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Abstract 

 

The symptomology associated with allergic diseases are a direct consequence of 

the release of pro-inflammatory mediators from mast cells following bi- or multi-

valent antigen cross-linking with the high affinity immunoglobulin (Ig) E receptor, 

FcεR1. Chemokines, small 8-15 kDa polypeptides, control the activation and 

recruitment of immune cells during the allergic response.   

 

Previous studies have demonstrated that co-stimulation by the chemokine, 

macrophage inflammatory protein-1α (Mip-1α) and cross-linking by IgE with 

antigen result in four phenomenon 1) enhanced degranulation in ex vivo 

conjunctival mast cells and rat basophilic leukemia (RBL-2H3) cell line via its 

chemokine receptor (CCR) 1, cell line also referred to as RBL-CCR1; 2) arrested 

Mip-1α-induced chemotaxis of RBL-CCR1 cells; 3) enhanced production of pro-

inflammatory mediators from RBL-CCR1 cells and 4) enhanced gene expression in 

RBL-CCR1 cells of regulatory molecules downstream of CCR1 and FcεR1 

signaling pathways, Regulator of G-protein Signaling (RGS)-1 and Tribbles (TRB)-

3. It has therefore been proposed that co-engagement of CCR1 and FcεR1 affects 

other mast cell processes such as chemotaxis, and moreover these data indicate 

cross-talk between CCR1 and and FcεR1 signaling pathways. Chemotaxis of mast 

cells to sites of inflammation and the subsequent release of pro-inflammatory 

mediators are key to eliciting allergic response. Although there is a vast amount of 

information pertaining to the molecular mechanisms of chemotaxis in several cell 

types, there is very little evidence to understand mast cell chemotaxis at this level. 

Based on current knowledge, the main objective of this thesis was to investigate 1) 

the effect of CCR1 and FcεR1 co-engagement on mast cell motility and 2) the role 

of RGS1 and TRB3 on mast degranulation, mediator release and chemotaxis. 

 

The data obtained from this thesis is the first to demonstrate the role of WASP, 

CCR1 and actin polymerisation as mechanisms underlying Mip-1α induced RBL-

CCR1 chemotaxis, using real time microscopy. Moreover, CCR1 and FcεR1 

engagement inhibits RBL-CCR1 actin cytoskeletal re-organisation and significantly 

increases other cell motility parameters such as directionality and Euclidean 

distances which are required for efficient Mip-1α-induced chemotaxis. Also, by 

using a murine model of allergic conjunctivitis, conjunctival mast cells accumulate 

in the forniceal area of an inflamed conjunctiva in comparison to non-diseased 
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mice. In addition, by using siRNA the present study is also the first to show that 

RGS1 and TRB3 serve as negative regulators of RBL-CCR1 degranulation, 

mediator release and chemotaxis upon CCR1 and FcεR1 engagement. In 

conclusion, the data presented in this thesis could advance our understanding of 

the mechanisms responsible for mast cell migration and arrest during an allergic 

response, and hence provide new targets for anti-allergic drugs. 
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Chapter 1. 

General introduction and hypothesis



 2 

1. Introduction 

 

The immune system is a complex highly orchestrated network of cells, receptors, 

and chemical mediators, which collectively maintain the homeostasis of an 

organism. Over the past century scientists have identified and elucidated how 

various immune cells and their mediators protect us from disease. The protective 

role of the immune system is highly regulated, and is designed to be self-limiting 

once the pathologic condition is resolved. However, there are instances when this 

regulation breaks down causing the immune system to initiate diseases such as 

allergy, autoimmunity and cancer.  

 

The immune system consists of two components, the innate (non-specific) and 

adaptive (specific). The innate immune response responds rapidly as the first line 

of defence against viral and bacterial infections, responding to foreign agents by 

phagocytosis and by releasing reactive chemicals, which non-specifically destroy at 

the site of inflammation. In contrast, the adaptive immune response is slower to 

respond. It relies on cells of the innate system to capture, internalize and present 

foreign agents, which it utilises to prepare a highly specific response upon 

secondary exposure.  

 

Recently it has been realized that some immune cells, including the mast cell can 

cross the boundaries between innate and adaptive immunity exhibiting roles in both 

components of the immune system. 

 

Mast cells are tissue-resident cells of hematopoietic origin, which are located at 

strategic sites such as the skin and vascular and mucosal barriers enabling them to 

respond to invading pathogens, allergens and environmental agents. Since their 

discovery in 1878, mast cells have been long implicated as the key effector cells of 

allergic disorders by virtue of their ability to be activated through antigen that binds 

antigen-specific immunoglobulin E (IgE) via FcεRI receptor expressed on the mast 

cell surface (Mota and Vugman, 1956; Ishizaka et al., 1970; Eiseman and Bolen, 

1992; Parravicini et al., 2002; Gould and Sutton, 2008). However, mast cells have 

been recognised for their critical role during innate immunity to bacteria 

(Echtenacher et al., 1996; Malaviya et al., 1996, Wang et al., 2012), adaptive 

immunity to parasites (Ruitenberg et al., 1976, Han et al., 2012; Hepworth et al., 

2012), tissue remodeling during wound healing (Garbuzenko et al., 2002), immune 

suppression, angiogenesis and cancer (Littlepage et al., 2005).  
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Allergic conditions range from the annoying hay fever to the more fatal anaphylaxis 

and costs associated with them dominate public health budgets. As current 

treatments are not completely effective and in the eye can give rise to adverse side 

effects such as glaucoma and cataracts there is a continuing effort to better 

understand the allergic cascade. In light of this the focus of this study has been to 

further characterise the molecular basis of mast cell degranulation, mediator 

release and chemotaxis during the allergic response and thereby identify 

alternative anti- inflammatory therapies.   

 

 

1.1 Mast cell biology 

 

1.1.1 Mast cell origins and development 

 
The tissue-resident mast cell is a 10-20µm in diameter with an in situ appearance 

ranging from elongated to ovoid (Schulman et al., 1983; Metcalfe et al., 1997). 

Defined by the presence of dense cytoplasmic granules which, when stained with 

toluidine blue, cause metachromasia.  

 

Mast cells are hematopoietic in origin and differentiate from cluster of differentiation 

(CD)-34+ bone marrow progenitor cells.  Progenitor mast cells migrate from the 

bone marrow into the circulation, migrating through blood vessel endothelium and 

localise into vascularised mucosal and connective tissue, where they undergo final 

maturation expressing the FcεRI receptor (R) capable of binding immunoglobulin 

(Ig) E and hence effector function (Kitumura et al., 1977; Metcalfe, 1997; Kawakami 

et al., 2002; Galli et al., 2008) (Figure1). Subsequent studies have validated that 

the development of mast cell progenitors requires constitutive signals from 

cytokines such as interleukin (IL)-3, IL-4, IL-5 and IL-9 (Metcalfe, 1997) and growth 

factors such as stem cell factor (SCF) (Huang et al., 1990), that dictate their 

trafficking from circulation, survival and maturation.  

 

The most crucial viability and differentiation signal for mast cells is provided from 

the interaction between the membrane-associated c-kit receptor and its ligand SCF 

(Huang et al., 1990), a growth factor that is expressed constitutively by endothelial 

cells and fibroblasts. Studies have demonstrated membrane bound SCF, its soluble 

isoform or a combination are chemotatic for mast cells and their progenitors 



 4 

(Nillson et al., 1994), elicit their adhesion (Lorentz et al., 2002), facilitate their 

proliferation (Yee et al., 1994) and sustain their survival, differentiation and 

maturation (Irani et al., 1992). 

 

Mouse bone marrow cultured in IL-3 gives rise to a population of 85% or more of 

mast cells by 4-5 weeks (Rottem et al., 1993). It has been reported that after one 

week of culture in IL-3, a third of mouse bone marrow mast cells (BMMC) express 

IgE receptors (Metcalfe, 1997), however these cells contain sparse granules and 

hence lack characteristics of mature mast cells. The expression of FcεRI+ mast 

cells increases over 3 weeks of culture and in parallel a progressively large number 

of cells become increasingly granulated which is accompanied by an increase in 

histamine content (Rottem et al., 1993). Moreover, IL-4 in the presence of IL-3 

enhances proliferation and maturation in vitro of both bone marrow derived and 

peritoneal mast cells (Metcalfe, 1997). In addition IL-4, along with IL-6, can induce 

apoptosis in mast cells. IL-9 alone has no proliferative effects on BMMC, although, 

in combination with IL-3, growth of BMMC can be observed (Hultner et al., 1990). 

Development of the reactive mast cell requires additional cytokines such as IL-3, 

IL-4, IL-5 and IL-9 from activated T cells. 

 

Variation in the phenotype of mast cells during the course of individual biological 

responses or at different anatomical sites has been called mast cell ‘heterogeneity’ 

(Galli et al., 2008; Beaven, 2009).  The capacity of the mast cell lineage to 

generate individual populations that exhibit various functional properties, mediator 

content and/or other aspects of phenotype may contribute to their multifunctional 

capability in immunological and pathological responses.  

 

In mouse, there are two main mast cell subtypes, connective tissue mast cells that 

are found in the intestinal submucosa, peritoneum, eye and skin and mucosal mast 

cells that are associated with the epithelium of the lung and gastrointestinal tract.  

Intestinal mucosal mast cells express the chymases, mouse Mast Cell Protease 

(mMCP)-1 and mMCP-2, while, connective tissue mast cells are characterised by 

expression of chymase, mMCP-4, an elastinolytic enzyme, mMCP-5, and two 

tryptases, mMCP-6 and mMCP-7 (Miller et al., 2002). Whist in humans there are 

two main mast cell subtypes, those containing tryptase alone and those containing 

chymase and tryptase (Pejler et al., 2010). 
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Figure 1. Mast cell development and tissue distribution. Changes in 
chemokine receptor expression and cytokines involved during mast cell 
development, from bone-marrow derived mast cell progenitors to tissue resident 
mature mast cells. This figure was adapted from Ono et al., 2003.  
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1.1.2 Mast cell activation and mediator release 

 

Mast cell activation in response to both exogenous and endogenous stimuli occurs 

through distinct receptors. The kinetics, amounts and/or profile of mediators 

released is determined by the nature of the activating stimulus and is under the 

influence of the local environment in which activation takes place.   

 

The most studied mechanism of mast cell activation is through the high affinity IgE 

receptor, FcεRI. The binding of multivalent allergen to IgE-FcεRI complex triggers 

mast cell activation, and initiates classic mast cell- mediated allergic reactions, 

which will be further discussed in section 1.1.3.2. IgE-dependent activation of mast 

cells results in their release of 1) preformed mediators that are stored in the cells 

cytoplasmic granules, including histamine, proteases chymase and tryptase, 

cytokines and proteoglycans (PGN) and 2) growth factors, cytokines and 

chemokines (Segal et al., 1977; Gordon et al., 1991; Okayama et al., 2001). In 

contrast, mast cells also secrete newly synthesised lipid mediators that are the 

products of endogenous arachidonic acid metabolism, such as prostaglandin D2 

(PGD2), leukotriene (LT)-B4, platelet- activating factor (PAF), LTC4 (Roberts et al., 

1979; Lewis et al., 1982) and a diverse range of cytokines and chemokines 

(Bissonnette et al., 1997; Okayama et al., 2003). In 1989 Wodnar-Filipowicz and 

Plaut along with co-workers demonstrated that stimulated mast cells synthesized 

and released IL-3, IL-4, IL-5, IL-6 and granulocyte-macrophage colony-stimulating 

factor, (GM-CSF) (Plaut et al., 1989; Wodnar-Filipowicz et al., 1989). Thereafter in 

1990, Gordon and Galli reported that mast cells were a biologically significant 

source of both pre-formed and antigen-inducible tumor necrosis factor (TNF)-α 

(Gordon and Galli, 1990).  

 

The diversity of these biologically active mediators allows the mast cell to 

participate in a wide variety of biological functions, thereby mediating pro-

inflammatory, anti-inflammatory and immunoregulatory effects (Table 1).  

Preformed mediators including histamine and serotinin, increase vascular 

permeability and smooth muscle contraction, while proteases such as tryptase 

and/or chymase induce bronchial mucus secretion, degradation of blood vessel 

basement membrane, degradation of microbial structures and generation of 

complement pathway products. Newly synthesised lipid mediators induce 

vasodilation, increase vascular permeability, bronchoconstriction of the lungs and 

mucus secretion. In addition, newly synthesized cytokines and chemokines 
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promote proliferation of mast cells, recruitment of other immune cells and hence 

promotion of inflammation. 

 

Although FcεRI-IgE dependent mast cell activation is well characterized, it is only 

one of several potential mechanisms that can initiate mast cell effector function. 

Mast cells can be activated by: complement components (Wojta et al., 2002) 

through complement receptors, microbes (Supajatura et al., 2001) through Toll-like 

receptors (TLRs), IgG, and chemokines through chemokine receptors.  

 

The inititial recognition of pathogens is mediated by pattern recognition receptors 

(PRR), which include TLRs. TLRs are present on many immune cells, including 

mast cells (Haidl et al., 2010; Franchi et al., 2008), and are a family of cytosolic and 

cell-surface receptors that collectively recognize pathogen associated molecular 

patterns (PAMPs) (Applequist et al., 2002), and provide a critical link between 

innate and adaptive immunity.  Human and mouse mast cells have been shown to 

express TLR 1-7 and TLR9 under defined conditions (Supajatura et al., 2002; 

Varadaradjalou et al., 2003), and specific TLR stimulation by various pathogens 

induces different mast cell responses. Each of these recognition receptors 

recognize a distinct category of microbial products such as PGN via TLR2 (Kochan 

et al., 2012), double stranded ribonucleic acid (dsRNA) by TLR3 (Kulka et al., 

2004), lipopolysaccharide (LPS) by TLR4 (Tsukamoto et al., 2012), and bacterial 

deoxyribonucleic acid (DNA) by TLR9 (Matsushima et al., 2004). Expression of 

TLR varies among different subsets of mast cells and conditions, for example 

reports suggest mast cells derived from human cord blood lack TLR4 under certain 

culture conditions but then express functional TLR4 after stimulation with interferon 

(IFN)-γ or IL-4 (Varadaradjalou et al., 2003; Okumura et al., 2003). The interaction 

between mast cells and TLR’s during innate immunity will be further discussed in 

section 1.1.3.3. 

 

The complement pathway constitutes a significant component of innate immunity to 

various infections, comprising of more than 30 serum proteins and cell-surface 

receptors that co-ordinate host defense through opsonization, leukocyte activation, 

cell lysis, and chemotaxis. Mast cells express receptors for several complement 

products, which include complement receptor (CR) 3, CR4, and CR5, and split 

products of complement activation such as C3aR and C5aR (Metz et al., 2008). 

Complement peptides induce histamine release from mast cells and a wheal and 

flare reaction in the skin. C3a induces degranulation and production of the 
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chemokines, Regulated upon Activation, Normal T cell Expressed, and Secreted 

(RANTES) and monocyte chemotactic protein (MCP)-1 (Venkatesha et al., 2005; 

Woolhiser et al., 2004). In addition, C3a and C5a have been reported as potent 

chemoattractants for mast cells (Nilsson et al., 1996). 

 

Mast cells can be positively or negatively regulated through IgG receptors, of these 

FcγRI and FcγRIII are activating receptors and are inducible (Kirshenbaum et al., 

2003; Katz et al., 1992). 

 

Exogenous components such as wasp venom (associated with pathogens) can 

also activate mast cells. Although the mechanisms are not completely elucidated, 

certain venom components may directly activate trimeric G proteins and other 

signalling molecules (Ferry et al., 2002; Chahdi et al., 2004). 

 

Parasitic infections are often associated with elevated levels of IgE (parasite-

specific or non-specific), mast cell activation and increased mast cell numbers, 

strongly indicating mast cell participation in host response to parasite infection 

(Anthony et al., 2007). Mast cell activation upon subsequent exposure to the 

parasite itself or parasite antigen leads to the release of an array of pro-

inflammatory mediators as well as cytokines, which augment the adaptive response 

(Knight et al., 2000; Gurish et al., 2004; Watanabe et al., 2009; Hepworth et al., 

2012). 
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Table 1. The effects of mediators released by activated mast cells 

 

Mediator  Function 

 
Stored preformed in 
cytoplasmic 
granules 

 
Histamine 
 
 
 
Enzymes- tryptase, 
chymase, cathepsin 
G, carboxypeptidase 
 

 
Promotes smooth muscle 
contraction. Increases vascular 
permeability 
 
Degrade microbial structures. 
Tissue remodelling and damage 

 
Lipid mediators 
synthesized on 
activation 

 
Prostoglandin D2 
 
Leukotriene C4,  
 
 
 
Platelet-activating 
factor 

 
Vasodialation,bronchoconstriction 
 
Prolonged bronchoconstriction, 
mucus secretion, increased 
vascular permeability 
 
Bronchoconstriction,chemotaxis 
and activation of leukocytes.  
Increased vascular permeability  
 

 
Cytokines, 
chemokines and 
growth factors 
produced on 
activation 

 
IL-3, SCF 
 
TNF-a, Mip-1α 
 
IL-4 and IL-13 
 
IL-5 
 
 

 
Promotes mast cell proliferation 
 
Promotes inflammation.  
 
Promotes Th2 differentiation 
 
Promotes eosinophil activation 
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1.1.3 Roles of mast cells in physiology, disease and immunity  

 

The constitutive development of mast cells and their diverse effector functions likely 

evolved to serve significant homeostatic and protective functions. It is now evident 

that mast cells can enhance initiation of both innate and adaptive immune response 

to allergens as well as to foreign pathogens. Whilst for allergens these immune 

responses are pro-inflammatory, in contrast for pathogens these immune 

responses are protective. The following sections discuss the multi-faceted roles of 

mast cells. 

 

1.1.3.1 Mast cells in physiology 

 

Mast cells exist in many different tissues not only to act as immune surveillance 

cells to detect and respond to pathogens but also to maintain physiological 

homeostasis. 

 

Mast cells are important in the homeostasis of organs that undergo remodeling and 

continuous growth such as bones and hair follicles. Mast cell-derived TNF-α is 

implicated in deterioration of hair follicles and regulating growth between periods of 

hair growth and rest (Maurer et al., 2003). In addition, mast cells also contribute to 

bone remodeling. It has been suggested that mast cell mediators, transforming 

growth factor (TGF)-β, IL-6, IL-1 and histamine could manipulate osteoclast 

development and recruitment (Silberstein et al., 1991; Nagasaka et al., 2008). 

Homeostasis can also be maintained by mast cells by degrading toxins such as 

endothelin-1 (ET-1), a potent vasoconstrictor. Mast cells are activated by ET-1, 

releasing proteases, which degrade this protein, therefore promoting survival in 

mice during bacterial peritonitis (Maurer, et al., 2004). In the gut, mast cells and 

neurons work co-operatively to maintain homeostasis by regulating secretory 

activity of mucus, vascular permeability ion transport, epithelial cells, and intestinal 

motility (Van et al., 2007). 

 

Mast cells are thought to be critical for the maintenance of tissue integrity and 

function. Mast cells synthesise several different growth factors including vascular 

endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), fibroblast 

growth factor (FGF)-2, which are involved in proliferation of fibroblasts and 

epithelial cells (Abe et al., 2000). 
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Mast cells localise near nerve endings in many different tissues, such the central 

nervous system, skin, lungs and intestinal mucosa. Mediators released from mast 

cells, for example histamine, tryptase and serotonin can regulate neuronal activity 

(Welle, 1997). The interaction between mast cells and neurons may also lead to 

immunosuppression demonstrated by the observation that upon UV irradiation 

mast cells migrate to lymph nodes and secrete increased levels of IL-10, a potent 

anti-inflammatory cytokine, avoidance of which abrogates the induction of 

immunosuppression (Byrne et al., 2008). 

 

1.1.3.2 Mast cells in disease: allergy and the allergic cascade 

 

Although mast cells have been implicated in several disease types such as: 

autoimmune diseases, heart disease, cancer and allograft rejection, for the 

purpose of this thesis the following sections will discuss allergy, the allergic 

cascade and the role of mast cells during the allergic response. 

 

In 1906, Clemens von Pirquet coined the term ‘allergy’.  It has been suggested that 

allergies are the result of a hypersensitive immune system reacting inappropriately 

to normal innocuous substances (allergens), which the immune system 

misidentifies as harmful. For an adaptive immune response, a normal host 

response to antigen presentation brings forth a mixed humoral and cellular 

response. In general intracellular pathogens including viruses, fungi and 

mycobacteria incite a cell-mediated response while extracellular pathogens like 

bacteria elicit primarily a humoral response. The equilibrium between humoral 

versus cellular responses to antigen challenge is maintained by a specific cytokine 

profile derived from T cells, which will be discussed in further detail later in this 

section. 

 

There are two types of allergen: the first being any non-infectious, environmental 

substance that can generate IgE production, thereby sensitizing the individual, so 

that subsequent re-exposure to that specific substance induces an allergic 

response; these include: grass, tree pollen, sheddings from animal skin and fur and 

certain foods; the second type is a non-infectious environmental substance that can 

generate an adaptive immune response, but occurs independently of IgE, for 

example allergic dermatitis.  
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The allergic response consists of two components, the early phase and late phase. 

The early phase, in which a single allergen exposure produces an acute reaction 

often known as type 1 immediate hypersensitivity reaction contributes to the 

development of the late phase. This typically occurs within minutes of allergen 

exposure. A further six to 24 hours later, a second round of symptoms, known as 

the late phase response, develops from the recruitment and activation of 

eosinophils, basophils and persistent mediator production by resident mast cells 

and resident or recruited T cells that recognise allergen derived peptides. The 

clinical symptoms, which manifest as consequence of mast cell activation range 

from itching, oedema and wheezing to more severe or fatal consequences 

associated with vascular collapse and systemic anaphylaxis. 

 

The mechanisms driving allergic disease, involve both innate and adaptive 

responses. Allergens are processed and presented in Major Histocompatibility 

Complex (MHC) class II peptide complexes to naïve CD4+ T helper (Th) cells by 

activated and mature dendritic cells. In 1986, Mosmann and co-workers showed 

the existence of two subtypes of mouse Th cells, Th1 and Th2, differing in cytokine 

secretion patterns and functions. However, in contrast to murine studies, polarised 

Th cytokine patterns are seldom apparent in human tissues. Studies have 

demonstrated that human Th1 cells produce IFN-γ and TNF-β, but not IL-4 and IL-

5, whilst Th2 cells do not produce IFN-γ, but primarily produce IL-4, IL-5, IL-9 and 

IL-13, and more recently, several new subtypes of Th cells have been identified, 

namely: Th9 cells, predominantly secreting IL-9; Th17 cells, predominantly 

secreting IL-17; Th22 cells predominantly sereting IL-22 and regulatory T cells 

(Tregs) predominantly secreting IL-10 (Manetti et al., 1993; Park et al., 2005; 

Veldhoen et al., 2008; Rubtsov et al., 2008; Dardalhon et al., 2008; Eyerich et al., 

2009). 

 

The development of allergic immunity is largely mediated by Th2 cells and their 

associated cytokine profiles. However, recent investigations have identified other 

Th subtypes namely Th9, Th17, Th22 and Tregs each with their own distinct 

cytokine profile involved in Th2 responses.  

 

Although IFN-γ is the signature cytokine produced by Th1 cells, Th1 polarization 

and IFN-γ production were initially considered protective responses to allergic 

disorders, based on IFN-γ suppression of many Th2/IL-4 mediated effects. 
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However, this paradigm in allergic disorders has been challenged by data showing 

that immune responses to allergen include mixed Th1 and Th2 cells (Dahl et al., 

2004; Woodfolk et al., 2006; Yang et al., 2010). 

 

IL-4, the most established determinant driving Th2 differentiation (Seder et al., 

1992) induces class switching of B cell Ig production towards IgE. Antigen-specific 

IgE subsequently primes effector cells, basophils and mast cells, which rapidly 

degranulate upon re-encounter with the allergen. IL-4 activates signal transducer 

and activator of transcription (STAT)-6, which in turn promotes expression of GATA 

binding protein 3 (GATA3), the master regulator of Th2 cells. In addition, mast 

cells, basophils, nuocytes and invariant natural killer (iNKT) cells are capable of 

robust IL-4 secretion (Bilenki et al., 2004; Akbari et al., 2006; Neill et al., 2010). Th2 

cells produce IL-5, which stimulates the differentiation of eosinophils, which play 

important roles in killing helminths and other parasites, whereas IL-13 and IL-4 

together stimulate excessive production of mucus and contraction of smooth 

muscle, which helps in expulsion of helminths from the lung and gut (Kool et al., 

2012).  

 

Th9 T cells, a proposed subfamily of Th2 cells, are characterized by the major 

production of IL-9 and relatively little IL-4, which result from the concomitant 

presence of TGF-β and IL-4 (Veldhoen et al., 2008; Dardalhon et al., 2008). IL-9 

supports Th2 cell differentiation, survival, and cytokine production. It promotes 

recruitment of Th2 cells in part through enhancing their expression of chemokine 

receptor (CCR)-4. The transgenic IL-9 lung model is also associated with elevated 

Th2 cytokine expression, bronchial hyper-reactivity, and hyper-secretion of mucus 

(Temann et al., 2002). IL-9 was initially described as a mast cell growth factor 

(Hultner et al., 1990), contributing to mast cell–mediated allergic responses through 

its ability to stimulate FcεRI expression, protease production and mast cell 

recruitment (Temann et al., 2002). In addition, IL-9 co-operates with IL-4 to 

enhance the production of IgE and increases expression of IL-5 receptors and 

thereby interacts with IL-5 to enhance the production of eosinophils (McLane et al., 

1998). 

 

Another CD4+ T cell subset, Th17 cells secrete IL-17, which induces expression of 

a variety of cytokines and chemokines including IL-6, IL-8, IL-11 and TGF-β, all of 

which are important to both fibroblast activation and neutrophil recruitment. IL-17 
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family members are expressed in asthma (Molet et al., 2001). In asthma the 

tendency to induce neutrophil migration, and not eosinophil migration suggests that 

IL-17 plays a role in asthma, in which the accumulation of neutrophils is 

characteristic of this phenotype. Hyper-IgE syndrome in humans is characterized 

by a genetically determined deficiency in Th17 cell differentiation (Milner et al., 

2008). The mechanisms underlying Th17 differentiation in humans are not fully 

elucidated. However, in mice, IL-6 in the presence of TGF-β, is the most important 

cytokine responsible for Th17 cell differentiation (Iwakura et al., 2006). 

 

Th22 cells are characterized by their major production of IL-22. Th22 polarisation is 

determined by IL-6 and TNF-α, typically being produced by epithelial cells or 

keratinocytes (Duhen et al., 2009). Notably, Crohn’s disease, psoriasis and 

rheumatoid arthritis all demonstrate elevated levels of IL-22 that correlate with 

disease severity (Ikeuchi et al., 2005; Wolk et al., 2007; Duhen et al., 2009). 

 

Unlike other Th cell subsets in which T cell receptor (TCR) engagement under 

appropriate co-stimulation conditions leads to activation and proliferation, Treg cells 

proliferate poorly in response to TCR stimulation; instead, they suppress the 

proliferation of other T cells (orchestrated by forkhead box P3 (Foxp3) expression) 

or by IL-10 secretion (Itoh et al., 1999; Baecher-Allan et al., 2001; Campbell et al., 

2007). In this light, Tregs are therefore regarded as essential players for 

modulating allergic inflammation (Woodfolk et al., 2006; Xystrakis et al., 2006), 

preventing autoimmune disease (Sakaguchi et al., 1995) and controlling chronic 

inflammatory disease (Coombes et al., 2005). The proposed mechanisms of Treg-

mediated suppression have been studied and include cell contact and TGF-β, IL-10 

and IL-35 dependent mechanisms (Shevach, 2009; Apostolou et al., 2008).  

 

The allergic response consists of sensitization of mast cells and the generation of a 

specific immune response towards the allergen. The following events occur during 

sensitization: 1) priming of allergen-specific CD4+ Th2 cells and 2) production of IL-

4 and IL-13 (Th2 cytokines) and hence induction of IgE (Figure 2). In brief, in the 

presence of IL-4, CD4+ Th cells differentiate into Th2 cells producing IL-4 and IL-

13. Thereafter, these cytokines cause B cells (in the presence of co-stimulatory 

molecules) to undergo Ig class switch recombination, whereby the gene segments, 

which encode the heavy chain are reorganized so as to produce IgE. Thereafter, 

IgE diffuses locally entering the lymphatic vessels and subsequently enters the 
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blood circulation binding to mast cells. Binding of IgE to FcεRI on the mast cell 

surface sensitizes the cell, hence, upon subsequent exposure to antigen the mast 

cell is activated, promoting release of pro-inflammatory mediators, which cause the 

acute symptoms of an allergic response, previously discussed in section 1.1.2 and 

Table 1 (Roitt et al., 2011).  

 

Reports have demonstrated the potential role for mast cells in allergen 

sensitisation. Using a mouse model of asthma, intranasal administration of low 

doses of antigen and LPS resulted in increased eosinophil numbers in the lung 

upon antigen re-challenge, compared to mice that were sensitised with antigen 

alone or sensitised with antigen and increased doses of LPS (Eisenbarth et al., 

2002; Nigo et al., 2006). In addition, once allergen sensitisation has taken place, it 

is possible that mast cells expressing allergen-specific IgE may further promote the 

allergic response by acting as antigen presenting cells, to further amplify allergen-

specific Th2 proliferation. 

 

As previously described, mast cells synthesise and secrete a diverse range of pro-

inflammatory cytokines, including IL-4, IL-5 and IL-13, which regulate both the 

development of eosinophilic inflammation and IgE synthesis, and profibrogenic 

cytokines, including TGF-β and FGF-2 (Yu et al., 2006). In addition, activated mast 

cell products may also inhibit the pathology of allergic inflammation as 

demonstrated in MCP-4 deficient mice that displayed increased airway 

inflammation and airway hyper-responsiveness in response to methacholine 

(Waern et al., 2009). 

 

Mast cells express the IL-33 receptor (Moritz et al., 1998), and secrete IL-33 

following IgE/antigen activation (Hsu et al., 2010). Pushparaj and co-workers 

(2009) demonstrated that systemic administration of the IL-33 increases IgE-

mediated anaphylactic shock in a mast cell dependent manner. These findings 

indicate that the IL-33 signalling pathway may be important for the regulation of 

IgE-dependent inflammation in mast cells. 
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Figure 2. Differentiation of naïve CD4+ T cells into Th 2 cells, IgE 
production and sensitisation of mast cells. Allergens can be sampled by 
dendritic cells (DC) and can enter tissues through disrupted epithelium. DC then 
present peptides in the context of the major histocompatiability complex (MHC) 
to naïve T cells. Naïve T cells, in the presence of IL-4 acquire the 
characteristics of T helper 2 cells, producing IL-4 and IL-13. In the presence of 
these cytokines and ligation of co-stimulatory molecules, B cells produce IgE, 
which diffuses locally and enters the lymphatic system. IgE enters the blood 
and is then distributed systemically. After gaining access to the interstitial fluid 
IgE binds to FceR1 on tissue resident mast cells, thereby sensitising them to 
respond when the host is re-exposed to the allergen. This figure was adapted 
from Galli et al, 2008. 
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1.1.3.3 Mast cells in innate and acquired immunity 

 

Although the role of mast cells in orchestrating many of the pathological sequelae 

of allergy is well established, it is also recognised that mast cells can enhance 

initiation of both innate and adaptive immune responses to foreign pathogens as 

well as to allergens, during coexposure to bacteria or its products. 

