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Abstract 
Allergies are a health challenge resulting from excessive and inappropriate responses to 
innocuous antigens (allergens), and a key cellular player is the mast cell. Mast cell 
activation by allergen initiates a response through the FcϵRI culminating in the release of 
multiple inflammatory mediators. Calcineurin inhibitors have been used to treat allergies; 
however, there is a lack of understanding of the contributions of calcineurin isoforms. 
Knowledge of calcineurin isoforms may reveal specific targets to treat allergy. Therefore 
FcϵRI-mediated events were examined in mast cells from mice lacking calcineurin Aα. 
While appearing morphologically normal, the cells show decreased degranulation and 
release of cytokines and chemokines in vitro. Upon adoptive transfer into mice, the 
reduction in mediator release was detected in the early but not late phase response. The 
reduction in mediator release was associated with a reduction in the NF-κB signaling 
pathway. Thus, specifically blocking calcineurin Aα may reduce FcϵRI-mediated allergy.  
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CHAPTER 1: INTRODUCTION 

1.1 – Allergies 

1.1.1: Allergic inflammation 

Allergic inflammation, or allergy, is a result of the immune response mounted 

against “harmless” antigens. To be more specific, it is an excessive and inappropriate 

response against specific though otherwise innocuous allergens that the immune system 

had been previously sensitized to1.  The ensuing inflammatory response is a spectrum of 

events, typically characterized by increased vascular permeability to allow for the 

chemotaxis of immune cells, and their subsequent activation and release of inflammatory 

mediators2. At the same time, there is an anti-inflammatory response that is also 

stimulated to try to maintain a homeostatic balance between both processes3. It is 

important for this anti-inflammatory response to occur, as an uncontrolled strong 

inflammatory response to an allergen can be fatal, what we know as anaphylactic shock2. 

Examples of allergic inflammation in which the response is pro-inflammatory include 

asthma, allergic rhinitis, atopic dermatitis, and food allergy, amongst others4.  

 

1.1.2: Clinical epidemiology of allergy 

During the past many years, statistics on the prevalence and incidence have been 

recorded that paint a vivid and chilling picture of the burden of allergy. Reports from the 

American Academy of Allergy, Asthma, and Immunology (AAAAI), the Centers for 

Disease Control and Prevention (CDC), and the Allergy Asthma Information Association 

(AAIA) show that about 20-25% of Canadians have allergic rhinitis, about 10-30% of the 



2 
 

world’s population suffers from allergic rhinitis, and 40% of the population has been 

sensitized to foreign particles in the environment. In the case of food allergy, a study 

looking at about 38,000 children up to 18 years of age showed a prevalence of 8%, with 

30.4% allergic to multiple foods5.  

It is important to consider that these statistics do not include other forms of 

allergy such as reactions to insect bites or drugs. Nevertheless, the prevalence has risen in 

the industrialized world over the last half-century and sensitization of children in 

classroom environments to common allergens have risen to about 50% according to the 

World Allergy Organization in 2011. In the United States, it is reported that roughly 1 in 

5 individuals have an allergy6. To further complicate the condition, there are situations 

where one existing allergy can increase susceptibility to others - patients with asthma or 

allergic rhinitis were found likely to be sensitized for proteins in food or exhibit an 

allergic reaction to foods7. In other studies, it was shown that there is a gender disparity 

in the prevalence and severity of allergic diseases, that may be explained by sex 

hormones and others during growth8. 

Considering the magnitude of this health challenge, it becomes imperative to 

understand that allergies are a complex disease and there are variables yet to be unraveled 

that are involved in the spectrum of allergic responses – these need to be understood in 

order to develop preventative or appropriate therapeutics measures.  
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1.1.3: Important cellular players in allergy 

Despite the complexity of allergies, researchers have made considerable progress 

on delineating the processes in the immune response that occur upon exposure to an 

allergen. This has led to a better understanding of the sequence of events occurring from 

allergen encounter to resolution of the allergic response. The inflammation in the allergic 

response is a result of a coordination of signaling cascades of various immune cell types 

and secretions9. One immune cell type heavily implicated and identified as the primary 

culprit in the allergic response and ensuing pathophysiology is the mast cell. Upon 

activation of mast cells by allergens there is release of multiple inflammatory products10, 

11 that have effects within the microenvironment manifesting as the overall allergic 

inflammatory response12.   

 

1.1.4: Phases of allergic inflammation 

The mediators released by the mast cell in the allergic response can be organized 

into two categories – pre-formed mediators stored within granules and de novo 

synthesized mediators11. These two categories function in two phases of the allergic 

immune response, with the former in the acute phase and the latter in the late phase. 

Furthermore, the products released in the acute phase help in the transition to the late 

phase allergic immune response1, 2.   

Mast cell pre-formed mediators are found stored within cytoplasmic granules and 

have immediate and direct effects due to their rapid release in relatively high 

concentrations, and targets following mast cell activation with allergen10. Some examples 
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of mediators released from granules during degranulation include histamine, tryptase, and 

heparin13. Moreover, some inflammatory cytokines such as TNF and chemokines such as 

CCL2 (MCP-1) have been discovered stored within granules and also released during 

mast cell degranulation13, 14. The rapid release of these mediators promotes changes in the 

surrounding tissues including increasing vascular permeability and the recruitment of 

leukocytes that in turn, play a role in the inflammation associated with the late phase 

response2, 11.    

De novo synthesized mediators include lipid mediators and a plethora of 

cytokines and chemokines. These mediators are mainly produced in the late phase of the 

allergic immune response and further aid in promoting local chemotaxis of other cell 

types, as well as promoting inflammation. An example of a lipid mediator is leukotriene 

B4 (LTB4), which has profound effects in allergy. LTB4 is a potent mediator that 

promotes the chemotaxis of neutrophils, eosinophils, and lymphocytes15, 16. LTB4 also 

acts on endothelial cells to increase permeability, airway reactivity, and goblet cell 

secretion17.  

De novo synthesized cytokines and chemokines also play an important role in the 

late phase reaction of the allergic immune response. They further promote the existing 

inflammation and may be associated with pathological pain that is present in some 

instances of allergic inflammation18. Cytokines and chemokines are abundant in the late 

phase reaction, released from mast cells and recruited leukocytes, as well as the 

pleiotropic effects they exhibit. Even pre-formed and released TNF and CCL2 that are 

released from granules are also newly synthesized in the late phase allergic immune 

response.  
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skin, and this property allows them to be early responders to foreign antigens from the 

environment.  

Due to resident mast cells populating different sites in multiple 

microenvironments, it is not surprising that these populations display heterogeneity. In 

humans, there are at least three categories of mast cells, based on serine protease content 

(MCT – tryptase only, MCC – chymase only, and MCTC – tryptase and chymase)21. Mast 

cells in mice and rats have been characterized into two categories – connective tissue-

type and mucosal-type mast cells22. Variations in homing and recruitment mechanisms 

regulate the influx of mast cell progenitors to tissue sites where maturation takes place22. 

Furthermore, rather than distinct categories of mast cell phenotypes, it is more favourable 

that there exists a dynamic spectrum of phenotypes and function depending on the 

environmental interactions taking place during maturation. 

Despite the heterogeneous populations of mast cells, what remains the same is the 

sentinel capability they have in the innate and acquired immune response23, 24. This is 

largely due to the multiple types of receptors expressed at the cell surface, capable of 

recognizing a multitude of antigens and coordinating a subsequent appropriate immune 

response25, 26, 27. These receptors allow the mast cell to be involved in recognition and 

participation in the immune response to foreign viral28, bacterial29, helminthic30, fungal31, 

and allergenic32 sources, as well as hormones and other mediators and peptides33, 34 found 

within the host27. One of these receptors is the high affinity IgE receptor (FcϵRI), of 

which activation initiates the FcϵRI-mediated signaling pathway and allergic immune 

response – this is also the signaling pathway of interest studied in this thesis. 
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1.2.2: IgE – high affinity IgE receptor – (FcϵRI) mediated signaling pathway 

The general signaling pathway and key players activated following crosslinking 

the FcϵRI have been established from extensive research although, there is evidence of 

mast cell activation through IgE receptors differing on an individual basis35, 36.  

FcϵRI is a tetrameric receptor consisting of an α chain that binds IgE, β chain, and 

two γ chains containing immunoreceptor tyrosine-based activation motifs (ITAMs) 

responsible for signaling. Dimerization of FcϵRI by antigen (Ag)-crosslinked IgE results 

in internalization of the complex and the initiation of the FcϵRI-mediated signaling 

pathway leading to the allergic immune response. Phosphorylation of ITAMs recruit 

proteins in the signaling cascade from the cytoplasm. Subsequent series of 

phosphorylations and recruitment of multiple adaptor proteins and lipids eventually leads 

to the mobilization of calcium and ultimately activation of transcription factors such as 

nuclear factor of activated T-cells (NFAT) and nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-κB)37. The FcϵRI-mediated signaling pathway is more complex 

than just described and has been extensively reviewed in literature in detail38, 39.  

The FcϵRI-mediated signaling cascade essentially results in two main events: 1) 

degranulation of pre-formed mediators, and 2) de novo production and secretion of lipid 

mediators and cytokines/chemokines. Upon release, these mediators play indispensable 

roles in the inflammation associated with the allergic immune response2, 24.  
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1.2.3: Mast cell-secreted products 

Mast cells can produce and release different mediator profiles depending on the 

type of stimulus10, but activation through the FcϵRI will result in release of pre-formed 

mediators from granules, and the production and secretion of lipid mediators, cytokines, 

chemokines, and growth factors. These mediators have specific roles in the early and late 

phase mast cell FcϵRI-mediated immune response and have been well-studied by 

researchers. It is important to understand that most of the secreted products are studied 

under in vitro mast cell-specific settings, and it is more difficult to assess the role played 

by each mediator in an in vivo setting24. Furthermore, in addition to mast cells, there are 

multiple cell types responding to these mediators, and direct specific actions on each cell 

type are difficult to measure in vivo.  

