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Abstract 

 

Introduction & Aim: Allergic inflammatory disorders are at epidemic levels 

worldwide. Mast cells drive this inappropriate immune response via release of a variety 

of pro-inflammatory mediators in response to environmental cues detected by the IgE-

FcεRI complex, but we do not fully understand the contributing molecular mechanisms. 

Transforming growth factor β-activated kinase 1 (TAK1) is a known participant in 

related signaling through MAPK and NF-κB; however the role of TAK1 in IgE-FcεRI 

signaling and resultant allergic inflammation remains unknown. We aim to assess the 

role of TAK1 in IgE-mediated mast cell activation. Methods: Bone marrow-derived 

mast cells were sensitized with allergen-specific IgE and treated with the corresponding 

allergen for various times in the presence or absence of 5Z-7-oxozeaenol. Mast cell 

signaling was measured by western blotting, induced gene expression by qPCR, pro-

inflammatory mediator release by ELISA and mast cell degranulation by β-

hexosaminidase release assay. Results: TAK1-inhibition resulted in significant 

impairment in the phosphorylation of various MAPKs (p38, ERK and JNK) as well as 

NF-κB pathway kinase IκBα. Impaired gene expression of pro-inflammatory cytokines 

IL-4, IL-6, IL-13, and chemokines CCL1, -2, and -3 were detected. Furthermore, a 

drastic decrease in the concentration of pro-inflammatory cytokines, IL-6 and TNF, and 

chemokines CCL1 and CCL2, in stimulated cell supernatants was detected. Finally, a 

significant inhibition of mast cell degranulation was also observed in the TAK1-

inhibited cells. Conclusion and Significance: These results suggest that TAK1 acts as a 
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signaling node linking the MAPK and NF-κB pathways in mast cells responding to 

allergen and may warrant consideration in future therapeutic development.  
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Chapter 1: Introduction 

 

By the very nature of their existence, living things are constantly exposed to a 

large number of non-self-antigens, including pathogens and other substances of variable 

perceived ‘danger level’. In order for organisms to adapt to suddenly occurring or 

potentially dangerous situations, they first must initiate specific cellular recognition 

responses; which may result in the release of various growth factors, cytokines and/or 

chemokines. Failure to take appropriate action can result in DNA damage, or an error in 

the signalling pathway being used for morphogenic action; which could result in the cell 

initiating programmed cell death, or apoptosis to avoid damage to surrounding cells [1].  

In order for an organism to live a healthy life their immune system needs to be 

fine-tuned and closely regulated. The key players involved in the process need to know 

when to initiate an immune response, and just as importantly when not to. Depending on 

the circumstances if a discrepancy happens at any point in the communication network 

leading to an inappropriate acute or chronic inflammatory response, the results can range 

from symptoms as mild as nasal congestion, to as serious as anaphylactic shock or 

cancer.  

The innate immune response is the first line of defense in most vertebrates, 

invertebrates as well as some plants, and the base mechanisms that mediate these 

responses are conserved regardless of species. This response is not focused around any 

specific pathogen or antigen, instead it consists of a group of phagocytic cells that 

express a group of receptors and proteins that are able to recognize and react to various 

stimuli that are conserved in many different pathogens and other foreign bodies. The 
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receptors involved in this initial response are able to efficiently and actively recognize 

common antigens present on a wide variety of pathogens which in turn allows the 

effectors of this response to become active very quickly following an injury or any breach 

of the external defense systems. When there is a breach in the epithelial barrier, it is up to 

the immune response systems to recognize the foreign bodies, while avoiding damage to 

the host. The innate immune system relies primarily on their ability to recognize 

molecules and proteins that are commonly seen in many pathogens, but generally absent 

in the host tissues, thus allowing the response to occur quickly even if it is the first time 

the body has come in contact with the invading pathogen. These molecules are 

collectively called pathogen-associated immunostimulants and these substances stimulate 

the innate immune system to begin the clearance of the invading pathogen in two ways: 

phagocytosis by cells such as macrophages and neutrophils, as well as initiating an 

inflammatory response in the area of the breach [2].  

Despite the obvious importance of the immune system being able to respond 

rapidly to a foreign intruder, there are circumstances where inappropriate responses are 

initiated against harmless products leading to unnecessary inflammation and potentially 

fatal anaphylaxis [3]. Inflammation has a very important role in a healthy organism; when 

appropriately initiated, inflammation acts to bring all the necessary cells, molecules, and 

fluids to a site of insult in order to combat an intrusion and clear any pathogens that are 

present [4]. However, when the innate immune cells make an error, due to their vast array 

of receptor specificities, and determine that a molecule is dangerous when it is in fact 

harmless, it leads to an unwarranted response known as allergic inflammation and this 

immune error has become a serious public health concern in recent years. The driving 
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force behind this inappropriate immune response are mast cells. Allergically-activated 

mast cells release a variety of pro-inflammatory mediators in response to innocuous 

environmental cues detected by IgE bound to its high-affinity receptor, FcεRI, on the 

mast cell surface [5]. These mediators induce inflammation in tissues and can generate 

symptoms ranging from mild congestion or itchiness, to more serious pathologies like 

rheumatoid arthritis or anaphylactic shock [6]. Research thus far has not focused on the 

mechanisms behind this response, and therefore the molecular mechanisms that control it 

are not fully understood. This research aims to improve our understanding of allergen-

mediated mast cell activation with the goal of improving future therapeutic design, and 

ultimately avoiding, or at least regulating, this inappropriate immune response.  
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Chapter 2: Literature Review 

 

2.1 Inflammation 

 

In general, inflammation is a bodily function resulting from the introduction of a 

harmful stimulus. These stimuli can be a variety of factors including pathogen, cellular 

damage or physical or chemical irritants. General inflammation occurs in a variety of 

circumstances, and due to this lack of specificity it is considered a part of the innate 

immune response, and not the adaptive response [7]. Various systems of the body 

become involved during an inflammatory response including immune cell recruitment, 

blood vessel dilation or constriction as well as the production and release of various 

molecular mediators (cytokines, chemokines). Inflammation in itself is not a harmful 

response, in fact its main purpose is to eradicate the initial cause of the cellular injury, 

eliminate any necrotic cells or tissues and to ultimately initiate cellular repair at the site 

of the primary insult. In general inflammation presents with four tell-tale signs, in latin 

these symptoms are calor, dolor, rubor, and tumor; which translated mean heat, pain, 

redness and swelling, usually accompanied by loss of function in the afflicted area [8]. 

The body launches an inflammatory response proactively in order to restore homeostasis 

in the organism however under normal circumstances its action is closely regulated to 

ensure an inappropriate response is not initiated. This tight control is so crucial because if 

an organism launches an inflammatory response that is too weak this can lead to 

incomplete clearance of the initial invader leading to progressively worsening tissue 

damage and necrosis; however, on the other hand excessive, or chronic inflammation has 

been associated with a number of diseases including food allergies, asthma, 
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atherosclerosis, periodontitis, hay fever, rheumatoid arthritis, hives, eczema and even 

some forms of cancer. 

 

Similar to other bodily functions, inflammation can occur as either an acute, or a 

chronic response. The initial response the body mounts against a negative stimulus is 

known as the acute inflammatory phase. This acute response is characterized by an 

induction of vasodilation in the local vasculature, as well as a swift influx of mediators 

that result in increased mobility of plasma and granulocytes along with other leukocytes 

from the blood vessels into the damaged tissues, causing acute edema at and around the 

site of insult [4, 7]. If this inflammatory response is left unchecked or if the body is in a 

constant inflammatory state inexplicably, this is referred to as chronic inflammation. 

Chronic inflammation can lead to negative side effects due to the inevitable shift in cell 

type at the site of the inflammation and is most commonly seen as a constant destruction 

and attempted healing of the tissue by the inflammatory response cells and systems [7, 8]. 