 

Mast cells have come to the forefront as activators of innate immune defenses 

against pathogens. As mast cells are strategically located at many sites of initial 

antigen entry such as the skin, eye, lung, and gastrointestinal tract, they are ideally 

positioned to be first responder cells during microbial attack, making them capable 

immune surveillance cells of innate immunity, thereby participating in protective 

immune responses. To function as immune surveillance cells during innate 

immunity, mast cells have developed three mechanisms of pathogen recognition: 

1) direct binding of pathogens or their components by PAMP receptors located on 

the mast cell surface. As previously discussed, one class of PAMP receptors are 

TLRs, 2) binding of complement coated bacteria or antibody, by complement 

receptors or immunoglobulin receptors respectively, or 3) recognition of 

endogenous peptides produced by injured host cells. 

 

Activated human mast cells expressing TLR2 or TLR4 release TNF-α, IL-5, IL-6 IL-

10 and IL-13, which mediate the recruitment of phagocytic as well as other immune 

cells such as neutrophils and eosinophils to sites of infection (Varadaradjalou et al., 

2003). The influx of these immune cells are crucial to eliminate and control invading 

pathogens, as displayed by mast cell deficient mice which have decreased survival 

due to impaired innate host immune responses (Echtenacher et al., 1996; Malaviya 

et al., 1996; Thakurdas et al., 2007; Ketavarapu et al., 2008; Piliponsky et al., 

2010).  

 

In addition, mast cells can also directly destroy opsonised bacteria, those which 

have been coated with complement proteins or IgG antibody. Thereafter, bacteria 

is endocytosed through an endosome lyosome pathway and killed via oxidative and 

non-oxidative pathways (von Kockritz-Blickwede et al., 2009). Mast cells can also 

contribute to host defence against bacteria by proteolytic degradation of 

endogenous mediators such as endothelin-1 (Maurer et al., 2004) and neurotensin 

(Piliponsky et al., 2008), which would otherwise be upregulated to toxic levels.  
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The role of mast cells and TLRs in viral infections is still being elucidated. One 

study has shown TLR3 activation by dsRNA from viruses in human cultured mast 

cells   induces production of type I IFNs (Kulka et al., 2004). Any synergistic effect 

of TLR3 activation by viruses in the prescence of FcɛRI activation by allergens on 

mast cell cytokine production remains to be examined. 

 

In addition to activating the innate immune system during infection, mast cells can 

have profound effects on two central cells of adaptive immunity, T cells and 

dendritic cells. 

 

Immature dendritic cells can process antigens but due to low expression of MHC II 

and costimulatory molecules, such as CD80 and CD86 are unable to act as antigen 

presenting cells. In addition, they are unable to migrate to peripheral lymph nodes 

where significant interactions with T cells occur (Galli et al., 2005). Studies have 

shown that mast cells degranulate at sites of infection releasing prestored TNF-α, 

which has been demonstrated to increase dendritic cell expression of CCR7, which 

responds to chemokines, macrophage inflammatory protein (Mip)-3-β and 6Ckine, 

which are critical for dendritic cell homing to lymph nodes (Sozanni et al., 1998; 

Yamazaki et al., 1998; McLachlan et al., 2003). In addition, TNFα also induces 

maturation of dendritic cells, allowing dendritic cells to express antigen in 

association with MHC II and costimulatory molecules, thereby becoming an antigen 

presenting cell for T cells (Ritter et al., 2003).  

 

Under certain conditions mast cells have been shown to express MHC class I and 

II, and along with co-stimulatory molecules are capable of directly activating T cells 

by functioning as antigen presenting cells (Malaviya et al., 1996; Kambayashi et al., 

2009). Expression of bacterial antigens in association with MHC Class I by murine 

BMMCs is a likely basis for the induction of CD8 T cell responses to pathogens 

endocytosed by mast cells (Malaviya et al., 1996). One group recently 

demonstrated that MHC class II expressing murine BMMCs were poor stimulators 

of naïve CD4 T cells, however, they were able to restimulate previously activated 

CD4 T cells (Kambayashi et al., 2009). Nakano and co-workers (2009) 

demonstrated on the surface of murine BMMCs that Notch signaling induced 

expression of MHC class II and OX40L, a key costimulatory molecule. These 

BMMCs were able to promote proliferation of naïve CD4+ T cells into Th2 cells in 

vitro. Further studies are needed to validate if human mast cells are able to express 
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MHC II and how MHC class II expressing mast cells influence T cell activation in 

vivo. 

 

Mast cells greatly influence the type of adaptive immune response made to a 

pathogen through their modulation of T cell responses. Activated mast cells release 

Th2 polarizing cytokines such as IL4, IL10, and IL13, which can induce stimulated 

naïve CD4+ T cells to differentiate into Th2 cells when activated in the lymph node. 

These Th2 cells induce humoral immune responses to pathogens by producing 

cytokines that stimulate B cell production of antibody (McLachlan et al., 2008; 

Stelekati et al 2009).  

 

In addition, mast cells can also increase proliferation of suboptimally activated T 

cells, in which T cells are already exposed to antigen but at suboptimal 

concentrations through FcεRI dependent and independent pathways (Nakae et al., 

2005). 

 

1.1.4 Experimental models for studying mast cell function and signaling 

 

The study of mast cell signaling events, which is fundamental for understanding 

their role in disease processes such as allergy, is also vital for the generation of 

effective novel therapies for immune-mediated diseases. Techniques for generating 

primary cultures of murine mast cells from bone marrow progenitor cells are 

available, whilst similar approaches have been established for humans using 

peripheral blood or cord blood as a progenitor source (Jamur et al, 2010; McAlpine 

et al., 2012; Hoffmann et al., 2012). However, all of these tools to study mast cell 

function are limited by the fact that mast cell maturation cannot be fully achieved by 

the various mast cell culture protocols, as indicated by functional studies. To 

overcome such limitations, primary cultures of human tissue mast cells are 

desirable, in which human mast cells can be isolated from tissue (skin, lung or 

intestine) and purified by complicated selection means; however, a disadvantage of 

this method is the availability of fresh human tissue and the limited yield of purified 

mast cells. In addition to primary cultures of mast cells, transformed mast cell lines 

have also been used to study mast function, these are:  human mast cell (HMC)-1, 

rat basophilic leukemia (RBL-2H3) and laboratory of allergic disease (LAD)-1 and 2 

(Alexandrakis et al., 2003; Castellani et al., 2009; Hewson et al., 2011). LAD mast 

cells require SCF for survival and hence might be more appropriate as a human 

mast cell model. Despite the fact that the RBL- 2H3 cell line is derived from 



 20 

basophils, it is widely used in allergy research since it is a histamine releasing cell 

line. Although, it has been acknowledged that signaling events in these RBL-2H3 

cells may not accurately reflect the signaling events of mature human mast cells, a 

vast amount of information has been acquired about signaling processes and 

mediator release with these cells (Anfossi et al., 2003; Naveen et al., 2005; 

Sanderson et al., 2010; Chung et al., 2012).  

 

1.1.4.1 FcεR1 -mediated signaling in mast cells   

 

Rapid advances over the past several years reveal antigen – dependent mast cell 

activation is orchestrated by a series of complex intracellular signaling processes, 

which are continually evolving. Moreover, these findings also reveal new areas of 

investigation for therapeutic strategy in disease. 

 

 
1.1.4.2 The FcεR1 receptor and IgE binding 

 

The high affinity IgE receptor, FcεR1, exists in two forms and can be expressed as 

a trimer or tetramer consisting of an IgE-binding α-chain, a membrane 

tetraspanning β-chain that is absent in the trimeric receptor and a di-sulphide-linked 

homodimer of γ-chains (Nadler et al., 2000) (Figure 3). While the trimeric form can 

be expressed on a variety of immune cells such as eosinophils, monocytes and 

Langherhan cells, the tetramer is primarily expressed on mast cells and basophils, 

suggesting that the absence of the β-chain in the trimeric receptor is not required 

for efficient FcεR1 signaling and function.  

 

The β and γ chains each contain immunoreceptor tyrosine-based activation motifs 

(ITAMS). ITAMS, a structural motif that contain tyrosine residues and is found in 

the cytoplasmic tail of several signalling molecules. The tryrosine residues are a 

target for phosphorylation by protein tyrosine kinases (PTK) of the Src family and 

subsequently, for the binding of proteins that contain Src-homology-2-domains 

(SH2 domains). 
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Figure 3. The FcεR1 receptor. 

The FcεR1 receptor is expressed on resident mature mast cells and consists of a 

single extracellular α chain, a single β chain which passes through the membrane 

four times and a homodimer of two disulphide linked γ chains.  
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The FcεR1 receptor can bind to IgE in the absence of antigen with very high affinity 

(affinity constant of 1010M (Kulczycki and Metzger, 1974) compared to FcγR for IgG 

binding (affinity constant of 108M (Unkeless and Eisen, 1975). It has been 

considered that IgE binding therefore provides a form of passive sensitisation prior 

to subsequent antigen cross-linking. Interestingly, studies have shown that IgE 

alone can actively promote cytokine production, increased expression of cell 

surface FcεR1 and mast cell survival (Asai et al., 2001; Kalensnikoff et al., 2001; 

Matsuda et al., 2005). 

  

IgE-FcεR1 receptor complexes are distributed in a random order, however in the 

first 30-60 seconds after exposure to multi-valent antigen the complexes 

redistribute into chain-like aggregates, as demonstrated by electron microscopy 

(Menon et al., 1986; Seagrave et al., 1991), that are eventually internalised within 

6-10 minutes.  Ishizaka and co-workers demonstrated that bivalent antibodies to 

FcεR1 caused degranulation in the absence of IgE implicating the aggregation of 

FcεR1 as the exocytotic trigger. Maximal histamine release is obtained when 10% 

of the receptors are aggregated. 

 

1.1.4.3 General outline of mast cell FcεR1 signaling 

 

Stimulation of FcεR1 by IgE with antigen results in aggregation of the receptor on 

the mast cell membrane, which initiates a series of phosphorylation and 

dephosphorylation events that are required for early transduction events (Figure 4). 

It is important to bear in mind that variations of mast cell FcεR1   signaling are likely 

to exist, and this can be further complicated by the existence of mast cell 

heterogeneity. 

 

The following section describes a general outline of FcεR1 mediated signaling in 

mast cells. FcεR1 receptor lacks intrinsic tyrosine kinase activity, and must 

therefore associate with the PTK, Lyn (Eiseman and Bolen, 1992). FcεR1 

engagement activates Lyn and Fyn, by an undefined mechanism (Colgan et al., 

2010). Lyn is key for the subsequent phosphorylation of the tyrosine residues in the 

β and γ subunits of FcεR1.  The phosphorylated tyrosine residues within FcεR1 

subsequently act as docking sites for another PTK, spleen tyrosine kinase (Syk), 

which binds via its SH2 domains to the γ subnunit of FcεR1. Once activated, Syk is 

able to phosphorylate and activate several cytosolic adapter molecules, which 
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include linker for activation of T cells (LAT) and Grb2-associated binder 2 (Gab2) 

(Rivera, 2002; Iwaki et al., 2005). Adapter molecules are those that have one or 

more binding motifs and/or tyrosine residues that can be phosphorylated by Syk 

and ζ-chain-associated protein kinase of 70kDa (ZAP70). They function as 

components of a molecular scaffold that organize activated receptor signaling 

complexes. Adapter molecules bind a variety of signaling proteins such as lipases 

which include phospholipase C (PLC)-γ; phosphatases, SH2 domain-containing 

inositol phosphatase (SHIP)-1 and -2 and protein and lipid kinases, Lyn, Fyn, 

Bruton’s tyrosine kinase (Btk): phosphoinositide 3-kinase (PI3K); and mitogen-

activated protein kinase (MAPK) which result in the activation of signaling pathways 

which eventually lead to mast cell degranulation and de novo synthesis of 

inflammatory mediators, chemokines and cytokines (Kawakami and Galli, 2002). 

 

A significant signaling enzyme recruited to phosphorylated LAT is PLCγ. PLCγ 

activation is essential for inducing the calcium signal required for antigen –

mediated mast cell activation. PLCγ hydrolyses phosphotidylinositol 4,5-

biphosphate (PI(4,5)P2) to generate diacylglycerol (DAG) and inositol -1,4,5 

triphosphate (IP3). DAG, which activates various protein kinase C (PKC) isoforms, 

which play major roles in the regulation of mast cell activation. The binding of IP3 to 

its receptor, IP3R, in the endoplasmic reticulum (ER) rapidly induces calcium 

release from the ER stores into the cytosol. This release of intracellular calcium 

stores leads to an influx through store-operated calcium channels, resulting in a 

prolongation of the calcium signal (Hoth et al., 1992). Recent studies have 

identified the molecular sensor for store emptying on the ER membrane as stromal 

interaction molecule 1 (STIM-1)(Roos et al., 2005). Collectively, these signals lead 

to mast cell degranulation and eicosanoid generation and contribute to the 

activation of transcription factors required for cytokine and chemokine production 

(Metcalfe et al., 2009). As described above, the sequence of events that leads from 

LAT to mast cell degranulation has been clearly defined, although, the sequence of 

events leading from LAT to cytokine production still remains unclear. The signaling 

pathways that lead to cytokine gene expression require guanine exchange factors 

(GEFs), Vav (Manetz et al., 2001) and son of sevenless (Sos)  (Jabril-Cuenod et 

al., 1996) to convert RAS from the inactive state to the active state. Activated RAS 

positively regulates the RAF-dependent pathway that leads to phosphorylation and 

activation of MAPKs, extracellular-signal-regulated kinase (ERK)-1 and ERK2. 

Other MAPKs, p38 and JUN amino-terminal kinase (JNK) are similarly activated in 
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a LAT-dependent manner, but the mechanisms responsible are yet to be 

elucidated. Together, ERK1, ERK2, JNK and p38 activate transcription factors 

which include activator protein 1(AP1), nuclear factor of kappa light chain gene 

enhancer in B cells (NF-κB) and nuclear factor of activated T cells (NFAT) 

(Marquardt and Walker, 2000; Pelletier et al., 1998) which ultimately result in 

cytokine generation. 

 

In addition to Lyn, another Src-family kinase Fyn, was also required for 

degranulation and cytokine production in mast cells (Parravicini et al., 2002). The 

Fyn-dependent pathway did not require LAT and did not lead to PLCγ activation, 

but instead, led to the activation of PI3K. PI3Ks are a family of enzymes which 

regulate multiple processes within mast cells, which include, the maintenance of 

LAT/PLCγ-regulated degranulation, chemokine production, mast cell proliferation, 

differentiation and survival (Kim et al., 2008).    PI3K is activated after binding the 

adaptor protein Gab2, on phosphorylation by Fyn, Syk, or both. Class 1 PI3Ks can 

phosphorylate PI(4,5)P2 in the plasma membrane to generate phosphotidylinositol 

3,4,5-triphosphate  (PI(3,4,5)P3).  

 

PI(3,4,5)P3 is a well recognised regulator of mast cell effector functions (Rivera et 

al., 2008) and moreover, controls the activity and subcellular localisation of a 

diverse range of signal transduction molecules namely AKT, Btk and 

phosphoinositide-dependent kinase 1 (PDK1) (Cantrel, 2001; Fruman and Cantley, 

2002). Once Btk has been membrane targeted by PI(3,4,5)P3, it phosphorylates 

and activates PLCγ. Initial release of calcium from the ER and a Btk sustained 

calcium influx promotes degranulation, and the release of granule-associated 

products. Recent studies have suggested that increased or decreased PI(3,4,5)P3 

levels in mast cells is associated with upregulated or downregulated mast cell 

responsiveness (Ali et al., 2004; Furumoto et al., 2006; Odom et al., 2004), which, 

in most cases, similarly affects calcium responses. The mechanisms by which 

PI(3,4,5)P3 levels might affect calcium responses are not fully understood but it is 

known that proteins such as PLCγ that regulate calcium also require PI(3,4,5) P3 

for their translocation and function.  
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1.1.4.4 TRB3: a regulator of cell signaling 

 

Tribbles (TRB) have been described as a family of proteins with potent signaling 

regulatory functions (Figure 4). The tribbles homolog 3 (TRB3) was originally 

discovered in drosophila as a novel regulator of string in morphogenesis.  String 

plays a key role in regulating cell cycle regression beyond G2 by activating the 

cyclin-dependent kinase (cdk1).  However, during morphogenesis high levels of 

string are expressed in the gastrulating mesoderm yet the migrating cells do not 

divide.  An inhibitor to string was found and tribbles was identified as a gene that 

fits this function. Grosshans and Wieschaus showed that overexpression of TRB 

inhibits mitosis (Grosshans et al., 2000). Drosophila tribbles have been shown to 

regulate embryonic development at several stages either by regulating protein 

levels by mediating their degradation or by acting as part of a larger protein 

complex that regulates development. 

  

In humans, the homolog to the TRB3 gene is located on chromosome 20 at p13-

p12.2.  In 1999, Mayumi-Matsuda and co-workers first described TRB3 as a gene 

that is upregulated in a neuronal cell line undergoing nerve growth factor 

withdrawal induced apoptosis. Through various investigations, TRB3 has been 

identified to affect several protein regulation pathways.  TRB3 interacts with several 

transcription factors, activating transcription factor (ATF)- 4, C-homologous protein 

(CHOP) and NF-κB, has been shown to be an important regulator of glucose 

metabolism during fasting (Kiss-Toth et al., 2004; Bowers et al., 2003; Ord et al., 

2003; Ohoka et al., 2005; Du et al., 2003; Kiss-Toth et al., 2006). 

 

TRB3 is able to bind to various MAPK kinases (MAPKK), specifically ERK1 and 

MAPKK7, and the concentration of these protein complexes regulates preferential 

activation of the various MAPK pathways, presumably leading to different cellular 

responses (Hegedus et al., 2007).  It has been demonstrated that activation of 

MAPK cascades occurs in response to a wide range of stimuli, including pro-

inflammatory cytokines, growth factors, mechanical stimuli, stress and integrin-

dependent cell/matrix interactions (Li et al., 2000; Goldschmidt et al., 2001; Jones 

et al., 2001). This suggests that TRB3 may also stimulate pro-inflammatory 

cytokines to activate a MAPK response when gene expression levels are high as 

well as play an important role in the allergic response. 
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ATF4 has been shown to have several important regulatory effects including 

osteoblast differentiation in development and targeting genes such as CHOP and 

Heme oxygenase-1 (HO-1), which are involved in the regulation of apoptosis.  

TRB3 has a negative regulatory effect on ATF4-mediated gene activation, and 

because of ATF4’s relation to CHOP, it is reasonable to link the modulation of 

TRB3 expression in apoptotic cells to the co-ordination of programmed cell death 

(Hegedus et al., 2006). It has been hypothesized that the ATF4-CHOP pathway 

regulates TRB3 expression as well.  Ohoka et al. found that increasing TRB3 levels 

inhibited CHOP-mediated transcription, but also showed that the promoter 

sequence of TRB3 is regulated in an ATF4 and CHOP-mediated manner (Ohoka et 

al., 2005). This means that interactions between TRB3, CHOP, and ATF4 create a 

self-regulatory network to fine tune TRB3 expression, and in turn TRB3 mediated 

cell death.  These results corroborate another report that TRB3 expression is up-

regulated in stressful conditions through the ATF4/CHOP pathway (Ord et al., 

2005). Other studies using fibrates are in concurrence with previous data regarding 

CHOP and TRB3 expression.  Fibrates have been used in the clinical setting as a 

treatment for hyperlipidemia and atherosclerosis.  In lymphocytes, fibrates augment 

TRB3 and CHOP expression which act as mediators of cell growth, differentiation, 

proliferation, and inflammation (Selim et al., 2007; Ramji et al., 2002). 

 

NF-κB plays a key role in immune regulation and inflammation through induction of 

a large set of chemokines, cytokines, adhesion molecules, and effectors (Karin et 

al., 2002; Ghosh et al.,2002; Baldwin et al., 2001) . Some studies also suggest that 

NF-κB is involved with the transcriptional activation of genes important for 

apoptosis and cell proliferation (Wang et al., 1998; Zong et al., 1999; Micheau et 

al., 2001; Locksley et al., 2001). TNF-α is a major pro-inflammatory cytokine whose 

effects are mediated through the activation of NF-κB.  The signaling pathway that is 

responsible for TNF-induced NF-κB activation has been well studied and for the 

most part resolved.  In a study by Wu et al., the protein SINK, a protein identical to 

that produced by the gene TRB3, was found to be an NF-κB-inducible protein (Wu 

et al., 2003). Over-expression of this protein inhibited NF-κB-dependent 

transcription induced by TNF-α stimulation.  In vitro assay studies indicated that the 

TRB3 protein interacted with the NF-κB transactivator p65 and inhibited 

phosphorylation of p65, which has been shown to regulate NF-κB activation. The 

TRB3 protein has also been associated with the sensitisation of cells to apoptosis 

induced by TNF-α and its related apoptosis inducing ligand.  This mechanism 
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occurs through inhibited expression of NF-κB activated anti-apoptotic genes. 

Therefore, it is suggested that TRB3 is involved in a negative feedback control 

pathway. However, this same study suggested that while TRB3 inhibits NF-κB-

dependent transcription, it does not inhibit translocation of NF-κB and its DNA 

binding ability. These findings illustrate the first human genetic clue for TRB3 and 

its relevance to chronic inflammatory diseases. 

  

TRB3 is involved with the binding of the kinase domain of AKT, a kinase which 

plays a key role in a range of cellular functions including cell division, apoptosis, 

and cellular activation. The physiological relevance of this interaction is supported 

by findings that TRB3 expression is induced in a normal liver following fasting, and 

that TRB3 levels are significantly higher in the liver of diabetic mice than in the liver 

of wild-type mice. TRB3 may serve as a molecular target for peroxisome 

proliferator-activated receptor alpha (PPAR-α), a protein which is activated by 

fasting (Koo et al., 2004). However, the findings of these results have conflicted 

with other experiments and these discrepancies may be based on over expression 

of either TRB3 messenger RNA or proteins (Lynedjian et al., 2004). These 

inconsistencies provide evidence that the relative level of TRB3 expression 

compared with its binding partners is critical in the metabolism of glucose. It is also 

significant to note that TRB3, in amounts comparable to those of diabetic mice, 

induced glucose intolerance and hyperglycemia (Du et al., 2003). Ethanol has also 

been found as an inducer of plasma TRB3 protein levels in other studies (He Ling 

et al., 2006). Based on data from the same investigation, ethanol-fed rats show 

decreased levels of membrane associated AKT, increased plasma AKT levels, and 

elevated TRB3 in the plasma.  When RNA interference (RNAi) suppressed TRB3 

expression, more than half of insulin stimulation was restored in the presence of 

ethanol.  This suggests that over expression of TRB3 in liver increases glucose 

production and that knockdown of TRB3 by RNAi improves glucose tolerance. 

Schwarzer and collegues showed that glucose or amino acid starvation induces 

TRB3 expression that is not dependent on AKT activity (Schwarzer et al., 2005). 

This study also exemplifies that overexpressed TRB3 protects cells from starvation-

mediated apoptosis in HeLa cells. In a separate study, a polymorphism in the 

human TRB3 was shown to impact on AKT activation in HepG2 cells that are 

associated with insulin resistance and cardiovascular risk (Prudente et al., 2005). 
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Figure 4. Simplified model of Fcer1-mediated signaling events.  
Cross-linking of FcεR1 -bound IgE with bi- or multivalent antigen activates Lyn 
and Fyn. Lyn in turn phosphorylates the ITAMS in FcεR1 and activates Syk. 
Lyn, Fyn and Syk phosphorylate many adaptor molecules and enzymes, 
thereby regulating the activation of the Ras-MAPK, PLC-γ and PI3K pathways 
leading to degranulation, lipid metabolism and gene transcription of protein 
mediators. 
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1.2. Chemokines, signaling and regulation 

 

Numerous studies have demonstrated that chemokines control the activation and 

recruitment of many immune cells, including mast cells, during an allergic 

response. Mast cells are able to migrate towards a diverse range of chemokines 

through chemokine receptors expressed on the mast cell surface.  The following 

sections discuss chemokines, signaling events and regulation of these events. 

 

1.2.1 Chemokine and chemokine receptors 

 

In the 1990’s chemokine research groups raced to discover novel chemokines and 

chemokine receptors. However, two fundamental observations about T cells 

suddenly made chemokines attractive to immunologists and virologists. The first 

observation showed that several chemokines inhibit the infection of CD4+ T cells by 

human immunodeficiency virus (HIV)-1 (Cocchi et al., 1995); the second profound 

observation was that T cells can express multiple chemokine receptors and their 

expression and responsiveness is regulated after differentiation or activation 

(Loetscher et al., 1996; Sallusto et al., 1997; Sallusto et al., 1998). Thereafter, the 

chemokine field expanded immensely, and fundamental questions about the 

trafficking of leukocytes that induce inflammation were answered in very rapid 

succession.  

 

Chemokines are a super family of low molecular weight (8-17 kilo Daltons (kDa)), 

secreted proteins (Borish et al., 2003; Alcami, 2003). Accumulating evidence now 

suggests that chemokines act as more than simple chemoattractant molecules in 

inflammation, and are important regulators in development, homeostasis and 

pathophysiological processes associated with viral infections, immune responses 

(Ono et al., 2003) and the mobilization of progenitors to the bone marrow (Pitchford 

et al., 2009). Chemokines are expressed in a range of cells including resident 

tissue cells, resident and recruited leukocytes, which include mast cells, 

macrophages, monocytes and endothelial cells. 

 

Chemokines are thought to have derived from 3 ancestral genes, and members of 

the chemokine superfamily are divided into four major groups based on the number 

and spacing of conserved N-terminal cysteine residues.  The CC chemokines (or β 
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chemokines) and CXC chemokines (also known as α chemokines) have four 

cysteine residues located in closely homologous positions within their amino acid 

sequence, and are the two most extensively characterised chemokine groups. In 

the CC chemokines the first two cysteine residues are adjacent, whereas for the 

CXC chemokines the first two cysteines are separated by a single amino acid 

(designated X). A third family, the C chemokines has only two cysteine residues 

and lacks the first and third cysteine residue and contains only one chemokine, 

lymphotactin. The final chemokine family, CX3C has three amino acids separating 

the first two cysteine residues and a lectin domain, which attaches it to the cell, and 

consists of the only chemokine Fractalkine. Over 50 different chemokines have 

been discovered to date and they carry out their functions via 19 chemokine 

receptors. Although there is a limited overall sequence homology between the 

chemokines they are grouped within a family because they have a similar 3-

dimensional structure, which is composed of a monomeric fold generated by a 

floppy N-terminus, which is essential for receptor activation, a C-terminal α helix 

and 3 internal β strands (Alexander et al., 2002).  

 

Chemokines are recognised by G- protein couple receptors (GPCRs), a large 

group of receptors that bind a diverse range of molecules, including chemokines, 

complement components, neurotransmitters and bioactive amines. GPCRs are 

seven transmembrane spanning receptors, which are coupled to heterotrimeric G-

proteins. These 40 kDa receptors approximately 350 amino acids in length possess 

an extracellular domain consisting of three extracellular loops and a short N-

terminus that act together to bind the chemokine ligand. The intracellular domain of 

the receptor is composed of three loops and a short C-terminus, which act together 

to transduce the chemokine signal via a conserved DRYLAV motif in the second 

intracellular loop. The C-terminus possesses several serine and threonine 

residues, which are phosphorylated during receptor occupancy. The lack of 

movement within the lipid bilayer is provided by the presence of a disulphide bride 

between extracellular loops one and two, and a pocket generated between the N-

terminal tail and extracellular loop 3 allows for the formation of a ligand-binding 

domain. 

 

Each chemokine family associates with a reciprocal family of receptors such that to 

date there are 11 CCR, 5 CXC receptors (CXCR), 1C receptor and 1 CX3CR 

receptor. The chemokine receptor family exhibits a high degree of redundancy, with 
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ten of the chemokine receptors being able to bind two or more chemokines, 

thereby conferring an enormous versatility on the chemokine system. An example 

of this redundancy is shown by CCR1, which can bind chemokines Mip-1α, 

RANTES, MCP-2 and MCP-3. Several chemokines are also able to activate more 

than one chemokine receptor, such as RANTES, which can bind CCR1, CCR3 and 

CCR5. 

 

Chemokine receptor expression is unique to each leukocyte subtype and can vary 

according to the stage of differentiation and activation of the cell. Mast cells have 

the potential to express several chemokine receptors which include CCR1, CCR3, 

CCR4, CCR5, CXCR2 and CXCR4, but their precise receptor profiles can vary in 

response to their state of differentiation and which tissue they home and reside in 

(Ono et al., 2003). For example in BMMCs, CCR1, CCR2, CCR3, CCR4 and CCR5 

transcripts have been detected in SCF-treated cells, while mast cells isolated from 

various mouse strains suggest that CCR1, CCR2, CCR3 and CCR6 are expressed 

on activation of mast cells (Oliveira and Lukacs, 2001; Ono et al., 2003). 

 

The involvement of chemokine receptors in disease makes them ideal candidates 

for therapeutic intervention. The internalization and intracellular trafficking of 

chemokine receptors have important implications for the cellular responses elicited 

by chemokine receptors. In the absence of ligand chemokine receptors undergo a 

basal level of internalization, degradation or recycling. Ligand binding to GPCR can 

greatly enhance the internalization and hence trafficking of GPCR. Clathrin-

mediated pathway is the major pathway by which chemokine receptors are 

internalized, but some receptors may utilize caveolae-dependent internalization 

and lipid rafts routes. 

 

A major mechanism by which GPCR undergo ligand-induced internalization is 

through clathrin-mediated endocytosis (Vila-Coro et al., 1999; Venkatesan et al., 

2003). Ligand binding induces phosphorylation of Serine and Threonine residues in 

the intracellular loops and carboxyl-terminus of the chemokine receptor by G 

protein-coupled receptor kinases (GRKs) (Ferguson et al., 1998; Krupnick et al., 

1998). Phosphorylation results in 1) the uncoupling of the G protein subunits from 

the receptor and 2) receptor desensitisation in some cases. In addition, the 

phosphorylation of these residues are important for the recruitment of adaptor 

molecules that link the receptor to a lattice of clathrin that mediates receptor 

internalization. Two adaptor molecules that play important roles in chemokine 
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receptor internalization are adaptin 2 (AP-2) and β-arrestin. The involvement of 

receptors with these adaptor molecules results in recruitment of clathrin and 

formation of clathrin-coated pits which cleave off from the membrane via dynamin 

and become clathrin-coated vesicles  (Barlic et al., 1999; Droese et al., 2004; 

Orsini et al., 1999). Thereafter, the clathrin-coated vesicle is uncoated and the 

receptor-ligand complex enters the early endosomal compartment. The chemokine 

receptor can then 1) enter the perinuclear recycling compartment and traffic back to 

the plasma membrane to be re-exposed to its corresponding ligand 2) or it can 

enter the late endosomal compartment where it will be organised to the lysosomal 

compartment for degradation. 

 

1.2.2 Chemokine signaling through GPCR  

 

Chemokine receptor signaling constitutes a highly complex interplay of intracellular 

signaling events triggered by dimerisation of the chemokine receptor and the 

subsequent recruitment of Gi proteins, which upon dissociation act on a number of 

key effectors.  

 

Chemokine signal transduction was first studied using human neutrophils. The data 

suggested that IL-8 exhibited the same pattern of responses as other attractants 

such as the complement fragment C5a and N-formyl-methionyl peptides (fMLP). 

Bordetella pertussis toxin, which inactivates Gi proteins, 17-hydroxywortmannin 

(wortmannin), later found to block PI3K, and the PKC inhibitor staurosporin 

inhibited responses to IL-8 (Thelen, et al., 1988). Subsequent studies using such 

inhibitors showed that all chemokines act on the same class of receptors and 

induce a common signal transduction cascade.  

