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Abstract 

In recent years, the incidence of allergic asthma as well as the severity of disease 

has rapidly increased worldwide. Numerous epidemiological studies have related the 

exacerbation of allergic asthma with exposure to increased ambient particles from air 

pollutants. However, the mechanism by which particulate allergens (pAg) exacerbate 

allergic asthma remains undefined. To evaluate this, we modeled environmental pAg 

induced allergic asthma by exposing mice to polystyrene beads coated with natural 

allergen extracts. Compared to equal amounts of soluble allergen extracts (sAg), pAg 

triggered markedly enhanced airway hyper-responsiveness and pulmonary eosinophilia 

in allergen sensitized mice. The cellular basis for this effect was determined to be mast 

cells (MCs), as both airway allergic responses were attenuated in MC deficient KitW-

sh/KitW-sh mice compared to MC reconstituted KitW-sh/KitW-sh mice. The divergent responses 

of MCs to pAg versus sAg were due to differences in the termination rate of IgE/FcεRI 

initiated signaling. Following ligation of sAg, IgE/FcεRI rapidly shuttled into a 

degradative endosome/lysosome pathway. However, following ligation by pAg, 

IgE/FcεRI migrated into lipid raft enriched compartments and subsequently failed to 

follow a degradative pathway, which resulted in a prolonged signaling and heightened 

synthesis of proinflammatory mediators. These observations highlight the overlooked 
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contributions of the particulate nature of allergens and mast cell endocytic circuitry to 

the aggravation of allergic asthma. 
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Chapter 1. Introduction 

1.1 Allergic asthma and risk factors 

1.1.1 Allergic asthma 

Definition and features 

Asthma is a chronic inflammatory disease of the airways of the lung, 

characterized by an overabundance of eosinophils, mast cells, and activated T helper 2 

(Th2) lymphocytes1-3. These inflammatory cells release mediators that then trigger 

pulmonary pathologic changes, such as bronchoconstriction, mucus secretion, and 

remodeling4. This chronic inflammatory status is associated with intermittent airway 

narrowing and hyperresponsiveness, which lead to recurrent episodes of chest tightness, 

wheezing, coughing and shortness of breath5. The inflammation in allergic asthma is 

difficult to control6. This is mainly due to the development of an immunological memory 

to allergens through adaptive immunity directed by Th2 type cytokines7. The recalled 

reactions to the allergen can cause persistent inflammation and damage to the airways. 

Over time, the bronchioles may become scarred, and the airflow limitation may become 

permanent6,8,9. Allergic asthma patients usually exhibit peripheral eosinophilia in the 

blood and high levels of immunoglobulin E (IgE) in the serum5.  

Although most asthma patients have developed eosinophilic inflammation in the 

airways1, a study using bronchial biopsy found that a subgroup of patients with severe 
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and persistent asthma were lacking pulmonary eosinophilic inflammation and had 

basement membranes of normal thickness10. Another study found a subgroup of asthma 

patients who had a normal sputum eosinophil count but higher neutrophil counts as 

compared to normal controls’ sputum11. In a longitudinal study of patients with severe 

asthma, the absence of sputum eosinophils was a stable feature that lasted over 12 

months in a number of patients12. These observations suggest that, in some patients at 

least, non-eosinophilic asthma exists. Therefore, asthma is a disease with heterogeneous 

clinical phenotypes as opposed to a disease with singe inflammation profile13.  

Epidemics and economic burden 

The prevalence of allergic diseases has increased substantially in recent decades, 

with up to 300 million people worldwide now estimated to suffer from asthma. Asthma 

prevalence increases by 50% every decade worldwide14. Geographically, prevalence is 

high in developed countries, but in developing regions asthma prevalence continues to 

rise sharply with increasing urbanization and westernization14,15. Internationally, an 

increasing number of hospital admissions for asthma is also observed, which is most 

pronounced in young children15. In the United States, there was a 200% increase in 

hospitalization rates for adults with asthma and a 50% increase for asthmatic children 

between the 1960s and the 1980s16.  
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The cost of treating the disease is substantial. Globally, the economic costs 

associated with asthma exceed those of tuberculosis and HIV/AIDS combined15. In the 

United States, the figure approximates $6 billion per annum17 with more than half of this 

expense spent on hospital care.  Eighty percent of the entire bill is attributable to the 20% 

of patients who require the most treatment15,17.  

 

1.1.2 Pathogenesis of allergic asthma  

The nature of allergens 

Allergens are commonly inhaled non-infectious environmental substances5. 

Allergens appear harmless in themselves, but cause disease in susceptible individuals 

with high serum IgE levels that are specific against the allergen13. Typical allergen 

sources include house dust mite, grass pollens and animal danders (sheddings from skin 

and fur). Most allergens are proteins that have a natural enzymatic function. For 

example, the major house dust mite allergen, Der p 1, is a protease18. Many of allergen 

proteases can directly reduce epithelial barrier function or participate in the 

development of Th2-cell responses18,19. 

Two phases of allergic asthma 

The development of allergic asthma can be considered as a two-phases process20 

(Fig. 1). Phase 1 involves the development of allergen-specific immunological memory  
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Figure 1: Major cell types implicated in two phases of allergic asthma 

pathogenesis. 

 

During phase I, the initiation of this process involves presentation of processed 

allergens to naive Th precursor cells by dendritic cells within a cytokine milieu that 

favors the selective expansion of Th2 cells. Th2 polarization can be suppressed by IFN-γ 

produced by Th1 cells. The cognate interactions between Th2 cells and B cells in 

presence of a panel of cytokines eventually result in production of allergen specific IgE 

by B cells. IgE produced by B cells is captured at the cell surface by FcεRI present on 

mast cells. During phase II, re-exposure to allergens elicits a pathological response that 

is triggered through crosslinking of IgE-loaded FcεRI receptors on mast cells. The 

inflammatory mediators released from mast cells cause the eosinophil recruitment, 

increased mucus production, and bronchoconstriction in the airways.  

 

 

(allergic sensitization). This process normally occurs during childhood and leads to a 

sensitized status, featuring Th2-polarized inflammation and high serum IgE levels, in 

adults. The sensitization increases risk for allergic respiratory disease, but is insufficient 

in itself for disease expression. Phase 2 is the stage when disease expression occurs.  

Exposure to specific airborne allergens to which they have been sensitized results in Th2 
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type inflammation in the airway mucosa (allergen challenge). Repeated allergen 

activation ultimately causes a chronic wound healing/repair response in the lung9, which 

is believed to be central to the structural and functional changes in the airway wall6,7. 

Allergic sensitization in the airway 

The process of sensitization usually begins from contact of allergens with 

mucosal surfaces. In the case of respiratory allergy, the exposure to aeroallergens is 

important. Inhaled allergens are commonly sampled by dendritic cells (DCs) in the 

airway lumen21, and then enter tissues through disrupted epithelium. For allergens with 

protease activity, they can gain access to submucosal DCs by cleaving epithelial tight 

junctions22. Activated DCs mature and migrate to regional lymph nodes, where they 

present peptides derived from the processed allergen in the context of MHC class II 

molecules to naive T cells22. Naive T cells recognizing foreign antigens differentiate to 

Th2 cells in the presence of IL-423, which is potentially secreted from a range of cells, 

including basophils24, eosinophils25,26, natural killer T cells27,28 and regulatory T cells29. 

The other T helper cell type, Th1 cells, tends to antagonize allergic sensitization29 (Fig. 1).  

Sequentially, allergen induced Th2 cells activate B cells through the ligation of 

co-stimulatory molecules (CD40 ligand with CD40, and CD28 with CD80 or CD86). This 

process also requires the presence of IL4 and IL1320,30. Activated B cells undergo 

immunoglobulin class-switch recombination, in which the gene segments that encode 
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the immunoglobulin heavy chain are rearranged and IgE class antibody against specific 

allergen is produced31. IgE diffuses locally and enters the lymphatic vessels32. It 

subsequently enters the blood and is distributed systemically. After gaining access to the 

tissue fluid, allergen-specific IgE binds to the high-affinity receptor for IgE (FcεRI) on 

tissue-resident mast cells32, thereby sensitizing them to respond when the host is later re-

exposed to the allergen1,33. Sensitization itself does not produce any symptoms. The 

sensitization has been thought to occur without the involvement of MCs1,32,33 (Fig. 1). 

Many factors can affect the development of sensitization, such as host genotype, 

nature of allergen, and environmental allergen concentration. Another important factor 

is the pattern of the allergen’s contact with the immune system: for example, the 

amount, the frequency, or the route of allergen exposure34.  The type (myeloid or 

plasmacytoid) and phenotypic characteristics of DC subpopulations35 that participate in 

the responses also influence allergic sensitization. The microenvironment where DCs 

reside is also emerging as an important determinant of the balance between Th1 cells 

and Th2 cells. One suggestion is that prostaglandin E2 (PGE2) produced by epithelial 

cells upon exposure to allergen, inhibits IL-12 production by DCs, thereby favoring a 

Th2 response36. Recently, adoptive transfer experiments in mouse models of allergy and 

asthmatic inflammation have shown that CD4+ regulatory T cells (Treg) are essential for 
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the induction and maintenance of immune tolerance to allergens through secretion of 

the anti-inflammatory cytokine IL-1037,38. 

Allergen challenge in the airway 

Allergic inflammation triggered by IgE is often classified into two temporal 

phases: early-phase reactions induced within seconds to minutes after allergen 

challenge, and late-phase reactions which occur within several hours.  

Early phase of allergen induced airway inflammation. 

Early-phase reactions (or type I immediate hypersensitivity reactions) occur 

within seconds of allergen exposure and mainly reflect the secretion of mediators by 

mast cells. In sensitized individuals, mast cells already have their surface high-affinity 

IgE receptors (Fc epsilon receptor I (FcεRI)) bound to allergen-specific IgE33. When 

invading bivalent or multivalent allergens crosslink adjacent IgE molecules on mast 

cells, aggregation of FcεRI triggers a complex intracellular signaling process that results 

in the secretion of three classes of biologically active products: pre-stored granule 

components, lipid-derived mediators, and newly synthesized cytokines, chemokines 

and growth factors39,40. These rapidly released mediators result in contraction of 

bronchial smooth muscle, vasodilation, increased vascular permeability, and increased 

mucus production41 (Fig. 1). Such mediators can also stimulate sensory nerves of the 

nose and airway, resulting in sneezing or coughing42,43. In addition to their contribution 
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to early phase reactions, mast cells also contribute to the transition to the late-phase 

reaction by promoting an influx of inflammatory leukocytes including eosinophils44, 

neutrophils45, lymphocytes29 and macrophages3 (Fig. 1).  

Late phase of allergen induced airway inflammation.  

Late-phase reactions typically develop 2–6 h after allergen exposure, and often 

peak after 6–9 h. Late-phase reactions have many features in common with early-phase 

reactions. During this phase, mast cells responding to IgE and allergen release a broad 

range of newly synthesized cytokines, chemokines and growth factors, but these are 

released more slowly than the preformed mediators46. These newly synthesized mast cell 

mediators (have the potential to recruit other immune cells (TNF-α, IL-8, CCL2, eotaxin 

and other chemokines)40, or to activate innate immune cells (TNF-α and IL-5)26,28, or to 

affect many biologic aspects of adaptive immunity including T cells20 and B cells (IL-10, 

TNF-α and TGF-β)33. Certain mast cell derived mediators can also influence the biology 

of structural cells, including vascular endothelial cells, epithelial cells, fibroblasts, 

smooth muscle cells and nerve cells46.  

Besides mast cells, other resident innate immune cells including neutrophils, 

monocytes28,47, eosinophils25,26 and basophils32 also can contribute to late-phase reactions 

by secreting mediators involved in causing allergic symptoms. In addition, T cells can 

secrete inflammatory mediators when they recognize allergen-derived peptides20,48. 
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These T cells may either reside locally or be recruited to early-phase reactions sites after 

allergen challenge49,50. The clinical features of late-phase reactions reflect the activities of 

both resident cells and circulating leukocytes that are recruited to the reaction site20,26,28, 

and thereby are thought to reflect the coordinated actions of innate and adaptive 

immune systems20,50. 

 

1.1.3 Risk factors of allergic asthma 

Although the understanding of many aspects of asthma has improved over the 

past decades, the fundamental causes of this immune disorder and the reasons for its 

increased prevalence remain largely unknown. It is possible that the current definition 

and diagnosis of asthma captures patients who may not have previously been identified 

or classified as having this disease, but overwhelming evidences still points to potential 

factors that may exert a strong influence on the development of allergic asthma in 

susceptible individuals. These factors include: genetic component, exposure to 

microorganisms, pollutants, indoor and outdoor allergens, environmental changes and 

diet.  

Genetic factors 

The genetic basis of allergic asthma is strongly familial51. Studies of twins have 

shown generally that concordance rates for asthma are significantly higher in 
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monozygotic twins than dizygotic twins52,53, and the heritability of asthma may be as 

high as 75% in twins54. Analysis of the inheritance of the total serum IgE, which is the 

principal marker of the allergic state, also suggests the correlation between 

polymorphisms present in FcεRIβ gene or a nearby gene with a high susceptibility on 

IgE production55-57. Asthma is likely to be due to common variants (`alleles') in genes 

that alter gene functions in a subtle way rather than ablate gene function. This variation 

is as likely to be concentrated within the regulatory elements of the gene as within 

coding sequences57,58. Genome-wide screens of individuals with atopic dermatitis and/or 

asthma have identified many candidate genes that are expressed in the epithelial cell 

populations at the affected site59, suggesting that mutations or polymorphisms that alter 

the normal barrier functions of epithelia may contribute to the development of allergies 

and allergic inflammation58-60. 

Environmental factors  

Although genetic factors may explain at least part of the regional differences of 

allergic asthma, they do not explain the rising trends of the disease. Asthma was quite 

rare at the beginning of the century, but its prevalence in developed countries has now 

risen to true epidemic proportions. In the popular imagination, asthma is the result of air 

pollution. There is no doubt that air pollution with ozone and particulates can 

exacerbate existing asthma and precipitate hospital admission61-63. It is also thought that 
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early exposure to environmental particulates are critical in determining the subsequent 

course of allergic disease64. In the Scandinavian countries, a short intense spring 

flowering of birch trees is accompanied by symptoms in many individuals. More 

strikingly, children born in the three months around the pollen season carry an 

increased risk of allergy to birch pollen for the rest of their lives65. In England, sleeping 

in beds with high levels of house dust mite during the first year of life correlates with 

the subsequent risk of childhood asthma66. 

Recently, studies found that climate change, caused in part by increased 

atmospheric concentrations of carbon dioxide (CO2) and other greenhouse gases, is 

closely related with the severity and prevalence of allergic diseases in humans67. The 

evidence suggest that climate change may alter the production, distribution, timing, and 

allergenicity of aeroallergens, including ground-level ozone, nitrogen dioxide (NO2), 

pollens, and other airborne particulate matter. Individuals with allergy and asthma are 

at risk of worsening disease, more symptomatic days, and reduced quality of life as a 

result of these environmental changes68. 

Hygiene hypothesis 

The hypothesis that currently finds most favor as an explanation for increasing 

allergic disease is the influence of hygiene in western society. Increased hygiene may 

deprive the developing immune system of signals necessary for Th1 development. The 
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hygiene hypothesis best accommodates the link between allergy and social class, the 

urban to rural gradient, infant diet, over-use of antibiotics and the East to West gradient 

of disease. In Europe and Australia, the prevalence of atopic disease and atopic 

sensitization is lowest in the children of farmers who keep animals near to the house69,70. 

It has been argued that the immune systems need to be taught, in the same way as the 

nervous systems. Human have co-evolved with parasites, bacteria and viruses, but now 

infancies in the westernized world are largely free from such companionship with 

microorganisms, which might results in `immune deviation' and allergic diseases71.  

Maternal effects on allergic asthma 

Many epidemiological studies have indicated that the maternal phenotype 

influences the inheritance of asthma and allergy. The presence of asthma, elevated 

serum IgE levels and positive skin-prick tests in children have all been associated with 

an increased prevalence of asthma or atopy in mothers72. The maternal effect might 

result from immune interactions between the fetus and the mother, such as through the 

placenta as well as through breast milk73. This interaction may have profound effects on 

the development of the fetal immune system74.  

Recently, studies in mice have implicated the impact of environmental factors on 

developing allergic asthma in utero and even before conception. An experimental model 

of allergic airway disease found that exposure of mice to a diet rich in methyl donors 
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during gestation, but not during lactation, increased the incidence of airway disease in 

the offspring75,76. This indicated that affecting methylation status in utero may increase 

allergic airway disease. The findings are in accordance with a separate study showing 

that protection from allergic disease can be conferred through the mother before 

conception77. Oral ovalbumin administration to induce toleration in female mice days 

before mating protected the progeny from subsequent induction of airway disease77. 

These studies pointed to pregnancy as an important period of environmental influence 

in the child’s future immune system. 

  

1.2 Exacerbated asthma symptoms correlate with ambient particles 

1.2.1 Environmental particles and particulate allergens 

Ambient particulate matter (PM) 

Airborne particulate matter (PM) consists of solid particles of different sizes, 

compositions, and origins78. The most frequently used definition of PM is PM10 (particles 

with an aerodynamic diameter less than 10 μm). PM10 are further classified into 2 

categories: coarse PM (2.5-10μm) and fine PM (<2.5μm)78. The level of PM2.5 (<2.5μm in 

diameter) is more closely related to adverse respiratory health effects than PM2.5–10, as 

they are able to penetrate deep into the respiratory tree79,80. 
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Environmental PM is generated from a wide range of natural and man-made 

sources, and the composition of the particulate air pollution varies in different areas. In 

developed countries, the PM2.5 fraction is reported to consist mainly of carbon particles 

that are mostly generated from human activities such as combustion of fossil fuels81. 

Important sources of PM2.5 are power generation plants and road traffic. The PM2.5–10 

fraction predominantly consists of inorganic minerals, such as abraded soil, road dust, 

construction debris, or aggregation of smaller combustion particles81. High 

concentrations of particles from road traffic appear to be a serious health hazard82.  A 

study of London urban pollution I showed that there were large numbers of small 

particles in the rural atmosphere averaging 5,000-10,000 per mL. However this particle  

number rose to 25,000-30,000 per ml when measured 1 km from traffic83. 

Currently, the most studied ambient particle is diesel exhaust particles (DEP) 

from result from insufficient combustion of diesel fuel. DEP consists of a carbonaceous 

particle core. The composition of DEP depends on the engine, engine load, and type of 

diesel fuel being used; and different DEPs may show variations in their biological 

effects84,85. In addition to adsorbed chemical substances, environmental DEPs are shown 

to carry common allergens on their surface86,87. Furthermore, endotoxin is found to be 

associated with ambient DEP88. 

Airborne particulate allergens 
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The primary aeroallergens can be categorized as indoor allergens and outdoor 

allergens. Indoor allergens sources include house dust mite (HDM), animal dander 

(primarily from cat and dog), cockroach, and mold89. Outdoor allergens are mainly from 

pollen starch granules, ruptured pollen grains, and debris of plant leaves and stems90. 

Ragweed pollen represents the major source of allergenic protein in the United States, 

with a prevalence of ragweed allergy in about 50% of atopic individuals91. It was 

calculated that during a pollution episode each lung acinus could receive on average 

some 30 million particles and each alveolus about 1500 particles every 24 hours. In the 

condition of chronic lung disease, some alveoli would receive much larger doses83. 