 

Pre-formed mediators 

The release of pre-formed mediators from mast cells dictate the early phases of 

the immune response as degranulation of these products is rapid and robust. Furthermore, 

some of the mediators released upon degranulation act to recruit other leukocytes and 

initiate an inflammatory cascade of events. The granules found within mast cells have 

been classified into categories based on the contents; however, this is not firm and it is 

likely there is granular heterogeneity depending on multiple factors including species and 

tissue site10, 40. What is consistent are the different classes of mediators pre-formed and 

stored within the granules, including but not limited to lysosomal enzymes, biogenic 

amines, mast cell-specific proteases, cytokines, and chemokines41.  
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Lysosomal enzymes stored within granules include β-hexosaminidase and β-

glucuronidase42, 43, both of which have degradative functions; they have been found to 

digest carbohydrates such as peptidoglycan from bacterial cell walls44. Because of the 

abundance of β-hexosaminidase within the rapidly released granules42, it has been widely 

used as a measure of degranulation45 despite a lack of evidence showing any role for β-

hexosaminidase in the FcϵRI-mediated immune response to allergen. 

Biogenic amines such as serotonin and histamine are found within mast cell 

granules and are released upon FcϵRI-mediated mast cell activation46, 47. Serotonin may 

play a role in behavioural aspects associated with allergic rhinitis48 through transmission 

of mast cell-mediated signals to local nerve endings41. It may also further promote 

inflammatory responses by enhancing mast cell migration to the site of inflammation and 

challenge49. Histamine has been well characterized in allergic inflammation, especially in 

smooth muscle contraction and increasing vascular permeability in local areas of 

release50. These have profound implications in allergic diseases such as asthma and 

histamine has been one target for pharmaceutical approaches to therapy51. 

Mast cell granules also contain serine proteases such as tryptase and chymase. 

Found in high concentrations within granules, they are readily degranulated with other 

products such as histamine52, 53. Blood tryptase levels have been used clinically as a 

measure of anaphylaxis, as there are increased levels of tryptase in allergic instances54. 

Furthermore, tryptase can also be used as a measure of total mast cell numbers55. In 

allergy, chymase potentially plays a protective role, as there was increased airway 

hyperresponsiveness and inflammation in the upper respiratory tracts in a chymase-

deficient mice model of allergy56. 
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Select cytokines have also been found stored within granules and released upon 

degranulation. TNF is the first cytokine found to be stored in granules57, and has pro-

inflammatory functions in allergy. It indirectly facilitates the recruitment of leukocytes 

such as neutrophils to the environment58. Another cytokine that has been found stored in 

granules is IL-459. The role of IL-4 is likely to be mediating Th2 responses such as 

promoting IgE isotype switching and secretion60.  

 

Newly synthesized cytokines/chemokines 

Apart from degranulation of pre-formed mediators, mast cells also synthesize and 

release a plethora of cytokines and chemokines upon FcϵRI-mediated mast cell 

activation. Cytokines and chemokines have been shown to be released by FcϵRI-

mediated mast cell activation although many of these were identified from transformed 

cell lines and may not be an accurate physiological representation24. Some of the typical 

cytokines found to be released from human mast cells or primary mast cells in mice 

include TNF61, 62, 63, IL-464, 65, IL-666, 67, and IL-1368, and chemokines CCL169, 70, CCL271, 

CCL370, 72, CCL970, and CXCL573, 74. These cytokines and chemokines are synthesized 

upon FcϵRI-mediated mast cell activation and have important functions (briefly outlined 

in Table 1) in the early and late phase allergic immune response.  
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activation of leukocytes in the pro-inflammatory environment78, 79.  

 

Blocking secretion 

Another possibility of pharmaceutical intervention would be the signaling 

mechanisms involved in the secretion of mediators. Ideally, this would prevent the 

mediators from being released in the first place and would not necessitate the use of 

receptor antagonists or blocking monoclonal antibodies to prevent inflammatory 

conditions because of the released products. These types of pharmaceuticals can range 

from mast cell stabilizers80, 81 to drugs that target proteins involved in secretory 

trafficking82. However, progress has been slowed on pharmaceuticals specifically 

targeting secretion pathways due to conflicting results83 and the need for further testing of 

promising safer types of pharmaceutical intervention84. Furthermore, specificity of these 

drugs to secretory events during FcϵRI-mediated mast cell activation must be accounted 

for since there are homeostatic processes that require functional secretory mechanisms 

common to both82, 85, 86. Regardless, regulation of secretion remains an attractive target 

since preventing mediators from being released can have a profound benefit in reducing 

disease81.  

 

Blocking FcϵRI-mediated signaling pathway components 

With research improving our knowledge on the various components within the FcϵRI-

mediated signaling pathway and important proteins that regulate specific functions, we 

can develop a great deal of potential therapeutic targets against allergy. Furthermore, we 
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can circumvent some of the complexities inherent in signaling pathways by either 

blocking signaling upstream of mediator synthesis or mediator release – inhibiting key 

signaling elements will allow us to do both. This is the basis for many current drugs 

being tested or used to treat mast cell-mediated diseases. It is also the foundation for 

current research where the contributions of specific proteins in the FcϵRI-mediated 

immune response are studied in induced gene-deficient animal models or cell-based 

models, with a goal to develop therapeutic approaches. One class of pharmaceutical with 

demonstrated anti-inflammatory properties in other clinical settings are calcineurin 

inhibitors. The mechanism(s) and contribution(s) of calcineurin to the FcϵRI-mediated 

immune response are the focus of this research.  

 

1.3 – Mast cell models 

 

There is considerable challenge in studying such a complex cell type and 

delineating the different responses to stimuli in different disease settings. The reason is 

because it is not possible to completely reconstruct the same environmental settings 

found within the host that the mast cells are exposed to during antigen challenge. 

Furthermore, mast cells may populate specific areas within the host, but they are not 

found in high numbers; to achieve a monoculture of these mature mast cells from 

peripheral tissues is challenging as purification processes result in a very low yield of 

mast cells, not to mention the potential of undesirable effects such as inadvertent 

activation87, 88. However, different mast cell models have been developed and techniques 

refined to attempt to better understand the processes and functions that take place 

physiologically89.  
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Groups of researchers have successfully developed several mast cell lines of 

rodent and human origin for in vitro experiments. In rodents, the RBL-2H3 (rat) and MC-

9 (mouse) transformed cell lines have been established. In humans, there are two cell 

lines that encompass mast cells in different stages of maturity. The HMC-1 cell line 

consists of immature mast cells90, while the LAD2 cell line are more differentiated and 

matured mast cells91. It is important to understand that these mast cells are genetically 

altered and thus may not reflect the phenotypic responses seen in physiological settings.  

Another method of deriving mast cells for experiments in vitro is to harvest 

progenitors and use conditioned media to mature and maintain mast cell monocultures. A 

popular source of these progenitors is from the bone marrow, and this has been widely 

used in mast cell research. Other tissue sites where progenitors can be harvested include 

umbilical cord blood, fetal liver, and peripheral blood88, 92, but the source is important as 

cord blood and peripheral blood-derived progenitors have been shown to give rise to 

different mast cell phenotypes93. Culture conditions are important for maturation of 

progenitors as it influences the phenotypic properties of mature mast cells. Typical 

conditioned media for primary mast cell cultures contains IL-3 and stem cell factor 

(SCF)94, 95. Once again, it is important to highlight that these mast cells are derived from 

conditions that do not mimic those seen in vivo and cannot be conclusive representations 

of the physiological effects taking place within the host organism. This drives the need 

for research of mast cells using in vivo models and the development of techniques that 

allow the integration of in vitro results with in vivo mast cell models.  

The development of mice deficient in mast cells was critical to the field of mast 

cell research, specifically W/Wv and Wsh/Wsh mice strains96, 97. These strains have genetic 
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mutations that affect CD117 (c-Kit), which is the receptor for SCF. Of the two mouse 

strains, the Wsh/Wsh is a better mouse model to use as there is greater mast cell deficiency 

compared to W/Wv mice, mice are fertile, and are not predisposed to other conditions that 

have the potential to confound mast cell-related research97, 98. Mast cell-deficient mice 

allows researchers to study the impact that mast cells (and lack thereof) have in different 

disease settings. Taking it a step further, the adoptive transfer of cultured primary mast 

cells back into these mice allows for results that are mast cell-specific and a comparison 

between in vitro and in vivo systems, and has been widely used in research99, 100.  

In the pursuit for the optimal animal model to represent in vivo conditions, the 

development of a mast cell-specific mast cell protease (Mcpt)5-Cre mouse system was 

achieved, with the Cre under the control of the promoter of Mcpt-5 in connective tissue 

mast cells101. Using a Cre/loxP system to edit genes of interest mitigates the potential 

confounders that a systemic genetic deficiency will have on the development of the mice 

and allows for conditional control of gene deficiencies. This is a powerful tool for 

analyzing the effects a gene may have in vivo in mast cell-mediated disease settings in 

mice102, and many strains are commercially available with floxed genes of interest.  

The refinement and impact of CRISPR/Cas9 system has also allowed for genetic 

engineering and holds vast clinical promise. Through the ability to manipulate gene 

expression, this system has been used to edit genes of organisms ranging from plants to 

vertebrates103. In mast cells and allergy, CRISPR/Cas9 has been used to study roles of 

specific genes in the immune response. Through editing of the mouse genome, 

researchers have been successful in creating mouse models of disease for in vivo 

experimentation104.  
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1.4 – Calcineurin 

1.4.1: Characteristics of calcineurin 

Calcineurin is a serine threonine protein phosphatase conserved in all 

eukaryotes105 with critical functions in multiple cell types and signaling pathways. It is 

composed of two subunits – catalytic subunit A (CnA) and regulatory subunit B (CnB). 