 

The effects of chemokines are mediated by GPCR, one of the largest families in 

the human genome, of which more than 800 sequences have been identified 

(Fredriksson et al., 2003). In the immune system GPCRs play a fundamental role in 

innate, adaptive and pathological responses, for example, in allergic diseases such 

as asthma characterised by chronic inflammation, chemokines secreted by lung 

resident cells e.g. bronchial epithelial cells and, maybe mast cells, recruit 

eosinophils and neutrophils (Gonzalo et al., 2007; Thomas et al., 2007). Over 60% 

of all pharmaceutical agents currently in use target GPCRs for the treatment of 

several diseases including allergic diseases such as asthma (Pierce et al., 2002).  
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The primary signal transducer used by GPCRs is the heterotrimeric G protein, 

which consists of α, β and γ subunits (Gilman 1987). In the absence of receptor 

ligand, these subunits co-exist as one complex in which the α subunit is bound to 

GDP. The α subunit consists of 4 major subfamilies, αi, αs, αq and α12/13, which 

are encoded by 20 α genes (Gutkind et al., 1998). Activation of the chemokine 

receptor by its ligand results in the dissociation of the receptor-bound heterotrimeric 

G protein into guanosine triphosphate (GTP)-bound αi subunit and βγ subunit. Each 

of these free activated subunits can now independently interact with distinct 

downstream effector molecules, inducing a diverse range of cellular responses 

(Figure 5), which include actin cytoskeletal rearrangements, cell movement and 

gene transcription (Marinissen et al., 2001; Marinissen and Gutkind, 2001). In 

addition, chemokine receptor signaling can also induce events such as mast cell 

degranulation.  

 

Gβγ is particularly important, as it activates two signaling pathways. One of these 

involves PLC and the other involves PI3K. PLC results in the generation of two 

messengers IP3 and DAG. As previously described IP3 further mobilises calcium 

from intracellular stores, which along with adenyl cyclase inhibition results in the 

calcium fluxes required for degranulation. DAG activates various isoforms of PKC, 

which activate a series of signal transduction events within the cell. PI3K is the 

other key effector activated by Gβγ (Curnock and Ward, 2003). Its activation results 

in the generation of lipid mediators which act as crucial secondary messengers for 

various downstream effectors including PKC, Rho GTPase and Ras pathways 

(Weiner et al., 2002). Chemokine ligand binding also activates the MAPK cascade, 

which activates various cytoskeletal elements.  
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Figure 5. Simplified model of GPCR-mediated signaling events. 
Chemokine binding to GPCR induces dissociation of Gβγα complex into Gα and 
Gβγ subunits. These subunits are then free to activate various downstream 
effector molecules leading to cytoskeletal re-arrangements, chemotaxis and 
degranulation.  
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Cross talk between GPCR signaling pathways, such as those for chemokine 

receptors, has been widely demonstrated (Hur and Kim, 2002). Several studies, 

which have focused on the regulation of leukocyte trafficking, have shown that 

cross talk between chemokine receptors and non-GPCRs alters chemotaxis by 

modulating chemokine expression. An example of this is described by Fan and 

Malik (2003) who describe receptor cross-talk between TLR4 and CXCR2 in 

polymorphonuclear leukocytes.  Co-stimulation of TLR4 and CXCR2 receptors with 

MCP-1 and LPS, significantly reduced chemokine receptor internalisation resulting 

in the augmentation of a migratory response. Parker et al. (2004) found that 

stimulation of TLR2 and TLR4 in human monocytes resulted in down regulation of 

CCR1 and CCR2, with CCR1 being down regulated in an autocrine manner 

through the enhanced production of Mip-1α. In mast cells, CCR3 has been shown 

to rapidly locate to the cell surface from intracellular granules upon stimulation of 

FcεR1 by IgE/antigen (Price et al., 2003). In a study on RBL-2H3 cells similar 

stimulation of FcεR1 resulted in the up-regulation of the GPCR, Sphingosine-1-

phosphate (S1P), which is required for enhanced mast cell degranulation. Hence, 

the activation of non GPCRs, such as FcεR1 and the TLRs, have clearly been 

shown to have profound effects on chemokine receptor expression, and there is 

evidence to suggest that changes in receptor expression may potentially play a role 

in the co-stimulatory effect of Mip-1α on FcεR1 -mediated degranulation in mast 

cells. 

 

1.2.3 Regulation of GPCR signaling pathways: RGS family 

 

As previously mentioned GPCRs and G-proteins orchestrate a wide variety of 

signals and their activity is finely tuned by multiple regulatory systems.  A crucial 

regulatory step in the G-protein cycle is the deactivation of G-proteins by GTP 

hydrolysis, a process that is enhanced by GTPase activating proteins (GAPs). A 

family of proteins, which function as heterotrimeric G-protein GAPs were identified 

over 10 years ago in worms and mammals and termed Regulator of G-protein 

Signaling (RGS) proteins. RGS proteins function to accelerate the GTPase activity 

of the α subunit, accelerating the return of Gα to its inactive guanosine diphosphate 

(GDP)-bound form thereby inhibiting downstream activity (Figure 6).  
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Figure 6. RGS proteins accelerate GTPase activity of the α-subunit, 
thereby inhibiting downstream events. 
In its inactive state the α-subunit is bound to GDP. Upon stimulation (e.g. 
chemokine) conformational changes in the receptor induce the α subunit to 
release GDP and bind GTP. The binding of GTP causes the α-subunit to detach 
from the βγ-sub unit, thereby allowing them to independently interact with 
effector molecules associated with cell processes such as migration. G-protein 
signaling is terminated when the α-subunit hydrolyzes GTP to GDP, which 
causes re-association to the βγ-subunit. RGS proteins accelerate GTPase 
activity of the α-subunit, thereby inhibiting down stream signaling. 
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Each RGS protein contains a RGS box, which consists of a 120 amino acid domain 

that is responsible for GAP activity.  Based on RGS domain homology and 

accessory domains, these genes can be divided into eight sub-families: A or RZ; B 

or R4; C or R7; D or R12; E; RA: F or GEF; G or GRK and H or SNX. The 

combination of these domains ultimately creates highly regulated multi-functional 

proteins, capable of conducting complex signaling tasks. RGS proteins can up-

regulate GTPase activity up to 1000-fold (Posner et al., 1999). Moreover, RGS 

domains also serve as scaffolds by promoting rapid cycling of Gα subunits between 

active and inactive states (Willard et al., 2007; Zhong et al., 2003) or effector 

antagonists by competitively binding activated Gα subunits or effector enzymes 

(Roy et al., 2006; Schoeber et al., 2006). 

 

As previously mentioned FcεR1 mediated signaling in mast cells induces Syk 

activation, which in turn recruits and activates PI3K, PLCγ and MAPK. 

Accumulating evidence indicates PI3K plays an essential role in mast cell 

homeostasis and allergic responses (Fukao et al., 2002). Mast cells from mice 

expressing the inactive PI3K subunit p110δ have profoundly less antigen-induced 

degranulation (Ali et al., 2004). GPCRs may increase IgE mediated responses or 

induce mast cell activation alone.  Moreover, a study by Laffargue et al. (2002) 

demonstrated that PI3Kγ-deficient mast cells disrupt GPCR- mediated amplification 

of FcεR1-mediated degranulation, indicating that PI3Kγ is a requirement for GPCR 

signaling and is a modulator of the allergic signaling pathway. The ability of 

wortmannin, a non-specific PI3K inhibitor, to block C3a-induced expression of the 

chemokine, CCL2 in human mast cells suggests a role for PI3K in GPCR-mediated 

responses in mast cells (Venkatesha et al., 2005). For these reasons it is therefore 

not surprising that researchers have now started to investigate RGS proteins as 

regulators of mast cell- driven inflammation induced by GPCRs.  

 

Recent studies have unveiled RGS13 as a new signaling molecule, which may 

affect the intrinsic reactivity of mast cells to allergens. Bansal and co-workers 

(2008) established RGS13-deficient mice with Lac Z knock-in. Both immuno-

fluorescent and β-galactosidase staining of cultured BMMCs and tissues showed 

that RGS13 is expressed in murine mast cells. In addition they found that RGS13 

deficient mice had significantly increased IgE-mediated anaphylactic responses 

due to increased mast cell degranulation. Further experiments reconstituting 

RGS13–deficient BMMCs with RGS13 or over expression of RGS13 in wild type 
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BMMCs inhibited antigen-induced degranulation. This data suggests that the 

abnormality observed in RGS13 deficient mast cells was due to the absence of 

RGS13.  

 

In addition, Bansal and co-workers (2008) characterized how RGS13 affects 

GPCR-mediated functions of human mast cells in vitro. They examined human 

mast cell lines, HMC-1 and LAD2, depleted of RGS13 by siRNA or short hairpin 

RNA and HMC-1 cells over-expressing RGS13. The results demonstrated that 

RGS13 knockdown in LAD2 cells induced increased degranulation in response to 

S1P, but not to IgE-Ag or C3a. Compared to wild-type cells, cells stably expressing 

RGS13 short hairpin RNA had enhanced Ca2+ mobilization in response to 

adenosine, C5a, S1P (GPCR ligands), and stromal cell-derived factor-1 (SDF-1). In 

addition compared with control cells, AKT phosphorylation, chemotaxis, and IL-8 

secretion induced by CXCL12 were also up-regulated in short hairpin RGS13-

HMC-1 cells.  

 

1.3.  Regulation of actin cytoskeleton and chemotaxis 

 

Mast cells play a central and well-established role in mediating allergic disease, 

whilst chemokines control the activation and recruitment of immune cells during 

inflammation. The chemotaxis of mast cells to sites of inflammation and the 

subsequent release of pro-inflammatory mediators are crucial to eliciting allergic 

response. Over the years, by using several cell types including neutrophils and 

Dictyostelium discoideum, a large amount of evidence has contributed to the 

molecular basis of chemotaxis. However, to date there is limited evidence to 

understand the molecular mechanisms underlying mast cell chemotaxis. A 

continuing effort to better understand the molecular basis of mast cell migration 

during the allergic response will help identify alternative therapies. The following 

sections describe what is known about the actin cytoskeleton, chemotaxis and the 

vital components which regulate it. 

 

1.3.1 Actin cytoskeleton and Rho GTPases 

 

The actin cytoskeleton is a highly dynamic network, playing an essential role in 

numerous biological processes such as cell surface remodelling and motility. Actin 

filaments (composed of actin monomers), intermediate filaments and microtubules 

(composed of α and β tubulin) collectively known as the cytoskeleton, are 



 39 

responsible for the mechanical properties and shapes of cells, which are often 

critical to their functions. Actin assembly provides a major force in cell motility, in 

particular by initiating protrusions such as filopodia (spiky protrusions) and 

lamellipodia (sheet-like protrusions) that propel the leading edge of the cell forward. 

Accumulating evidence over the past decade has provided a coherent model of 

how polymerisation of actin filaments can allow cells to migrate. While researchers 

have identified some of the major players in the formation of structures such as 

lamellipodia and filopodia, much remains to be elucidated about the mechanism of 

assembly and dynamics of these structures in actual physiological settings. 

 

Actin powers protrusions of a cell by polymerizing just under the plasma 

membrane. A cell has two options of actin filament geometry: bundled filaments 

leading to filopodial spikes or branched filaments leading lamellipodial sheet-like 

protrusions. Actin filaments are polar because the monomers in the filament all 

point in the same direction; the positive end (or ‘barbed’ end) grows more quickly 

than the negative end (or ‘pointed’ end). Capping proteins bind to the barbed ends 

to terminate elongation of the actin filaments. Once the actin filaments are 

established, they can elongate without help, but there is a strong barrier to initiating 

or ‘nucleating’ new filaments. Branched filaments found in lamellipodia are 

assembled by the actin related proteins (Arp) 2/3 complex. Arp 2/3 complex is a 

major nucleator of actin polymerisation. Arp 2/3 performs two actions 1) nucleates 

actin filaments from monomers and 2) binds pointed ends and caps them. This 

220kDa assembly consists of seven subunits: Arp2 and Arp3, being similar in 

structure and sequences to actin and the remaining five subunits, Arp C1-5, being 

unique and highly conserved in evolution (Machesky and Gould, 1999). Further 

studies also identified the ability of the Arp2/3 complex to direct formation of 

70°branches on the side of pre-existing filaments generating a dendritic array of 

filaments (Welch et al., 1997; Mullins et a., 1998, Pollard, 2007). These branches 

are identical to those observed in electron micrographs of the leading edge of 

rapidly motile cells (Svitkina and Borisy, 1998). 

 

Rho GTPases, Rac, Cdc42 and Rho are members of the Ras superfamily of GTP 

binding proteins which are pivotal and well characterised regulators of the actin 

cytokeleton. However, they also contribute to diverse cellular functions, including 

vesicular trafficking and cell cycle. In mammals, at present there are 20 Rho 

GTPases, all of which bind GTP and most of which exhibit GTPase activity. Each of 

these Rho GTPases acts as a binary switch, cycling between an active GTP-bound 
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form and an inactive GDP-bound state. In the GTP-active form they are able to 

interact with effector molecules to initiate a downstream signaling response, which 

mediates actin reorganization. Nucleotide binding status, which determines 

downstream signaling activity, is tightly controlled by the actions of three groups of 

proteins:  GEFs; GAPS and Rho guanine-nucleotide-dissociation (Rho-GDIs).  

GEFs increase the active GTP-bound conformation by stimulating release of GDP 

(Schmidt and Hall, 2002), while GAPs stimulate intrinsic GTPase activity, thereby 

promoting the inactive GDP-bound conformation (Bernards, 2003) and finally Rho-

GDIs, which prevent membrane targeting and interaction with downstream 

effectors by binding to the C-terminal prenyl group of many Rho GTPases 

(DerMardirossian and Bokoch, 2005). Rac, Rho and Cdc42 control signal 

transduction through distinct pathways that link membrane receptors to co-

ordination of the cytoskeleton and adhesion complexes (Figure 7). Signal 

integration and crosstalk exist between Rho GTPases and PI3K mediated signaling 

pathways, whereby both Rac and Rho are activated downstream of 

phosphoinositide signaling, and the activity of several GAPs and GEFs are 

regulated by PI(3,4,5)P3 binding (Bishop and Hall, 2000; Etienne-Manneville and 

Hall, 2002; Ridley, 2006). 

 

Rac 1 mediates the formation of lamellipodia (Ridley et al., 1992). These thin 

protrusive sheets can lift up and fold backwards at the leading edge, giving rise to 

membrane ruffles. Activation of Cdc42 produces microspikes including filopodia. 

These are finger-like projections consisting of actin filament bundles (Bishop and 

Hall, 2000), which act as sensors to explore the microenvironment of the cell, but 

are not considered essential for chemotaxis. Rho A regulates the generation of 

stress fibers and focal adhesions (Ridley and Hall, 1992).  
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Figure 7. The formation of lamellipodia and filopodia by RAC and Cdc42 
signaling pathways. 
The highly dynamic lamellipodium, at the leading edge of the cell is extended by 
ARP2/3. Rac activates actin polymerisation during lamellipodium formation 
through the WAVE complex, which in turn activates ARP2/3, and mDia2, which 
nucleates unbranched actin filaments. Filopodia are thin protrusions that 
contain parallel bundles of actin filaments that extend from the leading edge of 
the cell, which probably function as sensory probes. CDC42 induces actin 
polymerization by binding to WASP, IRSp53 to lnduce branched actin filaments 
using the ARP2/3 complex. CDC42 and Rac also induce actin polymerization 
by activation of mDia2. CDC42-mediated or Rac-mediated activation of the PAK 
phosphorylates LIMK, which phosphorylates and inhibits cofilin, thereby 
regulating actin-filament turnover. 
 
KEY: ARP2/3= actin-related protein-2/3. WASP= Wiskott–Aldrich syndrome 
protein. WAVE=WASP-family verprolin-homologous protein. mdia2= 
mammalian diaphanous-2. IRSp53= insulin-receptor substrate p53. PAK= p21-
activated kinase. LIMK= LIM kinase.   
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1.3.2 WASP: a component of actin assembly  

 

Wiskott–Aldrich syndrome protein (WASP) was the first identified member of a 

family of actin regulators, a key adaptor protein that connects multiple signaling 

pathways to filamentous actin (F-actin) polymerization, a process essential for 

chemotaxis. The WASP family consists of two principal subfamilies: WASP and 

WASP family verprolin homologous protein (WAVES). Although WASP expression 

is confined to haematopoietic cell lineages, neural WASP (N-WASP) and WAVE1, 

WAVE2 and WAVE3 are more widely expressed. The importance of WASP-

mediated cytoskeletal regulation in haematopoietic cells is shown by the human 

disease, Wiskott–Aldrich syndrome (WAS). These defects are caused by mutations 

in the WAS gene encoding WASP. Classical WAS is an X-linked primary 

immunodeficiency that is characterized by easy bruising and prolonged bleeding, 

eczema, low numbers of small platelets, and recurrent infections (Sullivan et al., 

1994). 

 

WASP and WAVES are the main activators of Arp2/3 complex (Millard et al., 2004). 

Upon activation these proteins induce numerous actin based structures, such as 

lamellipodia and filopodia. In addition to these structural roles, emerging data 

implicate other roles, which include cell-substrate adhesion (Ibarra et al., 2006) and 

cytokinesis (Pollitt and Insall, 2008). WASP is present throughout evolutionary 

history, and homologues have been identified in many eukaryotes from yeast to 

mammals. Mammals typically possess two WASPs, WASP and N-WASP, and 

three other WAVE proteins. Other members of the WASP family which have been 

identified are WASH (Linardopoulou et al., 2007), WASP homolog associated with 

actin, membranes, and microtubules (WHAMM) (Campellone et al., 2008) and JMY 

(Zuchero et al., 2009), however, at present very little is known about their 

physiological roles. 

 

The closest homologue to WASP is N-WASP. Both are structurally and functionally 

very similar, and in many in vitro assays one protein can be substituted for the 

other. WASP is hematopoietic-specific (Derry et al., 1994), whereas N-WASP is 

ubiquitously expressed (Miki et al., 1996). Both WASP and N-WASP are 

characterised by a conserved domain arrangement: Ena-Vasp homology domain 

(EVH1), also known as the WASP homology domain-1 (WH1), a proline-rich 

domain, a Cdc42/Rac GTPase binding domain (GBD), a G-actin binding verprolin 
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homology (V) domain, a cofilin homology(C) domain and a C-terminal acidic (A) 

segment. 

 

In resting cells, WASP and N-WASP exist in an auto-inhibited inactive 

conformation; this auto inhibition is released by the binding of Cdc42 and PI(4,5)P2 

(Kim et al., 2000). The C-terminus is responsible for binding to and activating the 

Arp 2/3 complex, it consists of one or two WH2 domains, which bind monomeric 

actin, followed by a short central region and acidic region which interacts with the 

Arp2/3 complex, resulting in actin nucleation (Higgs and Pollard, 1999). G-actin 

binds to the V domain (Higgs and Pollard, 2000). Binding of N-WASP to Cdc42 

induces a conformational change allowing its VCA domain to interact with the 

Arp2/3 compex resulting in actin assembly, and this is further enhanced by 

PI(4,5)P2 (Higgs and Pollard, 2000; Rohatgi et al., 1999). A proline-rich region 

provides potential sites for the binding of various SH3 domain containing proteins. 

Tyrosine phosphorylation of WASP increases its capacity to activate Arp 2/3 

complex without the need of Cdc42 or PI(4,5)P2. Moreover serine/threonine 

phosphorylation can induce actin polymerisation in vitro (Cory et al., 2003). 

Interaction between the WH1 domain with the WASP-interacting protein (WIP) is 

thought to suppress the activity of WASP or N-WASP (Ramesh et al., 1997). 

 

1.3.3 Cell migration, chemotaxis and cell polarity  

 

Cell migration is a highly complex orchestrated process that is crucial for a range of 

biological processes in animals, which include immune surveillance, wound healing 

and embryonic morphogenesis (Raja et al., 2007). Cell migration can be divided 

into distinct stages. Firstly, a cell must adhere to its surrounding environment and 

establish directionality. In the presence of a chemotatic agent, this requires that 

cells sense the direction of the chemical gradient in order to establish polarity. In 

the absence of chemoattractant, polarization maybe induced through changes in 

receptor occupancy (Lauffenburger and Horwitz, 1996). Once directionality is 

achieved, the leading edge of the cell composed of lamellipodia (and maybe 

filopodia) propels the cell forward. Adhesive contacts are formed at the front of the 

cell, along with simultaneous cell retraction, actin disassembly and detachment of 

adhesions at the rear of the cell. 

 

Researchers have extensively studied the underlying mechanisms of migration in 

vitro and in vivo, using a diverse range of cell types and model systems. These 
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include leukocytes which migrate during immune surveillance and accumulate at 

sites of inflammation, slower moving fibroblasts which migrate during wound 

healing, the body of a mouse, in which the development of an immune response 

and interactions of T and B cells can be monitored in real time and, more recently, 

following recruitment of lymphocytes to lymph nodes or movement of tumor cells in 

the whole animal using fluorescence imaging techniques (Miller et al., 2002; Sahai 

2007; Zinselmeyer et al., 2008). 

 

Chemotaxis, the directed movement of cells along an external gradient, is a critical 

cell biological response. These responses include the aggregation of Dictyostelium 

discoideum to form a multi-cellular organism, neurons finding their way in the 

developing nervous system and when leukocytes traffic between the vascular and 

lymphatic systems, and migrate from the blood toward sites of infection. In addition 

to these roles in normal physiology, inappropriate cell migration is the basis for 

many pathological conditions including cancer metastasis and chronic inflammatory 

diseases such as asthma and arthritis. 

 

Chemotaxis involves production and degradation of PI(3,4,5)P3 at the plasma 

membrane, generating a net accumulation at the leading edge of the cell. This 

ultimately drives actin polymerisation and directional cell movement, hence when 

cells undergo chemotaxis they must first acquire spatial asymmetry in order that 

generated forces within can be turned into productive forward movement. Abundant 

data indicate that both PI3Ks, their lipid products PI(3,4,5)P3 and Rho GTPases 

affect cell polarization, although their contributions appear to be highly dependent 

on cell type (Parent and Devreotes, 1999; Rickert et al., 2000; Chung et al., 2001; 

Ward, 2004). Interestingly, studies indicate cell polarization, and therefore 

chemotaxis is not a consequence of preferential localization of chemoattractant 

receptors at the leading edge, instead receptor localization remains uniformly 

distributed around the plasma membrane as demonstrated in neutrophils and 

Dictyostelium discoideum cells (Servant et al., 1999; Xiao et al., 1997).  

 

The generation of PI(3,4,5)P3 at the plasma membrane, provides docking sites for 

the recruitment of many pleckstrin homology (PH) domain containing signal 

transduction molecules involved in cytoskeletal organisation and cell survival. PH 

domains are protein modules of approximately 120 amino acids found in more than 

150 proteins, which bind phohospholipids with high affinity and specificity (Lemmon 
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et al., 2002). Tandem PH domain-containing protein 1 (Tapp-1) is specific for 

PI(4,5)P2, whereas other PH domains from AKT, Btk and Gab-2 have been shown 

to be highly specific for PI(3,4,5)P3   (Harriague and Bismuth G, 2002; Costello et 

al., 2002). Mutant PH domains are unable to bind PI(4,5)P2 or PI(3,4,5)P3  and do 

not translocate to the plasma membrane in response to PI3K activation (Funamoto 

et al., 2001). In unstimulated cells levels of PI(4,5)P2 and PI(3,4,5)P3  are almost 

undetectable, however levels rise rapidly within 10 seconds of stimulation with 

chemoattractant (Stephens et al., 1991).  

 

When Dictyostelium discoideum cells are exposed to a chemoattractant gradient 

PI3Ks bind to the membrane at the front, PI(3,4,5)P3 selectively accumulates at the 

leading edge, and new F-actin-filled pseudopodia are extended at corresponding 

sites (Chen et al., 2003). This role for PI(3,4,5)P3 in polarity and directional sensing 

has been demonstrated in other cell types such as Drosophila melanogaster 

hemocytes, human neutrophils and fibroblasts, neurons, and a variety of embryonic 

cells (Wang et al., 2002; Chadborn et al., 2006).  An invaluable tool in investigating 

the involvement of PI(3,4,5)P3  signaling in gradient sensing and polarity has been 

the use of green fluorescent protein (GFP) fused to the PH domains of proteins 

such as AKT, which bind preferentially to PI(3,4,5)P3  over PI(4,5)P2. As 

PI(3,4,5)P3  represents the major lipid products of class I PI3Ks, these probes have 

been utilised to investigate sites of cellular PI3K activity (Costello et al., 2002). The 

GFP–AKT-PH domain probe is uniformly distributed throughout un-stimulated 

Dictyostelium discoideum and fibroblasts, however after exposure to different 

chemoattractant stimuli the probe is recruited selectively to the membrane at the 

leading edge (Merlot and Firtel, 2003). In human neutrophils, the translocation of 

the probe from the cytoplasm to the plasma membrane when exposed to a uniform 

concentration of chemoattractant was rapid and transient, reaching a maxiumum 

accumulation by 30 seconds and decreasing over the ensuing two minutes 

(Servant et al., 2000), indicating that PI3K functions at the leading edge of the cell 

to mediate chemotaxis by using PI(3,4,5)P3 as a crucial secondary messenger.  

 

In leukocytes, both PI3Kγ and PI3Kδ isoforms have been implicated in asymmetric 

PI(3,4,5)P3  accumulation at the leading edge, for example, p110δ kinase-dead 

knock-in-macrophages or p110γ knockout neutrophils do not demonstrate 

PI(3,4,5)P3  accumulation and moreover are defective in polarization in response 

to colony stimulating factor (CSF)-1 and fMLP respectively (Sadhu et al., 2003; 
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Papakonstanti et al., 2007). Recent work indicates that the importance of PI3K in 

leukocyte chemotaxis is also dependent on the substrate on which cells are 

migrating. Ferguson et al., (2007) demonstrated that although accumulation of 

PI(3,4,5)P3 and F-actin at the leading edge of chemotactically stimulated p110γ−/− 

mouse neutrophils was perturbed, interestingly cells were able to chemotax 

normally on selected surfaces.  

 

1.3.4 Imaging cell migration 

 

When analysing cell migration, the major starting point is to characterise the 

behavior of cells, by taking images of shape change, persistence of movement and 

direction and the dynamics of actin structures such as the extension and retraction 

of lamellipodia, pseudopods, filopodia and membrane ruffling. These investigations 

have been conducted by making use of light microscopy methods, especially wide-

field microscopy in either Nomarski Interference Contrast or phase contrast 

settings. Images are recorded and collected by charge-coupled device (CCD) 

cameras as simple sections or Z-stacks. These time series images then have to be 

analysed using appropriate software. Alternatively, a vast amount of knowledge of 

the internal structure and organisation of cells comes from the investigation of fixed 

cells or tissue specimens, followed by detailed imaging using a combination of light, 

confocal and electron microscopic techniques. These studies have provided a 

through understanding of the fundamental cytoskeletal components and their 

architecture during cell migration. Moreover, in order to acquire a detailed 

understanding of the spatio-temporal control of the cytoskeleton, researchers have 

made use of GFP tagged cytoskeletal components possessing different spectral 

properties. The methods described above work well for investigating cell migration 

provided that there is high enough contrast in the images and that the data is such 

that the cells do not move out of the area of interest between data points. 

 

In 1888, Leber made the first observation of leukocyte chemotaxis in excised 

corneal tissues or rabbits; however, it was not until 30 years later that the first in 

vitro assays of chemotaxis were developed. These early assays assessed 

migration on coverslips or in capillary tubes. Although these systems established 

whether a substance was chemotatic, it was not possible to provide quantifiable 

data. In 1962, a quantitative method was developed by Boyden, who developed 

what is now known to most researchers as the Boyden chamber, a milestone in the 

study of chemotaxis, and moreover the basis of many chemotaxis assays. 
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In the Boyden system, a porous membrane separates 2 chambers. Cells are 

placed in one chamber, whilst the chemotatic agent is placed in another, allowing 

chemotaxis of the cells across the membrane. Various techniques can then be 

implemented to quantify the number of migrating cells, including microscopy and 

enzymatic techniques. This system offers many advantages, including ease of use, 

the ability to examine chemotaxis and the ability to quickly screen various 

compounds at many concentrations. However, the design of this system is limiting 

in that the speed of cell migration and the paths the cells adopt cannot be 

determined, real-time observations are not possible, and very sharp 

chemoattractant gradients are formed.  
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1.4 Hypothesis and aims of this thesis 

 

Former studies by Ono and co-workers (Toda et al., 2004; Miyazaki et al., 2005; 

Nifidra et al., 2010) found that co-engagement of FcεR1 and CCR1 resulted in 1) 

synergistically enhanced degranulation in ex vivo mast cells and RBL-CCR1 cells, 

2) inhibited Mip-1α induced chemotaxis of RBL-CCR1 cells, and 3) enhanced 

production of pro-inflammatory molecules, indicating that this response was 

facilitated by cross-talk between FcεR1 and CCR1-mediated signaling pathways. In 

addition, subsequent studies (Ono and Aye unpublished data) found that the gene 

expression of regulatory molecules RGS1 and TRB3 downstream of FcεR1 and 

CCR1 signaling, were significantly increased in RBL-CCR1 cells following FcεR1 

and CCR1 co-engagement. It has therefore been proposed that co-engagement of 

FcεR1 and CCR1 affects mast events other than degranulation and these data 

indicate cross-talk between CCR1 and FcεR1 signaling pathways. 

 

Based on current knowledge, the hypothesis of this thesis is that mast cell 

functions can be differentially regulated in response to co-stimulation by 

IgE/allergen and chemokine. 

 

To address this hypothesis, the specific aims of this thesis were as follows: - 

 

1. To further analyse whether and how simultaneous engagement of FcεRI 

and CCR1 may affect mast cell migration and elucidate the molecular 

mechanisms involved 

 

2. To analyse the roles of regulatory signaling molecules, RGS1 and TRB3 in 

mast cell degranulation, chemotaxis and mediator release. 

 

The data obtained from this thesis may contribute to our understanding of mast cell 

migration and arrest during an allergic response, which is key to effectively treating 

allergic diseases. 
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Chapter 2 

Materials and methods 
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2. Materials and Methods 

 

2.1 Induction of murine allergic conjunctivitis 

 

2.1.1 Mice 

For the present study eight-week-old female A/J mice (Harlan, United Kingdom 

(U.K)) or BALB C mice (Jackson Laboratory, United States of America (US)) were 

used for allergic conjunctivitis models 1 and 2 respectively. These preferred atopic 

strains of mice are routinely used to induce allergic models, including allergic 

conjunctivitis due to their preferential Th2 cell responsiveness to allergen 

(Gronberg et al., 2003).  

 

2.1.2 Murine models of allergic conjunctivitis 

 

2.1.2.1 Induction of murine allergic conjunctivitis model 1-A/J mice 

 

All procedures were conducted by myself with the aid of ophthalmologist Mr. Tom 

Flynn, in accordance with the UK government regulations for the care of 

experimental animals and with the ARVO Statement on the use of animals in 

ophthalmic and vision research. 

 

Allergic conjunctivitis was induced using the following protocol based on 

modification of a previously described method by Ohbayashi et al., 2007.   A/J mice 

were sensitized by intraperitoneal injection with 200µg of short ragweed pollen 

(SRW) (Greer Laboratories, Inc.) and 2mg of aluminum hydroxide (Alum) (Sigma, 

St. Louis, MO) in 400µl Phoshphate Buffer Saline (PBS) (Invitrogen) on days 0, 7 

and 14, and by treatment of eye drops containing 500µg SRW with 25µg Alum in 

5µl PBS on days 8 and 15. On day 27, the experimental challenge of 500µg SRW 

in PBS or PBS alone was administered topically to both eyes (Figure 8). 

