degranulation and 

cytokine release, suggesting its role in modulating allergic responses due to its 

function as an amplifier of effector cell responses (149). Therefore atopy-associated 

isoforms of FcRβ may contribute to the manifestation of atopy through some 

modulation of FcRβ’s ability to promote effector responses in vivo and functional 

polymorphisms in FcRβ gene is a potential immunologic dysregulator that could lead 

to the development of atopy (149). 
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1.8. Project Summary: 

 Previously, it was thought that FcεRI was expressed only on mast cells and 

basophils. However studies have shown that they are expressed on monocytes, 

eosinophils and various other cell types (48, 154, 155).  Recently our work showed 

that FcεRI is expressed on human PMNs in atopic asthmatic subjects (77). The 

expression of the receptor was heterogeneous in atopic asthmatics and its absence in 

freshly isolated PMNs from healthy individuals suggest that their expression could be 

regulated (77). Therefore in the present study we proposed to investigate the factors 

that influence the regulation of FcεRI expression in peripheral blood PMNs from 

atopic asthmatics, atopic non asthmatics and healthy individuals. 

There is growing evidence of the role of PMNs role in allergic diseases. 

Various studies have shown seasonal changes influence the activities of PMNs in the 

allergic condition. In pollen-induced asthma, seasonal antigenic exposure increases the 

number of PMNs in bronchial biopsies (156). Further studies have shown that 

neutrophil chemotactic activity in BAL fluid is significantly increased in pollen season 

(157). Investigating the expression of FcεRI in PMNs during and out of pollen season 

might provide an insight into the in vivo fine tuning of neutrophil functions in 

asthmatic conditions.  

 It is known that allergic asthmatic individuals are influenced by seasonal 

changes which are associated with elevated Th2 cytokines. Furthermore, experiments 

from animal models and cell lines suggest that the basal level of FcεRI expression is 

under the control of cytokines. IL-4 and IL-9 have been reported to induce FcεRI α 

chain expression in mast cells, eosinophils and T cell line (138-140). GM-CSF have 
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been reported to induce CD23 in human PMNs (78). Furthermore GM-CSF has a 

pleiotropic activity on the functions of PMNs such as survival, release of chemokines 

such as IL-8 (76). Therefore investigating the role of Th2 cytokines may describe its 

role in the regulation of FcεRI in PMNs.  

 We hypothesize that the high affinity IgE receptor (FcεRI) in human PMNs 

is regulated in vivo; likely by Th-2 cytokines which are highly expressed in allergic 

asthma.  

 We used freshly isolated human peripheral blood neutrophils and in vitro 

cultured PMNs (with Th-2 cytokines) to investigate the expression of FcεRI at both 

protein and mRNA levels. The expression was studied during pollen season and non 

pollen season. We were able to study the (i) Extracellular surface expression of FcεRI 

(ii) Total protein expression levels of FcεRI and (iii) mRNA expression levels of 

FcεRI in freshly isolated and Th-2 cytokines stimulated PMNs.  

 To test the hypothesis, we proposed two specific aims: (i) To characterize the 

expression of FcεRI during the pollen allergic season and non pollen season, and (ii) 

To determine separately the effects of various Th-2 cytokines such as IL-4, IL-9 and 

GM-CSF on FcεRI expression in vitro. 
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2. Materials and Methods: 

 

2.1. Subjects: 

 Peripheral human blood was obtained from recruited adult donors. The 

subjects were grouped into healthy, atopic non asthmatic (ANA) and atopic asthmatics 

(AA) subjects. Clinical diagnosis of allergy (atopic) and asthma were determined by: 

(i) Previous history of allergy and/or asthma, (ii) positive wheal and flare reaction to 

one or more common allergens such as grass pollen or a history of allergic rhinitis and 

grass pollen, (iii) a substantial improvement in spirometry test post-Ventolin 

administration (asthma). Normal subjects had no prior history of allergic diseases or 

asthma, further they did not have any positive epicutaneous allergen tests nor 

significantly improved spirometry post-bronchodialator.  ANA subjects were grouped 

to have either allergic rhinitis and/or grass pollen allergy who did not have asthma. 

AA subjects were grouped to have either allergic rhinitis and/or grass pollen allergy 

with asthma. Three days prior to blood donation the donors were refrained from using 

anti-inflammatory medications, such as β2 agonists, anti-histamines or corticosteroids. 

Further written and informed consent was obtained from each donor. The study is 

approved by the University of Manitoba Faculty Committee on the Use of Human 

Subjects in Research. 

 

2.2. Isolation of neutrophils: 

 50ml of peripheral blood was collected by venipuncture and collected into 2ml 

of 2.7% EDTA (Sigma, St.Louis, MO, USA). 10ml of 0.85% saline was added to 
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every 20ml of the blood collected. The saline diluted blood (every 10ml) was layered 

on 3.5ml of Ficoll-Paque gradient (Histopaque 1077, Sigma, St. Louis, MO, USA) 

without disturbing the Ficoll. The tubes were then centrifuged (Eppendorf Centrifuge 

5810 R) at 1600 rpm for 30 minutes at room temperature (RT). This gradient 

centrifugation enables the separation of cells into layers based on weight. After 

centrifugation, the plasma layer was collected. The granulocyte-rich fraction and red 

blood fraction was mixed well with 6ml of Dextran (Amersham Pharmacia Biotech, 

Piscataway, NJ, USA)-saline solution (3%Dextran and 0.9% saline) and allowed to 

sediment for 20-30min at RT. The supernatant was recovered into 50ml centrifuge 

tube without disturbing the dark red bottom layer. The tube containing the supernatant 

was filled up to 45ml mark with 0.85% saline and centrifuged at 1000rpm at 6oC for 

7min to recover the granulocytes. The cell pellet was treated with hypotonic solution 

(12.5ml of 0.2% saline for 30 seconds followed by 1.6% saline to stabilize the cells) to 

lyse the residual RBCs. The tube is filled up to 45ml mark with 0.85% saline and 

centrifuged at 1000rpm at 6oC for 7min; occasionally this step was repeated once or 

twice depending on the lysis of RBCs. Further the cells were washed twice with 

0.85% saline with 2% plasma, which was centrifuged as mentioned above. The cells 

were then re-suspended in 10ml of complete media consisting of RPMI 1640 with 

10% heat-inactivated fetal bovine serum (FBS) and 1% 2-mercaptoethanol (2-ME). 

The concentration of the cells and the viability of the cells (>98%) was assessed by 

4% trypan blue dye (Fisher Scientific, Pittsburgh, Pa) exclusion using hemocytometer 

counts. The purity of the cells (>95%) was determined by staining cytospin slides 

(ThermoShandon) with Diff-Quick (Fisher Scientific, Pittsburgh, Pa) staining. The 
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cells which were <95% pure were purified using autoMACS (Miltenyi Biotech, 

Auburn, CA, USA). 

 

2.2.1. Purification of neutrophils by autoMACS: 

 The cells to be purified were concentrated to 5x107/50μl with running buffer 

(PBS with 2mM EDTA and 0.5% BSA). Equal volume of anti-CD16-coated 

microbeads (Miltenyi Biotech, Auburn, CA, USA) was mixed with the concentrated 

cells for 30min. on ice. The concentrated cells were diluted with 1ml/50μl 

concentrated cell suspension with running buffer. The CD-16 positive neutrophils 

were positively selected using Possel_s program in autoMACS (Miltenyi Biotech, 

Auburn, CA). The concentration and purity of the separated neutrophils was estimated 

by trypan blue dye exclusion using hemocytometer counts and Diff-Quick staining 

respectively.  

 

2.3 Neutrophils cell culture: 

 Using complete media, isolated neutrophils were adjusted to give a maximum 

concentration 5x106 cells/ml. The cells were then treated with the cytokines as 

tabulated in 2.3.1. Stimulated cells were cultured at 37oC in humidified 5% CO2 for 6 

and 18 hrs. Subsequently, stimulated cells were used for Flourescence Activated Cell 

Sorting (FACS) and the remaining cells were further stored at -80oC for protein and 

mRNA isolation. 
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Table 2.3.1: Cytokines for cell culture   

Cytokines Company Final concentration 

rhIL-9 Peprotech Canada Inc 10ng/ml 

rhIL-4 Peprotech Canada Inc 10ng/ml 

rhGM-CSF Peprotech Canada Inc 10ng/ml 

rhIFN-γ Peprotech Canada Inc 10ng/ml 

     

 

2.4. Flow Analytical Cytometry Analysis (FACS): 

              Freshly isolated or stimulated neutrophils (2x105 cells/ml) were stained for 

different surface markers. All steps are carried out on ice. The cells were incubated 

with different primary antibodies in FACS tubes (Beckman Coulter, Inc., Fullerton, 

CA, USA) as tabulated in Table 2.4.1.  

The cells were then incubated for 30 minutes at room temperature with 

constant shaking. After the incubation the cells were washed twice with 3ml of 1x 

Phosphate Buffered Saline (PBS) (0.25g sodium phosphate monobasic dehydrate, 

1.42g dibasic sodium phosphate, 8.77g sodium chloride with pH 7.4 for 1L) which 

was centrifuged at 1200 rpm at 4oC for 7min. Supernatants was discarded and the cells 

were incubated with 1:100 dilution of FITC conjugated affinipure Rat Anti Mouse IgG 

(H+L) (Jackson Immuno Research Laboratories, West Grove, PA, USA) following 

incubation in dark for 30 minutes with constant shaking on a shaker. 
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Table 2.4.1: Primary antibodies for FACS 

Primary Antibody Company Final Concentration 

FITC-conjugated 
Monoclonal Anti-Human 
CD16 

 

Sigma, MO, USA 100μg/ml 

FITC-conjugated Mouse 
IgG1, Kappa (MOPC21) 

Sigma, MO, USA 100μg/ml 

 
Mouse Monoclonal Anti-
human FcεRIα (CRA1) 

 

- 

 

100μg/ml 

Mouse IgG2a Sigma, MO, USA 100μg/ml 

P.S: CRA1antibody binds to the stalk region (other than IgE binding site) of FcεRIα 

 

After the incubation stained cells were washed twice with 3ml of 1x PBS. The 

supernatant was discarded and the cells were re suspended with 200μl of 1x PBS and 

analyzed on Beckman Coulter Flow Cytometry. (Beckman-Coulter, Inc., Fullerton, 

CA, USA). Acquisition and analysis was performed on Cell Quest PRO (Beckman 

Coulter). 

 

2.5. Fluorescent Immunocytochemistry (ICC): 

 

2.5.1. Cytospin slide preparation:  

 Freshly isolated neutrophils (1x105 cells/ml) were added into cytospin funnels 

added onto filter covered slides. Slides were then spun in Cytospin3 (ThermoShandon, 

Cheshire, UK) at 450rpm for 2min. Slides were then dried and a circle was marked 
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with a DAKO pen (DAKO Diagnostics Canada Inc., Mississauga, ON) around the 

adhered cells. The slides were then fixed with 4% paraformaldehyde for 20min at RT 

in a chemical hood. Following fixation the slides were then washed thrice for 5min 

with 0.05M Tris-HCl buffered isotonic saline pH.7.6 (TBS). The slides were then 

dried at 37oC; after drying the slides were stored at -20oC before ICC and ISH. 

 

2.5.2. Immunocytochemistry for FcεRIα chain: 

 Cytospin prepared slides for ICC was taken out from -20oC and allowed for 

10-15min to bring the slides to RT. The fixed cell spot was blocked with Universal 

Blocker (DAKO Diagnostics Canada Inc., Mississauga, ON) for 20min at RT. The 

blocking solution was removed by shaking off the slides. Meanwhile the primary 

antibody CRA1 (final concentration 10μg/ml) was prepared diluting in Antibody 

Diluting Buffer (DAKO Diagnostics Canada Inc.,) which was added to each slide (50 -

100μl for each spot). Simultaneously isotype control Mouse IgG2a (10μg/ml) was 

added to the respective control slides. All the slides were incubated overnight at 4oC. 

Following the incubation the slides were washed thrice for 5min in TBS. In obscure 

light the slides were incubated with 1:100 dilution of FITC conjugated affinipure Rat 

Anti Mouse IgG (H+L) (Jackson Immuno Research Laboratories, West Grove, PA, 

USA) for 2hrs in dark at RT. The incubated slides were washed in obscure light thrice 

for 5min in TBS. To stain the nucleus, slides were counterstained with (1:10 dilution 

in TBS) Propidium Iodide (PI) (Molecular Probes, Burlington, ON, Canada) for 2min 

in dark. To remove excess staining the slides were copiously washed with TBS. 

Following the staining the slides were mounted with mountant Moviol and the slides 
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were stored at -20oC till acquisition in Olympus FluoVIEW confocal laser scanning 

system (Olympus America Inc., Melville, NY, USA). FluoVIEW 2.0 (Olympus 

America Inc.,) was used to acquire and analyze the confocal images. 

 

2.5.3. Immunocytochemistry for FcεRIβ chain: 

 Fluorescent immunocytochemistry for FcεRIβ chain was performed similar to 

FcεRIα chain with changes as tabulated in Table 2.5.1. Following the staining the 

slides were mounted with ProLong® antifade (Molecular Probes, Burlington, ON, 

Canada) and the slides were stored at -20oC till acquisition in Axiophot2 (Carl Zeiss 

Canada Ltd., Ontorio, Canada) confocal laser scanning system. AxioVision 3 (Carl 

Zeiss Canada Ltd., Ontorio, Canada) was used to acquire and analyze the confocal 

images. 

 

2.6. Immunoprecipitation and Western blot analysis: 

 

2.6.1. Preparation of protein from neutrophils:  

 Stimulated and stored neutrophils from -80oC was taken out and 200ul of 

complete NP-40 (USB Corporation, OH, USA) lysis buffer [50mM Tris-HCl pH8.0, 

150mM NaCl, 1% NP-40, before adding to cells -10X protease inhibitor cocktail 

(Roche Mississauga, Ontario, Canada), 2mM PMSF (Sigma, MO, USA)] was added. 