In addition to the organic particulate allergens, inhalable inorganic PMs can 

contribute to asthma and respiratory symptoms as carriers of allergens into the 

airways92. Studies using immunogold labeling technique, revealed that important 

allergens, such as Fel d 1 (cat), Can f 1 (dog), Bet v 1 (birch pollen), and Der p 1 (house 

dust mite), were attached to the surface of soot particles in airborne house dust87,93 and to 

DEP suspended in the outdoors79,94.  

 

1.2.2 Correlation of asthma symptoms with PM and particulate allergens 

Increased asthma incidence correlate with ambient PMs 
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Many cross-sectional epidemiologic studies have clearly shown that ambient PM 

concentration is associated with the prevalence of respiratory and allergic diseases78,83. A 

study in east Germany showed that schoolchildren living in smelter areas that were 

severely impacted by high level of metal fine particles during the 1980s and in the early 

1990s, had a significantly higher prevalence of allergies and bronchitis compared with 

children living in the rural control area95. A study from the Netherlands demonstrated 

that children with atopy and bronchial hyper-responsiveness are at risk of increased 

symptoms during episodes of air pollution. The children with bronchial hyper-

responsiveness and high levels of serum total IgE had an increase in respiratory 

symptoms up to 139% for every 100 mg/m3 increase in particulate matter96. 

Two recent remarkable epidemiological studies which carefully selected cohorts 

with well defined levels of exposure to particulate matter described significant 

associations between exposures to particulate matter in ambient air and indexes of 

pulmonary responses. By monitoring the particulate exposure and pulmonary function 

in 9651 adults for about 10 years, one study showed that an average decline of 10g PM10 

per cubic meter annually was associated with significant reductions in annual levels of 

decline in lung function97. In another study testing the effects of short-term exposure to 

diesel traffic in people with asthma, the pulmonary function of mild asthmatic adults 

after 2-hour walks on Oxford Street or through the western side of Hyde Park was 
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compared. Participants had significantly higher exposures to fine particles on Oxford 

Street than in Hyde Park. Their data showed that, walking for 2 hours on Oxford Street 

induced significantly larger reductions in the pulmonary functional index than walking 

in Hyde Park98.  

Aggravated asthma symptoms correlated with particulate allergens 

Increasing experimental evidence from both mouse and human studies show 

that particles augment the allergic immune response to allergens62. One such study 

observed that after intranasal administration of ragweed allergen and DEP to allergic 

adults, there was an increased production of Th2 type cytokines92. Another study 

showed that, compared to adults given allergen alone, adults given DEP and allergen 

had higher symptom scores (severity of nasal itching, nasal congestion, and number of 

sneezes) and a 3-fold increased release of histamine. In contrast, adults given DEP alone 

had no symptoms or histamine release 99.  

The adverse health effects of particulate allergens on allergic asthma were also 

revealed by ‘Thunderstorm-associated asthma’100. Several studies in Europe and 

Australia reported a sharp increase in hospital visits for asthmatic symptoms which 

peaked 2-3 days following a thunderstorm101 100,102.  The major triggering factor was the 

increased respirable pollen starch granules (0.5–2.5μm), which can reach deep into lower 

airways to trigger asthma reactions in patients100,103. Although pollen starch granules 
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were present in the atmosphere throughout the pollen season, a 50-fold increase was 

detected on days following a thunderstorm. This increase was partly because pollen 

grains were ruptured by osmotic shock from humid thunderstorm conditions and thus 

released large amounts of cytoplasmic starch granules103. A study further revealed that 

after rainfall, in addition to the increase of pollen starch granule counts, there was also a 

10-fold increase of ‘starch granule equivalents’, which are suspended inorganic particles 

(<2.5μm) loaded with pollen allergens. This bursting of ‘starch granule equivalents’ was 

significantly correlated with the increase in asthma attendances (delayed by 2 days)104.  

Other evidences also confirmed the impact of ‘starch granule equivalents’ on 

allergic asthma. It was shown that pollen allergic patients can experience asthma 

symptoms even out of the pollen season; even in the absence of a relevant quantity of 

pollen grains, asthma symptoms can be induced by the same pollen allergens when they 

are carried by respirable airborne particles much smaller than pollen grains105,106. Some 

of these paucimicronic particles are plant debris, such as fragments of leaves and stems. 

Aeroallergens released by pollen grains can also be transferred to other small, non-

biological particles of air pollution, such as DEP, and then penetrate deep into the 

airways inducing allergic symptoms in sensitized subjects86  

It is conceivable that aeroallergens derived from pollen grains may interact with 

airborne PM contaminants by association on their surface, and lead to bronchial 
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obstruction in predisposed subjects107,108. There is also evidence that the airway mucosal 

damage and the impaired mucociliary clearance induced by air pollution may facilitate 

the access of inhaled allergens to the immune system108.  

 

1.3 Mast cells and IgE-mediated signaling 

1.3.1 Mast cells in innate and adaptive immune systems 

Basic biology of a mast cell 

Mast cells are derived from CD13+CD34+CD117+ hematopoietic progenitors in the 

bone marrow, but they do not ordinarily circulate in a mature form109. Instead, mast cells 

differentiate and mature locally, following the migration of mast cell precursors to the 

vascularized tissues or serosal cavities in which mast cells will ultimately reside109,110. 

Mast cells are widely distributed throughout the vascularized tissues, in particular near 

surfaces that are exposed to the environment, including the skin, airways and 

gastrointestinal tract, where pathogens, allergens and other environmental agents are 

frequently encountered32,111. Thereby, mast cells, together with dendritic cells, are well-

positioned to be one of the first cell types of the immune system to interact with 

environmental antigens and allergens, invading pathogens, or environmentally derived 

toxins.  
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Mast cells are long-lived cells that, similar to monocytes and macrophages, can 

re-enter the cell cycle and proliferate following appropriate stimulation110,112. The main 

survival and developmental factor for mast cells is stem-cell factor (SCF; also known as 

KIT ligand), but many growth factors, cytokines and chemokines can influence the 

number and phenotype of mast cells, including IL-3, which is of particular importance in 

mice113.  

Activation and secretion of products. 

Mast cells are a potential source of many mediators that can promote or suppress 

the development, survival, proliferation, migration, maturation or function of innate and 

adaptive immune cells114,115. A variety of stimuli can activate mast cells to release a 

diverse array of biologically active products, many of which can mediate potential 

proinflammatory, anti-inflammatory and/or immunoregulatory effects114,116. The 

mediators preformed and stored in mast cell cytoplasmic granules are released within 

seconds after exposure to stimuli in a process called degranulation. The released 

mediators include biogenic amines (such as histamine), proteoglycans (such as heparin), 

serine proteases (such as tryptases and chymases), and various other enzymes as well as 

certain cytokines and growth factors that can be associated with the granules (such as 

TNF-α) and (VEGFA). Activated mast cells also release newly synthesized lipid derived 

mediators, such as prostaglandins (particularly PGD2 and LTB4) and cysteinyl 
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leukotrienes (particularly LTC4). Cytokines and chemokines are finally released after a de 

nova synthesis process which occurs hours after the initial activation of mast cells33,114,116. 

Depending on the type and strength of the stimuli, mast cells can participate in multiple 

cycles of activation for mediator release and can be differentially activated to release 

distinct patterns of mediators or cytokines115,117. This functional and phenotypic plasticity 

probably allows mast cells to respond appropriately to the distinct challenges associated 

with various immunological and pathological responses115. 

Receptors on mast cell surface 

Mast cells exhibit an array of immune receptors and other surface molecules that 

confer advanced ability to react to multiple, nonspecific and specific stimuli. Mast cells 

undergo immunological activation which is dependent on surface expression of FcεRI 

(high-affinity receptor for IgE), FcγRI (low-affinity receptor for IgE) , and c-kit (receptor 

for SCF)113. Toll-like receptors (TLRs)118, receptors for complement components, 

receptors for cytokines, and receptors for endogenous peptides, such as endothelin-1, 

are also suggested to be expressed on mast cells which may enable mast cells to 

participate in responses to pathogens113,119. Mast cells express MHC class I and II 

molecules, and they have been reported to process and present antigen in vitro120. 

However, there has no evidence from in vivo studies to indicate that mast cells present 

antigen during naturally occurring or experimental immune responses121. The 
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expression of various co-stimulatory molecules by mast cells is further evidence that 

these cells can have immunomodulatory roles enabling them to interact with endothelial 

cells, lymphocytes and fibroblasts115. The co-stimulatory molecules expressed by mast 

cells include ICAM-1, ICAM-3, β2-integrins, CD28, CD40L, members of the B7 family 

(CD80, CD86), and members of the TNF receptor families122-124.  

 

1.3.2 Mast cells are critical effector cells in allergic asthma 

Location of mast cells in asthmatic conditions 

There is compelling evidence that mast cells contribute to the pathophysiology of 

asthma (Fig. 1). Mast cells are usually found adjacent to blood vessels in the lamina 

propria in normal human airways125, but in asthma they localize within the bronchial 

epithelium 125,126, the airway mucous glands127, and the bronchial smooth muscle bundles 

(ASM)125,127,128. These unique locations in three key sites have functional meanings. The 

infiltration of mast cells in the bronchial epithelium places them at the portal of entry to 

encounter aeroallergens, and facilitate their effecter role to trigger immunologic 

response. Further, tryptase and protease released through mast cell degranulation in 

epithelium might loosen the epithelial junctions and impair epithelial function129,130. The 

degranulation of mast cells in the airway mucous glands in asthmatic subjects shows a 

positive correlation with the degree of mucus obstruction in the airway lumen125,127, 
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suggesting that mast cells play an important role in regulating mucous gland secretion. 

Airway smooth muscle infiltration by mast cells is a feature of asthma131 125,127,128. It was 

found that the IL-4 and IL-13 expressing cells present within the airway smooth muscle 

in asthma were expressed predominantly by mast cells132. It is known that Th2 cytokines 

have been implicated as playing a critical role in the development of airway 

inflammation and hyper-responsiveness. Therefore, IL-4 and IL-13 may play an 

important role in mast cell–airway smooth muscle interactions132. Importantly, bronchial 

mucosal mast cells in subjects with asthma exhibit features of chronic ongoing 

activation133.  

Mast cell mediators function to induce asthma symptoms 

Mast cells generate and release numerous mediators that potently modulate 

smooth muscle function and Th2 type immune responses, and contribute substantially 

to asthmatic early and late-phase responses to allergen challenge134. For example, mast 

cells secrete histamine, PGD2, and LTC4, which are capable of inducing immediate 

bronchoconstriction, mucus secretion, and mucosal edema135. Mast cells also synthesize 

and secrete a large number of proinflammatory cytokines including IL-4, IL-5, IL-13 and 

TNF-α, which regulate eosinophilic inflammation and airway hyperresponsiveness3,113. 

Several profibrogenic cytokines (including TGF-β and FGF-2) can increase the filament 

deposition and basement membrane thickness134. The serine proteases, tryptase, 
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chymase, and carboxy-peptidase are major secretory products of human mast cells that 

can interact with various cell types via protease activated receptors (PARs) to alter their 

behavior profoundly136-140. 

Studies using mast cell deficient mice 

Mast cell deficient mice (WBB6F1-KitW/W–v or C57BL/6-KitWsh/Wsh mice) and their 

congenic littermates are useful mouse models to study mast cell functions in vivo141,142. 

The mast cell deficient mice can be selectively repaired by the adoptive transfer of 

genetically compatible, in vitro-derived wild-type or mutant mast cells. Such in vitro-

derived mast cells, for example bone marrow derived cultured mast cells (BMMCs), can 

be administered intravenously, intraperitoneally or intradermally, to create mast-cell 

‘knock-in’ mice113. By using mast cell deficient and ‘knock-in’ mice models, studies have 

shown the critical effector role of mast cells in triggering allergic asthma symptoms143-146. 

Mast cell deficient or sufficient mice were sensitized to ovalbumin (OVA) either by 

intraperitoneal injections without adjuvants144-146 or by repeated airway challenges 

without adjuvants. Sensitized mice were subsequently challenged with OVA via the 

airways. OVA-specific IgE levels in the serum showed no differences between the two 

groups of mice. In comparison with wild type mice, OVA challenge of mast cell deficient 

mice resulted in reduced levels of airway hyperresponsiveness (AHR), lung 

inflammation, lymphocytes, eosinophils, and neutrophils in bronchoalveolar lavage 
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fluids (BAL), and decreased lung expression of IL-4, IL-5, and IL-13144-146. The impaired 

response in mast cell deficient mice could be restored by adoptive transfer of wild type 

BMMCs before the airway sensitization and challenge144-146. In contrast, the impaired 

responses in mast cell deficient mice could not be restored if the mice had been 

engrafted with mutant BMMCs, such as TNF-/- BMMCs146.  

 

1.3.3 FcεRI mediated signaling in mast cells 

Early events following engagement of FcεRI 

The best studied mechanism by which mast cells accomplish immunologically 

specific function is through antigen-and IgE-dependent aggregation of the high-affinity 

IgE receptor FcεRI. FcεRI is a tetrameric receptor, which comprises an α-chain to bind 

IgE, a membrane tetraspanning β-chain that amplifies receptor signaling, and two 

identical disulfide-linked γ-chains that are important for initiating FcεRI signaling113,147. 

Both FcεRI β chain and γ-chains contain ITAMs113,147.  

FcεRI lacks intrinsic tyrosine kinase activity, however, Src family kinase Lyn is 

found to interact with the β-chain in the unstimulated cells148. The immediate receptor-

proximal events that lead to activation of FcεRI downstream signaling molecules are still 

not fully understood. The current knowledge describes the initiation of FcεRI signaling 

and critical early events to propagate signaling as following a series of steps117,149,150. 
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Upon crosslinking of IgE by multivalent allergens, cell surface FcεRI aggregate into 

specialized microdomains of the plasma membrane, known as lipid rafts151. The 

coalescence of FcεRI into lipid rafts triggers activation of Lyn, which sequentially 

phosphorylates tyrosine sites on FcεRI ITAMs. The phosphorylated tyrosine residues on 

ITAMs supply high-affinity docking sites to further bind a variety of proteins that can 

act as positive and negative regulators of signal amplification149. The most important 

molecule, that is immediately recruited to phosphorylated ITAMs on the γ chain, is the 

kinase Syk (an essential tyrosine kinase for the propagation of intracellular signals)148. 

The tethering of Syk in this manner allows trans-phosphorylation by Lyn as well as 

auto-phosphorylation by its own catalytic domain, thereby increasing its catalytic 

activity117,149. The subsequent Syk- and/or Lyn- mediated tyrosine phosphorylation of 

many adaptor molecules, such as LAT and NTAL, and of enzymes, regulates activation 

of the GTPase Ras, PLC-γ and PI3K pathways, as well as other pathways which is crucial 

for coordination of the FcεRI downstream signaling pathways that are required for the 

release of various pro-inflammatory mediators from mast cells117,147,152. In addition to 

activating Lyn, FcεRI aggregation activates a second Src family kinase, Fyn148. Fyn 

phosphorylates the adaptor Gab2 to activate the PI3K pathway and regulate the levels of 

its product PIP3117,147. Currently, Lyn is considered to mediate the signals that are 
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essential for mast cell degranulation and cytokine production, and Fyn is responsible for 

complementary signals117,150,153.  

Negative regulation of FcεRI signaling through early events 

Protein and lipid phosphorylation represent critical early events in FcεRI 

mediated activation of mast cells. In this respect, maintainence of normal signal 

transduction requires a balance between protein tyrosine kinases and phosphatases, and 

a balance between phosphoinositide kinases and lipid phosphatases154. Several 

important negative intracellular regulators of mast cell early signaling events include the 

tyrosine phosphatase SHP-1, SHP-2, and the lipid phosphatases SHIP1 and SHIP2150,154.  

In addition to the negative intracellular regulators highlighted above, signaling 

events initiated by FcεRI are negatively regulated by coaggregation with ITIM-

containing receptors113,150. Mast cells express several such inhibitory receptors, including 

FcγRIIB, gp49B1, MAFA and PIR-B. These receptors traverse the plasma membrane 

once, and their N-terminal extracellular domains consists of either C-type lectin domains 

(such as MAFA) or Ig-like domains (such as FcγRIIB, gp49B1, PIR-B)117,150. Each of these 

receptors contains at least one cytoplasmic ITIM that is phosphorylated after 

coaggregation with FcεRI and attenuates FcεRI induced signaling events through the 

recruitment of specific SH2-containing phosphatases (such as SHP-1, SHP-2, SHIP1 or 

SHIP2)113,150.  
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Some molecules can initiate both activating and inhibitory signals. For example, 

Lyn phosphorylation of FcεRI ITAMs initiates signaling events downstream of FcεRI, 

whereas its phosphorylation of ITIMs of other inhibitory receptor leads to the 

recruitment of negative intracellular regulators such as SHIP113,148,149. Furthermore, Lyn 

knockout mast cells and mice are hyperresponsive to antigen induced IgE stimulation, 

highlighting Lyn’s important role as a negative regulator of the allergic response155,156. 

 

1.4 Lipid rafts in mast cells 

1.4.1 Lipid rafts: highly ordered signaling platform on plasma membrane 

Lipid rafts are distinct regions of plasma membranes that act as platforms to co-

localize proteins involved in intracellular signaling pathways and endocytosis157-159. Rafts 

are particularly rich in sphingolipids and cholesterol compared with the surrounding 

non-raft regions of the membrane, and the side chains of the phospholipids present in 

lipid rafts are usually highly enriched in saturated fatty acids. Enrichment of 

phospholipids with saturated fatty acids allows for the close packing of lipids within 

rafts. As a result of the presence of cholesterol and saturated fatty acids, lipid rafts are 

more ordered and less fluid than the surrounding membrane, and this influences the 

way that membrane proteins are distributed159,160. 
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A central feature of lipid rafts is that they can include or exclude proteins to 

variable extents. The ability to segregate proteins enables lipid rafts to compartmentalize 

signaling components within the membrane. Lipid rafts contain specific sets of proteins. 

Proteins with raft affinity include GPI-anchored proteins (such as CD14 and CD48)161, 

doubly acylated proteins (such as Src-family kinases or the α-subunits of G proteins)162, 

cholesterol-linked and palmitoylated proteins (such as Hedgehog)163, and palmitoylated 

transmembrane proteins (such as CD45)163. However, it is not clear through what 

mechanisms these proteins associate with rafts. 

One subset of lipid rafts found in cell surface invaginations is called 

caveolae162,164. These flask-shaped plasma membrane invaginations have a diameter of 

approximately 50–150 nm162. Caveolae are formed from lipid rafts by polymerization of 

caveolins, 22 kD hairpin-like palmitoylated integral membrane proteins, that tightly 

bind with cholesterol165,166. Caveolae have been implicated in endocytosis and 

transcytosis of albumin and other proteins across the endothelial monolayer167-169. 

Caveolae also function during signal transduction162,170.  

Raft clustering appears to be an important mechanism by which immune cell 

signaling is controlled159. In resting cells, rafts appear to be highly dynamic, 

submicroscopic structures (50 nm in diameter) containing only thousands of lipids and a 

small number of proteins171-173. These have been referred to as elemental rafts. Upon 
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cross-linking of signaling receptors associated with rafts, lipid rafts become larger, 

microscopic (100 nm to 1μm in diameter), and more stable structures, often attached to 

the actin cytoskeleton173,174. Clustered rafts presumably provide more stable, efficient 

signaling platforms for ligand-engaged immune receptors, thus allowing the activation 

of cells by fewer and lower affinity ligands173.  