This constant damage and regeneration can cause mutations in cell types at the site 

potentially leading to more serious health issues, like atherosclerosis, ulcerative colitis, 

rheumatoid arthritis or hepatitis [9, 10] as well as some types of cancer including 

pancreatic, kidney and some gastrointestinal cancers [11-13]. 

In order for external stimuli to propagate an intracellular response receptor 

mediation is required and is known as signal transduction. Signal transduction is initiated 

by the recognition and binding of an extracellular signalling molecule, such as a cytokine 

or pathogenic antigen, to its corresponding receptor on the cell surface. Following the 

initial binding conformational and chemical changes occur across various proteins within 
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the cell ultimately leading to a cellular response, such as transcription factor activation 

and production of specific proteins or signaling molecules [14, 15]. A main group of 

proteins within the cell that propagate the signal cascade are called kinases. A kinase is 

an enzymatic protein that is responsible for facilitating the transfer of a phosphate group 

from adenosine triphosphate (ATP) to another protein. The newly phosphorylated protein 

is now an engaged component of the signaling cascade and is thereby able to modulate 

the activity of its downstream targets; ultimately creating a chain reaction of kinase 

mediated events leading the intended intracellular response [16].  

Toll-like receptor 4 (TLR4) is a key player in the initiation of inflammation in an 

innate immune response. After this receptor is activated via ligand binding (bacterial 

lipopolysaccharide, LPS for example), transforming growth factor beta-activated kinase 1 

(TAK1) is one of the main kinases that mediates the transduction of the signal 

downstream to the inhibitor kκB kinase (IKK) and mitogen activated protein kinase 

(MAPK) effectors, which are ultimately responsible for driving the production of pro-

inflammatory cytokines [17, 18]. Comparatively, allergic inflammation initiated by mast 

cells through the FcεRI receptor and the role of transforming growth factor-β-activated 

kinase 1 activity and the effects of its inhibition with 5Z-7-oxozeaenol will be the focus 

of this MSc thesis project.  

2.2 Allergic Inflammation 

 

Allergic inflammatory disorders are at epidemic levels worldwide. The World 

Allergy Organization reports that asthma rates have increased at a rate close to 50% every 

decade for the past 40 years. Today, more than 25% of people living in a developed 

nation suffer from, or will develop, an allergic disease in their lifetime [19]. Costs to 
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Canadians alone are in excess of $12 billion in yearly government health care expenses, 

and there are untold consequence to quality of life. The term allergy describes a process 

by which the body launches an inappropriate immune response in the presence of specific 

compounds or chemicals to which there is no real danger, however the allergic response 

can become so serious it can lead to a fatal systemic allergic inflammation known as 

anaphylaxis. 

Mast cells contribute to a number of physiological and pathological processes; 

however the most studied is their role in allergic inflammation through the 

immunoglobulin epsilon IgE-FcεRI pathway. To initiate an allergic inflammatory 

response mast cells must be stimulated by an IgE associated allergen bound to FcεRI 

receptors on the surface of their membrane.  

IgE is an antibody that is intimately associated with allergy and allergic 

inflammation and it is found at levels of approximately 0.05% in the serum of a healthy 

individual. IgE is produced by plasma cells in a response to stimulus mainly in response 

to a parasitic helminth infection [20, 21]. Following stimulation these plasma cells release 

a large volume of IgE into the blood and they are transported to the site of infection 

where they are able to bind to their target and initiate a response. However in the case of 

an allergy to a harmless substance the IgE travels to tissues where they bind to the FcεRI 

receptors expressed on the surface of tissue resident mast cells. 

In order for an allergic reaction to be initiated, monomeric IgE molecules must 

bind to the FcεRI receptors covering the surface of the mast cell, and since the affinity is 

so high between them the rate of dissociation is extremely slow; thus allowing the mast 

cell to be almost always coated in allergen-specific IgE molecules that are ready to 
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recognize and react to any subsequent interaction they have with their specific allergen; 

this causes the mast cells to be in a state known as “sensitized” [22]. This sensitization 

occurs following the first exposure to a specific reaction and this state allows the mast 

cell to be continually ready to mount an immediate allergic response at the first sign of 

exposure to the same antigen being recognized by the IgE coating. This sensitization is 

absolutely crucial for the initiation of an allergic response and it is has also been observed 

that when individuals are repeatedly exposed to a specific allergen that the amount of 

allergen required to induce an allergic reaction reduces with each interaction [23]. This 

reduction of necessary allergen needed to stimulate an allergic response is known as the 

priming effect. In the case of this project the IgE used for sensitization is specific for 

trinitrophenyl (TNP). TNP acts as an allergen in this case that generates the same 

physiological response that would occur if an individual allergic to peanuts were exposed 

to peanuts or peanut particles. 

2.2.1 Mast Cells 

 

First described by Ehrlich in 1878, Mast cells got their name as a result of their 

staining properties. The large and numerous granules in their cytoplasm caused them to 

be first called “Mastzellen”, which translates to “well-fed cells”. Mast cells are now 

known to be a very important player in most organisms’ immune systems and contain the 

vast majority of the body’s histamine[24]. Mast cells begin their lives as hematopoietic 

stem cells, which are found primarily in the bone marrow of the animal. These cells then 

begin to circulate as immature progenitors before migrating into peripheral tissues where 

they mature into mast cells and remain permanently [7].  Many characteristics of an 

individual’s mast cell population including cell proliferation, phenotype, and 
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susceptibility to activation by a variety of stimuli during an immune response, storage 

and production of secreted factors, magnitude of the secretory response following 

activation and overall survival can be influenced and controlled by a variety of 

environmental and genetic factors [25]. During homeostasis, mast cells can be primarily 

found in tissues that are highly vascularized and that are in constant contact with the 

external environment including the skin and all mucosal tissues of the body. Due to their 

concentrated location at all points where the internal systems meet the external 

environment they are generally one of the first cell types to interact with an intrusive 

pathogen or foreign antigen entering the body; thus allowing them to play a key role in 

the innate immune response as well as being the driving force behind immediate allergic 

reactions to various substances [6]. Normal mast cells express a variety of 

immunoreceptors on their surface so that they can interact with a multitude of different 

stimuli in the tissues they reside in. Arguably the most important receptor in allergic 

inflammatory disorders is the FcεRI receptor, which recognizes and binds IgE with a very 

high-affinity. Some other receptors include the c-kit receptor, which recognizes stem cell 

factor (SCF), the interleukin-3 receptor, which recognizes interleukin-3 (IL-3), and 

various toll-like receptors (TLR’s) including TLR4 which interacts with 

lipopolysaccharide (LPS) and various other receptors which interact with other neuro and 

polypeptides as well as certain products of complement [26-30].  

2.2.1.1 Signaling through the FcεRI receptor 

 

The surfaces of mast cells express a large number of FcεRI receptors on their 

external membranes, these receptors have extremely high affinity for IgE and they are 

crucial for the initiation of allergic inflammation as mentioned above. 
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In human and rodent models the FcεRI receptor is a heterotrimeric receptor 

consisting of α, β, and γ subunits. The α-subunit is primarily outside the cell membrane 

and is responsible for binding with IgE molecules during the sensitization process. 

Following the α-subunit, the β-subunit exists as a transmembrane spanning unit, with 4 

sections spanning through the membrane. Leaving only the γ portion of the receptor, 

which consists of 2 identical γ subunits connected intracellularly by disulphide bonds. 

These units are crucial for propagating the signaling events to kinases downstream of the 

receptor due to the immunoreceptor tyrosine-based activation motif (ITAM) that each 

contains [15, 31].  