The mixture was kept on ice for 10-20min. After the incubation the lysed cells were 

centrifuged at 12000rpm for 10min at 4oC. The supernatant containing the protein 

phase was carefully collected avoiding the pellet.  
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Table 2.5.1: Reagents for FcεRIβ chain Immunocytochemistry 

Reagent Composition/purpose Company Working 
Concentration 

Blocking TBS – 85% 
Normal human serum – 5% 

Goat Serum – 5% 
Donkey Serum – 5% 

Goat and 
Donkey Serum – 

Sigma, MO, 
USA 

~100μl 

 
Anti-FcεRI, β 

subunit  

 
(Rabbit antiserum) 

Diluent - 2% Goat Serum in 
TBS 

 
Upstate 

Biotechnology, 
NY, USA 

 
10μg/ml 

 

Rabbit IgG 

 
Diluent - 2% Goat Serum in 

TBS 

 
Sigma, MO, 

USA  

 
10μg/ml 

 
Alexaflour 

488® Donkey 
Anti-Rabbit 

IgG Antibodies 

 
Secondary antibody 

Diluent – 1% Goat Serum in 
TBS 

 
Molecular 

Probes, ON, 
Canada 

 
1:200 

 
DAPI 

 
Nuclear counter stain  

 
Molecular 

Probes, ON, 
Canada 

 
1μg/ml 

 

2.6.2. Estimation of protein by Lowry’s Method:  

 Isolated protein samples (10μl) were taken in new 1.5ml eppendorf tubes. 

Protein standards (BSA-2mg/ml) were prepared by serial dilution upto 1:5. Also 

working reagent was prepared by adding 20μl of reagent S (surfactant solution, Bio-

Rad) and 1ml of reagent A (alkaline copper tartrate solution, Bio-Rad). The working 

reagent (50μl) was added to all the samples and standard. The Reagent B (dilute Folin 

reagent, Bio-Rad) was added (400μl) to the samples and standards. All the samples 

and standards were incubated for 15min at RT after quick vortex. Each sample and 

standards (76μl) were taken in duplicates in a microtitre plate and the protein 
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concentration was measured using Softmax Pro version 3.1.2 software in SpectraMax 

190 microplate spectrophotometer (Molecular Devices, Sunnyville, CA, USA) at 

750nm. 

 

2.6.3. Immunoprecipitation of FcεRIα chain: 

 To 200μg of protein samples, purified human IgE - 2μg/ml (Diatec.com, Oslo, 

Norway) was added and incubated at 4oC overnight on a shaker. Simultaneously 20μl 

of Protein G Sepharose (beads) for each sample was washed thrice with 1ml NP-40 

lysis buffer, to remove traces of ethanol from the beads by centrifuging at 12000rpm 

for 5min at 4oC. After the washes the beads were reconstituted with 400μl of NP-40 

lysis buffer. To this washed beads, purified anti-human IgE – 2μg/ml (Pharmingen, 

San Diego, CA, USA) was added and incubated at 4oC. The following day the 

incubated protein and beads were mixed together and incubated for 2 hours at 4oC. 

Further the incubated samples were centrifuged at 14000rpm for 10min at 4oC to pellet 

the immunoprecipitate complex. The residual proteins were washed six times with 

NP-40 lysis buffer and centrifuged as above and reconstituted with 13.5μl of NP-40 

lysis buffer.  

 

2.6.4. Immunoprecipitation of FcεRIβ chain: 

 To 20μl of TrueBlot™ anti-rabbit IgG beads (eBioscience, San Diego, CA, 

USA) 200μl of the cell lysate was added and incubated in ice for 30min, for pre 

clearing the cell lysate. The incubated cells were centrifuged at 12000rpm for 3min. 
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To the supernatant rabbit anti-human FcεRIβ - 2μg/ml (Upstate biotechnology, Lake 

Placid, NY, USA) was added and incubated for 1hour on a shaker. Further the 

incubated samples were centrifuged at 14000rpm for 10min at 4oC to pellet the 

immunoprecipitate complex. The immunoprecipitate was processed as mentioned 

above.  

 

2.6.5. Western Blot for FcεRIα chain: 

 Sodium dodecyl sulphate – Poly-Acrylamide Gel Electrophoresis (SDS-

PAGE) was performed for separation of proteins. 13% separating gel (3ml - ddH2O, 

4.3ml - 30% Bis-Acrylamide, 2.5ml – 1.5M Tris-HCl pH 8.8, 100μl – 10% SDS, 

100μl – freshly prepared 10% APS, 4μl – TEMED)  was prepared with a 4% stacking 

gel (6.1ml - ddH2O, 1.33ml - 30% Bis-Acrylamide, 2.5ml – 0.5M Tris-HCl pH 6.8, 

100μl – 10% SDS, 100μl – freshly prepared 10% APS, 5μl – TEMED). Meantime the 

protein samples were prepared by adding 1.5μl of 2X loading dye (4% SDS, 20% 

glycerol, 10% 2-mercaptoethanol, 125mM Tris-HCl pH 6.8, 0.02% bromophenol blue, 

200mM DTT)  to the samples and boiled at 100oC for 5min.The samples were then 

centrifuged to pellet and loaded in the gel placed in 1X Running buffer [100ml – 10X 

running buffer (0.25M Tris-base, 1.9M Glycine), 890ml-H2O, 10ml – 10% SDS] fixed 

in the apparatus. The gel was run at 110V and 90mAmps. Meantime PVDF membrane 

was cut to the size of the separating gel and was rinsed in methanol in the chemical 

hood. It was then washed in distilled water for 5min and placed in transfer buffer 

(100ml – 10X Running buffer, 700ml – H2O and 200ml – Methanol) for 10min at 4oC.  
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  After the run, the gel was removed from the apparatus and rinsed with distilled 

water. The stacking gel was removed with the plastic scraper and carefully the gel was 

transferred onto the membrane. The gel and membrane was placed on the transfer unit 

sandwiched between presoaked pads in transfer buffer. Using a 15ml tube as a rolling 

pin, air bubbles were removed from the sandwich. After securing the lid, the proteins 

were transferred onto the membrane overnight at 30V and 90mAmps. The following 

day the membrane was rinsed and washed twice in TBST (100ml – 10X TBS, 1ml – 

Tween-20 and 1l – ddH2O) for 5min at RT on a shaker. Further the membrane was 

blocked with 5% Blotto, non – fat dry milk (Santa Cruz Biotechnology, CA, USA) for 

2 hrs at RT. Meanwhile the primary antibody CRA1 (1μg/ml) was prepared diluting in 

1% Blotto, non-fat dry milk. The membrane was incubated with the primary antibody 

overnight at 4oC. Following the incubation the membrane was rinsed and washed 

twice with TBST for 15min at RT. The membrane was incubated with secondary 

antibody HRP-goat anti-mouse IgG (H+L) prepared in TBST (1:5000) for 1 hr at RT 

on a shaker. In a clean container the membrane was rinsed and washed as mentioned 

above. The membrane was developed using ECL- detection system (Amersham 

Pharmacia Biotech, Piscataway, NJ, USA).  

 

2.6.6. Western Blot for FcεRIβ chain: 

 The western blot analysis for FcεRIβ chain was performed as mentioned above 

with 15% separating gel (2.3ml - ddH2O, 5ml - 30% Bis-Acrylamide, 2.5ml – 1.5M 

Tris-HCl pH 8.8, 100μl – 10% SDS, 100μl – freshly prepared 10% APS, 4μl – 

TEMED)  was performed with a 4% stacking gel (6.1ml - ddH2O, 1.33ml - 30% Bis-
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Acrylamide, 2.5ml – 0.5M Tris-HCl pH 6.8, 100μl – 10% SDS, 100μl – freshly 

prepared 10% APS, 5μl – TEMED Anti-FcεRI, β subunit (1:500) antibody was used 

as the primary antibody. The secondary antibody HRP- donkey anti rabbit IgG (H+L) 

was used with ECL detection system. 

 

2.7. In-situ hybridization analysis:  

 

2.7.1. Digoxigenin (DIG) FcεRIα probe preparation:

 Previously subcloned pBluescript vector (Stratagene, La Jolla, Calif., USA) 

with FcεRIα cDNA (within coding region prepared by RT-PCR using specific primers 

α1: 5’TACAGTAATGTTGAGGGGCTCAG3’ and α2: 

5’CTGTTCTTCGCTCCAGATGGCGTT3’) was used for probe preparation (77). The 

plasmid was linearized with Xho1 and Bam H1 overnight (18hrs) at RT for preparing 

sense and anti-sense probe respectively. The probe was precipitated by adding 20μl – 

3M sodium acetate and 300μl of 100% ethanol into the linearized tube. The tubes 

were incubated for 2hrs at -20oC and centrifuged at 14000 rpm for 15min. The 

precipitate was washed twice by adding 500μl of 75% ethanol and centrifuged as 

above. After the washes the DNA was dissolved in 50μl (1μg/ml) of sterilized ddH20. 

The linearization was confirmed on 2% agarose gel electrophoresis (AGE) before 

probe labeling. The DIG RNA probe labeling was prepared by adding 1μl (1μg) of the 

prepared antisense or sense DNA with DIG-NTP mixture (Roche Mississauga, 

Ontario, Canada) transcribed by T7 or T3 RNA polymerase (Promega, Madison WI, 
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USA). The reaction was incubated for 2hrs at 37oC. After the incubation DNase I 

(Sigma, MO, USA) was added and incubated for 15min at 37oC. The reaction was 

stopped by adding 2μl of 0.2mM EDTA stop solution. The DIG - RNA probes were 

confirmed by Agarose Gel Electrophoresis (AGE); following precipitation as 

mentioned above the probes concentration were measured using Softmax Pro version 

3.1.2 software in SpectraMax 190 microplate spectrophotometer (Molecular Devices). 

The probes were stored at -80oC until use.  

 

2.7.2. ISH staining of FcεRIα: 

 The ISH staining was performed on cytospin slides which were prepared as 

mentioned above. All the steps were performed in RNase Free condition. The slides 

were taken out from -20oC and left in RT for 20-30min to bring it to RT. The slides 

were washed twice with 2X SSC (prepared from 20X SSC – 175.3gm/l – NaCl, 88.2 – 

gm/l Sodium Citrate pH 7) at RT for 5min. The slides were then prehybridized with 

hybridization buffer (50% Formamide, 5X SSC, 100μg/ml Heparin, 1X- Denhardt’s 

solution, 0.1% Tween 20, 0.1% CHAPS, 5mM EDTA and 0.3mg/ml yeast tRNA) for 

3hrs at 42oC. Meantime the DIG labeled sense and anti-sense probe (1μg/ml) was 

diluted in hybridization buffer which was added to the slides and incubated overnight 

at 42oC.  

 The slides were then washed with 0.2X SSC for 15min at 65oC and 

consequently twice with 0.2X SSC for 30min at 65oC. The slides were again washed 

twice with PBT (0.1% Triton X 100, 2mg/ml BSA, PBS) for 20min at RT. The 

endogenous peroxide activity was blocked by adding freshly prepared 1% hydrogen 
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peroxide in methanol for 15min at RT. The slides were then washed thrice in TNT 

(0.1M Tris HCl pH7.5, 0.15M NaCl, 0.05% tween 20) for 5min each at RT, followed 

by incubation with mouse monoclonal anti-digoxiginin antibody (Roche Mississauga, 

Ontario, Canada) (1:100) for 30min at RT.  

 The detection was performed using Tyramide Signal Amplification (TSA) Kit 

(Molecular Probes, Burlington, ON, Canada) as per the instructions. The slides were 

blocked with a blocking reagent at RT for 30min and incubated with HRP anti-mouse 

IgG (1:100) for 30min at RT; washed thrice with PBS for 5min at 37oC. Meantime 

tyramide solution was prepared in amplification buffer and was added to the slides. 

After incubation for 5-10min at RT the slides were again washed with PBS for 5min at 

37oC. The slides were counterstained with Propidium Iodide (Molecular Probes, 

Burlington, ON, Canada) (1:10) for 1min. After washing copiously with PBS, the 

slides were mounted with ProLong® antifade (Molecular Probes, Burlington, ON, 

Canada) and the slides were stored at -20oC till acquisition in Olympus FluoVIEW 

confocal laser scanning system (Olympus America Inc., Melville, NY, USA). 

FluoVIEW 2.0 (Olympus America Inc.,) was used to acquire and analyze the confocal 

images. 

 

2.8. Real time PCR analysis:  

 

2.8.1. Total RNA isolation from neutrophils: 

 Total RNA was isolated from stimulated neutrophils using TRIzol® Reagent 

(Invitrogen, Burlington, ON, Canada). The procedure was performed as per the 
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instructions of the product. 1ml of TRIzol® Reagent was added to the pellet of cells 

and homogenized well with a pipette. The homogenized samples were incubated for 

5min at RT for complete dissociation of nucleoprotein complexes. To the incubated 

samples 200μl of chloroform was added and vigorously shaken and incubated at RT 

for 3min. The samples were then centrifuged at 12000rpm for 15min at 4oC. 

Following the incubation the aqueous phase containing the RNA was collected in a 

fresh eppendorf tubes. RNA was then precipitated by adding 500μl of isopropyl 

alcohol and incubating for 10min at RT and centrifuged as above. The supernatant was 

removed and the pellet was washed with 75% ethanol followed by centrifugation at 

7500rpm for 5min at 4oC. The pellet was air dried and dissolved in RNase free water. 

The prepared total RNA was estimated using Softmax Pro version 3.1.2 software in 

SpectraMax 190 microplate spectrophotometer (Molecular Devices) with Absorbance 

260/280. 