Each subunit contains specific domains that play roles in the calcium-dependent 

activation of calcineurin. The catalytic subunit A consists of three isoforms, α (CnAα), β 

(CnAβ), and γ (CnAγ). CnAα and CnAβ are ubiquitously expressed and distributed, 

while CnAγ is found in limited tissues106.  

The activation of calcineurin from its inactive state has been widely studied and 

well characterized107. Briefly, elevated levels of calcium, upon FcϵRI-mediated 

activation, will bind to CnB and binding partner calmodulin (CaM). Conformational 

changes to calcineurin and the binding of CaM to the calmodulin-binding domain will 

remove an autoinhibitory domain on CnA108.109 This results in the activation of 

calcineurin and allow it to interact with its substrates.  

Calcineurin binds and interacts with a variety of substrates to regulate many 

physiological functions, ranging from cell cycle and apoptosis to cytoskeletal 

functions110. Examples of important interactions of calcineurin are with transcription 

factors such as NFAT and NF-κB to regulate immune responses111. Calcineurin interacts 

with NFAT directly by dephosphorylating NFAT at specific sites to unmask a nuclear 

localization signal, allowing NFAT to translocate into the nucleus and initiate the 

transcription of various genes111. Activation of NF-κB is indirect and likely through 
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dephosphorylation of Bcl-10 and formation of the Carma1-Bcl10-Malt1 complex in the 

signaling pathway, leading to phosphorylation and degradation of IκBα to release 

inhibition of NF-κB112, 113, 114. The activation of these transcription factors and subsequent 

gene expression results in many physiological functions, and dysregulation has been the 

culprit of various disease settings110. This provided the impetus for research on 

calcineurin inhibitors as a form of therapeutic towards its associated pathologies.     

 

1.4.2: Calcineurin inhibitors as therapeutics 

Due to the importance of calcineurin in mediating many physiological functions 

including immune responses, the development of calcineurin inhibitors such as 

cyclosporine A and tacrolimus (FK506) were instrumental in organ transplant 

successes115. The action of calcineurin inhibitors work to suppress the T lymphocytes in 

the immune response through the inhibition of interactions with transcription factors 

involved in production of undesirable mediators116. However, the successful use of 

calcineurin inhibitors has been found to also result in adverse pathologies including 

nephrotoxicity and hypertension, warranting further research on the mechanisms 

involved117, 118.  

 

1.4.3: Calcineurin in FcϵRI-mediated immune responses 

Calcineurin inhibitors have been used for anti-inflammatory effects in mast cell-

related FcϵRI-mediated incidences of allergy such as atopic dermatitis119, 120. The safety 

of using calcineurin inhibitors in allergies has been acknowledged, and long-term studies 
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are in progress121. Activation of mast cells in an IgE-dependent manner results in 

calcineurin-dependent activation of NFAT as well as NF-κB through Malt1 and Bcl10, 

leading to mediator synthesis that promotes allergic inflammation114, 122, 123. Remarkably, 

since most of our knowledge on calcineurin and allergies come from the use of 

calcineurin inhibitors, we are still lacking genetic and definitive evidence of the roles 

calcineurin plays in the FcϵRI-mediated immune response – specifically the contributions 

of the different isoforms.  

 

1.4.4: Calcineurin A – alpha isoform  

The focus of my research is specifically on the α isoform of calcineurin. As one of 

the isoforms ubiquitously expressed in various tissues, there has been research done on 

CnAα in other physiological settings. Unfortunately, research on this isoform has been 

limited due to early lethality of homozygous CnAα gene knockout mice124.  Most of the 

literature describes the phenotypes associated with CnAα deficiency in non-immune 

settings including submandibular gland function and secretion124, renal development and 

function125, and keratinocyte differentiation and survival126. Specifically, maturation was 

affected including the CnAα deficient mice being smaller, with smaller livers and 

kidneys127, and decreased size and maturation of glomeruli in the kidneys125 compared to 

wild type counterparts. CnAα deficiency also resulted in abnormal cytoskeletal 

components in brain cells128 and decreased differentiation of epidermal cells126 in mice. 

In contrast, T and B cell maturation was found to be normal in CnAα deficient mice129. In 

the immune system, CnAα deficiency has been shown to result in an impaired in vivo T 

cell response to antigen129. Otherwise, there is a paucity of literature or research on 
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calcineurin isoforms in mast cells and its role in the FcϵRI-mediated immune response, 

despite the use of calcineurin inhibitors to treat allergy. Thus, it is imperative to delineate 

and understand the mechanisms in which CnAα contributes to the FcϵRI-mediated 

signaling pathway in mast cells so that improvements can be made in the therapeutic 

approaches concerning calcineurin. 

 

1.5 – Rationale, Hypothesis, Objectives 

1.5.1: Rationale 

While calcineurin inhibitors have been applied in incidences of allergic 

inflammation, there is a lack of genetic and definitive evidence of the mechanistic role of 

calcineurin and the contributions of the isoforms in the FcϵRI-mediated immune 

response. Previous work from our laboratory has shown that an endogenous regulator of 

calcineurin (Rcan1) plays an important role in suppression of the FcϵRI-mediated 

immune response through regulation of calcineurin – Rcan1 deficiency resulted in 

enhanced inflammatory phenotypes seen in vitro and in vivo FcϵRI-mediated models of 

allergy123. Thus, while calcineurin is an attractive therapeutic target in allergy, it is 

important to characterize calcineurin and the isoforms regarding the role they play in 

mast cell FcϵRI-mediated activation. Through studying the mechanisms and contributions 

of the different isoforms of calcineurin, a fundamental understanding can be formed and 

serve as the basis for future therapeutics against allergy.  
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1.5.2: Objectives 

The objectives of this research project are to determine the following: 

1. The role of CnAα on the development of mast cells 

2. The contributions of CnAα on FcϵRI-mediated degranulation (early phase 

response) 

3. The contributions of CnAα on FcϵRI-mediated cytokine and chemokine 

production (late phase response) 

4. The effects of CnAα on the FcϵRI-mediated signaling pathway 

 

1.5.3: Hypotheses 

Based on existing knowledge on calcineurin in the FcϵRI-mediated signaling pathway 

and immune response, we hypothesize that CnAα deficiency will not result in any 

impairments on mast cell development. We also hypothesize that CnAα is necessary for 

both early and late phase responses to FcϵRI-mediated challenge, and deficiency will 

result in impaired levels of released pre-formed mediators, de novo mediators, and 

observable inflammation. Finally, we hypothesize that CnAα deficiency will result in 

impaired activation of key FcϵRI-mediated signaling pathway components, relative to 

wild type.  
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CHAPTER 2: MATERIALS AND METHODS 

2.1: Animals 

All experiments followed protocols approved by the University Committee on 

Laboratory Animals, Dalhousie University, in accordance with the guidelines of the 

Canadian Council of Animal Care. CnAα+/- mice were generously donated by Dr. 

Jennifer Gooch (Emory University, Georgia, ATL, USA), and mast cell-deficient 

Wsh/Wsh mice were obtained from The Jackson Laboratory (B6Cg-kit W-

sh/HNiHJacBsmJ NistltF4, Bar Harbor, Maine). Mice colonies were bred and housed in 

the Izaak Walton Killam (IWK) Health Centre Animal Care Facility, and food and water 

were provided ad libitum prior to and during experimentation. 

 

2.2: Cell isolation, cell culture, and activation 

2.2.1: Extraction of cells from liver tissue 

Entire livers were isolated in aseptic conditions from neonatal mice bred from 

heterozygous CnAα+/- breeding pairs. The livers from individual neonates were ground 

and pressed through a 40μm cell strainer to produce a cell suspension in Roswell Park 

Memorial Institute (RPMI) 1640 medium, collected into 50mL conical tubes. Contents 

were centrifuged at 500xg for 5 minutes at 4˚C and an aliquot of resuspended cells was 

stained and counted using trypan blue exclusion to determine the number of live cells. An 

extra clipping of neonatal tissue from each newborn pup was taken for genotyping 

purposes. Flasks containing CnAα knock-out cells and corresponding littermate wild-type 

cells were maintained and used for experiments, and heterozygous cells were discarded. 
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2.2.2: Mast cell monoculture 

Isolated liver-derived cells were resuspended at a density of 0.5 x 106 cells per 

millilitre of complete mast cell growth media in T-25 cell culture flasks (Sarstedt, 

Montreal, Quebec). Complete mast cell media consists of 500mL of RPMI 1640 with L-

glutamine, 10% heat-inactivated fetal bovine serum (Gibco, Thermo Fisher Scientific, 

Waltham, Massachusetts), 10% WEHI-3B conditioned medium, 1% of 

penicillin/streptomycin (Gibco, Thermo Fisher Scientific), 50μM 2-mercaptoethanol 

(Sigma-Aldrich, St. Louis, Missouri), and 200nM prostaglandin E2 (Sigma-Aldrich). 

Mouse stem cell factor (mSCF) (Peprotech, Rocky Hill, New Jersey) was supplemented 

into each flask at a concentration of 30ng/mL. Non-adherent cells were resuspended 

twice a week in fresh complete mast cell media supplemented with fresh mSCF and 

transferred to a new flask once per week. After 4-6 weeks, the purity of liver-derived 

cultured mast cells was greater than 95%. 

 

2.2.3: WEHI-3B cell line monoculture for IL-3 

WEHI-3 (American Type Culture Collection, Manassas, Virginia; ATCC® TIB-

68™) cells were cultured in complete medium containing RPMI 1640 with L-glutamine, 

10% FBS, 1% Minimum Essential Medium (MEM) non-essential amino acid (Gibco, 

Thermo Fisher Scientific), 1% Penicillin/Streptomycin, 1% 4-(2-Hydroxyethyl) 

piperazine-1-ethanesulfonic acid (HEPES) (Gibco, Thermo Fisher Scientific), 50μM 2-

mercaptoethanol, and 1-2mL 1M NaOH. Complete medium was filtered using a 0.22μm 

pore size prior to use for cell culture. Culture flasks were kept at 70-80% confluency and 

media was gently transferred into 50mL conical tubes when the colour turned yellow in 
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the flasks, without disturbing the adherent cells. Fresh media was added to each flask to 

replace harvested media each time it was taken. The conical tubes were centrifuged at 

480xg for 5 minutes to pellet any cell debris, and the supernatant was transferred to a 

sterile bottle. All batches of supernatant were mixed together to ensure an even 

concentration of IL-3 throughout, stored frozen at -20˚C, and filtered before use in mast 

cell culture.  

