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Abstract 

Introduction & Aim: Allergic inflammatory diseases are a constantly growing health concern in 

westernized societies. Mast cells, the driving force behind many allergic diseases, modulate 

various metabolic pathways to carry out their various functions following IgE-FceRI-mediated 

activation. Tafazzin is a cardiolipin transacylase that works to remodel cardiolipin into its mature 

form of tetralinoleoyl-cardiolipin. Mature cardiolipin is important for efficient energy production 

through oxidative phosphorylation. The aim of this project is to study the effects of a reduction 

in tafazzin protein content on IgE-mediated mast cell activation. Methods: Fetal liver-derived 

mast cells (FLMCs) were treated with 1 µg/mL doxycycline for 5 days to initiate the tafazzin 

knockdown. Western blotting was used to confirm a reduction in tafazzin protein content. Flow 

cytometry was used to ensure that the FLMCs expressed both c-kit and FceRI receptors, and that 

receptor expression was not impacted by the doxycycline treatment. Oxygen consumption rate 

was measured using a Clark-type electrode. b-hexosaminidase release assays were utilized to 

assess degranulation during the early phase of the allergic reaction. ELISA assays were used to 

examine secretion of de novo synthesized inflammatory mediators, while qPCR assays were used 

to examine gene transcription of these mediators. Results: The doxycycline inducible tafazzin 

knockdown resulted in a 99.5% reduction in tafazzin protein content. This reduction was 

accompanied by a 25% reduction in oxygen consumption and a 31.4% reduction in 

degranulation. Secretion of CCL1, CCL2, and TNF was significantly reduced, CCL9 secretion 

levels showed a decrease that approached significance. Secretion of CCL3 and IL-6 was not 

impacted. Gene expression was not impacted for any of the inflammatory mediators measured.  

Conclusion & Significance: These results suggest that tafazzin may play a role in mast cell 

oxidative phosphorylation. Functionally, the results suggest that tafazzin plays a role in 

degranulation and mediator secretion. However, since gene expression was not impacted it is 

thought that the tafazzin reduction causes these decreases due to an impairment of the exocytosis 

mechanism. This work adds to the growing field of immunometabolism and improves our 

understanding of how mast cells modulate metabolic pathways during an allergic inflammatory 

event.  
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Chapter 1: Introduction 

Living organisms are under constant attack from a large number of microorganisms that 

have the potential to pose a severe threat to the organism. To deal with these attacks, vertebrates 

possess multiple lines of defense such as the epithelial barrier, the innate immune system, and 

the adaptive immune system. Fine tuning of these responses is essential to protecting the 

organism and allowing it to carry on living a healthy life. Failures in this regulatory process can 

be seen in many autoimmune diseases and other pathological states. Of particular interest is the 

dysregulation of the immune system that results in the development of allergic pathologies. In 

nonpathological states the immune system is regulated in a way that primes mast cells, a tissue 

resident cell, to respond to invading microorganisms, expelling or killing the pathogen. However, 

when that finely tuned regulation is lost, allergic pathologies can develop where mast cells 

initiate a response against an otherwise harmless substance. The severity of an allergic reaction is 

as highly variable as the substances that can initiate the reaction. Allergic reactions can be 

initiated by anything from food to airborne particles and can range in severity from itchy skin to 

life threatening anaphylactic shock.  

With the prevalence of allergic diseases constantly rising, research revolving around 

gaining a better understanding of mast cell function and allergic inflammatory disease is of the 

utmost importance. Recently, the field of immunometabolism has grown substantially and has 

identified that a variety of immune cells are heavily reliant on modulating various metabolic 

pathways in order to carry out their effector functions. Mast cells are one such cell that rapidly 

modulate metabolic pathways following receptor activation in order to carry out various cellular 

functions.  
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Cardiolipin is a unique phospholipid that plays a critical role in the mitochondrial matrix 

and allows for efficient ATP production through oxidative phosphorylation. Cardiolipin is 

unique amongst phospholipids as it is composed of 4 fatty acid side chains instead of the 

traditional 3 side chain composition. Remodelling of these side chains occurs through a serious 

of acylation and deacylation reactions that are carried out by the cardiolipin transacylase 

tafazzin. When tafazzin function is lost, cells exhibit a decrease in energy production through 

oxidative phosphorylation. A human condition known as Barth Syndrome is caused by a 

deficiency in tafazzin. Symptoms of this disease include cardiomyopathy, growth retardation, 

and neutropenia. Neutropenia is an abnormally low level of neutrophils circulating in the 

bloodstream. The impact of a loss of tafazzin function on circulating neutrophils led to the 

question of whether tafazzin played a role in the function of other immune cells, specifically in 

mast cells. 

Thus far there has not been any research conducted on the role of tafazzin in FceRI-

mediated mast cell activation. This project aims to characterize the role of tafazzin in FceRI-

mediated mast cell activation. Therefore, this project will add valuable knowledge to the growing 

research field of immunometabolism and potentially identify a therapeutic target for the 

regulation of mast cell mediated pathologies.  
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Chapter 2 : Literature Review 

2.1 Innate Immunity 

The innate immune system is the body’s first line of defense against non-self-antigens 

that have made it past the epithelial barrier1. The innate immune response is characterized by a 

fast and non-specific inflammatory response, allowing for a rapid response to a wide variety of 

antigens. This response is made possible by a series of soluble proteins and various white blood 

cells. The complement system is a set of soluble proteins responsible for clearing foreign 

pathogens. The complement system can be activated through three different pathways, the 

classical, alternative, and the lectin pathway. The classical pathway is activated through the 

binding of the C1 complex to either an IgM or IgG antibody that is bound to the surface of the 

pathogen. The C1 complex leads to the formation of the classical pathway C3 convertase which 

cleaves C3, and in turn leads to the formation of the C5 convertase. The C5 convertase is the first 

step in the assembly of the membrane attack complex. The membrane attack complex is made up 

of C5b, which is a by-product of C5 cleavage by C5 convertase, C6, C7, C8, and a polymer of 

C9. The alternative pathway is activated by the binding of C3b to the surface of the pathogen, 

which, when complexed with cleaved factor B, leads to the formation of the alternative pathway 

C3 convertase. C3 convertase works to cover the surface of the pathogen with C3b in a process 

known as opsonisation which marks the pathogen for phagocytosis by macrophages or initiates 

the formation of the membrane attack complex. The lectin pathway is activated in a manner 

similar to the classical pathway however a protein called mannose-binding lectin is the starting 

block instead of an antibody. The classical C3 convertase is formed through the cleavage of C4 

and C2 by mannose-binding lectin-associated serine proteases 1 and 2 and leads to the formation 

of the membrane attack complex. The membrane attack complex forms a pore in the cell 
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membrane that allows for extracellular fluid to rush into the cell resulting in cell lysis. Along 

with cell lysis, complement activation initiates the production of chemotactic molecules, or 

anaphylatoxins, that recruit immune cells such as macrophages and neutrophils to the area5.  

On top of the complement system there are a number of white blood cells (leukocytes) 

that play a part in the innate immune response. Phagocytic cells such as macrophages, 

neutrophils, and dendritic cells work by extending their plasma membrane around cells that have 

been marked for phagocytosis. Opsonisation with C3b allows for recognition of pathogens by 

complement receptor of the immunoglobulin superfamily (CRIg) on the surface of macrophages6 

and the C3b receptor, also known as CR1 or CD35, on the surface of neutrophils1. Pathogen-

associated molecular patterns (PAMPs) are antigens that are found on the surface of various 

pathogens that allows the innate immune system to recognize them as foreign objects. PAMPs 

are recognized by cells of the innate immune system through toll-like receptors (TLRs) and other 

pattern recognition receptors (PRRs)1.  

The innate immune system does not only respond to foreign objects in the interstitial 

space. Natural killer cells are an innate immune cell that respond to cells which have lost natural 

killer inhibitory surface proteins, such as MHC class I complexes7,8, and instead express natural 

killer activating surface proteins. Virus infected cells and cancerous cells are examples of cells 

that have a reduced number of MHC class I complexes on their surface and are thus attacked by 

natural killer cells9. 

2.2 Adaptive Immunity 

 The adaptive immune response is the body’s response to foreign bodies that have made it 

past both the epithelial barrier and that the innate immune response was unable to clear. 

Contrasting and complimenting the innate immune system, the adaptive immune system 
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response takes longer to develop than the innate response, but provides a much more specific and 

potent response1. The adaptive immune response begins with a process called antigen 

presentation. This process involves a cell presenting an antigen on its surface in the context of 

either a major histocompatibility complex (MHC) class I or an MHC class II10. MHC class I 

molecules are expressed on the surface of all nucleated cells and present intracellular antigens to 

CD8+ cytotoxic T cells. Under normal physiological conditions various proteins within a cell are 

digested by proteases and transported into the endoplasmic reticulum through transporters 

associated with antigen processing (TAP) where they go on to bind with the MHC class I with 

the help of the peptide-loading complex (PLC). If the peptide chain of the antigen is too long to 

fit into the peptide binding groove then the endoplasmic reticulum aminopeptidase (ERAP) will 

cleave the amino-terminal of the peptide to improve the fit in the binding groove11. Once bound 

to a peptide the MHC class I complex is trafficked in a vesicle to the plasma membrane. Once 

onto the surface of the cell the a3 portion of the MHC class I molecule is able to bind with CD8 

molecules on the surface of CD8+ T cells1 while the a1 and a2 portions of the MHC class I 

molecule bind with the T cell receptor (TCR)10. Once the CD8+ T cell binds with the MHC class 

I molecule it can mount an immune response against the peptide being presented. Recognition of 

a foreign protein initiates the activation of the CD8+ T cell which leads to the release of 

cytotoxic compounds in an effort to kill the cell presenting the foreign antigen. MHC Class II 

molecules are found on the surface of the “professional” antigen presenting cells, dendritic cells, 

macrophages, and B cells1, and are able to present extracellular antigens to CD4+ T cells. When 

an extracellular protein is engulfed by a phagocytic antigen presenting cell it is cleaved in an 

endosome before that endosome fuses with the MHC class II compartment (MIIC). Inside of the 

MIIC the MHC class II molecules are loaded with peptides and then trafficked to the plasma 
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membrane11. Once the MHC class II complex is on the cell surface it can present the antigen to 

the TCR on the surface of immature CD4+ T cells. Following this binding process the immature 

T cell differentiates into a helper T cell which can go on to activate CD8+ cytotoxic T cells as 

well as assist naïve B cells in switching to plasma cells and producing antibodies1. These 

antibodies can circulate through the blood stream and assist in the classical pathway of 

compliment activation or bind to various immune cells that possess receptors from the Fc 

receptor family12.  

 Additionally, the adaptive immune system can give rise to immunological memory. This 

is what helps the body respond quicker and faster to subsequent attacks from pathogens that it 

has previously mounted an immune response against. Immunological memory comes from the 

process of generating memory T and B cells. This occurs during the primary immune response 

where a subset of the T cells and B cells that recognize the specific antigen presented from the 

pathogen are set aside as memory cells. These cells are then able to quickly respond during a 

secondary immune response and clear the pathogen more efficiently than if the immune system 

had to go through the entire process of antigen processing, presentation, lymphocyte activation, 

and clonal expansion13.  

2.3 Inflammation 

While inflammation is often viewed in a negative light as it is associated with unpleasant 

experiences such as fever, pain, and tissue damage, these unpleasant symptoms are actually the 

side effects of important physiological processes. As mentioned in Section 1.1 the innate 

immune system is the first line of defense against foreign invaders. When a foreign body breaks 

the epithelial barrier proteins and cells of the innate immune system work quickly to clear the 

pathogen before it can become establish and create a severe infection. To clear the pathogen, 
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components of the innate immune system work together to recognize and eliminate it. The 

elimination process is what gives rise to the symptoms commonly associated with inflammation: 

heat, pain, redness, and swelling. These symptoms are triggered by the release of cytokines from 

innate immune cells in the damaged tissues that have recognized that a pathogen is present. 

Vasodilatory compounds, such as histamine and anaphylatoxins, released from immune cells and 

through the process of complement activation, stimulate the surrounding vasculature to dilate 

and increase in permeability. Dilation allows for an increase of blood flow to the affected area, 

resulting in 2 symptoms of inflammation, heat and redness. The increase in vasculature 

permeability allows for immune cell recruitment and infiltration into the infected tissue. While 

immune cells infiltrate the area, there is also an increase in fluid in the interstitial space. This 

leads to swelling and subsequently pressure is applied to nerve endings in the area resulting in 

the final symptom of inflammation, pain1. While the symptoms may be temporarily 

uncomfortable, successful inflammation results in efficient pathogen clearance and allows the 

body to return to homeostasis.  

2.4 Mast Cells 

Mast cells were first described in 1878 by Paul Ehrlich, whose histological work showed 

the high level of granularity inside of the cell14. This level of granularity led to the cells being 

named Mastzellen, from the German words mast and zellen, meaning fattened and cell 

respectively. Mast cells begin their development in the bone marrow as pluripotent 

hematopoietic stem cells which have the ability to undergo proliferation and replication, and 

differentiate into a wide variety of blood cells15,16. Hematopoietic stem cells differentiate into 

immature progenitor cells and are then able to enter into circulation throughout the body1. Mast 

cells are granulocytes, meaning they contain preformed granules, that develop from the common 
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myeloid progenitor cell. Once in circulation, myeloid progenitor cells migrate into tissues where 

they differentiate, under the direction of IL-3 and stem cell factor (SCF)17, and remain as mature 

mast cells. The tissues that mast cells reside in are typically highly vascularized tissues that 

interface with the external environment, such as the skin and mucosal tissues18. Due to their 

proximity to the external environment mast cells are one of the first immune cells to interact with 

foreign substances that have entered into the body. Mast cells are able to participate in the innate 

immune response because of the variety of receptors that are present on their surface. A defining 

receptor of mast cells is the FceRI receptor which is able to bind to the Fc region of 

immunoglobulin E molecules with high affinity. The complex of an FceRI receptor and an IgE 

molecule allows for potent activation of the mast cell when two complexes are crosslinked19. 