 

2.8.2. First  complementary strand DNA (cDNA) synthesis: 

 cDNA was synthesized by Reverse Transcriptase (RT). 100ng/ml RNA was 

taken in PCR tubes with 1μl of Oligo (dT) 12-18 Primer (Invitrogen). The reaction was 

made up to 11μl with PCR grade ddH2O and the mix was incubated at 65oC for 5min; 

quick chilled on ice with brief centrifugation. Meantime the reaction mix was prepared 

[5X First strand buffer, dNTPs (10mM), 0.1M DTT, RNase OUT (40units/μl) and 

Superscript II (Invitrogen)] to make up to 9μl. Both were mixed and the reaction was 

set up for overnight at 37oC. 
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2.8.3. Real time PCR amplification:  

 The quantification of mRNA of FcεRIα chain expressed by neutrophils at 

various conditions was estimated using Real time PCR analysis. The cDNA 

synthesized were used as template for the quantification. The Light Cycler ™ - Primer 

set (LC Search, GmbH Heidelberg, Germany) was used as a ready to use amplification 

primer mix for FcεRIα chain. The procedure was followed as per the instructions of 

the primer kit. The cDNA were serially diluted in 1: 2 and 1:4 dilutions in PCR grade 

water. Similarly known standards were serially diluted in 1:10, 1:100 and 1:1000 

dilutions. Meantime reaction mix was prepared by adding 6μl H2O, 2μl Light Cycler 

™ primer set, 2μl Light Cycler ™ Fast Strand DNA Master Sybr® Green I (premixed) 

(Roche Mississauga, Ontario, Canada) for each reaction. This 10μl of reaction mix 

was added to the pre-cooled Light Cycler ™ capillaries. Similarly 10μl of the serially 

diluted standards and samples were added to the capillaries. The capillary tubes were 

sealed with the stopper and placed in the adaptors, into the centrifuge and was spun at 

2000rpm for 30sec. The capillaries were then placed in the rotor of Light Cycler ™ II 

and the PCR cycle was run for 35 cycles with the settings provided by the kit.  

 Similarly real time PCR analysis were carried out for G3PDH with similar 

conditions and dilutions for control reactions and the quantification of mRNA 

expression of FcεRIα was carried out normalizing to G3PDH. All the data acquisition 

was performed by LightCycler™ Software. 
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2.9. Statistical analysis: 

 All the statistical analysis was carried out using GraphPad Prism Version 3.02 

for Windows (GraphPad Software, San Diego, CA, USA). The association between 

expression of FcεRI expression during and out of allergic season was determined by 

Wilcoxon signed rank test (paired, non parametric). Association between the 

expression, in the subgroups was studied using Mann-Whitney U test (unpaired non 

parametric). Statistical significance: p<0.05. The correlation analysis between 

extracellular expression of FcεRIα chain and its respective FcεRIβ chain protein 

expression was studied using Spearman Rank correlation analysis. 
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3. RESULTS: 
 

3.1. Introduction: 

 The main focus of this thesis was to study the regulation of FcεRI expression 

in human PMNs. Previously we showed that FcεRI is expressed on human PMNs in 

atopic asthmatic subjects (77). Further the expression of the receptor was found to be 

heterogeneous in atopic asthmatic subjects, while being totally absent in freshly 

isolated PMNs from healthy individuals, suggesting that its expression could be 

regulated (77).  

 There is growing evidence of PMN role in allergic diseases. Various studies 

have shown seasonal changes influence the PMN activity in allergic conditions. 

Furthermore, it is known that allergic reactions are influenced by seasonal changes, 

leading to elevated Th2 cytokines. Also experiments from animal models and cell 

lines suggest that the basal levels of FcεRI expression are under the control of 

cytokines (138-140). 

 Our study cohort was divided into three groups of subjects namely Atopic 

Asthmatics (AA), Atopic Non Asthmatics (ANA) and healthy individuals.  We have 

studied the expression of FcεRI in PMNs at both protein and mRNA levels. To test 

our hypothesis that the high affinity IgE receptor (FcεRI) in human PMNs is regulated 

in vivo and Th-2 cytokines which are highly expressed in allergic asthma regulate its 

expression; we analyzed the in vivo expression of the receptor, by studying its 

expression during and out of allergic season.  Also we tested the in vitro effect of Th-2 

cytokines such as IL-4, IL-9 and GM-CSF separately on the expression of FcεRI at 
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both protein and mRNA levels. Finally we investigated the role of the β chain 

expression in FcεRI receptor regulation.  

 

3.2. Expression of FcεRI in AA, ANA and normal subjects irrespective of season: 

 Previously, studies have shown that neutrophils from atopic asthmatic subjects 

express FcεRI (77). Since the expression of receptor mRNA and its subsequent protein 

translation of the receptor may not necessarily be the same, we compared the 

expression of FcεRI by human PMNs in AA, ANA and normal subjects at the levels 

of membrane bound receptor, total cellular receptor and mRNA.  

 We used fluorescent In Situ Hybridization (ISH), fluorescent 

Immunocytochemistry (ICC), and Flow Analytical Cell Sorting (FACS) to investigate 

the mRNA, total protein and surface receptor expression respectively in PMNs of AA, 

ANA and healthy subjects.  

 ISH is a powerful technique used to detect the expression of mRNA at the 

cellular level. In the course of this work, we improved the detection step of ISH by 

using fluorescent dyes (tyramide) which increased the sensitivity of our assay by 

amplifying the riboprobe signal.  

 To detect the total protein expression of FcεRI, we used fluorescent ICC which 

enabled us to determine the intracellular and extracellular (total) protein expression of 

FcεRI. Membrane bound receptor expression was analyzed using FACS, which is a 

widely used technique for detection of membrane bound receptors. We used mouse 

monoclonal anti-human FcεRIα (CRA1) directed against the stalk region (non binding 
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site of IgE) of FcεRI unlike mAb15 or CRA2 which recognize the IgE binding site. 

This antibody enabled to determine the presence of membrane bound FcεRIα even if 

it was bound to IgE. The receptor FcγRIII/CD16 (FcγRIIIb) is constitutively expressed 

in human PMNs (158) and (CD16) was used as a positive marker for PMNs.  

  As demonstrated by fluorescent ISH, percentage of FcεRIα mRNA 

positive PMNs were increased  in AA subjects (mean value ± SEM = 63.21% ± 10.21; 

n=19) when compared with ANA (22.89% ± 8.08; n=18) and healthy subjects 

(10.14% ± 6.25; n=21) as shown in Fig 1 and summarized in Fig 2. Similarly FcεRIα 

protein immuno positive PMNs were increased in AA subjects (mean value ± SEM = 

86.92% ± 9.03; n=10) when compared with ANA (28.82% ± 13.47; n=11) and healthy 

subjects (0.4793% ± 0.4793; n=11). The representative confocal images of total 

protein expression are shown in Fig 3 and summarized in Fig 4. Similarly, FACS 

analysis (Fig 5 and 6) showed an increased surface expression in AA subjects with an 

average positivity of 48% (mean value ± SEM = 47.67 ± 5.46; Average Mean 

Fluorescent Intensity (MFI) = 49.5 ± 12.37; n=17) compared with the ANA group, 

which had an average positivity of 8% (7.74 ± 4.41; MFI = 3.54 ± 2.3; n=15) and 

healthy individuals with a mean positivity of 6% (6.23 ± 3.39; MFI = 0.65 ± 0.3; 

n=16). 

 These data suggest that AA subjects show an increase in both extracellular 

surface expression and total protein expression of FcεRI, when compared with ANA 

and healthy subjects. Interestingly, the average percentage of mRNA and total protein 

expression in AA subjects is increased compared with FACS (surface) expression, 

suggesting the regulation in extracellular surface expression of FcεRI. All together 
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these data suggest that in vivo, PMNs of AA subjects have increased expression of 

FcεRI. This suggests those individuals may be more prone to respond to IgE mediated 

activation in comparison with those from the ANA group and healthy individuals.  
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Figure 1. Representative confocal images showing the sense control (left panels) 
and FcεRIα chain (right panels) mRNA expressing PMNs by Fluorescent ISH. A. 
Cytopin prepared neutrophils from normal subject were stained for digoxigenin 
labeled sense and FcεRIα chain. B & C. PMNs from ANA and AA subjects represents 
the digoxigenin labeled sense and FcεRIα chain staining respectively. The slides are 
positively stained with TSA- FITC and PI for staining the nuclei.  
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Figure 2. FcεRIα mRNA expression by human neutrophils of the three 
subjects estimated by ISH. Expression of FcεRI α chain mRNA at 0hrs by 
normal (n=21), ANA (n=18) and AA (n=19) subjects. The positive and negative 
cells were scored with eye. Expressed on y axis are values of percentage FcεRI α 
mRNA of positive neutrophils. *P=0.0022, #P=0.0149.   P values were calculated 
using Mann Whitney U test. 
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Figure 3. Representative confocal images showing the isotype control (left panels) 
and FcεRIα (right panels) total protein expressing PMNs by Fluorescent 
Immunocytometry. A. Cytopin prepared neutrophils from normal subject were 
stained for IgG2a and CRA1. B & C. PMNs from ANA and AA subjects represents 
the isotype control and CRA1 staining respectively. The slides are positively stained 
with FITC and PI for staining the nuclei.  
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Figure 4. Total protein expression of FcεRI by human neutrophils of the three 
subjects estimated by ICC. Expression of FcεRI α chain receptor at 0hrs by normal 
(n=11), ANA (n=11) and AA (n=10) subjects. Expressed on y axis are values of 
percentage of mAb CRA-1 positive neutrophils. *P<0.0001, #P=0.0121.   P values 
were calculated using Mann Whitney U test  
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Figure 5. Representative histograms showing the surface expression of CD16 (left 
panels) and FcεRIα (right panels) positive cells by FACS. A. Freshly isolated 
neutrophils from normal subject were stained for CD-16 and CRA1. B & C. PMNs 
from ANA and AA subjects show the CD-16 and CRA1 positive staining by FACS 
respectively. In the histograms, the green line shows the isotype control and the blue 
shaded block represents the receptor expression. 
 
 

 55



 

 
 

igure 6. Extracellular expression of FcεRIα by neutrophils of the three subjects 
 
F
(Normal, ANA and AA) estimated by FACS. The surface expression at 0 hrs of 
normal (n=16), ANA (n=15) and AA (n=17), on y axis are values of percentage of 
mAb CRA-1 positive neutrophils. The percentage of positive cells was calculated by 
subtracting the isotype control IgG2a from specific signal. *#P<0.0001, P values were 
calculated using Mann Whitney U test.  
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3.3. Expression of FcεRI in and out of allergic season: 

gic diseases. Environmental 

factors nfluen

of 

PMNs 

 

 Many factors influence the severity of aller

i ced by seasonal changes are important inducers of allergic diseases, 

whereby seasonal changes modulate the immune response (156, 159). Due to 

sensitization by allergens (which are increased in the allergic season), the initial 

response to an allergen is dominated by products such as histamine and prostaglandin 

D2 (PGD2) which is released by activated mast cells. Within hours of the initial 

response, inflammatory cells such as T cells, neutrophils, eosinophils, basophils and 

monocytes are recruited from the circulation to the airways (160). Furthermore, 

seasonal changes also alter the expression of various receptors in these cells (161).  

Various studies have showed that seasonal changes influence the activities 

in allergic conditions (156). In pollen-induced asthma, seasonal antigenic 

exposure increases the number of PMNs in bronchial biopsies (156). Further studies 

have showed that neutrophil chemotactic activity in BAL fluid is significantly 

increased in pollen season (157). The expression of FcεRI in AA subjects clearly 

indicates an increased although heterogeneous expression of the receptor when 

compared with the other two groups. Since we had the opportunity to recruit the same 

patients in and out of the allergen pollen season, we investigated whether changes in 

these environmental factors could influence FcεRI expression in PMNs. Ultimately, 

this study has provided us with new insight into the in vivo modulation of neutrophil 

functions in asthmatic conditions.  
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3.3.1. Protein expression of FcεRI during and out of allergic season: 

m AA, ANA 

uenced by changing patterns of air pollution, which in 

  Seasonal influence in the expression of FcεRI in PMNs fro

and healthy subjects was studied by analyzing the expression patterns during and out 

of pollen allergic season. Extracellular expression of FcεRIα was studied by FACS. 

The surface expression of CD16 (representative histogram shown in Fig.7A, B, – left 

panel) and FcεRIα (representative histogram shown in Fig.7A, B, – right panel) 

during and out of the season of an AA is shown. The percentage of PMNs expressing 

surface receptors (CD16 and FcεRIα) during and out of season for all the three groups 

is shown in Fig 8. During the allergic season there is a greater increase in the surface 

expression of FcεRI in the AA subjects (mean value ± SEM = 57.37 ± 6.632; P=0.002; 

n=9) compared with the other two groups (11.24 ± 5.81; n=8 and 0.0 ± 0.0; n=8 for 

ANA and healthy subjects respectively). This increase in the expression of FcεRI 

during pollen allergic season which is reduced out of season suggests that the 

expression is regulated in vivo.  

 Seasonal changes are infl

turn is associated with a rise in asthma prevalence (162). Also it is known that AA 

individuals are influenced by seasonal changes leading to elevated Th2 cytokines. 

Furthermore, Th2 cytokines such as IL-4 and IL-9 have been shown to induce FcεRI α 

chain expression in various cell types (138-140). Due to this elevated Th2 

environment during the allergic season, it is possible that the same cytokines might 

increase the expression of FcεRI in PMNs as observed during allergic season.   
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 To further confirm whether this effect is specific for FcεRI or whether other 

neutrophil surface receptors may also be modulated, we analyzed the changes in the 

expression of FcγRIII/CD16 in these subjects.  As shown in Fig 8B, no significant 

change was detected in FcγRIII/CD16 surface expression during and out of allergic 

season (Fig 8B), indicating that the seasonal increase in the expression of PMN FcεRI 

was specific.  

 The total protein expression of FcεRIα was studied by fluorescent ICC for 

which cytospin prepared slides of PMNs from AA subjects were used. Isotype control 

IgG2a (representative confocal images are shown in Fig 9A) and CRA-1 was used for 

detection of FcεRIα (representative confocal images shown in Fig.9B – out of season 

and 9C – during season). The difference in the total protein expression of FcεRIα 

during and out of the season of the three groups is shown in Fig 9D. Similar to 

extracellular expression, a statistically significant increase in the fraction of positively 

stained cells, was observed within AA subjects (mean value ± SEM = 64% ± 11.30; 

P=0.0313; n=8) where as similar significance was not observed in the other two 

groups (43.56% ± 19.16; n=7 and 3.757% ± 2.68; n=9 for ANA and healthy 

individuals respectively).  