 

2.2.4: TIB-141 cell line monoculture for anti-DNP IgE 

IGEL b4 (ATCC® TIB-141™) cells were cultured in filtered complete medium 

(0.22μm pore size) consisting of Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 

Thermo Fisher Scientific), 10% FBS, and 1% Penicillin/Streptomycin at 37˚C and 10% 

CO2 culture conditions. Cells were cultured at a density of 0.1 x 106 cells/mL. Cell media 

was changed every two days, and starting from the second passage, supernatant was 

collected after centrifugation of contents from culture flasks into baked glassware then 

stored at -20˚C. The supernatant contains the anti-DNP IgE used for mast cell 

sensitization. Supernatants collected over a week were mixed together to ensure an even 

IgE concentration.  

 

2.2.5: Activation of mast cells 

Cultured mast cells were sensitized with IgE supernatant cultured from the IGEL 

b4 (ATCC® TIB-141™) cell line overnight for about 18 hours prior to stimulation with 

10ng/mL 2,4,6-Trinitrophenyl Bovine Serum Albumin, TNP-BSA (LGC Biosearch 
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Technologies, Petaluma, California) for various durations depending on the time points 

of interest. Flasks containing stimulated cells were centrifuged at 480xg for 5 minutes at 

4˚C after stimulation and supernatant and cell pellets were processed accordingly for 

different assays. All sensitization and activation of mast cells used in vitro followed this 

procedure.  

 

2.3: Genotyping of cell cultures  

2.3.1: DNA extraction from tissue 

An extra clipping of tissue from each neonate was used to genotype their 

respective flask of cultured cells. DNA was isolated using a REDExtract-N-Amp™ PCR 

ReadyMix™ kit (Sigma-Aldrich) containing extraction solution, tissue preparation 

solution, neutralization solution, and REDTaq® ReadyMix™ PCR Reaction Mix. 

Tissues were minced with sterile scissors and immersed in 80μL extraction solution and 

8μL tissue preparation solution for 20 minutes at room temperature in a 1.5mL Eppendorf 

tube after a brief vortex mixing. Each tube was then immersed for 10 minutes in a heating 

block at 100˚C, then 100μL of neutralization buffer added to each followed by another 

brief vortex prior to a final centrifugation at 2400xg for 10 minutes. The supernatant 

contained the DNA isolate and was used for PCR while the pellet containing tissue debris 

was discarded.  
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Laboratories, Hercules, California) using the corresponding QuantityOne software. A 

100kb TrackIt DNA Ladder (Invitrogen, Thermo Fisher Scientific) was used to determine 

PCR product sizes. Predicted PCR product sizes are listed in Table 2.  

 

2.4: Toluidine Blue Staining 

An aliquot containing 5 x105 mast cells from 6-week old CnAα knock-out and 

littermate wild-type cell culture flasks were taken and resuspended at a density of 1 x 106 

cells/mL in RPMI 1640. Cells were subjected to a cytocentrifugation at 5xg for 5 minutes 

onto microscope slides (FisherBrand, Fisher Scientific, Hampton, New Hampshire) and 

allowed to air dry overnight. The following day, the microscope slides were fixed in 

Carnoy’s fixative solution (30ml 100% ethanol, 15mL chloroform, and 5mL glacial 

acetic acid) for 10 minutes, then 66% ethanol for 10 minutes, 0.5% acetic acid for 1 

minute, and finally toluidine blue solution for 2 hours. Slides were rinsed in distilled H2O 

and air dried prior to the addition of a drop of DPX mounting medium (Sigma-Aldrich) 

and a coverslip. Specimens were viewed on a Nikon Eclipse E600 microscope with a 

DXM 200 camera attachment using corresponding Nikon ACT-1 software version 2.20, 

and images processed using Adobe Photoshop 5.0. 

 

2.5: Flow cytometry 

1 x 106 wild type and CnAα deficient mast cells were sensitized overnight and 

labeled with FITC-conjugated rat anti-mouse IgE (clone: R35-72) or FITC Rat IgG1 κ 

isotype control (clone: R3-34) antibodies and prepared for flow cytometry. Similarly, 
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2 AM; Invitrogen, Thermo Fisher Scientific), 2.5mM probenecid (Invitrogen, Thermo 

Fisher Scientific), and 0.02% pluronic F-127 (Invitrogen, Thermo Fisher Scientific). 

Samples were incubated in the dark for 30 minutes and then washed twice. Cells were 

resuspended in 1mL 1% FBS-HBSS and counted using a haemocytometer before being 

adjusted to a density of 0. 5 x 106 cells/mL, into two tubes. All samples were then 

transferred to a UV-glass cuvette with a magnetic stir bar, and fluorescence read every 

0.1 seconds (with continuous stirring) using a Shimadzu RF-5301PC fluorophotometer 

and corresponding manufacturer’s software. The UV-glass cuvette was washed and dried 

thoroughly each time prior to another aliquot of cells being added for measuring 

intracellular calcium levels. To determine maximum fluorescence (Fmax), TNP-BSA was 

added at 30 seconds and 20μL of 10% Triton X-100 added at 300 seconds. To determine 

minimum fluorescence (Fmin), TNP-BSA was added at 30 seconds, 20μL of 0.2M CaCl2 

at 300 seconds, and 20μL of 0.5M EGTA at 400 seconds. Fmax was determined after the 

addition of Triton X-100, and Fmin determined after addition of EGTA under saturating 

calcium conditions. To calculate the fluorescence ratio (F), the equation below was used 

and [Ca2+] values plotted over time. 

[Ca2+] = Kd (F – Fmin) / (Fmax – F); [Ca2+]: Intracellular calcium, Fura-2 Kd = 145nM 

 

2.7: Degranulation Assay – Beta-hexosaminidase release 

Sensitized wild type and CnAα deficient mast cells were resuspended in HBSS 

and plated in triplicates at a density of 1 x 106 cells/mL into a 96-well plate, then 

stimulated for 20 minutes. Supernatant was collected and transferred into another 96-well 
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plate, while the pellet was gently resuspended with a 1% NP-40-HBSS solution to lyse 

the cells. The plate was centrifuged again, the supernatant collected, and transferred to 

another plate. This plate contained the residual β-hexosaminidase remaining in the cells. 

50μL of supernatant from degranulation and supernatant from cell pellets were taken and 

incubated with 50μL of 1mM p-Nitrophenyl-N-Acetyl-β-D-Glucosaminide (p-NAG) 

(Sigma-Aldrich) for 90 minutes at 37˚C. 200μL of 0.1M carbonate buffer was added to 

stop the reaction, and bubbles were removed with a needle tip. Plates were immediately 

read on a spectrophotometer at a wavelength of 405nm, and optical densities copied to 

and analyzed using Microsoft Excel. Total relative β-hexosaminidase was determined 

through the comparison of the summed supernatants between wild type and CnAα 

deficient mast cells. Percentage of β-hexosaminidase released from mast cells through 

degranulation was determined using the formula below. 

 

% Release = 𝐎.𝐃.𝐬𝐮𝐩𝐞𝐫𝐧𝐚𝐭𝐚𝐧𝐭−𝐎.𝐃.𝐛𝐚𝐜𝐤𝐠𝐫𝐨𝐮𝐧𝐝

𝐎.𝐃.𝐬𝐮𝐩𝐞𝐫𝐧𝐚𝐭𝐚𝐧𝐭−𝐎.𝐃.𝐛𝐚𝐜𝐤𝐠𝐫𝐨𝐮𝐧𝐝+𝐎.𝐃.𝐩𝐞𝐥𝐥𝐞𝐭−𝐎.𝐃.𝐛𝐚𝐜𝐤𝐠𝐫𝐨𝐮𝐧𝐝
 

 

2.8: Real-time quantitative polymerase chain reaction (RT-qPCR) 

2.8.1 – RNA isolation from mast cells and cDNA synthesis 

1.2 x 107 sensitized mast cells from each genotype were either untreated or 

stimulated with TNP-BSA for various durations (15, 30, 60, 180 and 360 minutes; 2 x 106 

cells per condition), and then centrifuged at 480xg for 5 minutes. The cell pellet was 

resuspended in 1mL of Trizol (Life Technologies) and total RNA isolation was done 
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following the manufacturer’s protocol. RNA concentrations were measured using a 

NanoDrop 2000c UV-Vis Spectrophotometer (Thermo Fisher Scientific) and purity 

assessed using A260/A280 ratios. cDNA synthesis was done using a RNA to cDNA 

EcoDry Premix (Takara Bio USA, Mountain View, California) following the 

manufacturer’s protocol and thermocycler settings. Briefly, 1μg of RNA was resuspended 

with RNase free H2O to a final volume of 20μL and then added into the provided tube to 

dissolve the reaction mixture for reverse transcription. The tubes were briefly vortexed, 

incubated at 42˚C for 60 minutes, and the reaction stopped by heating to 70˚C for 10 

minutes using a thermocycler (Applied Biosystems).  

 

2.8.2 – mRNA measurement using RT-qPCR 

 Samples were prepared for RT-qPCR using the following master mix 

components: 10μL molecular grade H2O (Invitrogen, Thermo Fisher Scientific), 4μL 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories), 2μL 10mM 

forward primer, 2μL reverse primer, and 2μL cDNA (total volume is 20μL per well). 