Sensitisation over a 15-day period is required for the generation of systemic T-

helper 2 responses, and subsequent challenge with topical SRW induces severe 

allergic conjunctivitis.  
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Figure 8. Induction of murine allergic conjunctivitis model 1 using A/J 
mice.  
The mouse was sensitized over a 15-day period with short ragweed (SRW) 
pollen and Aluminium Hydroxide (Alum) injected intraperitoneally on days 0, 7 
and 14 and by eye drops on days 8 and 15. This was followed by experimental 
challenge with SRW on day 27 by eye drops. 
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Mice were divided into three groups as follows. 1) Naïve mice which were neither 

sensitized nor challenged, 2) sensitized/challenged mice, these were sensitized 

and challenged with SRW on day 27 and 3) sensitized/non-challenged mice, which 

were sensitized and challenged with PBS alone on day 27. Each group contained 

at least 5 eyes. 3, 6 and 24 hours after the experimental challenge and on 

diagnosis of allergic conjunctivitis (conducted by ophthalmologist, Mr. Tom Flynn) 

mice were sacrificed and whole eyes were enucleated from each group.  Each eye 

was embedded in optimal cutting temperature (OCT) compound (Sakura Finetek 

Europe) and was frozen on a liquid nitrogen-cooled duralumin plate. Specimens 

were stored at -70°C until for future use. Cryostat serial sections 10µm thick were 

cut and air-dried for 30 minutes. The sections were fixed by 30% methanol in 100% 

acetone for 10 minutes at 4°C. Toluidine Blue staining was conducted on 

conjunctival sections to identify mast cells and their location. In addition, 

enucleated eyes from each treatment (at least 5 eyes per group) were also 

processed by Dr. Peter Munro (UCL) for electron microscopy analysis. 

 

2.1.2.2 Induction of murine allergic conjunctivitis model 2- BALB/c mice 

 

All procedures were undertaken by Dr. Ohbayashi at Emory University, Atlanta, 

U.S. The protocol conformed to all regulations for laboratory animal research 

outlined by the Animal Welfare Act, NIH guidelines and the ARVO statement 

regarding the experimental use of animals. 

 

Briefly, BALB/c mice were sensitized by footpad injections with 50µg SRW and 

1mg Alum in 25µl PBS into both hind-footpads on day 0, 14 and 28, and by 

treatment of eye drops containing 1000ug SRW in 5ul PBS into each eye from days 

35-39. On day 42, the experimental challenge of 1000 µg SRW in 5ul PBS or PBS 

alone was administered topically to both eyes (Figure 9). 
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Figure 9. Induction of murine allergic conjunctivitis model 2 using BALB/c 
mice. 
The mouse was sensitized with short ragweed (SRW) pollen and Aluminium 
Hydroxide (Alum) injected into the footpads on days 0, 7 and 14 and by eye 
drops between days 35 and 39. This was followed by experimental challenge 
with SRW on day 42 by eye drops. 
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Mice were divided into 2 groups as follows: 1) Naïve mice which were neither 

sensitized nor challenged and 2) sensitized/challengedmice, these were sensitized 

and challenged with SRW on day 42. Each group contained at least 5 eyes.  

 

30 minutes and 24 hours after the experimental challenge, and on diagnosis of 

allergic conjunctivitis mice were sacrificed and perfused transcardially with 4% 

paraformaldehyde (PFA). Whole eyes were enucleated from each group and fixed 

with 4% PFA for 24 hours at 4oC. The tissue was dehydrated in graded ethanols 

and embedded in paraffin resin. Cryostat serial sections 5µm thick were cut and 

sections stored at room temperature until further use. Thereafter, antigen retrival 

procedure and immunohistochemical analysis was carried out by my-self as 

described in section 2.10.1 -staining of murine conjunctival paraffin sections: 

Detection of mMCP-5 and CCR1. 

 . 

2.2 Cell line and cell culture 

 

2.2.1 RBL-CCR1 cell line 

 

For the present study a RBL cell line stably expressing the human chemokine 

receptor CCR1 (RBL-CCR1) was used.  These adherent cells express high affinity 

IgE receptors known as FcεR1, and have been used extensively to study FcεR1 

and the biochemical pathways for secretion in mast cells. RBL-CCR1 cells were 

kindly provided by Professor R. Richardson, JLC-Biomedical/Biotechnology 

Research Institute, North Carolina Central University, Durham, NC, USA. For 

plasmid map details please refer to Toda et al., 2004. 

 

2.2.2 RBL-CCR1 cell culture 

 

RBL-CCR1 cells were maintained as a monolayer in Dulbecco’s modified Eagle’s 

medium (DMEM) (Invitrogen) supplemented with 15% fetal bovine serum 

(FBS)(Sigma), 2 mM glutamine (Invitogen) and 1 mg/ml G418 (Invitrogen). Cells 

were maintained in a humidified cell incubator with 5% CO2 in air at 37oC. Cells 

were passaged once or twice weekly as required under standard sterile conditions 

as follows. 

 

Media was removed and cell monolayers were washed three times with sterile PBS 

at room temperature. Pre-warmed Trypsin (Invitrogen) was added to the flask and 
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incubated at 37oC with 5% CO2 for 5 minutes. Thereafter the flask was gently 

tapped in order to release the adherent cells and fresh DMEM containing 15% FBS 

was added to inactivate Trypsin. The resulting cell suspension was centrifuged for 

5 minutes at 1200 revolutions per minute (rpm). The supernatant was discarded 

(thereby removing any residual Trypsin), and re-suspended in fresh DMEM 

containing 15% FBS and 1mg/ml of G418, as a selection marker for CCR1 positive 

cells. 

 

Cyropreservation was carried out by re-suspending the cell pellet in 1.5mls of 

freezing mix containing 90% FBS and 10% Dimethyl Sulfoxide (DMSO) (Sigma). 

The cells were transferred to a cryovial and allowed to undergo freezing at -80°C 

for 24 hours. After which point, the frozen cells were transferred to liquid nitrogen at 

-150°C for long-term storage. 

 

2.2.3 GFP-AKT-RBL-CCR1 cell culture 

 

For the present study RBL cell line stably expressing the human chemokine 

receptor CCR1 and the PH domain of AKT tagged to GFP (GFP-AKT-RBL-CCR1) 

were kindly provided by Professor R. Richardson, JLC-Biomedical/Biotechnology 

Research Institute, North Carolina Central University, Durham, NC, USA. Professor 

Richardson has stated that the specific plasmid map details will be provided in the 

case of publications. This cell line was cultured and cryopreserved in the same 

manner as RBL-CCR1 cells using 1mg/ml of G418, as a selection marker as 

previously described.  

 

2.3. Transfection of RBL-CCR1 cells with either Rgs1 or TRB3 using 

Oligofectamine- RNA interference 

 

RBL-CCR1 cells for transfection were plated into 6-well plates with DMEM media 

(Invitrogen) and 15%FBS (Sigma) and allowed to grow until a confluency of 

approximately 90% was reached. Thereafter DMEM media (Invitrogen) was 

replaced with DMEM media without serum.  

 

To achieve transient knockdown of RGS1, antibiotic/serum free DMEM media 

(Invitrogen) and Oligofectamine (Invitrogen) was mixed with RGS1 Ambion Silencer 

Select Pre-designed siRNA ID number s132558 (Ambion) at a final concentration 

of 250nM. The mix was incubated at room temperature for 30 minutes and then 
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added to the cells. After 3 hours FBS was added to each well to reach a 

concentration of 10%). After 24 hours cells were validated for transfection efficiency 

by western blot (See section 2.13). Transient knockdown of TRB3 was achieved 

following the same protocol as RGS1 transient knockdown, with the exception that 

a final concentration of 150nM TRB3 siRNA, Ambion Silencer Select Pre-designed 

short interference RNA (siRNA) ID number s140931 (Ambion) was used. In 

addition RBL-CCR1 cells were also transfected with control siRNA, Ambion 

Silencer Select Pre-designed siRNA ID number 4390843 (Ambion) in the same 

manner as RGS1 and TRB3 transient knockdown. 

 

2.4 Degranulation assay 

 

Degranulation results in the release of chemical mediators, which include β-

hexosaminidase (Schwartz et al., 1979). The β-hexosaminidase assay has been 

widely used to monitor RBL degranulation. Current methods to quantify β-

hexosaminidase activity use colorimetric enzyme substrates. The present study 

used the substrate, p-nitrophenyl N-acetyl-beta-D-glucosamide, which generates 4-

p-nitrophenol when hydolysed by β-hexosaminidase. 

 

RBL-CCR1 cells which had been transfected with Rgs1, TRB3 or control siRNA 

(Ambion) were sensitised with or without 25 ng/ml anti-dinitrophenyl (DNP) IgE 

SPE 7  monoclonal antibody (MAb) overnight at 37oC with 5% CO2. After washing 

three times with x1 PBS, the cells were stimulated with 10 ng/ml dinitrophenyl 

human serum albumin (DNP-HSA) and/or 10ng/ml of recombinant human Mip-1α in 

DMEM containing 0.1% bovine serum albumin (BSA) for 30 minutes in a total 

volume of 200ul at 37oC with 5% CO2.  Following stimulation, 50ul of each 

condition supernatant was collected and added to the substrate p-nitrophenyl N-

acetyl-beta-D-glucosamide (Sigma) in 0.1M sodium citrate buffer (pH 4.5). After 

60 minutes at 37°C with 5% CO2, the reaction was quenched with 1M sodium 

carbonate (pH 10). Beta-hexaminidase activity was measured by the release of 4-

p-nitrophenol. This was determined using a spectrophotometer at an absorbance of 

405nm. Total beta-hexosaminidase activity was determined as previously 

described, with the exception that the cells were lysed with DMEM containing 0.1% 

Triton before addition of with p-nitrophenyl N-acetyl-beta-D-glucosamide in 0.1 M 

sodium citrate buffer (pH 4.5). Please note the remaining 150ul supernantant from 

each condition was left for 24 hours at 37°C with 5% CO2, and thereafter collected 

for mediator release analysis, which is described in section 2.5.  
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2.5 Mediator release assay 

 

Following the 24 hour degranulation assay (section 2.4), 100ul of each condition 

supernatant was placed in a sterile tube and centrifuged at 13,000 rpm at 4oC for 5 

minutes to pellet out any debris. The supernatant was carefully removed, taking 

care not to disturb the pellet and transferred to into a new sterile tube. Thereafter, 

the supernatant was centrifuged as before. Finally, the supernatant was carefully 

transferred into a cryovial, which was frozen at -80oC, and then later transferred 

into liquid nitrogen. Thereafter these samples were couriered on dry ice to Aushon 

Biosystems (US), where the Supernatants were assayed simultaneously for the 

presence of IL-4, IL-6, IL-10 MCP-1 and Mip-1α by using a multiplexing sandwich-

ELISA system.  

 

In brief, to quantitate cytokine and chemokine secretion, wells from a 96-well plate 

were spotted with capture antibodies specific for IL-4, IL-6, IL-10 MCP-1 and Mip-

1α, therefore allowing detection of multiple proteins in the same well. A volume of 

50µl culture supernatant was added and incubated with the addition of a cocktail of 

specific biotinylated detection antibodies. After this time a streptavidin- horseradish 

peroxidase (HRP) conjugate was added and the plate incubated. Detection of each 

analyte was achieved by using a chemiluminescent substrate solution and 

quantitated by using Search Light Array analysis software.  

 

2.6 Chemotaxis assay using transwell system 

 

This assay was performed using 24-well Transwell cell culture chambers with 

8.0µm pore size (Corning). RBL-CCR1 cells which had been transfected with Rgs1, 

TRB3 or negative control siRNA (Ambion), were sensitized with 25ng/ml anti-DNP 

IgE for 6 hours at 37°C with 5% CO2. After washing three times with x1 PBS, the 

sensitized cells (2x104cells) in 100 µl of DMEM containing 0.5% BSA were seeded 

in the upper compartment, and the lower compartment was filled with 600µl of the 

same medium containing 1ng/ml recombinant human Mip-1α and/or 10ng/ml DNP-

HSA. The cells were incubated for 100 minutes at 37°C with 5% CO2 followed by 

quantitation by hemocytometry. In brief, prior to the chemotaxis assay each 

transwell membrane (containing pores) was scratched to create a grid. Following 

the 100 minutes incubation period, the transwell membrane was fixed with 3.7% 



 58 

PFA and then stained with Geimsa (Sigma) to identify mast cells. Mast cells 

attached to the bottom of each membrane and in the lower chamber of the 

transwell were counted using a hemocytometer. Figure 10 shows the setup of the 

transwell chemotaxis assay. 
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Figure 10.  A diagram depicting the transwell chemotaxis assay 
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2.7 Real time microscopy 

 

2.7.1 Chemotaxis pipette assay analysed by real time microscopy  

 

RBL-CCR1 cells were sensitised with or without 25 ng/ml anti-DNP IgE SPE 7 MAb 

(Sigma) and 2x104 cells were plated onto the centre of a Matek dish (with a glass 

cover slip insert) (Matek Corporation) overnight at 37oC with 5% CO2. Cells were 

washed three times with x1 PBS and were starved in Leibovitz-15 (L15) media 

(Invitrogen) containing 0.35% BSA (Sigma) in a heat chamber at 37oC for 1 hour 

before imaging. Cells were stimulated at 37oC, from a point source of LI5 media + 

0.35% BSA, containing PBS or 50 ng/ml recombinant human Mip-1α (R and D 

Systems) and/or 10ng/ml of antigen, DNP-HSA (Sigma) delivered with a Femotip II 

micropipette (Eppendorf). The Femotip II micropipette was lowered in focus into an 

area of the microscope's field of view with a micromanipulator (Eppendorf). The 

solution was dispersed from the Femotip by using a microinjection device 

(Eppendorf) at an optimized constant pressure of 15 hectopascal (hPA). When 

necessary, air bubbles were pushed out of the micropipette tip by applying a small 

pressure using a microinjection device. 

 

Cells were viewed on a Zeiss Axiovert 100M microscope using a 20x objective 

(Zeiss, UK). Phase Images of living cells were taken using a CCD camera coupled 

to an OpenLab-driven acquisition system (Improvision/Perkin Elmer) every 60 

seconds for one hour.  

 

2.7.2 Analysis of PI(3,4,5)P3 localisation in RBL-CCR1 cells in response to a 
Mip-1α  gradient using real time microscopy  

 

The PH domain of AKT tagged to GFP was used to detect PI(3,4,5)P3  localisation 

in RBL-CCR1 cells (GFP-AKT-RBL-CCR1). Stably expressing GFP-AKT-RBL-

CCR1 cells (kindly provided by Professor R. Richardson, JLC-

Biomedical/Biotechnology Research Institute, North Carolina Central University, 

Durham, NC, USA) were sensitised with or without 25 ng/ml anti-DNP IgE SPE 7 

MAb and 2x104 cells were plated onto the centre of Matek dish overnight at 37oC 

with 5% CO2. Cells were washed three times with x1 PBS and were starved in L15 

media containing 0.35% BSA in a heat chamber at 37oC for one hour before 

imaging. Cells were stimulated at 37oC, from a point source of LI5 media + 0.35% 
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BSA, containing PBS or 50ng/ml recombinant human Mip-1α and/or 10ng/ml DNP-

HSA delivered with a Femotip II micropipette (Eppendorf). Cells were viewed as 

previously described with the exception of a 40x and 63x oil objective (Zeiss, U.K). 

Fluorescent images of living GFP cells, acquired in the fluorescein isothiocyanate 

(FITC) channel, were taken using a CCD camera coupled to an OpenLab-driven 

acquisition system (Improvision/Perkin Elmer) every 60 seconds for one hour. 

 

2.8 Staining 

 

2.8.1 Phallotoxin 

  

Phalloidin is well established toxin for the detection of actin filaments and was used 

in the present study to detect F-actin in RBL-CCR1 cells 

 

2.8.1.1 Localisation of actin filaments in RBL-CCR1 cells 

 

RBL-CCR1 cells were sensitised with or without 25 ng/ml anti-DNP IgE SPE 7 MAb 

(Sigma) and 2x104 cells were plated onto the centre of Matek dish overnight at 

37oC with 5% CO2. After washing three times with x1 PBS, the cells were 

stimulated with 10 ng/ml DNP-HSA and/or 1ng/ml of recombinant human Mip-1α 

(R&D Systems) in Dulbecco’s modified Eagle’s medium containing 0.1% BSA at 

37oC with 5% CO2. The cells were washed three times with 1x PBS and fixed with 

4% Paraformaldehyde for 20 minutes at room temperature. After three successive 

washes with x1 PBS, cells were permeabilized with PBS containing 0.2% Triton X-

100 for 10 minutes at room temperature. Non-specific binding was blocked with 

PBS containing 0.5% BSA for one hour at room temperature. Thereafter, 

filamentous actin was detected by staining with appropriately diluted Rhodamine-

conjugated phalloidin in PBS (Molecular Probes, Invitrogen) for 30 minutes at room 

temperature in a humidified chamber. Finally, RBL-CCR1 cells were washed three 

times with x1 PBS and mounted in Vectorshield (Vector Labs). For phallodin details 

please see table 2 at the end of this chapter. 

 

Cells were viewed on a Zeiss 510 confocal microscope using a 40x oil objective 

(Zeiss). Fluorescent images of RBL–CCR1 cells, acquired in the rhodamine 

channel, were taken using a Zeiss-driven acquisition system. 
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2.8.2 Dyes 

 

Toluidine Blue is an aniline dye that is widely used to detect mast cells. Interaction 

of Toluidine Blue with mast cell granules causes the dye to undergo a 

metochromatic shift in colour from blue to deep purple.  

 

2.8.2.1 Identification of mast cells by Toluidine blue staining 

 

Frozen serial sections from allergic conjunctivitis mouse model 1 were washed 

three times in x1 PBS and incubated with 0.1% Toluidine Blue in 90% Ethanol for 

30 minutes at room temperature. Sections were washed five times in water and 

placed in a humidified chamber. Sections were viewed on an Olympus BX 

microscope using a 4x objective (Olympus Optical, UK). For counting purposes 

bright field images were taken using a CCD camera coupled to an Image Pro 

acquisition system. 

 

2.9. Immunocytochemistry  

 

2.9.1 Localisation of of WASP and CCR1 in RBL-CCR1 cells in response to a 
Mip-1α  gradient 

 

Chemotaxis pipette assay analysed by real time video phase microscopy was 

performed as described in section 2.3.1 with the exception that 1) cells were plated 

on Matek dishes with etched grid coverslips 2) non-sensitised CCR1-RBL cells 

were stimulated at 37oC from a point source of LI5 media + 0.35% BSA, containing 

PBS or 50ng/ml recombinant human Mip-1α delivered with a Femotip II 

micropipette and 3) phase images of living cells were taken with a 20x objective 

every 60 seconds for 20 minutes using a CCD camera coupled to an OpenLab-

driven acquisition system (Improvision/Perkin Elmer) . 

 

Thereafter the cells were washed three times with x1 PBS and fixed with 4% PFA 

(Sigma) for 20 minutes at room temperature. To remove any excess PFA, RBL-

CCR1 cells were washed three times with x1 PBS and then permeabilized with 

PBS containing 0.2% Triton X-100 for 10 minutes at room temperature. Non-

specific staining was blocked and F-actin staining was carried out simultaneously 

by incubating the cells with PBS containing 0.5% BSA and Alexa 647 conjugated 
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phalloidin (Molecular probes, Invitrogen) respectively, for one hour at room 

temperature in a humidified chamber.  CCR1 and WASP staining were conducted 

simultaneously as follows. Cells were incubated with primary antibodies mouse anti 

CCR1 (R and D systems) and rabbit anti WASP (Sigma) appropriately diluted in 

blocking agent at room temperature for 1 hour. In each experiment a parallel 

secondary antibody staining (no primary antibody) was included to control for 

background staining of the antibody. After 3 successive washes with x1 PBS, 

specific binding of primary antibodies appropriately diluted in PBS was detected by 

incubating with secondary antibodies, mouse anti rabbit Alexa 545 (Molecular 

probes, Invitrogen) and goat anti rabbit Alexa 488 (Molecular probes, Invitrogen) 

respectively for 1 hour at room temperature in a humidified chamber. Cells were 

washed three times in x1 PBS and mounted in 3.7% glycerol. For phallodin and 

antibody details please see table 2 at the end of this chapter. 

 

Cells were viewed on a Zeiss Axiovert 100M microscope using a 40x oil objective 

(Zeiss, UK). Fluorescent images of fixed cells, acquired in the FITC, rhodamine and 

Cy 5 channel, were taken using a CCD camera coupled to an OpenLab-driven 

acquisition system (Improvision/Perkin Elmer). 

 

2.10 Immunohistochemistry 

 

2.10.1 Staining of murine conjunctival paraffin sections: Detection of mMCP-5 

and CCR1 

 

Dr. Mark Obayashi provided paraffin sections 5µm thick of conjuctival tissue 

(enucleated eyes cut longitudinally) from allergic conjunctivitis murine model 2 

using BALB/c mice. Prior to immunohistochemical staining, these sections were 

deparaffinised with a series of xylene and ethanol washes as follows. Each section 

was placed in 4 containers, 5 minutes each in 100% xylene followed by 5 minutes 

each in 4 containers of 100% ethanol. Thereafter the sections were dipped 10 

times each in 95%, 90%, 80%, 70% and 50% ethanol. Finally the sections were 

dipped 10 times in water. This was repeated once more before the immuno-

staining procedure.  

 

Primary antibody anti mMCP-5, kindly provided by Dr. Rick Stevens, Harvard 

University, Boston, MA, USA, detects conjuctival mast cells characterised by the 

expression of mMCP-5. The use of this antibody required an antigen retrival 
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procedure that was conducted prior to immunostaining as follows. Slides were 

placed in a beaker containing x1 Cytomation retrival (Dako) solution at room 

temperature for 5 minutes. The beaker was then placed in a water bath at 95oC for 

20 minutes, after which point was removed and allowed to reach room 

temperature.  This procedure aims to improve staining by modifying the molecular 

conformation of ‘target’ proteins through an exposure of slide-mounted specimen 

material to a heated buffer solution.  

 

The slides were washed three times in x1 PBS and the section circled with a wax 

pen (Dako). To reduce background auto-fluorescence the sections were then 

treated with Image T (Dako) for 30 minutes in a humidified chamber.  Non-specific 

staining was blocked with PBS containing 5% normal goat serum and 1% BSA for 

1 hour at room temperature in a humidified chamber. Mast cells were detected by 

incubating with anti-mMCP-5 antibody appropriately diluted in blocking agent 

overnight at 4oC in a humidified chamber. After three successive washes with x1 

PBS the sections were incubated with secondary antibody goat anti rabbit Alexa 

555 (Molecular probes, Invitrogen) appropriately dilute in 1x PBS for 1 hour at room 

temperature in a humidified chamber. After washing three times with x1 PBS 

sections were incubated with primary antibody mouse anti CCR1 appropriately 

diluted in blocking solution for 1 hour at room temperature in a humidified chamber. 

Thereafter sections were washed three times with x1 PBS and incubated with 

secondary antibody goat anti mouse Alexa 488 appropriately diluted in PBS for 1 

hour at room temperature in a humidified chamber. Sections were washed three 

times with x1 PBS and mounted in Vectorshield mounting agent (Vector Labs). In 

each experiment a parallel secondary antibody staining (no primary antibody) was 

included to control for background staining of the antibody. For antibody details 

please see table 2 at the end of this chapter. 

 

For counting purposes sections were viewed on an Olympus BX microscope using 

a 40x oil objective (Olympus Optical, UK). Fluorescent images acquired in the FITC 

and rhodamine channel, were taken using a CDD camera coupled to an Image Pro 

acquisition system. 

 

2.10.2 Staining of conjunctival frozen sections: Detection of WASP and actin  

 

Frozen sections from allergic conjunctivitis mouse model 1 were washed three 

times in x1 PBS and then treated with sodium borohydride (Sigma) to reduce 
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background autofluorescence. Non-specific staining was blocked and F-actin 

detection was carried out simultaneously by incubating with PBS containing 0.5% 

BSA and rhodamine-conjugated phalloidin respectively, for one hour at room 

temperature in a humidified chamber. WASP staining was detected by incubating 

the sections with a primary antibody, rabbit anti WASP (Sigma) diluted in blocking 

agent overnight at 4oC in a humidified chamber. Thereafter the sections were 

washed three times in x1 PBS and incubated with secondary antibody goat anti 

rabbit Alexa 488 (Molecular probes, Invitrogen) appropriately diluted in PBS for 1 

hour at room temperature. Sections were washed three times with x1 PBS and 

mounted in Vectorshield mounting agent (Vector Labs). In each experiment a 

parallel secondary antibody staining (no primary antibody) was included to control 

for background staining of the antibody. For phallodin and antibody details please 

see table 2 at the end of this chapter. 

 

Sections were viewed on a Leica confocal SP2 microscope using a 63x oil 

objective. Fluorescent images acquired in the FITC, rhodamine channel, were 

taken using a Leica-driven acquisition system. 

 

2.11 Analysis of Microscopy 

 

2.11.1 Quantification of Migration   

 

On completion of real time movies, the outline of each cell was manually traced for 

each time point using Open Labs Software. This software automatically generated 

a centre point or centroid for each cell (Figure 11).  

 

The centroid is the average of the x and y coordinates of all of the pixels in the 

trace. These coordinates were converted into micro metres at the beginning of 

each manual trace, and imported into Image J chemotaxis and migration tool 

software, where a migration plot was generated. From this migration plot several 

parameters were calculated, including accumulated distance, Euclidean distance, 

velocity and directionality (Figure 12). 

 

The accumulated distance is the cell path from the initial time point (ti) to the final 

time point (tf), where as the Euclidean distance is the straight line distance from ti 

to tf (Figure 13).  The directionality of the cell was calculated by the formula: 

Euclidean distance/ accumulated distance. 
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Figure 11. Open Lab snapshots showing the outline of each cell at 
timepoints t1 (A) and t2 (B) with its corresponding centroid x. 
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Figure 12. Image J snapshots showing a migration plot with its 
corresponding parameters. Cell traces were arranged to show their 
origins at x=y=0.  
 

 

 

 



 68 

 

 

 

 

                            

 
Figure 13. Accumulated and Euclidean distance, where ti represents initial 
time and tf, final time.  
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2.11.2 Quantification of Toluidine Blue positive murine conjunctival mast 

cells 

 

Following Toluidine Blue staining of mast cells, all images were analyzed by the 

Image J program. Toluidine Blue positive mast cells were counted in the forniceal 

region of the conjunctivia marked G and AG (Figure 14) to a stromal depth of 

200µm and 500µm respectively parallel to the basement membrane of the surface 

epithelium. Regions, G and AG, were of an equal size and this was determined 

using the Image J program. The results were expressed as the mean count of cells 

± standard error mean (SEM) per mm2.  

 

 

2.11.3 Quantification of mMCP5 and CCR1 positive murine conjunctival mast 

cells 

 

Following immunohistochemistry staining of mMCP-5 and CCR1, all images were 

analyzed by Image Pro acquisition software system using a FITC channel to detect 

mMCP-5 and a TRTCI channel to detect CCR1. Thereafter, mMCP-5 and CCR1 

positive mast cells were counted using a grid (0.1 mm2). The grid was placed 100 

µm parallel to the basement membrane of the surface epithelium in the area 

marked G. (Figure 15). The number of immunopositive cells were determined and 

results were expressed as the mean count of cells ± SEM per 0.1 mm2. 
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Figure 14. Schematic representation of the conjunctivia showing the location of the 

chemokine gradient, G, and the location away from the chemokine gradient, AG, 

the areas in which mast cells were counted. 

 

 

 

 

 

 

 

 

Figure 15. Schematic representation of the conjunctivia showing the location of the 

chemokine gradient, G, the area in which mast cells were counted.  
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2.12 RT-PCR 

 

2.12.1 RNA isolation 

 

Total RNA was extracted from cells using the RNeasy kit (Qiagen cat.74104) as 

per the manufacturer’s instructions. Briefly, cells grown on 6- well plates (< 1x107) 

were lysed directly by adding 350ul lysis buffer containing β mercapto-ethanol 

(10µl/ml, Sigma-Aldrich). The resulting suspension was vortexed for 1 minute and 

immediately stored at -80oC for future use or subjected to RNA isolation. The 

samples were then applied to the RNeasy Mini spin column, contaminants washed 

away, and RNA eluted in 20-30µl of RNAse free water. The concentration of RNA 

was determined using a spectrophotometer. RNA samples were stored at -80oC 

and thawed on ice before use. 

  

2.12.2 Reverse Transcription (RT) 

 

RNA was reverse transcribed into cDNA using the QuantiTect Reverse 

Transcription Kit (Qiagen cat 205311), which comprises elimination of genomic 

DNA and reverse transcription. Briefly, 1µg of purified RNA sample was incubated 

in gDNA Wipeout buffer for 2 minutes at 42oC to eliminate any genomic DNA 

contamination. Thereafter, the reverse transcription reaction was performed (as per 

kit instructions) in a final volume of 20µl containing a master mix of RNA, 

Quantiscript Reverse Transcriptase, RNase inhibitor, dNTPs and Mg2+ mix, oligo-dT 

and RNase free water.  The mixture was incubated at 42oC for 15 minutes, 95oC for 

5 minutes (to inactivate the Quantiscript Reverse Transcriptase) and 4oC for 5 

minutes in a thermalcycler. Following first strand synthesis reaction, a portion of the 

reverse transcription reaction was immediately transferred into another tube for the 

3 Real Time Quantitative PCR (qPCR) reaction. 

 

2.12.3 qPCR 

 

Real time quantification of DNA was carried out using the QuantiTect SYBR green 

PCR kit (Qiagen cat 204143) as per manufacturers instructions. Primer sequences 

were obtained from Applied Biosystems and reconstituted to a concentration of 

50µM in buffer. Briefly, the amplification and detection was performed in a final 

reaction volume of 25µl containing 2x SYBR Green master mix, (master mix 



 72 

contained intercalating SYBR Green I dye that fluoresces when bound to ds DNA, 

Taq DNA polymerase, KCL, (NH4)2SO4 and ROX dye), 0.5µM of primer, 50ng 

copy DNA (cDNA) and RNase water. The mixture was incubated at 94°C for 15 

seconds, 55oC for 30 seconds, 72oC for 30 seconds for 40 cycles and for 95oC for 

15 seconds, 60oC for 30 seconds and 95oC for 15 seconds for 1 cycle. An 

annealing temperature of 52°C was used for all primers. All data were normalized 

to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression (Applied 

Biosystems). 

 

 

2.12.4 Analysis of qPCR 

 

Cycle threshold (Ct) values were recorded and the data was normalised by running 

each sample against GAPDH, as a housekeeping gene, with the relative gene 

expression calculated using the ∆∆Ct method as described below: 

∆= change 

∆Ct = Ct target gene - Ct housekeeping gene 

  ∆∆Ct = ∆Ct sample - ∆Ct unstimulated 

   

2.13 Western Blotting  

 

2.13.1 Protein Isolation  

 

Following experimental conditions, cytoplasmic and nuclear proteins were 

extracted from cells by using Mammalian Protein Extraction Reagent (M-PER) 

(Thermo Scientific) as follows. Adherent cells were washed three times with x1 cold 

PBS. 50µl of cold M-PER containing a protease inhibitor cocktail (Cat no: P8340, 

Sigma-Aldrich)-10 µl per ml of lysis buffer, Dithiothreitol (DTT) 0.5 mM, Phenyl 

Methyl Sulfonyl Fluoride (PMSF) 1mM and Sodium Orthovanadate 3mM was 

added to adherent cells and scraped rapidly. The resulting cell lysate was pipetted 

thoroughly and transferred to a microfuge tube. The samples were centrifuged 

twice at 14,000rpm for 10 minutes to pellet the cell debris and the supernatant 

containing the proteins of interest was collected. 