Mast cells also retain expression of the typically stem cell receptor c-kit which, in conjunction 

with its ligand stem cell factor, is involved with mast cell precursor cell migration, differentiation 

into mature mast cells, and potentiating the response seen in FceRI receptor activation20,21. A 

third common class of receptors on the surface of mast cells is toll-like receptors. This includes 

TLR4 which responds to lipopolysaccharide (LPS) on the surface of gram-negative bacteria22. 

These receptors allow for mast cells to respond to stimuli in a manner that mimics that of the 

innate immune system. However, IgE-FceRI mediated mast cell activation is highly reliant upon 

aspects of the adaptive immune system to create antigen specific IgE antibodies. 

 Mast cells residing in tissue are primed to be activated through IgE-FcεRI in a process 

known as sensitization. The end result of this process is the binding of antigen specific IgE to the 

high affinity FceRI receptors on the surface of mast cells. The process of sensitization begins 

with a peptide being internalized by a professional antigen presenting cell, such as a dendritic 

cell or macrophage, processed and presented in an MHC class II molecule to a TH2 CD4+ T cell 
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which in turn can stimulate B cells to differentiate into antibody secreting plasma cells. IL-4, 

produced by the TH2 CD4+ T cells, causes the plasma cells to secrete antigen specific IgE 

antibodies23. These antibodies will bind with high affinity to the FceRI receptor on the surface of 

tissue resident mast cells. These mast cells are now sensitized to the specific antigen that was 

initially internalized by an APC. Upon subsequent exposures to the same antigen the mast cells 

will be activated through antigen crosslinking of multiple FceRI complexes. Following activation 

the mast cell will release inflammatory mediators stored in preformed granules and begin the de 

novo synthesis of various inflammatory mediators19, initiating the allergic inflammatory process.    

 Due to the variety of receptors that mast cells possess, and the speed of their response to 

stimuli, it can be said that mast cells bridge the gap between the innate and adaptive immune 

response. 

2.5 Allergic Inflammation 

Allergic inflammatory disorders 

such as asthma, hay fever, eczema, and 

food allergies have been steadily 

increasing over the past few decades. 

This is shown in Figure 1 where the 

prevalence of asthma, eczema, and hay 

fever was below 5% in a school aged 

population in 1964 but increased to 24, 

21, and 15% respectively by 1999 24,25. 

More recent studies out of the United States of America have shown that this trend of increasing 

rates of allergic diseases has begun to plateau (See Figure 2), however this data was based on 

Figure 1: Increasing prevalence of asthma, 
eczema, and hay fever 
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total population data estimates26 instead of the previous data shown in Figure 1. This trend is 

mimicked when looking at food allergies where it has been documented that there has been a 5 

fold increase in hospital visits for food 

induced anaphylaxis amongst children 

aged 0-4 years 27 and approximately 38% 

of  40,000 adults surveyed in the United 

States reported having experienced at 

least one food allergy related hospital 

visit in their lifetime 28. While all of these 

disorders have a genetic component that 

may predispose certain individuals, there is also several different schools of thought as to why 

there has been this steep incline in prevalence of allergic disorders in the past few decades. One 

hypothesis regarding this increase is known as the hygiene hypothesis. This hypothesis suggests 

that the increase in the rate of allergic diseases is due to a decrease in the rate of exposure to 

parasitic organisms. This hypothesis was first based off observations made by Gerrard et al. 

regarding the fact that white communities in Saskatchewan had significantly higher serum IgE 

levels as well as higher rates of asthma, eczema, and urticaria compared to Metis communities 

who had higher levels of helminth, viral, and bacterial infections29. These observations were 

furthered by David Strachan who hypothesized that the reason children in larger families have a 

lower risk of developing allergic disorders may be that they have more infections in early 

childhood due to unhygienic interactions with their siblings30. An extension of the hygiene 

hypothesis, known as the old friends hypothesis, suggests that the reason behind the relationship 

seen by Gerrard and Strachan is that in a Westernized society there is no longer the same level of 

Figure 2: Estimated asthma prevalence rates in 
the United States of America 
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exposure to organisms that have coevolved with humans over time31. This has left individuals in 

a state of immune dysregulation, meaning that without the continual fine tuning of the immune 

system, done through exposure to common bacterial and helminthic pathogens, an individual’s 

immune system can become hyper responsive to normally innocuous stimuli, as is the case in 

allergic disorders. In a situation where an individual has both low hygiene and a high pathogen 

burden dendritic cells stimulate T cells that are polarized in the TH2 direction, promoting 

clearance of the pathogen, but also stimulates Treg cells which work to regulate other immune 

cells. Without this regulation in place, as can happen in a westernized environment, inappropriate 

TH2 responses can be made and allergic disorders can arise32. Along with increased hygiene and 

decreased pathogen burden there is also an increase in environmental pollutions in westernized 

environments. Studies looking at aspects of pollution have shown that diesel-exhaust particulates 

act as an adjuvant and increase the production of IgE33. This increase in IgE production increases 

the chances that an otherwise harmless antigen has an immune response mounted against it, 

resulting in the occurrence of a process known as mast cell sensitization. When a foreign antigen, 

whether it be pathogenic or not, is encountered by the immune system it is phagocytosed by an 

antigen presenting cell such as a dendritic cell or a macrophage will engulf the particle and digest 

and present it to a CD4+ T cell in the context of an MHC class 2 molecule. The interaction 

between the MHC class 2 molecule and the T cell receptor, as well as the interaction between the 

CD4 molecule and the b2 subunit of the MHC class 2 molecule allows for activation of the T cell 

if there is also an interaction between various costimulatory molecules such as between CD28 

and B7 on a dendritic cell1. Once the T cell is activated it has the ability to become one of 

multiple types of T cell, including TH1, TH2, or Treg cell. Which path it chooses to go down is 

based on the cytokines that bind with the cell. If IL-4 is present and binds with the cell, then the 
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T cell will become a TH2 cell. TH2 cells have the ability to stimulate B cells to differentiate into 

antibody secreting plasma cells. These plasma cells will undergo antibody class switching and 

begin producing antigen specific IgE antibodies. These highly specific antibodies are able to 

circulate through the body and enter tissue where they bind with FceRI receptors on the surface 

of mast cells. Now that the mast cells are sensitized they are able to rapidly respond to 

subsequent exposures to the antigen that was initially engulfed by the phagocytic antigen 

presenting cell18. For a sensitized mast cell to become allergically activated, crosslinking of two 

FceRI receptors must occur. Once crosslinked a signal is sent into the cell that initiates the two 

phases of the allergic reaction. The early phase of the allergic reaction is characterized by a rapid 

release of preformed granules. These granules contain substances such as histamine, proteases, 

lipid-derived mediators, and cytokines18. These mediators work to increase local blood vessel 

permeability as well as dilate these vessels and recruit immune cells to the site. This mechanism 

allows various immune cells to exit the blood stream to respond to the apparent danger that the 

mast cell has sensed in its surrounding tissue. While the mediators secreted in the early phase of 

the allergic reaction are busy remodelling the extracellular matrix and vascular epithelia, the 

activated mast cell is busy working to start the late phase of the allergic reaction. This phase is 

characterized by the de novo synthesis of a variety of proinflammatory cytokines and 

chemokines. These cytokines and chemokines are secreted from the cell and work to recruit 

additional immune cells to the site and stimulate them to assist in the removal of the activating 

antigen. Normally this would be a healthy response if it were towards a pathogenic organism 

such as a parasitic worm, however in the context of allergy this response is unneeded and is 

rather bothersome to the individual and in some cases, life threatening.  
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2.6 Early Phase Allergic Reaction 

The early phase of the allergic inflammatory 

process occurs within minutes (See Figure 334) of 

the initial cross linking of multiple tetrameric FceRI 

complexes. The a-subunit is the section that binds 

with the antigen specific IgE molecule35. The b-

subunit is the membrane spanning subunit and 

amplifies mast cell activation signals36. The final 

subunit, the g-subunit, is composed of 2 identical 

subunits connected by disulphide bonds and works to propagate the activation signal from the 

FceRI to downstream kinases. Cross linking of multiple FceRI receptors and the subsequent 

recruitment of Src family tyrosine kinases is a necessary step due to the FceRI receptors lack of 

intrinsic tyrosine kinase activity. However, the b and g-subunits contain immunoreceptor 

tyrosine-based activation motifs (ITAM) which allows for the binding of Src family kinases such 

as LYN, FYN, and SYK. Upon binding of LYN to the b-chain of the FceRI receptor the tyrosine 

residues in the ITAMs of the b and g chains become phosphorylated which allows for the 

recruitment of SYK. When SYK binds to the SH2 domain in the g chain of the FceRI receptor it 

becomes activated through phosphorylation of key tyrosine residues37. Activated SYK is able to 

phosphorylate the adaptor protein Gab2, which in turn activates PI3K, or it can directly activate 

PI3K38,39. Activated PI3K catalyzes the conversion of PIP2 to PIP3. This reaction generates IP3 

and DAG through the activation of Btk which activates PLC-g40. IP3 moves to the endoplasmic 

reticulum where it binds with its receptor IP3R and allows calcium to leave the endoplasmic 

reticulum41. Calcium efflux from the endoplasmic reticulum activates STIM1 which causes 

Figure 3: Timeline and severity of clinical 
manifestations during an allergic 
inflammatory response. 
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calcium release-activated calcium (CRAC) 

channels to open which further increase the 

intracellular calcium concentration42. This 

increase in [Ca2+] allows for preformed 

vesicles containing proinflammatory 

mediators, such as histamine, TNF, and 

various proteases, to migrate to the cell 

membrane where they undergo exocytosis to 

release their contents into the extracellular 

matrix. The release of these mediators results in an increase in blood vessel permeability that 

allows for other immune cells to enter the area. For reactions occurring in the skin the early 

phase causes a slightly raised area surrounded by a ring of inflammation, this is typically known 

as the wheal and flare (See Figure 4) response and occurs within minutes of the initial antigen 

crosslinking43. Specifically, histamine that is released from preformed granules in the mast cell 

acts upon blood vessels when it binds to a histamine receptors inducing vasodilation44 leading to 

pain, swelling, and warmth. PGE2 is a lipid mediator synthesized by activated mast cells and has 

the ability to induce vasodilation as well as cause the itching and pain that accompanies a 

cutaneous allergic reaction45. If the reaction occurs in the airways there is a sudden and severe 

drop in peak expiratory flow rate. This drop is due to a buildup of mucus that forms a plug in the 

airway. This life-threatening situation is something that an individual with asthma experiences 

during a flare up of allergic asthma.  

Figure 4: Wheel and flare reaction of the 
early phase allergic reaction (From Mayo 
Foundation for Medical Education and 
Research)  
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2.7 Late Phase Allergic Reaction 

While the signaling events mentioned previously are occurring to initiate the early phase 

of the allergic reaction a series of events are set in motion that will result in the de novo synthesis 

of a wide variety of mediators that will result in what is known as the late phase of the allergic 

reaction. De novo synthesis of inflammatory mediators is caused by the activation of 

transcription factors following various cell signaling events. The receptor proximal signaling 

events that initiate the events of the late phase are similar to those in the early phase of the 

allergic reaction. Divergence from the early phase signalling events occurs when activated SYK 

binds with LAT. This causes the activation of Grb2 which activates SOS. SOS transfers its 

phosphate group to a GDP molecule bound to Ras creating Ras-GTP. Ras-GTP activates Raf 

which is able to activate members of the MEK family of kinases19. MEK kinases have the ability 

to activate ERK which can activate PLA2, which is involved in the production of eicosanoids46, 

as well as transcription factors that drive gene transcription. Other MAPKs such as JNK and p38 

are activated in a similar manner and again go on to initiate gene transcription through the 

activation of transcription factors47. DAG, a by-product of the reaction that turns PIP2 into PIP3, 

is able to activate PKC which in turn leads to gene transcription48. A major transcription factor 

involved in regulating gene transcription in mast cells is NF-kB. NF-kB is sequestered in the 

cytoplasm by IkB. For NF-kB to move to the nucleus, IkB must become phosphorylated which 

causes it to degrade. For this phosphorylation to occur the IKK complex must be activated49.  

Some of the mediators of inflammation that are produced during the late phase of the 

allergic reaction include IL-4, IL-5, IL-6, IL-13, TNF, CCL1, and CCL2. These small proteins 

all play a role in propagating the allergic inflammatory process. IL-4 is a cytokine typical of a 

TH2 immune response and induces naïve T cells to become TH2 T helper cells which then begin 
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to increase IL-4 production. IL-4 is also involved in stimulating plasma cells to produce IgE, the 

antibody needed to initiate an allergic response50. IL-5 drives both B cell and eosinophil 

proliferation, contributing to greater levels of antibody production and higher eosinophil 

numbers51,52. IL-6 is a pyrogen, meaning that it causes a rise in temperature in the area that it is 

secreted. It also works to stimulate the production of neutrophils in the bone marrow as well as 

playing a role in mucus production in asthmatic airways53,54. TNF is another pyrogen produced 

during the allergic reaction. With a number of the aforementioned cytokines resulting in 

increased production of immune cells there must be a signal for those cells to migrate to the area 

of the allergic reaction. The chemokines (CCL1 and CCL2) act as chemoattractants, meaning 

that they draw the immune cells towards the area producing the chemokines. Specifically, CCL1 

and CCL2 recruit monocytes, which can differentiate into macrophages, and dendritic cells, both 

of which have phagocytic capabilities and work to destroy the stimulus that initiated the immune 

response55. 