 

1.4.2 FcεRI signaling in lipid rafts 

The first signaling process convincingly shown to involve lipid rafts was IgE 

activated FcεRI signaling during the allergic immune response. The first hint came from 

the finding that FcεRI is soluble in Triton X-100 detergent at steady state, but becomes 

insoluble in detergent after crosslinking175. Moreover, FcεRI crosslinking causes the 

redistribution of raft components, including gangliosides and GPI-anchored proteins, to 

patches that are large enough to be seen by fluorescence microscopy176,177. Another 

indication came from the finding that IgE signaling is abolished if surface cholesterol is 

depleted with methyl-β-cyclodextrin (MCD, a lipid raft disrupter)178. These observations 

indicate that raft clustering after the FcεRI activation is critical for its signal transduction. 

Several studies using immunogold labeling and transmission EM revealed the 

topography of FcεRI and downstream signaling proteins on the cytoplasmic face of 

membranes prepared from RBL-2H3 mast cells. The lipid raft microdomains in these 
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studies were stained by osmium acid as distinct dark membrane regions169,179. The EM 

images showed that monomeric FcεRI has a dispersed distribution and is loosely co-

localized with Lyn in small clusters on native membranes prepared from resting cells. 

There is essentially no FcεRI-Syk co-localization in resting cells. At 2 min after receptor 

crosslinking, FcεRI clusters into osmiophilic patches from which Lyn is excluded. In 

contrast, Syk is dramatically recruited into these large aggregates180.  

Furthermore, these studies showed that the enzyme PLCγ2 and the adaptor 

protein Gab2, both co-localize preferentially with Syk in FcεRI-rich osmiophilic patches 

in activated cells151. The GTP exchange factor Vav, the adaptor protein Grb2, and the 

adaptor ubiquitin ligase Cbl also associate preferentially with the FcεRI clustered large 

osmiophilic patches in activated cells151. Remarkably, the scaffolding protein LAT, 

separates from FcεRI on native membranes of resting cells. In activated cells, LAT 

clusters into much larger, elongated rafts, but still remains separate from FcεRI 

clusters151. The clear topographical separation of FcεRI and LAT on membranes suggests 

that LAT rafts function as topographically distinct secondary sites of active signaling. 

Supporting this, LAT clusters are shown to co-localize with PLCγ1151. The discovery of 

secondary signaling domains has many implications, including the possibility that 

distinct pathways of the FcεRI signaling cascade may be propagated from distinct 

signaling domains. 
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New topographic data have shown the distribution of early FcεRI signaling 

molecules in lipid rafts, and biochemical approaches were used to further determine the 

activity of those molecules in lipid raft environments. For example, it was found that 

Lyn residing in lipid rafts175,181 has a 4- to 5-fold higher kinase activity than Lyn from 

disordered regions of resting mast cells182. Interestingly, stimulation via FcεRI was found 

to cause a time-dependent decrease in Lyn kinase activity, rather than an increase. This 

decrease has been shown to correlate with a stimulation dependent increase in C-

terminal tyrosine phosphorylation of Lyn by Csk kinase183. By using CHO cells that 

stably expressed FcεRI, and were transiently transfected with either Lyn alone or with 

Lyn and a tyrosine phosphatase184-186, active tyrosine sites were found to be more 

protected from dephosphorylation by membrane-associated phosphatases in a raft 

environment than in a disordered membrane environment187. These results indicate that 

exclusion of a specific transmembrane phosphatase from ordered lipid raft domains 

provides a means by which the raft environment can protect the kinase from negative 

regulation by that phosphatase188. 

 

1.4.3 Lipid raft mediated endocytosis of FcεRI  

In addition to providing a platform to coordinate FcεRI initiated signaling, recent 

evidence suggests that lipid rafts also play a role in internalization of crosslinked FcεRI. 
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Traditional morphology studies by EM have suggested that aggregated FcεRI are 

endocytosed via clathrin-coated pits179,189. EMs have shown that clathrin coated pits bud 

from areas immediately adjacent to FcεRI containing rafts. However, a recent study 

using confocal microscopy to examine the endocytosis of FcεRI after antigen activation, 

revealed that following translocation to lipid rafts, the crosslinked FcεRI remains 

associated with these microdomains upon internalization190. Research from our lab by 

Shin et al showed that methyl-β-cyclodextrin treatment impaired the FcεRI mediated 

endocytosis of pollen granules191 which suggested that the endocytosis of crosslinked 

FcεRI with particulate allergens is lipid raft dependent.  

Several studies have suggested that the endocytosis of FcεRI through lipid rafts 

occurs by interrupting the function of actin. One such study found that inhibition of 

actin polymerization with cytochalasin D allows more extensive interactions between 

crosslinked FcεRI and Lyn in the lipid raft which results in more sustained tyrosine 

phosphorylation and Ca2+ responses177,192. Similarly, another study found the inhibitors 

of actin polymerization (cytochalasin D or latrunculin A) can cause a rapid change in the 

phospholipid composition of lipid rafts in resting mast cells193. The above findings 

indicate that perturbations in the actin cytoskeleton affect the organization of plasma 

membrane microdomains, and suggest that lipid rafts coordinate regulators of the actin 

cytoskeleton network and thereby regulate endocytosis, potentially allowing the 
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coordination of receptor signaling with receptor internalization. This was confirmed by 

the finding that phosphoinositide lipid PI(4, 5)P2 accumulates in rafts and recruits PH-

domain-containing proteins, many of which are involved in cytoskeletal organization 

and membrane trafficking194,195. Although actin is implicated in mediating the 

endocytosis of crosslinked FcεRI from lipid rafts, the initial association of the FcεRI with 

rafts does not require the actin cytoskeleton177,196. 

Finally, studies found that, the ubiquitin ligases, Cbl-b and Nedd4, which are 

known to target receptors for internalization by ubiquitination, are recruited to rafts 

upon FcεRI crosslinking197,198. Engaged FcεRI subunits are multi-ubiquitinated in lipid 

rafts. Therefore, it is conceivable that the lipid raft environment is required for FcεRI 

ubiquitination, and the interaction between FcεRI and ubiquitin ligase controls receptor 

internalization and sorting along the endocytic compartments197,199.  

 

1.5 Endocytic pathway in mast cells 

1.5.1 The intracellular transportation of FcεRI 

The early studies on FcεRI intracellular traffic 

Although signaling cascades after FcεRI aggregation have been 

thoroughly studied, the current knowledge about the endocytosis and sequential 

intracellular trafficking of engaged FcεRI is very limited. In order to examine the 
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fate of IgE, several early studies in 1980’s200-203 used radio labeled IgE or antigens 

to determine the internalization events of IgE and its receptor. They found that 

monomeric IgE is internalized poorly (less than 5%) after prolonged incubation 

or even during cell divisions, and dissociates slowly (t1/2 250 hour)201,202. Minimal 

aggregation (dimeric IgE) can trigger an effective signal for internalization, and 

large oligomers are internalized more effectively204. IgE oligomers are 

internalized with the occupied receptor and remain bound to the receptor until 

they are degraded200,204. Empty receptors are co-internalized200,201. A significant 

portion of antigen is degraded 1 hour after endocytosis200. The cross-linked IgE is 

partially degraded at a relatively slow pace and is then exocytosed into the 

medium (5%-10% per hour)200. The endocytosed receptors can recycle back with 

its ligand203. Within 4 hour, most of the endocytosed receptors do not recycle 

back to the surface as unoccupied receptors, nor was there a compensatory de 

novo synthesis203. In addition, by observing a reverse relationship between the 

rates of internalization and granulation, they postulated that although cross-

linking of receptors triggered both endocytosis and exocytosis, the two events 

are not necessarily sequential204.  

Endosomal trafficking of ligated FcεRI 
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During the late 2000’s, interest in the ‘old’ topic of intracellular route of 

ligated FcεRI was re-ignited, partly because several studies found that 

modulation of the FcεRI endocytosis process can influence sequential signaling 

and mast cell activation. Two recent studies examined the intracellular route of 

FcεRI in the mast cell endocytic system and showed that aggregated FcεRI 

appears in the EEA1+ early endosomes within 15 min after ligation, followed by 

detection in Rab5+ compartments, but does not appear in the Rab4+ or Rab11+ 

recycling endosomal compartments. Ultimately FcεRI traffics through the Rab7+ 

late endosomes and ends up in the in LAMP-1+ lysosomes at later time points 

205,206. During endosomal sorting, FcεRI α and γ subunits remain associated. 

These data demonstrated a time-dependent sorting of aggregated FcεRI within 

the endosomal–lysosomal network. 

 

Negative regulation of FcεRI endosomal traffic enhances the downstream 

signaling 

Several negative regulators of FcεRI dependent mast cell activation that function 

through mechanisms which interfere with internalization and endosomal traffic, have 

been newly identified. One example is RabGEF1 (also named Rabex-5), a guanine 
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nucleotide exchange factor (GEF) for Rab5207. Rab5 is a small GTPase and a major 

regulator of early endocytic events208-210. It was shown that RabGEF1 deficiency in mast 

cells caused slowed FcεRI internalization, less endosome fusion, elevated allergen 

induced degranulation and increased IL-6 production207,208,210. These abnormalities were 

demonstrated to be regulated by RabGEF1’s VPS9 domain, which stimulates Rab5 

activity, induces receptor internalization, and dampens excessive FcεRI dependent 

signaling207. Further more, mast cells derived from RabGEF1-deficient mice exhibit 

significantly enhanced levels of degranulation, release of lipid mediators and secretion 

of cytokines in response to FcεRI aggregation208. Thus, RabGEF1 negatively regulates 

FcεRI signaling and mast cell activation both in vivo and in vitro.  

Another example is Cbl-b, a second member of the E3 family of ubiquitin-protein 

ligases211. After FcεRI engagement, Cbl-b translocates into lipid rafts and ubiquitinates 

FcεRI198. Generally, protein ubiquitination can lead to degradation by proteasomes, but it 

can also act as a sorting signal to internalize proteins destined to the endosomal-

lysosomal pathway212,213. The over-expression of Cbl-b in the lipid raft was shown to 

promote FcεRI internalization, and at the same time inhibit tyrosine phosphorylation of 

FcεRI, Syk, PLC-γ, and decreased the Gab2 expression, therefore, resulting in attenuated 

downstream degranulation and cytokine gene transcription197,214. These results suggest 

that Cbl-b is a negative regulator of both Lyn-Syk-LAT mediated principle signaling 
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pathway and Fyn-Gab2 mediated complementary signaling pathways in FcεRI -

mediated mast cell activation197,215. 

More recently, studies reported that Cbl promoting FcεRI internalization is 

separable from its ubiquitin ligase activity and is dependent on Cbl interaction with a 

multidomain protein, Cbl-interacting 85-kDa protein (CIN85)216. CIN85 is a newly 

discovered adaptor protein functioning to promote multiple protein-protein 

interactions216,217. CIN85 binding to Cbl is mediated by its Src homology 3 (SH3) domains 

and is largely dependent on the tyrosine phosphorylation of Cbl216,217. Confocal studies 

showed that endogenous CIN85 is recruited in Cbl-containing complexes after 

engagement of the FcεRI and then drives ligand-induced receptor internalization218. 

Overexpression of CIN85 in RBL-2B3 mast cells accelerates FcεRI internalization and 

sorting into early endosomes and subsequent receptor delivery to lysosomes for 

degradation218. In consequence, the allergen stimulated degranulation was impaired in 

CIN85 overexpressing mast cells218,219. 

 

1.5.2 Signaling in endosomal systems 

A new perspective on the endosomal system suggested that it not only 

functioned as a traffic system for the transportation of intracellular cargos, but also acted 

as an essential system to control intracellular signaling220. This new opinion is based on 
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findings showing that many activated receptors can accumulate in endosomes after their 

internalization, including receptors from the families of receptor tyrosine kinases 

(RTKs)221,222, G protein-coupled receptors (GPCRs)223,224, and Toll-like receptors (TLRs)225, 

and these receptors can continue to transmit signals from endosomes. The signaling of 

these receptors from endosomes can be different with that which arises from receptors 

on the plasma membrane thereby resulting in distinct physiological responses. 

Currently, less is known about the mechanisms that regulate receptor signaling from 

endosomes. However, some possible mechanisms are postulated, and discussed as 

following. 

Ligand dissociation to terminate endosomal signaling 

The inactivation of EGFR, a GPCR, is accompanied with a loss of EGF in 

endosomes, suggesting that ligand dissociation from the internalized receptor attenuates 

EGFR signaling226. This observation is evidenced by the finding that the inhibition of 

EGF degradation in endosomes enhances EGFR phosphorylation in endosomes and 

sequential signaling227. This mechanism is further illustrated by comparing EGFR 

signaling when bound to its ligands EGF and TGF-α.  Both EGF and TGF-α bind EGFR 

with equal affinity at the plasma membrane; however TGF-α is more readily dissociated 

from EGFR at the acidic pH of endosomes and thus exhibits diminished EGFR mitogenic 
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signaling228. This evidence demonstrates the importance of ligand dissociation in 

terminating EGFR signaling in endosomes226.  

 

Escaping degradation in lysosome  

Lysosomal degradation terminates receptor signaling, and disruption of this 

process would be expected to prolong signaling of receptors at the plasma membrane or 

in endosomes. This possibility is suggested by the differences in signaling of Trk and 

EGFR in neurons. NGF induces endocytosis of Trk in PC12 cells by 

macroendocytosis221,229, which results in accumulation of Trk in immature multivesicular 

bodies containing Rab5 but lacking the late endosome protein Rab7221. In contrast, EGF 

stimulates clathrin-dependent endocytosis of EGFR into Rab5 endosomes, and then 

transits into Rab7 late endosomes and lysosomes230. Whereas NGF/Trk induces sustained 

ERK1/2 activation, EGF/EGFR only transiently activates ERK1/2 because EGFR is rapidly 

degraded221,230. Thus, endosomes provide a specialized NGF/TrkA platform for the 

sustained signaling required for neuronal survival. 

 

1.6 Research objective 

As described above, multiple epidemiological studies over recent years have 

discovered a correlation between ambient particulate allergens and exacerbations of 



 

41 

allergic asthma. However, the underlying cellular and molecular mechanisms are still 

unclear. The present work is designed to investigate the potent effects of particulate 

allergens on exacerbations of allergic asthma using mouse models of the disease. 

Moreover, it is well known that, at the time of allergen re-exposure and challenge, 

sensitized mast cells are key effector cells that have been shown to initiate and amplify 

the pathophysiological reactions in response to allergens. Therefore, we also aim to 

examine if mast cells play a role in mediating exaggerated host responses to particulate 

allergens. In addition, our previous studies have shown that lipid rafts are implicated in 

IgE-mediated internalization of particulate allergens in mast cells and these internalized 

particles are harbored in mast cells for prolonged periods of time. In light of these 

findings, we plan to investigate the roles of lipid rafts and mast cell endocytic activities 

in the interaction between mast cells and particulate allergens. 

In this dissertation, the first 4 sections of Chapter 3 will delineate the potent 

ability of particulate allergens to trigger allergic responses in sensitized hosts, when 

compared with their soluble allergen counterparts. The key role of mast cells in 

mediating the heightened allergic responses to particulate allergens will also be 

examined in these sections. The following 4 sections of Chapter 3, will describe a 

mechanism whereby the prolonged stay of particulate allergens in specialized 

intracellular compartments of mast cells leads to the enhanced mast cell activation in 
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response to particulate allergens. The last section will show that, when the endocytic 

activity of mast cells is blocked by two different methods, even soluble allergens can 

trigger a heightened activation of mast cells and cause aggregated allergic responses at 

levels comparable to particulate allergens. Finally, Chapter 4 will discuss how this study 

contributes to a new theory of endosomal signaling, and how this theory could lead to 

development of novel therapeutic strategies to treat allergic asthma.    
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Chapter 2. Materials and Methods 

2.1 Animals and mast cell reconstitutions 

Male 6-8 weeks C57BL/6 mice were purchased from the NCI-Frederick Animal 

Production Area (Frederick, Maryland). Male mast cell (MC) deficient KitW-sh/KitW-sh 

(Wsh) mice on a C57BL/6 background (Jackson Laboratories) were bred at the Duke 

University vivarium. Caveolin-deficient Cav1tm1M1s/J mice (Cav-/- mice) and congenic 

littermate control B6129SF2/J mice (Cav+/+ mice) were a kind gift from Dr. Jo Rae Wright 

(Duke University). All strains were housed in the Duke University vivarium and 

provided food and water ad libitum. Bone marrow-derived MCs (BMMCs) were obtained 

by culturing bone marrow from the femur of indicated mice for four weeks in RPMI 

medium containing 10% FBS, 100U/ml penicillin/streptomycin, 25mM HEPES, 2mM L-

glutamine, 1mM sodium pyruvate, 1mM nonessential amino acids, and 1mM MEM 

amino acids (all purchased from Invitrogen), 5ng/ml IL-3 and 5ng/ml SCF (R&D 

Systems). BMMC phenotype was confirmed by flow cytometry (Kit+, FcεRI+) and 

histochemical staining with Toluidine Blue (EM Science). To reconstitute MCs into the 

lungs, 6-week old Wsh mice were repleted with 1X107 mature BMMCs suspended in 150 

μl PBS per mouse through retro-orbital injection and allowed to recover for 6-8 weeks 

prior to experimentation. To reconstitute MCs into peritoneal cavities, the peritoneal 

cavities of 6-week old Wsh mice were repleted with 5X106 mature bone marrow-derived 



 

44 

MCs and allowed to recover for four weeks prior to experimentation. All experiments 

were performed with protocols approved by the Duke Division of Laboratory Animal 

Resources and the Duke University Institutional Animal Care and Use Committee. 

 

2.2 Preparation of soluble and particulate allergens 

Soluble allergens (sAg): house dust mite extract (Greer Lab), Short Ragweed 

pollen extract (Greer Lab), and TNP-Ovalbumin (OVA/TNP, Biosearch Technologies) 

were purchased with accurate protein quantification. Particulate allergens (pAg) were 

prepared by covalently conjugating 1μm Polybead® carboxylate polystyrene 

microspheres (Polysciences) to natural allergen extracts or OVA/TNP using the Polylink 

protein coupling kit for carboxylate microspheres (Polysciences). The amount of natural 

allergens or OVA/TNP conjugated on beads was directly quantified by BCA protein 

assay kit (Pierce)231. Unless specifically noted, the concentration of OVA/TNP conjugated 

on microsphere cores was 1μg/107 beads in this present work.  

 

2.3 IVIS imaging necropsy 

OVA/TNP was labeled with Qdot® 800 by Qdot® 800 Antibody Conjugation Kit 

(Invitrogen). Qdot® 800 labeled OVA/TNP was further conjugated to 1μm Polybead® 

carboxylate polystyrene microspheres as described above. To perform the airway 
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challenge, mice were anesthetized and then intratracheally and intranasally instilled 

with 50μg and 10μg of Qdot® 800 labeled allergens, respectively. At 1 hour following the 

airway challenge with total 60μg of Qdot® 800 labeled sAg or pAg, mice were sacrificed 

and lungs were taken out for necropsy. The lungs were viewed and photographed in the 

IVIS Xenogen imaging instrument (Caliper LifeSciences). 