 

Protein concentration was estimated using a Pierce bicinchoninic acid (BCA) 

Protein Assay Kit (Thermo Scientific). This method relies the reduction of Cu2+ to 
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Cu1+ by protein in an alkaline medium. The resulting purple-colored reaction 

product is detected by a reagent containing BCA. 

 

In a 96 well plate 10ul of protein or standard sample (diluted 1:4 in PBS) was 

added to 200µl of BCA reagent. The samples were mixed thoroughly on a plate 

shaker for 30 seconds and incubated at 37oC for 15 minutes. The absorbance of 

the resulting purple solution was then measured at 562nm using a 

spectrophotometer.  To ensure equal loading of protein onto the electrophoresis gel 

protein volumes were adjusted according to relative absorbance readings. To 

ensure for further normalisation of amount of protein loaded, a loading control of β-

actin (Abcam) was also used in each experiment. All protein samples were stored 

at -80oC for future use. 

 

2.13.2 Protein Gel Electrophoresis and transfer 

 

The NuPAGE gels and buffer systems from Invitrogen were used for protein gel 

electrphoresis . In this study 10% Bis-Tris gels (NP0315, Invitrogen) were used in 

combination with the MOPS SDS running buffer (NP0001, Invitrogen, UK) for 

resolution of proteins with a molecular weight between 20 and 60 kDa. All gels 

were of 1.5mm thickness containing 15 wells, capable of holding 30µl of solution 

and prepared as follows. 

 

30 µl of loading sample was prepared with 9 µl of loading buffer (LDS 4X),3 µl of 

reducing agent (10X),  and a maximum of 18 µl of protein sample. As previously 

mentioned, in order to load equal amounts of protein, this volume of 18 µl was 

adjusted based on the absorption readings (from BCA assay) and the remaining 

volume made up with water. To denature the protein the loading samples were 

boiled at 80oC for 10 minutes. The pre-casted gels were washed in distilled water 

and fitted into the XCell SureLock™ Mini-Cell mini vertical electrophoresis system 

(Invitrogen). Thereafter, the chamber was locked to generate a watertight 

compartment for the gel and the electrodes. Into this compartment, working 

concentration running buffer and working concentration MOPS running buffer (for 

bis-tris gels Cat no: NP0001 with antioxidant (500 µl/ 200mls buffer) was added. 

The protein ladder and samples were loaded into the gels and were run at 180V for 

50 minutes.  

Before protein transfer, Poly VinyliDene Fluoride (PVDF) membranes (Hybond-P) 

were pre-treated with methanol for 5 minutes, washed in distilled water and 
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equilibrated in working concentration transfer buffer (Invitogen). Protein transfer 

was conducted at 35V for 90 minutes using the XCell SureLock™ Mini-Cell mini 

transfer set up (Invitrogen). 

 

2.13.3 Immunoblotting 

 

Membranes were blocked in tris-buffered saline  (TBS) +0.1% Tween-20 with 5% 

BSA at room temperature for 1 hour. Primary antibodies were diluted in blocking 

buffer and incubated overnight at 4oC. The membrane was washed 3 times in TBS 

+ 0.1% Tween-20 for 15 minutes at room temperature and incubated with 

secondary antibody conjugated to HRP (Jackson Laboratories) for 1 hour at room 

temperature. After three successive washes in TBS + 0.1% Tween-20 for 15 

minutes and twice with TBS, the blot was visualised with enhanced luminol-based 

chemiluminescent (ECL) advanced detection kit (Thermo scientific). For antibody 

details please see table 2 at the end of this chapter. 

 

 

2.14 Statistical analysis of results 

 

For the present study all statistics were determined using the student T-test, which 

assesses whether the means of two groups are statistically different from each 

other when measuring one variable. 
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Chapter 3. 

The effect of FcεRI and CCR1 co-engagement on RBL-CCR1 cell motility 
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3. The effect of FcεRI and CCR1 co-engagement on RBL-CCR1 cell motility 

 

3.1 Introduction and hypothesis 

 

Mip-1α was first observed as a histamine releasing factor in mouse peritoneal mast 

cells (Alam et al., 1992), though these in vitro experiments showed that Mip-1α was 

a markedly less effective histamine releasing factor than IgE/antigen. The role of 

Mip-1α in mast cell physiology in vivo is less well defined having been implicated in 

various mast cell functions including activation, differentiation and homing (Ono et 

al., 2003). Miyazaki and co-workers (2005) observed the rapid expression of Mip-

1α in resident mononuclear cells following allergen challenge in a murine allergic 

conjunctivitis model. Subsequent studies by Toda and co-workers (2004) 

demonstrated that co-stimulation of RBL-CCR1 cells in vitro by Mip-1α and 

IgE/antigen synergistically enhanced degranulation and inhibited Mip-1α mediated 

chemotaxis. This data suggests that while CCR1 and FcεRI engagement is 

essential for optimal activation and degranulation of mast cells, it also affects other 

mast cell events such as chemotaxis. 

 

As displayed by several cell types, the migration of cells towards chemoattractants 

during biological processes requires the reorganisation of the actin cytoskeleton, 

along with defined localisation patterns for cell motility components such as 

PI(3,4,5)P3 and chemokine receptors. Mast cells accumulate at sites of 

inflammation during an allergic response, however, at present, the mechanisms 

underlying mast cell migration in vitro and in vivo are poorly understood. A 

continued effort to further elucidate the mechanisms involved during mast cell 

migration will help identify alternative anti-inflammatory therapies. 

 

Based on current knowledge, I hypothesise that CCR1 engagement by Mip-1α and 

simultaneous engagement of CCR1 and FcεR1 by Mip-1α and IgE/antigen 

respectively, in RBL-CCR1 cells in vitro, can alter cell morphology, actin 

cytoskeleton reorganisation and the localisation of cell motility components 

pertinent for cell migration.  

 

To address this hypothesis, the specific aims of this chapter were as follows: - 
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1. To analyse actin reorganisation in RBL-CCR1 cells following co-stimulation 

with Mip-1α and IgE/antigen.  

2. To analyse by real time microscopy the behaviour and morphology of RBL-

CCR1 cells migrating towards a Mip-1α gradient and test the effects of IgE 

receptor cross-linking. 

3. To analyse the localisation of PI(3,4,5)P3, CCR1 and actin in RBL-CCR1 

cells migrating towards Mip-1α gradient. 
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3.2 Results 

 

3.2.1 Actin reorganisation in RBL-CCR1 cells induced by homogeneous co-
stimulation by Mip-1α  and IgE/antigen 

 

The actin cytoskeleton is a highly dynamic network, and rearrangement of the actin 

cytoskeleton is a crucial component of cell motility. Membrane ruffling and 

lamellipodia formation as a result of actin polymerisation are fundamental 

components of the cytoskeleton rearrangements required for cell movement. In a 

previous study, Toda et al (2004) showed that FcεRI engagement has an inhibitory 

effect on Mip-1α-induced chemotaxis, suggesting that co-stimulation with antigen 

and Mip-1α affect reorganisation of actin cytoskeleton of RBL-CCR1 cells. In order 

to examine the effects of co-stimulation of CCR1 and FcεRI by Mip-1α and 

IgE/antigen respectively on actin reorganisation in RBL-CCR1 cells, RBL-

CCR1cells were stimulated with 1ng/ml of Mip-1α (optimal condition for chemotaxis 

established by Toda et al., 2004) and 10ng/ml of DNP-HSA (antigen), thereafter 

actin filaments were visualized with TRITC-conjugated phallodin. The data are 

representative of 4 separate experiments with more than 40 cells analysed in each.  

 

Unstimulated RBL-CCR1 cells are pod shaped elongated cells with strong, evenly 

distributed actin expression (Figure 16A). RBL-CCR1 cells homogeneously 

stimulated with 1ng/ml of Mip-1α dramatically induced actin rich membrane ruffles 

within one minute (Figure 16B). Moreover, cells stimulated with 1 ng/ml of Mip-1α 

for five minutes showed further large distinct actin rich membrane ruffles (as 

indicated by white arrow), a flattened morphology adopting a polarized phenotype 

with actin rich lamellipodia (as indicated by yellow arrow) at the leading edge of the 

cell (Figure 16C). Interestingly, cells sensitized with IgE mAb and co-stimulated 

with Mip-1α and IgE/antigen for one minute and five minutes exhibited few or no 

membrane ruffles (Figures 16D and 16E respectively) compared with Mip-1α 

stimulated cells. Cells sensitized with IgE alone for five minutes exhibited intense 

cortical actin and few membrane ruffles compared with Mip-1α stimulated cells 

(Figure 16F).  

 

These results indicate that FcεR1 engagement alters actin cytoskeleton 

reorganisation of RBL-2H3 cells. It inhibits pronounced Mip-1α induced membrane 

ruffling response and thereby contributes to the inhibition of Mip-1α induced 
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chemotaxis of RBL-CCR1 cells.  
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Figure 16. Rhodamine phalloidin-stained RBL-CCR1 cells showing F-actin 
distribution (red) and decreased membrane ruffling following stimulation 
with Mip-1α and co-stimulation with Mip-1α + IgE/Antigen. (A) Unstimulated 
RBL-CCR1. RBL-CCR1 cells were stimulated with Mip1a for (B) 1 minute or (C) 
5 minutes; or Mip-1α + IgE/antigen (D) 1 minute or (E) 5 minutes; and (F) IgE 
for 5 minutes. Mip-1α  stimulated RBL-CCR1 cells exhibit extensive membrane 
ruffling ( as indicated by white arrow) and lamellipodia ( as indicated by yellow 
arrow) as compared to co-stimulated cells. The data are representative of 4 
separate experiments with more than 40 cells analysed in each experiment. 
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3.2.2 Behavioural responses of RBL-CCR1 Cells to gradients of Mip-1α  and 

IgE/antigen co-stimulation using real time microscopy 

 

Chemotaxis is the directional movement of cells within a chemokine gradient. Actin 

polymerisation and membrane ruffling occur at the leading edge of chemotactic 

cells, resulting in cell polarisation and facilitating appropriate directional movement 

up a chemotactic gradient. In order to acquire a detailed understanding of the 

mechanisms involved in mast cell chemotaxis, the initial starting point for many 

investigations of cell motility is to characterise the behaviour of cells.  

 

Toda et al., (2004) demonstrated using a chemotaxis transwell system (standard 

Boyden chamber) that Mip-1α induced RBL-CCR1 chemotaxis and inhibition of 

Mip-1α induced chemotaxis was a result of FcεR1 and CCR1 co-engagement. 

However, the standard Boyden chamber only determines an end point of cell 

motility and does not allow for the observation of cell movement to characterize the 

motility pattern. Therefore, a series of experiments were conducted to characterise 

the behaviour of RBL- CCR1 cells towards a micropipette (creating a gradient), 

containing either DMEM media supplemented with PBS; Mip-1α; both Mip-1α and 

antigen (in this case RBL-CCR1 cells were sensitized with IgE MAb); antigen; Mip-

1α and antigen and Mip-1α  (however in this case RBL-CCR1 cells were sensitized 

with IgE MAb). For each experiment 10-15 cells per condition were recorded every 

minute for one hour using real time microscopy. Following this recording, the 

results were analysed in Image J using the chemotaxis tool that give migrational 

plot, directionality, Euclidean distance, accumulated distance and velocity for each 

condition. The data are representative of five separate movies for each condition 

with at least 10-15 cells analysed in each movie.  

 

In the experiment shown in Figure 17, a micropipette (as indicated by a yellow *) 

filled with DMEM plus PBS (DMEM/PBS) is positioned within a field of RBL-CCR1 

cells. Figures 17A-E are representative of 5 independent time-lapse videos where 

the red arrow shows the movement of a representative cell towards DMEM/PBS 

over a period of 1 hour Figure 17A shows at the onset of the experiment RBL-

CCR1 cells are elongated pod shaped cells. Cells exposed to the micropipette 

gradient for five minutes (Figure 17B), ten minutes (Figure 17C), 30 minutes 

(Figure 17D) and 60 minutes (Figure 17E) were unresponsive, displaying no 

membrane ruffling or cell polarization. Figure 17F shows a migrational plot 
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representing the pathway undertaken by each RBL-2H3 cell in response to the 

micropipette gradient in one hour, where the x and y axis represent the distance in 

um. The plot indicates the cells remain stationary, the cells seem to ‘wiggle’ on the 

spot in response to DMEM/PBS gradient and their endpoint surrounding the x-y 

intercept, thereby inferring limited motility. A movie of the experiment described in 

this figure is available on CD1 movie file name, DMEMMedia.  
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Figure 17. RBL-CCR1 cells do not migrate towards PBS/DMEM. 
Time-lapse video microscopy frames of RBL-CCR1 motility towards a 
micropipette tip (*) containing PBS/DMEM media alone at timepoints (A) 0, (B) 5 
minutes, (C) 10 minutes, (D) 30 minutes, (E) 60 minutes. Figures 2A-E are 
representative of 5 independent time-lapse videos where the red arrow shows 
the movement of a representative cell towards PBS/DMEM over a period of 1 
hour.  (F) RBL-CCR1 cell migrational plot depicting the path of each cell every 
minute for a period of 1hour towards a micropipette tip containing media alone. 
Cell traces were arranged to show their origins at x=y=0. Migration plot shown 
in Figure 2F is representative of 5 independent experiments 
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In the experiment shown in Figure 18, a micropipette (as indicated by a yellow *) 

filled with 50ng/ml of Mip-1α is positioned within a field of RBL-2H3 cells. Figures 

18A-E are representative of 5 independent time-lapse videos where the red arrow 

shows the movement of a representative cell towards Mip-1α over a period of 1 

hour.  The cells appeared unresponsive and elongated in shape at the onset 

(Figure 18A), however within five minutes RBL-2H3 cells showed intense 

membrane ruffling (Figure 18B) when exposed to the micropipette Mip-1α gradient. 

By ten minutes, RBL-CCR1 cells displayed large membrane ruffles at their leading 

edge, formed lamellipodia and were polarised (Figure 18C). By 30 minutes (Figure 

18D) and 60 minutes (Figure 18E) RBL-2H3 cells maintained a polarized 

phenotype and were able to chemotax toward the micropipette Mip-1α gradient. 

The migrational plot in Figure 18F indicates RBL-CCR1 cells moved from 0-20+ um 

in response to a Mip-1α gradient for one hour. A movie of the experiment described 

in this figure is available on CD1 movie file name, Mip1a.  
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Figure 18. RBL-CCR1 cells chemotax towards Mip-1α. 
Time-lapse video microscopy frames of RBL-CCR1 motility towards a 
micropipette tip (*) containing Mip-1α at timepoints (A) 0 ,(B) 5 minutes, (C) 10 
minutes, (D) 30 minutes, (E) 60 minutes. Figures 2A-E are representative of 5 
independent time-lapse videos where the red arrow shows the movement of a 
representative cell towards Mip-1α over a period of 1 hour.  (F) RBL-CCR1 cell 
migration plot depicting the path of each cell every minute for a period of 1hour 
towards a micropipette tip containing Mip-1α alone. Cell traces were arranged 
to show their origins at x=y=0. Migration plot shown in Figure 2F is 
representative of 5 independent experiments 
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In the experiment shown in Figure 19, a micropipette (as indicated by a yellow *) 

filled with 50ng/ml of Mip-1α and 10ng/ml of antigen is positioned within a field of 

RBL-CCR1 cells sensitized with IgE MAb. Figures 19A-E are representative of 5 

independent time-lapse videos where the red arrow shows the movement of a 

representative IgE sensitised cell towards Mip-1α and antigen over a period of 1 

hour. The cells appeared unresponsive and elongated in shape at the onset (Figure 

19A). By five minutes, RBL-CCR1 cells remained unresponsive towards the Mip-1α 

and antigen micropipette gradient (Figure 19B). Moreover, further exposure at ten 

minutes (Figure 19C), 30 minutes (Figure 19D) and 60 minutes (Figure 19E) 

rendered the cells inactive, with no obvious morphological changes, cell 

polarization or chemotaxis. Figure 19F shows a migrational plot representing the 

pathway undertaken by each RBL-CCR1 cell sensitized with IgE MAb in response 

to the micropipette Mip-1α and antigen gradient in one hour. The pathway of the 

cells end mostly at the intercept of the x and y-axis thereby showing limited 

movement. A movie of the experiment described in this figure is available on CD1 

movie file name, Mip1a and IgEAntigen.  
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Figure 19. RBL-CCR1 cells pre-sensitised with IgE do not chemotax 
towards Mip-1α and antigen. 
Time-lapse video microscopy frames of IgE sensitised RBL-CCR1 motility 
towards a micropipette tip (*) containing Mip-1α and antigen at timepoints (A) 0 
,(B) 5 minutes, (C) 10 minutes, (D) 30 minutes, (E) 60 minutes. Figures 2A-E 
are representative of 5 independent time-lapse videos where the red arrow 
shows the movement of a representative IgE pre-sensitised cell towards Mip-1α 
and antigen over a period of 1 hour. (F) RBL-CCR1 cell migration plot depicting 
the path of each cell every minute for a period of 1hour towards a micropipette 
tip containing Mip-1α and antigen alone. Cell traces were arranged to show 
their origins at x=y=0. Migration plot shown in Figure 2F is representative of 5 
independent experiments 
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In the experiment shown in Figure 20, a micropipette (*) filled with 10ng/ml of 

antigen is positioned within a field of RBL-CCR1 cells. The cells appeared 

unresponsive and elongated in shape at the onset (Figure 20A). At five minutes 

exposure RBL-CCR1 cells showed no obvious morphological changes towards the 

micropipette antigen gradient (Figure 20B). Further exposure to the micropipette 

antigen gradient at ten minutes (Figure 20C), 30 minutes (Figure 20D) and 60 

minutes (Figure 20E) did not induce membrane ruffles or cell polarization. Figure 

20F shows a migrational plot representing the pathway undertaken by each RBL-

CCR1 cell in response to the micropipette antigen gradient in one hour. RBL-CCR1 

cells endpoints surround the x-y intercept, thereby showing limited motility towards 

the micropipette antigen gradient. A movie of the experiment described in this 

figure is available on CD1 movie file name, Antigen.  
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Figure 20. RBL-CCR1 cells do not migrate towards antigen. 
Time-lapse video microscopy frames of RBL-CCR1 motilty towards a 
micropipette tip (*) containing antigen at timepoints (A) 0, (B) 5 minutes, (C) 10 
minutes, (D) 30 minutes, (E) 60 minutes. (F) RBL-CCR1 cell migration plot 
depicting the path of each cell every minute for a period of 1hour towards a 
micropipette tip containing antigen alone. Cell traces were arranged to show 
their origins at x=y=0. Migration plot shown in Figure 2F is representative of 5 
independent experiments 
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In the experiment shown in Figure 21, a micropipette (as indicated by a yellow *) 

filled with 50ng/ml of Mip-1α and 10ng/ml of antigen is positioned within a field of 

RBL-CCR1 cells. The cells appeared unresponsive and elongated in shape at the 

onset (Figure 21A). However, within five minutes exposure to the micropipette Mip-

1α and antigen gradient the cells dramatically induced large membrane ruffles 

(Figure 21B). Further exposure to the micropipette Mip-1α and antigen gradient at 

ten minutes (Figure 21C), 30 minutes (Figure 21D) and 60 minutes (Figure 21E) 

induced large distinct membrane ruffles, lamellipodia formation, cell polarization 

and chemotaxis of these cells towards the gradient. Figure 21F shows a 

migrational plot representing the pathway undertaken by each RBL-CCR1 cell in 

response to the micropipette Mip-1α and antigen gradient in one hour. The cells 

are able to chemotax upto 40um towards the Mip-1α and antigen gradient. A movie 

of the experiment described in this figure is available on CD1 movie file name, Mip-

1a and antigen. 
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Figure 21. RBL-CCR1 chemotax towards Mip-1α and antigen. 
Time-lapse video microscopy frames of RBL-CCR1 motilty towards a 
micropipette tip (*) containing Mip-1α and antigen at timepoints (A) 0, (B) 5 
minutes, (C) 10 minutes, (D) 30 minutes, (E) 60 minutes.(F) RBL-CCR1 cell 
migration plot depicting the path of each cell every minute for a period of 1hour 
towards a micropipette tip containing Mip-1α and antigen alone. Cell traces 
were arranged to show their origins at x=y=0. Migration plot shown in Figure 2F 
is representative of 5 independent experiments 
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In the experiment shown in Figure 22, a micropipette (as indicated by a yellow *) 

filled with 50ng/ml of Mip-1α is positioned within a field of RBL-CCR1 cells 

sensitised with IgE MAb. The cells appeared unresponsive and elongated in shape 

at the onset (Figure 22A).  However, within five minutes RBL-CCR1 cells showed a 

varied membrane ruffling response (Figure 22B) when exposed to the micropipette 

Mip-1α gradient. At ten minutes (Figure 22C) 30 minutes (Figure 22D) and 60 

minutes (Figure 22E) exposure to the micropipette Mip-1α gradient most, but not all 

cells were able to form lamellipodia and chemotax towards the gradient. Figure 22F 

shows a migrational plot representing the pathway undertaken by each RBL-CCR1 

cell sensitised with IgE MAb in response to the micropipette Mip-1α gradient in one 

hour. RBL-CCR1 cells were able to chemotax towards the Mip-1α gradient, 

however their motility and morphological response was variable. A movie of the 

experiment described in this figure is available on CD1 movie file name, Mip-1a 

plus IgE.  

 

These results indicate that RBL-CCR1 cells induce large membrane ruffles and are 

able to chemotax towards a Mip-1α gradient. However, co-engagement of FcεR1 

and CCR1 have profound effects on cell morphology and inhibit chemotaxis.  
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Figure 22. RBL-CCR1 sensitised with IgE chemotax towards Mip-1α. 
Time-lapse video microscopy frames of RBL-CCR1 motilty towards a 
micropipette tip (*) containing Mip-1α at timepoints (A) 0, (B) 5 minutes, (C) 10 
minutes, (D) 30 minutes, (E) 60 minutes. (F) RBL-CCR1 cell migration plot 
depicting the path of each cell every minute for a period of 1hour towards a 
micropipette tip containing Mip-1α. Cell traces were arranged to show their 
origins at x=y=0. Migration plot shown in Figure 2F is representative of 5 
independent experiments 
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Figures 23A-E  and table 3 show the analysis of cell motility parameters by Image J 

following each movie. The parameters analysed were: 

 

1) Directionality- a value for the directionality of motion and is calculated using the 

following equation 

 

          Directionality =  Euclidean distance/ accumulated distance 

                                  

 

2) Euclidean distance- the distance travelled from initial time (ti) to final time (tf). 

Figure 12 in chapter 2 materials and methods .  

 

3) Accumulated distance- the straight line distance from intial time (ti) to final time 

(tf). See Figure 12 in chapter 2 materials and methods .  

 

 

4) Velocity - speed 

 

In Figure 23A, in the presence of a Mip-1α gradient the directionality of RBL-CCR1 

cells was significantly up-regulated in comparison to DMEM/PBS gradient.  

Interestingly, there was a significant decrease in directionality of IgE sensitised 

RBL-CCR1 cells in response to a Mip-1α and antigen gradient in comparison to 

RBL-CCR1 cells exposed to a DMEM /PBS gradient. In Figure 23B the Euclidean 

distance of RBL-CCR1 cells in response to a Mip-1α was significantly greater that 

that observed by DMEM /PBS gradient. However, there was a significant decrease 

in directionality of IgE sensitised RBL-CCR1 cells in response to a Mip-1α and 

antigen gradient in comparison to RBL-CCR1 cells exposed to a DMEM/PBS 

gradient. In Figure 23C and 23D the accumulated distance and velocity 

respectively of RBL-CCR1 cells were not affected by a Mip-1α gradient or any 

other conditions applied. These results indicate that a Mip-1α gradient stimulates 

RBL-CCR1 cell polarisation (directionality) and this effect is not inhibited by antigen 

or IgE alone, but by the combination of Mip-1α and IgE plus antigen. Although, Mip-

1α or any other combinations do not affect cell speed, Mip-1α polarises RBL-CCR1 

cells which is the reason why it increases chemotaxis. 
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Figure 23. Motilty parameters of RBL-CCR1 cells. 
Motility parameters were determined using Image J. Figures 8A-D show the (A) 
Directionality, (B) Euclidean distance, (C) Accumulated distance and (D) velocity 
of RBL-CCR1 cells. The data represent the Mean +/- standard error mean 
(SEM) of five experiments where *, p <0.001, using the student T-test. 
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 Media 
alone 

Mip-
1α  

alone 

Mip1α+IgE/Antigen Antigen 
alone 

Mip-1α  
+ 

Antigen 

Mip-1α  
+ IgE 

Directionality  
0.042 

+/- 
0.004 
SEM 

 

 
0.138 

+/- 
0.018 
SEM 

 

 
0.032 

+/- 
0.003 SEM 

 

 

 
0.032 

+/- 
0.003 
SEM 

 

 
0.158 

+/- 
0.014 
SEM 

 

 
0.1025 

+/- 
0.009 
SEM 

 

Euclidean 
distance 

(um) 

 
4.578 

+/- 
1.153 
SEM 

 

 
11.878 

+/- 
1.423 
SEM 

 

 
4.398 

+/- 
0.673 SEM 

 

 
4.366 

+/- 
0.684 
SEM 

 

 
18.916 

+/- 
1.057 
SEM 

 

 
11.757 

+/- 
1.428 
SEM 

 
Accumulated 

distance 
(um) 

 
104.584 

+/- 
21.199 
SEM 

 

 
95.37 

+/- 
13.792 
SEM 

 

 
132.186 

+/- 
8.411 SEM 

 

 
130.6 

+/- 
10.279 
SEM 

 

 
127.424 

+/- 
10.909 
SEM 

 

 
113.252 

+/- 
5.940 
SEM 

 
Velocity 

(um/minute) 
 

1.588 
+/- 

0.471 
SEM 

 

 
1.62 
+/- 

0.231 
SEM 

 

 
2.24 
+/- 

0.142 SEM 
 

 
2.028 

+/- 
0.313 
SEM 

 

 
2.16 
+/- 

0.183 
SEM 

 

 
1.92 
+/- 

0.101 
SEM 

 

Table 3. Summary of cellular effects (motility parameters) from the  
pipette assays of RBL-CCR1 cells  

 

 

. 
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3.2.3 Localisation of PI(3,4,5) P3 in RBL-CCR1 cells in response to a Mip-1α   

gradient 

 

The lipid product PI(3,4,5)P3, is a well known candidate for establishing cell 

polarity. The PH-AKT-GFP probe accumulates within seconds at the leading edge 

of polarised neutrophils responding to a chemoattractant (Servant et al., 2000). 

This asymmetric localisation activates Rho GTPases, which ultimately drives actin 

polymerization inducing subcellular processes such as lamellipodia, pseudopods, 

filopodia, membrane ruffling, and subsequently chemotaxis. Although the 

asymmetric localization of PI(3,4,5)P3 at the leading edge has been reported in 

many cells types, it is not known whether PI(3,4,5)P3 plays a role in mast cell 

polarization and chemotaxis. 

 

The objective of these experiments was to examine the localisation of PI(3,4,5)P3 

in RBL-CCR1 cells in response to a Mip-1α gradient, and thereby determine 

whether directed cell movement in mast cells is via a PI(3,4,5)P3 mediated 

pathway.  RBL-CCR1 cells stably expressing PH-AKT-GFP probe were exposed to 

a micropipette containing 50ng/ml of Mip-1α. For each experiment a minimum of 

three cells were recorded every five seconds for ten minutes using real time 

fluorescent microscopy. The data are representative of two separate experiments 

with at least two cells analysed in each movie.  

 

As shown in Figure 24A, unstimulated RBL-CCR1 are pod shaped elongated cells, 

in which PI(3,4,5)P3 was localised throughout the cytoplasm and nucleus. Cell a 

stimulated with 50ng/ml of Mip-1α for five seconds showed a flattened morphology 

with PI(3,4,5)P3 localised around the cell membrane( as indicated by the white 

arrow) (Figure 24B) and further stimulation with Mip-1α for ten seconds showed 

increased PI(3,4,5)P3 localisation around the cell membrane (Figure 24C). By one 

minute, cell a continued to show a flattened morphology with intense membrane 

ruffles, PI(3,4,5)P3 localised to, and was highly concentrated on the membrane 

ruffles at the leading edge ( as indicated by the red arrow) (Figure 24D). By two 

minutes cells began to polarise, PI(3,4,5)P3 remained localised around the cell 

membrane (Figure 24E). At five minutes stimulation RBL-CCR1 cells showed a 

polarised phenotype, with a large distinct membrane ruffle and lamellipodia. 

Interestingly PI(3,4,5)P3 re-localised to the edge of the lamellipodia nearest the 

Mip-1α gradient (Figure 24F). Moreover, at seven minutes stimulation PI(3,4,5)P3 
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expression was no longer observed within the large lamellipodia, but was now 

observed at the cell membrane (Figure 24G).  

 

Unfortunately, as RBL-CCR1 cells no longer stably expressed the PH-AKT-GFP 

probe it was not possible to quantitate the localisation of PI(3,4,5)P3 in these 

experiments, nor examine how the localisation of PI(3,4,5)P3 was affected by co-

stimulation of CCR1 and FcεR1 by Mip-1α and IgE/Ag respectively. As it was not 

possible to detect PI(3,4,5)P3 in RBL-CCR1 Cells using a specific PI(3,4,5)P3 

antibody it was decided that the role of WASP, also a mediator of cell polarisation 

would be examined instead of PI(3,4,5)P3 for subsequent experiments.  
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Figure 24. Localisation of PI(3,4,5)P3 at the leading edge of RBL-
CCR1cells in response to a Mip-1α gradient.The PH domain of AKT tagged 
to GFP was used to detect PIP3 localisation in RBL-CCR1 cells. Stably 
expressing GFP-AKT-RBL-CCR1cells were exposed to a micropipette (*) 
containing Mip-1α at time points (A) 0 (B) ) 5 seconds (C) 10 seconds (D) 1 
minute (E) ) 2 minutes  (F) ) 5 minutes  (G) 7 minutes. The white arrow shows 
localisation of PIP3 at the cell membrane at 5 seconds, while the red arrow 
shows the localisation of PIP3 at the leading edge at 5 minutes in one RBL-
CCR1 cell in response to Mip-1α. Figures 23A-H are representative of two 
independent experiments. 
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3.2.4 Localisation of CCR1, actin and WASP in RBL-CCR1 cells in response 

to a Mip-1α  gradient 

 

A mechanism for the spatial organisation of chemokine receptors on the leukocyte 

cell surface following chemokine stimulation that would allow for the detection of, 

and subsequent chemotaxis towards a chemokine gradient remains unclear. Both 

symmetrical and asymmetrical distributions of chemokine receptors have been 

observed on the cell surface following chemokine receptor stimulation (Servant et 

al., 1999; Gomez-Mouton et al., 2004). Moreover, distinct localisation of CCR1 on 

membrane ruffles in RBL-2H3 cells following stimulation with Mip-1α has been 

reported (Beer et al., 2007). WASP has been implicated in several biological 

processes that involve actin cytoskeletal organisation. Myers et al., (2005) 

previously showed localization of WASP at the leading edge of chemotaxing 

Dictyostelium cells, however to date, the localisation of WASP at the leading edge 

of chemotaxing mast cells responding to Mip-1α is yet to be elucidated.   

 

The objective of these experiments was to examine the localisation of CCR1, actin 

and WASP in response to a Mip-1α gradient in RBL-CCR1 cells. RBL-CCR1 cells 

were exposed to a micropipette containing either 50ng/ml of Mip-1α for 5, 10 and 

20 minutes, or with DMEM/PBS for 20 minutes. RBL-CCR1 cells were fixed with 

PFA and stained for CCR1, actin and WASP. For each experiment a minimum of 

10-15 cells were recorded every minute for 20 minutes using real time microscopy. 