The production of these cytokines and chemokines results in increased swelling in the 

local area as there is a vast increase in the number of cells that have infiltrated the interstitial 

space. In the context of a legitimate pathogen challenge these cytokines and chemokines will 

assist in recruiting the cells required for efficient clearance of the pathogen. When there is no 

actual threat posed to the body, as is the case in an allergic reaction, the production of these 

cytokines and chemokines create a potentially life-threatening situation due to difficulty 

breathing, caused by contraction of smooth muscle in the bronchioles, a drop in blood pressure 

due to vasodilation, and myocardial depression56–58. 
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2.8 Energy Requirements in Mast Cell-Mediated Allergic Reaction 

All cells in the body require energy in the form of 

ATP in order to carry out basic cellular functions as well 

as their cell type specific specialized tasks. Energy 

production in cells occurs predominantly through 3 

pathways, either through glycolysis, the citric acid cycle, 

or through oxidative phosphorylation. Glycolysis, an 

ancient energy metabolism pathway, is an anaerobic form 

of energy production and occurs in the cytoplasm of 

cells59. As the name of this pathway states, the purpose of 

glycolysis is to split sugar. This occurs through a series of 

10 reactions, each catalyzed by a different enzyme. The end result of glycolysis is the net 

production of 2 ATP molecules, the reduction of 2 NAD+ molecules to NADH, and the 

production of 2 molecules of pyruvate (See Figure 5)60. Under certain conditions pyruvate is 

converted to lactate. This reaction oxidizes NADH back to NAD+ and allows for glycolysis to 

continue. However, under typical conditions pyruvate can be converted to Acetyl CoA through a 

reaction that reduces NAD+ to NADH, produces CO2, and consumes CoASH (See Figure 6). 

Acetyl CoA enters the citric acid cycle, 

which occurs in the mitochondrial matrix, 

where it is converted back to CoASH 

through a reaction that also converts 

oxaloacetate to citrate thus beginning the 

citric acid cycle, a series of 8 reactions that 

Figure 5: Simplified schematic of 
the reactions of glycolysis (From 
Feher, 2017) 

Figure 6: Conversion of Pyruvate to Acetyl CoA 
(Adapted from Feher, 2017)  
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ultimately produces 2 molecules of CO2, reduces 3 molecules of NAD+ to NADH, reduces one 

molecule of FAD to FADH2, and catalyzes the formation of 1 molecule of GTP from GDP60. The 

electron carriers, NADH and FADH2, produced during glycolysis and the citric acid cycle are the 

substrates used in oxidative phosphorylation. The electron transport chain is composed of 4 

protein complexes, ubiquinone, and cytochrome C (See Figure 7). Complex I oxidizes NADH to 

NAD+ and uses the liberated electron to pump a hydrogen ion from the mitochondrial matrix 

into the intermembrane space. Complex II oxidizes FADH2 to FAD+. Both Complex I and II 

pass their electrons through ubiquinone which in turn passes the electrons to Complex III which 

uses them to pump hydrogen ions into the intermembrane space. From Complex III electrons 

pass to cytochrome C before travelling to Complex IV which once again uses the electrons to 

pump hydrogen ions into the intermembrane space. Complex IV also has the important job of 

combining 4 electrons and one O2 molecule to create 2 molecules of H2O. Due to the pumping of 

hydrogen ions across the inner mitochondrial membrane there is a high concentration gradient of 

H+. This proton motive force is what allows for the production of large amounts of ATP. ATP 

synthase is a protein that spans the inner mitochondrial membrane and acts as an ion channel 

allowing the hydrogen ions to return to the mitochondrial matrix. When the hydrogen ions pass 

through ATP synthase’s ion channel it 

allows for the combination of an ADP 

molecule with an inorganic phosphate group, 

producing the energy storage molecule 

ATP60.  

Mast cells, like all cells, require ATP 

to carry out various functions such as 
Figure 7: Production of ATP through Oxidative 
Phosphorylation  
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proliferation and protein synthesis. However, this energy demand increases when mast cell 

degranulation is induced. This relationship was first seen in 1961 when Diamant and Uvnäs 

stimulated rat lung tissue with Compound 48/80, a substance known to induced histamine release 

from mast cells61. They conducted experiments in the presence of either oxygen or nitrogen gas, 

and in the presence or absence of glucose. What these conditions allowed them to look at was 

whether the energy needed for degranulation was coming from glycolysis or oxidative 

phosphorylation. In the presence of glucose there was no significant difference in histamine 

release. However, in the absence of glucose there was a significant difference in histamine 

release from the cells in O2 and the cells in N2, with the N2 cells secreting nearly 30 times less 

histamine. There was also a decrease in the amount of histamine secreted by the O2 cells in the 

absence of glucose. This suggests that mast cells can use both glycolysis and oxidative 

phosphorylation as a means to get the ATP required for degranulation. However, this data 

suggests that mast cells are able to degranulate to a greater extent if glycolysis can be carried out. 

These researchers also found that under nitrogen, to ensure glycolysis was the source of ATP, 

more complex sugars resulted in less degranulation when compared to cells that had access to 

glucose61.  

More recently a team from the University of Pittsburgh conducted a study that 

determined that following FceRI-mediated mast cell activation there is a rapid induction of 

glycolysis, but not oxidative phosphorylation. However, they found that inhibition of oxidative 

phosphorylation, using rotenone, an inhibitor of complex I of the electron transport chain, caused 

a decrease in the production of IL-6 and in degranulation62. They concluded from these results 

that glycolysis and oxidative phosphorylation are both involved in the production of the energy 

needed by the mast cell to undergo both degranulation and cytokine production and secretion.  
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2.9 Mitochondria in Immune cells 

As mentioned in Section 1.8, mitochondria play a very important part in cellular 

bioenergetics with the citric acid cycle occurring in the mitochondrial matrix and the proteins 

responsible for oxidative phosphorylation located on the inner mitochondrial membrane. As is 

the case in all cells in the body, immune cells require ATP to carry out basic cellular functions. 

However, the importance of mitochondria in regulating various immune responses has become 

the topic of increased research. Mitochondria have the ability to regulate immune responses 

through modulation of energy production as well as through the production of various products 

needed for the synthesis of macromolecules and the production of signaling molecules63. In 

dendritic cells, stimulation with LPS and other PAMPs results in increased reactive oxygen 

species (ROS) production that correlates with a decrease in ATP production due to nitric oxide 

nitrosylating various complexes of the ETC which inhibits electron transport64,65. The process 

results in the activation of ROS-induced signaling cascades that help to drive a successful 

immune response66. In macrophages mitochondria can play very different roles depending on 

how the macrophage is polarized. In an M1 polarized macrophage mitochondria are almost 

exclusively used as a signaling organelle, as even in the presence of oxygen these cells choose to 

undergo glycolysis67. In comparison, an M2 polarized macrophage shows increased oxygen 

consumption when compared to unpolarised macrophages. When transcription factors of the 

peroxisome proliferator-activated receptor family, such as PGC-1b which is known to activate 

oxidative phosphorylation, are lost there is a deficit in M2 macrophage polarization68. Apart 

from macrophage polarization, mitochondria also play a role in Nlrp3 inflammasome activation. 

Specifically, Nlrp3 binds directly with cardiolipin, a mitochondrial specific phospholipid, and 

when the synthesis of cardiolipin is inhibited so is the activation of the Nlrp3 inflammasome69. 
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Furthermore, not only do mitochondria serve as docking sites for the Nlrp3 inflammasome, their 

production of ROS also initiates the production of IL-6 and TNF through activation of the 

transcription factor HIF-170,71. The role of mitochondria in the immune system as a whole is 

highlighted by their role in CD4+ T cells, a central player in the adaptive immune response. T 

cell activation has been shown to require mitochondrial ROS production for optimal NFAT, NF-

kB, and proximal T cell receptor signaling activity72,73 and reductions in ROS production are 

associated with a decrease in the production of IL-274, a cytokine involved in T cell 

differentiation and regulation75. Early evidence also suggests that mitochondria play an important 

role in the differentiation of plasma cells from naïve B cells as they are the site of the de novo 

synthesis of fatty acids from glucose that occurs as the cells differentiate76. Overall, 

mitochondria play an important role in immune cells through their ability to act as a synthetic 

organelle, as well as having the ability to produce signaling molecules, and as a source of cellular 

energy. These functions work together to help drive a successful immune response.  

2.10 Mitochondria in Mast cells 

The role of mitochondria in mast cell energy production was briefly reviewed in Section 

1.8. However, the simple understanding that mast cells require energy to carry out basic cellular 

functions is just the tip of the iceberg when discussing the role of this organelle in mast cells. In 

this section we will take a look at the role of reactive oxygen species generation from 

mitochondria and the impact that this process has on both mast cell activation and survival, we 

will also look at the role of mitochondria during the degranulation process and how they 

translocate to the plasma membrane along with the vesicles being released. 
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2.10.1 ROS Production 
 

Originally thought to be just an accidental by-product of mitochondrial respiration77, 

ROS have garnered greater attention due to their ability to act as signaling molecules and 

regulate various cell functions. In mast cells it has been seen that stimulation through the IgE-

FceRI complex induces ROS production and regulates various processes such as degranulation 

and cytokine production78. When trying to dissect the relationship between ROS and mast cell 

function researchers found that when they inhibited the production of ROS there was a decrease 

in Ca2+ mobilization79 accompanied with a decrease in both degranulation and leukotriene 

production from bone marrow-derived mast cells78,79. These findings were mimicked when 

researchers took cells from atopic dermatitis patients and subjected them to an allergen 

challenge80. Further work to determine the mechanism by which Ca2+ mobilization is abolished 

in the absence of ROS signaling found that phosphorylation of tyrosine residues in both PLCg 

and LAT, members of the PI3K pathway, was abolished when ROS generation was inhibited79 

suggesting that ROS are needed for tyrosine phosphorylation to occur in those key members of 

the PI3K signalling pathway. These studies suggest that mitochondrial ROS production is a key 

factor in effective signal transduction leading to mast cell degranulation. 

2.10.2 Translocation during Degranulation 

During the process of mast cell degranulation, it has been shown that mitochondria will 

translocate to the exocytosis sites. Zhang et al. showed that mast cell degranulation and the 

release of preformed TNF secretion both require mitochondria to translocate to the cell 

membrane with the preformed vesicles81. A paper published by a group in Israel suggests that 

impairments to mitochondrial function can cause impairments in mast cell degranulation. Their 

study examined the role of mitochondrial STAT3 on mast cell degranulation. STAT3 plays a role 
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in regulating mitochondrial ATP production which led the researcher to believe that the 

inhibition of STAT3 would decrease ATP production and have an effect on mast cell 

degranulation. When STAT3 activity was inhibited there was a significant reduction in ATP 

production, oxygen consumption, and Complex II/III activity82. These decreases in markers of 

mitochondrial bioenergetics were seen alongside a near abolishment of degranulation and TNF 

secretion suggesting that the energy produced during mitochondrial respiration is required for 

effective mast cell degranulation. 

2.11 Cardiolipin  
 

Cardiolipin is a phospholipid found primarily in the inner mitochondrial membrane. Its 

unique conical shape allows for it to play a role in membrane curvature and respiratory chain 

supercomplex assembly. Its primary location in the mitochondrial membranes hint at the 

important role it plays in mitochondrial bioenergetics.  

2.11.1 Structure 

Cardiolipin is unique amongst 

phospholipids due to the fact that it 

possesses two phosphate head groups 

along with four fatty acid side chains 

(See Figure 8). This structure results in 

the conical structure that is typical of 

cardiolipin. Cardiolipin is synthesized in the mitochondria from phosphatidylglycerol and fatty 

acids. Following synthesis the fatty acid side chains undergo remodelling in the form of various 

deacylation and reacylation reactions catalyzed by the non-specific phospholipid-

lysophospholipid transacylase tafazzin83. The remodelling process involves the removal of a fatty 

Figure 8: Structure of cardiolipin showing its 3 
glycerol units, 2 phosphate groups and 4 acyl side 
chains (From Vaz et al., 2003)  
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acid side chain from cardiolipin which results in the creation of the immature version, 

monolysocardiolipin84. It has been suggested that this process can be carried out by the calcium-

independent phospholipase A285, but this is not a necessary step as the same process can be 

carried out by tafazzin84. The repeated deacylations and reacylations results in the formation of 

mature cardiolipin, tetralinoleoyl cardiolipin, where all four phosphatidyl acyl groups are 

linoleoyl fatty acids86.  

2.11.2 Function 
 

As described in section 1.11.1 cardiolipin possess 4 

phosphatidyl acyl group side chains which give the phospholipid 

a conical structure. This structure allows for cardiolipin to 

occupy areas of negative curvature in the phospholipid bilayer 

without the stress that would occur with cylindrical 

phospholipids (See Figure 9)84,87. Above and beyond its role in 

membrane structure, cardiolipin plays an important role in 

anchoring mitochondrial proteins and organization of the 

respiratory chain supercomplexes. Studies have shown that 

cardiolipin binds with the mitochondrial solute carriers, such as the phosphate carrier, the 

carboxylate carrier, and the ADP/ATP carrier, and in some cases enhances the activity of these 

proteins 88–90. Cytochrome c oxidase is one member of the respiratory chain that is both bound 

and regulated by cardiolipin. In the absence of cardiolipin cytochrome c oxidase activity is 

reduced by as much as 50%, suggesting that the binding between the two is both structural and 

functional in nature91,92. Complex III of the respiratory chain suffers an even worse fate when 

cardiolipin is removed. In the absence of cardiolipin there is a near abolishment in Complex III 

Figure 9: Cardiolipin (yellow) 
allows for tight packing of 
phospholipids in highly curved 
portions of the mitochondrial 
membrane (From Schlame, 
2013)  
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activity and dissociation of subunits occurs93. There is also some evidence to suggest that 

Complex I requires bound cardiolipin for optimal functionality94. ATP synthase oligomerization 

is also dependent on cardiolipin. Acehan et al. found that with cardiolipin deficiency there is a 

decrease in the supramolecular organization of ATP synthase molecules95. They hypothesized 

that this disorganization can in turn lead to membrane failure due to the fact that cardiolipin and 

ATP synthase both help to alleviate the free energy found in highly curved sections of the 

mitochondrial membrane. The associations between cardiolipin and these various members of 

the mitochondrial respiratory chain allows for cardiolipin to increase the stability of respiratory 

supercomplexes96. The added stability attributed to the interaction between cardiolipin and the 

proteins that make up the respiratory supercomplexes is thought to increase the efficiency of 

ATP synthesis as well as decrease the production of damaging ROS97. These characteristics of 

cardiolipin make it an indispensable phospholipid in the context of mitochondrial structure and 

function. 