 

3.3.2. Messenger RNA expression of FcεRI during and out of allergic season: 

 mRNA expression of FcεRIα during and out of the allergic season was 

estimated by fluorescent ISH. Digoxigenin labeled FcεRIα sense probe were used as 

control (Fig 10A, B – left panel). An anti-sense probe which could detect FcεRI 
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mRNA was used to detect FcεRI α mRNA (Fig 10 A, B, C – right panel). The 

expression of FcεRIα mRNA in and out of season is shown for the three groups in Fig 

10C. Similar to protein expression, a statistically significant mRNA increase was 

observed within AA subjects group during the allergic season (mean value ± SEM = 

91.60 ± 4.01;P=0.031 ; n=10) where as it was not significant in the other two groups 

(34.13 ± 14.65; n=9 and 2.10 ± 1.05; n=10 for ANA and healthy subjects 

respectively). 

  Our results demonstrate that during the allergic season, FcεRI 

expression in PMNs increases both at the protein (surface and intracellular) and 

mRNA levels.  This suggests that allergen exposure may directly or indirectly 

influence neutrophil functions through FcεRI mediated mechanisms. 

 Interestingly, in PMNs from ANA subjects, 3 of 9 patients showed an increase 

of FcεRI mRNA and surface expression in the allergic season (Fig 10c and 8a). This 

data suggests that FcεRI regulation in human PMNs might depend on the severity of 

the allergic condition. Further, FcεRI expression studies in a larger population of ANA 

subjects might provide insight into the seasonal influence in this group.  
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Figure 7. Representative histograms of extracellular expression of FcεRI during 
and out of allergic season by FACS. A. Representative histograms showing 
expression of CD16 positive cells (left) and FcεRIα (right) of an AA subject, out of 
allergic season. B. Representative histograms showing expression of CD16 positive 
cells (left) and FcεRIα (right) of the same AA subject during allergic season. In the 
histograms, the green line shows the isotype control and the blue shaded block 
represents the receptor expression. 
 

 61



A

B

* 

###

Figure 8. Extracellular expression of FcεRI of human neutrophils during and out 
of allergic season by FACS. A. Extracellular expression of FcεRIα at 0 hrs of normal 
(n=8), ANA (n=8) and AA (n=9) during and out of allergic season. *P=0.002. B. 
Extracellular expression of CD16 of the same normal, ANA and AA subjects during 
and out of allergic season. # Mean is ~ equal. On y axis are values of percentage of 
mAb CRA-1 positive neutrophils. The percentage of positive cells was calculated by 
subtracting the isotype control IgG2a from specific signal. P values were calculated 
using Wilcoxon signed rank test. 
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Figure 9. Immunocytochemistry for total protein expression of FcεRI during and 
out of allergic season by human neutrophils. A. Representative confocal images 
showing isotype control of AA subject. B. Representative confocal images and 
FcεRIα of AA subject out of allergic season C. Representative confocal images and 
FcεRIα of AA subject during the season, stained with FITC and PI. D. Expression of 
FcεRI α chain receptor at 0hrs by normal (n=9), ANA (n=7) and AA (n=8) subjects 
during and out of allergic season. *P=0.0313. On y axis are values of percentage of 
mAb CRA-1 positiveneutrophils. P values were calculated using Wilcoxon signed 
rank test. 
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Figure 10. In Situ hybridization (fluorescent) for mRNA expression of FcεRI α 
by human neutrophils during and out of allergic season. A. Representative 
confocal images showing sense strand control (left) and FcεRIα chain mRNA (right) 
for AA subject out of allergic season. B. Representative confocal images showing 
showing sense strand control (left) and FcεRIα chain mRNA (right) for AA subject 
during allergic season stained with TSA (Tyramide Signal Amplification-FITC) and 
PI. C. Expression of FcεRI α chain mRNA at 0hrs by normal (n=10), ANA (n=9) and 
AA (n=10) subjects during and out of allergic season. Expressed on y axis are values 
of percentage of mRNA positive neutrophils. *P=0.0391. P values were calculated 
using Wilcoxon signed rank test. 
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3.4. Effect of Th-2 cytokines on the expression of FcεRI in atopic asthmatic 

subjects: 

 A Th2 cytokine profile is observed in asthma and also in allergic conditions 

such as allergic rhinitis and atopic dermatitis (160). In AA individuals, cytokines such 

as IL-3, IL-4, IL-5 and GM-CSF are significantly upregulated after allergen challenge 

in asthmatic airways and their receptors were identified on the surface of 

inflammatory cells (163). These Th2 cytokines have been well shown to be associated 

with pathological changes of asthma (163). Of note, Th2 cytokine IL-9 has been 

shown to be associated with airway hyperresponsiveness, mucus hypersecretion, 

eosinophil function, IgE regulation and up regulation of calcium-activated chloride 

channel (160, 164-166). 

The increased expression of FcεRI, especially in the AA subjects during the 

allergic season suggests tight regulation of FcεRI expression. To investigate the effect 

of Th-2 cytokines on FcεRI expression, PMNs from AA subjects were stimulated in 

vitro with graded doses of IL-9, IL-4 and GM-CSF for 6hrs and 18hrs. The effect of 

IFN-γ on the expression of FcεRI in PMNs was also determined, since this Th-1 

cytokine has been shown to upregulate FcεRIγ chain in mouse mast cells (167, 168). 

Upon stimulation, FcεRI expression at surface, total protein and mRNA levels was 

determined by FACS, ICC and real time RT-PCR respectively. 
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3.4.1. Effect of Th-2 cytokines on mRNA expression of FcεRIα in AA subjects: 

To investigate the effects of Th2 cytokines on the expression of FcεRIα 

mRNA in human PMNs, we performed real time RT-PCR to quantify the message 

levels of FcεRI α chain. Further, to provide more evidence for the involvement of Th2 

cytokines in FcεRI expression at mRNA level we performed fluorescent ISH, as 

shown in Fig 11. 

Real time PCR analysis shows GM-CSF followed by IL-9 and IL-4 increases 

the expression of FcεRIα mRNA when compared with media and IFN-γ, as shown in 

Fig 12. These data suggest that Th-2 cytokines IL-9, IL-4 and GM-CSF increase the 

expression of FcεRI in vitro in AA subjects at mRNA levels (which is shown by ISH 

and real time PCR analysis). These data suggest that Th2 cytokines play a significant 

role in upregulating the expression of FcεRI at transcription levels at 6hrs of 

incubation. We further studied the effect of Th2 cytokines on expression of FcεRI  

protein was studied by FACS and Western blot analysis. 

 

3.4.2. Effect of Th2 cytokines on protein expression of FcεRIα in AA subjects: 

 Extracellular expression of FcεRI in Th2 cytokine stimulated neutrophils was 

studied by FACS as is shown in Fig 13. CD-16 positive PMNs from AA subjects (Fig 

13A.) were stimulated with IL-9 and the effect on surface expression (n>3) of the 

receptor (Fig 13C and D) was determined at 6hrs. Th2 cytokine IL-9 increases the 

surface expression of FcεRIα when compared with media at 6hrs. 
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 In our earlier observations we noted that AA subjects have increased FcεRIα 

mRNA expression (mean value ± SEM = 63.21% ± 10.21-Fig2) when compared with 

surface expression (mean value ± SEM = 47.67% ± 5.46 – Fig6). Also total protein 

expression as determined by ICC is increased (mean value ± SEM = 86.92% ± 9.03 – 

Fig 4) when compared with FACS results (surface expression), suggesting that FcεRI 

is regulated at the translational and or protein transport level.  

 The expression of FcεRIα protein in Th2 cytokines treated cells was studied by 

IP and Western blot analysis (n=3). Protein concentration was estimated in Th-2 

cytokines and IFN-γ stimulated PMNs at 6 hrs and 18hrs. The protein was 

immunoprecepitated (IP) with IgE and αhIgE (2μg/ml) and the western blot was 

performed using CRA-1 (mouse αh FcεRI α). The protein expression of FcεRIα at 

6hrs and 18hrs is shown in Fig 14A and Fig 14B respectively. The increase in the 

expression of FcεRIα is observed in Th-2 stimulated cells when compared with media, 

suggesting that Th-2 cytokines increase the protein expression of FcεRI. Interestingly, 

IFN-γ increases FcεRIα protein expression at 6hrs which is lost at 18hrs (Fig14). It is 

a possibility that IFN-γ may first stimulate and later inhibit the expression of FcεRI 

during the course of incubation. The inhibition of FcεRI mRNA by IFN-γ at 6hrs 

(Fig12A) supports this possibility. Further studies at early time points (before 6hrs) 

may provide an insight into the effects and possible role of IFN-γ on the expression of 

FcεRI in PMNs. 
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Figure 11. Effect of Th-2 cytokines on mRNA expression of FcεRI in 
neutorophils, studied by fluorescent ISH. PMNs were stimulated with IL-9, GM-
CSF, IL-4 and IFN-γ (10ng/ml) and mRNA expression is studied at 6 hrs for its 
expression of FcεRIα chain by fluorescent ISH stained with TSA (Tyramide Signal 
Amplification-FITC) and PI. A. Representative confocal images showing sense strand 
control in IL-9 stimulated slide at 6hrs. B. Representative confocal images showing 
FcεRIα mRNA expression in media at 6hrs. C. IL-9 at 6hrs D. IL-4 at 6hrs E. GM-
CSF at 6hrs F. IFN-γ stimulated slides at 6hrs. 
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Figure 12. Quantitative analysis of FcεRIα mRNA expression of Th-2 stimulated 
neutrophils. PMNs were stimulated with GM-CSF, IL-9, IL-4 and IFN-γ (10ng/ml) 
and studied at 6 hrs for mRNA expression of FcεRIα by Real Time PCR analysis. A. 
Quantitiative expression of FcεRIα mRNA to Th-2 stimulated PMNs normalized to 
G3PDH estimated at 6hrs (n=3). B. Agarose gel showing the Real time PCR amplified 
products of expression of FcεRIα by Th-2 stimulated PMNs (upper lane) and its 
respective Real time PCR amplified G3PDH. Lane1→14: Marker, Standards 1, 
Standard 2, Standard 3, Media (1:2 dil), (1:4 dil), IL-9 (1:2 dil), (1:4 dil), IL-4 (1:2 
dil), (1:4 dil), GM-CSF (1:2 dil), (1:4 dil), IFN - γ (1:2 dil), (1:4 dil) respectively.  
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Figure 13. Effect of IL-9 on extracellular expression of FcεRI by human 
neutrophils. PMNs were stimulated with IL-9 (10ng/ml) and studied at 6 hrs for its 
expression of FcεRI α chain by FACS. A. Histograms representing the CD-16 positive 
cells. B. Histogram showing the absence of FcεRI α chain in media at 0hr C. 
Histogram showing the absence of FcεRI α chain in media at 6hrs. D. Increased 
expression of FcεRI receptor when stimulated with IL-9 at 6 hrs. Similar results were 
observed for GM-CSF and IL-4 (data not shown). In the histograms, the green line 
shows the isotype control and the blue shaded block represents the receptor 
expression.  
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Figure 14. Effect of Th-2 cytokines on FcεRIα protein expression of neutrophils, 
estimated by Western blot analysis. PMNs were stimulated with Th-2 cytokines 
GM-CSF, IL-9, IL-4 and IFN-γ (10ng/ml) and studied at 6 hrs and 18 hrs for protein 
expression of FcεRIα by Immunoprecipitation and Westernblot analysis. KU812 cells 
were used for positive and negative control. IP: IgE and αhIgE (2μg/ml). WB: CRA-1 
(mouse ah FcεRI α), where FcεRIα is a 46Kd protein and the 52Kd represents IgG 
heavy chain. A. Expression of FcεRIα chain at 6hrs in Th-2 stimulated PMNs. Lane1: 
Positive control, Lane 2: Media, Lane 3: IL-9, Lane 4: IL-4, Lane 5: GM-CSF, Lane 6: 
IFN-γ, Lane 7: Negative control. B. Expression of FcεRIα chain at 18hrs in Th-2 
stimulated PMNs. Lane1: Positive control, Lane 2: Negative control, Lane 3: Media, 
Lane 4: IL-9, Lane 5: IL-4, Lane 6: GM-CSF, Lane 7: IFN-γ. 
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3.5. Expression of FcεRIβ chain in neutrophils:  

As mentioned earlier in the introduction, FcεRIβ chain plays an important role 

in the pathogenesis of allergic diseases. The β chain (FcRβ) has been implicated in the 

pathogenesis of allergy by a number of genetic studies. Furthermore, at the cellular 

level, over expression of FcRβ enhances maturation and the assembly processes of 

FcεRI and increases its surface expression. Upon FcεRI cross-linking, the β chain 

amplifies activation signals of early signaling events and also late responses such as 

cell degranulation and cytokine release. Taken together β chain seems to play a role in 

allergic response modulation by its function as an amplifier of effectors cell responses 

(149, 152, 153).  

The expression of β chain has been shown to be present in cells such as mast 

cells and basophils whereas in PMNs it has not been well established; even though the 

mRNA of β chain of FcεRI has been shown to be expressed in AA subjects (77).  

Since the β chain plays a significant role in the regulation of FcεRI, it led us to 

investigate the expression of β chain in PMNs isolated from all three group of 

subjects.  

The total protein expression of β chain was estimated by fluorescent ICC and 

IP/ Western blot analysis. The protein isolated from the three groups of subjects was 

both immunoprecepitated and western blotted with anti-FcεRI, β subunit (n=2). Fig 15 

shows the β chain expression in PMNs from the three groups (AA, ANA and healthy). 

AA subjects showed increased β chain expression (Fig 15 Lanes:1 ->4) when 
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compared with the ANA subjects (Fig 15 Lanes:5 ->7). Healthy individuals (Fig 15 

Lanes: 8 ->9) did not express the β chain.  