The FcεRI receptor lacks intrinsic tyrosine kinase activity; therefore it relies on 

the IgE-antigen complex induced crosslinking of multiple FcεRI, as well as the 

recruitment of key secondary signaling molecules to initiate the series of phosphate 

transfer events that allow the signal to be transduced throughout the cell. The 

phosphorylation of the tyrosine chain ITAM in the FcεRI receptor acts as a binding site 

for Src homology 2 (SH2) domain containing proteins; LYN and SYK. The first protein 

tyrosine kinase to be activated is LYN. Following initial FcεRI aggregation and 

activation of two tyrosine kinases LYN is recruited and associated with the β-chain and 

subsequently phosphorylates the tyrosine residues within the β- and γ chains of the 

receptor [32-34]. SYK is then recruited and is able to bind to the receptor on their now 

phosphorylated ITAMs of the ϒ-chain’s SH2 domain, where it is subsequently 

phosphorylated and fully activated by the already bound LYN protein. This full 

activation of SYK by phosphorylation of the tyrosine residues in its activation loop has 

proven to be crucial to the propagation of intracellular signaling following antigen 
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binding and aggregation of FcεRI receptors and antigens [35, 36]. Studies by Nishizumi 

and Yamamoto have confirmed the upstream location of LYN in relation to SYK. This 

confirmation was carried out using LYN deficient mast cells; following stimulation and 

receptor activation neither β nor ϒ phosphorylation occurs which results in SYK not 

being recruited and therefore no signal being transmitted through the cell [37]. Further 

confirmation of the importance of LYN in the entire FcεRI signaling cascade has been 

achieved by the fact that overall IgE-mediated systemic anaphylaxis is severely 

diminished in LYN deficient mast cell cultures [38].  Comparatively in SYK deficient 

mast cells the initial phosphorylation of the β and ϒ chains is maintained however all 

downstream events are negated [39, 40]. These results taken together demonstrate the 

critical role that the LYN and SYK proteins hold in FcεRI mediated allergic 

inflammatory reactions. 

In IgE-FcεRI mediated allergic responses, the antigen must bind and crosslink 

multiple IgE-FcεRI complexes in order to aggregate the necessary signal needed to 

initiate the production and secretion of various mediators.  Within minutes of activation 

through the FcεRI receptor, the granule compartments immediately begin to fuse with the 

outer cell membrane, spilling their contents into the interstitial space. This action is 

referred to as degranulation, which is to release the granules of pre-formed mediators that 

are characteristic of granulocytes like mast cells. These stored granules usually contain 

predominantly histamine, some proteases and also heparin and Tumor Necrosis Factor 

alpha (TNF-α) [41]. The effects of the mediators released during this degranulation 

following detection of a toxin and stimulation of the receptor is commonly referred to as 

the early phase of the allergic response; however as the signals move further downstream, 
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various genes and transcription factors are activated including MAPKs, Early growth 

response 1 and 2 (Egr-1 and 2), AP-1 and NF-κB. The activation of these factors lead to 

the production and release of various chemotactic and pro-inflammatory cytokines and 

chemokines that act on various tissues including vasculature, smooth muscle, connective 

tissues as well as mucous membranes [7]. The transcription, production and ultimate 

release of these pro-inflammatory factors can take hours to manifest, which is why this is 

referred to as the late phase of the allergic reaction. 

2.3 Early and Late Phase Allergy 

 

As mentioned above following the initial activation, two separate paths are taken 

by signals sent from the receptor-IgE-antigen complex. The first of the events which 

happens within minutes is referred to as the “early phase” of allergic inflammation and it 

includes the exocytosis of preformed granules filled with various mediators responsible 

for initiating and propagating the symptoms associated with an acute allergic response. 

The contents of these granules consist predominantly of histamine; however other 

mediators are also released including tryptase, chymase, kininogenase, which is a 

precursor of bradykinin a potent vasodilator, and heparin [42]. This degranulation floods 

the interstitial space with these molecules immediately after stimulation by an invading 

allergen. Following this initial degranulation the signal travels further downstream where 

it is able to activate certain transcription factors including NF-κB and Egr-1 and Egr-2 

which translocate into the nucleus where they code for the production and secretion of 

numerous pro-inflammatory compounds such as IL-3,4,5 and IL-6 as well as TNF-α and 

many others [42]. This secondary step happens within hours following initial contact with 

an allergen and is thus referred to as the late phase. The following sections will go into 
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some more depth regarding the main differences in the early and late phase allergic 

inflammation. 

2.3.1 Early Phase 

 

The early phase of allergy occurs within minutes of an antigen binding to the IgE 

coating the outside of a sensitized mast cell. When the cell recognizes this threat it 

immediately begins to degranulate. The preformed granules which are characteristic of 

mast cells are filled with histamine, tryptase, chymase, kininogen (which is a precursor of  

bradykinin), and heparin [42].  Glands in the mucosal tissues also begin releasing 

mucoglycoconjugates and various antimicrobial compounds leading to the congestion 

often seen in illnesses such as allergic rhinitis.  

Histamine is derived from the amino acid histidine and has potent vasoactive 

properties. Physiologically histamine works to increase the permeability of capillaries in 

tissues, so during an allergic response or an infection it is released to allow various 

leukocytes and other proteins to migrate into the site of insult from the blood stream. This 

influx causes edema, or inflammation in the area, which is characteristic of many 

different injuries or infections. [24]. Histamine is also known to be a neurotransmitter in 

some settings and this allows it to stimulate nerve endings in the tissues, which leads to 

the classic itching and sneezing also associated with an acute allergic reaction [24, 43, 

44]. 

Kininogenase is also released in mast cell degranulation. Kininogenase works to 

cleave plasma kininogens to produce bradykinin. Bradykinin is another vasoactive amine 

generated during an allergic response. Bradykinin is recognized by the bradykinin 

receptor 2 and acts on the local vasculature causing vasodilation [45]. The vasodilation, 
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along with the increased permeability of the vasculature caused by histamine generates a 

substantial influx of plasma, cells and proteins all needed to generate an inflammatory 

environment in an attempt to clear the invading pathogen [46]. 

Two other mediators that are released during mast cell degranulation are tryptases 

and chymases [42].  Tryptases and chymases are two families of serine proteases and 

when released they act to cleave bonds between proteins specifically where serine is 

involved. It is the cleavage of these peptide bonds that allow them to directly act upon 

invading pathogens and in some cases parasites by directly attacking proteins that keep 

the intruders cellular membranes intact [47, 48].  

 Heparin is a potent anti-coagulant that can also be released during mast cell 

degranulation. Heparin works by inhibiting the blood clotting action of thrombin through 

the activation of antithrombin III [49, 50]. The role of heparin at sites of allergic 

inflammation is to maintain the fluidity of the blood, thus allowing plasma leakage into 

the tissue to be unimpeded. If thrombin was not inhibited, platelets would attempt to form 

clots around the openings between the endothelial cells of the vessels ultimately blocking 

the ability of the plasma and accompanying leukocytes to leak into the affected tissue 

[50] in this way it is able to indirectly regulate the concentration of leukocytes and their 

products at inflammation sites. It is also observed that intracellular heparin regulates the 

concentration of some mediators and proteases in granules post-translationally. As well 

as in relation to storage, heparin is extraordinarily negatively charged and it has been 

stated that it acts as a storage site for histamine, which carries a positive charge [51]. 
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2.3.2 Late Phase Allergy 

 

In comparison to the momentary initiation of the early phase, the late phase 

usually takes up to 2-6 hours to develop, reaching its peak at around 6-9 hours. This 

extended period of time is a result of all the cellular signaling, activation, and actual 

production of various mediators that needs to happen before the effects can be felt and 

expressed in the organism experiencing the allergic reaction. These late phase reactions 

can present differently depending on the tissue they originate in, for example in late 

phase allergic reactions in the skin they usually involve pain, warmth and edema; 

however in the lungs the reactions occur in the form of airway narrowing and 

hypersecretion of mucus [52]. These symptoms result from the recruitment of various 

TH2 response cells including basophils, eosinophils and other leukocytes throughout the 

early phase; however the cell recruitment is believed to be predominantly caused by the 

mediators released by the resident mast cells that were activated by the initial allergen 

insult.  