2.12 Tafazzin 

Tafazzin is a cardiolipin transacylase encoded by the TAZ gene83. Its job is to remodel the 

fatty acid side chains of immature cardiolipin and produce the mature form of cardiolipin, 

tetralinoleoyl-cardiolipin98.  

2.12.1 Function 

Tafazzin’s function as a cardiolipin transacylase was established by using various 

tafazzin deficient models. A study in 2006 from the New York School of Medicine found similar 

results from three different models of tafazzin deficiency. They analyzed human, yeast, and fruit 

fly samples that were all deficient in tafazzin and they found in each case that there was a 

decrease in the rate of synthesis of cardiolipin from 1-palmitoyl-2-acyl-phosphatidylcholine and 
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monolysocardiolipin in tafazzin deficient mitochondria compared to control mitochondria99. 

Tafazzin has been described as a fairly promiscuous enzyme, in so much that it will bind with 

acyl groups containing a various number of carbons (7-19) and double bonds (0-3)84. Given the 

promiscuous nature of tafazzin it would be expected that tafazzin would remodel phospholipids 

in a way that would result in a vast array of products. However, when remodelling cardiolipin, 

mammalian tafazzin fairly consistently generates the same cardiolipin species, the mature 

species, tetralinoleoyl-cardiolipin86. This knowledge leads to the belief that a reduction in 

tafazzin protein levels would correlate with a reduction in tetralinoleoyl-cardiolipin content.  

2.12.2 Knockdown in vivo 

In 2011 Soustek et al. published a paper that characterized a doxycycline inducible short 

hairpin RNA mouse model that allowed for a 70-95% reduction of tafazzin mRNA levels in 

various tissues100. In the same year, Acehan et al. published a paper that saw similar results in 

mRNA level but also looked at the reduction in tafazzin protein content where they found a 97% 

and 86% reduction in cardiac and skeletal muscle tissue respectively101. This murine knockdown 

model was developed so that researchers could more effectively study the pathology of Barth 

Syndrome. Up until this point researchers had been using cell lines, yeast, Drosophila, and 

zebrafish models to look at the molecular mechanisms and consequences of the TAZ deficiency. 

However, these models did not allow them to study the molecular mechanisms alongside the 

cardiac and skeletal muscle deficiencies seen in Barth Syndrome. This inducible knockdown 

model involved the placement of a cassette into the murine genome. This cassette was under the 

direction of a tetracycline repressor. When doxycycline was fed to mice with the knockdown 

cassette, the repressor was liberated and transcription of the TAZ shRNA was initiated. Once the 

shRNA is transcribed it is processed by an enzyme called Dicer. Dicer processes the shRNA into 
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2 molecules of small interfering RNA (siRNA). This siRNA then binds with the TAZ mRNA to 

create double stranded RNA. The double stranded mRNA then becomes part of the RNA-

induced silencing complex (RISC) which breaks down the target mRNA102.   

 Studies that have used this inducible knockdown model commonly use it to understand 

the mechanisms that lay behind the pathology of Barth Syndrome which is characterized by 

cardiomyopathy, skeletal myopathy, growth delay, neutropenia, and increased urinary excretion 

of 3-methylglutaconic acid103. The model characterized by Soustek et al. has been shown to 

cause an increase in mono- and dilysocardiolipin, along with a decrease in tetralinoleoyl-

cardiolipin, as well as decreases in Complex III and ATP synthase activity104. A study to 

examine the cellular and molecular mechanisms behind neutropenia in Barth Syndrome patients 

found that tafazzin knockdown resulted dissipation of the mitochondrial membrane potential as 

well as an increase in apoptosis in human myeloid progenitor cells105.  

 These studies demonstrate that the model characterized by Soustek et al. effectively 

reduces tafazzin levels in mouse models. It is also evident that the impairment to neutrophils in 

Barth Syndrome patients is due to mitochondrial dysfunction. These findings suggest that 

employing the Soustek et al. model in a murine mast cell model of allergic inflammation will 

allow for the effective reduction in tafazzin protein content which will in turn result in 

mitochondrial defects. 

2.13 Potential Impact of Tafazzin Knockdown in Mast cells 

To date there has not been any studies conducted that have looked at the role of tafazzin 

in allergically activated mast cells and the potential consequences of a reduction in tafazzin 

protein levels. With the knowledge that tafazzin activity is integral to proper cardiolipin 

remodelling it is to be expected that there will be an accumulation of immature cardiolipin 
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species in mast cells following the induction of the tafazzin knockdown. This accumulation of 

immature cardiolipin species will in turn result in disorganization of the super complexes of the 

electron transport chain resulting in a decrease in ATP production via oxidative phosphorylation 

and an increase in reactive oxygen species generation. As there is an increase in ROS production 

following antigen induced stimulation of mast cells it could be expected that this increased 

production of ROS will result in increased activation of the mast cells. However, this increase in 

activation induced by reactive oxygen species occurs in cells with normal mitochondria; in cells 

that have a reduced level of tafazzin, and therefore immature cardiolipin species and respiratory 

chain uncoupling, there may be insufficient amounts of ATP to power the allergic inflammatory 

response. Since there is evidence that various mitochondrial impairments effects how 

mitochondria translocate during the degranulation process, it is possible that a knockdown of 

tafazzin and the resultant mitochondrial deficiencies may reduce the extent of mitochondrial 

translocation during the degranulation process that occurs immediately following FceRI 

crosslinking. Vesicle trafficking of de novo synthesized inflammatory compounds may suffer the 

same fate as the preformed vesicles that are released during degranulation due to the mechanism 

of release being conserved between the two processes. In theory, a reduction in tafazzin protein 

levels will result in an accumulation of immature cardiolipin species which can cause 

mitochondrial uncoupling, resulting in reduced ATP production and increased ROS production. 

The changes in the production of these products may serve to regulate the allergic inflammatory 

response through a reduction in the rate of mast cell degranulation and release of vesicles 

containing de novo synthesized inflammatory compounds.  
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Chapter 3 : Research Objectives & Hypotheses 

3.1 Objectives 

The objectives of this study are: 

1. To establish an inducible tafazzin knockdown mast cell culture. 

2. To characterize the role of tafazzin in mast cell respiration during a model of an allergic 

reaction. 

3. To determine if a reduction in tafazzin protein levels impacts the release of preformed 

granules during the early phase of the allergic reaction. 

4. To determine if a reduction in tafazzin protein levels impact the production and release of 

de novo synthesized proinflammatory cytokines during the late phase of the allergic 

reaction. 

3.2 Hypotheses 

It is hypothesized that a reduction in the expression of tafazzin will result in a reduction in 

oxygen consumption, indicative of impairments to oxidative phosphorylation. Due to the energy 

required during degranulation it is hypothesized that with a reduction in tafazzin levels there will 

also be a reduction in the speed or total amount of degranulation during the early phase of the 

allergic reaction. Finally, it is hypothesized that reduction of tafazzin levels will reduce the 

secretion of de novo synthesized proinflammatory mediators but will not affect the production of 

these mediators. 
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Chapter 4 : Methodology 

4.1 Mice 

Animals from the B6.Cg-Gt(ROSA)26Sortm37(H1/tetO-RNAi:Taz)Arte/ZkhuJ (TAZ shRNA) 

mutant mouse strain from The Jackson Laboratory were maintained on a standard diet and in 

normal living conditions in the Brock University Comparative Biosciences Facility. All 

procedures were approved by the Animal Care Committee (ACC) at Brock University. 

4.2 Bone Marrow Isolation 

Prior to bone marrow isolation, two pairs of scissors and forceps were autoclaved, a 50 

mL conical tube (Sarstedt, #62.547.205) of 70% ethanol (Commercial Alcohols, #P016EA95) 

was prepared, along with a 50 mL conical tube of RPMI-1640 media (Life Technologies Inc., 

11875119). Mice were anesthetized with a mixture of isoflurane and oxygen at a flow rate of 1-2 

L/min. Cervical dislocation was used to sacrifice the mice. Following euthanization the animals 

were transferred into a ThermoForma biological safety cabinet (Class II A2 BSC, 100660-2888) 

and prepared for surgery. Surgery preparation involved laying the animal in a supine position 

and wetting the fur with 70% ethanol. A transverse incision was made around the middle of the 

animal’s torso. The feet were removed from the hind limbs below the ankle joint and the tail was 

removed. The skin was removed from the animal to expose the muscles of the hind limbs. 

Muscles surrounding the hip joint were removed to expose the joint. Once the joint was exposed 

the leg was pulled away from the body and scissors were used to assist in dislocating the femur 

from the hip socket. Tendons on the detached leg were snipped in order to make it easier to 

remove the muscles. Kim Wipes (Kimberly-Clark Professional, 05511-7552) were used to aid in 

the complete removal of muscle and connective tissue from the bone. Once cleaned, the bones 

were kept in RPMI media until all bones from the animal had been removed and cleaned. Bone 
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Marrow Derived Mast Cell (BMMC) complete media was prepared by combining 500 mL of 

RPMI-1640 media (Life Technologies Inc., 11875119) with 10% (63 mL) heat inactivated 

synthetic fetal bovine serum (FBS)(Sigma), 10% (63 mL) WEHI supernatant, a source of IL-3, 

(collected from WEHI-3B cell line cultures; American Type Culture Collection, ATCC), 1% (6.3 

mL) Penicillin/Streptomycin (Gibco, 15140-122), 0.005% (31.6 µL) 1M b-mercaptoethanol 

(Sigma, #M3148), and 0.002% (12.6 µL) 10mM Prostaglandin E2 (Sigma, #P5640) before being 

filter sterilized through a 0.2 µm pore diameter bottle top filter (Filtpour BT50, Sarstedt, 

#83.1823.101). BMMC complete media was used to flush the bone marrow out of the bones. To 

flush the bones the ends of each bone were cut to expose the marrow pocket. 30 mL of BMMC 

complete media was drawn up into a 30 mL Luer-Lok Tip syringe (BD, #302832). A 30-gauge 

needle (BD PrecisionGlide, #305106) was affixed to the end of the 30 mL syringe. Bone marrow 

was flushed from the bone into a 50 mL conical tube, using the needle to scrape the inside wall 

of the bone to ensure complete removal of bone marrow. Once all 4 bones were flushed the 

mixture was mixed using a 10 mL serological pipette (Sarstedt, #86.1254.001) to help disrupt 

large clumps of bone marrow. Following this mixing the contents of the 50 mL conical tube were 

poured through a 40 µm cell strainer (Falcon, #352340) into a fresh 50 mL conical tube to 

remove bone fragments and connective tissue. The cells were then added into a sterile T75 

vented cap cell culture flask (Sarstedt, #83.1813.002) that contained 20 mL of fresh BMMC 

complete media and placed into a Formaä Steri-Cycleä CO2 incubator (Thermo Fisher 

Scientific, #370) set at 37°C, 5% CO2, and 95% humidity.  

4.3 Fetal Liver Isolation  

Heterozygous male and female mice were bred with the intention of generating pups 

homozygous for the shRNA cassette. Once pregnant the female mice were weighed to monitor 
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the progress of the pregnancy. At 10 grams gained the dams were euthanized with cervical 

dislocation under isoflurane. Following euthanization a transverse incision was made to expose 

the uterus. The uterus was resected and cut open to expose the neonatal pups. The neonates were 

removed from the uterus by cutting the umbilical cord. Once removed a Kim wipe was used to 

clean off the residual amniotic fluid. Prior to removal of the liver the neonates were decapitated 

using a scalpel blade. To access the liver 3 incisions were made. The first incision was a 

transverse incision across the torso below the rib cage. The second incision followed the midline 

of the animal from the first incision down towards where the umbilical cord attached. The third 

incision was through the center of the rib cage. Once the 3 incisions were made pressure was 

applied to the sides of the neonate’s torso to force the liver to separate from the other organs in 

the thoracic cavity. The livers were removed by cutting through the hepatic portal vein and the 

hepatic artery. Livers were homogenized in BMMC complete media using a 40 µm cell strainer 

and the back of the plunger from a 10 mL Luer-Lok Tip syringe (BD, #302995). Following 

homogenization, the cells were transferred to a 15 mL conical tube (Sarstedt, #62.554.205) and 

centrifuged at 1300 rpm for 10 minutes at 4°C in an Avanti J-15R centrifuge (Beckman Coulter, 

B99516). Cells were resuspended in 10 mL of BMMC media and transferred to a T25 vented cap 

cell culture flasks (Sarstedt, #83.3910.002). 30 ng/mL of murine stem cell factor (mSCF) 

(PeproTech Inc., #250-03) was added to each culture before they were placed in the incubator at 

37°C, 5% CO2, and 95% humidity. 