The data are representative of five separate experiments with at least 10-15 cells 

analysed in each.  

 

In the experiment shown in Figure 25, a micropipette (as indicated by a yellow *) 

filled with DMEM media plus PBS was positioned within a field of RBL-CCR1 cells 

for a the duration of 20 minutes. Figure 25A shows RBL-CCR1 cells are elongated 

pod shaped cells at the onset of the experiment. Cells exposed to DMEM/PBS 

micropipette showed a flattened morphology and were unresponsive, displaying no 

membrane ruffling or cell polarization (Figure 25B-E). Cells displayed CCR1 

expression at the cell membrane (Figure 25B) and diffuse actin expression (Figure 

25C). WASP was expressed throughout the cytoplasm and cell surface of the cells 

(Figure 25D). Figure 25E shows the co –localisation of CCR1 (red), actin (blue) and 

WASP (green), where the periphery of the cells were yellow (co-localisation of 

CCR1 and actin) and the cell body aqua (co-localisation of actin and WASP). 
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Figure 25. In response to a pipette of PBS/DMEM for 20 minutes CCR1 
localises at the cell membrane, whilst actin and WASP remain throughout 
the cytoplasm of RBL-CCR1 cells. (A) Time-lapse video microscopy frames of 
RBL-CCR1 motility towards a micropipette tip (*) containing PBS/DMEM media. 
Images were recorded every minute for 20 minutes, cells were then fixed and 
stained for (B) CCR1, (C) Actin and (D) WASP. (E) co-localisation of 
CCR1(red), actin( blue), WASP (green). The figures shown are representative 
of five independent experiments.  
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In the experiment shown in Figure 26, a micropipette (as indicated by a yellow *) 

filled with 50ng/ml of Mip-1α is positioned within a field of RBL-CCR1 cells for the 

duration of 5 minutes. Figure 26A shows at the onset of the experiment RBL-CCR1 

cells are elongated pod shaped cells. Cells exposed to the Mip-1α gradient 

displayed distinct polarised membrane ruffles and lamellipodia (Figure 25B-E). 

CCR1 (Figure 26B), actin (Figure 26C) and WASP (Figure 26D) were localised and 

enriched in the polarised membrane ruffles and lamellipodia that occurred on the 

side of the pipette. In addition, WASP localised to the nucleus. Figure 26E shows 

the co –localisation of CCR1 (red), actin (blue) and WASP (green). 
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Figure 26. In response to a pipette of Mip-1α for 5 minutes. CCR1, actin 
and WASP localise in the polarised membrane ruffles and lamellipodia of 
RBL-CCR1 cells. (A) Time-lapse video microscopy frames of RBL-CCR1 
motility towards a micropipette tip ( *) containing Mip-1α. Images were recorded 
every minute for 5 minutes, cells were then fixed and stained for (B) CCR1, (C) 
Actin and (D) WASP. (E) co-localisation of CCR1(red), actin( blue), WASP 
(green).The figures shown are representative of five independent experiments.  
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In the experiment shown in Figure 27, a micropipette (as indicated by a yellow *) 

filled with 50ng/ml of Mip-1α is positioned within a field of RBL-CCR1 cells for the 

duration of 10 minutes. Figure 27A shows at the onset of the experiment RBL-

CCR1 cells are elongated pod shaped cells. Cells exposed to the Mip-1α gradient 

for ten minutes displayed intense polarised membrane ruffles and lamellipodia 

(Figure 27B-E). CCR1 began to internalise (Figure 27B), actin continued to localise 

in the polarised membrane ruffles (Figure 27C) and WASP was no longer 

concentrated at the polarized membrane ruffles but remained in the nucleus 

(Figure 27D). Figure 27E shows the co –localisation of CCR1 (red), actin (blue) and 

WASP (green). 
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Figure 27. In response to a pipette of Mip-1α for 10 minutes, CCR1 begins 
to internalise. Actin remains localised in the polarised membrane ruffles 
and lamellipodia, whilst WASP now re locates from the polarised 
membrane ruffles to the cytoplasm and nucleus of RBL-CCR1 cells.  
(A) Time-lapse video microscopy frames of RBL-CCR1 motility towards a 
micropipette tip ( *) containing Mip-1α. Images were recorded every minute for 
10 minutes, cells were then fixed and stained for (B) CCR1, (C) Actin and (D) 
WASP. (E) Co-localisation of CCR1(red), actin( blue), WASP (green).  
The figures shown are representative of five independent experiments.  
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In the experiment shown in Figure 28, a micropipette (as indicated by a yellow *) 

filled with 50ng/ml of Mip-1α is positioned within a field of RBL-CCR1 cells for the 

duration of 20 minutes. Figure 28A shows at the onset of the experiment RBL-

CCR1 cells are elongated pod shaped cells. Cells exposed to the Mip-1α gradient 

for 20 minutes showed a flattened morphology with reduced membrane ruffles 

(Figure 28B-E). CCR1 expression was no longer internalised but was now at the 

cell membrane (Figure 28B) while actin expression was diffuse throughout the 

cytoplasm (Figure 28C). WASP was no longer concentrated at the polarized 

membrane ruffles, but was localised within the nucleus (Figure 28D). Figure 28E 

shows the co –localisation of CCR1 (red), actin (blue) and WASP (green), in which 

CCR1, actin and WASP expression was comparable to that observed in response 

to a DMEM/PBS gradient. 
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Figure 28. In response to a pipette of Mip-1α for 20 minutes. CCR1 
localises at the cell membrane. Actin begins to re-localise from the 
polarised membranes to the cytoplasm, whilst WASP localises throughout 
the cytoplasm and nucleus of RBL-CCR1 cells. (A) Time-lapse video 
microscopy frames of RBL-CCR1 motility towards a micropipette tip ( *) 
containing Mip-1α. Images were recorded every minute for 20 minutes, cells 
were then fixed and stained for (B) CCR1, (C) Actin and (D) WASP. (E) Co-
localisation of CCR1(red), actin( blue), WASP (green). The figures shown are 
representative of five independent experiments.  
 

 

 

 

 

 

 

 

20um 



 109 

3.3 Discussion 

 

The ability of mast cells to chemotax towards sites of inflammation and parasitic 

infection, and the subsequent release of pro-inflammatory mediators is crucial 

process in allergic inflammation. A former study by Toda et al., (2004), 

demonstrated that engagement of FcεR1 and CCR1 receptor synergistically 

enhanced degranulation in mast cells and also exhibited profound effects on 

chemotaxis and cell morphology, indicating cross-talk between FcεR1 and CCR1 

signalling pathways. In addition, the PI3K inhibitor, Wortmannin significantly 

inhibited synergistic degranulation of RBL-CCR1 cells suggesting that this pathway 

is mediated via PI3K. In this light the aim of this chapter was to further define the 

effects of FcεR1 and CCR1 engagement on cell motility. 

 

Actin reorganisation in RBL-CCR1 cells induced by homogeneous co-

stimulation by Mip-1α and IgE/antigen 

 

A crucial component of cell motility towards chemoattractants requires the 

reorganisation of the actin cytoskeleton, induction of membrane ruffling and cell 

polarisation. FcεRI engagement has an inhibitory effect on Mip-1α-induced 

chemotaxis (Toda et al., 2004), indicating that co-stimulation with Mip-1α and 

IgE/antigen affect reorganisation of actin cytoskeleton of RBL-CCR1 cells. 

Therefore, on this basis the first objective was to analyse the effects of co-

stimulation by Mip-1α and IgE/antigen on actin reorganisation in RBL-CCR1 cells. 

The data from this study demonstrates that Mip-1α stimulation rapidly induced 

profound membrane ruffles and cell polarisation. However, co-stimulation with Mip-

1α and IgE/antigen decreased the membrane ruffling response of RBL-CCR1 cells. 

This data suggests that engagement by FcεR1 inhibits the reorganisation of the 

actin cytoskeleton. Moreover, this may also explain the inhibitory effect on Mip-1α 

induced chemotaxis of RBL-CCR1 cells in response to co-stimulation. Toda at 

al.,(2004)  demonstrated that Mip-1α -mediated chemotaxis of RBL-CCR1 cells 

requires activation of the Rho pathway. Moreover they showed that costimulation 

with Mip-1α and IgE/antigen enhanced Rac and Cdc42 activation but decreased 

ROCK activation in RBL-CCR1 cells. Decreased ROCK activation may also be a 

mechanism by which FcεR1 engagement inhibits actin reorganisation and hence 

Mip-1α -mediated chemotaxis of RBL-CCR1 cells. 
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Behavioural responses of RBL-CCR1 Cells to gradients of Mip-1α and 

IgE/antigen co-stimulation using real time microscopy 

 

Since the beginning of the 21st century it has been possible to characterise the 

dynamic behaviour of immune cells using time lapse video microscopy (Cantrell et 

al., 2002; Mempel et al., 2004; Looney et al., 2011; Sergé et al., 2011). However, 

how RBL-CCR1 cell shape changes relate to actual motility is at present poorly 

understood. In order to analyse the effects of co-stimulation on RBL-CCR1 

morphology and motility, a series of experiments using time-lapse video 

microscopy were conducted to observe the behaviour and other cell motility 

parameters such as: directionality, Euclidean distance, accumulated distance and 

velocity of RBL- CCR1 cells in response to Mip-1α and IgE/antigen or Mip-1α 

alone.  

 

The current model of cell motility is frequently described as a multistep process, in 

which, F-actin polymerization at the front of the cell pushes out a membrane 

protrusion such as lamellipodia that subsequently becomes anchored to an 

extracellular substrate by transmembrane receptors of the integrin family. Integrins 

are dynamically coupled to the actin cytoskeleton and translate the internal force 

that is generated when myosin II contracts the actin network. The data from my 

study demonstrates that RBL-CCR1 cells, induce actin polymerization and 

chemotax towards a Mip-1α gradient and this response is inhibited by CCR1 and 

FcεR1 co-stimulation. Although the leading edges of RBL-CCR1 cells remained 

dynamic and protruded with normal speed towards Mip-1α gradient, RBL-CCR1 

cells were unable to move their trailing edges, nevertheless, Mip-1α gradient was 

still able to polarize the RBL-CCR1 cell population. Does the trailing edge 

contraction contribute to overall RBL-CCR1 cell body locomotion? This functional 

dissociation between front and back of Mip-1α stimulated RBL-CCR1 cells 

demonstrates that the leading edge migrates independently and without a need for 

receptor-mediated coupling of contractile forces to the extracellular matrix. 

However, to further validate this explanation future studies should analyse the 

response of RBL-CCR1 cells towards a Mip-1α gradient and CCR1 and FcεR1 co-

stimulation in the presence of extracellular matrix proteins such as Collagen Type1 

and Type IV, and the role of integrins during this process.  Previous studies using 

fibroblasts and leukocytes moving on 2D substrates, demonstrate that myosin 

contraction at the back of the cell is required to disassemble receptor binding-sites 

and subsequently retract the membrane (Palecek et al., 1996; Lauffenburger and 
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Horwitz, 1996; Hogg et al., 2003; Morin et al., 2008). However, contrary to this, 

Lammermann et al., (2008) did not observe membrane tethers in myosin II-

inhibited leukocytes migrating in 3D gels. Moreover, chemotactic dendritic cells 

mechanically adapt to the adhesive properties of their substrate by switching 

between integrin-mediated and integrin-independent locomotion (Renkawitz et al., 

2009). Another explanation for the lack of moving distance displayed by RBL-CCR1 

cells (in real time microscopy) possibly relates to the functional role and biology of 

mast cells, in that within an inflamed tissue, maybe it is not necessary for mast cells 

to move large distances to function, it could be that mast cells only need to 

chemotax short distances before exhibiting effector function. This data would fit in 

with findings by Toda and co-workers (2004), where we show that although RBL-

CCR1 cells are able to chemotax towards Mip-1a using a Boyden chamber assay, 

these cells transmigrate through a very thin porus membrane, thereby moving very 

small distances. 

 

Leukocytes are dispersed throughout the body and have the potential to infiltrate 

any type of tissue. They frequently exhibit cell migration velocities that are up to 

100 times faster than mesenchymal and epithelial cell types (Friedl, P. et al., 2004; 

Pittet & Mempel, 2008). At present there is no data indicating the relative velocity of 

mast cells during an allergic response, however, it would be expected, that mast 

cells would move extremely quickly as the first line of defence towards a 

chemokine gradient and a roaming pathogen or allergen, and then stop and 

accumulate. The data in this study shows that RBL-CCR1 cells respond within 

seconds to a Mip-1α gradient, however, surprisingly, there were no significant 

changes in velocity when Mip-1α mediated chemotaxis was inhibited by Mip-1α and 

IgE/antigen. This data indicates that while Mip-1α does not affect cell speed, Mip-

1α polarises RBL-CCR1 cells, which is the reason why it increases chemotaxis. 

Renkawitz et al., (2009) demonstrated that dendritic cells that lacked all integrin 

heterodimers induced velocities of up to 20 µm min–1 in 100% of cells, whereas 

only 8% of wild-type cells had maximum flow rates of 5 µm min–1. They showed 

that accelerated velocities was balanced by an increased actin polymerization rate, 

therefore, cell shape and velocity remained constant on alternating substrates. With 

this information at hand, it is not known at present, whether integrin depletion would 

affect RBL-CCR1 velocity in the presence of Mip-1α or co-stimulation by Mip-1α 

and IgE/antigen. 
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Localisation of PI(3,4,5)P3  in RBL-CCR1 cells in response to a Mip-1α  

gradient 

 

The accumulation of PI(3,4,5)P3 , as a result of PI3K activity, along the leading 

edge of a chemotaxing cell (Funamoto et al., 2001; Huang et al., 2003; Merlot and 

Firtel, 2003; Sasaki et al., 2004) has been proposed to be an indispensable 

signaling event that is required for cells to undergo chemotaxis towards 

chemoattractants. Although PI(3,4,5)P3  has been demonstrated to be a central 

component in the chemotaxis of some cell types, it is not clear whether PI(3,4,5)P3  

accumulation, and hence the PI3K pathway is a universal pathway for chemotaxis, 

or a pathway only used by certain cell types and chemoattractants. On this basis, 

the aim of these experiments was to examine the localisation of PI(3,4,5)P3  in 

RBL-CCR1 cells (using RBL-CCR1 cells stably expressing PH-AKT-GFP probe) in 

response to a Mip-1α  gradient, and thereby determine whether directed cell 

movement in mast cells is PI(3,4,5)P3  dependent. This study shows that 

PI(3,4,5)P3  is rapidly localized along the leading edge of RBL-CCR1 cells in 

response to a Mip-1α  gradient. Unfortunately, as RBL-CCR1 cells no longer stably 

expressed the PH-AKT-GFP probe it was not possible to quantitate PI(3,4,5)P3  

accumulation at the leading edge, nor examine the localisation of PI(3,4,5)P3  by 

co-stimulation of CCR1 and FcεR1 engagement, and hence this data needs to be 

interpreted with caution. Nevertheless, PI(3,4,5)P3  accumulation along the leading 

edge of RBL-CCR1 cells indicates one potential mechanism of mast cell 

polarization and Mip-1α -mediated chemotaxis. In addition, previous data showing 

inhibition of RBL-CCR1 degranulation by the non-specific PI3K inhibitor, 

Wortmannin, indicates that this effect is PI3K mediated. 

 

Localisation of CCR1, actin and WASP in RBL-CCR1 cells in response to a 

Mip-1α gradient 

 

The formation of membrane ruffles and lammelipodia as a result of actin 

polymerisation are fundamental components of the cytoskeleton rearrangements 

required for cell motility and chemotaxis. Following chemokine stimulation, at 

present there are two chemokine receptor localisation patterns, an asymmetrical 

and symmetrical distribution observed on the cell surface  (Servant et al., 1999; 

Gomez-Mouton et al., 2004). Our finding that CCR1 localises on the membrane 

ruffles of RBL-CCR1 stimulated with chemotatic concentrations of Mip-1α  (Beer et 

al., 2007) suggests the possibility by which RBL-CCR1 might localise or up 
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regulate their chemokine receptors on the surface of membrane ruffles in order to 

detect a chemokine gradient.  WASP family members function as scaffold proteins, 

transducing a wide range of signals from proteins or membranes to mediate 

dynamic changes in the actin cytoskeleton. Cdc42 appears to control actin 

polymerization through the interaction with WASP, (Aspenstrom et al., 1996; 

Symons et al., 1996; Insall and Machesky, 2009; Monypenny et al., 2011), an 

activator of the actin nucleating Arp2/3 complex (Machesky and Gould, 1999).  

 

Given the unstable nature of the GFP-AKT-RBL-CCR1 cell line it was not possible 

to conduct further analysis of PI(3,4,5)P3  localisation in response to a Mip-1α  

gradient in these cells. Hence, the next question to ask was whether WASP was 

targeted to sites of new actin polymerization and the leading edge of chemotaxing 

RBL-CCR1 cells in response to a Mip-1α gradient. In light of this information the 

objective of these experiments was to investigate CCR1, WASP and actin 

localisation in cells fixed at varying time points following stimulation with a Mip-1α 

gradient. This would allow one to investigate the spatiotemporal distribution of the 

receptor over the course of initial stimulation, polarisation and chemotaxis. My 

findings show that upon stimulation by a gradient of Mip-1α, CCR1 co-localised to 

sites of new actin polymerisation- the polarised membrane ruffles and lamellipodia 

that occurred on the side of the pipette. Interestingly, WASP localisation was also 

observed, along with CCR1 at the polarized membrane ruffles.  With regards to this 

data, actin polymerisation of RBL-CCR1 cells in the presence of a Mip-1α gradient 

is mediated by WASP and the localisation of CCR1 on membrane ruffles at the 

leading edge of RBL-CCR1 may facilitate the accurate detection of a chemokine 

gradient and allow for subsequent chemotaxis along it. Prolonged exposure of Mip-

1α gradient to RBL-CCR1 induces CCR1 internalisation and exclusion of WASP 

from the polarised actin rich ruffles and nucleus, suggesting a transient role of 

WASP during this process. 
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Chapter 4. 

The effect of FcεRI and chemokine co-engagement on mast cell motility in 

murine allergic conjunctivitis 
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4. The effect of FcεRI and chemokine co-engagement on mast cell motility in 

murine allergic conjunctivitis 

 

4.1 Introduction and hypothesis 

 

During an allergic response directed migration is essential at several stages such 

as: mast cell progenitor movement from the bone marrow, recruitment through 

venules into the tissue and migration within the tissue. Reduction of mast cell 

accumulation at sites of inflammation would subsequently reduce mast cell 

activation at these sites.  At present, how mast cells migrate in vitro and in vivo is 

very poorly understood compared to other cell types.  Nevertheless, compiling 

together in vitro and in vivo observations will contribute to our understanding of 

mast cell migration, and thereby identify potential therapeutic agents. Chapter 3 of 

this thesis demonstrated that in vitro, RBL-CCR1 cells chemotax towards Mip-1α, 

exhibiting profound membrane ruffles and actin cytoskeleton re-organisation.  In 

addition, Mip-1α mediated RBL-CCR1 chemotaxis demonstrated specific 

localisation of actin, CCR1 and WASP at the leading edge (edge nearest to 

chemokine gradient) of polarised cells, correlating with the localisation dynamics 

and morphological changes demonstrated in other chemotaxing cell types. 

 

Based on current knowledge, I hypothesise that in vivo conjunctival murine mast 

cells can chemotax towards chemokine, with morphological changes and 

localisation of actin, CCR1 and WASP at the leading edge of polarised mast cells 

following allergen challenge. 

 

To address this hypothesis, the specific aims of this chapter are as follows: - 

 

1. To establish a model of murine allergic conjunctivitis so as to mimic ocular 

allergic diseases. 

2. To analyse the morphology of mast cells in an inflamed (chemokine gradient 

present) and non-inflamed (no chemokine gradient present) murine conjunctiva.  

3. To determine the kinetics of mast cell accumulation in an inflamed 

(chemokine gradient present) and non-inflamed (no chemokine gradient present) 

murine conjunctiva.  
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4. To investigate the localisation of WASP, CCR1 and actin in mast cells in an 

inflamed conjunctiva (chemokine gradient present) and non-inflamed conjunctiva 

(no chemokine gradient present). 
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4.2 Results 

 

4.2.1 Murine models of allergic conjunctivitis 

 

In the present study A/J and BALB/c mice were used to induce models of allergic 

conjunctivitis as these strains readily induce Th2 responses and are routinely used 

to mimic ocular allergic disease in man. 

 

With the aid of an ophthalmologist, Mr. Tom Flynn (London), it was possible to 

establish a murine model of allergic conjunctivitis using A/J mice. In brief, the 

mouse was sensitised over a 15-day period with SRW and Alum. This was followed 

by experimental allergen challenge with SRW pollen by eye drops thereby inducing 

an inflammatory response (which would include a chemokine gradient and the 

release of pro-inflammatory mediators) and subsequent allergic conjunctivitis. The 

SRW sensitised-challenged mice showed the following symptoms; conjunctival 

oedema; lid oedema; redness; tearing; squinting, which reflect distinctive 

characteristics of the inflammatory response, and are employed as the evaluation 

criteria when scoring murine allergic conjunctivitis. In comparison, the sensitised 

non-challenged and non-sensitised, non-challenged mice did not display any of the 

above symptoms. (Figure 29).  

 

Thereafter, eyes were enucleated from A/J mice and processed as either resin 

sections to analyse morphological changes in conjunctival mast cells by electron 

microscopy or cryostat serial sections to analyse kinetics of conjunctival mast cell 

accumulation and the localisation of actin, CCR1 and WASP in these cells. 

Unfortunately these experiments using A/J mice could not be completed at UCL 

(London), due to my extended 1.5 year absence for medical reasons and my  

supervisor Professor Ono leaving for the United States of America (U.S). Therefore 

all animal work had to be terminated. As a result, I completed the remaining aims of 

this chapter in Professor Ono’s new laboratory in the U.S, where Dr. Obayashi 

(Professor Ono’s post-doctoral scientist) established a murine model of allergic 

conjunctivitis, using BALB/c mice instead of A/J mice. Thereafter, the eyes were 

enucleated from BALB/c mice and processed as paraffin sections, which were used 

in subsequent experiments to address the same aims as those implemented for A/J 

mice.  
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Please note that although two different models were used in this study both 

successfully induced allergic conjunctivitis. In addition, other differences between 

these models were the time points of final SRW challenge and the method utilised 

for mast cell identification. 
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Figure 29. Symptoms of murine allergic conjunctivitis. A/J mice indicating  
(A) severe allergic conjunctivitis with short ragweed pollen (B) non-diseased eye 
with control PBS. The diseased eyes in comparison to non-diseased eyes 
displayed the following sypmtoms; conjunctival edema; lid edema; redness; 
tearing; squinting,  
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4.2.2 Behavioural and morphological responses of murine conjunctival mast 

cells in inflamed conjunctiva. 

 

In order to fully understand the mechanisms of mast cell chemotaxis, the initial 

starting point is to characterise the behaviour and morphology of the cells in vitro. 

Chapter 3 of this thesis examined the morphological responses of RBL-CCR1 cells 

in response to Mip-1α and IgE/antigen co-stimulation in vitro using real time 

microscopy. In light of this the objective of these experiments was to characterise 

by electron microscopy the morphological responses of mast cells in SRW 

sensitised-challenged, sensitised non-challenged or non-sensitised non-challenged 

conjunctiva in vivo using an A/J murine model of allergic conjunctivitis. The figures 

are representative of five separate experiments with at least 3-5 eyes analysed in 

each.  

 

Figure 30A shows an electron micrograph representing  mast cells from sensitised 

non-challenged or non-sensitised non-challenged conjunctiva of A/J mice. The 

mast cells are pod shaped elongated cells comprising numerous tightly packed 

black histamine containing granules. In contrast, conjunctival mast cells from the 

A/J murine model of allergic conjunctivitis three hours post sensitised-challenged 

with SRW, appeared stretched in shape with numerous branching filopodia 

extending from the cell membrane. The black histamine containing granules were 

no longer tightly packed within the cell cytoplasm. Some granules were clearly 

being exuded from the cell, a recognised feature indicating activation and 

degranulation, which is characteristic of the early phase response. (Figure 30B). At 

nine hours post sensitised-challenged with SRW, conjunctival mast cells were 

comparable in morphology to that observed at three hours post sensitised- 

challenged. However, in addition other inflammatory cells were also present such 

as neutrophils, which would be characteristic of the late phase response (Figure 

30C). 

 

Unfortunately, it was not possible to examine by electron microscopy the 

morphological responses of conjunctival mast cells from the BALB/c murine model 

of allergic conjunctivitis  (model established in the U.S.A) as the eyes from these 

mice were processed as paraffin sections for immunohistochemistry analysis alone.
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Figure 30. Morphology of murine conjunctival mast cells in naïve and post 
allergen challenged conjunctiva. Electron micrographs displaying images of 
representative mast cells (red arrow) from the conjunctivia  (A) of a naïve 
mouse (B )3 hours post allergen challenge indicative of the early phase 
response, where yellow arrows indicates filapodia (C) 9 hours post allergen 
challenge indicative of the late-phase response. The figures are representative 
of five separate experiments with at least 3-5 eyes analysed in each 
experiment.    
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4.2.3 Kinetic analysis of murine conjunctival mast cells accumulation within 

an inflamed conjunctiva.  

 

Numerous studies have demonstrated that mast cells chemotax towards 

chemokines, accumulating at sites of inflammation during an inflammatory 

response. Miyazaki and co-workers (2005) previously demonstrated that a gradient 

of Mip-1α was localized mainly to mononuclear cells within the forniceal area of an 

inflamed murine conjunctiva following allergen challenge with SRW. In light of this 

information a series of experiments were conducted to determine at various time 

points the number of mast cells in SRW sensitised-challenged, sensitised non-

challenged or non-sensitised non challenged conjunctiva in vivo using an A/J 

murine model of allergic conjunctivitis. The data are representative of five separate 

experiments per condition with at least 3-5 eyes analysed in each condition. 

 

Following treatment eyes were enucleated from A/J mice and processed as 

cryostat serial sections. Thereafter each section was stained with Toluidine Blue to 

identify mast cells which appeared purple in colour. Mast cells were counted: 1) in 

the forniceal region of the conjunctiva, a potential area of a chemokine gradient, 

this area was represented by the letter G and 2) and a region of similar size away 

from the forniceal area and no potential gradient, this area was represented by the 

letter AG. (Figure 31A).  

 

In Figure 31B, an up-regulation in conjunctival mast cell accumulation was 

observed in areas away from the gradient in non-sensitised non-challenged mice 

as compared to those conjunctival mast cells observed in areas near the gradient, 

and those in areas near and away from the gradient in sensitised non-challenged 

mice. However, three hours post SRW sensitised-challenged mice exhibited a 

dramatic increase in conjunctival mast cell accumulation in areas near and away 

from the gradient when compared with conjunctival mast cells from non-sensitised 

non-challenged mice, respectively. Six hours post SRW, sensitised-challenged 

mice exhibited a downregulation in conjunctival mast cell accumulation in areas 

near the gradient. In addition, a further downregulation of conjunctival mast cells 

was observed in areas away from the gradient. At 24 hours post SRW sensitised-

challenged mice, the number of conjunctival mast cells accumulated in areas near 

and away from the gradient was comparable to that observed in areas near and 

away from the gradient respectively in six hours post SRW sensitised- challenged 

mice.  
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Figure 31. Kinetic analysis of mast cell accumulation within the inflamed 
mouse conjunctiva induced by allergic conjuctivitis model 1-using A/J 
mice. (A) Schematic representation of the conjunctivia showing the location of 
the chemokine gradient, G, and the location away from the chemokine gradient, 
AG. (B) Mast cells were counted in equivalent size areas in the vicinity of the 
gradient versus away from the gradient and the data represented as a graph.  
The data represent the mean +/- standard error mean (SEM) of five 
experiments per condition with at least 3-5 eyes analysed in each.   
Figure A is adapted from Miyazaki et al., 2005 
Key: S-NC= Sensited non-challenged mice 
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Paraffin sections from the BALB/c murine model of allergic conjunctivitis were 

stained with anti-mMCP-5 antibody to identify conjunctival mast cells (characterized 

by the expression of the chymase mMCP-5) and counter stained with anti-CCR1 

antibody to identify CCR1 positive mast cells. CCR1 positive mast cells were 

counted in the forniceal area, a potential area of a chemokine gradient (Figure 

32A). Unfortunately due to the compromised architecture of processed tissue it was 

not possible to identify and count conjunctival mast cells away from the forniceal 

area, a potential area of no chemokine gradient. 

Figure 32B shows an upregulation in CCR1 positive conjunctival mast cells in the 

forniceal region in 30 minutes post SRW sensitised-challenged mice as compared 

to conjunctival mast cell accumulation observed at 30 minutes in non-sensitised 

non-challenged mice. In addition, a decrease in conjunctival mast cell accumulation 

was observed in the forniceal region of 24 hours post SRW sensitised-challenged 

mice compared to mast cell accumulation observed 30 minutes post SRW 

sensitised-challenged mice. Please note that unfortunately, as this model was 

induced in the U.S. the time points employed post SRW allergen challenge were 

different to those in the A/J murine model of allergic conjunctivitis.  

 

Although two different models were used to analyse mast cell accumulation within 

an inflamed conjunctiva both models showed the same effect in that following SRW 

challenge in sensitised mice, an increase in mast cells can be seen in the forniceal 

region of the conjunctiva. 
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Figure 32. Kinetic analysis of mast cell accumulation within the inflamed 
mouse conjunctiva induced by allergic conjuctivitis model 2- using 
BALB/c mice. (A) Schematic representation of the conjunctivia showing the 
location of the chemokine gradient, G, in the forniceal region. (B) Mast cells 
were counted by using a grid in the vicinity of the gradient, and the data 
represented as a graph. The data represent the Mean +/- standard error mean 
(SEM) of five experiments per condition with at least 3-5 eyes analysed in each.   
Figure A is adapted from Miyazaki et al., 2005. 
Key: SC= Sensited challenged mice, NS-NC=Non-sensitised, non-challenged 
mice. 
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4.2.4 Localisation of CCR1, actin and WASP in conjunctival mast cells within 

an inflamed murine conjunctiva.  

 

Previous reports have demonstrated that actin, CCR1 and WASP have individually 

and in concert shown an important role in cytoskeletal re-organisation, cell polarity 

and chemotaxis. Chapter 3 of this thesis analysed the localisation of actin, CCR1 

and WASP in RBL-CCR1 cells in response to a Mip-1α gradient, and showed that 

these components were enriched at the leading edge of these cells in vitro, which 

would be indicative of chemotaxing cells. In light of this information, the objective of 

these experiments by using a model of allergic conjunctivitis was to examine the 

morphology and localisation of actin, CCR1 and WASP following SRW allergen in 

sensitised mice, and thereby determine whether these observations correlate with 

the observations for RBL-CCR1 cells and other migrating cell types. 

 

Cryostat serial sections from the eyes of an allergic conjunctivitis model using A/J 

mice were stained with Toluidine Blue to identify the mast cells and their location, 

whilst the serial section was stained for actin and WASP. Thereafter purple positive 

mast cells were numbered and were co-localised to those mast cells in the serial 

section, which was stained for actin and WASP. 

 

Figure 33 shows the presence of purple positive mast cells in a SRW sensitised-

challenged conjunctiva of A/J mice. In the SRW sensitised-challenged conjunctiva 

of A/J mice, actin localises throughout the cytoplasm of mast cell number 1 with 

increased actin expression observed at only one end of the cell (Figure 34A), whilst 

WASP also displays an asymmetric localisation within the cell (Figure 34B).  Mast 

cell number 2 also shows actin and WASP expression within the cell, however it is 

difficult to see the exact distribution at this magnification of x 63 (Figure 34A and 

34B). Figure 34C shows the co-localisation of actin and WASP in mast cells 1 and 

2.  