Similarly, in ICC cytospin prepared PMNs from the three group of subjects 

were stained for isotype control (rabbit IgG) (representative confocal image shown in 

Fig 16A) and polyclonal rabbit αhFcεRIβ  was used ( representative confocal image 

shown in Fig 16B, C and D) for detection of total protein expression of β chain. The 

fraction of PMNs showing staining for the β chain in all three groups is shown in Fig 

17. The data clearly shows increased expression of the β chain in AA subjects (mean 

value ± SEM = 81.82% ± 12.20; P = 0.0029 and P = 0.04; n=11) when compared with 

the other two groups (30.0% ± 15.28; n=10 and 1.33% ± 1.33 n=9 for ANA and 

healthy subjects respectively).  

 When the expression of β chain is compared with the surface expression of 

FcεRIα, it is interesting to note that there is increased β protein expression in subjects 

which show surface expression of the receptor (FcεRIα) especially in AA subjects, as 

shown in Fig 18A. Further correlation analysis (Fig 18B) shows increasing linear 

relationship (r = 0.8054) between the total protein expression of β chain with the 

surface expression of α chain of FcεRI in human PMNs.  

 Our results show that AA subjects show increased protein expression of β 

chain when compared with the other two groups both by ICC and Western blot 

analysis. Further there is a linear relationship between the expression of β chain and 

surface expression of FcεRI in human PMNs.  
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 In general our results show that the expression of FcεRI in PMNs of AA 

patients is increased when compared with ANA and healthy individuals. Supporting 

our hypothesis, the expression of FcεRI is regulated in vivo in AA subjects. Th2 

cytokines such as IL-9, IL-4 and GM-CSF upregulate the expression of FcεRI in 

human PMNs in vitro. Further the evidence that β chain is expressed in PMNs of AA 

subjects suggests that FcεRI is expressed in a tetrameric form in PMNs and the 

expression of β chain might be one of the mechanisms that are involved in the 

regulation of surface expression of FcεRI in PMNs. 
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Figure 15. FcεRIβ protein expression of neutrophils from the three subjects, 
estimated by Western blot analysis. Protein from PMNs of the three subjects at T-0 
is analyzed for protein expression of FcεRIβ by Immunoprecipitation and Westernblot 
analysis. KU812 cells were used for positive and negative control. IP: rabbit anti-
human FcεRIβ (2μg/ml). WB: Anti-FcεRI, β subunit (1:500), where FcεRIβ is a 
~29Kd protein and the 52Kd represents IgG heavy chain. Lane1->4: AA subjects, 
Lane 5 ->7: ANA subjects, Lane 8 ->9: Normal subjects, Lane 10: Positive control, 
Lane 11: Negative control (rabbit IgG). 
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Figure 16. Representative confocal images showing the total protein expression of 
FcεRIβ expressing PMNs by Fluorescent ICC. Cytopin prepared neutrophils from 
the three subjects were stained for isotype control (rabbit IgG) and polyclonal rabbit 
αhFcεRIβ A. Representative confocal image of isotype control. B. PMNs from normal 
subject showing the expression of FcεRIβ protein. C. PMNs from ANA subject 
representing FcεRIβ staining D. PMNs from AA subject representing FcεRIβ 
staining.The slides are positively stained with FITC and DAPI for staining the nuclei.  
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Figure 17. Total protein expression of FcεRIβ by human neutrophils of the three 
subjects estimated by ICC. Expression of FcεRI β chain receptor at 0hrs by normal 
(n=9), ANA (n=10) and AA (n=11) subjects. Expressed on y axis are values of 
percentage of mAb CRA-1 positive neutrophils. * P = 0.0029, # P = 0.04. P values 
were calculated using Mann Whitney U test. 
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Figure 18. Comparative analysis of extracellular expression of FcεRIα chain and 
its respective FcεRIβ chain protein expression. A. The extracelluar expression of 
FcεRIα estimated by FACS is compared with its respective β chain expression 
estimated by fluorescent ICC at T=0 of the three subjects. B.  Correlation analysis 
between total protein expression of beta chain and surface expression of alpha chain 
shows positive correlation Spearman r = 0.8054, P<0.0001 by Spearman Rank 
Correlation test.  
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4. DISCUSSION: 
 
 
4.1. Introduction: 

 

The role of PMNs has been largely neglected despite evidence that they have 

the capacity to stimulate and produce cytokines and to release chemoattractants such 

as LTB4 and IL-8 (74, 77, 169). The high affinity IgE receptor is a central molecule in 

the initiation of allergic diseases (150) and the functional expression of FcεRI in 

PMNs from atopic asthmatic subjects illustrates its importance in asthma (77).  

In an initial study (77), great heterogeneity in the surface expression of FcεRI 

in PMNs from atopic asthmatics was observed; this led us to investigate its regulation. 

In our study we first compared FcεRI expression in PMNs from atopic asthmatics, 

atopic non asthmatics and healthy donors. Secondly, we investigated how pollen 

exposure affects the receptor expression in order to obtain an overview of the in vivo 

regulation of the receptor in PMNs.  Further we stimulated PMNs with various Th-2 

cytokines such as GM-CSF, IL-9 and IL-4 to study the effects in vitro.  Eventually 

detecting the protein expression of β chain provided some information on the 

mechanisms involved in the regulation of FcεRI in human neutrophils.  

 

4.2. Expression of FcεRI in human neutrophils: 

  

 Previously, the expression of high affinity IgE receptors in PMNs was 

observed in atopic asthmatic subjects (77). Here we investigated the expression of 
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FcεRI in PMNs from AA, ANA and healthy subjects at both mRNA and protein level. 

The protein expression of FcεRI was measured by FACS (surface expression) and ICC 

(total protein). mRNA expression was determined by ISH, which enabled us to rule 

out the possibility of contamination and facilitated the colocalization of mRNA of 

FcεRIα chain at the cellular level.  

 Human FcεRI expression on the cell surface requires at least α and γ chains of 

FcεRI (99, 170). However the extracellular domain of the α chain of FcεRI contains 

sufficient molecular information to provide the receptor with high affinity binding 

(44). In our FACS analysis we used CRA-1 (which is a non IgE binding site antibody) 

to determine the surface expression of FcεRI. It enabled us to determine the presence 

of FcεRIα surface expression, even if the receptors were bound to IgE.  Previously 

CRA-1 has been used and shown to bind extracellular FcεRIα receptors in 

transfectants and peripheral blood eosinophils (171).   

 One of the limitations of using CRA-1 may have been the detection of 

receptors on the membrane bound to soluble receptors. In transfection experiments it 

has been shown that soluble α chain is present in human truncated constructs (172). 

Functionally, these recombinant soluble (rs)FcεRIα chains were shown to completely 

inhibit IgE binding to the cell surface, resulting in abrogation of the chemical mediator 

release from RBL-2H3 cells (173). Possibilities of these soluble receptors binding in 

vivo to its receptors on the membrane cannot be ruled out.  

 Antigen aggregation of IgE occupied FcεRI causes phosphorylation of the 

immunoreceptor tyrosine based activation motifs (ITAMs) found within the β and γ 
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chains of the multisubunit FcεRI. Further Lyn and Syk kinases are recruited to β and γ 

chains. Downstream multiple adaptor proteins or proteins containing adaptor like 

regions (eg: LAT) have been identified in mast cells.  It is thought that these adaptor 

molecules might play a critical role in organizing and coordinating receptor-stimulated 

responses such as degranulation (174).  

 Total FcεRI protein expression was estimated by ICC. Significant differences 

were observed between the levels of surface expression and FcεRIα immunopositive 

PMNs detected by ICC, which detects both the surface and intracellular stored protein. 

These data suggest that the surface expression of FcεRI may be under regulatory 

control. Transfection experiments suggest that the α chain contains an endoplasmic 

recticulum (ER) retention signal, which is a di-lysine motif located in its cytoplasmic 

domain (105). In the absence of the other chains especially the γ chain, the α chain 

remains and is degraded in ER. However, γ chain masks the ER signal and enables the 

complex to be exported to the Golgi apparatus and to the plasma membrane (44).  

 

4.3. In vivo expression of FcεRI in AA subjects: 

  

 Seasonal changes influence the activities of PMNs (156, 157); which in turn 

may affect the expression of FcεRI. Investigating the expression of FcεRI during and 

out of pollen season, would provide an insight into the in vivo regulation of the 

receptor in human PMNs.  
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 Extracellular surface expression of FcεRI in AA subjects during the pollen 

season is clearly increased when compared to the non pollen season, whereas a similar 

pattern of surface expression is not observed in ANA or normal subjects. CD-16 

expression during and out of the pollen season remains unaltered in all three groups 

(Fig 8B) suggesting that the increase in the expression of FcεRI in AA subjects during 

the allergic season is specific.  

 Atopic or allergic conditions, such as seasonal allergy, urticaria and eczema are 

characterized by type I hypersensitivity reactions. More serious conditions such as 

asthma and anaphylaxis are believed to share a similar pathogenesis (16). However, 

activators of asthma, such as allergens and viral infections are linked closely to the 

clinical manifestation of the disease and they determine the severity of the disease to a 

large extent (12). Activators of asthma such as pollen are increasingly present in the 

environment during the allergic season. Studies with house dust mite (HDM) in 

allergic asthmatic patients, suggest increased airway hyperresponsiveness during 

autumn, depending on sensitization to HDM and an increase of exposure to HDM 

allergen (175). Our data indicate in vivo regulation of the expression of the FcεRI 

receptor in AA subjects. Even though not statistically significant, ANA subjects show 

similar expression patterns in total protein and mRNA levels suggesting that PMNs 

might play an important role by IgE mediated mechanisms.  

 IgE affects a positive feed back mechanism that enhances immediate 

hypersensitivity reactions. Asthma, allergic rhinitis and atopic dermatitis are almost 

invariably accompanied by elevated levels of IgE (54). Studies have shown a strong 

correlation between total IgE receptors and serum IgE in basophils (136). 
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Furthermore, IgE binding to FcεRI in the absence of specific antigen has been shown 

to up-regulate its surface expression in mast cells and basophils (134, 176, 177). In a 

variety of studies in both mouse and man, a relationship between IgE and FcεRI is 

clearly shown both in vivo and in vitro (51, 134, 135, 176). During allergic season 

there are increased amounts of IgE in atopic individuals, suggesting its role in the 

increased expression of FcεRI during pollen season when compared with non pollen 

season. Further correlation analysis of serum IgE concentrations and its receptor 

expression in these ANA and AA subjects would provide more information in the in 

vivo regulation of FcεRI in human PMNs.  

 

4.4. Role of Th-2 cytokines in the expression of FcεRI in neutrophils: 

 

 In vivo and in vitro studies have shown a modulatory effect of cytokines on 

neutrophil receptor expression. In particular, receptors of the immunoglobulins and 

their subunits have been shown to be regulated by both Th-1 and Th-2 cytokines (178, 

179). Cytokines especially Th-2 cytokines such as IL-4 and GM-CSF have been 

shown to induce surface expression of CD23 and CD18 on human neutrophils (78, 

180). IL-4 and IL-9 have been shown to up regulate the FcεRIα chain expression in 

human eosinophils, mast cells and T cell line (138-140). 

 IL-9 up-regulated the surface expression of FcεRI at 6hrs in AA subjects (Fig 

13). Similarly previous experiments in our lab have shown cytokines such as IL-4 and 

GM-CSF up regulate the surface expression of FcεRI at 6hrs (data not shown).   
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IFN γ is a Th-1 cytokine which has been shown to regulate many surface 

receptors in neutrophils such as CD64/FcγRII (167). At mRNA levels, IFN-γ a Th-1 

cytokine seems to down regulate the expression of FcεRIα at 6hrs (Fig 11 and 12). At 

the protein level expression Th-2 cytokines such as IL-9, IL-4 and GM-CSF up 

regulate the expression of FcεRI at both 6hrs and 18hrs. It is interesting to note that 

IFN-γ up regulates the protein expression of FcεRIα at 6hrs whereas at 18hrs it is 

reduced, correlating with its mRNA expression at 6hrs (Fig 15). Studies have 

demonstrated that IFN-γ acts to down regulate the expression of IFN γ receptors on the 

surface of PMNs by internalization of the receptors (181, 182). Further studies have 

demonstrated that IFN γ priming of PMNs prepares the cells for increased oxidative 

metabolism, surface receptor expression, degranulation and various other functions 

(183, 184). It can be speculated that when stimulated with INF γ, it may up regulate 

the expression of FcεRI early on which may be shut down or down regulated on 

further incubation by inhibiting the mRNA synthesis of FcεRI (as seen at 6hrs by 

quantitative  PCR analysis). Also it is a possibility that IFN γ may internalize its 

receptors as a regulatory mechanism to prevent PMNs from causing damage during 

the resolution of inflammation (184) and as a result might also down regulate the 

expression of FcεRI. 

 Th-2 cytokines such as IL-4, IL-9 and GM-CSF are secreted in increasing 

amounts during atopic conditions, which in vitro up regulates the expression of FcεRI 

at both mRNA and protein levels suggesting a role in regulating the expression of 

FcεRI in neutrophils derived from atopic asthmatics.   
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4.5. Role of β chain  in the expression of FcεRI in neutrophils: 

 

 FcεRI is expressed in tetrameric or trimeric forms in humans. The tetrameric 

form is expressed in mast cells and basophils, whereas the trimeric form is variably 

expressed in monocytes and various other cell types, such as Langerhans cells. mRNA 

expression of α, β and γ chains has been shown in PMNs (77). β chain expression 

plays a significant role in the regulation of FcεRI expression. It enhances maturation 

and the assembly of FcεRI, increasing surface expression of the receptor. It has also 

been shown to be involved in early signaling events and also in late responses such as 

cell degranulation and cytokine release, suggesting its role in modulating allergic 

responses due to its function as an amplifier of effector cell responses (149, 152, 154).  