4.4 Bone Marrow-Derived Mast Cell and Fetal Liver-Derived Mast Cell Culturing 

The newly established BMMC cultures were cultured once every 3 or 4 days to maintain 

the cells in fresh BMMC complete media. This process involved transferring the cells with a 25 

mL serological pipette (Sarstedt, #86.1685.001) into 50 mL conical tubes. The cells were then 
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centrifuged at 340 x g for 10 minutes at 4°C to pellet the cells. Following centrifugation, the cell 

pellets were resuspended in 10 mL of fresh BMMC complete media. 46 µL of resuspended cells 

was combined with 4 µL of NucBlue (Life Technologies, R37605), a stain specific for nuclei, in 

an AxygenÒ 1.5 mL tube (Corning, MCT-150-A) and allowed to incubate at room temperature 

for 20 minutes. 15 µL of the stained cells was loaded onto a hemocytometer slide. A Countess II 

FL cell counter (Life Technologies Inc., AMQAF1000) was used to determine the number of the 

cells in the culture. After being counted, the cells were added back to the T75 flask along with 

additional BMMC media to bring the final density of cells to 0.5 million cells per 1 mL of media. 

Cells were then placed back in the incubator to continue proliferating. Fetal liver-derived mast 

cells (FLMCs) were cultured in the same manner as the BMMCs except for the addition of 30 

ng/mL of mSCF. 

4.5 Flow Cytometry 

Flow cytometry analysis was used to verify that the cells being used were indeed mast 

cells. This was done by examining the expression of the c-kit and FceRI receptors on the surface 

of the cells. To begin this analysis 0.5 x 106 cells were collected and centrifuged at 340 x g for 10 

minutes at 4°C. Following centrifugation, the cells were washed with immunofluorescence (IF) 

Buffer (PBS with 0.2% NaN3 and 1% BSA) and then centrifuged at 520 x g for 5 minutes at 4°C. 

Cells were resuspended at a density of 0.5 x 106 cells/mL and 100 µL was aliquoted into 1.5 mL 

tubes for each of the staining conditions. Fluorochrome conjugated antibodies (Sony 

Biotechnology) were added to the cells according to the manufacturers guidelines and then 

placed on ice for 1 hour. Following the incubation, the cells were centrifuged at 1,150 x g for 5 

minutes at 4°C. The supernatant was discarded, and the cells were washed with 600 µL of IF 

buffer. The cells were once again centrifuged at 1150 x g for 5 minutes at 4°C and the 
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supernatant discarded prior to fixing the cells in 400 µL of 1% formalin (1:100 dilution of 37% 

formaldehyde in 1X PBS). The cells were shielded from light before being analysed on a Sony 

SH800S cell sorter (Sony Biotechnology). Cells were analysed based on size and intracellular 

complexity as well as positive staining for FceRIa and c-kit.  

4.6 Doxycycline-Inducible Tafazzin Knockdown 

Doxycycline hyclate (Sigma-Aldrich, D9891-1G) was dissolved in molecular grade water 

to make a stock solution at a concentration of 20 mg/mL. This stock was further diluted to a 

working stock of 1 mg/mL and stored at -80°C in a Formaä 900 Series -86°C Upright Ultra-

Low Temperature Freezer (Thermo Fisher Scientific, 906). Induction of the tafazzin knockdown 

was initiated by adding 1 µg/mL of doxycycline to the TAZ knockdown FLMC cultures.   

4.7 Mast Cell Sensitization and Activation 

Activation of BMMCs was initiated through both the IgE-FceRI and SCF-cKit pathways. 

Activation through the IgE-FceRI begins with sensitizing of the mast cells. BMMCs were 

incubated overnight at a concentration of 0.5 million cells per mL in BMMC Complete media 

supplemented with 25% IgE supernatant (prepared from TIB-141 cell line cultures, ATCC). 

Following incubation, the cells were washed 2 times with clean RPMI-1640 media before being 

resuspended at either 1, 2, or 4 million cells per mL, in either experimental media (RPMI-1640 + 

10% FBS and 1% Pen/Strep) or HBSS buffer depending on the assay being conducted. 

Activation through the IgE-FceRI pathway involves the use of an artificial allergen, in this case 

trinitrophenyl conjugated to bovine serum albumin (TNP-BSA) (Biosearch Technologies), to 

cross link multiple IgE-FceRI complexes. Activation through the SCF-cKit pathway occurs 

through the binding of SCF to the cKit receptor. To initiate activation through both of these 

pathways 100 ng/mL of both TNP-BSA and mSCF was added to the cell cultures. Cells were 
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activated for various time points to mimic the allergic inflammatory process (See Figure 10). 

  

Figure 10: Schematic layout of timepoints across the allergic inflammatory reaction used to 
collect samples for various functional assays. 
 
4.8 Protein Extraction 

Cell signalling was analyzed through western blotting. The first step of this process was 

to extract protein from activated mast cells. Cells were sensitized overnight as previously 

mentioned. Following sensitization cells were washed 3 times in clean RPMI-1640 media. 

Washing involved transferring the cells into 50 mL conical tubes prior to centrifugation at 340 x 

g for 10 minutes at 4°C. After washing, the cells were resuspended at a concentration of 1 

million cells/mL in experimental media. Cells were split into 15 mL conical tubes or T25 vented 

cap cell culture flasks, depending on the number of cells being used. Cells were stimulated with 

100 ng/mL of both TNP-BSA and SCF as described above. At the various time points (See 

Appendix A) the cells were centrifuged at 520 x g for 10 minutes at 4°C to pellet the cells and 

the media was aspirated off using a vacuum flask. The cell pellet was lysed using 30 µL of RIPA 

lysis buffer (473 µL sterile water (Baxter, JF7624), 500 µL 2X RIPA buffer (BioBasic, 
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#RB4477), 2 µL leupeptin (5 mg/mL, Bio Basic Canada Inc., LDJ691), 2 µL pepstatin (5 

mg/mL, Bio Basic Canada Inc., PDJ694), 2 µL aprotinin (5 mg/mL, Bio Basic Canada Inc., 

AD0153), 4 µL iodoacetamide (0.5 M, Bio Basic Canada Inc., IB0539), 5 µL NaF (200 mM, 

Sigma, S-7929, 1:2000 dilution), 5 µL Na3VO4 (200 mM, Sigma, S-6508, 1:2000 dilution), & 5 

µL PMSF(100 mM, Bio Basic Canada Inc., PB0425)) per 5 million cells. Following lysis, 

samples were vortexed and incubated on ice for at least 20 minutes prior to centrifugation at 10 

minutes at 17,136 x g at 4°C in a Labnet International Inc. Centrifuge (Prism-R, # C2500-R). 

The supernatant was transferred into fresh 1.5 mL tubes and stored at -80°C until ready for 

quantification.  

4.9 Protein Quantification and Sample Preparation 

Samples were thawed on ice and diluted 20-fold by adding 2 µL of sample to 38 µL of 

sterile water. A blank for the quantification was created using 2 µL of RIPA lysis buffer instead 

of protein sample. BSA standards were created by dissolving bovine serum albumin into sterile 

water to create protein standards of 500, 250, 125, and 62.5 µg/mL. 10 µL of diluted sample, 

standard, and blank was loaded in triplicate onto a 96-well plate (Sarstedt, #83.1835). 5X 

BioRAD protein assay dye reagent (BioRAD, #500-0006) was diluted to a 1X working stock. 

200 µL of the 1X protein assay dye reagent was added to each well using reverse pipetting to 

avoid bubble formation. The plate was read using a spectrophotometer (BIO-TEK, Synergy HT-

1, #191356) set at 595 nm. Absorbance values from the blank wells were averaged and 

subtracted from all other wells on the plate. The absorbance values from the standard wells were 

averaged and plotted against the known protein concentrations in those samples. A line of best fit 

was generated from these samples and the equation of the line was used to calculate the protein 

concentration in the samples. These concentrations were used in the sample preparation process. 
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The values calculated using the line of best fit were multiplied by 20 to account for the dilution 

made prior to the protein assay. Volume of sample containing 30 µg of protein was calculated by 

dividing 30 by the concentration of protein in the sample. Volume of RIPA lysis buffer added to 

each sample was calculated by subtracting the volume of sample containing 30 µg from 12. This 

was done to equalize volume and concentration in the protein samples. 4 µL of 4x Sodium 

dodecyl sulfate (SDS) loading buffer was also added to the samples in order to aid with the 

denaturation and linearization of the proteins. The samples containing protein, RIPA, and SDS 

were vortexed prior to being placed into an 85°C water bath for 20 minutes to ensure the proteins 

were denatured. After incubating for 20 minutes samples were briefly centrifuged to collect all of 

the sample at the bottom of the tube and then stored at -20°C. 

4.10 Western Blotting 

15 µL of protein marker solution, 7 µL protein maker and 8 µL 1x SDS, along with 30 µg 

(~15 µL) of each protein sample was loaded onto a 10% TGX FastCast acrylamide gel 

(BioRAD, 161-0173) and electrophoresed for 35 minutes at 200 V using a BioRAD PowerPacä 

Basic Power Supply (BioRAD, 1645050). Following electrophoresis proteins were transferred to 

a polyvinylidene difluoride (PVDF) membrane using a TransBlot Turbo (BioRAD, 1704150).  

This process was done by removing the gel from between the glass plates and placing it onto an 

activated PVDF membrane. Transfer stacks, made of filter paper, were placed on either side of 

the gel and membrane and placed into the transfer cassette. Air was rolled out from the stack and 

the cassette was loaded into the TransBlot Turbo. The transfer was carried out using the Mixed 

MW* setting for 7 minutes. Following the transfer, membranes were blocked in 5% skim milk 

powder in TBS-tween (tris-buffered saline with 0.1% Tween-20 (BioBasic, TB0560)) for 2 hours 

at room temperature on an Orbit LS orbital shaker (Labnet, S2030-LS-B). Following the 
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incubation, the blocking buffer was washed away with distilled water and the membrane was 

briefly reequilibrated in TBS-Tween before adding the primary antibody in a solution of 5% 

BSA (Sigma, A7906) in TBS-Tween with 0.2% sodium azide (Sigma, 26628-22-8). Membranes 

were incubated overnight in the primary antibody solution on a BenchBlotterä rocking platform 

(Benchmark Scientific, BR1000) at 4°C. Primary antibody solution was removed from the blot 

prior to washing the blot 3 times with TBS-Tween for 15 minutes each time. During the final 

wash 700 µL of Clarity Max Western ECL Substrate (BioRAD, 1705062) was prepared by 

mixing 350 µL of Clarity Max Western Peroxide Reagent with 350 µL of Clarity Max Western 

Luminol/Enhancer Reagent. After the final wash, excess liquid was removed from the membrane 

by dabbing the edge against a paper towel. A Li-Cor WesternSure Pen (Mandel Scientific, #LIC-

926-91000) was used to allow for detection of the protein marker by the blot scanner. The 

Clarity Max Western ECL Substrate was dripped onto the membrane in a way to ensure the 

entire membrane was covered. The membrane was transferred to a C-Digit blot scanner (Li-Cor, 

3600) and scanned on the normal or high setting for 6 or 12 minutes respectively. Images from 

the scanner were analyzed through densitometry in order to compare protein levels and 

phosphorylation states between samples. For evaluation of statistical significance, a one-way 

repeated measures ANOVA was used. This allowed for the detection of variance within groups 

(WT vs. Homozygous KD) as well as detection of variance between time points across the 

allergic reaction time course. Post hoc t-tests were used to test if there was a difference between 

the groups at a specific time point when variance was detected with the one-way repeated 

measures ANOVA.   
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4.11 RNA Isolation and Purification 

Cells were sensitized and activated as mentioned in section 3.6. At the various time 

points (See Appendix A) cells were lysed using 350 µL of RLT Plus Lysis buffer (Qiagen, 

74136) supplemented with 10µL of b-mercaptoethanol per 1 mL of buffer. Lysed cells were 

stored at -80°C until the purification process. RNA Purification was conducted using the Qiagen 

RNeasy Plus Mini Kit (Qiagen, 74136). The purification process involved transferring the cell 

lysate to a genomic DNA Eliminator spin column and centrifuging for 30 seconds at 10,000 x g. 

350 µL of 70% ethanol was mixed to the flow through and mixed well. 700 µL was transferred 

to an RNeasy spin column and centrifuged for 15 seconds at 10,000 x g. The flow through was 

discarded and 700 µL of Buffer RW1 was added to the RNeasy spin column and centrifuged as 

above. The flow through was discarded and 500 µL of Buffer RPE was added to the RNeasy spin 

column and centrifuged again. Once again, the flow through was discarded and 500 µL of Buffer 

RPE was added to the RNeasy spin column and centrifuged for 2 minutes at 10,000 x g. The 

RNeasy spin column was then transferred to a new 2 mL collection tube and centrifuged at 

17136 x g for 1 minute to dry the membrane. The RNeasy spin column was transferred to a 1.5 

mL collection tube. 40 µL of RNase free water was dripped directly onto the membrane. This 

was left for 1 minute and then centrifuged for 1 minute at 17136 x g. The purified RNA was 

quantified using a NanoVue Plus instrument (General Electric, #28956016). RNA was selected 

from under the Life Sciences folder. 2 µL of molecular grade water was loaded onto the 

instrument as a blank. The absorbance of the blank was read by pressing the 0A/100% button on 

the instrument. This was repeated and if the two measurements were in agreement then samples 

were measured. 1 µL from the sample was loaded onto the NanoVue Plus instrument and the 

concentration (ng/µL) and the A260/A280 ratio, an indicator of purity, were recorded.  
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4.12 Reverse Transcriptase Reaction 

The values from the RNA quantification were used to calculate the volumes of RNA 

sample and water to be used to create complimentary DNA (cDNA) samples with equivalent 

concentrations. The maximum amount of RNA that could be added into the reactions was 

calculated by taking the lowest concentration and multiplying that number by 20, the maximum 

volume that can be put into the EcoDry Reverse Transcriptase Strip Tubes (Clontech, #639549). 