 

2.4 Active sensitization and airway challenge of mice 

To induce allergen-specific IgE, mice were injected with 50μg allergen protein 

into peritoneal cavity for 7 times in alternative days. On day 36, mice were anesthetized 

and then intratracheally and intranasally instilled with 50μg and 10μg of natural 

allergen extracts or natural allergen conjugated particles, respectively, to perform a 

thorough airway challenge. For the challenges by OVA/TNP or OVA/TNP conjugated 

particles, mice were anesthetized and then intranasally and intratracheally instilled with 

40μg and 160μg of either allergens, respectively. At 48 hours after the challenge, mice 

were sacrificed for subsequent analysis of pulmonary function and pathology. 

 

2.5 Test of airway hyper-responsiveness 

The airway hyper-responsiveness (AHR) was measured by evaluating the airway 

resistance to an increasing dose of methacholine. To perform lung function tests, mice 
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were anesthetized and their tracheas were cannulated. Mice were then placed onto a 

computer-controlled ventilator (flexiVent, SCIREQ, Montreal, Canada) at a constant 

tidal volume of 6-8 ml/kg with a peak expiratory end pressure of 3cm H2O. The animals 

were then given a neuromuscular blocker (0.8mg/kg Pancuronium Bromide, Sigma-

Aldrich) and given five minutes to adjust to the ventilator. Airway resistance was 

induced with increasing concentrations of methacholine in 0.9% NaCl through an 

ultrasonic nebulizer (DeVilbiss UltraNeb 2000) placed in-line with the ventilator and 

delivered to the airway cannula for 30 seconds at a rate of 130 breaths per 

minute. Airway resistance measurements were acquired at baseline and every 20 

seconds for 5 minutes after each methacholine aerosol challenge. The resistance 

measurements were then averaged at each dose and linearly graphed 

(AveRTcmH2O/ml/s) along with the initial baseline measurement. 

 

2.6 Evaluation of bronchoalveolar lavage and lung histology 

To perform bronchoalveolar lavage (BAL), mice were sacrificed and the tracheas 

were cannulated. To wash out BAL cells, 1ml HBSS (Gibco) with 10mM EDTA (Sigma) 

was instilled into the lung 3 times. All 3 ml of BAL cells were collected and then 

cytospinned onto slides, fixed in 1:1 mixed acetone and methanol, and stained with 

hematoxylin and eosin (H&E) to show differentiated cells. For lung histology analysis, 
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mice were sacrificed and the lungs were instilled with 10% Formalin and excised. The 

fixed lung tissues were embedded in paraffin blocks and cut in 5μM thick tissue slides. 

H&E staining was performed on tissue slides for the lung histology analysis.   

 

2.7 Passive sensitization and peritoneal challenge of mice 

To passively sensitize mice, 10μg mouse anti-TNP IgE (BD Pharmingen) was 

injected into the peritoneal cavity of each mouse. After 18 hours, the mice were injected 

in the peritoneal cavity with 4μg pAg or sAg. The mice were then sacrificed at the 

indicated time points. To wash out peritoneal cells, 5ml HBSS (Gibco) with 10mM EDTA 

(Sigma) was injected into the peritoneal cavity using a 30-gauge needle (BD 

Pharmingen). After massaging the peritoneal cavity for 2 minutes, all 5 ml of HBSS was 

drawn out by pasture pipette. Additional 2ml HBSS with 10 M EDTA were used to wash 

out the rest of the peritoneal cells. All 7 ml of peritoneal cells were collected for further 

analysis. The total number of peritoneal cells was counted with a hemocytometer. To 

detect the peritoneal eosinophil population using FACs, peritoneal cells were stained 

with PerCP-Cy5.5 labeled anti-CD11b (M1/70) (BD Pharmingen) and R-PE labeled anti-

Siglec-F (E50-2440) (BD Pharmingen) and washed by HBSS for 3 times before the 

fixation in 4% paraformaldehyde (Sigma). FACs data were acquired using a 

FACsCaliber (BD Biosciences) and analyzed with CellQuest software. To sort peritoneal 
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cells for population analysis, 48 hours after the sensitized mice were exposed to pAg, 

peritoneal cells were collected and probed with CD11b and Siglec-F as described above. 

FACs sorting was performed using a FACSVantage instrument (BD Pharmingen). Three 

cell populations of Siglec-F+CD11blow, CD11bhigh and Siglec-FnegCD11bneg were sorted and 

histological differentiation was identified by H&E staining. 

 

2.8 In vitro sensitization and challenge of BMMCs 

Sensitization of BMMCs in vitro was performed by incubating 1X106 cells with 

0.5μg mouse anti-TNP IgE (BD Pharmingen). After incubation for 18 hours, cells were 

washed three times with RPMI to remove unbound IgE. After washing, cells were 

incubated in growth media at 37°C for 2 hours to allow recovering from washing 

stimulus. The sensitized BMMCs were then challenged with 1μg sAg (OVA/TNP) or 1μg 

pAg (OVA/TNP associated on particles). Cells were collected at the indicated times for 

analysis.   

 

2.9 Hexosaminidase assay 

One hour after the allergen exposure to BMMCs, the enzymatic activities of β-

hexosaminidase in supernatants and cell pellets of 1X106 cells were detected. The 

enzyme activity in Tyrode’s buffer was measured with p-nitrophenol-N-acetyl-β-D- 
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glucosaminide in 0.1M sodium citrate (pH 4.5) for 1 hour at 37°C. The reaction was 

stopped by the addition of 0.1M carbonate buffer (pH 10.0). The release of the product 4-

p-nitrophenol was detected by absorbance at 405 nm. The extent of degranulation was 

calculated by dividing 4-p-nitrophenol absorbance in the supernatant by the sum of 

absorbance in the supernatant and in the cell pellet solubilized in 0.1% Triton X-100. 

 

2.10 Real-time PCR to test mRNA of cytokines and chemokines 

At indicated times, total RNA was isolated from 1X106 BMMCs using the RNeasy 

Kit (Qiagen). Next, cDNA was synthesized using the iScript cDNA synthesis kit 

(BioRad). Real time PCR was performed using the iQ SYBR Green Supermix (BioRad), 

and data was acquired on an iCycler real time PCR machine (BioRad). The expression of 

cytokines and chemokines was normalized to actin expression. The expression in each 

challenging group was further standardized to the untreated control group. Primers 

were synthesized by Integrated DNA Technologies. Primer sequences are as follows: 

Actin, forward 5’-GAT TAC TGC TCT GGC TCC TAG C-3’, reverse 5’-GAC TCA TCG 

TAC TCC TGC TTG C-3’; IL-4, forward 5’-TCC TCA CAG CAA CGA AGA ACA CCA -

3’, reverse 5’-GCA GCT TAT CGA TGA ATC CAG GCA -3’; IL-5, forward 5’-CTC TGT 

TGA CAA GCA ATG AGA CG-3’, reverse 5’-TCT TCA GTA TGT CTA GCC CCT G-3’; 

IL-13, forward 5’-AGA CCA GAC TCC CCT GTG CA-3’, reverse 5’-TGG GTC CTG TAG 
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ATG GCA TTG-3’; TNF-α, forward 5’-TCT CAT GCA CCA CCA TCA AGG ACT-3’, 

reverse 5’-ACC ACT CTC CCT TTG CAG AAC TCA-3’; Eotaxin-1, forward 5’-TCA AGA 

CCA GGT TGG GCA AAG AGA-3’, reverse 5’-TCA AGC AGT TCT TAG GCT CTG 

GGT-3’; IFN-γ,  forward 5’-TCA AGT CGC ATA GAT GTG GAA GAA-3’, reverse 5’-

TGG CTC TGC AGG ATT TTC ATG-3’; IL-1, forward 5’-CAA CCA ACA AGT GAT 

ATT CTC CAT-3’, reverse 5’-GAT CCA CAC TCT CCA GCT GCA-3’. 

 

2.11 Western blots of total cellular tyrosine phosphorylation 

At the indicated times, 1X106 BMMCs were pelleted and lysed in RIPA lysis 

buffer (Upstate Biotechnology) with 1mM phenylmethylsulfonyl fluoride (Sigma), 1% 

protease inhibitor cocktail (Sigma), and 1% phosphatase inhibitor cocktail (Sigma). Cell 

lysates were incubated on ice for 30 minutes and then centrifuged at 12,000rpm for 10 

minutes. Supernatant was collected and total protein was quantified using a BCA 

protein assay kit. Cell lysates were normalized for protein amount and volume. Proteins 

were denatured by boiling 5 minutes in 2X Lammeli sample buffer (Bio-Rad) with 0.05% 

β-mercaptoethanol (Sigma). Protein samples were resolved by SDS-PAGE and 

transferred to nitrocellulose membranes. Tyrosine phosphorylated proteins were probed 

using a primary anti-phosphotyrosine monoclonal antibody 4G10 (a kind gift of Dr. 

Weiguo Zhang, Duke University), and detected with a secondary HRP-linked anti-
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mouse antibody and the Super Signal West Pico Chemiluminescent kit (Pierce). The 

intensity of phosphorylation of prominent protein bands was assessed by Image J 

software. The standardized density of the bands was determined employing actin as the 

internal quantitative control. 

 

2.12 Construction of GFP-fusion protein transfected BMMCs 

Total RNA was prepared from BMMCs. The cDNA for CD63, Rab5 and Rab7 

genes was generated by RT-PCR using the following primer sequences: CD63, forward 

5’-CTC AGA TCT CAT GGC GGT GGA AGG AGG AAT GA-3’, reverse 5’-CTC GGG 

CCC GCA TTA CTT CAT AGC CAC TTC GA-3’; Rab5, forward 5’-CTC AGA TCT ATG 

GCT AAT CGA GGA GCA ACA AGA-3’, reverse 5’-CTC GGA TCC TCA GTT ACT 

ACA ACA CTG GCT TC-3’; Rab7, forward 5’-GAT CTC GAG CTA TGA CCT CTA GGA 

AGA AAG TGT TG-3’, reverse 5’-GTC GGG CCC GCT CAA CAA CTG CAG CTT TCT 

GCG-3’. The PCR product of CD63 was restriction enzyme digested and ligated in-frame 

into the pLEGFP-N1 vector (BD Biosciences) to generate p63-GFP. The PCR products of 

Rab5 and Rab7 were restriction enzyme digested and ligated in-frame into the pLEGFP-

C1 vector (BD Biosciences) to generate pGFP-R5 and pGFP-R7, respectively. Sequence 

accuracy was confirmed by sequencing. Infectious viral particles, viral transfection and 
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selection of transfected BMMCs were performed as recommended by the vendor (BD 

BioSciences).     

 

2.13 Fluorescent pre-labeling of allergens and IgE immunoglobulin  

The allegen sAg (OVA/TNP) was pre-labeled with a Fluor protein labeling kit 

(Invitrogen). Another allergen, pAg (OVA/TNP conjugated beads) was pre-labeled with 

the Alexa Fluor carboxylic acid, succinimidyl ester (Invitrogen). Anti-TNP IgE (BD 

Pharmingen) was pre-labeled with an Alexa-Fluor monoclonal antibody labeling kit 

(Invitrogen).   

 

2.14 Confocal microscopy to examine lipid raft co-localization 

BMMCs were sensitized by Alexa-Fluor 546 pre-labeled IgE and then challenged 

by Alexa-Fluor 488 pre-labeled pAg or sAg as described above. At the indicated times, 

the cells were collected and fixed in 4% paraformaldehyde (Sigma). Cells were then 

permeated in 0.15% saponin (Sigma) in PBS containing 1% FBS (Invitrogen) and probed 

with Alexa-Fluor 647 conjugated cholera toxin subunit B (CT-B) (Invitrogen) for 30 

minutes on ice to detect lipid rafts. Cells were washed three times with saponin buffer, 

followed by a wash in PBS, and then placed onto slides and air-dried. Slides were sealed 

with Pro-Long antifade reagent (Invitrogen). Confocal images of cells were obtained 
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using a Plan Fluor 100X oil objective and Nikon ECLIPSE TE200 microscope (Nikon). 

EZ-C1 Nikon software (Silver Version 2.01) with a channel-series approach was used to 

prevent spectral overlap between fluorescent signals. 

 

2.15 Lipid raft fractionation 

For each challenge group, 1X107 BMMCs were pelleted and re-suspended in 2ml 

of ice-cold MBS buffer (25mM MBS, 150mM NaCl, pH6.5) with 0.2% Triton X-100, 1% 

protease inhibitor cocktail, 1% phosphatase inhibitor cocktail, 1mM PMSF, and 5mM 

EDTA (all reagents were from Sigma) for 30 minutes on ice. Then each sample was 

mixed with an equal volume of 90% sucrose in MBS to bring to 4ml of 45% sucrose 

solution, and then overlaid with 4 ml each of 35% and 5% sucrose in MBS. The gradients 

were centrifuged for 18 hours at 39,000 RPM in a SW41Ti rotor (Beckman Instruments). 

Twelve 1 ml cell fractions were collected from the top of the gradient, diluted in 2X 

Laemmli sample buffer (Bio-Rad) with 0.05% β-mercaptoethanol (Sigma) and boiled for 

5w minutes. Western blot was performed to detect the distribution of the FcεRI-γ chain 

in cell fractions using polyclonal anti-FcεRI-γ subunit (Upstate). Flotillin, a lipid raft 

marker, was detected by anti-flotillin (Clone H-104) (Santa Cruz). In some assays, lipid 

raft fractions 4 and 5 were pooled to exclusively test the FcεRI-γ chain and tyrosine 

phosphorylation signaling in lipid rafts. 
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2.16 Statistical analysis 

Data were analyzed for statistical significance using one-way ANOVA 

(GraphPad Prism software). All quantitative data points are shown as mean±std. Data 

was considered significant when p<0.05. 
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Chapter 3. Mast cells modulate exacerbated allergic 
responses to particulate allergens through elongated 
endosomal signaling 
 
3.1 Introduction 

 

Allergic asthma is a pathological condition of the airways characterized by 

airway hyper-responsiveness, inflammation and a cellular infiltrate dominated by 

eosinophils232,233. During the past decade, the incidence and severity of allergic asthma 

worldwide has grown exponentially15, with the cost of treating asthma now exceeding 

the total cost of treating HIV/AIDs and tuberculosis combined. Epidemiological studies 

reveal that there exists a strong correlation between severity of asthma symptoms and 

increasing levels of ambient particulate matter (PM)78,97,98, attributable in part to 

progressive urbanization and climate changes15,62. Ambient inhalable PMs are typically 

less than 10μm in size and are comprised of indoor inhalable particles which include 

mold, animal dander and mite fecal matter, and outdoor inhalable particles which 

include pollen granules, construction debris, traffic dust and diesel exhaust 

particles61,78,96. Although some of these inhalable particulates may not be bona fide 

allergens, their intrinsic electrostatic properties and porous surfaces make these PMs 

extremely “sticky” and readily adsorb airborne allergens on to their surface 62,79,87. These 

ambient inhalable PMs serve as efficient allergen delivery devices enabling the 

trafficking of allergens, in concentrated form, deep into the airways and cause clinical 
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outcomes83,87. For example, a study in Australia showed that after rainfalls in summer, 

the allergen protein Phl p5, released from bursting pollen grains, has an increasing load 

on environmental respirable particles, and this increased loading of Phl p5 allergen on 

particles is significantly correlated with the increased asthma related hospitalization in 

2-3 days following the rainfalls104. This report coincides with earlier researches in Europe 

and Australia that described a phenomenon that asthma hospitalization was sharply 

increased after summer thunderstorms100-102,234. It is also well known that asthma 

symptoms get worse in spring and autumn seasons with enormous amounts of pollens 

being released and floating in the air235,236.  

In spite of the facts that natural allergens gain their access into airways through 

particulate forms and growing epidemiological data correlate exacerbation of allergic 

asthma symptoms with increasing airborne particles, most studies on pathogenesis of 

allergic asthma have been employing allergens in soluble forms in both in vitro and in 

vivo experiments59,237,238. There have been numerous studies aimed at investigating the 

health impact of ambient particles; however, those studies were either epidemiological 

studies to establish correlations of clinical asthma symptoms with certain types and 

amounts of environmental particulate pollutants, or toxicological studies to test host 

responses when exposed to collected environmental particles, such as diesel exhaust 

particles (DEP), road traffic particles, wood smoke particles, indoor particles, or 
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pollens78,80,85,88,89,99,239-241. The limitation of epidemiological studies is that, although they 

revealed correlations between adverse health impacts and particulate pollutants, their 

findings have not been extended to animal models, and the underlying cellular basis has 

been enigmatic to them. Similarly, the toxicological studies on ambient particles 

analyzed the effect of various ambient particulate pollutants on host inflammatory cell 

responses and cytokine productions, but they did not explore the essential pathogenesis 

mechanisms, such as to identify which immune cells direct adverse pathological 

consequences in response to PMs. It is noteworthy that, by using natural airborne 

particles with various compositions and bioactivities, toxicological studies neglected 

potential health effects caused by the common ground of those diverse environmental 

particles, their particulate physical feature. Much of our knowledge today about the 

allergic asthma pathogenesis is regarding the nature and magnitude of host responses to 

soluble allergens (sAg) in sensitized animals, but little is known regarding the 

pathological responses evoked by allergens in particulate form (pAg), especially the 

allergens adsorbed to particulate cores. 

Here, we examined this question by comparing pathological responses in 

sensitized mice to conventional sAgs and to the same allergens when they are covalently 

conjugated to the surface of 1μm-sized polystyrene particles (pAg). By using uni-sized 

polystyrene particles as the core to form particulate allergens, a simple and clean model 
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was established in which physical nature is the only difference between sAg and pAg. 

This paired sAg-pAg model effectively avoids questions concerning various 

compositions and intrinsic bioactivities of collected ambient particles, which largely 

depend on where, when, and how those particles are collected.  In this work, by 

employing the novel sAg-pAg paired model, we revealed that pAg can provoke more 

potent allergic asthma responses than sAg in sensitized mice, and mast cells (MCs) are 

the target cells which mediate exacerbated pathologic responses to pAg. We further 

found that the cellular basis by which MCs respond differentially to pAg and sAg, is 

that MCs internalize pAg into lipid raft enriched and CD63 positive intracellular 

compartments, where the pAg/IgE/FcεRI complex sustains its association with the lipid 

raft signaling platform. As a consequence, this elongated harboring of pAg in distinct 

compartments of MCs leads extended FcεRI signaling and elevated de novo synthesis of 

MC pro-inflammatory mediators, and finally results in exacerbated allergic responses.  
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3.2 Results 

3.2.1 Establish an airway challenging model to compare sAg and pAg.  

In order to compare the capability of sAg and pAg to induce pulmonary 

pathological responses, equal amount of sAg of pAg were instilled into the airway, the 

natural route for allergens to gain access into the host. We first want to examine, if the 

amount and distribution of sAg or pAg entered the lung are comparable by this method. 

To achieve a thoroughly challenge of the respiratory tract, a total of 60 μg of Qdot® 800 

labeled sAg or pAg was administered to the mice through intranasal (10μg) and 

intratracheal (50μg) instillation. At one hour after the allergen challenge, the mice were 

sacrificed and lungs were excised and examined under an IVIS imaging system. The 

distribution of Qdot® 800 fluorescence in sAg or pAg challenged lungs appears 

comparable. For both allergens, regardless of their physical nature, the fluorescence was 

visualized in tracheal, bronchial, bronchiolar, and alveolar areas (Fig. 2a), and the 

quantitative analysis of fluorescence intensity in the airways did not show significant 

difference (Fig. 2b). Therefore, in this challenge model, both sAg and pAg can reach 

deeply into all areas of the lung and the amounts of allergen deposited are nearly equal. 