Some of the mediators produced and released in the late phase of an allergic 

response include the cytokines interleukin 4 (IL-4), IL-5, IL-6 and TNF-α, as well as 

some chemokines including chemokine ligand-1 (CCL1), CCL2 and CCL3 and CCL9.  

Cytokines are small proteins that are crucial to intercellular signaling. They are 

produced and released in response to stimuli in many cell types to propagate a response 

from other cells either adjacent to the cell releasing it or in other parts of the body [53], 

Cytokines travel to and are recognized and bound by receptors on the surface of various 

cells and depending on the cell type they are interacting with produce a variety of 

intracellular responses.  
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Some of the main cytokines produced by allergen stimulated mast cells are IL-4, 

IL-5, IL-6, and TNF-α. Interleukin 4, 5, and 6 are all characteristic of the TH2 immune 

response, which is the humoral or immunoglobulin mediated immune response. IL-4 is 

the key regulator of T-regulatory cell differentiation into TH2 types, and they are also 

responsible for inducing B-cell class switching to IgE as well as T-cell proliferation. Over 

production of IL-4 is a key characteristic of an allergic response [54-56]. 

The main role of IL-5 is to drive the proliferation and differentiation of both B-

cells and eosinophils It also stimulates an increase in production of antibodies from 

mature B-cells [57]. IL-6 serves a similar purpose in the maturation of B-cells and 

inflammation however it also induces the production of neutrophils in the bone marrow 

and serves as a potent endogenous pyrogen [58]. IL-6 released produced during an 

inflammatory or allergic response is able to cross the blood-brain barrier and induce the 

production of prostaglandins after binding to the IL-6Rα on the surface of endothelial 

cells in the brain [59].   

TNF-α is another inflammatory mediator released by mast cells during an allergic 

response and is characteristic of systemic inflammation. TNF-α acts as an endogenous 

pyrogen, similar to IL-6, therefore it is also able to induce fever and mediate 

inflammation [60]. Lack of regulation over TNF-α production has been linked to some 

chronic inflammatory disorders including psoriasis and inflammatory bowel disease [61, 

62]. 

Chemokines are a subfamily of cytokines, and their name is related to their ability 

to induce chemotaxis of cells to or from the site of their production. Chemotaxis 

describes to movement of a motile cell or cell segment in the direction of an increasing or 
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decreasing concentration gradient of the chemotactic agent; chemoattractants draw cells 

towards an increasing concentration and chemorepellents work the opposite way, 

repelling cells away towards the decreasing concentrations [63].  

Many of the main chemokines released by mast cells, including CCL1, 2, 3 and 9 

all serve very similar functions. CCL1 and CCL2 are both involved in the recruitment of 

monocytes and dendritic cells; however CCL1 also interacts with natural killer cells and 

immature B-cells, whereas CCL2 is more involved in the recruitment of memory T-cells 

as well as the others mentioned above [64]. CCL3 is intimately involved in the 

differentiation and recruitment of CD8
+
 cytotoxic T-cells as well as neutrophils to the site 

of infection or injury [65]. CCL9 is mainly responsible for dendritic cell recruitment [66]. 

Chemokines are responsible for rapid recruitment of immune cells that are required for 

efficient clearance of the pathogen or invading organism at the infection or injury site and 

are therefore crucial components of an effective inflammatory response.  

2.4 TAK1 

   

Discovered in 1995 by Matsumoto and colleagues, transforming growth factor-β-

activated kinase 1 (TAK1) is a serine/threonine kinase, and a member of the mitogen-

activated protein kinase kinase kinase (MAPKKK) family [1, 67]. Human and mouse 

TAK1 have 99.3% sequence identity/homology (Clustal Omega 1.2.4, NCBI reference 

numbers NP_033342.1, mouse and NP_663304.1, human), with just 4 conserved or semi-

conserved amino acid changes of 606 total (long isoform, B). TAK1 is mainly 

responsible for the regulation of cell survival, differentiation, and inflammatory responses 

by mediating the activation of various downstream intracellular kinases. The activity of 

TAK1 can vary depending on the ligand-receptor complex that is initiating signaling 
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however the biological effects that result commonly include the expression of genes that 

drive the production and release of various pro-inflammatory cytokines involved in the 

immune response [68, 69]. TAK1 was first identified as a player in the TGF-β signaling 

pathway, but was quickly found to in fact have crucial roles in a number of cell types and 

in a variety of pro-inflammatory and immunological signaling pathways, including toll-

like receptors (TLRs), interleukin 1 (IL-1) 

receptor and the tumor necrosis factor (TNF) 

receptor mediated cascades. The fact that 

TAK1 is found in so many cell types and 

signaling cascades secured the importance of 

TAK1 function as a key regulator of innate and 

adaptive immunity, cell death, and 

differentiation [17]. The stimulation of a variety 

of cells with toll-like receptors ligands, 

including TNF, LPS and IL-1β initiate 

intracellular signaling pathways, resulting in 

TAK1 activation downstream and the activation 

of transcription factors including nuclear factor 

kappa B (NF-κB) and activator protein-1 (AP-

1) [Figure 1][70, 71]. The activation of AP-1 is 

driven by three key members of the MAPK family, extracellular signal-regulated-kinase 

(ERK), c-Jun N-terminal kinase (JNK) and protein-38 (p38). NF-κB activation is 

achieved by phosphorylation and activation of IKK leading to the phosphorylation and 

Figure 1: Various upstream 

activators and downstream effectors 

of TAK1 
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subsequent degradation of IκB kinase complex [1, 68, 71].  Primary activation of TAK1 

requires ubiquitination by adaptor proteins known as, TAK1-associated binding proteins 

1-2-3 (TAB1-2-3) that are composed of specific ubiquitin-conjugating regions. This 

reliance on adapter proteins and ubiquitination makes TAK1 the only MAPK that 

requires such association to become active.  Interestingly however, some studies have 

shown that TAB2/3 are not required for some in vivo activation of TAK1 [69, 72].   

2.4.1 Mechanisms of activation of TAK1 leading to Inflammation 

 

  The intracellular portions of the TLRs and IL-1Rs contain homologous regions 

called the Toll-1L-1R domains that are stimulated by contact with ligands including TNF, 

IL-1 or LPS molecules [Figure 2]. Upon ligand binding these receptors recruit adaptor 

proteins, specifically myeloid differentiation primary response gene 88 (MyD88) to these 

regions to assist in the propagation of the cellular signal [71]. Following recruitment 

MyD88 is able to interact with two IL-1 receptor-associated kinases (IRAK 4/6) [Figure 

2]. The IRAKs are then recruited by MyD88, allowing them to dissociate from MyD88, 

and interact with TNF receptor-associated factor 6 (TRAF6), which exists in a complex 

with TAB2 in the cytoplasm of the cell.  TAK1 is associated with TAB1 at rest, then 

associates with the IRAK-TRAF6; TRAF6, as well as TAB1/2/3 proteins contain 

ubiquitin-conjugating sites, which catalyse the polyubiquitination of TAK1 [73]. This 

ubiquitination seems to be crucial in allowing for the autophosphorylation/ 

phosphorylation and subsequent activation of TAK1 [72, 74]. The activation of TAK1 is 

very closely regulated by its binding interactions with various proteins as well as 

cytosolic translocation. As previously mentioned, TAK1 activation requires the binding 

of its TAB 1-2-3 proteins [Figure 2], as well as various phosphorylation and 
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ubiquitination events [Figure 3]. In order for TAK1 to be activated under various 

circumstances different phosphorylation and ubiquitination sites are used. When TAB1 

and TAK1 bind and form their complex TAK1 becomes activated through 

autophosphorylation at Ser 192 within its intrinsic kinase domain, which precedes the 

phosphorylation of TAB1 [75]. Mutants of TAK1 lacking these kinase regions needed for 

activity are not phosphorylated following normal IL-1 stimulation, or when co-expressed 

with TAB1, providing evidence that this phosphorylation event is in fact 

autophosphorylation.  