The value determined in the previous calculation was then used to calculate the volume from the 

other samples that contained the same amount of RNA. This calculation involved dividing the 

maximum amount of RNA by the concentration in each sample. The required volume of RNA 

sample was added into the reverse transcriptase strip tube and then all tubes were topped up to 20 

µL with molecular grade water. The reverse transcriptase reaction was carried out in a 

SimpliAmp Thermal Cycler (Applied Biosystems, #A24811) at 42°C for 1 hour, followed by 

70°C for 10 minutes. 10 µL of the cDNA generated from this reaction was dilute 1:20 to create a 

working stock.  

4.13 Primer Design and Testing 

Primers were designed using the NCBI Primer BLAST tool. Characteristics of the 

primers such as Max PCR product size, melt temperature, and GC% content were modified to 

match common lab practice. Ordered primers were reconstituted with molecular grade water to a 

concentration of 100 µM. This stock was then diluted 1:10 to create a working stock. To test the 

efficiency of the primers a serial dilution of a mix of cDNA from all of the experimental time 

points was created. The serial dilution used was 1, 1:5, 1:25, and 1:125. To test each primer pair 

cDNA from each of the dilutions was loaded in duplicate along with a blank that contained 

KAPA SYBR (KAPA Biosystems, #KM4103), the forward and reverse primers, and molecular 
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grade water. This allowed for up to 9 primer pairs to be tested at once on a single 96 well 

MicroAmp plate (Applied Biosystems, 4346907). Primer pairs were deemed to be efficient if 

there was a linear increase in the Ct values throughout the serial dilution of cDNA as well as 

there being a single product appearing on the gel image following electrophoresis.  

4.14 Quantitative Polymerase Chain Reaction and ΔΔCt analysis 

Forward and reverse primers specific to the gene of interest were added to molecular 

grade water and KAPA SYBR in a ration of 1:1:18:25. cDNA from each experimental time point 

was loaded in duplicate on a 96 well MicroAmp plate and sealed with MicroAmp optical 

adhesive film (Applied Biosystems, #201602-363). The Quantitative Polymerase Chain Reaction 

(qPCR) was conducted in a StepOnePlus Real-Time PCR System (Applied Biosystems, 

#4376592). The reaction involved 40 cycles of 95°C for 5 seconds and 60°C for 30 seconds 

followed by a melt curve cycle consisting of 95°C for 15 seconds, 60°C for 1 minute, and then a 

gradual increase of 0.3°C every 15 seconds until a the temperature reached 95°C, which was held 

for 15 seconds before the plate was incubated at 4°C. ΔΔCt analysis was used to calculate fold 

change relative to both the No treatment (unstimulated) time point and to a reference gene that’s 

expression would not change following stimulation of the cells. To determine if there was a 

difference in gene expression between the wildtype and the TAZ knockdown cells a Repeated 

measures ANOVA was conducted followed by post-hoc t-tests. A p value <0.05 was used as a 

cut off for statistical significance.  

4.15 Gel Electrophoresis 

A 1.8% agarose gel was made using agarose (Sigma, #1001954148) and sodium boric 

acid buffer. 5 µL of 10 mg/mL ethidium bromide (Bio Basics, #D0197) was added to the agarose 

gel to allow for visualization of the DNA. 1.1 µL of 10x DNA loading dye was added to one well 
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of each experimental DNA duplicate. 5 µL of each sample, along with 5 µL of DNA Ladder B 

(Bio Basics, #GM305) was loaded onto the gel. The samples were electrophoresed for 15 

minutes at 200 V and 400 mA, ensuring the volts remain constant. After undergoing 

electrophoresis, the gel was imaged using a FluorChem instrument (Alpha Innotech, #IS-5500). 

4.16 Cytokine Supernatant Collection and Enzyme Linked Immunosorbent Assay 

Cells were sensitized and activated as mentioned in section 3.6. At various time points 

(See Appendix A) cells were centrifuged at 1,150 x g for 10 minutes at 4°C. The supernatant was 

transferred to a fresh 1.5 mL tube and stored at -80°C until it was time for analysis. Analysis of 

secreted cytokines and chemokines was conducted using various DuoSet ELISA Development 

System kits (R&D Systems Inc., #990351.03). Buffers, antibodies, and standards for the kit were 

reconstituted and diluted according to the manufacturer’s guidelines prior to the start of the 

assay. Initially, the capture antibody was diluted with PBS and 50 µL was added to each well of 

a Nunc MaxiSorp flat-bottom 96-well plate (ThermoFisher Scientific, #44-2404-21) and 

incubated overnight at 4°C. After incubation the capture antibody was discarded, and the plate 

was washed once with 0.01% Tween-20/PBS. Following the wash, the plate was blocked for 1 

hour at room temperature using 100 µL of blocking buffer (2% BSA/PBS) per well. After the 

blocking buffer was discarded and the plate was washed once, as described above, 50 µL of 

sample, standard, or blank was added to each well. The standard curve was made by creating a 7 

point 1:2 serial dilution with the highest concentration being made according to the 

manufacturer’s guidelines. At this point the plate was once again incubated overnight at 4°C. The 

following day the detection antibody was diluted in ELISA assay buffer (0.2% BSA/0.05% 

Tween-20/PBS), the plate was washed 3 times as before, and 50 µL of detection antibody was 

added to each well and incubated at room temperature for 1 hour. During this incubation 
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Streptavidin-HRP was diluted in ELISA assay buffer. Following the 1 hour incubation the plate 

was washed 4 times and then 50 µL was added to each well for exactly 30 minutes at room 

temperature. TMB Substrates A and B were brought to room temperature, protected from light, 

and mixed together no more than 15 minutes before being added to the plate. The plate was 

washed 5 times before adding 100 µL of TMB Substrate to each well. Once the colour 

developed, judged by eye, the reaction was stopped by adding 50 µL of stop solution (0.3 M 

H2SO4) to each well. Once the reaction was stopped, the plate was read using a 

spectrophotometer set at 450 nm. The standard curve was used with the spectrophotometer 

software to determine the concentration of the analyte in each sample.  

4.17 b-hexosaminidase Assay 

To look at the early phase of the allergic reaction b-hexosaminidase assays were used. 

This involved sensitizing the cells as previously mentioned. Following sensitization, the cells 

were washed twice with cold Hank’s Balanced Salt Solution (0.1% BSA/HBSS). The cells were 

resuspended in HBSS at a concentration of 2 million cells/mL. 100 µL of cells were aliquoted 

into 1.5 mL tubes containing either 100 µL of HBSS (NT control group), 100 µL of TNP-BSA 

solution (2 µL TNP-BSA + 998 µL HBSS), or 100 µL TNP-BSA solution + 2 µL SCF. After 

stimulation the cells were incubated for 20 minutes at 37°C. Following the incubation period, the 

cells were centrifuged for 10 minutes at 1,150 x g to pellet the cells. The supernatant was 

transferred to a new 1.5 mL tube and the pellet was lysed with 200 µL of 1% NP-40 buffer (50 

µL of NP-40 (Sigma, #N-3516) in 5 mL HBSS Buffer). After lysis the samples were incubated at 

room temperature for 10 minutes. At this time both the supernatant and lysed pellet samples were 

centrifuged for 5 minutes at 1,150 x g. 50 µL from each sample, along with a blank, was 

transferred to a 96 well plate. 50 µL of 1 mM p-NAG solution (34.2 mg P-nitrophenyl-N-acetyl-



 44 

b-D-glucosaminide (Sigma, #N9376) + 100 mL 0.1 M citrate buffer (1.114 g citric acid 

monohydrate, 1.368 g sodium citrate, + 100 mL dH2O)) was added to each well and the plate 

was incubated at 37°C for at least 2 hours. At the end of the incubation period the reaction was 

stopped using 200 µL of 0.1 M carbonate buffer (5.3 g Na2CO3, 4.2 g NaHCO3, + 500 mL 

dH2O). The plate was read on a spectrophotometer set at 405 nm. The percent release was 

calculated using the following formula: 

 
                                            [O.D. supernatant - O.D.background] 

% Release =        ----------------------------------- -----------------------------------       * 100 
          [O.D. supernatant - O.D.background] + [O.D. pellet - O.D.background] 
 

 

4.18 Mitochondrial Respiration Assays 

Cells were centrifuged at 340 x g at 4°C for 10 minutes. The cells were resuspended in 

BMMC complete media and sensitized overnight at a concentration of 0.5 million cells per mL 

in BMMC Complete media supplemented with 25% IgE supernatant. Following sensitization, 

cells were washed 3 times in clean RPMI as described in section 3.8. 5 x 106 cells, resuspended 

at 10 x 106 cells/mL were loaded into the chamber of a Clark-type oxygen electrode. While being 

stirred the basal rate of oxygen consumption was established. Once the basal rate of consumption 

was established the cells were stimulated with 1 µg/mL of both TNP-BSA and SCF. Following 

stimulation, the rate of oxygen consumption was measured in order to establish the rate of 

oxygen consumption in stimulated cells. The slopes of the lines produced during basal and 

stimulated respiration were calculated and compared for both the cells that had the tafazzin 

knockdown and the wildtype cells.  
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4.19 Statistical Analysis 

Throughout this project p-values < 0.05 were considered statistically significant. To 

analyze the significance of tafazzin protein reduction, western blot densitometry was analyzed 

using a 2-way ANOVA with post-hoc Sidak’s multiple comparisons test. The difference in 

oxygen consumption rate was analyzed by comparing means through a one tailed t-test. b-

hexosaminidase assay results were analyzed using a 2-way ANOVA with post-hoc Tukey’s 

multiple comparisons test. ELISA data was analyzed using a 2-way ANOVA with post-hoc 

Sidak’s multiple comparisons test. qPCR data was analyzed using a 2-way ANOVA with post-

hoc Sidak’s multiple comparisons test.  
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Chapter 5 : Results 

5.1 TAZ shRNA+/- Bone Marrow-derived Mast Cell Generation 

 The most common method for generating primary murine mast cell cultures involves 

isolating bone marrow, rich in hematopoietic stem and progenitor cells, and culturing them in 

media conditioned with IL-3 and PGE2 (as described in Section 4.2). When this method was 

conducted using mice from the B6.Cg-Gt(ROSA)26Sortm37(H1/tetO-RNAi:Taz)Arte/ZkhuJ mutant mouse 

strain that were heterozygous for the TAZ shRNA cassette, mast cell cultures were successfully 

established. However, when the knockdown of tafazzin was initiated using 1 µg/mL of 

doxycycline for 5 days, there was not a significant difference in tafazzin mRNA content between 

the TAZ shRNA+/- and the WT cells, limiting any assessment of mast cell tafazzin-dependent 

functions. There was also no difference detected in degranulation, as measured through b-

hexosaminidase release (data not shown). These results prompted the attempt to generate TAZ 

shRNA+/+ mice and mast cell cultures to allow for a more robust analysis of a reduction in 

tafazzin protein content on mast cell function. 

5.2 TAZ shRNA+/+ Bone Marrow-derived Mast Cell Generation 

 Attempts to generate homozygous mice (TAZ shRNA+/+) carrying the TAZ shRNA 

cassette were met with a technical difficulty. Heterozygous breeders cannibalized, either in part 

or completely, their resultant litters of pups. After several attempts to generate homozygous pups 

for bone marrow isolation, this approach was abandoned in favour of an alternative method of 

generating TAZ shRNA+/+ cultures rich in hematopoietic stem cells, described in 5.3 below.   

5.3 TAZ shRNA+/+ Fetal Liver Mast Cell Generation 

To study the role of tafazzin in mast cell activation the first obstacle that had to be 

overcome was the lack of an existing model that would allow for this study to be completed. To 
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generate the necessary model, dams and sires from the B6.Cg-Gt(ROSA)26Sortm37(H1/tetO-

RNAi:Taz)Arte/ZkhuJ mutant mouse strain that were known to be heterozygous for the TAZ shRNA 

cassette were bred in an attempt to generate pups that were homozygous for the TAZ shRNA 

cassette. Genotyping was carried out to detect the presence or absence of the TAZ shRNA 

cassette (See Figure 11). At this point the necessary model was theoretically established. 

However, before the role of tafazzin in IgE and stem cell factor mediated mast cell activation 

could be analyzed it was necessary to ensure that the mast cells generated from the pups 

homozygous for the TAZ shRNA cassette expressed tafazzin and could have tafazzin protein 

levels reduced following treatment with 1 µg/mL doxycycline over a 5-day time period. To 

ensure this was possible, FLMCs from both the TAZ shRNA+/+ pups and from the wildtype pups 

were treated with 1 µg/mL doxycycline over a 5-day time course. At various time points 

throughout the 5-day period samples were taken from the cultures and tafazzin expression was 

analyzed through a western blot. Shown in Figure 12 it can be seen that after 5 days treatment 

with 1 µg/mL doxycycline there was a near abolishment in tafazzin expression in the TAZ 

shRNA+/+ cells. When the band densities from both the WT and TAZ shRNA+/+ cells were 

quantified (See Figure 13) it was shown that there was a 49.4% reduction in tafazzin expression 

in the WT cells and a 99.5% reduction in the TAZ shRNA+/+ cells. These results confirmed that 

the cells generated from the TAZ shRNA+/+ pups could indeed have tafazzin expression reduced 

to a greater extent than the WT cells (p=0.0214).  