 

3.2.2 pAg evoke significantly heightened pulmonary pathological responses 

compared to sAg in sensitized mice 
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Figure 2: Comparable amount and distribution of sAg and pAg in challenged 

lungs. 

 

Equal amounts (60μg) of Qdot® 800 labeled sAg and pAg were instilled through 

the intranasal and intratracheal routes. After 1 hour, IVIS imaging necropsy was 

performed on excised lungs. As shown in the representative photograph (a), intensity 

and distribution of fluorescence (shown in red) were observed in the lungs challenged 

by either sAg or pAg, and appeared comparable. The histogram (b) shows the average 

efficiency of the fluorescent intensity in the lungs from four mice in each group. 
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Initially, we compared the ability of extracts from two natural allergens, house 

dust mite (HDM) and Short Ragweed pollen (RW), to induce changes in either airway 

hyper-responsiveness (AHR) or lung eosinophila when administered into mice as sAg or 

pAg. First, we sensitized mice through peritoneal injection of either allergen extract 

without adjuvant which was given every other day for a total of 7 times, this is a 

regimen previously shown to effectively evoke elevated amounts of allergen-specific IgE 

and avoid non-specific immune responses caused by adjuvants145,146. On day 36, 

sensitized mice were challenged via their airways with saline or 60μg of either sAg or 

allergen adsorbed to 1μM polystyrene particles (pAg). Forty-eight hours after airway 

challenge, AHR, a lung function index which reflects the resistance of the lower airways, 

was examined in each of the groups. Compared to saline controls, mice challenged with 

HDM or RW allergens evoked significantly more elevated airway responses. However, 

with each allergen the responses evoked by pAg were significantly more enhanced than 

sAg (Fig. 3). To determine if a corresponding difference existed between the two forms 

of allergens in their ability to recruit eosinophils (a key inflammatory cell type 

implicated in allergic asthma) into the lungs26,242-244, we performed bronchoalveolar 

lavage (BAL) on sensitized mice 48 hrs after challenge with allergens. As shown in Fig. 

4, although both sAg and pAg provoked significant eosinophil influx compared to the 

saline control, pAg induced significantly more eosinophil infiltration in BAL than sAg. 
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Figure 3: The particulate form of natural allergens heightened AHR responses 

more than soluble allergen extracts. 

 

Mice were sensitized by intraperitoneal injection of the indicated allergens every 

other day for a total of 7 times. On day 36, the sensitized mice were challenged with 

HDM or RW in sAg or pAg form. At 48 hours after the allergen challenge, mice were 

anesthetized and cannulated, AHR was then tested by giving increasing doses of 

methacholine aerosol. For both HDM and RW allergens, the allergen protein extracts 

conjugated to particles caused more potent AHR responses than an equi-amount of 

soluble allergen protein extracts (n=5, *P<0.05, pAg vs sAg; §P<0.01, sAg vs PBS).  
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Figure 4: pAg evoked higher amount of BAL eosinophils than sAg. 

 

Mice were sensitized by intraperitoneal injection of the indicated allergens every 

other day for a total of 7 times. On day 36, the sensitized mice were challenged with 

HDM or RW in sAg or pAg form. At 48 hours after the allergen challenging, mice were 

sacrificed and BAL cells were collected. Eosinophil influx was examined by counting 

eosinophil numbers in H&E stained BAL cells. Although the soluble forms of HDM and 

RW extracts triggered significantly more BAL eosinophil influx compared to the saline 

controls (n=5, §P<0.01, sAg vs PBS), the particulate forms of HDM and RW extracts 

triggered much higher eosinophil responses than their soluble counterparts (n=5, 

*P<0.05, pAg vs sAg).  

* 

* 

§ 
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Consistent with this observation, histology of pAg challenged lung tissue revealed 

greater eosinophil accumulation around bronchioles and the vasculature than in sAg 

challenged lung tissue. In comparison, there are no obvious pulmonary eosinophils 

observed in saline-challenged control groups (Fig. 5). Taken together, the data 

demonstrate that with regards to AHR and eosinophil infiltration, the two primary 

hallmarks of allergic asthma, pAg evoked significantly greater pathological responses 

than sAg in sensitized mice. 

 

3.2.3 Mast cells mediate the enhanced pathological responses evoked by pAg.   

The differential pathological responses evoked by sAg and pAg in the 

respiratory tract could be attributable to divergent responses evoked by one or more 

immune surveillance cells3,4. Mast cells (MCs) are strategically located underneath the 

airway epithelium and are widely known for their contribution to the pathology 

induced by allergens in IgE sensitized hosts3,46,113. To evaluate the possible contribution 

of MCs to the differential allergic responses evoked by pAg and sAg, we examined AHR 

and eosinophil influx in wild type (WT) and MC deficient KitW-sh/KitW-sh (Wsh) mice using 

the widely employed model allergen237, ovalbumin (OVA) conjugated to the small 

hapten molecule, trinitrophenol (TNP). The benefit of this allergen relative to natural 

allergens is that it has no intrinsic protease activity which might complicate the  
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Figure 5: pAg heightened pulmonary inflammation than sAg. 

 

Mice were sensitized with the indicated allergens. At 48 hours after the challenge 

of sensitized mice with HDM or RW in sAg or pAg form, the mice were sacrificed, and 

lungs were excised and embedded in paraffin. Five μm thick lung sections were cut and 

stained by H&E for histological analysis. (a) Images taken under the 4x lens show a 

larger view of inflammation sites in lung tissues. Compared to saline controls, sAg 

induced obvious inflammation. However, vastly enlarged inflammation areas were seen 

in pAg treated lung tissues. Scale bars = 200μm. (b) H&E stained lung tissues examined 

under the 40x lens show that, for both HDM and RW, the pAg form induced 

significantly more accumulation of eosinophils in the area surrounding small 

bronchioles (B) and vasculature (V) than did the sAg form,. Scale bars = 25μm. Each 

photomicrograph in this figure is representative of 4 mice. 
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identification of distinct pathways specifically activated by the physical nature of pAg. 

Thus, any perceived heightened pathological response to pAg, compared to sAg, can be 

more readily attributable to the particulate nature of the allergen.    

As seen with the natural allergens, the AHR and eosinophilia responses evoked by 

the particulate form of OVA/TNP were markedly more enhanced than the soluble form 

in WT sensitized mice (Fig. 6-8). Intriguingly, we found that AHR responses to either 

sAg or pAg were markedly diminished in Wsh mice compared to WT mice (Fig. 6). 

Examination of BAL and lung tissue revealed that the eosinophil responses to both sAg 

and pAg were also attenuated in Wsh compared to WT mice (Fig. 7,8). Furthermore, the 

differential AHR response and eosinophilia after sAg or pAg challenge were restored in 

Wsh mice repleted with bone marrow derived mast cells (BMMCs) (Fig. 6-8). Using 

OVA/TNP as the allergen, we also performed several additional controls to demonstrate 

that sAg and pAg can not trigger pathological responses in lungs of un-sensitized WT 

mice (Fig. 9). It is noteworthy that in mast cell deficient Wsh mice, although the BAL 

eosinophil influx induced by pAg is largely reduced, there is still a certain level of BAL 

eosinophilia (Fig. 7). Accordingly, blank particles challenge of sensitized mice induced a 

certain level of BAL eosinophil influx, although the level is already largely attenuated 

compared with the level that particulate allergens induced in sensitized mice (Fig. 9). 

These data suggest that besides the essential role of MCs in inducing BAL eosinophilia, 
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Figure 6: MCs mediate differential AHR responses to sAg and pAg in 

sensitized mice. 
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Figure 6: MCs mediate differential AHR responses to sAg and pAg in 

sensitized mice. 

 

Mice were sensitized by repeated i.p. injection of 50μg OVA/TNP without 

adjuvant 7 times every other day. On day 36, sensitized mice were exposed to sAg 

(soluble OVA/TNP) or pAg (1μM particles conjugated with OVA/TNP). AHR in WT, 

Wsh, and BMMC repleted Wsh mice was examined at 48 hours after the challenge. In 

WT mice, sAg heightened the AHR response compared to saline control (n=4, §P<0.01), 

but pAg evoked a more potent AHR response (n=4, *P<0.05). Compared to MC sufficient 

mice, sAg or pAg challenge induced minimal AHR responses in MC deficient Wsh mice 

(n=4, ＃P<0.05). In BMMC repleted Wsh mice, the differential AHR responses to sAg and 

pAg were restored (n=4, **P<0.05, pAg vs sAg; §§P<0.01, sAg vs PBS). 
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Figure 7: MCs mediate differential BAL eosinophil responses to sAg and pAg in 

sensitized mice. 

 

Mice were sensitized by repeated i.p. injection of 50μg OVA/TNP without 

adjuvant 7 times every other day. On day 36, sensitized mice were exposed to sAg 

(soluble OVA/TNP) or pAg (1μM particles conjugated with OVA/TNP). BAL eosinophils 

in WT, Wsh, and BMMCs repleted Wsh mice were examined at 48 hours after the 

challenge. In WT mice, sAg evoked eosinophil influx into airways (n=4, §P<0.01), but 

pAg evoked higher eosinophil counts (n=4, *P<0.05). In Wsh mice, sAg induced minimal 

eosinophil response (n=4, ＃P<0.05). Although compared to WT mice, the pAg induced 

eosinophil response was significantly attenuated in Wsh mice (n=4, ＃P<0.05), certain 

level of eosinophil influx still remain. In BMMC repleted Wsh mice, the differential BAL 

eosinophil responses to sAg and pAg were restored (n=4, **P<0.05, pAg vs sAg; §§P<0.01, 

sAg vs PBS).  
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Figure 8: Mast cells mediate the exacerbated pulmonary inflammation to pAg 

in sensitized mice. 

 

In OVA/TNP sensitized mice, at 48 hours after exposure to sAg (soluble 

OVA/TNP) or pAg (1μM particles conjugated with OVA/TNP), H&E stained lung 

histology was analyzed. Images in WT, Wsh and BMMC reconstituted Wsh mice show 

eosinophils accumulating around small bronchioles (B) and vasculature (V). In MC 

sufficient WT mice and BMMC reconstituted Wsh mice, pAg induced more aggravated 

eosinophil inflammation than sAg. In MC deficient Wsh mice, although certain level of 

eosinophil accumulation existed for sAg or pAg challenge, the extent is much more 

attenuated compared to MC sufficient mice. Scales bars = 25μm. Data are representative 

of samples from 4 mice.  
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Figure 9: The heightened pulmonary pathological responses to pAg are IgE 

specific. 

 

Naïve C57/BL6 mice without OVA/TNP sensitization have minimal AHR (a) and 

eosinophil (b) responses after exposure to sAg or pAg. H&E stained lung tissues (c) 

accordingly showed no visible eosinophil accumulation around the small bronchioles 

(B). Therefore, the heightened pathological responses triggered by pAg in the lungs are 

dependent upon the IgE mediated activation. Although in OVA/TNP sensitized mice, 

1μm blank polystyrene microspheres did not induce an AHR response (a) and no 

obvious eosinophil accumulation was visualized in H&E stained lung tissues (c), they 

triggered certain level of BAL eosinophil influx (b) (n=5, *P<0.05). This suggests that, in 

aspect of BAL eosinophil influx, there might be other cells in the lungs which are 

responsive to invading particles. Scale bars = 25μm. 

B 

B 

B 

B 



 

75 

other cells in the airway might also be involved in this pathogenic response. Therefore, 

the control assays indicated that the exacerbated pulmonary responses to pAg are IgE 

dependent, and not just due to the non-specific deposition effect of particles in the lung. 

Taken together, these data indicate that MCs are responsible for the heightened AHR 

and eosinophil responses evoked by pAg in sensitized mice and further, that MCs 

mediate differential pathological responses evoked by sAg and pAg allergens.   

 

3.2.4 An alternative in vivo model to show mast cells mediate the heightened 

allergic responses to pAg. 

 
To clarify the contribution of MCs to the pAg enhanced allergic responses, we 

switched our studies to the mouse peritoneal cavity, a contained body site where influx 

of inflammatory cells as well as locally produced secretory products can be conveniently 

and accurately monitored245,246. The peritoneal cavity is also a site where MCs can be 

efficiently repleted113,247. Additionally, rather than active immunization, we opted to 

passively sensitize the mice with intraperitoneal administration of TNP-specific IgE, 

thereby ensuring IgE specificity of the inflammatory response. To sensitize local MCs, 10 

μg of TNP-specific IgE was injected into the peritoneal cavity of each mouse 18hrs 

before allergen challenge. Four μg of sAg or pAg was injected into the peritoneal cavity 

of sensitized mice. After 1, 6, 24, 48, or 72 hours, the mice were sacrificed and cells 



 

76 

isolated by peritoneal lavage were subjected to flow cytometric analysis to identify and 

quantitate recruited eosinophils (identified as Siglec-F+/CD11blow) (Fig. 10).  

Intriguingly, the magnitude and rapidity of the eosinophil response was 

markedly higher to pAg, as compared to sAg (Fig. 11). Although the eosinophil 

response in both cases peaked at 48 hrs, in the case of sAg, the number was only twice as 

much as seen with control (PBS) challenge, whereas in the case of pAg, the number was 

ten times that of the control (Fig. 11). This response is IgE dependent because 

unsensitized mice failed to respond to either sAg or pAg (Fig. 12). Additionally, we 

verified that the enhanced response evoked by pAg was not due to the mere presence of 

particles in the peritoneal cavity as co-administration of sAg and particles coated with 

OVA/pHOx (an antigen not recognized by the sensitizing TNP-specific IgE) evoked 

responses comparable to sAg alone (Fig. 12).   

Although MCs are the only known cell type in the peritoneum to express IgE 

receptors, we sought to demonstrate that the eosinophil response was specifically 

mediated by MCs. We compared eosinophil responses of MC deficient Wsh mice and 

that of Wsh mice repleted through intraperitoneal injection of WT bone marrow 

cultured MCs (BMMCs). After both groups of mice had been passively sensitized with 

TNP-specific IgE, sAg or pAg were injected into the peritoneal cavities of the mice as  
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Figure 10: pAg evoke a more heightened eosinophil response than sAg in the 

peritoneal cavity of sensitized mice. 

 

Mice were passively sensitized with 10μg TNP-specific IgE. Eighteen hours 

thereafter, sensitized mice were challenged with saline, or equal amounts (4 μg) of sAg 

(OVA/TNP) or pAg (LX-OVA/TNP) by peritoneal injection. Forty-eight hours later, 

peritoneal cells were collected and probed with Siglec-F and CD11b. Three major 

populations were sorted by flow cytometry and stained by H&E. These populations 

were eosinophils (Siglec-F+CD11blow), macrophages (CD11bhigh), and a mixture of 

neutrophils and lymphocytes (Siglec-FnegCD11bneg). Compared to sAg, the eosinophil 

response to pAg was markedly heightened. 
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Figure 11: pAg and sAg induced differential peritoneal eosinophil responses 

in sensitized mice. 

 

Peritoneal eosinophil responses of TNP-specific IgE passively sensitized mice 

were analyzed following intraperitoneal challenge with saline, 4μg sAg (OVA/TNP) or 

pAg (LX-OVA/TNP). Flow cytometry analysis showed a time course (at 1, 6, 24, 48, and 

72 hours) of eosinophil recruitment into the peritoneal cavity (n=6,*p<0.01). Compared to 

sAg, pAg induced a largely heightened eosinophil influx into peritoneal cavity.   
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Figure 12: The enhanced eosinophil response to pAg in the peritoneal cavity of 

sensitized mice is highly specific to the physical attribute of the allergen. 

 

Unsensitized mice were challenged with equal amounts of sAg (OVA/TNP) or 

pAg (LX-OVA/TNP). Additionally, IgE sensitized mice were challenged with sAg, pAg 

or sAg co-administered with particles conjugated with OVA/pHOx (LX-OVA/pHOx, an 

antigen not recognized by sensitizing IgE). The later was a control for the nonspecific 

effects of particles on the eosinophil response. Peritoneal eosinophil responses were 

evaluated by flow cytometry 48 hrs after exposure to allergens. We found a limited 

eosinophil response in unsensitized mice demonstrating the importance of IgE. 

Sensitized mice exhibited an enhanced eosinophil infiltration to sAg and pAg, but the 

response to pAg was significantly more heightened than responses to sAg (n=4,*P<0.01,). 

It is noteworthy that the response to sAg, co-administered with particles coated with 

nonspecific allergens, was comparable to the response evoked to sAg alone, indicating 

that the presence of particulate matter in the peritoneal cavity did not contribute to the 

eosinophil response. 
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described above. After 48 hrs, peritoneal lavages from each group were analyzed for 

eosinophils. Wsh mice did not induce the recruitment of eosinophils when challenged 

with pAg or sAg, whereas BMMCs repleted Wsh mice evoked significant eosinophil 

Although MCs are the only known cell type in the peritoneum to express IgE 

receptors, we sought to demonstrate that the eosinophil response was specifically 

mediated by MCs. We compared eosinophil responses of MC deficient Wsh mice and 

that of Wsh mice repleted through intraperitoneal injection of WT bone marrow 

cultured MCs (BMMCs). After both groups of mice had been passively sensitized with 

TNP-specific IgE, sAg or pAg were injected into the peritoneal cavities of the mice as 

described above. After 48 hrs, peritoneal lavages from each group were analyzed for 

eosinophils. Wsh mice did not induce the recruitment of eosinophils when challenged 

with pAg or sAg, whereas BMMC repleted Wsh mice evoked significant eosinophil 

responses to either pAg or sAg (Fig. 13). Furthermore, the response to pAg was 

markedly more heightened than to sAg (Fig. 13). Therefore, in the peritoneal cavity, the 

IgE mediated eosinophil responses to pAg and sAg are distinctly MC dependent, and 

the responses to the former are markedly more intense than the latter. The results 

acquired from the peritoneal cavity model verified our finding in the airway that pAg 

have more potential ability to trigger allergic pathologic responses, and MCs are the 

target cells to mediate the enhanced responses to pAg. 
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Figure 13: Mast cells mediate the differential pathological responses to pAg 

and sAg challenging in the peritoneal cavity. 

 

Peritoneal eosinophil responses in passively sensitized mice were analyzed 

following intraperitoneal challenge with saline, 4 μg sAg or pAg. Flow cytometry 

analysis shows peritoneal eosinophil responses of passively sensitized Wsh mice and 

Wsh mice repleted with WT BMMCs 48 hrs following challenge of sAg or pAg. The 

recruitment of eosinophils was minimal in Wsh mice. However, the eosinophil response 

to sAg (n=4, §p<0.01) and pAg was restored in WT BMMC reconstituted Wsh mice. 

Furthermore, the eosinophil response to pAg was significantly higher than to sAg in 

these reconstituted mice (n=4,*p<0.01). 
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3.2.5 pAg trigger a heightened cytokine and chemokine response from 

sensitized MCs than sAg.   
 