 Here we have demonstrated the protein expression of β chain in PMNs. Atopic 

asthmatic subjects display increased expression of β chain when compared with ANA 

and healthy subjects (Fig 16 and 17). These results suggest that β chain, expressed in 

atopic asthmatic subjects might play an important role in the regulation of FcεRI 

expression and provides further evidence for tetrameric form of expression of FcεRI in 

human PMNs. Interestingly the surface expression of FcεRIα in atopic asthmatic 

subjects is also increased suggesting the importance of β chain in the receptor surface 

expression. Further correlation analysis (Fig 18B) shows an increasing linear 

relationship (r = 0.8054) between the total protein expression of β chain with the 

surface expression of α chain of FcεRI in human PMNs. 
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4.6. Global Summary: 

 

 As previously observed PMNs from AA subjects display increased expression 

of FcεRI when compared with ANA and healthy subjects at both protein and mRNA 

levels.  This expression of FcεRI in AA subjects is regulated in vivo, with an increased 

expression of the receptor during the pollen season compared with the non pollen 

season, suggesting that PMNs might play an important role in asthma by IgE mediated 

mechanisms.  

 Th-2 cytokines such as GM-CSF, IL-9 and IL-4 up regulate the expression of 

FcεRI in neutrophils at both mRNA and protein levels in vitro. It is well established 

that these cytokines are secreted in large quantities in allergic diseases, which might 

influence the expression of the FcεRI in PMNs. Also, the β chain which is shown to 

be associated with atopy might be an important regulator in the expression of the high 

affinity IgE receptor in PMNs. This study presents evidence for protein expression of 

β chain in PMNs, suggesting its role in the regulation of FcεRI, especially in AA 

subjects.  

PMNs may be significantly involved in immunoregulatory functions such as 

allergen presentation, production of cytokines, chemokines and release of various 

reactive oxygen species (ROS) thereby contributing to allergic diseases by increasing 

airway inflammation and bronchial hyperresponsiveness. These findings suggest that 

neutrophil mediated FcεRI dependent activation may play a key role in allergic 

diseases.  

 

 86



5. References: 

 

1. Campbell P. Allergy and Asthma. Nature 1999;402 (Supplement)(6760):B1. 

2. Bloebaum RM, Dharajiya N, Grant JA. Mechanisms of IgE-mediated allergic 

reactions. Clin Allergy Immunol 2004;18:65-84. 

3. Holgate ST. The epidemic of allergy and asthma. Nature 1999;402(6760 

Suppl):B2-4. 

4. Worldwide variation in prevalence of symptoms of asthma, allergic 

rhinoconjunctivitis, and atopic eczema: ISAAC. The International Study of Asthma 

and Allergies in Childhood (ISAAC) Steering Committee. Lancet 

1998;351(9111):1225-32. 

5. Variations in the prevalence of respiratory symptoms, self-reported asthma 

attacks, and use of asthma medication in the European Community Respiratory Health 

Survey (ECRHS). Eur Respir J 1996;9(4):687-95. 

6. Peat JK, Li J. Reversing the trend: reducing the prevalence of asthma. J 

Allergy Clin Immunol 1999;103(1 Pt 1):1-10. 

7.

 http://www.asthma.ca/adults/community/pdf/Booklets/ASC_Fact_Sheet_Asth

 87

http://www.asthma.ca/adults/community/pdf/Booklets/ASC_Fact_Sheet_AsthmaStatistics.pdfAsthma


maStatistics.pdfAsthma. Asthma Facts & Statistics. In. Toronto, ON: Asthma Society 

of Canada; 2004. p. Fact sheet. 

8. Stempel DA, Woolf R. The cost of treating allergic rhinitis. Curr Allergy 

Asthma Rep 2002;2(3):223-30. 

9. Harrison BWDaMGP. "Audit in acute severe asthma - Who benefits?" Journal 

of Royal College of Physicians of London 1992;27:387-90. 

10. Force TNACT. The Prevention and Management of Asthma in Canada, A 

major challenge now and in the future: The National Asthma Control Task Force; 

2000. 

11. Philip Fireman MD. Symposium:Understanding Asthma Pathophysiology. 

Allergy and Asthma Proc 2003;24:79-83. 

12. Busse WW. Inflammation in asthma: the cornerstone of the disease and target 

of therapy. J Allergy Clin Immunol 1998;102(4 Pt 2):S17-22. 

13. Pearce N, Pekkanen J, Beasley R. How much asthma is really attributable to 

atopy? Thorax 1999;54(3):268-72. 

14. Holt PG, Macaubas C, Stumbles PA, Sly PD. The role of allergy in the 

development of asthma. Nature 1999;402(6760 Suppl):B12-7. 

 88

http://www.asthma.ca/adults/community/pdf/Booklets/ASC_Fact_Sheet_AsthmaStatistics.pdfAsthma


15. Janeway CA, Travers P, Walport M, Shlomchik MJ. Allergy and 

Hypersensitivity. In: Immunobiology 5. The immune system in health and disease. 

New York: Garland Publishing; 2001. p. 484. 

16. Corry DB, Kheradmand F. Induction and regulation of the IgE response. 

Nature 1999;402(6760 Suppl):B18-23. 

17. Sutton BJ, Gould HJ. The human IgE network. Nature 1993;366(6454):421-8. 

18. O'Byrne PM. Leukotrienes in the pathogenesis of asthma. Chest 1997;111(2 

Suppl):27S-34S. 

19. Barnes PJ, Chung KF, Page CP. Inflammatory mediators of asthma: an update. 

Pharmacol Rev 1998;50(4):515-96. 

20. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two 

types of murine helper T cell clone. I. Definition according to profiles of lymphokine 

activities and secreted proteins. J Immunol 1986;136(7):2348-57. 

21. Venarske D, deShazo RD. Molecular mechanisms of allergic disease. South 

Med J 2003;96(11):1049-54. 

22. O'Garra A. Cytokines induce the development of functionally heterogeneous T 

helper cell subsets. Immunity 1998;8(3):275-83. 

 89



23. Trinchieri G, Scott P. Interleukin-12: a proinflammatory cytokine with 

immunoregulatory functions. Res Immunol 1995;146(7-8):423-31. 

24. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. A novel 

transcription factor, T-bet, directs Th1 lineage commitment. Cell 2000;100(6):655-69. 

25. Lighvani AA, Frucht DM, Jankovic D, Yamane H, Aliberti J, Hissong BD, et 

al. T-bet is rapidly induced by interferon-gamma in lymphoid and myeloid cells. Proc 

Natl Acad Sci U S A 2001;98(26):15137-42. 

26. Zheng W, Flavell RA. The transcription factor GATA-3 is necessary and 

sufficient for Th2 cytokine gene expression in CD4 T cells. Cell 1997;89(4):587-96. 

27. Kidd P. Th1/Th2 balance: the hypothesis, its limitations, and implications for 

health and disease. Altern Med Rev 2003;8(3):223-46. 

28. Larche M, Robinson DS, Kay AB. The role of T lymphocytes in the 

pathogenesis of asthma. J Allergy Clin Immunol 2003;111(3):450-63; quiz 464. 

29. Holberg CJ, Elston RC, Halonen M, Wright AL, Taussig LM, Morgan WJ, et 

al. Segregation analysis of physician-diagnosed asthma in Hispanic and non-Hispanic 

white families. A recessive component? Am J Respir Crit Care Med 1996;154(1):144-

50. 

30. Cookson WO. Asthma genetics. Chest 2002;121(3 Suppl):7S-13S. 

 90



31. Hill MR, James AL, Faux JA, Ryan G, Hopkin JM, le Souef P, et al. Fc 

epsilon RI-beta polymorphism and risk of atopy in a general population sample. Bmj 

1995;311(7008):776-9. 

32. van Herwerden L, Harrap SB, Wong ZY, Abramson MJ, Kutin JJ, Forbes AB, 

et al. Linkage of high-affinity IgE receptor gene with bronchial hyperreactivity, even 

in absence of atopy. Lancet 1995;346(8985):1262-5. 

33. Shirakawa T, Mao XQ, Sasaki S, Kawai M, Morimoto K, Hopkin JM. 

Association between Fc epsilon RI beta and atopic disorder in a Japanese population. 

Lancet 1996;347(8998):394-5. 

34. Trabetti E, Cusin V, Malerba G, Martinati LC, Casartelli A, Boner AL, et al. 

Association of the FcepsilonRIbeta gene with bronchial hyper-responsiveness in an 

Italian population. J Med Genet 1998;35(8):680-1. 

35. Cox HE, Moffatt MF, Faux JA, Walley AJ, Coleman R, Trembath RC, et al. 

Association of atopic dermatitis to the beta subunit of the high affinity 

immunoglobulin E receptor. Br J Dermatol 1998;138(1):182-7. 

36. Palmer LJ, Pare PD, Faux JA, Moffatt MF, Daniels SE, LeSouef PN, et al. Fc 

epsilon R1-beta polymorphism and total serum IgE levels in endemically parasitized 

Australian aborigines. Am J Hum Genet 1997;61(1):182-8. 

 91



37. Cakebread JA, Haitchi HM, Holloway JW, Powell RM, Keith T, Davies DE, et 

al. The role of ADAM33 in the pathogenesis of asthma. Springer Semin 

Immunopathol 2004;25(3-4):361-75. 

38. Lazarus R, Vercelli D, Palmer LJ, Klimecki WJ, Silverman EK, Richter B, et 

al. Single nucleotide polymorphisms in innate immunity genes: abundant variation and 

potential role in complex human disease. Immunol Rev 2002;190:9-25. 

39. Vercelli D. Genetics of IL-13 and functional relevance of IL-13 variants. Curr 

Opin Allergy Clin Immunol 2002;2(5):389-93. 

40. Holgate ST. Asthma and allergy--disorders of civilization? Qjm 

1998;91(3):171-84. 

41. Strachan DP. Hay fever, hygiene, and household size. Bmj 

1989;299(6710):1259-60. 

42. Boyce JA. Mast cells: beyond IgE. J Allergy Clin Immunol 2003;111(1):24-

32; quiz 33. 

43. Prussin C, Metcalfe DD. 4. IgE, mast cells, basophils, and eosinophils. J 

Allergy Clin Immunol 2003;111(2 Suppl):S486-94. 

44. Kinet JP. The high-affinity IgE receptor (Fc epsilon RI): from physiology to 

pathology. Annu Rev Immunol 1999;17:931-72. 

 92



45. Kawakami T, Galli SJ. Regulation of mast-cell and basophil function and 

survival by IgE. Nat Rev Immunol 2002;2(10):773-86. 

46. Broide DH. Molecular and cellular mechanisms of allergic disease. J Allergy 

Clin Immunol 2001;108(2 Suppl):S65-71. 

47. Denburg JA, Sehmi R, Saito H, Pil-Seob J, Inman MD, O'Byrne PM. Systemic 

aspects of allergic disease: bone marrow responses. J Allergy Clin Immunol 

2000;106(5 Suppl):S242-6. 

48. Gounni AS, Lamkhioued B, Ochiai K, Tanaka Y, Delaporte E, Capron A, et al. 

High-affinity IgE receptor on eosinophils is involved in defence against parasites. 

Nature 1994;367(6459):183-6. 

49. Rajakulasingam K, Till S, Ying S, Humbert M, Barkans J, Sullivan M, et al. 

Increased expression of high affinity IgE (FcepsilonRI) receptor-alpha chain mRNA 

and protein-bearing eosinophils in human allergen-induced atopic asthma. Am J 

Respir Crit Care Med 1998;158(1):233-40. 

50. von Bubnoff D, Geiger E, Bieber T. Antigen-presenting cells in allergy. J 

Allergy Clin Immunol 2001;108(3):329-39. 

51. Saini SS, MacGlashan D. How IgE upregulates the allergic response. Curr 

Opin Immunol 2002;14(6):694-7. 

 93



52. Gould HJ, Sutton BJ, Beavil AJ, Beavil RL, McCloskey N, Coker HA, et al. 

The biology of IGE and the basis of allergic disease. Annu Rev Immunol 

2003;21:579-628. 

53. Novak N, Kraft S, Bieber T. IgE receptors. Curr Opin Immunol 

2001;13(6):721-6. 

54. Oettgen HC, Geha RS. IgE in asthma and atopy: cellular and molecular 

connections. J Clin Invest 1999;104(7):829-35. 

55. Burg ND, Pillinger MH. The neutrophil: function and regulation in innate and 

humoral immunity. Clin Immunol 2001;99(1):7-17. 

56. Faurschou M, Borregaard N. Neutrophil granules and secretory vesicles in 

inflammation. Microbes Infect 2003;5(14):1317-27. 

57. Douwes J, Gibson P, Pekkanen J, Pearce N. Non-eosinophilic asthma: 

importance and possible mechanisms. Thorax 2002;57(7):643-8. 

58. Ennis M. Neutrophils in asthma pathophysiology. Curr Allergy Asthma Rep 

2003;3(2):159-65. 

59. Balzar S, Chu H, Jones S, Wenzel S. Predominance of inflammation in 

peripheral versus the large airwasys in a patient with severe asthma. Am J Respir Crit 

Care Med 2000;161:A316. 

 94



60. Gibson PG, Simpson JL, Saltos N. Heterogeneity of airway inflammation in 

persistent asthma : evidence of neutrophilic inflammation and increased sputum 

interleukin-8. Chest 2001;119(5):1329-36. 

61. Wenzel SE, Szefler SJ, Leung DY, Sloan SI, Rex MD, Martin RJ. 

Bronchoscopic evaluation of severe asthma. Persistent inflammation associated with 

high dose glucocorticoids. Am J Respir Crit Care Med 1997;156(3 Pt 1):737-43. 

62. Tanizaki Y, Kitani H, Okazaki M, Mifune T, Mitsunobu F, Kimura I. Changes 

in the proportions of bronchoalveolar lymphocytes, neutrophils and basophilic cells 

and the release of histamine and leukotrienes from bronchoalveolar cells in patients 

with steroid-dependent intractable asthma. Int Arch Allergy Immunol 

1993;101(2):196-202. 

63. Tanizaki Y, Kitani H, Okazaki M, Mifune T, Mitsunobu F, Kimura I. Effects 

of long-term glucocorticoid therapy on bronchoalveolar cells in adult patients with 

bronchial asthma. J Asthma 1993;30(4):309-18. 

64. Sampson AP. The role of eosinophils and neutrophils in inflammation. Clin 

Exp Allergy 2000;30 Suppl 1:22-7. 