Gene expression was measured using a CFX Connect Real-time system (Bio-Rad 

Laboratories), and data processed on Biorad CFX Manager 3.1 software. Melt curve 

analyses were run to determine target specificity. Gene expression levels were 

normalized to hypoxanthine guanine phosphoribosyltransferase (HPRT) housekeeping 

gene and analyzed using the double delta Ct (ΔΔCt) method. Primer sequences used for 

the genes analyzed are in Table 2.  
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2.9: Enzyme-Linked ImmunoSorbent Assay (ELISA) 

 Sensitized cells from both genotypes were stimulated with 10ng/mL TNP-BSA 

for various durations at a cell density of 1 x 106 cells/mL in 1.5mL microfuge tubes. After 

stimulation, tubes were centrifuged and supernatant collected for ELISA. ELISA kits for 

cytokines TNF, IL-6, IL-13, and IL-4 were used following the manufacturer’s protocol 

(R&D Biosystems) and plated on Nunc Maxisorp flat-bottom 96-well plates (Thermo 

Fisher Scientific). Briefly, plates were coated on the first day with capture antibody, 

standards and samples added on the second, and finished with secondary antibody and 

streptavidin-horseradish peroxidase (HRP) on the third day. The substrate for HRP used 

in the enzymatic reaction was a 1X TMB solution (eBioscience, Thermo Fisher 

Scientific), and the reaction was stopped with 0.3M H2SO4. Plates were immediately read 

using a SpectraMax 190 plate reader (Molecular Devices) and processed using 

corresponding SOFTmax PRO 4.3 LS computer software. 

 

2.10: Inflammatory protein array 

 Sensitized cells from both genotypes were either untreated or stimulated for 3 

hours with TNP-BSA for collection of supernatant. The 3-hour secretory profile between 

wild type and CnAα deficient mast cells was compared using the RayBiotech Mouse 

Inflammation Array C1 (RayBiotech, Norcross, Georgia) following the manufacturer’s 

instructions. Membranes were scanned using the ChemiDoc Imaging System (Bio-Rad) 

and processed with Image Lab software (Bio-Rad).   
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2.11: Gel electrophoresis and western blotting 

2.11.1 – Collection of cell lysate and sample loading preparation 

 6 X 106 cells from both genotypes and per condition (untreated, 5, 20, 60, 180, 

and 360 minutes) were stimulated with TNP-BSA and then centrifuged to collect the cell 

pellet. Pellets were lysed using a lysis buffer consisting of radioimmunoprecipitation 

assay (RIPA) buffer and HALT Protease and Phosphatase Inhibitor Cocktail (diluted to 

1X final concentration; Thermo Fisher Scientific). The final protein concentration was 

assessed using a bicinchoninic acid assay (Thermo Fisher Scientific) per manufacturer’s 

instructions and read on a SpectraMax 190 plate reader. Lysates were denatured using a 

SDS sample buffer (GenScript, Cedarlane Labs) and boiled at 95˚C for 5-7 minutes, with 

a final volume of 15μL. Denatured samples were loaded onto a 12% SDS-PAGE gel with 

a Precision Plus Protein Standard (10-250kD) protein marker (Bio-Rad Laboratories) for 

identification of band sizes.  

 

2.11.2 – Western blotting 

 Using a Mini PROTEAN 3 Cell system (Bio-Rad), samples were run at 120V 

until the leading edge of the dye approached the bottom of the gel. The gel was then 

transferred to a 0.2μm Immun-Blot polyvinylidene fluoride membrane for one hour at 

75V at 4˚C, with constant stirring of the transfer buffer containing 25mM Tris, 190mM 

glycine, 20% methanol, and 0.1% SDS. Membranes were blocked with 5% skim milk in 

Tris-buffer saline and 0.1% Tween-20 (TBST) (Sigma-Aldrich) for one hour, to prevent 

non-specific binding. Primary antibodies were used to detect proteins of interest on the 
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2.12: Electrophoretic mobility shift assay (EMSA) 

2.12.1 – Collection of nuclear fraction, DNA probe labelling, and sample preparation 

 1 x 107 sensitized cells were stimulated for each condition (untreated, 5, 20, 60, 

180, and 360 minutes) for wild type and CnAα deficient mast cells. Samples were 

centrifuged to collect the cell pellets and then washed once with phosphate buffered 

saline (PBS) (Gibco, Thermo Fisher Scientific). Cell pellets were then processed using a 

nuclear protein extraction kit following manufacturer’s protocols (Active Motif, 

Carlsbad, California). 

 DNA probing for NF-κB transcription factor was done through a reaction 

consisting of 5μL DNase/RNase free water (Sigma-Aldrich), 2μL 1.75pmol/μL NF-κB 

oligonucleotide (Promega, Madison, Wisconsin), 1μL 10X T4 Kinase buffer (Promega), 

1μL T4 Kinase (Promega), and 1μL 32P ATP (Perkin Elmer, Waltham, Massachusetts) in 

a 37˚C water bath for 30 minutes. The phosphorylation reaction was halted by the 

addition of 1μL 0.5M EDTA and 89μL TE buffer (Qiagen, Toronto, Ontario). The 

solution was passed through a Sephadex G-25M column (GE Healthcare, Pittsburgh, 

Pennsylvania) and the eluate (labelled probe) was used to prepare samples. The double-

stranded oligonucleotide used was a NF-κB binding consensus sequence on the mouse 

IL-6 promoter 5’ - TTA TCA AAT GTG GGA TTT TCC CAT - 3’. 

 Nuclear protein concentrations were read using a BCA Assay on a SpectraMax 

190 plate reader and analyzed using SOFTmax PRO 4.3 LS software. 10μg of nuclear 

protein was assayed from each sample and reacted for 30 minutes with 2μL binding 

buffer (Promega), 1μL poly(deoxyinosinic-deoxycytidylic) (Sigma-Aldrich), 1μL of 
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labelled DNA probe, and DNase/RNase free water to a sample volume of 10μL. Lastly, 

1.5mL of loading buffer was added at the end and samples pulsed prior to loading. A 

blank sample without nuclear protein was also prepared in the same procedure.  

 

2.12.2 – EMSA 

 6% native polyacrylamide gels were prepared as follows: 3mL 10X TBE buffer, 

42.5mL distilled water, 1.88mL 80% glycerol, 0.6mL 10% ammonium persulfate (APS; 

Bio-Rad), 12mL 30% acrylamide/bis-acrylamide (Bio-Rad), and 50μL TEMED (Bio-

Rad). Solidified gels were placed in a PROTEAN II xi Cell (Bio-Rad) device and 

separated through electrophoresis in 0.5X Tris-Boric acid-EDTA (TBE) buffer. Gels 

were pre-run for 30 minutes at 100V before samples were loaded, and then ran for 90 

minutes at 100V. Gels were removed from the apparatus, arranged on top of filter paper 

(Whatman, Sigma-Aldrich), and vacuum dried using a gel drier for 2 hours. The dried 

gel-filter paper assembly was then placed in an autoradiography cassette (Fisher 

Scientific) with a sheet of Carestream Kodak BioMax light film (Sigma-Aldrich) for 

autoradiography exposure. Films were processed using a SRX-101A Medical Film 

Processor (Konica Minolta). Films were digitally saved by scanning using a CanoScan 

LiDE 120 (Canon, USA), and quantitative analysis done using ImageJ software. 

 

2.13: Mast cell reconstitution into Wsh mice 

 Mast cell-deficient Wsh mice were anaesthetized and intradermally reconstituted 

with 5 x 105 mast cells using 31-gauge insulin needles on 1mL syringes (BD Biosciences) 
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loaded with either wild type or CnAα deficient mast cells at a density of 25 x 106 

cells/mL. Intradermal injections of mast cells were done in the ear pinna or hind foot pads 

of Wsh mice, depending on the in vivo model of anaphylaxis being assessed, and left to 

reconstitute for 6 weeks. Wild type mast cells were reconstituted into the right ears and 

foot pads of mice, whereas CnAα deficient mast cells were injected into the left ears and 

foot pads. Non-reconstituted Wsh littermates were used as controls. All mice used were 

gender and age-matched. 

 

2.14: IgE-dependent passive cutaneous anaphylaxis (PCA) 

 Wsh mice reconstituted for 6 weeks with wild type mast cells in right ears and 

CnAα deficient mast cells in left ears were anaesthetized and sensitized with 20μL of 

1ng/μL anti-DNP IgE mAbs (Sigma-Aldrich) using an insulin syringe into the dorsal side 

of the ear pinnae overnight. 10μL of 10mg/mL DNP-BSA (Biosearch Technologies, 

Novato, CA) was mixed with 190μL 1% Evan’s Blue dye (Sigma-Aldrich) and left 

overnight at 4˚C. The following day, DNP-BSA in Evan’s Blue dye (working 

concentration of 500μg/mL) was intravenously injected into each sensitized mouse with a 

30-gauge needle through the tail vein. The reaction was allowed to occur for 30 minutes 

before mice were sacrificed and ear tissues harvested into 2mL tubes. Ear tissues were 

cut into pieces and immersed in 2mL N, N-dimethyl formamide (Sigma-Aldrich) and for 

2 hours in an 80˚C water bath to extract the blue dye. Tubes were centrifuged and 200μL 

of supernatant was collected from each to measure absorbance at 620nm.  
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2.15: IgE-dependent late phase cutaneous anaphylaxis (LPA) 

 Reconstituted Wsh mice were anaesthetized and passively sensitized by 

intravenous injection of 2μg anti-DNP IgE mAbs through the tail vein using a 30-gauge 

needle. After 24 hours, a cutaneous reaction was elicited by the topical application of 

20μL dinitrofluorobenzene (DNFB, 0.3% wt./v.; Sigma-Aldrich) in acetone/olive oil 

(4:1) to both sides of the ears and hind foot paws and allowed to react for 24 hours. Mice 

were then sacrificed, and the thickness of the ears and hind foot pad were measured using 

a digital micrometer. Ear punches (8mm) were taken and hind paws removed pre-

weighed 1.5mL microfuge tubes. The weights of the hind paws and extracted ear tissues 

were determined using a balance and subtracting the weight of their respective pre-

weighed 1.5mL microfuge tubes.  