Our in vivo studies suggested that IgE sensitized MCs mediate more potent 

inflammatory responses to pAg than sAg. To evaluate this possibility, we challenged IgE 

sensitized BMMCs with equal amounts of sAg (OVA/TNP) or pAg (particles conjugated 

with OVA/TNP) and examined their ability to undergo degranulation and 

cytokine/chemokine secretion in vitro. As shown in Fig. 14, exposure of TNP-specific IgE 

sensitized BMMCs to sAg or pAg resulted in the release of similar amounts of β-

hexosaminidase, suggesting that degranulation responses of BMMCs to both challenges 

were identical. Remarkably, examination of the cytokine/chemokine responses of TNP-

specific IgE sensitized BMMCs to sAg or pAg by quantitative RT-PCR revealed that pAg 

triggered 4-5 fold higher production of each cytokine or chemokine mRNA, when 

compared to sAg responses. The mediators we examined have previously been 

implicated in triggering allergic asthma symptoms and include IL-4, IL-5, IL-13, TNF-α, 

eotaxin-1, IFN-γ, and IL-1 (Fig. 15)39,132,143,146,248-252.  
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Figure 14: sAg and pAg induced comparable amount of degranulation from 

sensitized BMMCs. 

 

TNP-specific IgE sensitized BMMCs were challenged with 1 μg sAg (OVA/TNP) 

or pAg (LX-OVA/TNP). At 1 hour after the exposure to allergens, MC degranulation 

was assessed by β-hexosaminidase release. Unsensitized BMMCs challenged by sAg and 

pAg had minimal responses as vehicle controls. Whereas sAg and pAg enhanced the 

degranulation in sensitized BMMCs (n=3, *p<0.01, sAg or pAg in sensitized BMMCs vs 

sAg or pAg in unsensitized BMMCs), the levels induced by the two types of allergens 

are comparable.  

* 
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Figure 15: Differential cytokine and chemokine responses of sensitized 

BMMCs to sAg or pAg. 

 

TNP-specific IgE sensitized BMMCs were challenged with1 μg sAg (OVA/TNP) 

or pAg (LX-OVA/TNP). At 1 hour after the exposure to allergens, de novo synthesis of 

proinflammatory mediators were analyzed. The mRNA expression levels of IL-4, IL-5, 

IL-13, TNF-α, IL-1, IFN-γ, and eotaxin-1 in BMMCs were determined by real-time PCR. 

The cytokine/chemokine responses of sensitized BMMCs were significantly stronger to 

pAg challenge than to sAg challenge (n=4, *p<0.01). The controls (untreated BMMCs, 

unsensitized BMMCs challenged by sAg or pAg, and sensitized BMMCs without 

challenge or exposed to blank beads) evoked minimal MC responses (n=4, §p<0.01).  

 

A significant difference in the MC cytokine/chemokine responses evoked by sAg 

or pAg was observed as early as 1 hour. However, this difference was evident even after 

12 hours following challenge, albeit to a much lower extent (Fig. 16a). It is also 

noteworthy that the heightened produciton of cytokine and chemokine mRNAs evoked 

by pAg relative to its sAg counterpart occurred despite variations in the protein amount 

on beads (Fig. 16b), the ratio of beads to cells (Fig. 16c), or the size of beads (Fig. 16d).  
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Figure 16:  pAg consistently induced heightened cytokine production 

compared to sAg under different experimental conditions. 
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Figure 16:  pAg consistently induced heightened cytokine production 

compared to sAg under different experimental conditions. 
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Figure 16:  pAg consistently induced heightened cytokine production 

compared to sAg under different experimental conditions. 

 

IL-4 was employed as the representative inflammatory mediator for study. Real 

time PCR was used to detect production of this cytokine at the mRNA level. (a) IL-4 

production by 106 sensitized BMMCs at various time points following exposure to equi-

amounts (1 μg) of sAg (OVA/TNP) or pAg (LX-OVA/TNP). At each of the time points, 

the amounts of IL-4 induced by pAg was significantly higher than the amounts evoked 

by sAg in sensitized BMMCs (n=4, *P<0.01). b-d: IL-4 production was detected at 1 hour 

following allergen exposure to sensitized BMMCs. (b) Effect of increasing concentration 

of sAg and pAg on IL-4 responses of BMMCs. To prepare pAgs, increasing 

concentrations of OVA/TNP was conjugated to 107 polystyrene beads and then exposed 

to 106 BMMCs. In the case of sAg, concentrations corresponding to those employed for 

pAg were introduced onto 106 BMMCs. Whereas a dose dependent effect was observed 

with pAg at the lower concentrations, no dose dependent effect was observed with sAg 

at the concentrations examined. Nevertheless, the IL-4 responses evoked by pAg at each 

concentration was significantly higher than responses evoked by sAg (n=4, *P<0.01). (c) 

Effect of particle/BMMC ratio on the IL-4 responses of 106 BMMCs. pAgs were prepared 

by conjugating 1μg of OVA/TNP on 107 beads. The ratios of beads to cells used were 1:1, 

10:1 and 100:1. In a parallel experiment, comparable amounts of sAg were placed onto 

106 BMMCs. Altering the dose of sAg revealed little or no change in IL-4 production. 

However, increasing the ratio of pAg to BMMC from 10:1 to 100:1 markedly reduced the 

IL-4 response. Nevertheless, regardless of the amounts of allergen present, the IL-4 

responses to pAg were consistently more significant than the responses elicited by 

comparable amounts of sAg (n=4, *P<0.01). (d) Effect of bead size on the IL-4 responses 

of 106 BMMCs to pAgs. Various amounts of OVA/TNP (0.25μg, 0.5μg, 1μg) were 

conjugated onto 107 polystyrene beads of 1μm size or 4.5μm size. A dose dependent 

increase in IL-4 production was observed with 1μm-sized beads. However, when the 

larger 4.5μm-sized beads were employed, a dose dependent effect was observed with 

the lower concentrations of allergen, but not at the highest dose (1μg). Based on these 

data, it was determined that for all subsequent experiments involving pAg the optimal 

experimental condition is to use 106 sensitized BMMCs which are sequentially exposed 

to 107 1μm-sized beads coated with 1μg of OVA/TNP.  
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Taken together, these data suggest that the heightened MC mediated pulmonary 

pathological responses to pAg compared to sAg is attributable to different levels of 

cytokine and chemokine production by MCs.  

 

3.2.6 Compared to sAg, pAg induce a prolonged phosphotyrosine signaling in 

sensitized BMMCs. 

 
To elucidate the molecular basis for the enhanced MC de novo synthesis evoked 

by pAg relative to sAg, we compared FcεRI mediated tyrosine phosphorylation 

signaling in TNP-specific IgE sensitized BMMCs challenged with either sAg or pAg. As 

shown in Fig. 17, both allergens elicited comparable phosphorylation patterns. 

However, the most obvious difference observed between sAg and pAg mediated 

signaling was that the phosphorylation levels of most prominent proteins were 

significantly more sustained after pAg challenge than after sAg challenge (Fig. 17). Syk 

is a critical tyrosine kinase in initiation and propagation of FcεRI activated signaling. 

Therefore, we examined the phosphorylation on three tyrosine sites of syk in sensitized 

BMMCs when exposured to sAg or pAg. Although both types of allergens can trigger 

syk phosphorylation in the first 30s after challenge with allergens, the syk 

phosphorylation is significantly more sustained after the pAg challenge than the sAg 

challenge (Fig. 18). Conceivably, the heightened and sustained cytokine and chemokine 

production elicited  
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Figure 17: Phosphotyrosine signaling in sensitized BMMCs was sustained 

following exposure to pAg. 
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Figure 17: Phosphotyrosine signaling in sensitized BMMCs was sustained 

following exposure to pAg. 

 

1x106 BMMCs were sensitized by co-culturing with TNP-specific IgE for 18 

hours, and then were exposed to sAg (OVA/TNP) or pAg (LX-OVA/TNP). At different 

time points after allergen challenge, tyrosine phophoryaltion was examined by western 

blot. In all cases, except for a 52K band, phosphorylation evoked by pAg appeared 

appreciably more sustained than sAg. The image is representative of 4 separate 

experiments. The intensity of phosphorylation of prominent proteins at various time 

points was assessed using densitometry, employing actin as the internal quantitative 

control (bottom panel). It is obvious by visual inspection that the sAg-induced 

phosphotyrosine signaling sharply attenuated after 10 minutes of activation. In contrast, 

the pAg-induced phosphotyrosine signaling lasted at a high level for the duration of the 

experiment. 
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Figure 18: pAg sustained the tyrosine phosphorylation of Syk. 

 

The 1x106 BMMCs were sensitized by TNP-specifIc IgE for 18 hours and then 

were exposed to sAg (OVA/TNP) or pAg (LX-OVA/TNP). The phosphorylation on three 

tyrosine sites of syk was examined by western blot. The image is representative of three 

separate experiments. It shows that, as opposed to the transient tyrosine 

phosphorylation induced by sAg, the pAg challenge significantly prolonged the 

phosphorylation on all three tyrosine sites of Syk.  

 

 

by pAg from BMMCs may be related to a more sustained FcεRI signaling intensity 

rather than to specific difference in the signaling circuitry. 

      

3.2.7 pAg are internalized via a distinct endocytic pathway in MCs compared 

to sAg.  

 

Although our data showed that pAg evoked markedly greater IL-4, IL-5, IL-13, 

TNF-α, IFN-γ, IL-1, and eotaxin-1 responses from MCs than sAg, the early MC signaling 

events as well as the degranulation response to pAg and sAg are comparable. Indeed, 

the major difference thus far identified is that FcεRI signaling events initiated by pAg 

are more sustained than those initiated by sAg200,218. Therefore, we reasoned that the 
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enhanced cytokine and chemokine response to pAg is attributable to differences in the 

rapidity of FcεRI signal termination. Endocytosis is a principal mechanism for receptor 

down-regulation and termination of signal transduction including FcεRI. Therefore, we 

initially characterized what endocytic routes the IgE/ FcεRI /antigen complexes took 

after the challenge of TNP-specific IgE sensitized BMMCs with pAg or sAg. To do this, 

we created BMMCs expressing specific GFP fusion proteins that clearly identified the 

vesicular membranes of secretory granule compartments (CD63), and early endosomes 

(Rab5) or late endosomes/lysosomes (Rab7)209,253-255. GFP transfected BMMCs were 

passively sensitized and exposed to fluorescent sAg or pAg. Confocal microscopic 

analysis revealed that sAg and pAg followed markedly different endocytic trafficking 

pathways. Within five minutes of engaging IgE/FcεRI, sAgs localized in CD63 positive 

compartments (Fig. 19). Notice that since CD63 is a secretory granule membrane 

component, internalized sAg can be visualized encased within CD63 positive 

compartments. Thereafter, the sAgs moved from the peripheral areas towards the center 

of the cell. In so doing, sAg transited from CD63 positive compartments into Rab5 (Fig. 

20) and Rab7 (Fig. 21) positive vesicles. Indeed, in one hour, most sAgs were located in 

either Rab5 or Rab7 positive vesicles. In contrast, pAgs remained encased in CD63 

positive compartments. These compartments did not become positive for Rab5 or Rab7  
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Figure 19: Internalized sAg and pAg in BMMCs transfected with GFP-CD63.  

 

Endocytosis of sAg (OVA/TNP) or pAg (LX-OVA/TNP) was investigated in 

BMMCs stably transfected with GFP-CD63 (green). The single panel on the top shows a 

confocal image of unchallenged BMMCs. CD63+ granules are localized just underneath 

the cell membrane and in the peripheral cytoplasm area. The bottom two panels show 

images of GFP-CD63 transfected MCs containing Alexa-Fluor 546 pre-labeled sAg or 

pAg (red), which were collected at 5, 30 and 60 minutes after the exposure to allergens. 

Arrows depict examples of allergens encased in GFP positive compartments. 

Arrowheads depict examples where no co-localization is evident. The images with sAgs 

show that, at 5 minutes after initially being endocytosed, sAgs were encased in the 

CD63+ compartments. At the time points of 30 min and 60 min, sAgs had moved out of 

CD63+ compartments. In contrast, pAgs was harbored in CD63+ compartments for the 

duration of the experiment. Yellow arrows show the unclosed CD63+ granules holding 

sAg, and the entending of CD63+ granule to capture pAg. All pictures are representative 

of three separate experiments. Scale bar = 5 μm. 
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Figure 20: Internalized sAg and pAg in BMMCs transfected with GFP-Rab5. 

 

Endocytosis of sAg (OVA/TNP) or pAg (LX-OVA/TNP) was investigated in 

BMMCs stably transfected with Rab5 (green). The single panel on the top shows a 

confocal microscopic image of BMMCs prior to addition of allergen. Rab5 positive 

compartments are localized to the perinuclear cytoplasm area. The bottom two panels 

show images of Rab5 transfected MCs containing sAg or pAg (both were pre-labeled 

with Alexa-Fluor 546, and shown in red), at 5, 30 and 60 minutes after adding the 

allergen. Arrows depict examples of allergens encased in GFP positive compartments. 

Arrowheads depict examples where no co-localization is evident. The images with sAg 

show that at 5 minutes, the internalized sAgs were not entering Rab5 compartments. At 

30 minutes, most sAgs co-localized with Rab5 compartments. At 60 minutes, although 

some sAgs still remained in Rab5 compartments, some were moving into other 

intracellular compartments. In contrast, pAg did not enter Rab5 positive compartments 

for the duration of the experiment. All pictures are representative of 3 separate 

experiments. Scale bar = 5 μm. 
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Figure 21: Internalized sAg and pAg in BMMCs transfected with GFP-Rab7. 

 

Endocytosis of sAg (OVA/TNP) or pAg (LX-OVA/TNP) was investigated in 

BMMCs stably transfected with Rab7 (green). The single panel on the top shows a 

confocal microscopic image of BMMCs prior to the addition of allergen. Rab7 positive 

compartments are more concentrated around the perinuclear cytoplasmic area. Images 

of Rab7 transfected MCs containing Alexa-Fluor 546 pre-labeled sAg or pAg (red) were 

collected at 5, 30 and 60 minutes after the exposure to allergen, and shown in bottom 

two panels. Arrows depict examples of allergens encased in GFP positive compartments. 

Arrowheads depict examples where no co-localization is evident. The images with sAgs 

show that at 5 minutes, the internalized sAgs in the peripheral cytoplasm were not 

entering Rab7 compartments. At 30 min, most sAgs were entering Rab7 compartments. 

At 60 min, most sAgs co-localized within Rab7 compartments. In contrast, pAg did not 

enter Rab7 positive compartments for the duration of the experiment. All pictures are 

representative of three separate experiments. Scale bar = 5μm. 
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markers for the duration of the experiment. These data suggest that whereas the 

sAg/IgE/FcεRI complex follows a traditional endocytic trafficking pathway ending in the 

lysosome, pAg/IgE/FcεRI was retained in CD63 positive secretory compartments and 

failed to traffic further. This unique location of the pAg/IgE/FcεRI complex in non-

degradative compartments may result in sustained FcεRI signaling and elevated de novo 

synthesis of cytokine and chemokines by MCs. 

 

3.2.8 pAg/IgE/FcεRI are retained in lipid raft enriched compartments  

Our previous study revealed that the FcεRI mediated phagocytosis of pollen into 

MCs is lipid raft dependent256. Lipid rafts are specialized membrane domains which are 

dynamic assemblies of proteins, lipids and signaling substrates162,168,257. Recent studies 

showed that lipid rafts promoted many critical signaling activities of MCs, including 

recruitment of signaling molecules that mediate FcεRI signaling178,179,188,258 as well as the 

endocytosis of IgE/FcεRI complexes189-191. To investigate the spatial localization of lipid 

raft microdomains and compartments housing allergens, we examined resting BMMCs 

for lipid rafts. We found many of the lipid raft enriched microdomains, stained with 

fluorescent cholera toxin subunit B (a probe for lipid rafts162) appeared encased in 

membranes that stained for CD63 (Fig. 22). 
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Figure 22: Lipid raft enriched domains of BMMCs are encased in CD63 

positive subcellular compartments. 

 

BMMCs were stably transfected with GFP-CD63, and the CD63 positive 

subcellular compartments (green) were clearly visible. These BMMCs were fixed and 

probed for lipid raft components employing Alexa-647 conjugated cholera toxin subunit 

B (shown in red). The image reveals that lipid raft enriched areas are encased within 

CD63 positive compartments (arrows show the sample co-localization of lipid raft 

components within CD63 positive compartments.) Scale bar = 5μm. 

 

To explain the sustained signaling associated with pAg mediated MC activation, 

we hypothesized that the internalization of pAg/IgE/FcεRI complex into non-

degradative, lipid raft-enriched CD63 positive compartments allows the pAg/IgE/FcεRI 

complex to avoid degradation and maintain sustained signaling. To investigate if the 
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sustained signaling evoked by pAg was related to retention of the internalized 

pAg/IgE/FcεRI complex within lipid raft-enriched compartments, we compared the pAg 

or sAg induced duration of IgE/FcεRI association with lipid rafts. We used fluorescently 

labeled IgE to sensitize BMMCs before the exposure to pAg or sAg, and at various time 

points following this, the challenged BMMCs were fixed and stained with fluorescent 

cholera toxin subunit B. We found that for both sAg and pAg as early as 30 seconds after 

exposure to the allergen, IgE/FcεRI entered and associated with lipid raft domains (Fig. 

23). However, within 10 minutes thereafter, sAg crosslinked IgE/FcεRI rapidly, 

separated from lipid raft areas, and transitioned into compartments that were not 

enriched in lipid rafts. In contrast, pAg crosslinked IgE/FcεRI remained in lipid raft-

enriched compartments for the duration of the experiment (Fig. 23). Our microscopy 

data suggest that the time course of lipid raft co-localization varies greatly depending on 

whether the allergen is delivered in soluble or particulate form. 

To confirm the dynamics of the association of IgE/FcεRI with lipid raft domains 

in MCs, we isolated lipid raft fractions from sensitized BMMCs at subsequent time 

points following exposure to sAg or pAg. Each lipid raft fraction was then probed for 

the presence of the FcεRI-γ chain on western blots. Although some of the FcεRI-γ chain 

was found associated with lipid raft fractions at baseline (defined by the localization of 

flotillin, an integral component of lipid rafts257), substantial recruitment of FcεRI-γ chain 
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was observed immediately following exposure to either allergen. However, 5 minutes 

after exposure, the amount of FcεRI-γ chain in the sAg induced lipid raft fractions was 

greatly reduced, which was suggestive of its movement out of the lipid raft-enriched 

domains into a non-lipid raft compartment (Fig. 24). By 10 minutes, almost all of the 

FcεRI-γ chain had left the lipid raft fractions. In contrast, the high amounts of recruited 

FcεRI-γ chain triggered by pAg remained in the lipid raft fractions for at least 1 hour 

(Fig. 24). To see if the prolonged presence of FcεRI-γ chain in the lipid rafts was 

accompanied by sustained signal transduction, we probed the lipid raft fractions 

(fractions 4 and 5) derived from pAg or sAg challenged BMMCs for tyrosine 

phosphorylated proteins as a general marker of FcεRI signaling. We found that 

compared to sAg lipid fractions, pAg lipid fractions contained markedly greater 

amounts of phosphorylated proteins for a longer period of time (Fig. 25). Collectively, 

these data suggest that following engagement of IgE/FcεRI by sAg, the signaling 

complex moves within seconds into lipid raft compartments where signaling is initiated. 

The sequential transition out of lipid rafts and into classical endocytic compartments of 

sAg/IgE/FcεRI is accompanied by the termination of signaling responses. In the case of 

pAg, the pAg/IgE/FcεRI signaling complexes move into lipid raft-enriched 

compartments where they remain for prolonged periods of time accompanied by 

sustained signaling responses. 
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Figure 23: IgE/FcεRI complexes were retained within lipid raft enriched 

domains of BMMCs following exposure to pAg, but not to sAg. 