65. Henson P, Wenzel S. Neutrophils and their meidators in asthma. In: Busse W, 

editor. Asthma and Rhinitis: In Press. 

 95



66. Chu HW, Trudeau JB, Balzar S, Wenzel SE. Peripheral blood and airway 

tissue expression of transforming growth factor beta by neutrophils in asthmatic 

subjects and normal control subjects. J Allergy Clin Immunol 2000;106(6):1115-23. 

67. Yokomizo T, Izumi T, Chang K, Takuwa Y, Shimizu T. A G-protein-coupled 

receptor for leukotriene B4 that mediates chemotaxis. Nature 1997;387(6633):620-4. 

68. Stankova J, Rola-Pleszczynski M. Leukotriene B4 stimulates c-fos and c-jun 

gene transcription and AP-1 binding activity in human monocytes. Biochem J 

1992;282 ( Pt 3):625-9. 

69. Yamaoka KA, Kolb JP. Leukotriene B4 induces interleukin 5 generation from 

human T lymphocytes. Eur J Immunol 1993;23(10):2392-8. 

70. Yamaoka KA, Dugas B, Paul-Eugene N, Mencia-Huerta JM, Braquet P, Kolb 

JP. Leukotriene B4 enhances IL-4-induced IgE production from normal human 

lymphocytes. Cell Immunol 1994;156(1):124-34. 

71. Raza SL, Cornelius LA. Matrix metalloproteinases and their native or 

pharmacologic inhibitors. Adv Dermatol 2000;16:185-208; discussion 209. 

72. Wenzel SE, Balzar S, Cundall M, Chu HW. Subepithelial basement membrane 

immunoreactivity for matrix metalloproteinase 9: association with asthma severity, 

neutrophilic inflammation, and wound repair. J Allergy Clin Immunol 

2003;111(6):1345-52. 

 96



73. Lukacs NW, Strieter RM, Kunkel SL. Leukocyte infiltration in allergic airway 

inflammation. Am J Respir Cell Mol Biol 1995;13(1):1-6. 

74. Boschetto P, Mapp CE, Picotti G, Fabbri LM. Neutrophils and asthma. Eur 

Respir J Suppl 1989;6:456s-459s. 

75. Sibille Y, Reynolds HY. Macrophages and polymorphonuclear neutrophils in 

lung defense and injury. Am Rev Respir Dis 1990;141(2):471-501. 

76. Abdelilah S, Latifa K, Esra N, Cameron L, Bouchaib L, Nicolaides N, et al. 

Functional expression of IL-9 receptor by human neutrophils from asthmatic donors: 

role in IL-8 release. J Immunol 2001;166(4):2768-74. 

77. Gounni AS, Lamkhioued B, Koussih L, Ra C, Renzi PM, Hamid Q. Human 

neutrophils express the high-affinity receptor for immunoglobulin E (Fc epsilon RI): 

role in asthma. Faseb J 2001;15(6):940-9. 

78. Yamaoka KA, Arock M, Issaly F, Dugas N, Le Goff L, Kolb JP. Granulocyte 

macrophage colony stimulating factor induces Fc epsilon RII/CD23 expression on 

normal human polymorphonuclear neutrophils. Int Immunol 1996;8(4):479-90. 

79. Truong MJ, Gruart V, Kusnierz JP, Papin JP, Loiseau S, Capron A, et al. 

Human neutrophils express immunoglobulin E (IgE)-binding proteins (Mac-2/epsilon 

BP) of the S-type lectin family: role in IgE-dependent activation. J Exp Med 

1993;177(1):243-8. 

 97



80. Martin P. Wound healing--aiming for perfect skin regeneration. Science 

1997;276(5309):75-81. 

81. Wenzel SE, Schwartz LB, Langmack EL, Halliday JL, Trudeau JB, Gibbs RL, 

et al. Evidence that severe asthma can be divided pathologically into two 

inflammatory subtypes with distinct physiologic and clinical characteristics. Am J 

Respir Crit Care Med 1999;160(3):1001-8. 

82. Agusti C, Takeyama K, Cardell LO, Ueki I, Lausier J, Lou YP, et al. Goblet 

cell degranulation after antigen challenge in sensitized guinea pigs. Role of 

neutrophils. Am J Respir Crit Care Med 1998;158(4):1253-8. 

83. Lamblin C, Gosset P, Tillie-Leblond I, Saulnier F, Marquette CH, Wallaert B, 

et al. Bronchial neutrophilia in patients with noninfectious status asthmaticus. Am J 

Respir Crit Care Med 1998;157(2):394-402. 

84. Pizzichini MM, Pizzichini E, Efthimiadis A, Chauhan AJ, Johnston SL, 

Hussack P, et al. Asthma and natural colds. Inflammatory indices in induced sputum: a 

feasibility study. Am J Respir Crit Care Med 1998;158(4):1178-84. 

85. Teran LM, Johnston SL, Schroder JM, Church MK, Holgate ST. Role of nasal 

interleukin-8 in neutrophil recruitment and activation in children with virus-induced 

asthma. Am J Respir Crit Care Med 1997;155(4):1362-6. 

 98



86. Nightingale JA, Rogers DF, Hart LA, Kharitonov SA, Chung KF, Barnes PJ. 

Effect of inhaled endotoxin on induced sputum in normal, atopic, and atopic asthmatic 

subjects. Thorax 1998;53(7):563-71. 

87. Zocca E, Fabbri LM, Boschetto P, Plebani M, Masiero M, Milani GF, et al. 

Leukotriene B4 and late asthmatic reactions induced by toluene diisocyanate. J Appl 

Physiol 1990;68(4):1576-80. 

88. Park H, Jung K, Kim H, Nahm D, Kang K. Neutrophil activation following 

TDI bronchial challenges to the airway secretion from subjects with TDI-induced 

asthma. Clin Exp Allergy 1999;29(10):1395-401. 

89. Krawiec ME, Westcott JY, Chu HW, Balzar S, Trudeau JB, Schwartz LB, et 

al. Persistent wheezing in very young children is associated with lower respiratory 

inflammation. Am J Respir Crit Care Med 2001;163(6):1338-43. 

90. Williams AF, Barclay AN. The immunoglobulin superfamily--domains for cell 

surface recognition. Annu Rev Immunol 1988;6:381-405. 

91. Roitt IM, Delves PJ. Essential Immunology. Tenth ed. MA: Blackwell 

Science, Inc; 2001. 

92. Lanzavecchia A, Parodi B. In vitro stimulation of IgE production at a single 

precursor level by human alloreactive T helper clones. Clin Exp Immunol 

1984;55(1):197-203. 

 99



93. Iio A, Waldmann TA, Strober W. Metabolic study of human IgE: evidence for 

an extravascular catabolic pathway. J Immunol 1978;120(5):1696-701. 

94. Patterson R, Suszko IM, Hsu CC, Roberts M, Oh SH. In vitro production of 

IgE by lymphocytes from a patient with hyperimmunoglobulinaemia E, eosinophilia 

and increased lymphocytes carrying surface IgE. Clin Exp Immunol 1975;20(2):265-

72. 

95. Smurthwaite L, Durham SR. Local IgE synthesis in allergic rhinitis and 

asthma. Curr Allergy Asthma Rep 2002;2(3):231-8. 

96. Neurath MF, Finotto S, Glimcher LH. The role of Th1/Th2 polarization in 

mucosal immunity. Nat Med 2002;8(6):567-73. 

97. O'Shea JJ, Paul WE. Regulation of T(H)1 differentiation--controlling the 

controllers. Nat Immunol 2002;3(6):506-8. 

98. Blank U, Ra C, Miller L, White K, Metzger H, Kinet JP. Complete structure 

and expression in transfected cells of high affinity IgE receptor. Nature 

1989;337(6203):187-9. 

99. Ra C, Jouvin MH, Kinet JP. Complete structure of the mouse mast cell 

receptor for IgE (Fc epsilon RI) and surface expression of chimeric receptors (rat-

mouse-human) on transfected cells. J Biol Chem 1989;264(26):15323-7. 

 100



100. Kinet JP, Alcaraz G, Leonard A, Wank S, Metzger H. Dissociation of the 

receptor for immunoglobulin E in mild detergents. Biochemistry 1985;24(15):4117-

24. 

101. Kinet JP, Quarto R, Perez-Montfort R, Metzger H. Noncovalently and 

covalently bound lipid on the receptor for immunoglobulin E. Biochemistry 

1985;24(25):7342-8. 

102. Kinet JP, Metzger H, Hakimi J, Kochan J. A cDNA presumptively coding for 

the alpha subunit of the receptor with high affinity for immunoglobulin E. 

Biochemistry 1987;26(15):4605-10. 

103. Shimizu A, Tepler I, Benfey PN, Berenstein EH, Siraganian RP, Leder P. 

Human and rat mast cell high-affinity immunoglobulin E receptors: characterization of 

putative alpha-chain gene products. Proc Natl Acad Sci U S A 1988;85(6):1907-11. 

104. Kochan J, Pettine LF, Hakimi J, Kishi K, Kinet JP. Isolation of the gene 

coding for the alpha subunit of the human high affinity IgE receptor. Nucleic Acids 

Res 1988;16(8):3584. 

105. Letourneur O, Sechi S, Willette-Brown J, Robertson MW, Kinet JP. 

Glycosylation of human truncated Fc epsilon RI alpha chain is necessary for efficient 

folding in the endoplasmic reticulum. J Biol Chem 1995;270(14):8249-56. 

 101



106. Letourneur F, Hennecke S, Demolliere C, Cosson P. Steric masking of a 

dilysine endoplasmic reticulum retention motif during assembly of the human high 

affinity receptor for immunoglobulin E. J Cell Biol 1995;129(4):971-8. 

107. Weis WI, Taylor ME, Drickamer K. The C-type lectin superfamily in the 

immune system. Immunol Rev 1998;163:19-34. 

108. Abdelilah SG, Bouchaib L, Morita M, Delphine A, Marika S, Andre C, et al. 

Molecular characterization of the low-affinity IgE receptor Fc epsilonRII/CD23 

expressed by human eosinophils. Int Immunol 1998;10(4):395-404. 

109. Kilmon MA, Ghirlando R, Strub MP, Beavil RL, Gould HJ, Conrad DH. 

Regulation of IgE production requires oligomerization of CD23. J Immunol 

2001;167(6):3139-45. 

110. Marolewski AE, Buckle DR, Christie G, Earnshaw DL, Flamberg PL, 

Marshall LA, et al. CD23 (FcepsilonRII) release from cell membranes is mediated by 

a membrane-bound metalloprotease. Biochem J 1998;333 ( Pt 3):573-9. 

111. Bonnefoy JY, Lecoanet-Henchoz S, Gauchat JF, Graber P, Aubry JP, Jeannin 

P, et al. Structure and functions of CD23. Int Rev Immunol 1997;16(1-2):113-28. 

112. Karagiannis SN, Warrack JK, Jennings KH, Murdock PR, Christie G, Moulder 

K, et al. Endocytosis and recycling of the complex between CD23 and HLA-DR in 

human B cells. Immunology 2001;103(3):319-31. 

 102



113. Aubry JP, Pochon S, Graber P, Jansen KU, Bonnefoy JY. CD21 is a ligand for 

CD23 and regulates IgE production. Nature 1992;358(6386):505-7. 

114. Pene J, Rousset F, Briere F, Chretien I, Wideman J, Bonnefoy JY, et al. 

Interleukin 5 enhances interleukin 4-induced IgE production by normal human B cells. 

The role of soluble CD23 antigen. Eur J Immunol 1988;18(6):929-35. 

115. Lamers MC, Yu P. Regulation of IgE synthesis. Lessons from the study of IgE 

transgenic and CD23-deficient mice. Immunol Rev 1995;148:71-95. 

116. Payet M, Conrad DH. IgE regulation in CD23 knockout and transgenic mice. 

Allergy 1999;54(11):1125-9. 

117. Liu YJ, Cairns JA, Holder MJ, Abbot SD, Jansen KU, Bonnefoy JY, et al. 

Recombinant 25-kDa CD23 and interleukin 1 alpha promote the survival of germinal 

center B cells: evidence for bifurcation in the development of centrocytes rescued 

from apoptosis. Eur J Immunol 1991;21(5):1107-14. 

118. Drickamer K. Two distinct classes of carbohydrate-recognition domains in 

animal lectins. J Biol Chem 1988;263(20):9557-60. 

119. Robertson MW, Albrandt K, Keller D, Liu FT. Human IgE-binding protein: a 

soluble lectin exhibiting a highly conserved interspecies sequence and differential 

recognition of IgE glycoforms. Biochemistry 1990;29(35):8093-100. 

 103



120. Cherayil BJ, Chaitovitz S, Wong C, Pillai S. Molecular cloning of a human 

macrophage lectin specific for galactose. Proc Natl Acad Sci U S A 

1990;87(18):7324-8. 

121. Robertson MW, Liu FT. Heterogeneous IgE glycoforms characterized by 

differential recognition of an endogenous lectin (IgE-binding protein). J Immunol 

1991;147(9):3024-30. 

122. Sato S, Ouellet N, Pelletier I, Simard M, Rancourt A, Bergeron MG. Role of 

galectin-3 as an adhesion molecule for neutrophil extravasation during streptococcal 

pneumonia. J Immunol 2002;168(4):1813-22. 

123. Kuwabara I, Liu FT. Galectin-3 promotes adhesion of human neutrophils to 

laminin. J Immunol 1996;156(10):3939-44. 

124. Massa SM, Cooper DN, Leffler H, Barondes SH. L-29, an endogenous lectin, 

binds to glycoconjugate ligands with positive cooperativity. Biochemistry 

1993;32(1):260-7. 

125. Woo HJ, Shaw LM, Messier JM, Mercurio AM. The major non-integrin 

laminin binding protein of macrophages is identical to carbohydrate binding protein 35 

(Mac-2). J Biol Chem 1990;265(13):7097-9. 

 104



126. Sano H, Hsu DK, Yu L, Apgar JR, Kuwabara I, Yamanaka T, et al. Human 

galectin-3 is a novel chemoattractant for monocytes and macrophages. J Immunol 

2000;165(4):2156-64. 