 

Other experiments show that when TAK1 mutants express alanine residues 

instead of the Ser 192, Thr 184 and 187 residue in the activation loop of these kinase 

domains the phosphorylation and subsequent activation of TAK1 is abolished [68, 75]. 

The phosphorylation of threonine 184 and 187 residues in the activation loop occur 

following the initial Ser 192 phosphorylation and are required to fully activate and 

ultimately mediate the kinase activity of TAK1[75, 76]. Tumor necrosis factor receptor 

associated factor 6 (TRAF6) acts primarily as a key ubiquitin E3 ligase to mediate the 

polyubiquitination of TAK1 [Figure 3] in vivo and in vitro [73].  The synthesis of 

polyubiquitin chains by TRAF6, stimulate TAK1 to autophosphorylate its own Thr187 

residue further supporting the role this residue has in regulating the kinase activity 

[Figure 2] [68, 76].  Another avenue of TAK1 activation requires protein kinase A to 

phosphorylate Ser412 residues for full activation [17]. As mentioned above, once 

activated in this manner TAK1 can move on to activate two cascades, the first leading the 
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activation of the NF-κB transcription factor and the other through the MAPK cascade 

activating AP-1 transcription factor [77].   

 

 

Ubiquitination is known to play a vital role in the ultimate activation of TAK1 

and subsequent activations following TAK1 ubiquitination.  The polyubiquitination of 

TAK1 is a key event in the regulation of TAK1 kinase activity. TRAF-6 mediates this 

polyubiquitination on Lys158 residues of TAK1, primarily required for TGF-β and IL-1β 

induced TRAF-6 mediated polyubiquitination of TAK1 and the subsequent TAK1 

mediated activation of IKK, JNK and p38 [78]. However, recent research has shown that 

polyubiquitination of TAK1 at Lys562 is crucial in TLR4-mediated JNK and p38 MAPK 

Figure 2: TLR/IL-1R mediated cellular signalling pathway, showing TAK1 activity and its 

role in pro-inflammatory MAPK activation and NF-κB transcription factor activation. 
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activation [Figure 2] [17]. This contrast shows the lack of clarity that exists between the 

phosphorylation and ubiquitination of TAK1 and its impact on activity. Studies have 

shown that reconstitution of TAK1-deficient mouse embryonic fibroblasts with wild-type 

TAK1 with Lys158R mutations has abolished TRAF6-induced polyubiquitination of 

TAK1, highlighting the importance of the Lys158 residue in the activity of TAK1 in the 

TGF-β induced activation of IKK, p38 and JNK [73, 78]. Mutations on the Lys562 

[Figure 2] residue of TAK1 have also shown specific inhibition of the TLR4 –mediated 

TAK1 activation and subsequent activation of JNK and p38 kinases [17]. Studies have 

shown that with the addition of methylated ubiquitin, which is a blocker of the 

polyubiquitination in these cascades, the activation and downstream effects of a number 

of MAPKs and the IKK kinase complex was abolished; ultimately inhibiting the 

activation and inflammatory effects of NF-κB and AP-1 transcription factors [79]. 

 

 

Figure 3: The various ubiquitination and phosphorylation sites important to the activation 

and downstream activity of the TAK1 protein. 
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2.4.2 NF-κB Activation through the IKK pathway by TAK1 

 

 

The NF-κB (IκB pathway) and AP-1 (MAPK pathway) proteins are the most 

common transcription factors that are known to play an irreplaceable role in immunity 

and the resulting inflammation [2]. TAK1 plays an essential role in the TNFα- and IL-1β 

induced activity in both of these pathways [73]. The NF-kB transcription factor is 

comprised as a heterodimer of two protein subunits, p50 and p65 [80]. When cells are at 

rest NF-κB exists in a complex with inhibitory IκB proteins causing it to be sequestered 

in the cytoplasm. Any signal destined for NF-kB activation is achieved first through the 

phosphorylation of the IKK complex, which is composed of three separate subunits, two 

catalytic and one regulatory; IKKα, IKKβ and IKKγ respectively [81]. The activated 

subunits then go on to  phosphorylate the IκB inhibitory proteins causing them to degrade 

and  release the sequestered NF-κB for nuclear translocation [Figure 2][82]. Following 

nuclear translocation the NF-κB transcription factor is involved in the transcription of a 

variety of genes that encode for various pro-inflammatory cytokines and chemokines 

[83]. In order for the complete transduction of this signal a number of proteins and 

protein kinases are required to propagate the signal from the receptor to the ultimate 

effector, NF-κB. The phosphorylation of the IKK complex can be achieved by various 

MAPK kinase kinases including MEK kinase 1, MEKK3, TANK-binding kinase or 

TAK1; TAK1 is regarded as the most common MAPK kinase kinase (MAP3K) 

responsible for this phosphorylation [70]. Studies have shown that inhibiting the kinase 

activity of TAK1 with a selective inhibitor not only reduced the phosphorylation of 

IKKα/β and IkB-α but it also impaired IkB-α degradation and therefore prevented NF-κB 

nuclear translocation and DNA binding abolishing its inflammatory response [70]. 
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Further research has also shown that in vivo gene knockout of TAK1 causes a drastic 

impairment of the activation of the IκB kinase (IKK) inhibitory complex, resulting in 

reduced activation of NF-κB by a variety of normal stimuli further supporting the crucial 

role that TAK1 plays in NF-κB activation in various cellular responses [84, 85].  Work 

by Ear et al., have also shown that mouse models with B-cell specific TAK1 deficiency 

exhibit dramatically impaired NF-κB activation in response to IL-1β, TNF and TLR 

ligands resulting in a reduction in the general immune response inflammation usually 

propagated by antigen recognition [70]. This research provides further support for the 

essential role TAK1 plays in NF-κB activation. 

2.4.3 AP-1 Activation through MAPK pathway by TAK1 

 

 

In regard to MAPK activation and ultimate activation of AP-1 in response to a 

number of ligand stimulations, IRAK1 and IRAK4 are phosphorylated and subsequently 

dissociated from MyD88 just as before. This dissociation results in the phosphorylation 

and activation of TRAF6, which contains an ubiquitin ligase N-terminal RING domain. 

Following activation TRAF6 forms a complex with Ubc13 and UevA1 enzymes that 

serve as the catalysing factor in the synthesis of lysine 63-linked polyubiquitin chains. 

This allows TRAF6 to then activate TAK1 in a similar ubiquitin-dependant fashion. 

TAK1 then forms a complex with TAB1, TAB2 and TAB3 proteins, which bind to the 

lysine-63-linked polyubiquitin chains, these interactions result in the complete activation 

of TAK1 in the cascade. At the same time TAK1 also works to phosphorylate two main 

MAPK kinases, MKK3 and MKK6, which subsequently phosphorylate JNK and p38, 

ERK is activated in the same cascade [14, 71]. Activation of these MAPKs all promote to 
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the activation and nuclear translocation of AP-1, which includes Jun, Fos or ATF factor 

subunits [86]. Activation of the dimeric AP-1 transcription factor allows for translocation 

to the nucleus where it works to drive the transcription and production of various pro-

inflammatory and regulatory cytokines responsible for inflammation as well as cell 

proliferation and survival [Figure 2] [87]. 

 

2.5 TAK1 in vivo 

 

2.5.1 In vivo study of TAK1 in Murine Models 

 

 

Despite the various studies looking at the role of TAK1 in an in vitro setting, to 

truly understand its role it must be looked at in vivo.  To fully analyze the function of 

TAK1 in vivo, the TAK1 gene was deleted in mice. This total deletion of TAK1 resulted 

in catastrophic dysfunction in the embryos’ developmental process and ultimately caused 

early embryonic death. TAK1, TAB1, and TAB2  deficient embryonic fibroblasts were 

generated.  TNFR1, IL-1R, TLR3 and TLR4 mediated activation of NF-κB and AP-1 

transcription factors were severely impaired in the TAK1 deficient cells, but normal 

levels were observed in the cells lacking TAB1 or TAB2 only. This result shows that 

TAB1/2 adaptor proteins could have less of an impact on in vivo TAK1 mediated 

signalling than they do in vitro. As shown above TAK1 mediated IKK kinase complex 

activation in TNFα and IL-1 signalling pathways where it acts downstream of various 

other protein kinases associated with their respective receptors. In regards to the TGF-β 

cascade, the absence of TAK1 leads to NF-κB and JNK deficiencies, suggesting that 

TAK1 plays a crucial role in the mediation of the pathways leading to IKKβ and JNK 
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activation, but less of a role in IKKα phosphorylation. This shows specificity in the role 

TAK1 plays in inflammatory signaling pathways in some cases [69].  