 

BMMCs were sensitized by Alexa 546 pre-labeled TNP-specific IgE (red) for 18 

hours, and then challenged by sAg (OVA/TNP) or Alexa-488 pre-labeled pAg (LX-

OVA/TNP, shown in blue). Thereafter, at 0.5, 5, 10, 30, and 60 minutes, BMMCs were 

fixed and lipid raft components were probed by Alexa 647-conjugated cholera toxin 

subunit B (shown in green). Associations of IgE/FcεRI complexes (red) with lipid rafts 

(green) at various time points following exposure to sAg or pAg were visualized under 

the 100x lens of the confocal microscope. Arrows depict examples of co-localization 

between IgE/FcεRI complexes and lipid raft-enriched regions. Arrowheads depict 

examples where IgE/FcεRI complexes have separated from lipid raft-enriched 

compartments and where no co-localization is evident. The images show that sAg 

initially co-localized with lipid raft components, but by 10 minutes, had dissociated from 

lipid rafts and moved toward the central cytoplasm area. On the contrary, internalized 

pAg co-localized with lipid rafts without dissociation for the duration of experiment. 

Scale bar = 5μm. 
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Figure 24: pAg induced a prolonged association of IgE/FcεRI complexes with 

lipid raft fractions in BMMCs. 

 

The association of FcεRI-γ chain with lipid raft fractions in sensitized BMMCs 

was analyzed by lipid raft fractionation assay before and at various time points 

following exposure to sAg (OVA/TNP) or pAg (LX-OVA/TNP). Cell fractions were 

obtained after sucrose gradient centrifugation and probed for FcεRI-γ chain on a 

western blot. The small top panel depicts distribution of FcεRI-γ chain in cell fractions 

prior to addition of allergen. Based on the location of flotillin-1, fractions 4 and 5 are 

defined as the lipid raft fractions. Both sAg and pAg immediately triggered an 

enormous FcεRI-γ chain accumulation in lipid raft fractions 30s after the exposure to 

allergens. The amount of FcεRI-γ chain in sAg induced lipid raft fractions decreased 

rapidly after the initial accumulation. Therefore, at 10 minutes, the amount of FcεRI-γ 

chain in sAg induced lipid raft decreased to a level comparable to unchallenged 

BMMCs. However, the large amount of FcεRI-γ chain in pAg-induced lipid rafts 

maintains at a high level for at least 1 hour.  
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Figure 25: pAg enhanced and sustained the FcεRI downstream tyrosine 

phosphorylation signaling in lipid raft fractions of BMMCs. 

 

Sucrose gradient fractions 4 and 5 were pooled and subjected to western blot to 

detect phosphotyrosine signaling within lipid fractions of BMMCs at various time points 

following exposure to sAg (OVA/TNP) or pAg (LX-OVA/TNP). Except for a band at 

52kD where differences between sAg and pAg stimulated cells were not marked, all 

other phosphorylated bands appeared more intense in pAg stimulated cells relative to 

sAg stimulated cells. These images are representative of three separate experiments. The 

images show that sAg-induced signaling quickly diminished after initial activation and 

only lasted for about 10 minutes. Compared to sAg, pAg induced stronger and longer 

signaling in lipid raft fractions, which lasted about 1 hour. 

 

3.2.9 Inhibition of IgE mediated endocytosis of sAg results in enhanced MC 

mediator responses comparable to that evoked by pAg.      

 

Based on the evidence that the endocytic route employed by pAg was distinct 

from that followed by sAg, and retention of pAg in lipid raft enriched compartments 

results in augmented MC responses, we hypothesized that it would be possible to 

enhance the signaling capabilities of sAg to levels seen with pAg merely by prolonging 

Marker 
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the association of sAg/IgE/FcεRI complexes with lipid raft enriched compartments. Two 

methods of prolonging this association were evaluated, including the use of the 

pharmacological agent Latrunculin B, and the selective knockout of caveolin-1, a protein 

involved in lipid raft mediated endocytosis.  

 

3.2.9.1 Inhibition of IgE mediated endocytosis in MCs by Latrunculin B. 

Latrunculin-B is an actin depolymerizing agent that disrupts endocytic activities 

of FcεRI but does not influence the crosslinking of FcεRI by allergens192,196,259,260. Having 

pre-treated sensitized BMMCs with Latrunculin-B, we expected to retard the 

endocytosis of sAg/IgE/FcεRI complexes and the accompanying disassociation of these 

complexes from lipid raft fractions. IgE sensitized BMMCs were pre-treated with 4μM 

Latrunculin-B for 15 minutes before challenge with sAg. Latrunculin-B treatment 

enhanced co-localization of sAg/IgE/FcεRI complexes within lipid raft components for 

up to 1 hour (Fig. 26). A prolonged association of sAg/IgE/FcεRI within CD63 positive 

compartments lasting at least 1 hour was also observed with treatment of the actin 

depolymerizing agent (Fig. 27). Latrunculin B treatment also prolonged and enhanced 

the sAg induced localization of the FcεRI-γ chain (Fig. 28 upper panel) and 

phosphorylated proteins in the lipid raft fractions of MCs (Fig. 28 lower panel), to 
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Figure 26: Latrunculin B treatment prolonged the association of IgE/FcεRI 

complexes with lipid rafts in sensitized BMMCs in exposure to sAg. 

 

IgE conjugated with Alexa-546 was used to sensitize BMMCs. Sensitized BMMCs 

were pre-treated with 4μm Lat B for 15minutes, thereafter challenged with sAg 

(OVA/TNP). At indicated time points, BMMCs were fixed and probed by Alexa-647 

conjugated Cholera toxin B unit. Co-association of IgE/FcεRI complexes (red) with lipid 

raft domains (green) in Lat B treated and untreated BMMCs following exposure to sAg 

was visualized under the 100x lens of the confocal microscope. Arrows show examples 

of co-localization of IgE/FcεRI complexes with lipid rafts. Arrowheads show areas where 

IgE/FcεRI complexes have separated from lipid rafts. Compared to untreated controls, 

the Lat B treatment caused an extended association of IgE/FcεRI complexes with lipid 

raft components in sensitized BMMCs exposed to sAg. Scale bar = 5μm. The data are 

representative of 3 separate experiments. 
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Figure 27: Sustained co-localization of sAg within CD63 compartments in sensitized 

BMMCs following pretreatment with Latrunculin B. 

 

BMMCs transfected with GFP-CD63 were sensitized with TNP-specifc IgE for 18 

hours. Thereafter, sensitized BMMCs were pretreated with 4μm Lat B for 15 minutes, 

and then challenged with Alexa-546 pre-labeled sAg (OVA/TNP, shown in red). At 

indicated time points, BMMCs were fixed, and dynamic localization of sAg (red) within 

GFP-CD63 (green) positive compartments in Lat B treated and untreated BMMCs were 

viewed under the 100x lens of the confocal microscope. Arrows show examples of co-

localization of sAg encased in CD63 compartments. Arrowheads show areas where sAg 

separated from CD63 compartments. Compared to untreated controls, the Lat B 

treatment caused an extended localization of sAg in CD63 positive compartments. Scale 

bar = 5μm. The data are representative of 3 separate experiments. 
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Figure 28: Location of FcεRI-γ chain and tyrosine phosphorylated proteins in 

lipid raft fractions of Latrunculin B treated and untreated BMMCs. 

 

After sucrose fractionation ultracentrifuge, western blot was used to detect 

FcεRI-γ chain (upper panel) and tyrosine phosphorylated proteins (lower panel) in 

pooled lipid raft fractions. Except for a 52 kD band that did not appear to change in 

strength after Lat B treatment, other predominant bands were enhanced by sAg 

following Lat B treatment. Compared with the untreated control, Lat B treatment 

enhanced and prolonged the association of FcεRI-γ chain and tyrosine phosphorylated 

proteins in sAg-induced lipid raft fractions. The enhanced accumulation of FcεRI-γ 

chain and tyrosine phosphorylated proteins in sAg-induced lipid raft fractions under 

Lat B treatment are comparable to the response evoked in pAg-induced lipid raft 

fractions without LatB treatment. The data are representative of 3 separate experiments.  
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nearly comparable levels observed after pAg induced localization of FcεRI-γ chain and 

phosphorylated proteins in the lipid raft fractions of BMMCs. As predicted, Latrunculin-

B treatment enhanced the production of IL-4 in IgE sensitized BMMCs exposed to sAg to 

the same levels of IL-4 induced by pAg triggered IgE sensitized BMMCs (Fig. 29).  

 

3.2.9.2 Inhibition of IgE mediated endocytosis through caveolin-1 deficiency in 

MCs. 

 

Next, we examined the effect of knocking out a cellular component involved in 
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Figure 29: The cytokine production evoked by sAg in Latrunculin B-treated 

BMMCs is comparable to levels evoked by pAg in untreated BMMCs. 

 

After sensitized by TNP-specific IgE, Lat B pretreated BMMCs express higher 

levels of IL-4 than untreated BMMCs at 1 hour following exposure to sAg (n=4,*p<0.01). 

Saline challenge induced minimal response in treated and untreated BMMCs (n=4, 
§P<0.01, sAg vs vehicle). The enhanced level of IL-4 expression is comparable to levels 

induced by pAg in untreated BMMCs (black bar).  

* 
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the uptake of allergens in MCs. Caveolin-1 is a 22kD membrane protein integral to lipid 

rafts that has been implicated in lipid raft mediated endocytic trafficking169,260-262. We 

hypothesize that endocytosis of sAg and subsequent trafficking out of lipid raft domains 

in caveolin-1 deficient BMMCs (Cav-/- BMMCs) will be severely retarded and as a result, 

the FcεRI signaling and mediator responses seen in these cells will be enhanced and 

comparable to that normally observed when sensitized wild type BMMCs (Cav+/+ 

BMMCs) are exposed to pAg. Exposure of sensitized Cav-/- BMMCs to sAg resulted in 

prolonged retention of the IgE/FcεRI complex in lipid rafts (Fig. 30). We also observed 

sustained localization of FcεRI-γ chain and tyrosine phosphorylation of signaling 

proteins in the lipid raft fractions in sensitized Cav-/- BMMCs following exposure to sAg 

that was comparable to levels observed in sensitized Cav+/+ BMMCs following exposure 

to pAg (Fig. 31). In addition, exposure of IgE sensitized Cav-/- BMMCs to sAg resulted in 

heightened production of IL-4 to levels comparable to that observed in IgE sensitized 

Cav+/+ BMMCs following exposure to pAg (Fig. 32).  

Finally, to confirm that the sAg induced signaling in Cav-/- BMMCs was 

functionally identical to that induced by pAg in Cav+/+ BMMCs, we reconstituted MC 

deficient Wsh mice with either Cav-/- BMMCs or Cav+/+ BMMCs. The reconstituted mice 

were sensitized with OVA/TNP and airway challenged with either sAg or pAg as 

before. At 48 hours after the challenge, AHR and eosinophil influx from these mice were 
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examined. As demonstrated in Figs. 33 and 34, challenge of Cav-/- BMMC reconstituted 

Wsh mice with sAg resulted in robust AHR response and eosinophil influx which were 

much higher than that seen in Cav+/+ BMMC reconstituted Wsh mice challenged with 

sAg. The intensity of these enhanced responses were comparable to levels observed in 

pAg challenged Cav+/+ BMMC reconstituted Wsh mice. The histological examination 

gave the similar response pattern as seen by AHR and BAL data (Fig. 35). Similarly, in 

the alternative peritoneal cavity model. we reconstituted the peritoneal cavity of mast 

cell deficient Wsh mice with either Cav-/- BMMCs or Cav+/+ BMMCs. The reconstituted 

mice were passively sensitized with IgE and challenged with either sAg or pAg as 

before. After 48 hours, peritoneal lavages from these mice were examined for recruited 

eosinophils. As demonstrated in Fig. 36, challenge of Cav-/- BMMC reconstituted Wsh 

mice with sAg resulted in the robust recruitment of eosinophils which was much higher 

than that seen in Cav+/+ BMMC reconstituted Wsh mice. This enhanced recruitment was 

comparable to levels observed in pAg challenged Cav+/+ BMMC reconstituted Wsh mice. 

Collectively, these observations suggest that the heightened MC mediated AHR and 

eosinophila evoked by pAg compared to sAg is attributable to impairment in the 

endocytic trafficking of the pAg/IgE/FcεRI complexes, resulting in their retention in lipid 

raft enriched compartments, leading to sustained signaling reactions and enhanced 

mediator release. 



 

113 
 

F
ig

u
re

 3
0:

 P
ro

lo
n

g
ed

 c
o

-l
o

ca
li

za
ti

o
n

 o
f 

Ig
E

/F
cε

R
I 

w
it

h
 l

ip
id

 r
af

t 
d

o
m

ai
n

s 
fo

ll
o

w
in

g
  

ex
p

o
su

re
 t

o
 s

A
g

 i
n

 c
av

eo
li

n
-1

 d
ef

ci
en

t 
B

M
M

C
s.

 



 

114 

 

Figure 30: Prolonged co-localization of IgE/FcεRI with lipid raft domains 

following exposure to sAg in caveolin-1 deficient BMMCs. 

 

Confocal microscopy was used to visualize the co-association of Alexa-546 pre-

labeled IgE (red) with lipid rafts (stained by CT-B and shown in green) in sensitized 

Cav+/+ and Cav-/- BMMCs at different time points after the exposure to sAg. All confocal 

images were taken under 100x lens. Arrows show examples of co-localization of 

IgE/FcεRI complexes with lipid rafts. Arrowheads show areas where IgE/FcεRI 

complexes have separated from lipid rafts. Compared to Cav+/+ BMMCs where co-

association of the IgE/FcεRI complex with lipid rafts was transient (between 30 seconds 

and 10 minutes), the co-association in Cav-/- BMMCs was detectable even at 60 min after 

sAg challenge. The images also reveal that the endocytosis of IgE/FcεRI complexes and 

their movement towards the center of the cell were markedly slower in Cav-/- BMMCs 

than in Cav+/+ BMMCs. Scale bar = 5μm. The data shown are representative of 3 separate 

experiments. 
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Figure 31: Location of FcεRI-γ chain and tyrosine phosphorylated proteins in 

lipid raft fractions of Cav+/+ and Cav-/- BMMCs. 

 

Sensitized Cav+/+ and Cav-/- BMMCs were challenged with sAg (OVA/TNP), or 

sensitized Cav+/+ BMMCs were challenged with pAg (LX-OVA/TNP). At indicated time 

points after the allergen challenge, BMMCs were collected and subjected to sucrose 

gradient ultracentrifugation to isolate lipid raft fractions. Western blot was performed to 

analyze the amount of FcεRI-γ chain (upper panel) and tyrosine phosphorylated 

proteins (lower panel) in pooled lipid raft fractions. Except for a 52kD protein band that 

did not appear to change in strength in sAg-induced Cav-/- BMMCs, other tyrosine 

phosphorylated protein bands (lower panel) and FcεRI-γ chain (upper panel) showed an 

enhanced and prolonged localization in pooled lipid raft fractions of Cav-/- BMMCs 

following exposure to sAg, which is comparable to the levels induced by pAg in paired 

Cav+/+ BMMCs. The data shown are representative of 3 separate experiments. 
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Figure 32: The cytokine production in Cav-/- BMMCs evoked by sAg was 

comparable to levels evoked by pAg in Cav+/+ BMMCs. 

 

At 1 hour after the allergen challenge, levels of IL-4 production were analyzed in 

sensitized Cav-/- and Cav+/+ BMMCs following exposure to sAg, or in Cav+/+ BMMCs 

following exposure to pAg. Cav-/- BMMCs express higher levels of IL-4 than Cav+/+ 

BMMCs at 1 hour following exposure to sAg (n=4, *p<0.01). The enhanced level of IL-4 

expression evoked by sAg in Cav-/- BMMCs is comparable to the level induced by pAg in 

Cav+/+ BMMCs (black bar). §P<0.01, Cav+/+ sAg vs vehicle controls (n=4).  
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Figure 33: The AHR response in Wsh mice reconstituted with Cav-/- BMMCs or 

Cav+/+ BMMCs. 

 

Wsh mice reconstituted with Cav-/- BMMCs or Cav+/+ BMMCs were sensitized by 

repeated intraperitoneal injection of 50μg OVA/TNP. The AHR response was  thereby 

analyzed in Wsh mice reconstituted with Cav-/- BMMCs or Cav+/+ BMMCs and in 

exposure to sAg, or in Wsh mice reconstituted with Cav+/+ BMMCs and in exposure to 

pAg (n=5, *P<0.01, Cav-/- sAg vs Cav+/+ sAg; §P<0.01, Cav+/+ sAg vs saline controls). The 

enhanced AHR response in Cav-/- BMMCs evoked by sAg is comparable to the level 

evoked by pAg in Cav+/+ BMMCs. 
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Figure 34: BAL eosinophil influx in Wsh mice reconstituted with Cav-/- 

BMMCs or Cav+/+ BMMCs. 

 

Wsh mice reconstituted with Cav-/- BMMCs or Cav+/+ BMMCs were sensitized by 

repeated intraperitoneal injection of 50μg OVA/TNP. BAL eosinophils numbers were 

counted in sensitized Wsh mice reconstituted with Cav-/- BMMCs or Cav+/+ BMMCs in 

exposure to sAg, or in sensitized Wsh mice reconstituted with Cav+/+ BMMCs in 

exposure to pAg. Compared to saline controls, sAg triggers significant ensinophil influx 

in Cav+/+ BMMCs (n=5, §P<0.01), but sAg-induced eosinophil influx in Cav-/- BMMCs is 

much higher than in Cav+/+ BMMCs (n=5, *P<0.01). The enhanced eosinophil counts are 

comparable to pAg induced in Cav+/+ BMMCs (black bar).  
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Figure 35: Lung histology in Wsh mice reconstituted with Cav-/- BMMCs or 

Cav+/+ BMMCs. 

 

Histology of lungs was analyzed in sensitized Wsh mice reconstituted with Cav-/- 

BMMCs or Cav+/+ BMMCs after exposure to sAg, and from sensitized Wsh mice 

reconstituted with Cav+/+ BMMCs after exposure to pAg. Samples were stained with 

H&E. Eosinophil accumulation is denoted around small bronchioles (B) and vasculature 

(V). Although sAg induced eosinophil inflammation around small bronchioles in Wsh 

mice reconstituted Cav+/+ BMMCs, the inflammation area was obviously enlarged in sAg 

challenged Wsh mice reconstituted with Cav-/- BMMCs. The exacerbated inflammation is 

of a similar level to that induced by pAg in Wsh mice reconstituted Cav+/+ BMMCs. Scale 

bars = 25μm. Each representative histological photomicrograph is representative of 4 

mice.  
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Figure 36: Peritoneal eosinophil responses in Wsh mice reconstituted with 

Cav-/- BMMCs or Cav+/+ BMMCs. 

 

The peritoneal eosinophil response evoked by sAg in Wsh mice reconstituted 

with Cav-/- BMMCs was markedly more heightened than that evoked in Wsh mice 

reconstituted with Cav+/+ BMMCs (n=4,*p<0.01). The magnitude of this enhancement was 

comparable to the response evoked by pAg in Wsh mice reconstituted with Cav+/+ 

BMMCs (black bar). No eosinophil response was seen in IgE sensitized saline challenged 

Wsh mice reconstituted with either Cav+/+ BMMCs or Cav-/- BMMCs (n=4, §P<0.01). 
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3.3 Discussion. 