 

2.16: Statistical analyses 

 Statistical analyses of results were done using analysis of variance and t tests as 

appropriate, and results were significant when p<0.05. Data displayed in figures are 

represented as mean ± standard error of the mean.
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Section 3.3: The role of CnAα in the early phase FcϵRI-mediated degranulation in 

mast cells 

 One of the major responses of mast cells to IgE-dependent activation is the 

degranulation of pre-formed mediators stored within their abundant granules. These 

mediators have different functions such as changing the microenvironment by altering 

epithelial permeability and initiating an inflammatory cascade. As a critical component of 

the early phase allergic inflammatory response it is imperative to assess if CnAα 

deficiency plays a role in the degranulation of mast cells in an IgE-dependent manner.  

 

3.3.1: CnAα deficient MCs display an impaired ability to release pre-formed mediators 

stored within granules 

 To determine if CnAα deficiency can affect degranulation, a β-hexosaminidase 

assay was used to look at the amount released from sensitized mast cells upon activation 

with TNP-BSA. Following 20 minutes of stimulation with TNP-BSA it was found that 

CnAα deficient mast cells released approximately 50% less β-hexosaminidase relative to 

wild type counterparts (Figure 3.7a). Using toluidine blue staining of mast cells before 

and after stimulation with TNP-BSA, it was observed that CnAα deficient mast cells 

retained more granules compared to wild type, which had relatively lower or lacked any 

remaining granules after 20 minutes of stimulation (Figure 3.7b). These findings indicate 

that CnAα is important in facilitating the emptying of granules containing pre-formed 

mediators such as β-hexosaminidase following IgE-dependent activation of mast cells.     



48 
 



49 
 



50 
 

mice with the saline treatment did not, observed as increased sample absorbance. Dye 
was extracted from isolated ear tissues and absorbance read in a spectrophotometer.  
n = 3; **p<0.01. 

 

3.3.3: Mast cell-deficient mice (Wsh) reconstituted with CnAα deficient MCs show 

diminished FcϵRI-mediated vascular permeability after challenge 

 Considering that CnAα knock out mice experience early lethality, in vivo 

findings relied on experiments performed on mast cell-deficient (Wsh) mice reconstituted 

with cultured mast cells from CnAα knock out or wild type control monocultures at 

localized ear tissue sites. Passive cutaneous anaphylaxis was assessed by measuring 

vascular permeability using the Evan’s Blue dye leakage as above. It was determined 

that, in the ears reconstituted with CnAα knock out mast cells, there was significantly less 

vascular permeability when challenged with TNP-BSA antigen compared to ears 

reconstituted with wild type mast cells (Figure 3.9a). Qualitatively, greater blue dye 

leaked after stimulation with antigen in the right ear of the mouse (Figure 3.9b) 

reconstituted with wild type mast cells compared to knock out mast cells in the left ear. 

These findings indicate that, like the in vitro findings, the reduction in vascular 

permeability signifies impaired degranulation associated with CnAα deficiency. 
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Section 3.4: The role of CnAα in the production and secretion of de novo synthesized 

cytokines and chemokines in the late phase FcϵRI-mediated immune response 

 It was determined earlier that constitutive mRNA levels of a number of 

cytokines are similar in the two genotypes of mast cells. An important outcome of mast 

cell activation is new synthesis and release of cytokines, including chemokines, following 

activation in an IgE-dependent manner. We next addressed the impact CnAα deficiency 

has on typical cytokines TNF, IL-6, IL-13, and IL-4 in vitro, and analyze the 

inflammatory effects in an in vivo model of late phase cutaneous anaphylaxis in a 

reconstituted mast cell-deficient (Wsh) mice. 

 

3.4.1: CnAα deficient MCs release decreased amounts of cytokines TNF, IL-6, IL-13, and 

IL-4 upon FcϵRI-mediated activation 

 We assessed levels of typical cytokines released by wild type and CnAα 

deficient mast cells to determine if this gene deficiency resulted in any discrepancies. Our 

ELISA results showed that CnAα deficient mast cells responded to FcϵRI-mediated 

activation in an impaired manner evident from significantly lower levels in comparison to 

their wild type counterparts at 3, 6, and 24 hours after stimulation. (Figure 3.10). Taken 

together, all the classical cytokines released by mast cells upon activation (TNF, IL-6, IL-

13, and IL-4) showed pronounced reductions in levels in the supernatants of CnAα 

deficient mast cells.  
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Table 6: Two patterns (left column) seen in de novo synthesized classical mediators after 
IgE-dependent activation of mast cell. Patterns are in terms of CnAα deficient mast cells 
relative to wild type counterparts.  

 

 

 

3.4.3: CnAα deficient MCs demonstrate impaired release of specific chemokines upon 

IgE-dependent activation 

 Chemokines are also de novo synthesized mediators released by mast cells 

contributing to IgE-dependent inflammation, so several chemokines were analyzed using 

an inflammatory panel pre-coated with primary antibodies. Of the different mediators 

tested using the array, there was no difference in constitutive (i.e untreated) released 

levels from wild type and CnAα deficient mast cells; however, after FcϵRI-mediated 

activation, in the one protein array used, there was less of several chemokines released by 

the CnAα deficient mast cells compared to their wild type counterparts (Figure 3.12). 

Specifically, CCL1 (A), CXCL5/LIX (B), CCL2 (C), CCL3 (D), and CCL9/MIP-1γ (E) 

were observed to be lower in the supernatants of knock out mast cells, indicated by less 

dense spots on the antibody-coated membranes. Thus, components of inflammation 

resulting from de novo synthesized cytokines and chemokines are reduced due to CnAα 

deficiency and promote a decreased inflammatory response in vitro. 
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isolated hind paw tissues were weighed to determine inflammatory responses from 
localized stimulated mast cells in an IgE-dependent manner. n=11 

 

Section 3.5: CnAα and the effects on key signaling components within the FcϵRI-

mediated inflammatory pathway 

 The next course of action was to elucidate the factors influenced by CnAα 

deficiency that underlie the phenotypic response seen in some of the major outcomes of 

IgE-dependent mast cell activation measured earlier. To do this, we looked at various 

signaling elements downstream of the IgE receptor.  

 

3.5.1: Activation of MAPK signaling pathway family members is not impaired in CnAα 

deficient MCs 

 The MAPK signaling pathway family members p38, JNK, and ERK are key 

downstream elements that play a significant role in the transcription of various genes 

including those seen in inflammatory responses. Activation of these three pathways by 

phosphorylation, detected by Western blotting, appears to be similar from observations of 

the corresponding blots and when quantified using densitometric analysis (Figure 3.14). 

These results indicate that the MAPK signaling pathway family members function 

similarly despite a deficiency in CnAα. It also promotes the notion that they may not play 

a significant role in regulating the responses seen in granule degranulation, cytokine 

synthesis, and release in a CnAα dependent manner.  
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3.5.3: NF-κB translocation into the nucleus is impaired in activated CnAα deficient MCs 

 Given that IκBα phosphorylation and degradation is impaired in CnAα deficient 

mast cells, the next step was to look at NF-κB levels in the nucleus after stimulation. This 

was done using an electromobility shift assay. The banding in an EMSA is due to protein 

binding to radiolabelled oligonucleotides containing a NF-κB binding consensus 

sequence. The band common to all lanes in the blot on the left (Figure 3.16) were used in 

densitometric analysis. Looking at the quantified densitometric analysis results of the 

blots, CnAα deficient mast cells exhibited significantly lower NF-κB levels in the nucleus 

20 minutes after FcϵRI-mediated stimulation compared to wild type (Figure 3.16). This 

finding indicates that there is less NF-κB protein in the nucleus of stimulated CnAα 

deficient mast cells. This result corresponds with the impaired IκBα phosphorylation and 

degradation levels associated with CnAα deficiency. The decreased NF-κB levels may 

also contribute to the decreased inflammatory phenotype observed, specifically protein 

and mRNA levels of specific cytokines and chemokines. 
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CHAPTER 4: DISCUSSION 

 
 Various leukocytes are charged with defending our bodies, requiring these cells 

to read and interpret signals from the environment and react in a pre-programmed manner 

to launch a response. Calcineurin is integral to the flow from interpreting to responding, 

though we have much to learn about the response. When responses are undesirable, even 

harmful, calcineurin has been targeted to try to prevent the response from occurring. 

Various calcineurin inhibitors have been used based on the anti-inflammatory effects they 

elicit in many clinical settings, including allergies. Found distributed in most mammalian 

tissues and with an evolutionarily conserved catalytic domain, calcineurin and the 

different isoforms are likely to have specific contributions towards cells/tissues the 

isoforms are found distributed in 105, 127. Certain isoforms may further regulate functions 

in specific tissues including development and homeostasis. In this thesis, I sought to 

understand and elucidate the contributions that CnAα makes in the FcϵRI-mediated 

immune response by mast cells. By characterizing the involvement of each isoform in 

allergy, we can provide the foundation to improve current calcineurin inhibitor 

therapeutics through increasing specificity to key isoforms and mast cell-specific actions.  

 

Section 4.1: Results in the context of established literature 

 Most of the current literature on calcineurin in allergy are from results on 

applications of calcineurin inhibitors – there is a scarcity of fundamental knowledge on 

the contributions each calcineurin isoform has on the FcϵRI-mediated immune response. 
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This section will seek to place the results for each objective in the context of current 

established literature.  