Despite the crucial role TAK1 plays in the mediation of stress signal induced 

release of pro-inflammatory cytokines, it also plays a critical role in the survival of many 

cell types in the body. In the context of hematopoietic cells and hepatocytes specifically, 

Tang and his team showed that inducing the deletion of TAK1 genes in adult mice results 

in massive apoptotic death of hematopoietic cells and hepatocytes in mice, and causes 

bone marrow and liver failure. In regards to the effect on hematopoietic cells it was 

shown that the hematopoietic stem cells and progenitors were the cells that were most 

affected by the TAK1 deletion-induced death. The cellular death by apoptosis was shown 

to be totally autonomous, demonstrated by a reciprocal bone marrow transplant. Deletion 

of TAK1 ultimately resulted in the drastic downregulation of JNK and NF-κB signalling, 

as well as a reduction in the transcription and expression of pro-survival genes [88].  

2.6 Inhibition of TAK1 by 5Z-7-oxozeaenol 

 

2.6.1 5Z-7-oxozeaenol 

 

 5Z-7-oxozeaneol is a naturally occurring resorcylic acid lactone first isolated by 

Ellestad et al in 1978 from an unidentified fungal species (Ellestad 1978) and is reported 

to be an ATP-competitive selective inhibitor of TAK1. The inhibitor functions by 

forming a covanlent bond with a reactive Cys174 residue in the ATP-binding kinase 

domain of TAK1 in its complex with TAB1, thus irreversibly blocking TAK1 function 

[Figure 4] [89, 90]. The 5Z-7-oxozeaenol molecule contains a cis-enone [Figure 4]  at an 

appropriate position to enable it to covalently bind the thiol group of the reactive cysteine 
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forming the permanently inactivated inhibitor-kinase complex [91]. Covalent and 

irreversible binding was confirmed by both mass spectrometry and x-ray crystallography 

as seen in Figure 4, presented from Kilty & Jones, 2015 [90].  

 

 

 

 

 

 

Figure 4: Structure and X-ray crystallography image of 5Z-7-oxozeaenol (magenta) covalently 

binding TAK1-TAB1 complex at Cys 174 residue (Kilty & Jones, 2015) 
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2.6.2 Inhibition of TAK1 in non-obese diabetic mice attenuates disease progress 

 

 

Since TAK1 is known to have such a crucial role in the immune responses in 

most species, Dr. Cao and his team hypothesized that inhibition of TAK1 would 

definitely have some effect on autoimmune diabetes in non-obese diabetic (NOD) mice. 

Administration of 30 µg/mouse of the 5Z-7-oxozeaenol to 8 week old female mice, 

delayed the onset and decreased the overall incidence of autoimmune diabetes to 33%, 

compared to 75% in PBS treated mice. This effect was observed in both naturally 

occurring and cyclophosphamide-accelerated NOD mice, with 8 of the 12 mice tested 

remaining in remission for up to 40 weeks following treatment cessation. The inhibition 

of TAK1 also reduced the inflammation of the Islets of Langerhans as well as preserved 

the islets function and increased the expression of alpha 1-antitrypsin. To examine the 

effect that TAK1 inhibition had on preservation of islet function and cell preservation a 

Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay 

was used. The TUNEL assay is designed to detect apoptotic cells that undergo extensive 

DNA degradation during the late stages of apoptosis. TUNEL positive β cell numbers 

were 67.0 ± 6.71% and 29.0 ± 6.46%, for PBS and 5Z-7-oxozeaenol treated mice 

respectively. Not only did TAK1 inhibition cause a 48.1% reduction in β cell apoptosis, 

but it also maintained a healthy level of proliferation observed through proliferating cell 

nuclear antigen stains. PCNA values in treated mice were close to 3% compared to only 

0.95% in untreated mice.  The 5Z-7-oxozeaenol also drastically inhibited both the NF-κB 

and AP-1 signalling cascades. NF-kB inhibition was evident by elevated levels of IkBα, 

which would be expected in low levels due to its degradation prior to NF-κB activation. 

There was also dramatically lower levels of phosphorylated JNK and AP-1 compared 
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with NOD mice treated with only PBS, reflecting the downregulation of both 

inflammatory pathways by TAK1 inhibition. It was also observed that TAK1 inhibition 

caused a shift from Th1 to Th2 cytokine production, which resulted in a decrease of pro-

inflammatory cytokines and increased the amount of anti-inflammatory and regulatory 

cytokines in cultured T lymphocyte supernatants. The overall results of this work showed 

that systemic TAK1 inhibition in NOD mice reduced the frequency of autoimmune 

diabetes and therefore appears to have a protective effect in the progression of this 

disease that could prove useful for the general treatment of autoimmune diabetes [92]. 

2.6.3 TAK1 inhibition by 5Z-7-oxozeaenol sensitized neuroblastoma cells to 

chemotherapy treatment regimens 

 

 

The development of chemoresistance is the leading cause of treatment failure in 

high risk neuroblastoma, and many other types of high risk carcinomas. Cancer cells 

employ the anti-apoptotic effects of NF-κB activation as one of the main resistance 

mechanisms they use to avoid the cell death mediated by the chemotherapy treatments. In 

order to inhibit the activation of the NF-κB pathway, Fan et al. looked to the upstream 

kinase TAK1, which plays a crucial role in the genotoxic-stress induced activation of NF-

κB transcription.  Various neuroblastoma cells lines were treated with various 

concentrations of a TAK1 inhibitor, 5Z-7-oxozeaenol in combination with two common 

chemotherapy drugs doxorubicin (Dox) and etoposide (VP-16).  In these experiments 

TAK1 inhibition was found to significantly enhance the cytotoxic effects of Dox and VP-

16 on neuroblastoma cells, as well as enhance their inhibitory action on the formation of 

new neuroblastoma colonies. 5Z-7-oxozeaenol was shown to strongly inhibit Dox and 

VP-16 mediated NF-κB, and MAPK (JNK and p38) activation, which enhanced the 
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induced apoptotic death of neuroblastoma cells by the chemotherapy. Furthermore, not 

only did the TAK1 inhibition prevent chemoresistance, treatment with 5Z-7-oxozeaenol 

was able to overcome established chemoresistance in LA-N-6 neuroblastoma cell lines. 

Using mice with normally exhibiting neuroblastomas it was observed that when treated 

with 15 mg/kg of 5Z-7-oxozeaenol alongside an appropriate dose of Dox (1 mg/kg) in 

vivo, the chemotherapeutic efficacy of the Dox agent was significantly increased by the 

inhibition of TAK1 [93]. The above results provide strong evidence that TAK1 inhibition 

could have potential to be used to sensitize neuroblastoma cells to chemotherapy induced 

cell death, and provide a foundation for research to examine its potential to work with 

other chemotherapies for various high risk carcinomas. 

2.6.4 TAK1 inhibition by 5Z-7-oxozeaenol attenuates brain injury following 

subarachnoid hemorrhage 

 

 

Subarachnoid hemorrhage (SAH) is a serious neurological injury that is linked to 

high levels of patient mortality, and despite this fact no effective or specific 

pharmacological therapies have been developed to treat this affliction. It has also been 

shown that various cellular mechanisms are activated minutes after the bleeding starts, 

which leads to early brain injury that correlates with increased mortality risks [94, 95]. 