127. Sano H, Hsu DK, Apgar JR, Yu L, Sharma BB, Kuwabara I, et al. Critical role 

of galectin-3 in phagocytosis by macrophages. J Clin Invest 2003;112(3):389-97. 

128. Almkvist J, Karlsson A. Galectins as inflammatory mediators. Glycoconj J 

2004;19(7-9):575-81. 

129. Keown MB, Ghirlando R, Mackay GA, Sutton BJ, Gould HJ. Basis of the 1:1 

stoichiometry of the high affinity receptor Fc epsilon RI-IgE complex. Eur Biophys J 

1997;25(5-6):471-6. 

130. Maenaka K, van der Merwe PA, Stuart DI, Jones EY, Sondermann P. The 

human low affinity Fcgamma receptors IIa, IIb, and III bind IgG with fast kinetics and 

distinct thermodynamic properties. J Biol Chem 2001;276(48):44898-904. 

131. McDonnell JM, Calvert R, Beavil RL, Beavil AJ, Henry AJ, Sutton BJ, et al. 

The structure of the IgE Cepsilon2 domain and its role in stabilizing the complex with 

its high-affinity receptor FcepsilonRIalpha. Nat Struct Biol 2001;8(5):437-41. 

132. Shi J, Ghirlando R, Beavil RL, Beavil AJ, Keown MB, Young RJ, et al. 

Interaction of the low-affinity receptor CD23/Fc epsilonRII lectin domain with the Fc 

epsilon3-4 fragment of human immunoglobulin E. Biochemistry 1997;36(8):2112-22. 

 105



133. Saini SS, Klion AD, Holland SM, Hamilton RG, Bochner BS, Macglashan 

DW, Jr. The relationship between serum IgE and surface levels of FcepsilonR on 

human leukocytes in various diseases: correlation of expression with FcepsilonRI on 

basophils but not on monocytes or eosinophils. J Allergy Clin Immunol 

2000;106(3):514-20. 

134. Yamaguchi M, Lantz CS, Oettgen HC, Katona IM, Fleming T, Miyajima I, et 

al. IgE enhances mouse mast cell Fc(epsilon)RI expression in vitro and in vivo: 

evidence for a novel amplification mechanism in IgE-dependent reactions. J Exp Med 

1997;185(4):663-72. 

135. MacGlashan D, Jr., McKenzie-White J, Chichester K, Bochner BS, Davis FM, 

Schroeder JT, et al. In vitro regulation of FcepsilonRIalpha expression on human 

basophils by IgE antibody. Blood 1998;91(5):1633-43. 

136. Malveaux FJ, Conroy MC, Adkinson NF, Jr., Lichtenstein LM. IgE receptors 

on human basophils. Relationship to serum IgE concentration. J Clin Invest 

1978;62(1):176-81. 

137. Borkowski TA, Jouvin MH, Lin SY, Kinet JP. Minimal requirements for IgE-

mediated regulation of surface Fc epsilon RI. J Immunol 2001;167(3):1290-6. 

138. Reischl IG, Coward WR, Church MK. Molecular consequences of human mast 

cell activation following immunoglobulin E-high-affinity immunoglobulin E receptor 

(IgE-FcepsilonRI) interaction. Biochem Pharmacol 1999;58(12):1841-50. 

 106



139. Louahed J, Kermouni A, Van Snick J, Renauld JC. IL-9 induces expression of 

granzymes and high-affinity IgE receptor in murine T helper clones. J Immunol 

1995;154(10):5061-70. 

140. Terada N, Konno A, Terada Y, Fukuda S, Yamashita T, Abe T, et al. IL-4 

upregulates Fc epsilon RI alpha-chain messenger RNA in eosinophils. J Allergy Clin 

Immunol 1995;96(6 Pt 2):1161-9. 

141. Rottem M, Barbieri S, Kinet JP, Metcalfe DD. Kinetics of the appearance of Fc 

epsilon RI-bearing cells in interleukin-3-dependent mouse bone marrow cultures: 

correlation with histamine content and mast cell maturation. Blood 1992;79(4):972-80. 

142. Reischl IG, Dubois GR, Peiritsch S, Brown KS, Wheat L, Woisetschlager M, 

et al. Regulation of Fc epsilonRI expression on human monocytic cells by ligand and 

IL-4. Clin Exp Allergy 2000;30(7):1033-40. 

143. Xia HZ, Du Z, Craig S, Klisch G, Noben-Trauth N, Kochan JP, et al. Effect of 

recombinant human IL-4 on tryptase, chymase, and Fc epsilon receptor type I 

expression in recombinant human stem cell factor-dependent fetal liver-derived human 

mast cells. J Immunol 1997;159(6):2911-21. 

144. Albrecht B, Woisetschlager M, Robertson MW. Export of the high affinity IgE 

receptor from the endoplasmic reticulum depends on a glycosylation-mediated quality 

control mechanism. J Immunol 2000;165(10):5686-94. 

 107



145. Cookson WO, Sharp PA, Faux JA, Hopkin JM. Linkage between 

immunoglobulin E responses underlying asthma and rhinitis and chromosome 11q. 

Lancet 1989;1(8650):1292-5. 

146. Collee JM, ten Kate LP, de Vries HG, Kliphuis JW, Bouman K, Scheffer H, et 

al. Allele sharing on chromosome 11q13 in sibs with asthma and atopy. Lancet 

1993;342(8876):936. 

147. Sandford AJ, Shirakawa T, Moffatt MF, Daniels SE, Ra C, Faux JA, et al. 

Localisation of atopy and beta subunit of high-affinity IgE receptor (Fc epsilon RI) on 

chromosome 11q. Lancet 1993;341(8841):332-4. 

148. Shirakawa T, Li A, Dubowitz M, Dekker JW, Shaw AE, Faux JA, et al. 

Association between atopy and variants of the beta subunit of the high-affinity 

immunoglobulin E receptor. Nat Genet 1994;7(2):125-9. 

149. Dombrowicz D, Lin S, Flamand V, Brini AT, Koller BH, Kinet JP. Allergy-

associated FcRbeta is a molecular amplifier of IgE- and IgG-mediated in vivo 

responses. Immunity 1998;8(4):517-29. 

150. Lin S, Cicala C, Scharenberg AM, Kinet JP. The Fc(epsilon)RIbeta subunit 

functions as an amplifier of Fc(epsilon)RIgamma-mediated cell activation signals. 

Cell 1996;85(7):985-95. 

 108



151. Scharenberg AM, Kinet JP. Early events in mast cell signal transduction. 

Chem Immunol 1995;61:72-87. 

152. Galli SJ. Mast cells and basophils. Curr Opin Hematol 2000;7(1):32-9. 

153. Donnadieu E, Jouvin MH, Kinet JP. A second amplifier function for the 

allergy-associated Fc(epsilon)RI-beta subunit. Immunity 2000;12(5):515-23. 

154. Maurer D, Fiebiger E, Reininger B, Wolff-Winiski B, Jouvin MH, Kilgus O, et 

al. Expression of functional high affinity immunoglobulin E receptors (Fc epsilon RI) 

on monocytes of atopic individuals. J Exp Med 1994;179(2):745-50. 

155. Sihra BS, Kon OM, Grant JA, Kay AB. Expression of high-affinity IgE 

receptors (Fc epsilon RI) on peripheral blood basophils, monocytes, and eosinophils in 

atopic and nonatopic subjects: relationship to total serum IgE concentrations. J Allergy 

Clin Immunol 1997;99(5):699-706. 

156. Boulet LP, Turcotte H, Boutet M, Montminy L, Laviolette M. Influence of 

natural antigenic exposure on expiratory flows, methacholine responsiveness, and 

airway inflammation in mild allergic asthma. J Allergy Clin Immunol 1993;91(4):883-

93. 

157. Rak S, Bjornson A, Hakanson L, Sorenson S, Venge P. The effect of 

immunotherapy on eosinophil accumulation and production of eosinophil chemotactic 

 109



activity in the lung of subjects with asthma during natural pollen exposure. J Allergy 

Clin Immunol 1991;88(6):878-88. 

158. Youinou P, Durand V, Renaudineau Y, Pennec YL, Saraux A, Jamin C. 

Pathogenic effects of anti-Fc gamma receptor IIIb (CD16) on polymorphonuclear 

neutrophils in non-organ-specific autoimmune diseases. Autoimmun Rev 2002;1(1-

2):13-9. 

159. Castillo JG, Oehling A, Sanz ML, Gamboa PM. Seasonal influence on serum 

and receptor-bound IgE in pollinosis. Ann Allergy 1990;64(6):542-6. 

160. Hamid Q, Tulic MK, Liu MC, Moqbel R. Inflammatory cells in asthma: 

mechanisms and implications for therapy. J Allergy Clin Immunol 2003;111(1 

Suppl):S5-S12; discussion S12-7. 

161. Metzger H. It's spring, and thoughts turn to...allergies. Cell 1999;97(3):287-90. 

162. Strachan DP. The role of environmental factors in asthma. Br Med Bull 

2000;56(4):865-82. 

163. Chung KF, Barnes PJ. Cytokines in asthma. Thorax 1999;54(9):825-57. 

164. Louahed J, Toda M, Jen J, Hamid Q, Renauld JC, Levitt RC, et al. Interleukin-

9 upregulates mucus expression in the airways. Am J Respir Cell Mol Biol 

2000;22(6):649-56. 

 110



165. Louahed J, Zhou Y, Maloy WL, Rani PU, Weiss C, Tomer Y, et al. Interleukin 

9 promotes influx and local maturation of eosinophils. Blood 2001;97(4):1035-42. 

166. Shimbara A, Christodoulopoulos P, Soussi-Gounni A, Olivenstein R, 

Nakamura Y, Levitt RC, et al. IL-9 and its receptor in allergic and nonallergic lung 

disease: increased expression in asthma. J Allergy Clin Immunol 2000;105(1 Pt 

1):108-15. 

167. Goulding NJ, Knight SM, Godolphin JL, Guyre PM. Increase in neutrophil Fc 

gamma receptor I expression following interferon gamma treatment in rheumatoid 

arthritis. Ann Rheum Dis 1992;51(4):465-8. 

168. Brini AT, Lee GM, Kinet JP. Involvement of Alu sequences in the cell-specific 

regulation of transcription of the gamma chain of Fc and T cell receptors. J Biol Chem 

1993;268(2):1355-61. 

169. Lloyd AR, Oppenheim JJ. Poly's lament: the neglected role of the 

polymorphonuclear neutrophil in the afferent limb of the immune response. Immunol 

Today 1992;13(5):169-72. 

170. Varin-Blank N, Metzger H. Surface expression of mutated subunits of the high 

affinity mast cell receptor for IgE. J Biol Chem 1990;265(26):15685-94. 

 111



171. Iikura M, Yamaguchi M, Hirai K, Miyamasu M, Yamada H, Nakajima T, et al. 

Regulation of surface FcepsilonRI expression on human eosinophils by IL-4 and IgE. 

Int Arch Allergy Immunol 2001;124(4):470-7. 

172. Blank U, Ra CS, Kinet JP. Characterization of truncated alpha chain products 

from human, rat, and mouse high affinity receptor for immunoglobulin E. J Biol Chem 

1991;266(4):2639-46. 

173. Ra C, Kuromitsu S, Hirose T, Yasuda S, Furuichi K, Okumura K. Soluble 

human high-affinity receptor for IgE abrogates the IgE-mediated allergic reaction. Int 

Immunol 1993;5(1):47-54. 

174. Rivera J. Molecular adapters in Fc(epsilon)RI signaling and the allergic 

response. Curr Opin Immunol 2002;14(6):688-93. 

175. van der Heide S, De Monchy JG, De Vries K, Dubois AE, Kauffman HF. 

Seasonal differences in airway hyperresponsiveness in asthmatic patients: relationship 

with allergen exposure and sensitization to house dust mites. Clin Exp Allergy 

1997;27(6):627-33. 

176. Hsu C, MacGlashan D, Jr. IgE antibody up-regulates high affinity IgE binding 

on murine bone marrow-derived mast cells. Immunol Lett 1996;52(2-3):129-34. 

177. Kitaura J, Song J, Tsai M, Asai K, Maeda-Yamamoto M, Mocsai A, et al. 

Evidence that IgE molecules mediate a spectrum of effects on mast cell survival and 

 112



activation via aggregation of the FcepsilonRI. Proc Natl Acad Sci U S A 

2003;100(22):12911-6. 

178. Lopez AF, Williamson DJ, Gamble JR, Begley CG, Harlan JM, Klebanoff SJ, 

et al. Recombinant human granulocyte-macrophage colony-stimulating factor 

stimulates in vitro mature human neutrophil and eosinophil function, surface receptor 

expression, and survival. J Clin Invest 1986;78(5):1220-8. 

179. Girard D, Paquin R, Beaulieu AD. Responsiveness of human neutrophils to 

interleukin-4: induction of cytoskeletal rearrangements, de novo protein synthesis and 

delay of apoptosis. Biochem J 1997;325 ( Pt 1):147-53. 

180. Dale DC, Liles WC, Llewellyn C, Price TH. Effects of granulocyte-

macrophage colony-stimulating factor (GM-CSF) on neutrophil kinetics and function 

in normal human volunteers. Am J Hematol 1998;57(1):7-15. 

181. Finbloom DS. The interferon-gamma receptor on human monocytes, 

monocyte-like cell lines and polymorphonuclear leucocytes. Biochem Soc Trans 

1990;18(2):222-4. 

182. Hansen BD, Finbloom DS. Characterization of the interaction between 

recombinant human interferon-gamma and its receptor on human polymorphonuclear 

leukocytes. J Leukoc Biol 1990;47(1):64-9. 

 113



183. Walker BA, Ward PA. Priming and signal transduction in neutrophils. Biol 

Signals 1992;1(5):237-49. 

184. Ellis TN, Beaman BL. Interferon-gamma activation of polymorphonuclear 

neutrophil function. Immunology 2004;112(1):2-12. 

  

 114


	contents-list_abstract.pdf
	comb_all.pdf