The growing epidemic of exacerbated bronchial asthmatic symptoms has been 

associated with air pollutants, including many indoor and outdoor particulate 

aeroallergens15,61,62,79,97,98. Despite the particulate nature of many inhaled allergens, most 

in vivo and in vitro studies exploring the pathogenesis of allergic asthma continue to 

exclusively employ soluble allergens in experimental models. Here we found that 

airway hyper-responsiveness and eosinophilia induced by pAg, regardless of the 

allergen type, resulted in significantly higher responses than those induced by sAg. 

Therefore, studies that exclusively employ sAg may not accurately model the 

development of the asthmatic phenotype. In our studies, we also elucidated a cellular 

basis for how pAg evoke more robust inflammatory changes in the lung. We found that 

sensitized MC sufficient mice responded differently to the physical nature of the 

allergen, with pAg evoking significantly more robust responses than those induced by 

sAg. Comparatively, the challenge of sensitized MC deficient mice with either sAg or 

pAg resulted in only a minimal response, suggesting that MCs are the critical effector 

cell responsible for mediating the enhanced inflammatory responses to pAg. 

Furthermore, when we switched to an alternative allergy model in the peritoneal cavity, 

the role of MCs in the heightened eosinophil response to pAg was still demonstrable. 

Cumulatively, these observations reveal a distinct connection between particulate 
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allergens and exacerbation of asthma symptoms in animal models and the involvement 

of MCs in the initiation of these pathological reactions. Although MCs are well known 

effectors in allergic disease, these findings that MCs can differentially respond to the 

physical nature of an allergen greatly augment our understanding of the pathogenesis of 

asthma.   

The differential responses of MCs to sAg and pAg was not attributable to 

qualitative differences in FcεRI mediated signaling following allergen engagement, an 

inference supported by the finding that the magnitude of degranulation responses to 

both sAg and pAg were comparable. Instead, the almost 5-fold greater MC mediator 

responses to pAg compared to sAg was linked to temporal and spatial aspects of IgE 

receptor mediated signaling. We observed that following engagement of IgE/FcεRI by 

sAg, signal transduction was associated with the movement of the allergen-receptor 

complex through an endocytic route that sequentially involved CD63+ compartments, 

the early Rab5+ endosome, followed by the late Rab7+ endosome and perhaps a 

degradative endosome/lysosome253,255. In contrast, following engagement of IgE/FcεRI by 

pAg, signal transduction remained sustained, and was related to the retention of these 

complexes in CD63+ compartments. Because CD63+ compartments are highly enriched in 

lipid rafts, which serve as efficient platforms for signal transduction, it suggested that 

the sustained signaling induced by pAg was related to retention of IgE/FcεRI complexes 
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in CD63+ compartments. In contrast, sAg induced signaling is short-lived because these 

complexes transit out of the CD63+ compartments into the endosomal/lysosomal 

pathways where signaling is terminated. It is noteworthy that sustained IgE signaling 

comparable to that evoked by pAg, can be induced by sAg if its movement out of CD63+ 

compartments can be purposely impeded either through pharmacological agents that 

block endocytosis or deletion of specific molecules required for this process. Several 

models have previously reported that retarding endocytosis of IgE/FcεRI complexes, 

through deletion of RabGEF1/Rabex-5, a guanidine exchange factor207 of Rab 5, or by 

using cytochalasin D or latrunculins to block actin polymerization177,192 resulted in 

elevated FcεRI signaling and production of specific cytokines by MCs. Similarly, 

accelerating the sorting of IgE/FcεRI complexes into early endosome/lysosomes by over-

expression of CIN85, an adpter molecule of ubiquitin ligase Cbl-b, resulted in attenuated 

FcεRI signaling218,219. These studies together with the current findings highlight the 

largely overlooked role of MC endocytic circuitry and the intracellular location of these 

activities in regulating duration of mediator responses to allergens. 

Recent studies have shown that the endosomal system can not only serve as a 

conduit for the degradation and recycling of cell surface receptors, but also as an 

essential site where receptor signaling can be initiated, sustained, and terminated220. In 

our studies, we have demonstrated that whereas sAg are rapidly trafficked through the 
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degradative endocytic pathway and IgE/FcεRI mediated signaling quickly terminated, 

retention of IgE/FcεRI complexes in non-degradative lipid raft containing compartment 

by pAg vastly enhances IgE/FcεRI complex mediated signaling, pro-inflammatory 

cytokine production, and airway allergic responses. The robust interferon responses of 

plasmacytoid dendritic cells to CpG have similarly been linked to selective retention of 

TLR9-MyD898-IRF-7 signaling complexes for long periods within endosomes263. These 

data add evidence that the signaling emanating from early endocytic structures can 

control key functional aspects of cells and lead to critical physiological outcomes. The 

molecular mechanisms of how pAg/IgE/FcεRI complexes avoid the rapid degradative 

fate and signaling termination are currently unknown. It may be regulated by the rate of 

ligand dissociation, as suggested from the studies on EGFR and GPCRs mediated 

endosomal signaling. Alternatively, this effect may be related to differential activation of 

specific signaling components including Cbl-b or RabGEF1 which contribute to the 

ubiquitination process and intracellular trafficking of FcεRI 207,264.  

It is noteworthy that both sAg and pAg are initially internalized into CD63 

positive subcellular compartments. CD63 has previously been shown to be associated 

with the membrane of mast cell secretory granules 265. Therefore, the internalization of 

allergen into CD63 positive compartments suggests that allergens are initially 

endocytosed into the secretory granules of mast cells. This observation coincides with 
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previous findings by Shin et al., which found that internalized pollen starch granules are 

localized in VAMP7 positive secretory granule like compartments191. Currently, it is 

unclear why extracellular allergens first appear in secretory granules after endocytosis. 

We do know that when degranulation occurs, secretory granules are released from the 

mast cell by fusion of the secretory granule membrane with the existing cell surface 

membrane of the mast cell. This fusion of the secretory granule membrane with the cell 

surface membrane increases the total mast cell membrane exposed to the outside 

environment 266. This extension of the cell surface membrane in the degranulation 

process may allow MCs to capture outside allergens and hold them temporarily in those 

empty secretory granules. Our confocal images of GFP-CD63 transfected BMMCs at 5 

minutes after the challenge of sAg or pAg (Fig. 19) clearly show that sAg are embedded 

in unclosed CD63 positive granules on the cell surface, and CD63 positive membranes 

extending outward to wrap pAg. It is plausible that through this unique endocytosis 

mechanism, MCs are capable of internalizing extracellular antigens in large amounts 

and thereby sense the different physical natures of allergens.  

There is still no explanation for why pAg escape degradation and harbor in the 

specialized lipid raft-enriched secretory granule-like compartments for prolonged 

periods of time. Perhaps, the disassociation rate of allergen with IgE/FcεRI complex in 

these distinct compartments might influence their sorting into the endosome/lysosome 
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pathway. Although both sAg and pAg consist of the same allergen protein with the 

same affinity to IgE/FcεRI complex, the physical nature of pAg might enable them to 

bind more receptors, and therefore result in a higher antigen avidity and a slower 

disassociation rate. As previously reported, the disassociation rate of ligand and 

receptor can influence the sorting of the receptor into the endocytic system220. In this 

respect, the slower disassociation rate of pAg with IgE/FcεRI might result in a greater 

delayed exchange into degradative endosomal networks. A second possibility might be 

that, large clustered regions of lipid rafts aggregated around pAg may exclude certain 

important molecules to trigger the sorting process, such as ubiquitin ligases, or other 

adaptor molecules responsible for ubiquitination of FcεRI218,264, or molecules to connect 

or coordinate the movement of actin or microtubule cytoskeletons177,196. The last possible 

explanation for the prolonged presence of particulate allergens in granules may be the 

inherent incapability of MCs to exocytose and process particulate cargo. Unlike 

macrophages or neutrophils, which are functionally specialized to phagocytose various 

agents including particulate pathogens, MCs are primarily secretory cells.  

Another potential explanation for prolonged signaling by pAg from within MCs 

involves lipid rafts. These structures are unique plasma membrane microdomains 

enriched in cholesterol and sphingolipids, and have been demonstrated to be important 

in initiation of FcεRI signaling179,267 in MCs. A recent study showed that lipid rafts can 
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also supply a protective environment to maintain the kinase activity of FcεRI 

downstream Lyn kinase182. In this study, we examined the dynamics of FcεRI initiated 

signaling in lipid rafts and found that sAg-induced localization of FcεRI and its 

downstream phosphorylated signal molecules within lipid rafts only lasted for a short 

time of 10 minutes. This finding is identical with a previous study showing that sAg-

induced coalescence of crosslinked FcεRI within lipid rafts was transient and markedly 

decreased 10 minutes after activation176. Moreover, by comparing the dynamic location 

of FcεRI and downstream tyrosine phosphorylation events within lipid rafts after 

exposure to sAg or pAg, we found that, in contrast to sAg, pAg induced a prolonged co-

localization of crosslinked FcεRI and phosphorylated signaling events within lipid rafts 

of MCs. This may be because interactions among FcεRI and its downstream tyrosine 

kinases were better preserved in pAg-induced lipid raft clusters, and therefore the 

activated signaling was maintained for longer lengths of time. In summary, our 

observations suggest that the coalescence of FcεRI in lipid rafts is not only important to 

initiate signaling, but also crucial to maintain activated signaling.  

Our studies reveal a powerful mechanism for how particulate environmental 

allergens exacerbate allergic asthma symptoms. These findings, in concert with recent 

observations that IgE sensitized MCs retain naturally particulate allergens without 

degradation for extended periods of time191, suggest a scenario where pulmonary MCs 
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mediate sustained signaling for extended periods of time following exposure to pAgs. 

This model is supported by observations of asthmatic patients where MCs exhibit a 

chronically activated phenotype, even after exposure of the patient to the offending 

allergen has been eliminated46. Given that our studies show that prolongation of MC 

signaling by pAg occurs through delayed endocytosis of IgE/FcεRI complexes, 

pharmacological manipulation of the MC endocytotic activity may be a promising new 

therapy for allergic asthma. 
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Chapter 4. Perspective 

Although the FcεRI triggered signaling pathways have been thoroughly studied, 

knowledge of the endocytosis and endosomal traffic route of the receptor in mast cells is 

limited. This work provides a novel scenario of FcεRI activated signaling which is 

different from the traditional thinking that internalization of FcεRI serves as a 

mechanism to remove receptors from the cell surface and to dampen the activated 

signaling pathways. We have shown that internalized FcεRI can continue to signal by 

remaining associated with its ligand, IgE, and bound allergens, in specialized endosomal 

compartments. More interestingly, retension of IgE/FcεRI complex in these distinct 

compartments caused prolonged signaling and higher mast cell cytokine responses. This 

scenario, in which signaling is initiated at the cell surface and then continues in 

endosomes is called endosomal signaling, and holds true not only for FcεRI, but also for 

many cell surface receptors from the family of GPCRs, RTKs, and TLRs220,268.  

Endosomal signaling has recently been described for many receptors in various 

cells, however, the mechanisms which tightly control signaling from endosomes are 

enigmatic. Several mechanisms are postulated, such as the endosomal proteolysis 

ability, deubiquitination modification, and the ligand-receptor dissociation rate220,268. 

Because we found that FcεRI continues signaling in specialized endosomes enriched in 

lipid raft components, we speculate that it might be a general rule that a lipid raft 
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environment is a prerequisite for continued signaling from the endosome. Many 

proteins involved in signal transduction, such as GPCRs, RTKs, TLRs, integrins, Src 

family kinases, phosphatase, Ras, PKC, MAPK, PLA2, PLC, and PLD, PI3Ks, as well as 

SphKs and many adaptor molecules, are reported to be located within lipid rafts163,269. 

Recent findings have also demonstrated the importance of the actin-cytoskeleton for 

protein interactions within lipid rafts177,196. Therefore, upon agonist stimulated 

endocytosis, the signaling nexus of clustered receptors with ligands, and recruited signal 

molecules which are immobilized within defined lipid raft microdomains, are 

endocytosed as a whole assembly into the initial endosomes. During this process, the 

highly ordered lipid microdomains provide a protective environment to maintain the 

activated signaling from endocytosed receptors. More importantly, co-localization of 

proteins or lipids into lipid rafts is a dynamic process, even a small change of 

partitioning into a lipid raft can initiate or amplify signaling cascades159,163. In this aspect, 

the lipid raft environment of the signaling endosome can exclude or include positive or 

negative regulators in the assembly to different extents, and as a consequence, achieves 

‘fine tuning’ of signals propagated from this ‘signalosome’267 (Fig. 37).   

The advantage of this ‘hold then decide’ mode of signaling might be partly that, 

rather than use ligand-receptor pairs to recognize extracellular stimulis to immediately 

respond, the cells possess an additional mechanism to accurately evaluate the stimulus  
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Figure 37: Lipid raft environment regulates the FcεRI signaling from 

signalosomes in mast cells. 

 

When sensitized MCs are exposed to allergens, their surface FcεRI are 

crosslinked by IgE bound with allergens. The crosslinked receptors then move into 

specialized lipid raft domains on the plasma membrane (①), where the membrane lipids 

are more ordered and compact than regular membranes. Once FcεRI moves into lipid 

rafts, the lipid raft located signal molecules will activate ITAM motifs on cytoplasmic 

tails of the receptor (①). As a consequence, the activated ITAM motifs provide docking 

sites for other signaling molecules and adaptors, which are recruited from the cytoplasm 

upon the FcεRI activation and responsible for further amplification of the initial signal 

(①). Concurrently, endocytosis is also triggered as crosslinked FcεRI and recruited 

signaling molecules are accumulating into lipid rafts. Therefore, the signaling nexus of 

clustered receptors with ligands, and recruited signaling molecules which are 

immobilized within defined lipid raft microdomains, are endocytosed as a whole 

assembly into the initial endosomes and form “signalosomes”.  

During the endocytosis of sAg-induced signalosome, ubiquitin ligases which 

decide the sorting fate of sAg, and cytoskeleton modulators which modulate the 

transportation of intracellular compartments, are recruited and insert into lipid rafts of 

the signalosome. This incorporation of molecules functioning in endosomal sorting leads 

the transportation of the sAg/IgE/FcεRI complex into degradative endosome/lysosome 

networks. However, degradative endosome/lysosome networks are not enriched with 

lipid rafts, and as a consequence, lipid raft located signaling molecules leave along with 

the cytoplasmic signaling molecules recruited into lipid rafts. The sAg-induced FcεRI 

signaling thereby ceases.   

In marked contrast, in the pAg-induced signalosome, the particulate physical 

nature of pAg enables itself to aggregate more receptors and those ITAM-docked 

signaling molecules in lipid rafts, which results in a more stable signaling platform. 

Under this status, there is limited space for further incorporation of ubiquitin ligases and 

cytoskeleton modulators into lipid rafts, thereby hindering the sorting of signalosome 

into the degradative endosome/lysosome system. Since the highly ordered lipid 

microdomains in the signalosome are capable of providing an environment to preserve 

the interactions among receptors and other signaling molecules, as well as protect kinase 

activities of signaling molecules located in lipid rafts, the activated FcεRI signaling 

continues to propagate from there.  
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and then decide further responses. In this work, soluble allergens and particulate 

allergens consisting of the same allergen protein with the same affinity for the IgE/FcεRI 

complex with equal recognition by FcεRI, results in similar signaling profiles and 

comparable initial signaling strength of mast cell upon allergen binding. However, in 

comparison to soluble allergens, the physical nature of particulate allergens may bind 

more FcεRIs causing them to be concentrated in surrounding lipid rafts, or attract more 

lipid rafts to sites of FcεRI crosslinking. These subtle differences in endosomal lipid rafts 

might cause increased exclusion of negative regulators, such as phosphatase, ubiquitin 

ligase, and actin modulators, from the rafts surrounding particulate allergens thereby 

resulting in prolonged stimulation of FcεRI by particulate allergen and sequential 

endosomal signaling (Fig. 37). This theory may also explain why compared to the 10:1 

ratio of particulate allergens to mast cells, the 100:1 ratio of particulate allergens to mast 

cells caused a decreased cytokine production from cells without changing the cell 

viability. The reason might be that, in certain ranges of allergen challenge strength, 

increased endosomal lipid raft aggregation causes higher cell activation due to the 

exclusion of negative regulating signals, but beyond that range, the heavily aggregated 

rafts might exclude positive signals as well as negative signals and cause decreased 

activation thereby resulting in decreased cytokine production. In aggregate, agonist 

stimuli bring immune receptors into raft enriched compartments, where their activities 
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are protected and their interactions with other molecules are facilitated. Moreover, by 

shifting the equilibrium of signaling molecules associated with lipid rafts, these 

compartments provide a means to finely regulate signaling from engaged receptors.  

To validate our hypothesis that lipid rafts are critical regulators of endosomal 

signaling, several assays can be performed. Morphological methods, such as fluorescent 

confocal microscopy or EM, could be used to visualize the amount and phosphorylation 

level of individual molecules in endosomal lipid rafts. Biochemical methods could be 

useful to test enzymatic activity of raft located molecules and chemical modifications on 

those molecules, either in isolated signaling compartments that can be sorted out by the 

CD63 marker or lipid raft markers, or in isolated lipid raft fractions. The combination of 

2D-gel and proteomics analysis could be employed to identify novel signaling proteins 

that contribute to endosomal signaling. FRET-based analyses could be used to monitor 

in real time the dynamic exchange of signaling molecules between lipid raft 

compartment and non-lipid raft compartment in living cells. We might also use the 

allergen modified lipid droplet, loaded with lipid raft disrupter to specifically disturb 

the lipid raft environment in endosomal compartments to examine the role of rafts in 

endosomal signaling. 

There were several other interesting findings in this work that are notable, but 

we did not have immediate ways to further investigate these results. We found that the 



 

136 

internalization of soluble allergens involves over 90% of FcεRI bound on mast cell 

plasma membranes. In contrast, since there are on average 2-3 particles associated with 

allergens being internalized per mast cell, only about 10% of FcεRI on the mast cell 

membrane are internalized together with particulate allergens. The free FcεRI receptors 

on membrane are gradually endocytosed by themselves during the duration of the 

experiment. Therefore, why can 10% activated FcεRI induce 4-5 fold stronger mast cell 

activation than 90% activated FcεRI? Does this mean that particulate allergens are more 

potent triggers of mast cell activation? Although compared with soluble allergens, 

particulate allergens heightened the production of many different cytokines, but there 

were still some cytokines that did not show any difference in production between the 

two types of allergen challenges. Does this means that particulate allergens selectively 

potentiate the production of particular cytokines? In other words, why does the 

elongated endosomal signaling induced by particulate allergens only impact the 

production of certain cytokines? We may need to explore these questions in the future, 

because the answers will help us to better understand FcεRI mediated signaling and its 

modulation mechanisms. 

The present work makes important contributes to a better understanding of 

FcεRI mediated signaling from endosomes and its critical influence on mast cell biology 

and pathogenesis of allergic asthma, which could have important implications for drug 
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development and therapy. For example, the compounds that can accelerate the sorting 

of internalized allergens into the endosome-lysosome network could be identified by 

high-throughput screening. In addition, drugs that can specifically function to inhibit 

certain kinase activity important for FcεRI signaling such as recently identified 

inhibitors of the src family kinase, AZD0530270, SKI-606 and SKS-927271, might be loaded 

into allergen modified capsules to target the signaling endosomes.  
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