Various studies have also generated evidence suggesting that the activation of pro-

apoptotic and pro-inflammatory MAPKs and NF-κB cellular pathways increases the 

severity of early brain injury (EBI) in patients following SAH. A number of molecular 

factors leading to TAK1 stimulation including, TGF-, IL-1, TNF- and TLR4 have all 

been shown to be unregulated in post-SAH pathology; therefore TAK1 inhibition is a 

prime target to explore the development of treatment following SAH [96]. Levels of 
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TAK1 in tissue did not show any significant increase following SAH, however the levels 

of phosphorylated TAK1 did show substantial upregulation 24-h after the initial SAH 

injury.  Administration of the TAK1 inhibitor 5Z-7-oxozeanol reduced the levels of 

TAK1 and phosphorylated TAK1 substantially. As a result of this TAK1 inhibition levels 

of SAH-induced p38, JNK phosphorylation and IkB phosphorylation and subsequent 

degradation was also significantly reduced, ultimately leading to inhibition of NF-κB and 

AP-1 nuclear translocation. These effects all work together to inhibit the production of 

various pro-inflammatory cytokines and other pro-apoptotic factors; ultimately avoiding 

SAH-induced apoptosis, EBI, and thereby reversing the neurological deficits caused by 

SAH injury [97]. These results provide even more support for the importance of TAK1 in 

the treatment of various and in some cases life-threatening, inflammatory illnesses. 

 

2.7 TAK1 inhibition by other chemicals 

 

2.7.1 Kamekabaurin has anti-inflammatory effect on LPS-treated dendritic cells by 

TAK1 inhibition 

 

Isodon japonicas is a perennial plant commonly found in Japan, China and Korea, 

and its extracts have been used as medicine for the treatment of gastrointestinal disorders, 

cancer and other inflammatory diseases for decades in folk medicine. In order to 

determine its effectiveness and ultimately what compound it contained that had these 

medicinal affects, whole plant extracts were generated and four kaurane diterpene 

compounds were isolated; the one focused on being Kamebakaurin (KA). KA was shown 

to inhibit NF-κB signaling, and the production of nitric oxide in LPS-treated 

macrophages [98]. It was also observed that KA downregulated neutrophil recruitment 
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and the production of TNF- α and Prostaglandin E2 in animal models. By treating 

dendritic cells with LPS Kim et al. showed that KA directly inhibits the 

autophosphorylation and therefore the kinase activity of TAK1; ultimately resulting in 

the inhibition and downstream activation of various kinases and transcription factors 

including NF-κB and the MAPKs. These inhibitions effectively stop the production of 

various pro-inflammatory cytokines including IL-1β, IL-12 and TNF-α, therefore 

attenuating the pro-inflammatory response mediated by the dendritic cells [99]. 

2.7.2 Epoxyquinol B has anti-inflammatory effects via crosslinking and inhibition of 

TAK1 in human endothelial cells  

 

Epoxynoids are naturally occurring compounds found in a number of plants and 

bacteria cultures, that are known to exert anti-inflammatory effects by inhibiting the NF-

κB signaling pathway [90]. Kamiyama and his team looked at epoxyquinol B (EPQB) 

showing that it can be used to shut down the tumour necrosis factor-α (TNF-α) - induced 

NF-κB cascade by targeting and selectively inhibiting TAK1. In order to provide 

sufficient evidence to support this inhibition TNF-α signaling was analysed. Western 

blots showed that in unstimulated cells TAK1, IKKβ, and I-κB were all 

unphosphorylated; however levels of phosphorylation of each of these kinases increased 

substantially with the addition of TNF-α, proving that this pathway worked through these 

proteins. EPQB works to inhibit TAK1 activity through protein crosslinking. The 

inhibitor has been shown to crosslink TAK1 with itself, and even for crosslinks between 

TAK1 and its own adaptor protein TAB1 through cysteine residues. This crosslinking 

was proven via Western blots that showed following treatment, TAK1 bands appeared 

significantly higher on the ladder than previously, suggesting that the protein was heavier 
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and larger than before; this increase in size provides support that TAK1 has been 

crosslinked to another protein and has therefore increased in size.  Also the 

phosphorylation of TAK1, IKKβ, and I-κB that was exhibited previous to the treatment 

was significantly decreased, in a dose-dependent fashion following the addition of EPQB. 

These results provide evidence to support the prospect of using EPQB inhibition of 

TAK1 as an anti-inflammatory treatment in various applications [100]. 

2.8 Conclusion 

 

There is an overwhelming amount of evidence exhibiting the importance of 

TAK1 in various pro-inflammatory pathways in many different biological situations. 

TAK1 is known to connect the MAPK and NF-κB cascades, which has made it a prime 

target for the development of anti-inflammatory therapies in recent years. This project 

will be the first to provide key evidence that TAK1 connects these two cellular signaling 

pathways in FcεRI-mediated allergic inflammation [Figure 5] and more importantly, use 

the results generated to determine the viability of targeting TAK1 in the development of 

novel therapeutic treatments for individuals suffering from allergies.  

Inhibition of TAK1 signaling by various chemical compounds, including 5Z-7-

oxozeaenol, have all shown promising results in the battle against both acute and chronic 

inflammatory afflictions; however all possible pathways have not been fully explored. 

This project will bridge the gap between general and allergic inflammation; since mast 

cell FcεRI-induced cellular pathways are the driving force behind anaphylactic episodes. 

This research focus will play a major role in determining if TAK1 is an effective target 

for therapeutic intervention to inhibit the propagation of pro-inflammatory cellular 
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signaling in FcεRI induced allergic cascades, thus providing evidence to support this 

direction in the development of novel therapies to treat allergic inflammatory illnesses. 

 

 

 
 

Figure 5: Simplified pictorial schematic of tested mechanisms of action of TAK1 in IgE-

FcεRI and c-kit mediated mast cell activation. The affects include 1. Mediation of 

degranulation in early phase allergic inflammation, 2. Various effects on protein 

modulation in both the MAPK and NF-κB pathways, and finally 3. Various effects on the 

mRNA expression levels of various pro-inflammatory cytokines and their ultimate 

production and release in the late phase of allergic inflammation. 
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Chapter 3: Proposed Study 
 

The World Allergy Organization reports that asthma rates have increased at a rate 

close to 50% every decade for the past 40 years. Today, more than 25% of people living 

in a developed nation suffer from, or will develop, an allergic disease in their lifetime 

[19]. Costs to Canadians alone are in excess of $12 billion in yearly government health 

care expenses, and untold quality of life [101]. Mast cells are the driving force behind 

this inappropriate immune response [102]. Allergen-activated mast cells release a variety 

of pro-inflammatory mediators in response to innocuous environmental cues detected by 

IgE bound to its high-affinity receptor, FcεRI, on the mast cell surface, but we do not 

fully understand the molecular mechanisms that control this release. The research carried 

out in these studies aims to improve our understanding of allergen-mediated mast cell 

activation via in vitro  study of TAK1 inhibition with a goal of determining if TAK1 is an 

appropriate molecular target in the development of more effective future therapeutic 

designs.  

Objectives 

 

The research objectives of this proposed study are: 

 

1. To determine the role of TAK1 in protein modulation of both the MAPK and NF-

κB cell signaling pathways in IgE-FcεRI allergen-mediated mast cell activation, 

and the effect TAK1 inhibition will have on protein phosphorylation events. 

 

2. To determine if the gene expression of TAK1 and its associated binding proteins 

is altered by treatment with 5Z-7-oxozeaenol.  
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3. To determine the changes elicited by TAK1 inhibition in gene expression and 

mediator release during the late phase of allergically activated mast cells. 

 

4. To determine if inhibition of TAK1 changes degranulation events during the early 

phase of allergic inflammation. 