 

 

 



 127 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Conjunctival mast cells (purple) 1 and 2 (pink arrows) in the 
vicinity of a chemokine gradient, G, in SRW sensitised-challenged mice. 
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34. (A) Actin (red) and (B) WASP (green) localisation in murine 
conjunctival mast cells 1 and 2 (indicated by purple arrows) in the vicinity 
of a chemokine gradient, from a serial section of tissue shown in figure 33 
in SRW sensitised-challenged mice. (C) Co-localisation (yellow) of actin 
(red) and WASP (green) in murine conjunctival mast cells in SRW 
sensitised-challenged mice.  
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Allergic conjunctivitis models using BALB/c mice established in the US were 

processed in paraffin which allowed identification of mast cells by anti-mMCP-5 

antibody and CCR1 by anti-CCR1 antibody. It was possible to identify CCR1 

positive mast cells by epi-fluorescence.  

 

CCR1 positive cells present in non-sensitised non- challenged conjunctiva at 30 

minutes were identified with anti–CCR1 antibody (Figure 35A) and mast cells by 

anti-mMCP-5 antibody (Figure 35B). Figure 35C shows the co-localisation of 

positive CCR1 mast cells in yellow/orange present in non-sensitised non- 

challenged conjunctiva at 30 minutes. In SRW sensitized-challenged conjunctiva at 

30 minutes anti –CCR1 antibody identified CCR1 positive cells (Figure 36A), whilst 

mast cells were identified by anti-mMCP-5 antibody (Figure 36B). Figure 36C 

shows the co-localisation of positive CCR1 mast cells in yellow/orange in SRW 

sensitised-challenged conjunctiva at 30 minutes.  

 

Although it was possible to identify CCR1 positive mast cells by epi-fluorescence 

microscopy, unfortunately due to time constraints in the US it was not possible to 

examine the localisation of CCR1 and actin within these cells using confocal 

microscopy. Also, it was not possible to bring the tissue sections to UCL to be 

analysed by confocal microscopy.   

 

In addition to CCR1 and mast cell staining, after many attempts it was not possible 

to identify a source of WASP antibody, which could be used in paraffin sections. 
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Figure 35. (A) CCR1 (green) and (B) positive mast cell (red) expression in the 
vicinity of a chemokine gradient (forniceal region), in non-sensitised non-
challenged murine conjunctiva. (E) co-localisation (yellow/orange) of CCR1 
(green) positive mast cells (red) in the vicinity of a chemokine gradient (forniceal 
region), in non-sensitised non-challenged murine conjunctiva. This figure is 
representative of five separate experiments with at least 3-5 eyes analysed in 
each.  
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Figure 36. (A) CCR1 (green) and (B) positive mast cell (red) expression in the 
vicinity of a chemokine gradient (forniceal region), in sensitised-challenged 
murine conjunctiva. (C) co-localisation (yellow/orange) of CCR1 (green) positive 
mast cells (red) in the vicinity of a chemokine gradient (forniceal region), in 
sensitised-challenged murine conjunctiva. This figure is representative of five 
separate experiments with at least 3-5 eyes analysed in each.  
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4.3 Discussion 

 

The eye is among the first organs to encounter environmental allergens, and as a 

result is a common target of inflammatory responses. Allergic eye diseases are 

often concomitant with other allergic diseases such as atopic dermatitis and 

asthma. Present drug treatment for ocular allergy targets the key mechanisms 

involved in the development of disease, however most of these agents are 

associated with significant adverse side affects.  In order to establish new 

therapeutic approaches further investigations into the molecular basis are required.  

 

Many eukaryotic cells undergo directed cell movement, otherwise known as 

chemotaxis towards a soluble ligand. This process is necessary for many biological 

functions, including the migration of macrophages during wound healing 

(Devreotes and Zigmond, 1988; Martinez-Quiles et al., 2001) and the aggregation 

of Dictyostelium cells to form a multicellular organism (Parent and Devreotes, 1999; 

Chung et al., 2001). Chemotaxis requires a defined cell polarity in which 

components of the cytoskeleton such as actin, WASP and CCR are differentially 

localized at the leading edge of a migrating cell as well as its retracting posterior 

(Firtel and Chung, 2000; Chung et al., 2000). 

 

Chapter 3 of this thesis demonstrated that during Mip-1α-induced RBL-CCR1 

chemotaxis, specific localisation of actin, CCR1 and WASP was enriched in 

polarised cells, which has been corroborated by other studies of other cell types. In 

addition, the morphology and chemotaxis of these cells were dramatically inhibited 

upon Mip-1α and IgE/antigen co-stimulation.  In light of this information, the aim of 

this chapter was to examine the morphology and localisation of actin, CCR1 and 

WASP in conjunctival murine mast cells following SRW allergen challenge. 

 

Murine models of allergic conjunctivitis 

 

Allergic conjunctivitis is IgE-mediated hypersensitivity reaction to aeroallergens 

such as short ragweed or grass pollen after they come into contact with the 

conjunctival surface. Many different animal models of ocular allergy have been 

established thus far, however it is vital to recognise that within ocular allergies, 

different disease entities exist and that only some of these can be mimicked by 

animal models.  In the present study a murine model of allergic conjunctivitis was 

used to mimic ocular allergic disease in man. Both A/J and BALB/c mice 
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successfully induced allergic conjunctivitis displaying symptoms commonly present 

such as: conjunctival edema; lid edema; redness; tearing; and squinting. These 

symptoms reflect the distinctive categories of the inflammatory response and are 

employed as the evaluation criteria when scoring murine allergic conjunctivitis. 

 

Behavioural and morphological responses of murine conjunctival mast cells 

in inflamed conjunctivia. 

 

In chapter 3 of this thesis, RBL-CCR1 cells in vitro demonstrated profound 

morphological changes, including extensive membrane ruffling in response to a 

gradient of Mip-1α alone and abolished membrane ruffling upon of Mip-1α and 

IgE/antigen stimulation. In light of this, the objective of the experiments in this 

chapter was to characterise the morphological responses of mast cells in SRW 

sensitised-challenged conjunctiva. 

 

Reports have shown chemokine stimulation induces actin polymerisation and the 

formation of filopodia and lamellipodia at the edge of the cell membrane closest to 

the chemokine gradient and that these are essential steps during chemotaxis 

(Berzat et al., 2010; Van Haastert et al., 2010; Roussos et al., 2011; Wang et al., 

2011). In the present study, three and nine hours in post SRW sensitised- 

challenged mice, conjunctival mast cells appeared polarised and displayed 

numerous filopodia from the cell membrane compared to sensitised non-challenged 

or non-sensitised non-challenged mice, in which, mast cells remain elongated in 

shape and displayed no processes from the cell membrane.  This would fit in with 

data from chapter 3, which showed that RBL-CCR1 cells exposed to a Mip-1α 

gradient, induced extensive membrane ruffling and also adopted a polarised cell 

phenotype. RBL-CCR1 cells pre-treated with IgE and exposed to a gradient of Mip-

1α and antigen inhibited membrane ruffling (Chapter 3), hence, we can assume 

that in the presence of allergen and chemokine in the murine allergic conjunctivitis 

model, mast cells should not display any membrane ruffling. However, this is not 

the case in vivo, and a likely explanation is that morphological changes of RBL-

CCR1 cells in the presence of chemokine and antigen is transient and rapid in vitro. 
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Kinetic analysis of murine conjunctival mast cells accumulation within an 

inflamed conjunctiva.  

 

In the present study a series of experiments were conducted to analyse mast cell 

accumulation within the inflamed conjunctiva in two different models of murine 

allergic conjunctivitis. In the present study the A/J murine model of allergic 

conjunctivitis showed an increase in Toluidine Blue stained mast cells in the 

forniceal area in three hours post SRW sensitized-challenged mice compared to a 

non-sensitised non-challenged and sensitized non-challenged mice, thereby 

suggesting that the increase in conjunctival mast cells is in response to a 

chemokine gradient generated in the forniceal region. However, six hours post 

SRW, sensitized-challenged mice, exhibit a decrease in conjunctival mast cell 

numbers compared to three hours post SRW, suggesting that the chemokine 

gradient no longer exists.  

 

In the present study, mast cells from the BALB/c murine model of allergic 

conjunctivitis were identified by anti-mMCP-5 antibody and counter stained with 

anti-CCR1 antibody to identify CCR1. The chemokine receptor CCR1 can bind 

several chemokines including Mip-1α, RANTES, MCP-2 and MCP-3 (Ochi et al., 

1999; Humbles et al., 2002). Using the BALB/c murine model of allergic 

conjunctivitis an increase in CCR1 positive mast cells were observed in the 

forniceal region of 30 minutes post SRW sensitised-challenged mice compared to 

non-sensitised non-challenged mice. This data suggests that the increased CCR1 

positive mast cell number could be in response to a Mip-1α chemokine gradient 

generated in the forniceal region. This would also correlate with a previous study by 

Miyazaki and co-workers (2005) who demonstrated that a gradient of Mip-1α was 

localized mainly to mononuclear cells within the forniceal region of an inflamed 

murine conjuctiva. In addition, this observation would also correlate with data from 

chapter 3 and studies by Toda et al (2004) demonstrating that RBL-CCR1 mast 

cells can chemotax towards a Mip-1α chemokine gradient within a time frame of 30 

minutes (real time microscopy pipette assay) to three hours (transwell chamber 

assay). However, in 24 hours post SRW sensitised-challenged mice there is a 

decrease in mast cell number in the forniceal region compared to non-sensitised 

non-challenged mice. An explanation for this is that the chemokine gradient no 

longer exists within the forniceal region as this time point could be representative of 

the late phase response. To validate whether this time point is representative of the 
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late phase, one could stain for immune cells which are characteristic of the late 

phase response, such as T cells or eosinophils. However, it is important to note 

that both models showed the same effect in that following SRW challenge in 

sensitised mice, an increase in mast cells can be seen in the forniceal region of the 

conjunctivia. 

 

Reports have shown that progenitor mast cells are capable of homing from the 

circulation into the tissue (Abonia et al., 2006; Hallgren et al., 2007). Although, 

there is an increase in mast cell number in the forniceal area of an inflamed 

conjunctiva it is not possible to establish whether resident mast cells have migrated 

within the tissue towards the chemokine gradient, or whether these are progenitor 

mast cells homing into the tissue from circulation. Future studies should validate 

this by analysing the number of progenitor mast cells versus mature mast cells in 

the forniceal region. In addition, this data fits with previous clinical findings that 

demonstrated during the pollen season, the median mast cell numbers in the 

conjunctiva increased by 61% in seasonal allergic conjunctivitis patients compared 

to normal patients and remained increased in allergic patients out of season 

(Kumagai et al., 2006). In addition, murine models of antigen induced Th2 

pulmonary inflammation demonstrate a significant increase in airway mast cells, in 

comparison to non-sensitised non-challenged mice which have few mast cells 

(Ikeda et al., 2003) 

 

Localisation of actin, WASP and CCR1 in conjunctival mast cells within an 

inflamed murine conjunctiva.  

 

Local mast cell hyperplasia, a prominent feature of the allergic response, is likely to 

involve mast cell progenitor recruitment and migration of mature mast cells within 

the inflamed tissue. Therefore, the therapeutic targeting of the mechanisms that 

regulate mast cell migration during inflammation may possibly reduce the mast cell 

accumulation to the affected tissues and ease the subsequent effect of mast cell 

activation in these locations. At present there are no therapeutic agents that 

specifically target mast cell migration. However, a reduction of tissue resident mast 

cells has been demonstrated in murine allergic models that are genetically deficient 

in PI3K (Ali et al., 2004; Koyasu et al., 2005) 

 

The objective of these experiments was to examine the specific localisation of 

actin, CCR1 and WASP in murine conjunctival mast cells using an A/J and BALB/c 
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murine models of allergic conjunctivitis and thereby determine whether these 

observations mimic RBL-CCR1 cells and other chemotaxing cell types. 

 

Myers and co-workers (2005) reported that WASP played an essential role in 

organizing polarized F-actin assembly in chemotaxing cells in vitro, and was 

preferentially localized at the leading edge and uropod of chemotaxing cells in vitro. 

Recently, a WASP biosensor was constructed to report WASP activation and 

localisation in vivo, demonstrating localization of WASP in actin protrusions at the 

cell pheriphery of macrophages and neutrophils following CSF-1 stimulation 

(Cammer et al., 2009). In addition, actin displays an asymmetric localization pattern 

in chemotaxing neutrophils and monocytes in vivo following Mip-1α stimulation 

(Khandoga et al., 2009). Although there are reports demonstrating the expression 

and potential roles of actin and WASP in several cell types during migration in vivo 

and in vitro (Tharp et al., 2006; Colditz et al., 2007; Lammermann et al., 2008;), at 

present there are no studies examining the localisation of WASP, actin or CCR1 in 

chemotaxing mast cells in vivo. Consistent with hematopoietic cells, conjunctival 

mast cells observed in this study express WASP (Guinamard et al., 1998; Mani et 

al., 2009). In SRW sensitized-challenged mice, it was possible to see an 

asymmetric distribution of WASP and actin in conjunctival A/J murine mast cells at 

a x63 magnification, however more cells need to be analysed to validate this. 

Unfortunately it was not possible to compare the localisation of WASP and actin in 

sensitised non-challenged and non-sensitised non-challenged conjunctivas as it 

was technically difficult to co-localise Toludine Blue positive mast cells with the 

corresponding actin and Wasp stained serial sections. However, this can be 

overcome if a suitable WASP antibody can be identified for use in paraffin sections. 

Future experiments could use this antibody along with mMCP-5, which successfully 

identified mast cells in paraffin sections. In light of current knowledge in vivo and 

observations for actin and WASP in RBL-CCR1 cells in vitro, it is possible that mast 

cells in vivo may show the same localization patterns during chemotaxis. 

 

Both asymmetrical and symmetrical CCR localisation patterns have been 

demonstrated on the cell surface in vitro  (Servant et al., 1999; Gomez-Moulton et 

al., 2004; Schröppel et al., 2004; Fifadara et al., 2010). Although differential 

expression of chemokine receptors has been observed in monocyte 

subpopulations in vivo  (Saederup et al., 2010), to date, there are no reports 

demonstrating chemokine receptor localisation patterns on the cell surface in vivo. 

Although using paraffin sections it was possible to observe CCR1 positive 
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conjunctival mast cells in SRW sensitised challenged and non-challenged non-

sensitised BALB/c mice, unfortunately at this magnification it was not possible to 

examine the exact localisation of CCR1 within these cells. To validate the exact 

localisation of WASP, actin and CCR1, future experiments must analyse WASP, 

actin and CCR1 stained tissue, and observe cells using a x63 magnification along 

with X, Y and Z –stacks at 0.5 um step size use generate a 3-dimensional image of 

these cells. This would enable the whole cell to be visualised and possibly the 

exact location of each component within the cell. 
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Chapter 5. 

The role of RGS1 in mast cell degranulation, mediator release and 

chemotaxis 
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5. The role of RGS1 in mast cell degranulation, mediator release and 

chemotaxis 

 

5.1 Introduction and hypothesis 

 
Previous studies demonstrate signaling from the FcεR1 receptor following allergen 

mediated cross-linking results in two phenomena: 1) arrested chemotaxis towards 

a chemokine gradient (Toda et al., 2004) and 2) enhanced production of pro-

inflammatory molecules when CCR1 and FcεR1 receptors are dually engaged 

(Nifidra et al., 2010). Moreover, in a recent study by Aye and Ono (unpublished 

data) the gene expression for several genes including RGS1 and TRB 3, were up-

regulated after stimulating IgE sensitised RBL-CCR1 cells with Mip1-α. Further 

expression of RGS1 and TRB3 were observed by co-stimulation by Mip1-α and 

IgE/antigen respectively. The possibility that RGS1 and TRB3 might also function 

as signaling molecules in mast cell processes requires further elucidation. 

 

Based on current knowledge, I hypothesise that the signaling molecule RGS1, 

downstream of FcεR1 signaling, can regulate mast cell degranulation, chemotaxis 

and mediator release. 

 

To address this hypothesis, the specific aims of this chapter were as follows:  

 

1. Using RNA interference to characterise how RGS1 affects RBL-CCR1 

degranulation, in which RBL-CCR1 cells are co-stimulated with Mip1-α and 

IgE/antigen and appropriate controls. In addition, examine the functionality 

of CCR1 on RBL-CCR1 degranulation by using the CCR1 antagonist met-

RANTES. 

 

2. Using RNA interference analyse how RGS1 affects cytokine and chemokine 

release from RBL-CCR1 cells following degranulation, in which RBL-CCR1 

cells are co-stimulated with Mip1-α and IgE/antigen and appropriate 

controls. 

 

3. Using RNA interference analyse how RGS1 affects gene expression of IL-6, 

IL-13 and CCL7 
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4. Using RNA interference analyse how RGS1 affects RBL-CCR1 chemotaxis, 

in which RBL-CCR1 cells are co-stimulated with Mip1-α and IgE/antigen and 

appropriate controls.  
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5.2 Results 

 

5.2.1 Depletion of endogenous RGS1 in RBL-CCR1 cells by RNA interference. 

 

In the first instance, RNA interference was used to deplete RGS1 content in RBL-

CCR1 cells and thereby determine how RGS1 controls RBL-CCR1 degranulation, 

mediator release and chemotaxis. Western Blotting in Figure 37 confirmed that 

RGS1 protein was reduced in RBL-CCR1 cells expressing RGS1 siRNA compared 

with cells expressing the control RGS1 siRNA. The data are representative of more 

than 10 separate experiments.  

 

Figure 37. Reduction of endogenous RGS1 in RBL-CCR1 cells by RNA 

interference. 

RBL-CCR1 cells were transfected with either RGS1 siRNA or control siRNA. 

Lysates were prepared and RGS1 expression was evaluated by western blot using 

anti-RGS1 Ab. Anti-actin was used to further assess protein loading. Data are 

representative of 10 experiments. 
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5.2.2. Effect of RGS1 on RBL-CCR1 degranulation 

 

The objective of these experiments was to initially examine the effect of RGS1 on 

RBL-CCR1 degranulation, in which RBL-CCR1 cells were co-stimulated with Mip1-

α and IgE/antigen. Simultaneously, the functionality of CCR1 on RBL-CCR1 

degranulation and its interaction with RGS1 during this response was also 

examined using the CCR1 antagonist met-RANTES. Degranulation of RBL-CCR1 

was determined by measuring the release of the granule protein beta-

hexosaminidase. The data are representative of 3 separate experiments, in which 

each condition was analysed in triplicate per experiment.  

 

As shown in Figure 38, Mip1-α stimulated RBL-CCR1 cells treated with control 

siRNA caused a significant increase in degranulation compared to non-sensitised 

RBL-CCR1 cells treated with control siRNA. However, Mip1-α stimulated RBL-

CCR1 cells treated with RGS1 siRNA induced a significant increase in 

degranulation in comparison to Mip1-α stimulated RBL-CCR1 cells treated with 

control siRNA. Interestingly, co-stimulation with Mip1-α and IgE/antigen induced a 

significant increase in degranulation in RBL-CCR1 cells treated with RGS1 siRNA 

compared to co-stimulated RBL-CCR1 cells treated with control siRNA , and RGS1 

siRNA treated cells stimulated with either Mip1-α  or IgE/antigen. However, by 

using met-RANTES on RGS1 and control siRNA treated cells under co-stimulation 

conditions degranulation observed was significantly decreased. 

 

These results suggest that CCR1 and FcεRI cooperatively mediate optimal 

degranulation and this event can be significantly increased when RBL-CCR1 cells 

are treated with RGS1 siRNA. Moreover, by using the CCR1 antagonist met-

RANTES, degranulation levels are significantly reduced in RGS1 siRNA treated 

cells thereby indicating CCR1 mediated functions. 
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Figure 38. Co-stimulation by Mip1-α and IgE/antigen enhanced 
degranulation of RGS1 siRNA treated RBL-CCR1 cells. After sensitization 
with IgE, RBL-CCR1 cells were stimulated with antigen and Mip1-α or with 
Mip1-α alone with or without CCR1 antagonist met-RANTES. The data 
represent the Mean +/- standard error mean (SEM) of five experiments where *, 
p <0.001, using the student T-test. KEY: Rgs1 siRNA= RGS1siRNA. NC siRNA= 
control siRNA.   
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5.2.3 Effect of RGS1 on RBL-CCR1 mediator release of cytokines and 

chemokines 

  

The objective of these experiments was to examine the effect of RGS1 on mediator 

release from RBL-CCR1 cells co-stimulated with Mip1-α and IgE/antigen 24 hours 

post degranulation. The mediators that were analysed from each cell supernatant 

were 1L-4, IL-6, IL-10, MCP-1 and Mip1-α. The data are representative of 3 

separate experiments, in which each condition was analysed in triplicate per 

experiment 

 

Figure 39 shows the secretion levels of chemokines and cytokines in response to 

co-stimulation by Mip1-α and IgE/antigen respectively, compared with stimulation 

by IgE/antigen alone. IL-4, IL-6 and MCP-1 were all secreted at significantly higher 

levels from co-stimulated RBL-CCR1 cells treated with RGS1 siRNA compared to 

co-stimulated cells treated with control siRNA. No significant changes were 

observed in IL-10 and Mip1-α secretion under these conditions. 
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Figure 39. Co-stimulation by Mip-1α and IgE/antigen enhanced mediator 
release of IL-4, IL-6 and MCP-1 from RGS1 siRNA treated RBL-CCR1 cells.  
After sensitization with IgE, RBL-CCR1 cells were co-stimulated with antigen 
and Mip1-α or with Mip1-α alone. 24 hours post degranulation, supernatants 
were collected and analysed for chemokines and cytokine secretion. The data 
represent the Mean +/- standard error mean (SEM) of five experiments where *, 
p <0.001, using the student T-test. 
KEY: Rgs1 siRNA= RGS1siRNA.  NC siRNA= control siRNA.   
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5.2.4 Gene expression of Inflammatory mediators IL-6, IL-13 and CCL7 in 

RBL-CCR1 cells 

 

The objective of these experiments was to examine gene expression of IL-6, IL-13 

and CCL7. The data are representative of 3 separate experiments, in which each 

condition was analysed in triplicate per experiment.  

 

Figure 40 shows the relative gene expression of (A) IL-6 (B) IL-13 and (C) CCL7. 

Cross-linking with IgE and antigen showed no statistically significant differences in 

IL-6, IL-13 and CCL7 gene expression compared to non-sensitised and IgE 

sensitized RBL-CCR1 cells 
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Figure 40. Gene expression of inflammatory mediators following 
IgE/Antigen stimulation of RBL-CCR1 cells.  
(A) IL-6, (B) IL-13 and (C) CCL7 mRNA are expressed by RBL-CCR1 cells, and 
the levels vary with stimulation. Triplicate samples were collected from 
unstimulated cells or from cells stimulated with or without IgE for 30 min at 37C. 
Realtime mRNA detection was performed using an Applied Bioscience 
thermocycler 7500. Expression was quantified using the Delta-delta CT 
calculation method and represented relative expression. Expression levels were 
normalized to that of GAPDH. The data are representative of three independent 
experiments. 
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5.2.5 Effect of RGS1 on the gene expression of inflammatory mediators IL-6, 

IL-13 and CCL7 in RBL-CCR1 cells 

 

Figure 41 shows effect of RGS1 on (A) IL-6, (B) IL-13 and (C) CCL7 gene 

expression. This data is derived from one experiment, in which each condition was 

analysed in triplicate. Upon cross-linking, IL-6, IL-13 and CCL7 gene expression 

seem to be up-regulated in RBL-CCR1 cells, however, as the error bars are large 

and data is from 1 experiment only it should be viewed with caution. 
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Figure 41. Effect of RGS1 on gene expression of inflammatory mediators 
following IgE/Antigen stimulation of RBL-CCR1 cells. (A) IL-6, (B) IL-13 and 
(C) CCL7 mRNA are expressed by RBL-CCR1 cells, and the levels vary with 
stimulation. Triplicate samples were collected from resting cells or from cells 
stimulated with or without IgE for 30 min at 37C. Real time mRNA detection was 
performed using an Applied Bioscience thermocycler 7500. Expression was 
quantified using the Delta-delta CT calculation method and represented relative 
expression. Expression levels were normalized to that of GAPDH. The data 
shown is from one experiment only. 
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5.2.6 Effect of RGS1 on RBL-CCR1 chemotaxis  

 

The objective of these experiments by using a transwell chemotaxis system was to 

examine the effect of RGS1 on RBL-CCR1 chemotaxis, in which RBL-CCR1 cells 

were co-stimulated with Mip1-α and IgE/antigen. The data are representative of 3 

separate experiments, in which each condition was analysed in triplicate per 

experiment. 

 

Figure 42 shows the chemotaxis of RBL-CCR1 cells in response to co-stimulation 

of CCR1 and FcεR1 by Mip1-α and IgE/antigen respectively, compared with 

stimulation by Mip1-α alone. RGS1 siRNA treated RBL-CCR1 cells demonstrated a 

significant increase in chemotaxis upon Mip1-α stimulation compared to control 

siRNA treated cells stimulated by Mip1-α. Interestingly, upon RGS1 siRNA 

treatment co-stimulated RBL-CCR1 cells showed a significant increase in 

chemotaxis as compared to co-stimulated control siRNA treated cells. 
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Figure 42. Co-stimulation by Mip1-α and IgE/antigen enhanced chemotaxis 
of RGS1 siRNA treated RBL-CCR1 cells. 
After sensitization with IgE, RBL-CCR1 cells were co-stimulated with Mip1-α 
and antigen or with Mip1-α. The data represent the Mean +/- standard error 
mean (SEM) of three experiments where *, p <0.01, using the student T-test. 
KEY: Rgs1 siRNA= RGS1siRNA. NC siRNA= control siRNA. 
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5.3 Discussion 

 

Previous reports demonstrate that cross-talk between CCR1 and FcεR1 signaling 

pathways in RBL-CCR1 cells results in two phenomena: enhanced degranulation 

and arrested chemotaxis towards a chemokine gradient (Toda et al., 2004). 

Unpublished data by Aye and Ono showed that RGS1 was up-regulated after 

stimulating IgE sensitised RBL-CCR1 cells with Mip1-α. Interestingly further up-

regulation of RGS1 was observed by co-stimulation by Mip-1α. Therefore, the 

overall objective of this study was to establish whether RGS1 might also function 

as a signaling molecule in degranulation, mediator release and chemotaxis of RBL-

CCR1 cells, in which RBL-CCR1 cells were co-stimulated with Mip1-α and 

IgE/antigen. The findings from my work are the first to show that RGS1 negatively 

regulates biological responses such as degranulation, mediator release and 

chemotaxis of RBL-CCR1 cells in response to CCR1 and FcεR1 co- stimulation.  

 

The first aim of this study was analyse the role of RGS1 in RBL-CCR1 

degranulation, in which RBL-CCR1 cells were co-stimulated with Mip1-α and 

IgE/antigen. In addition to these experiments, the CCR1 antagonist met-RANTES 

was employed to examine the functionality of CCR1 on RBL-CCR1 degranulation. 

Upon co-stimulation with Mip1-α and IgE/antigen, RGS1 siRNA cells significantly 

enhanced degranulation as compared to co-stimulated control RBL-CCR1 cells. 

RGS proteins mediate binding to Gα subunits and GAP activity. RGS GAP activity 

accelerates the transformation of Gα to its inactive form, thereby promoting 

termination of GPCR signaling pathways.  

 

Previous data showed that synergistic degranulation by CCR1 and FcεR1 is 

mediated by a PI3K pathway. In the present study, siRNA treatment of RGS1 

would further promote CCR1 chemokine signaling, and along with FcεR1 

engagement this would explain the increased degranulation levels observed in 

RGS1 siRNA RBL-CCR1 cells. Recent studies demonstrate that another member 

of the RGS family, RGS13, was up-regulated after FcεR1 aggregation in human 

and murine mast cells. Moreover, and surprisingly, RGS13-/- mice induced 

increased IgE-mediated anaphylactic responses due to increase mast cell 

degranulation (Bansal et al., 2008). Thus, together these data suggest that RGS1 

may regulate the intrinsic response of mast cells to environmental allergens 

through its inhibition of IgE/antigen mediated PI3K activity. Abnormalities in RGS1 
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expression could contribute to the pathogenesis of diseases, such as anaphylaxis 

and mastocytosis, associated with increased mast cell responsiveness. In the 

present study CCR1 activity was blocked by using the CCR1 antagonist met-

RANTES, this resulted in decreased    RBL-CCR1 degranulation. Thus, it would be 

appropriate to hypothesize that a certain level of signaling from CCR1 is important 

for RBL-CCR1 activation. 

 

Having analysed the effect of RGS1 on RBL-CCR1 degranulation, subsequent 

experiments from this study aimed to analyse the effect of RGS1 on chemokine 

and cytokine secretion from RBL-CCR1 following degranulation, in which RBL-

CCR1 cells are co-stimulated with Mip1-α and IgE/antigen. The panel of 

chemokines and cytokines analysed were IL-4, IL-6, IL-10, MCP-1 and Mip-1α. The 

work from this study demonstrated that IL-4, IL-6 and MCP-1 were secreted at 

significantly higher levels from RGS1 siRNA treated RBL-CCR1 cells following co-

stimulation of CCR1 and FceRI compared with FcεR1 alone or control cells.  This 

data is consistent with other reports demonstrating that activation of mast cells can 

release several cytokines including IL-4, IL-6, which have significant effects in the 

mucosa, including the induction of adhesion molecules and chemokines that 

contribute the recruitment of inflammatory cells characteristic of the late-phase 

response (Anderson, 2001; Cook et al., 1998; Fifadara et al., 2009). MCP-1 is 

secreted in the ocular allergic disease VKC and produced by mast cells, epithelial 

cells, fibroblasts and macrophages (Kumagai et al., 2006; Leonardi et al., 2006; 

Leonardi et al., 2003). The data from the present study shows an increase in 

secreted levels of MCP-1 from Mip1-α and IgE/antigen co-stimulated RBL-CCR1 

cells treated with RGS1 siRNA. Together, this data suggests that RGS1 regulates 

chemokine and cytokine secretion, most probably by driving the GPCR-CCR1 

signaling pathway forward. However, the exact mechanism by which RGS1 plays a 

role in chemokine and cytokine secretion, and other events such as   mast cell 

differentiation, homing, survival and ability to recruit other inflammatory cells 

requires further elucidation. 

 

To date several members of the RGS family have been implicated in regulating 

immune cell migration; chemotaxis induced by CXCL12 was greater in short hairpin 

RGS13-HMC-1 cells compared with control (Bansal et al., 2008 a); RGS 2 and 

RGS16 overexpression inhibits chemotatic responses of lymphocyte cell lines in 

vitro (Bowman et al., 1998); RGS1 deficient B-cells chemotaxed to a greater extent 

after exposure to the chemokines CXCL13 and CXCL12 (Shi et al., 2002). 
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However, the role of RGS1 on mast cell motility is yet to be reported. Hence, the 

next aim of this study was to analyse whether RGS1 affects RBL-CCR1 

chemotaxis, in which RBL-CCR1 cells were co-stimulated with Mip1-α and 

IgE/antigen. Data from the present study shows that RGS1 siRNA RBL-CCR1 cells 

pre-sensitised with IgE induced significantly greater levels of chemotaxis towards a 

gradient of Mip1-α and antigen as compared to co-stimulated control IgE pre-

sensitised cells. This data suggests that 1) RGS 1 is a negative regulator of RBL-

CCR1 chemotaxis and 2) by depleting RGS1, CCR1-GPCR pathway is accelerated 

thereby further increasing Mip1-α mediated chemotaxis. 
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Chapter 6 

The role of TRB 3 in mast cell degranulation, mediator release and 

chemotaxis 
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6. The role of TRB 3 in mast cell degranulation, mediator release and 

chemotaxis 

 

6.1 Introduction and hypothesis 

 

Tribbles have been described as a family of proteins with potent signaling 

regulatory functions.  They have been shown to interact with and modulate the 

activity of several MAPK activator MAPKK proteins (Kiss-Toth et al, 2004; Kiss-

Toth et al, 2006). This suggests that TRB3 may also stimulate pro-inflammatory 

cytokines to activate a MAPK response when gene expression levels are high as 

well as play an important role in the allergic response. In addition, as previously 

described in Chapter 5, Aye and Ono (unpublished data) demonstrated the gene 

expression of TRB3 was further up-regulated after stimulating IgE sensitised RBL-

CCR1 cells with Mip1-α and IgE/antigen.  