 

4.1.1: CnAα and development of mast cells 

 When determining the development of mast cells, our first assessment was of the 

structural and granular properties. As mentioned before, a role for CnAα in maturation 

was established in non-immune cells/tissues such as the kidney and epidermal cells, but 

CnAα did not influence immune T and B cell growth and development. Despite the 

spectrum of effects, this promotes the notion of isoform specific contributions in certain 

cell/tissue types. Armed with this knowledge, we hypothesized that CnAα deficiency 

would not affect mast cell maturation and contents because there was no recorded impact 

on the maturation of other immune cell types such as T and B lymphocytes, so far 

examined. Staining of cultured mast cells displayed similar morphology (size and 

structure) between both genotypes and this was confirmed by similar forward scatter 

profiles from flow cytometric analysis. Development of surface receptors c-Kit and 

FcϵRI were also similar between both genotypes, justifying that CnAα does not play a 

role in the development of mature mast cells.  

 Existing literature on CnAα deficient mice showed that the gene product played 

a very important role in submandibular glands, as deficiency resulted in decreased vesicle 

number and protein content124. Considering any impact of CnAα on mast cell granular 

properties, we hypothesized that there may be a defect in granularity in CnAα deficient 

mast cells. When assessing our results from staining and side scatter profiles, we did not 
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observe any significant differences between both genotypes in contrast to the effects seen 

in salivary glands. Furthermore, when looking at pre-formed granular content within mast 

cells, there was no significant difference in basal β-hexosaminidase levels found within 

granules of both mast cell genotypes. This may be a result of tissue-specific effects 

associated with CnAα, with a dispensable role in the development of mast cell 

granulation.  

 Given the lack of structural and granular differences in CnAα deficient and wild 

type mast cells, there is reason to believe that CnAα does not play a role in the 

development of mast cells. These results are similar to those seen in T and B cell 

maturation and importantly indicate that there are cell/tissue-specific contributions of 

CnAα.  

 

4.1.2: Basal mediator production and FcϵRI-mediated calcium signaling  

 Prior to determining the effects of CnAα deficiency on the FcϵRI-mediated 

immune response, it was important to measure the basal levels of all mediators to 

establish if there were any deficits resulting from the gene deficiency.  From the RT-

qPCR results, there were no significant differences in Ct values of both genotypes for 

TNF, IL-4, IL-6, IL-13, and housekeeping gene HPRT mRNA levels. Gene expression of 

certain mediators such as TNF are important during development of mast cells as the 

proteins are found to be stored in pre-formed granules14. Furthermore, the addition of 

mast cell growth factor SCF can induce the production of TNF, IL-6, and IL-13 through 

binding and internalization of c-Kit without activation of FcϵRI-dependent signaling 
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components130. The action of this gene expression is through the transcription factor AP-

1 and is likely to be calcineurin-independent, as previous reports showed that most AP-1 

regulated transcription was not sensitive to calcineurin inhibitors131, 132. Thus, CnAα 

deficiency does not affect the basal gene expression of mediators in the cultured mast 

cells.    

 Calcium signaling is an important event in the FcϵRI-mediated signaling 

pathway preceding calcineurin activation and triggers other signaling events. Calcium-

independent activation of mast cells through toll-like receptor ligands did not result in 

mast cell degranulation or have an influence on release of pre-formed β-hexosaminidase 

when combined with FcϵRI-dependent mast cell activation133. These findings confirmed 

previous work showing a correlation between intracellular calcium concentrations and 

histamine release – histamine release was maximal at peak intracellular calcium 

concentrations and decreased parallel to calcium in RBL-2H3 cells134. When increased 

intracellular calcium in the cytosol are not maintained or calcium-dependent calcineurin 

activity prevented with calcineurin inhibitors, gene transcription is halted and there is a 

rapid export of transcription factor NFAT back into the cytoplasm to an inactive state135. 

As calcineurin is activated by calcium, it was not surprising that CnAα deficiency did not 

result in any alterations in intracellular calcium flux upon FcϵRI-mediated activation of 

both genotypes of cultured mast cells. Furthermore, this ruled out signaling events 

upstream of CnAα activation that may affect the observed CnAα-dependent results in the 

FcϵRI-mediated immune response.  
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4.1.3: Early phase response  

 CnAα deficient mast cells showed impaired degranulation compared to wild 

type as indicated by reduced β-hexosaminidase released from granules in vitro. The in 

vivo model of the early phase response – passive cutaneous anaphylaxis – also showed 

similar findings as ear tissues of mast cell-deficient mice reconstituted with CnAα 

deficient mast cells displayed reduced vascular permeability upon FcϵRI-mediated 

activation. The reduction is likely due to decreased release of mediators such as histamine 

from mast cell granules, as histamine is a potent inducer of vascular permeability in 

allergic inflammation136.  

 Calcineurin inhibitors have been previously shown to inhibit the release of 

preformed mediator histamine from granules upon IgE-dependent mast cell activation137.  

Further research identified inhibitor of nuclear factor kappa-B kinase 2 (IKK-β) as a 

necessary component of the signaling pathway leading to degranulation, as a deficiency 

resulted in impaired FcϵRI-mediated degranulation of mast cells138. The importance of 

IKK-β in this instance was to phosphorylate synaptosomal-associated protein 23 (SNAP-

23)138, which is involved in the mast cell exocytotic mechanisms139. Importantly, this 

mechanism was found to be independent of NF-κB, which is corroborated by findings 

that toll-like receptor signaling did not induce mast cell degranulation133. Activation of 

the CBM complex by CnAα may be responsible for downstream signaling through IKK-β 

and subsequent activation of exocytotic machinery regulating mast cell degranulation. 

Although the exact mechanism has not been established, the in vitro and in vivo results 

demonstrate the significant contribution of CnAα in the release of preformed mediators 

during the early phase response from FcϵRI-mediated mast cell activation.  
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4.1.4: Late phase response 

 Analysis of the results from the late phase response showed different functions 

by CnAα in the FcϵRI-mediated immune response. Despite significantly impaired levels 

of all mediators tested in the supernatants of CnAα deficient mast cells, there were two 

different patterns in mRNA level changes of the cytokines in vitro. Unlike TNF and IL-4, 

IL-6 and IL-13 mRNA levels were not different between CnAα deficient and wild type 

mast cells, indicating that the decrease in protein found in the supernatant was not due to 

deficient gene expression. CnAα may regulate specific gene expression through 

interactions with transcription factors and possibly regulate mechanisms associated with 

secretory pathways. In human skeletal muscle cells, it was reported that calcineurin 

regulated the gene expression of TNF and IL-6 differently, where calcineurin inhibitors 

decreased ionomycin-induced IL-6 but not TNF mRNA levels140. Possible mechanisms 

that could be playing a role in the differential regulation of these cytokines include 

selective post-transcriptional regulation such as mRNA stabilization and translation. 

Considering the lower levels of all cytokines examined so far, we chose to look at 

multiple chemokines produced in vitro using an inflammatory array. There were 

significantly reduced levels of multiple chemokines in the supernatants of CnAα deficient 

mast cells compared to wild type. This finding is similar to a study showing FK506 

inhibited CCL-1 and CCL-3 gene expression and significantly decreased levels found in 

the supernatants of IgE-dependent activated cultured human peripheral blood-derived 

mast cells141. Although these results were compared to a different species subset of mast 

cells, it suggests that calcineurin inhibition results in an impaired chemokine response in 

vitro.  



69 
 

 The findings of decreased protein levels of all cytokines tested indicated CnAα 

may play a role in the regulation of secretory mechanisms involved in release of de novo 

synthesized mediators. The mechanisms behind secretion upon mast cell activation have 

not been established and may be complex considering the evidence for distinct subsets of 

proteins in different types of stimuli involving different cytokines10, 142. It is known that 

SNARE proteins are involved with secretory mechanisms in mast cell activation. 

Different members of the SNARE protein family have roles in packaging, intracellular 

trafficking, and extracellular secretion of cytokines and chemokines143, 144. One member 

of the SNARE protein family was previously mentioned – SNAP-23. This protein was 

required for the release of many chemokines including CCL2 and CCL3 from IgE-

dependent activation of mature human mast cells143. SNAP-23 may also be involved in 

the early phase response as previously mentioned, due to activation by IKKβ and 

subsequently leading to mast cell degranulation. Considering the findings that all 

cytokines are reduced in CnAα deficient mice, CnAα is likely involved in regulation of 

SNAP-23 activation. 

 In the in vivo model of late phase cutaneous anaphylaxis, there was no 

significant difference detected between tissues reconstituted with wild type versus CnAα 

deficient mast cells. In these adoptive transfer experiments, mast cell-specific responses 

alone are impacted by the CnAα deficiency and there is no systemic gene deficiency. The 

impaired release of late phase mediators in vitro did not have enough impact in vivo as 

other local and recruited immune cell types at the sites of challenge may be contributing 

to the overall observed inflammation. In a report from our lab on Rcan1 deficiency (an 

endogenous inhibitor of calcineurin), the late phase cutaneous anaphylaxis was 
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significantly increased in Rcan1 deficient mice, suggesting that calcineurin is important 

in promoting late phase responses in vivo123. However, it is important to note that this 

experiment was performed in mice with systemic deficiency in the endogenous 

calcineurin inhibitor, and it remains possible that the loss of Rcan1 in multiple cell types 

contributed to the heightened response. Either the impact of CnAα in the mast cells is 

masked by the added effect of infiltrating leukocytes or it does not play a significant role 

in the late phase response of FcϵRI-mediated mast cell allergic inflammation.  

 

4.1.5: CnAα and FcϵRI-mediated signaling components 

 We sought to delineate the mechanisms involved in the phenotypic responses 

associated with CnAα deficiency in FcϵRI-mediated mast cell activation, so we examined 

key components in the known signaling pathway. We first screened members of the 

mitogen-activated protein kinase (MAPK) family, p38 kinases (p38), c-Jun N-terminal 

kinases (JNK), and extracellular signal-regulated kinase-1 and -2 (ERK1/2). Activation of 

these MAPK family members results in activation of various transcription factors that 

contribute to production of mediators released in FcϵRI-mediated mast cell activation64, 

145.  