Once it was established that tafazzin expression could be reduced in the FLMC cultures 

there was a final test that needed to be conducted before the role of tafazzin could be 

characterized in allergically activated mast cells. In order to ensure that any differences in 

functional assays was not due to differences in receptor expression due to treatment with 
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doxycycline or from the insertion of the TAZ shRNA cells from both the WT cultures and the 

TAZ shRNA+/+ cultures had their FceRI and cKit receptor expression levels analyzed using flow 

cytometry. As shown in Figure 14, 96.6% of WT cells were positive for both the FceRI receptor 

and the cKit receptor after treatment with 1 µg/mL of doxycycline for 5 days. This result was 

mimicked in the TAZ shRNA+/+ cells where 97% of cells were positive for both the FceRI 

receptor and the cKit receptor after treatment with 1 µg/mL of doxycycline for 5 days (Figure 

14). To determine whether or not the 5-day treatment with doxycycline impacted receptor 

expression on either the WT or TAZ shRNA+/+ cells, expression levels were compared amongst 

the different cell types and in the presence and absence of the 5-day treatment with 1 µg/mL of 

doxycycline (See Figure 15). FceRI expression did not differ between the WT and TAZ 

shRNA+/+ in either the presence or absence of the 5-day treatment with 1 µg/mL of doxycycline. 

However, in both the WT and TAZ shRNA+/+ cKit expression was significantly increased 

(p=0.035 & p=0.021 respectively) following 5-day treatment with 1 µg/mL of doxycycline. 

Overall, receptor expression did not differ between WT and TAZ shRNA+/+ cells in the same 

doxycycline treatment group, therefore allowing us to remove receptor expression as a potential 

variable in the study. 
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Figure 11: Ethidium bromide gel results showing the products from a PCR based genotyping 
assay. Presence of a single band at the higher location (381bp) indicated that the animal was 
homozygous for the TAZ shRNA cassette, while presence of a single band at the lower location 
(144bp) indicated that the animal did not have the TAZ shRNA. Finally, presence of a band at 
both locations indicated that the animal was heterozygous for the TAZ shRNA cassette. 
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Figure 12: Western blot images used to assess the knockdown of tafazzin protein levels across a 
5-day time course following the addition of 1 µg/mL doxycycline in both WT and TAZ shRNA+/+ 
FLMC cultures.  
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Figure 13: Relative tafazzin protein expression levels calculated through densitometry in 
FLMCs treated with 1 µg/mL doxycycline for varying amounts of time. Data expressed as 
relative band intensity +/- SEM, n=3, *, p < 0.05.  
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Figure 14: Flow cytometry data showing the percentage of fetal liver mast cells that were 
positive for both the cKit and FceRI receptors after 5-day treatment with 1 µg/mL doxycycline. 
Data expressed as percentage +/- SEM, n=6. 
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Figure 15: Mean fluorescence intensity values for cKit and FceRI receptors obtained through 
flow cytometry. Data expressed as mean +/- SEM, n=6, *, p < 0.05. 
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5.4 Whole Cell Respiration Assay 

The hypothesis that a reduction in tafazzin protein content would impact secretion of 

inflammatory mediators via a reduction in cellular respiration was tested using a Clark-type 

electrode. WT and TAZ shRNA+/+ FLMCs were exposed to 1 µg/mL doxycycline for 5 days. 

Cells were sensitized overnight in FLMC Complete media containing 25% IgE. Oxygen 

consumption rate was measured prior to and following the addition of 1 µg/mL of both TNP-

BSA and mSCF which allowed for analysis of allergen induced increases in cellular respiration. 

TAZ shRNA+/+ cells showed less of an increase in allergen induced cellular respiration (Figure 

16), however this difference did not quite reach statistical significance when tested with a one-

tailed t-test (p=0.068). 
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Figure 16: Change in oxygen consumption rates following the addition of 1 µg/mL of TNP-BSA 
and mSCF in both WT and TAZ shRNA+/+ cells treated with 1 µg/mL of doxycycline for 5 days, 
n=6. 
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5.5 b-hexosaminidase Degranulation Assay 

To assess the impact of a reduction in tafazzin protein content on mast cell degranulation, 

the hallmark event of the early phase of the allergic reaction, b-hexosaminidase assays were 

conducted. FLMCs were sensitized overnight in FLMC Complete media containing 25% IgE 

supernatant and stimulated with 100 ng/mL of both TNP-BSA and mSCF for 20 minutes. The 

assay was conducted with both wild-type and TAZ shRNA+/+ in the presence and absence of 1 

µg/mL doxycycline for 5 days. As seen in Figure 17, 5-day treatment with 1 µg/mL doxycycline 

and the resultant decrease in tafazzin protein content caused a 31.4% reduction in degranulation 

(p < 0.01, n = 4) compared to wild-type control cells also treated with 1 µg/mL doxycycline for 5 

days.  
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Figure 17: b-hexosaminidase assay results showing the percent granule release in FLMCs 
stimulated with 100 ng/mL of TNP-BSA and mSCF in the presence and absence of a 5-day TAZ 
knockdown initiated with 1 µg/mL doxycycline. Data expressed as percentage +/- SEM, n=4, **, 
p < 0.01, ***, p < 0.001, ****, p < 0.0001. 
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5.6 Cytokine Quantification by Enzyme-linked Immunosorbent Assay 

To assess differences in secretion of de novo synthesized mediators produced during the 

late phase of the allergic reaction ELISA assays were carried out. FLMCs were sensitized and 

stimulated with 100 ng/mL of TNP-BSA and mSCF for 1, 3, 6, 12, and 24 hours. At the specific 

timepoints, cell-free supernatants were collected and analyzed for a variety of pro-inflammatory 

mediators. Standard curves were generated using known concentrations of the specific analyte 

(Figures A9-A14) and used to quantify the amount present in each sample. The results from the 

ELISA assays conducted indicates that tafazzin plays a role in the secretion of select pro-

inflammatory cytokines. CCL1, CCL2, and TNF levels were significantly reduced in TAZ 

shRNA+/+ cells and CCL9 showed a decrease that was not statistically significant (p = 0.1058, n 

= 6) (Figures 18-21). Secretion levels of CCL3 and IL6 were not significantly different between 

the wild-type and TAZ shRNA +/+ cells (Figures 22 & 23). 
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Figure 18: ELISA quantification of CCL1 present in the cell-free supernatant collected from 4 x 
106 cells activated through both the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA 
and mSCF. Data expressed as mean cytokine concentration (pg/mL) +/- SEM, n=6, **, p < 0.01, 
***, p < 0.001. 
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Figure 19: ELISA quantification of CCL2 present in the cell-free supernatant collected from 4 x 
106 cells activated through both the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA 
and mSCF. Data expressed as mean cytokine concentration (pg/mL) +/- SEM, n=6, *, p < 0.05, 
**, p < 0.01. 
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Figure 20: ELISA quantification of TNF present in the cell-free supernatant collected from 4 x 
106 cells activated through both the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA 
and mSCF. Data expressed as mean cytokine concentration (pg/mL) +/- SEM, n=6, **, p < 0.01, 
***, p < 0.001, ****, p < 0.0001. 
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Figure 21: ELISA quantification of CCL9 present in the cell-free supernatant collected from 4 x 
106 cells activated through both the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA 
and mSCF. Data expressed as mean cytokine concentration (pg/mL) +/- SEM, p = 0.1058, n=6.  
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Figure 22: ELISA quantification of CCL3 present in the cell-free supernatant collected from 4 x 
106 cells activated through both the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA 
and mSCF. Data expressed as mean cytokine concentration (pg/mL) +/- SEM, n=6.   
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Figure 23: ELISA quantification of IL6 present in the cell-free supernatant collected from 4 x 
106 cells activated through both the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA 
and mSCF. Data expressed as mean cytokine concentration (pg/mL) +/- SEM, n=6. 
 

 

 

 

 

 

 

 

 



 65 

5.7 Gene expression of pro-inflammatory mediators 

Considering the results that both degranulation and secretion, of select mediators, were 

impacted by the reduction in tafazzin protein level it was important to determine whether the 

differences in secretion could be attributed to a deficit in the secretion mechanism, or if there 

was a difference in gene expression that was also playing a role in the decreased secretion levels 

detected in the ELISA assays. In an attempt to answer this question, qPCR assays were 

conducted to analyze changes in induced gene expression. WT and TAZ shRNA+/+ FLMCs were 

exposed to 1 µg/mL of doxycycline for 5 days and then sensitized and stimulated with 100 

ng/mL of TNP-BSA and mSCF for 15, 30, 60, 120, and 300 minutes. At each timepoint samples 

were collected and mRNA was isolated and used to generate cDNA. qPCR assays utilized the 

generated cDNA to analyze fold change of mRNA transcripts for specific pro-inflammatory 

genes. Primer sequences used for each specific gene can be found in Table A1. Melt curves were 

recorded and ethidium bromide gel electrophoresis were conducted to check for specificity in the 

qPCR reaction and generation of a single amplicon (Figures A1-A8) No differences in gene 

expression were found in any of the genes analyzed through qPCR (Figures 24-31).  
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Figure 24: qPCR quantification of CCL1 mRNA expression in FLMCs stimulated through both 
the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA and mSCF. Data expressed as 
fold change +/- SEM, n=4. 
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Figure 25: qPCR quantification of CCL2 mRNA expression in FLMCs stimulated through both 
the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA and mSCF. Data expressed as 
fold change +/- SEM, n=4. 
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Figure 26: qPCR quantification of CCL3 mRNA expression in FLMCs stimulated through both 
the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA and mSCF. Data expressed as 
fold change +/- SEM, n=4. 
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Figure 27: qPCR quantification of CCL9 mRNA expression in FLMCs stimulated through both 
the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA and mSCF. Data expressed as 
fold change +/- SEM, n=4. 
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Figure 28: qPCR quantification of TNF mRNA expression in FLMCs stimulated through both 
the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA and mSCF. Data expressed as 
fold change +/- SEM, n=4. 
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Figure 29: qPCR quantification of IL4 mRNA expression in FLMCs stimulated through both the 
FceRI and cKit receptors with 100 ng/mL of both TNP-BSA and mSCF. Data expressed as fold 
change +/- SEM, n=4. 
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Figure 30: qPCR quantification of IL6 mRNA expression in FLMCs stimulated through both the 
FceRI and cKit receptors with 100 ng/mL of both TNP-BSA and mSCF. Data expressed as fold 
change +/- SEM, n=4. 
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Figure 31: qPCR quantification of IL13 mRNA expression in FLMCs stimulated through both 
the FceRI and cKit receptors with 100 ng/mL of both TNP-BSA and mSCF. Data expressed as 
fold change +/- SEM, n=4. 
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Chapter 6 : Discussion 

6.1 Establishment of TAZ shRNA+/+ FLMC culture 

Due to the technical difficulties encountered throughout the attempt to generate TAZ 

shRNA+/+ bone marrow-derived mast cells, TAZ shRNA+/+ fetal liver-derived mast cells were 

generated. This approach, while it is a novel approach in the Inflammation and Immunity lab, is 

commonly used when a modification to a protein, or other component of the organism, is 

embryonic lethal. With approximately 15% of gene modifications being embryonic lethal106 

there has been extensive work carried out to develop methods of working around this lethality. In 

the case of mast cell biology where the majority of mast cells are either harvested from tissue, or 

generated from the bone marrow of adult mice, researchers looked to other sites of 

hematopoiesis as a source of the hematopoietic stem cells (HSCs) needed for the generation of 

murine mast cells. The fetal liver is another source of hematopoietic stem cells1 where 67-77% of 

isolated HSCs exhibit long term progenitor activity107. In 2013 a study by Fukuishi et al. looked 

to characterize the differences between fetal liver-derived mast cells and bone marrow-derived 

mast cells. Gene transcription was identical between FLMCs and BMMCs for 98.6% of all 

transcripts. In regard to receptor expression BMMC cultures express a higher amount of FceRI 

when compared to FLMC. Despite this difference in receptor expression, both BMMC and 

FLMC cultures have greater than 90% of cells that express both FceRI and cKit receptors. Mast 

cell granule content and number were identical in both cell types and while FLMCs degranulated 

to a lesser extent, this difference was not statistically significant. Cytokines secreted from 

FLMCs varies slightly from those secreted from BMMCs. Overall, it was concluded that FLMCs 

are a powerful tool to study mast cell function in models that have issues with embryonic 

lethality108.  
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 Figures 11-13 show that TAZ shRNA+/+ FLMC cultures were able to be established and 

could have tafazzin protein levels essentially abolished. Figures 14 and 15 show that FLMCs 

express FceRI and cKit receptors, and that the expression of these receptors was not impacted by 

the doxycycline treatment, allowing for the study of the role of tafazzin in FceRI-mediated mast 

cell activation. 

6.2 Reduction of tafazzin protein content impairs oxygen consumption rate in IgE-FceRI-
mediated mast cell activation 
 
 Figure 16 shows a non-significant decrease in oxygen consumption rate in TAZ shRNA+/+ 

mast cells treated with 1 µg/mL doxycycline for 5 days. This decrease is not surprising 

considering the well documented role of tafazzin in cardiolipin remodeling, and the subsequent 

role of mature cardiolipin in efficient oxidative phosphorylation. Tafazzin function has been 

extensively studied in muscle and isolated mitochondria where it has been shown that a loss of 

tafazzin function and the subsequent deficiencies in mature cardiolipin results in a decrease in 

stimulated oxidative phosphorylation. In multiple studies this has been analyzed using a 

Seahorse instrument where they found significant reductions in oxygen consumption rate 

following the addition of FCCP to mouse embryonic fibroblasts109 and isolated 

cardiomyocytes110. The addition of FCCP allows for the determination of the maximal rate of 

mitochondrial respiration111. In this project TNP-BSA and mSCF were used to initiate the change 

in oxygen consumption. This was done to mimic what happens in a mast cell that is allergically 

activated. The addition of TNP-BSA and mSCF induced a rapid increase in oxygen consumption 

in both the TAZ shRNA+/+ and WT FLMCs (See Figure 16) but there was not a significant 

difference in the rate of consumption. These results, while not completely expected, are not 

surprising. FCCP works to uncouple oxidation from phosphorylation allowing for maximal 
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consumption of oxygen. However, in our model we attempted to mimic a natural event where 

oxidation and phosphorylation are coupled. While this model allows us to see the effects of the 

tafazzin knockdown in a setting that mimics naturally occurring events it could have also been 

the reason behind the nonsignificant differences seen.  