 

Based on current knowledge, I hypothesise that TRB3, downstream of FcεR1 

signaling, can regulate mast cell degranulation, chemotaxis and mediator release. 

 

To address this hypothesis, the specific aims of this chapter were as follows: - 

 

1. Using RNA interference to characterise how TRB3 affects RBL-CCR1 

degranulation, in which RBL-CCR1 cells are co-stimulated with Mip1-α and 

IgE/antigen and appropriate controls.  

 

2. Using RNA interference analyse how TRB3 affects cytokine and chemokine 

release from RBL-CCR1 cells following degranulation, in which RBL-CCR1 

cells are co-stimulated with Mip1-α and IgE/antigen and appropriate 

controls. 

 

3. Using RNA interference analyse how TRB3 affects RBL-CCR1 chemotaxis, 

in which RBL-CCR1 cells are co-stimulated with Mip1-α and IgE/antigen and 

appropriate controls.  
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6.2 Results 

 

6.2.1 Depletion of endogenous TRB3 in RBL-CCR1 cells by RNA interference. 

 

RNA interference was employed to deplete TRB3 content in RBL-CCR1 cells and 

therefore determine how TRB3 may affect RBL-CCR1 in processes such as 

degranulation, mediator release and chemotaxis. Western Blotting in Figure 43 

confirmed that TRB3 protein was reduced in RBL-CCR1 cells expressing TRB3 

siRNA compared with cells expressing the control TRB3 siRNA. The data are 

representative of more than 10 separate experiments.  

 

 

Figure 43. Reduction of endogenous TRB3 in RBL-CCR1 cells by RNA 

interference.  

RBL-CCR1 cells were transfected with either TRB3 siRNA or control siRNA. 

Lysates were prepared and TRB3 expression was evaluated by western blot with  

anti-TRB3 Ab. Anti-actin was used to further assess protein loading. Data are 

representative of 10 experiments. 
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6.2.2 Effect of TRB3 on RBL-CCR1 degranulation 

 

The objective of these experiments was to examine the effect of TRB3 on RBL-

CCR1 degranulation, in which RBL-CCR1 cells were co-stimulated with Mip1-α and 

IgE/antigen and appropriate controls. Degranulation of RBL-CCR1 was determined 

by measuring the release of the granule protein beta-hexosaminidase. The data 

are representative of 3 separate experiments, in which each condition was 

analysed in triplicate per experiment.  

 

As shown in Figure 44, TRB3 siRNA treated RBL-CCR1 cells co-stimulated with 

Mip1-α and IgE/antigen displayed a significant increase in degranulation compared 

to co-stimulated cells treated with either control siRNA; IgE/antigen stimulated cells 

treated with TRB3 siRNA or; TRB3 siRNA treated cells stimulated with Mip1-α. 
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Figure 44. Co-stimulation by Mip1-α and IgE/antigen enhanced 
degranulation of TRB3 siRNA treated RBL-CCR1 cells. 
After sensitization with IgE, RBL-CCR1 cells were stimulated with antigen and 
Mip1-α or with Mip1-α alone. The data represent the Mean +/- standard error 
mean (SEM) of three experiments where *, p <0.01, using the student T-test. 
KEY: TRB 3 siRNA= TRB3 siRNA. NC siRNA= control siRNA. 
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6.2.3 Effect of TRB3 on RBL-CCR1 mediator release of cytokines and 

chemokines 

  

The objective of these experiments was to examine the effect of TRB3 on mediator 

release from RBL-CCR1 cells co-stimulated with Mip1-α and IgE/antigen 24 hours 

post degranulation. The chemokines and cytokines that were analysed from each 

cell supernatant were 1L-4, IL-6, IL-10, MCP-1 and Mip1-α. The data are 

representative of 3 separate experiments, in which each condition was analysed in 

triplicate per experiment.  

 

As shown Figure 45, the expression of 1L-4, IL-6, IL-10, MCP-1 and Mip1-α in 

response to co-stimulation of CCR1 and FcεRI by Mip1-α and IgE/antigen 

respectively, compared with stimulation by IgE/antigen alone. Co-stimulated RBL-

CCR1 cells treated with TRB3 siRNA secreted significantly high levels of IL-10 and 

MCP-1 compared to control siRNA treated co-stimulated RBL-CCR1 cells. In 

addition, RBL-CCR1 cells treated with TRB3 siRNA secreted significantly low levels 

of IL-4 and IL-6 in response to co-stimulation by Mip1-α and IgE/antigen compared 

to co-stimulated control siRNA treated cells. 
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Figure 45. Co-stimulation with Mip-1α and IgE/antigen enhanced mediator 
release of IL-10, and MCP-1 from TRB 3 siRNA treated RBL-CCR1 cells.  
RBL-CCR1 cells were stimulated with Mip1-α and antigen (cells sensitised with 
IgE) or with Mip1-α alone. 24 hours post degranulation, supernatants were 
collected and analysed for chemokines and cytokine secretion. The data 
represent the Mean +/- standard error mean (SEM) of three experiments where 
*, p <0.01, using the student T-test. 
KEY: Rgs1 siRNA= RGS1siRNA.  NC siRNA= control siRNA.   
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6.2.4 Effect of TRB3 on RBL-CCR1 chemotaxis  

 

The objective of these experiments by using a transwell chemotaxis system was to 

examine the effect of TRB3 on RBL-CCR1 chemotaxis, in which RBL-CCR1 cells 

were co-stimulated with Mip-a and IgE/antigen. The data are representative of 3 

separate experiments, in which each condition was analysed in triplicate per 

experiment.  

 

As shown In Figure 46, shows the chemotaxis of RBL-CCR1 cells in response to 

co-stimulation by Mip1-α and IgE/antigen compared to stimulation by Mip1-α alone. 

Interestingly TRB3 siRNA treated RBL-CCR1 cells co-stimulated with Mip1a and 

IgE/antigen showed a significant increase in chemotaxis compared to co-stimulated 

contol siRNA treated cells. 
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Figure 46. Co-stimulation by Mip1-α and IgE/antigen enhanced chemotaxis 
of TRB3 siRNA treated RBL-CCR1 cells. 
RBL-CCR1 cells were stimulated with Mip1-α and antigen (cells sensitised with 
IgE) or with Mip1-α. The data represent the Mean +/- standard error mean 
(SEM) of three experiments where *, p <0.001, using the student T-test. 
KEY: TRB 3 siRNA= TRB 3 siRNA. NC siRNA= control siRNA. 
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6.3 Discussion 

 

As previously mentioned, the gene expression of two genes, RGS1 and TRB3 were 

up-regulated after co-stimulation by Mip1-α and IgE/antigen (Aye and Ono, 

unpublished data). Tribbles have been described as a family of proteins with potent 

signaling regulatory functions, in which they interact with and modulate the activity 

of signal transduction pathways, including the PI3K (Iynedjian, 2005; Du et al., 

2003) and MAPK (Kiss-Toth et al., 2004; Hegedus et al., 2007) systems. On this 

basis, the overall aim of the present study was to analyse whether TRB3 may 

regulate degranulation, mediator release and chemotaxis of RBL-CCR1 cells, in 

which RBL-CCR1 cells are co-stimulated with Mip1-α and IgE/antigen. The findings 

from this study are the first to demonstrate that TRB3 indeed plays a negative 

regulatory role on RBL-CCR1 degranulation, mediator release and chemotaxis in 

response to CCR1 and FcεRI co- stimulation.  

 

Co-stimulation by Mip1-α and IgE/antigen synergistically enhances degranulation of 

RBL-CCR1 cells, and this effect is mediated via a PI3K pathway (Toda et al., 

2004). The signal transduction molecule, AKT, is transported to the cell membrane 

upon PI3K activation and is a fundamental component in cytoskeletal re-

organisation, intracellular signaling and cell survival (Lemmon et al., 2002; Costello 

et al., 2002). Du et al., (2003) demonstrated in hepatic cells that TRB3 is a 

pseudokinase that binds AKT and inhibits phosphorylation of AKT, which is 

required for AKT to be active. This has been confirmed by other similar cell types 

(Naiki et al., 2007; Matsushima et al., 2006), including chondrocytes (Cravero et al., 

2009). The first objective of this study was to determine whether TRB3 affects RBL-

CCR1 degranulation, in which RBL-CCR1 cells were co-stimulated with Mip1-α and 

IgE/antigen. My findings demonstrated that upon co-stimulation with Mip1-α and 

IgE/antigen TRB3 siRNA RBL-CCR1 cells induced a significant increase in 

degranulation compared to co-stimulated cells treated with either control or 

IgE/antigen stimulated cells treated with TRB3 siRNA. This data suggests that 

TRB3 is a negative regulator of RBL-CCR1 degranulation, and moreover, through 

co-stimulation by CCR1 and FcεRI, TRB3 drives a signal cascade, possibly by 

inhibiting AKT that regulates the level of degranulation that is important in the 

allergic response. Future studies could analyse the interaction of TRB3 and AKT 

phosphorylation during CCR1 and FcεRI engagement on RBL-CCR1 cells.  

 

TRB3 plays an important role in the regulation of several cytokines and 
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chemokines. It has been documented that TRB3 acts as a negative regulator of 

NF-κβ, a known regulator of IL-6 production (Grogan et al., 2001). Down regulation 

of TRB2 enhances IL-8 production both in THP-1 cells and in human primary 

monocytes via a MAPK signalling pathway (Eder et al., 2008). In addition, Smith et 

al., (2011) demonstrated that knockdown of TRIB3 by siRNA interference up-

regulated TLR2-mediated NF-κB activation and chemokine induction in response to 

Helicobacter pylori (H. pylori) LPS. IL-4 has also been associated with the allergic 

response by promoting the production of IgE, and chemokine and mucus 

production at the site of allergic inflammation (Kelly-Welch at al., 2003; Ownby, 

D.R. et al., 2001).  

 

Following on from the regulatory role of TRB3 on RBL-CCR1 degranulation, 

subsequent experiments from this study aimed to investigate the effects of TRB3 

on other mast cell processes such as mediator release following RBL-CCR1 

degranulation, in which RBL-CCR1 cells were co-stimulated with Mip1-α and 

IgE/antigen. The findings from the present study demonstrated that upon co-

stimulation by Mip1-α and IgE/antigen, RBL-CCR1 cells treated with TRB3 siRNA 

secreted significantly high levels of IL-10 and MCP-1 but significantly low levels of 

IL-4 and IL-6 compared to TRB3 siRNA treated cells stimulated with IgE/antigen 

alone. Surprisingly, the findings from this investigation demonstrate that a lack of 

TRB3 in RBL-CCR1 cells decreases levels of IL-4 and IL-6 (which does not 

correlate with previous reports for IL-6), thereby indicating that TRB3 does not 

serve as a negative regulator for these particular cytokines. It is possible that TRB3 

is a positive regulator of NF-κβ, hence, future studies should validate this by 

analysing the interaction of TRB3 and NF-κβ following CCR1 and FcεRI 

engagement of RBL-CCR1 cells. MCP-1 is considered an important chemokine in 

immune interactions because it recruits monocytes to an area where it will promote 

an inflammatory response.  However, MCP-1 is not a very potent chemoattractant 

for mast cells and is associated with the recruitment of lymphocytes and 

eosinophils (Taub et al., 1995). Data obtained from the present study demonstrated 

that MCP-1 was significantly increased through TRB3 siRNA treatment following 

CCR1 and FcεRI engagement, which indicates that TRB3 is a negative regulator 

for this chemokine. Hence, the negative regulatory effect of TRB3 on MCP-1 could 

potentially affect the recruitment of various immune cells such as monocytes and 

lymphocytes during an inflammatory response. Anti-inflammatory mediators, such 

as IL-10 antagonise the activities of Th1 cytokines (Lester et al., 1995; Romagnani 
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et al., 2000). The data from my study demonstrated that IL-10 secretion was also 

was significantly increased through TRB3 siRNA treatment following CCR1 and 

FcεRI engagement of RBL-CCR1 cells. This data indicates that TRB3 is not only a 

negative regulator of MCP-1, but also for the anti-inflammatory cytokine IL-10.  

 

The chemotaxis of cells to sites of inflammation in response to pathogenic stimuli 

or cytokines/chemokines is regulated via a PI3K signalling pathway. This study, 

along with the findings of Toda et al., (2004) demonstrated that co-stimulation by 

Mip1-α and IgE/antigen exhibited profound effects on RBL-CCR1 actin cytokeleton 

and thereby, inhibited Mip1-α induced chemotaxis. As previously mentioned TRB3 

3 inhibits AKT phosphorylation in many cell types (Du et al., 2003; Cravero et al., 

2009), which in turn could potentially effect downstream signalling of the PI3K 

pathway and the chemotaxis process. Therefore it is of crucial importance to the 

physiological resolution of inflammation to have effective control mechanisms in 

place, which control mast cell responses. To date there are no reports 

demonstrating a regulatory role of TRB3 on mast cell chemotaxis.  The final aim of 

the present study was to examine the effect of TRB3 on RBL-CCR1 chemotaxis, in 

which RBL-CCR1 cells were co-stimulated with Mip1-α and IgE/antigen. The 

findings from this study demonstrate that TRB3 siRNA treated RBL-CCR1 cells co-

stimulated with Mip1a and IgE/antigen showed a significant increase in chemotaxis 

compared to co-stimulated contol siRNA treated cells, but a significant decrease in 

chemotaxis compared to Mip1-α stimulated TRB3 siRNA treated cells. The results 

from this investigation indicate that while TRB3 is a negative regulator of IgE 

sensitized RBL-CCR1 chemotaxis towards Mip1-α and antigen, it serves as a 

positive regulator of RBL-CCR1 chemotaxis towards Mip1-α. It was not possible in 

the present study to further elucidate the exact molecular signalling components 

involved in this process following Mip1-α and FcεRI engagement, however, it is 

possible that TRB3 mediates its affects on chemotaxis by either modulating PI3K 

activation/AKT phosphorylation and/or MAPK systems, hence future studies should 

aim to test this. 
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7. General discussion and future work 

 

Allergic diseases affect 25% of the general population and costs associated with 

these diseases dominate public health budgets. At present therapeutic approaches 

target key mechanisms involved in the development of the clinical disease, these 

include: histamine with histamine receptor antagonists, mast cells with mast cell 

stabilisers, inflammation with corticosteroids, and finally severe inflammation with 

immuno-modulators (Verhagen et al., 2005; Leonardi et al., 2008, Frew, 2011). 

However, all of these agents pose side affects, whilst some such as corticosteroids 

give rise to adverse side affects such as glaucoma and cataracts. Hence, to 

establish novel therapeutic strategies, further insights to better understand the 

molecular basis of the allergic response are required. 

 

Previous studies demonstrated that CCR1 and FcεR1 engagement following 

allergen mediated cross-linking resulted in three phenomena 1) enhanced 

synergistic degranulation in RBL-CCR1 cells and ex vivo murine conjunctival cells, 

2) arrest of Mip-1α induced chemotaxis of RBL-CCR1 cells (Toda et al., 2004; 

Miyazaki et al., 2005) and 3) gene expression up-regulation of RGS1 and TRB3 in 

RBL-CCR1 cells (Aye and Ono, unpublished data). Considering the role of mast 

cells an allergic inflammation the previous findings I have just discussed are 

consistent with the biology of the response. In that mast cells would migrate toward 

a chemoattractant gradient at sites of inflammation, but stop and accumulate where 

the concentration of allergen is high. Meanwhile the degranuation of mast cells at 

sites of inflammation is enhanced by co-stimuation with Mip-1α and allergen at the 

sites where cells accumulate thereby focusing the inflammatory response. 

 

The chemotaxis of mast cells to sites of inflammation and the subsequent release 

of mediators such as histamine and cytokines/chemokines upon degranulation are 

crucial to eliciting allergic inflammation. Unlike many other cell types such as 

neutrophils, fibroblasts, T-cells and Dictyostelium there is as yet very little evidence 

to understand mast cell chemotaxis at this level. The data presented in this study 

illuminate the role of WASP, CCR1 and actin polymerisation as mechanisms 

underlying Mip-1α induced RBL-CCR1 chemotaxis. Moreover, CCR1 and FcεR1 

engagement inhibits RBL-CCR1 actin reorganisation and other cell motility 

parameters such as directionality, which are required for Mip-1α induced 

chemotaxis. In addition, by using siRNA the present study is the first to show that 
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RGS1 and TRB3 serve as negative regulators of RBL-CCR1 chemotaxis upon 

CCR1 and FcεR1 engagement.  

 

Immune cells such as neutrophils and dendritic cells are highly motile. They can 

detect the presence of chemoattractant signals, and guide their movement in the 

direction of the concentration gradient of these signals. This process known as 

chemotaxis, has a role in diverse functions such as immune surveillance, wound 

healing and tissue homoeostasis (Baggiolini, 1998; Norman and Hickey, 2005; 

Thelen and Stein, 2008; Zinselmeyer et al., 2008; Beltman et al., 2009; Velazquez 

and Teran, 2010). The mechanisms involved in cell motility have been extensively 

studied in vitro and in vivo, using a variety of different model systems and cell 

types. Chemotaxis can be divided into discrete stages. First, cells must adhere to 

their surrounding environment. When the cell response is chemotactic, chemotaxis 

requires that cells sense the direction of the chemical gradient in order to establish 

polarity. Polarization might improve chemotaxis by enhancing the persistence of 

movement towards the source. Once directionality is established, forward 

movement is driven by protrusion of a leading edge composed of lamellipodia 

which is periodically induced at points on the cell membrane. This is accompanied 

by simultaneous cell retraction, actin reorganization and detachment of adhesions 

at the cell rear. An array of proteins are required for efficient cell chemotaxis, 

ranging from actin-binding proteins, such as the Arp2/3 complex which are 

activated by adaptor proteins such as WASP; PI3Ks; PI(3,4,5)P3  and  GTP-

binding proteins of the Rho family, Rac, Cdc42, and Rho (Machesky & Insall, 1998; 

Vanhaesebroeck et al., 2005; Villalonga and Ridley, 2006; Oak et al., 2007; Costa 

et al., 2007: Cain and Ridley, 2009).  

 

The data presented here are the first to show by real time microscopy that CCR1 

and FcεR1 engagement exhibits profound effects on RBL-CCR1 morphology: 

decreased membrane ruffling and inhibition of Mip-1α induced chemotaxis of RBL-

CCR1 cells. The Rho family, Rac, Cdc42, and Rho control chemotaxis by 

mediating the reorganization of the actin cytoskeleton. Toda at al., (2004) 

demonstrated that Mip-1α -mediated chemotaxis of RBL-CCR1 cells was inhibited 

by Rho kinase (ROCK) inhibitor, Y-27632. Meanwhile, co-stimulation by Mip-1α 

and IgE/antigen enhanced Rac and Cdc42 activation but decreased ROCK 

activation in RBL-CCR1 cells compared with cells stimulated with Mip-1α alone. In 

addition to these findings, this study has demonstrated that Mip-1α induced 
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chemotaxis of RBL-CCR1 cells stimulates new sites of actin polymerization at the 

leading edge of polarized cells, along with WASP and CCR1 co-localisation at 

these sites, indicating that these events are necessary for the detection of, and 

subsequent chemotaxis of RBL-CCR1 towards a Mip-1α gradient. In vitro studies 

demonstrate the Arp2/3 complex, which binds to the sides of pre-existing filaments 

and induces the formation of branches, thereby mediates actin polymerization. 

Activation of Arp2/3 is induced by the WASP/ Cdc42 pathway (Millard et al., 2004). 

Cdc42 seems to function as a master regulator of polarity in eukaryotic cells, and in 

vitro assays have shown that Cdc42 is active towards the front of migrating 

neutrophils (Etienne-Manneville, 2006; Van Keymeulen et al., 2006). This data 

corroborates with the present study in which WASP localization at the leading edge 

of polarised RBL-CCR1 cells would be an indication of Cdc42 activation at these 

new sites of actin polymerisation. Since Arp2/3 is a nucleator of actin 

polymerization (via WASP/Cdc42), future studies should analyse the role of Arp2/3 

on RBL-CCR1 cell motility upon CCR1 and FcεR1 engagement. In addition, the key 

event that determines where actin polymerization occurs in polarized RBL-CCR1 

cells is potentially determined by the localization of active Rac in the cell. This is 

probably achieved by locally produced PI(3,4,5)P3 as previously reported by Welch 

et al., 2003.  

 

Chemoattractant receptors in both neutrophils and Dictyostelium signal through 

similar G proteins. Most systems contain a βγ subunit, in which the βγ-complex is a 

critical mediator for chemotaxis. The chemoattractant receptors in Dictyostelium 

and neutrophils are uniformly distributed along the cell perimeter during chemotaxis 

(Xiao et al., 1997; Servant et al., 1999). Surprisingly, in the present study CCR1 

was localized at the leading edge of polarized RBL-CCR1 cells suggesting that 

these upstream components of the GPCR signal pathways shows a specific 

localization in chemotaxing or polarized RBL-CCR1cells. Asymmetric CCR1 

receptor localisation is consistent with Gomez-Mouton et al., 2004, who 

demonstrated asymmetrical distributions of chemokine receptors on the cell 

surface in response to a chemoattractant gradient. Future studies should analyse 

the spatial and temporal organisation of CCR1 and WASP in RBL-CCR1 cells 

following CCR1 and FcεR1 engagement so as to further define the molecular basis 

of arrested mast cell chemotaxis during the allergic response. This data collectively 

suggests that mast cells may use an ARP 2/3/WASP and GPCR -mediated 

pathways to facilitate chemotaxis during an allergic response, whereby co-
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stimulation by CCR1 and FcεR1 engagement would enhance degranulation and 

mediator release from stationary mast cells, potentially affecting the late phase 

response and recruitment of other immune cells. 

 

Numerous reports implicate PI3K isoforms and PI(3,4,5)P3 link early 

chemoattractant signals with downstream components of the chemotaxis response 

(Devreotes and Janetopoulos, 2003; Sadhu et al., 2003; Iglesias, 2009; 

Vanhaesebroeck et al., 2010). PI(3,4,5)P3 is generated from PtdIns(4,5)P2 by 

PI3Ks in Dicytostelium and in neutrophils and mediates cell polarization, and hence 

chemotaxis. Several studies have reported that the GFP–-PH domain probe is 

recruited selectively to the membrane at the leading edge of Dicytostelium, 

fibroblasts, and neutrophils after exposure of to different chemoattractant stimuli 

(Merlot and Firtel, 2003). This is consistent with the present study which showed 

PI(3,4,5)P3  accumulation (using a GFP–-PH domain probe) at the leading edge of 

polarized RBL-CCR1 cells in response to a Mip-1α gradient, suggesting a potential 

mechanism of RBL-CCR1 polarity and Mip-1α mediated chemotaxis. As it was not 

possible to reproduce these experiments more than twice, the indication that 

chemotaxis of RBL-CCR1 towards the chemokine Mip-1α cells might be mediated 

via a PI(3,4,5)P3 mediated pathway must be interpreted with caution.  

To establish novel therapeutic approaches for allergic diseases and elucidate 

immunological mechanisms, animal models of ocular allergies have been 

developed over the past decade (Merayo-Lloves et al., 1996 ; Izushi et al., 2002; 

Groneberg et al., 2003; Miyazaki et al., 2005). Conjunctival mast cells are well-

established targets for evaluating potential pharmaceutical interventions in ocular 

disease. The accumulation of mast cells into sites of inflammation occur by two 

mechanisms: 1) migration of progenitor mast cells from the blood and 2) re-

localisation of mature mast cells with in the tissue (Abonia et al., 2005; Gurish et 

al., 2001).  Following on from analysing the effects of CCR1 and FcεR1 

engagement on RBL-CCR1 motility in vitro, subsequent experiments analysed 

mast cell motility in murine allergic conjunctivitis. The findings from this study 

showed an increase in conjunctival mast cells in the inflamed conjunctiva 

compared to non-diseased eyes for both models of murine allergic conjunctivitis. 

Previous reports have indicated that increased numbers of mast cell progenitors at 

sites of inflammation may contribute to the accumulation of mature mast cells 

(Mwamtemi et al., 2001; Gurish and Boyce, 2006). However, from the present 

study, whether the increase in mast cell number in the inflamed conjunctivia is a 
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result of mast cell progenitor infiltration from circulation or resident mast cell re-

localisation within the tissue is yet to be determined.  CCR1+ mast cells were 

observed in the bronchial epithelium of patients with asthma (Amin et al., 2005). 

The level of Mip-1α is increased in the asthmatic lung (Bisset and Schmid-

Grendelmeier, 2005; Alam et al., 1996). 

 

In addition to WASP and CCR1 posing potential mechanisms for mast cell 

polarisation and chemotaxis, the data presented in this study is the first to show 

that RGS1 and TRB3 regulate chemotaxis of RBL-CCR1 cells following CCR1 and 

FcεR1 engagement. The primary transducer used by GPCRs is the heterotrimeric 

G protein, which consists of α, β and γ subunits. In the absence of receptor 

stimulation, these subunits co-exist as one complex, in which the α subunit is 

bound to GDP.  Upon GPCR stimulation by chemokine, Gα exchanges GTP for 

GDP and temporarily dissociates from the βγ subunit, in which the βγ subunit is 

essential for chemotaxis via PI3K signalling pathway at the cell membrane. RGS 

proteins accelerate the return of Gα to its inactive GDP-form thereby facilitating the 

re-formation of the Gα-GDP-βγ subunit and promoting more rapid termination of G-

protein signalling pathways (Watson et al., 1996). In the present study, RGS1 

siRNA treated RBL-CCR1 cells co-stimulated with Mip-1α and IgE/antigen 

significantly up-regulated chemotaxis of RBL-CCR1 cells, indicating that RGS1 is a 

negative regulator of RBL-CCR1 chemotaxis. It is possible that this response is 

mediated by the inhibition of RGS activity, which would result in the dissociation of 

the βγ subunit from Gα subunit thereby further promoting PI3K down stream 

signalling and chemotaxis. This mechanism would potentially corroborate with a 

recent study by Bansal et al., 2008 who showed that phosphorylation, and 

chemotaxis induced by CXCL12 were greater in short hairpin RGS13-HMC-1 cells 

compared with control. In addition, RGS13 over-expression inhibited CXCL12-

evoked phosphorylation and chemotaxis. Unlike RGS1, TRB3 modulates several 

cellular processes such as mediator release by interacting with NF-κβ or MAPKs 

(Du et al., 2003; Koo et al., 2004; Hegedus et al., 2007), which would otherwise 

induce cell polarization/chemotaxis and cytokine/chemokine release. The data 

presented here is the first to demonstrate that TRB3 is negative regulator of RBL-

CCR1 chemotaxis, following CCR1 and FcεR1 engagement.  Upon CCR1 and 

FcεR1 engagement TRB3 siRNA treated RBL-CCR1 cells significantly upregulated 

chemotaxis, and it is possible that these affects are mediated via a PI3K/ pathway. 
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However, a previous study by Sung et al., 2007 demonstrated that depletion of 

TRB1 (using siRNA) led to an increase in transmigrated smooth muscle cells cells 

in response to PDGF.  Inhibition of the JNK pathway demolished the effect of 

siRNA TRB1 treatment, suggesting that TRB1 may be a negative regulator of 

smooth muscle chemotaxis via inhibitory activity of the JNK pathway. It is very 

possible that that the basic molecular mechanisms responsible for tribbles action 

are similar for TRB3 to those reported for TRB1 previously. Future experiments 

should further define the role of TRB3 on RBL-CCR1 chemotaxis and its interaction 

with PI3K and JNK signaling pathways upon CCR1 and FcεR1 engagement.  

 

Mast cell activation requires co-ordinated events that result in degranulation and 

mediator release when encountering a given antigen (Furumoto et al., 2004; 

Gilfilian and Tkaczyk, 2006). Mast cells express CCR1, CCR2, CCR3 and CCR5 

(Ono et al., 2003) on their cell surface, where MCP-1 is the respective ligand for 

CCR2. In addition, MCP-1 directly activates mast cells in murine models of airway 

inflammation, and up-regulated levels of MCP-1 have been identified in 

bronchoalvelolar lavage fluid and bronchial tissue in patients with asthma (Alam et 

al., 1996). The present study demonstrated that upon CCR1 and FcεR1 

engagement, depletion of RGS1 and TRB3 significantly upregulated the secretion 

of several cytokines and chemokines, which included MCP-1. This data suggests 

that RGS1 and TRB3 are negative regulators of MCP-1 secretion, by possibly 

promoting NF-κβ activation, and hence gene transcription of MCP-1. Regulation of 

MCP-1 by TRB3 and RGS1 would potentially determine the level of mediator 

release from degranulating mast cells, which are important in the recruitment of 

other mast cells, and hence the allergic inflammatory response.  

 

In conclusion, the mechanisms underlying mast cell accumulation and arrest at 

sites of inflammation are a therapeutic target for allergic diseases. The discovery 

that chemokines control the movement and activation of immune cells, has 

provided attractive new targets for anti-inflammatory drug design. A CCR1 

anatagonist has been shown to decrease the number of clinical symptoms related 

to asthmatic type inflammation in murine models of asthma (Carpenter et al., 

2005). Although a CCR1 antagonist could potentially treat allergic diseases, a 

disadvantage regarding CCR antagonists is that many chemokines are 

promiscuous ligands. RGS proteins expressed in mast cells and lymphocytes 

(Druey et al, 1996; Reif and Cyster et al., 2000; Oliveira-Dos-Santos et al., 2000; 
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Bansal et al., 2008) represent a vital regulatory component of the signalling 

pathways induced by GPCRs in allergic inflammation. Hence, inhibition of RGS 

activity may potentially exhibit profound effects on the specificity and potency of 

GPCR-targeted drugs. A compound that specifically inhibits RGS4 activity in vitro 

has recently shown promise (Roman et al., 2007). In view of the present study, 

RGS1 regulates degranulation, mediator release and chemotaxis in RBL-CCR1 

cells, suggesting that RGS1 might represent a useful target for therapeutic 

intervention for the treatment of allergic diseases. In addition, the findings from this 

study provide evidence that TRB3 can act as a regulator of mast cell chemotaxis. 

Manipulation of TRB3 may be particularly attractive to the pharmaceutical industry 

as the predicted prevention of down-regulation would be to reduce the allergic 

inflammatory response. 
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A schematic model to describe the molecular basis of mast cell motility in 
allergic inflammation based on the findings from this study.  
FcεR1 engagement by antigen (signal 1) and CCR1 engagement by Mip-1α 
(signal 2) independently induce degranulation of mast cells via PI3K. Mip-1α 
(signal 2) induced mast cell chemotaxis is mediated via PI3K, WASP, CCR1 and 
actin polymerisation at the leading edge of the cell. However, co-stimulation by 
Mip-1α and IgE/antigen (signal 1 plus 2) results in inhibition of membrane 
ruffling and arrested chemotaxis. Depletion of RGS1 and TRB3 induce 
increased chemotaxis in the presence of signal 1 and 2.  
KEY: Signal 1= FcεR1 engagement by antigen. Signal 2=CCR1 engagement by 
Mip-1α   
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