 Our findings demonstrated CnAα does not play a significant role in activation of 

MAPK family members in FcϵRI-mediated mast cell signaling. These results were 

comparable to a previous report using Rcan1 deficient mast cells, which did not exhibit 

significant differences in phosphorylation of p38, JNK, or ERK1/2 compared to wild type 

mice123.  
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 The NF-κB signaling pathway is crucial in the transcription of many pro-

inflammatory mediators in many types of diseases146, and allergic inflammation is no 

exception. Our results showed significant reduction in phosphorylation and degradation 

of IκBα protein, thus impairing the release and translocation of NF-κB into the nucleus to 

perform gene transcription functions. In a previous report from our lab, deficiency in 

Rcan1 led to significantly greater NF-κB activity, which corroborates with our 

findings123. Use of pharmaceutical calcineurin inhibitors on a different cell type in 

another study showed reduced NF-κB activity preceded by reduced IκBα degradation in 

Jurkat T cells147.  

 The NF-κB signaling pathway is activated by calcineurin likely through the 

upstream CBM complex formation, which is also important in T cell receptor 

activation113. Other investigations uncovered the role of calcineurin in transient 

dephosphorylation of Bcl-10 necessary for NF-κB activation in Th cells112. The 

interaction between Bcl-10 and Malt1 in mast cells was analyzed in another report and 

concluded that this interaction separates FcϵRI-mediated degranulation from NF-κB-

associated signaling and cytokine production. Responses from the early phase were not 

diminished in Bcl-10 and Malt1 deficient models but late phase responses such as 

cytokine production and NF-κB activity were significantly reduced compared to wild 

type148.  

 Impaired NF-κB is the likely explanation behind CnAα leading to the early and 

late phase phenotypic responses observed. Deficiency in this gene would result in 

decreased dephosphorylation of Bcl-10 in the CBM complex and thus impair IκBα 

degradation and subsequent NF-κB activation. It is important to understand that this is 
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not the only signaling axis that may be impaired by a CnAα deficiency – there are others 

yet to be assessed that could important roles in regulation of the phenotypic responses.  

 

Section 4.2: Limitations 

 The work and results from this study are not without limitations – there are 

several that may be influential in regulating the phenotypic responses we found 

associated with CnAα gene deficiency or limit the confidence in applying the findings in 

a physiological setting.  

 One main limitation is that the mast cells were cultured using cell culture-

specific conditions, which means that the results from in vitro findings may not be 

entirely representative of the response of mast cells which developed in vivo. It is well-

established that mast cell phenotype is heterogeneous and depends on different factors in 

the microenvironment11. The culture conditions may allow for the survival and expansion 

of cultured mast cells to be used for in vitro analysis but may not recapitulate the 

conditions of the mast cells found within tissues. This confounder can be extended to 

encompass the idea that mediator expression within the mast cells can differ depending 

on the microenvironment as well149, 150. This may limit the conclusions that can be made 

on the observed in vitro responses and the application to in vivo observations. Our in vivo 

models used mast cell-deficient mice reconstituted with mast cells grown in culture-

specific conditions. 

 Another limitation that may have an impact in our findings is the source of mast 

cells. Traditional murine models of mast cell studies use bone marrow-derived mast cells 
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as mast cell progenitors circulate from this important hematopoietic source and mature at 

tissue sites, but our culture was from liver-derived mast cells from neonates. Although 

the liver is a site of hematopoiesis during fetal development, there is evidence that bone 

marrow-derived mast cell differentiation processes may be different from those derived 

from the fetal liver. Furthermore, analysis using next generation sequencing did not show 

complete matching gene expression between bone marrow-derived and fetal liver-derived 

mast cells. Analysis of cytokine profile also showed minor differences, notably a 

significantly higher IL-6 level in supernatants of FcϵRI-mediated activation of liver-

derived mast cells. However, despite possibly having differences in differentiation and 

1.4% difference in gene expression, it was concluded that using mast cells derived from 

the liver in settings where bone marrow-derivation was not feasible remains a valuable 

and appropriate alternative to study mast cell-associated allergic inflammation151. 

Previously, our lab has successfully used this method of cell culture to conduct studies 

regarding mast cell signaling70, 152 and although it was concluded there are no significant 

impairments associated with using liver-derived mast cells, there is a minor difference in 

mast cell source that must be acknowledged.   

 Finally, there is another limitation to our study that needs to be addressed 

associated with the experimental procedure for analyzing late phase responses in vivo. 

When reconstituting mice ears and hind paws, wild type mast cells were always injected 

into the right-sided tissues and CnAα deficient mast cells in left-sided tissues of the mice. 

When determining thickness using a digital micrometer, there may be unconscious biases 

that affect the final measurements of wild type and knockout reconstituted tissues. This 
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could be bypassed if the reconstitutions were done blinded, and thus remains a limitation 

that must be addressed in the experimental procedure. 

 

 Section 4.3: Future directions 

 The characterization of calcineurin isoforms and the contributions towards 

FcϵRI-mediated immune responses are not complete. There are still mechanisms 

associated with the alpha isoform that are unknown and promote the phenotypic 

responses from our work.  

 Of importance are further analyses into the different transcription factors that 

may be affected by CnAα deficiency in FcϵRI-mediated signaling of mast cells, which 

may lead to explanations regarding differential cytokine mRNA regulation. Due to some 

technical issues, we were unable to analyze NFAT activation and levels in the nucleus. 

As NFAT is a direct substrate of calcineurin and an important transcription factor 

activated in an FcϵRI-mediated manner153, this is a critical component of the signaling 

pathway that is necessary to analyze.  

 As the function of transcription factors are to transcribe a multitude of genes, it 

will be important to determine how the transcription factors interact with specific 

promoters as well as mRNA levels of those genes. This would allow a for the delineation 

to the contribution of specific transcription factors to transcription of specific genes. By 

analyzing the mRNA levels of other mediators such as chemokines we had found to be 

impaired in released amounts from CnAα deficient mast cells, we will be able to establish 

a bigger profile on regulation of potent mast cell-derived products by CnAα.  
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 Furthermore, secretory mechanisms are important to further study as levels of all 

tested mediators were reduced in CnAα deficient mast cells compared to wild type. This 

overall reduction of mediators released in combination with current incomplete 

knowledge of molecular mechanisms regarding the release of cytokines and chemokines 

from mast cells remain an anomaly but could potentially be a contribution of CnAα to the 

FcϵRI-mediated immune response. Moreover, measuring the intracellular concentrations 

of the cytokines would establish if protein levels were consistent or not between both 

genotypes, thus leading to the phenotypic response seen in vitro.  

 Finally, determining the role of the beta isoform is of importance, as CnAβ has 

been stated to be the predominant isoform in lymphocytes and play a predominant role in 

immune settings106, 154, 155. Furthermore, given that there is residual calcineurin activity 

likely to be mediated by the beta isoform, it would be of importance to identify the 

contribution of CnAβ as well as possible calcineurin-independent mechanisms to 

establish the contribution of each towards this immune response. Nevertheless, CnAα 

definitively and CnAβ likely contribute to the FcϵRI-mediated immune response and this 

is a crucial area that needs to be explored.    

 With the development of innovative technology in molecular biology and 

development of novel in vivo models of mast cell deficiency, there is a positive outlook in 

the capacity to perform the necessary future experiments and at the same time, consider 

associated limitations. Addressing these future experiments will ideally complete our 

understanding on specific calcineurin isoform contributions and is necessary before 

developing potential therapeutics targeting calcineurin. 
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Section 4.4: Concluding remarks 

 Allergies remain an increasing health concern and there is a drive to develop 

improved therapeutics. The mast cell FcϵRI-mediated signaling pathway is a complex 

network of proteins that all participate in processes leading to allergic inflammation. 

These signaling components are ideal candidates for therapeutic intervention, such as the 

protein phosphatase calcineurin. However, there remains more research that needs to be 

done to improve current calcineurin inhibitors, especially when it functions in a systemic 

inhibitory manner and thus has only been used in specific cases of allergy. In stark 

contrast to knowledge of calcineurin in organ transplantation, our understanding of 

calcineurin in allergy is limited to the anti-inflammatory effect of calcineurin inhibitors – 

we currently lack definitive and genetic evidence of calcineurin isoforms and 

contributions to the FcϵRI-mediated immune response.  

 Our research work in this thesis has been to delve into the contributions that 

CnAα makes in the FcϵRI-mediated immune response to characterize the role of specific 

isoforms in allergy. We looked at the role of CnAα in the development of mast cells, the 

contributions to the early phase allergic response, the late phase response, and touched 

the surface of possible involved signaling mechanisms. In a summary of our findings 

(Figure 4.4), we have established that CnAα does not play a role in the development of 

mast cells and activation. However, CnAα gene deficiency was associated with a 

significantly reduced ability to release pre-formed β-hexosaminidase in vitro in the early 

phase allergic response and reduced vascular permeability in vivo. There was an overall 

decrease in released de novo synthesized mediators TNF, IL-6, IL-4, IL-13, CCL-1, 

CCL-2, CCL-3, CXCL5, and CCL-9 in the late phase response associated with CnAα 
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deficiency, but differential regulation of mRNA levels in vitro. However, there did not 

seem to be any impairments in inflammation observed in vivo using a model to assess late 

phase reactions. Looking at important components involved in the signaling cascade, we 

did not find significant differences in activation of MAPK proteins p38, JNK, and 

ERK1/2, but impaired phosphorylation of IκBα in CnAα deficient mast cells. 

Consequently, there was a significantly impaired reduction in NF-κB levels found in the 

nucleus of CnAα deficient mast cells, which may partially explain the phenotypic 

responses seen in the late phase allergic response.  

 These results display a general overview of the contribution of CnAα on the 

FcϵRI-mediated immune response. Through further analyses of possible mechanisms and 

characterization of other isoforms in allergy, especially with the advancement of 

techniques and technology, we can establish a foundation of knowledge upon which 

future improved therapeutics can be developed for allergy.  
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