6.3 Reduction of tafazzin protein content impairs IgE-FceRI mediated mast cell 
degranulation  
 
 Thus far we have focused on discussing the establishment of our model and how 

energetics are impacted due to the reduction of tafazzin protein content. However, to truly 

understand the extent of the impact of the tafazzin knockdown on mast cell biology it is 

important to look at functional measures such as degranulation. We measured degranulation 

through the release of an enzyme, b-hexosaminidase, which is found in a subset of preformed 

granules in mast cells112 and commonly used as a marker of degranulation due to its ability to 

cleave a synthetic substrate that allows for quantification of degranulation113,114. In Figure 17 it 

can be seen that the TAZ shRNA+/+ cells treated with 1 µg/mL doxycycline for 5 days 

degranulated to a lesser extent than WT cells treated under the same conditions. These results are 

as expected considering that the process of degranulation is energy-dependent81,115,116, with work 

suggesting that the majority of this energy comes from mitochondrial ATP82, and a reduction in 

tafazzin protein content in a variety of cell types has been shown to impact energy 

production95,97,117,118. While there was a significant reduction in degranulation there was still a 

considerable amount of degranulation from the TAZ shRNA+/+ mast cells. This suggests that 

while tafazzin plays a role in producing mature cardiolipin, which in turn supports efficient 

energy production through oxidative phosphorylation, the loss of tafazzin is not sufficient to 

completely ameliorate degranulation in FceRI-mediated mast cell activation. This is most likely 
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due to metabolic pathways that occur outside of the mitochondria, and hence would be 

unimpacted by the reduction in tafazzin and loss of mature cardiolipin, being able to supply 

sufficient energy to carry out partial degranulation119. 

6.4 Reduction of tafazzin protein content impairs secretion of proinflammatory mediators 
without impacting mRNA levels 
 
 Following up on the deficiencies in secretion seen during the early phase of the allergic 

reaction, we sought to assess whether or not a reduction in tafazzin protein content caused a 

reduction in secretion of de novo synthesized mediators that are secreted during the late phase of 

the allergic reaction. As seen in Figures 18-20 there was a significant reduction in the secretion 

of CCL1, CCL2, and TNF from TAZ shRNA+/+ mast cells following the tafazzin knockdown. As 

seen in Figure 21 there was a decrease in CCL9 secretion that was trending towards significance. 

The secretion of CCL3 and IL6 was interestingly unaffected (See Figures 22 & 23) by the 

reduction in tafazzin protein content.           

The reduction in secretion of only a select group of proinflammatory mediators led us to 

question whether the decreases in secretion measured through ELISAs was truly due to a defect 

in a secretory mechanism, or if there was an impact on the transcription of the genes. As seen in 

Figures 24-31 there was no impact on mRNA levels in the TAZ shRNA+/+ mast cells for the 

cytokines and chemokines measured with ELISAs as well as 2 transcripts that were not able to 

be measured using ELISA. Unchanged mRNA levels do not directly indicate that the reduction 

in proinflammatory mediator release is due to a deficit in secretory mechanisms, because there 

could be impacts at the translational level due to the fact that mRNA translation is one of highest 

energy demanding processes in the cell and accounts for ~20% of total respiration120. However, 

when these results are taken in tandem with the results discussed in section 6.3 regarding 
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degranulation, it suggests that the deficit in the release of proinflammatory mediators can be 

attributed to deficits in the secretory machinery due to the reduction in tafazzin protein content.  

 To fully understand the significance of a reduction in tafazzin protein content on the 

severity of FceRI-mediated mast cell activation and the accompanying diseases it is important to 

discuss the effects of the mediators that were impacted following the tafazzin knockdown. CCL1 

is a chemokine that acts to recruit CD4+ T cells, dendritic cells, natural killer cells, and 

monocytes121–125. CCL2 is a chemokine that recruits memory T cells and monocytes, and plays a 

role in dendritic cell maturation126–128. TNF, the single cytokine impacted by the reduction in 

tafazzin protein content, is a potent pyrogen released by mast cells during both an allergic 

inflammatory reaction129, and in response to bacterial infections130. As a pyrogen, TNF has the 

ability to induce a fever and systemic inflammation131 which can have severe implications to the 

health of an individual. Above and beyond its role as a pyrogen TNF secreted from mast cells 

also works to promote dendritic cell migration132 and influences T cell function133. The effects of 

CCL9, which was not significantly decreased in this study but still warrants attention, revolve 

around being a chemoattractant for dendritic cells134. In combination, the decrease of these 3 

chemokines and 1 cytokine, would have the potential to alter the course of a mast cell mediated 

allergic pathology to a great extent. This is said because with a reduction in chemokine secretion, 

fewer immune cells would be recruited to the site of the initiation of the allergic reaction. This 

would mean that there would be less severe side effects from the reaction, as well as a decreased 

duration of the allergic inflammatory episode. 
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Chapter 7 : Conclusions, Limitations, & Future Directions 

7.1 Conclusions 

 The goal of this project was to establish an inducible tafazzin knockdown mast cell model 

so that the role of tafazzin in IgE-FceRI mediated mast cell activation could be examined.  

1. A doxycycline inducible mast cell culture was successfully generated using fetal liver 

mast cells. Western blot results showed that 5-day treatment with 1 µg/mL doxycycline 

was able to significantly reduce tafazzin protein content in TAZ shRNA+/+. Following 

tafazzin knockdown receptor expression, analyzed through flow cytometry, remained 

unchanged.  

2. Reducing tafazzin protein content resulted in a non-significant decrease in the rate of 

oxygen consumption. While consistent with the original hypothesis, this area requires 

extensive work to fully dissect the extent of the effect of tafazzin knockdown on cellular 

energetics.  

3. Tafazzin knockdown resulted in a significant reduction in mast cell degranulation, as 

measured by b-hexosaminidase assay. This result was consistent with the hypothesis that 

tafazzin plays a role in mast cell secretory mechanisms. 

4. qPCR data showed that there was not an impact on mRNA levels of various 

proinflammatory mediators. ELISA data showed that there was a decrease in the 

secretion of select proinflammatory mediators. Taken together, these results suggest that 

the original hypothesis that a reduction in tafazzin protein content would reduce 

secretion, but not gene expression, of proinflammatory mediators is supported. 
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7.2 Limitations 

 As this is the first study to look at the role of tafazzin in a model of mast cell mediated 

diseases it is important to consider the limitations of our model. The use of doxycycline has off 

target effects on cells, such as mitochondrial fragmentation, mitonuclear protein imbalance and 

depressed mitochondrial respiration135, and while appropriate controls were used, this is not a 

perfect system. While this project offered interesting results in the context of combatting allergic 

reactions, the effects of tafazzin knockdown were only examined in mast cells. This approach 

was appropriate for initial investigation and focus on allergen-mediated mast cell activation, but 

a more comprehensive analysis involving other key immune cells, such as various antigen 

presenting cells, Th2 CD4+ T cells, and B cells, would provide greater insights into the role of 

tafazzin in the generation, development, and severity of an allergic reaction. 

7.3 Future Directions 

 Working off of the results from this project it will be important to dissect the mechanism 

behind the secretion deficiencies seen following a reduction in tafazzin protein content. 

Immunocytochemistry will be a valuable tool to gather information on fission and fusion of 

mitochondria during the process of mast cell degranulation and cytokine secretion. A more 

comprehensive analysis of cellular energetics should be conducted to gain additional insights 

into how energy production in mast cells is affected following a reduction in tafazzin protein 

content.  

Another direction for this project would be transitioning the model from an in vitro 

setting to an in vivo setting and analyzing the impact of a reduction in tafazzin protein content on 

allergically activated mast cells. This study will allow for the assessment of tafazzin as a 

potential therapeutic target for a variety of allergic pathologies. However, due to the technical 
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issues revolving around generating full term TAZ shRNA+/+ pups through the method of breeding 

of TAZ shRNA+/- mice, alternative methods will need to be entertained. To study the role of 

tafazzin in allergically activated mast cells in an in vivo setting, mast cell deficient KitW-sh mice 

could be reconstituted with the TAZ shRNA+/+ FLMCs generated in this project. These 

reconstituted mice could then be sensitized to our artificial allergen, TNP-BSA, through a tail 

vein injection of TNP-specific IgE, and could be used to study the effects of a reduction in 

tafazzin protein content on allergically activated mast cells in vivo. To further study the role of 

tafazzin in the development of allergic diseases WT mice could be irradiated to destroy 

hematopoietic progenitor cells and then reconstituted with TAZ shRNA+/+ hematopoietic 

progenitor cells which would allow for the effect of tafazzin to be studied in the development of 

an allergic reaction because there would be the ability to reduce tafazzin protein content in all of 

the key immune cells needed to develop an allergic disease.  
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Appendices 

Appendix I : Primer Sequences 

Table A1: Sequences of forward and reverse primers used in qPCR assays. 
Gene Forward Primer Reverse Primer 
TAZ CCATGGAATTCGAACGCTGACGTC TATGGGCTATGAACTAATGACCC 

GAPDH CGGTGCTGAGTATGTCGTGGAGTC GGGGCTAAGCAGTTGGTGGTG 

CCL1 AGAAAGATGGGCTCCTCCTGTCC GCTCATCTTCACCCCGGTTAGCA 

CCL2 CCTCCACCACCATGCAGGTCC CAGCAGGTGAGTGGGGCGTTA 

CCL3 GGAGCTGACACCCCGACTGC GGGTTCCTCGCTGCCTCCAA 

CCL9 ACAACTGCTCTTGGAATCTGGGC TCAAGCCCTTGCTGTGCCTTCAG 

IL4 ACGCCATGCACGGAGATGGAT GCGAAGCACCTTGGAAGCCCTA 

IL6 AGACAAAGCCAGAGTCCTTCAGAGA TGGTCTTGGTCCTTAGCCACTCC 

IL13 TGCTTGCCTTGGTGGTCTCG TCCATACCATGCTGCCGTTGC 

TNF TGAACTTCGGGGTGATCGGTCC TCCAGCTGCTCCTCCACTTGGT 
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Appendix II : qPCR Melt Curves & Gel Electrophoresis Images 
 

 
Figure A1: Melt curve and DNA gel electrophoresis image for GAPDH (206 BP) used as a 
quality control measure to ensure specificity of primers and ensure there was a single amplicon 
produced during the qPCR reaction. Ladder used had 10 bands, increasing in 50bp increments 
from 50bp to 500bp. 
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Figure A2: Melt curve and DNA gel electrophoresis image for TNF (116 BP) used as a quality 
control measure to ensure specificity of primers and ensure there was a single amplicon produced 
during the qPCR reaction. Ladder used had 10 bands, increasing in 50bp increments from 50bp 
to 500bp. 
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Figure A3: Melt curve and DNA gel electrophoresis image for IL4 (192 BP) used as a quality 
control measure to ensure specificity of primers and ensure there was a single amplicon produced 
during the qPCR reaction. Ladder used had 10 bands, increasing in 50bp increments from 50bp 
to 500bp. 
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Figure A4: Melt curve and DNA gel electrophoresis image for IL6 (160 BP) used as a quality 
control measure to ensure specificity of primers and ensure there was a single amplicon produced 
during the qPCR reaction. Ladder used had 10 bands, increasing in 50bp increments from 50bp 
to 500bp. 
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Figure A5: Melt curve and DNA gel electrophoresis image for IL13 (139 BP) used as a quality 
control measure to ensure specificity of primers and ensure there was a single amplicon produced 
during the qPCR reaction. Ladder used had 10 bands, increasing in 50bp increments from 50bp 
to 500bp. 
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Figure A6: Melt curve and DNA gel electrophoresis image for CCL1 (145 BP) used as a quality 
control measure to ensure specificity of primers and ensure there was a single amplicon produced 
during the qPCR reaction. Ladder used had 10 bands, increasing in 50bp increments from 50bp 
to 500bp. 
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Figure A7: Melt curve and DNA gel electrophoresis image for CCL2 (114 BP) used as a quality 
control measure to ensure specificity of primers and ensure there was a single amplicon produced 
during the qPCR reaction. Ladder used had 10 bands, increasing in 50bp increments from 50bp 
to 500bp. 
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Figure A8: Melt curve and DNA gel electrophoresis image for CCL3 (225 BP) used as a quality 
control measure to ensure specificity of primers and ensure there was a single amplicon produced 
during the qPCR reaction. Ladder used had 10 bands, increasing in 50bp increments from 50bp 
to 500bp. 
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Appendix III : ELISA Standard Curve Images 
 

 
Figure A9: Fifth order polynomial standard curves used to calculate CCL1 concentrations in 
pg/ml in ELISA assays. 
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Figure A10: Fifth order polynomial standard curves used to calculate CCL2 concentrations in 
pg/ml in ELISA assays. 
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Figure A11: Fifth order polynomial standard curves used to calculate CCL3 concentrations in 
pg/ml in ELISA assays. 
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Figure A12: Fifth order polynomial standard curves used to calculate CCL9 concentrations in 
pg/ml in ELISA assays. 
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Figure A13: Fifth order polynomial standard curves used to calculate TNF concentrations in 
pg/ml in ELISA assays. 
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Figure A14: Fifth order polynomial standard curves used to calculate IL6 concentrations in 
pg/ml in ELISA assays. 
 