Hypotheses 

 

The hypotheses for each corresponding objective are as follows: 

 

1. We hypothesize that TAK1 plays a key role in the protein modulation in both the 

MAPK and the NF-κB pathways and therefore its inhibition will directly 

downregulate the phosphorylation of many downstream kinases including ERK, 

JNK, p38 and IκBα. 

2. We hypothesize that inhibition of TAK1 activity will have minimal to no effect 

on the gene expression levels of TAK1 and its associated binding proteins. 

3. As a result of the downregulated phosphorylation events downstream of TAK1, 

we hypothesize that the gene expression and ultimate release of key inflammatory 

mediators will also be impaired due to TAK1 inhibition. 

4. We hypothesize that since TAK1 plays an important role in the mediation of 

downstream cell signalling it will have less of a role in the degranulation and 

therefore its inhibition will have little effect on the rate and amount of 

degranulation occurring in the early phase of allergic inflammation.  
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Chapter 4: Materials and Methods 

 

4.1 Mice 

 

Two wild-type mouse strains were used throughout the project; CD-1 and 

C57BL/6 (Charles River Laboratories) maintained with normal diet and living conditions. 

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

4.2 Bone Marrow Isolation 

 

All bone marrow isolation surgeries were carried out in a ThermoForma 

biological safety cabinet (Class II A2 BSC, 100660-2888) to ensure sterile conditions. 

Preparation for surgery was done by autoclaving surgical tools, including two pairs of 

forceps and 2 pairs of scissors. Tools were removed from autoclave bag inside BSC and 

placed in 50 mL conical tube (Sarstedt, #62.547.205) filled with a 70% ethanol 

(Commercial Alcohols, #P016EA95) solution.  To begin the bone marrow isolation the 

mice were first anaesthetized with isoflurane and immediately transferred to CO2 for 

euthanization. Euthanized animals were transferred to the BSC and placed on a square of 

paper towel. The entire animal was sprayed with a 70% ethanol solution to wet the fur 

and enhance sterility. The first incision was made around the entire circumference of the 

animal at sternal level, another incision was made around the base of the tail and the final 

incision was made to connect these two incisions up the abdominal midline. All incisions 

were only through the skin and care was taken to not cut into any internal organs. 

Following the main 3 incisions were made the feet were removed just below the ankle 

joint, and the skin was carefully pulled to remove it entirely from the lower half of the 
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body. Each leg was removed by carefully cutting into the muscle around the base of the 

femur to expose the femoral-pelvic joint. Once the joint was located the forceps were 

used to pull the leg upwards while downward pressure was placed on the rest of the body 

with the scissors and the leg was removed with a cut through the center of this joint, 

being careful to leave the entire femur intact. All muscle tissue was removed from the 

legs and the femur and tibia were isolated and placed in sterile RPMI-1640 media until 

all bones were isolated. To isolate the bone marrow, both ends of the bones were cut off 

with a pair of scissors to expose the bone marrow. Bone marrow derived mast cell 

complete (BMMC complete) media was used to flush marrow from bones and was made 

by mixing 500 mL of RPMI-1640 (Life Technologies Inc., 11875119) with 10% (63 mL) 

of heat-inactivated fetal bovine serum (HI-FBS), 10% (63 mL) of WEHI supernatant 

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

1% (6.3 mL)  penicillin/streptomycin (PenStrep)  (Gibco, 15140-122),  0.002 % (12.6 µl) 

prostaglandin E2 (Sigma, #P5640) and 0.005% (31.6 µl) of 2-mercaptoethanol (Sigma, 

#M3148) and filter sterilized through a 0.2 µm pore diameter 500 mL bottle top filter 

(Filtpour BT50, Sarstedt, #83.1823.101).  A 30 mL Luer-Lok Tip syringe (BD, #302832) 

was filled with BMMC complete media and was loaded with a 30 gauge needle (BD 

PrecisionGlide, #305106). The needle was inserted into the bone shaft and constant 

pressure was placed on the syringe plunger to flush all the bone marrow from inside the 

bone into a sterile 50 mL conical tube (using a new tube for each mouse). Once both 

femurs and tibias from a specific mouse were flushed into a tube, the media remaining in 

the syringe was expelled into the tube and the entire solution was mixed by repeated 

suction and expulsion of the solution with a serological pipette. The recovered cells were 
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then strained into another sterile 50 mL conical tube through a 40 µm nylon cell strainer 

(Falcon, #352340) to remove any debris from the flushing process. The new solution was 

then centrifuged in a Thermo Electron Corporation Centrifuge (CentraCL3R, #3755-

1851) at 1300 rpm for 10 minutes at 4° C to pellet the cells. The supernatant was 

discarded and the cell pellet was resuspended in 10 mL of BMMC complete media. The 

resuspended cells were then added to 40 mL of fresh media in a sterile T75 vented cap 

cell culture flask (Sarstedt) and placed in the cell culture incubator at 37° C with 5% 

carbon dioxide (CO2) and 95% humidity to begin proliferation.  

 

Figure 6: Pictorial schematic of bone marrow isolation protocol. 

4.3 BMMC Culturing 

 

Following the bone marrow isolation, as described above, the media in the new cell 

cultures was changed twice per week, approximately every 3 or 4 days. To begin, the cell 

culture medium was drawn out of the flask with a serological pipette and transferred to 50 

mL conical tubes. The tubes were then centrifuged at 1300 rpm for 10 minutes at 4° C to 

pellet the cells. The supernatant was then discarded and the cell pellet was resuspended in 
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10 mL of BMMC complete media (depending on the counts from previous culturing 

protocols the volume of resuspension media may be altered). A small amount of the cells 

were transferred to a 1.5 mL tube and then 46 μl of this sample was mixed with 4 μl of 

NucBlue stain (Life Technologies, R37605) and incubated at room temperature for 20 

minutes. Following the incubation a 12-15 μl sample of the cells was placed on a 

hemocytometer slide and the number of cells was counted on a Countess II FL (Life 

Technologies
 
Inc., AMQAF1000). The cell count number was then used to determine the 

volume of media needed to culture the cells at a density of 0.5 x10
6
 cells/mL. Murine stem 

cell factor (SCF) (PeproTech Inc., #250-03) was supplemented into the culture at a 

concentration of 10 ng/mL. The completed cultures were then placed back in the cell 

culture incubator at 37° C with 5% carbon dioxide (CO2) and 95% humidity. 

 

Figure 7: Pictorial schematic of twice-weekly BMMC culturing protocol. 
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4.4 Mast Cell Sensitization, Treatment, and Stimulation 

 

BMMCs were collected and sensitized in 25% IgE supernatant (prepared from 

TIB-141 cell line cultures, ATCC) and incubated overnight at 0.5 x10
6
 cells/mL. Samples 

were centrifuged in a Thermo Electron Corporation Centrifuge (CentraCL3R, #3755-

1851) at 1300 rpm for 10 minutes at 4°C and resuspended in 30 mL of sterile RPMI-1640 

medium three times to wash them. Cells were subsequently resuspended at a density of 

1.0 x10
6 

cells/mL in RPMI-1640 containing 10% HI-FBS (Sigma, F2442) and 1% 

PenStrep. The total cell volume was divided in half and one half of the cells received 0.5 

µM of 5Z-7-oxozeaenol (Sigma 09890) and was incubated for 1 hour at 37° C, 95% 

humidity and 5% CO2. The cells were then separated into appropriate treatment numbers 

(variable depending on specific experiment) and placed into T25 vented cap cell culture 

flasks (Sarstedt). Cells were subsequently stimulated with either 10 ng/mL of TNP-BSA 

(Biosearch Technologies) alone, or in conjunction with 100 ng/mL of SCF (PeproTech 

Inc. #250-03) for various time periods (e.g. 5, 20, 60, 180, and 360 minutes).  
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Figure 8: Pictorial schematic of basic experimental protocol for protein, RNA and 

cytokine supernatant extraction using various cell cultures obtained from different wild-

type (WT) mice. 

 

4.5 Protein Extraction 

 

 

At each time point, cells were centrifuged at 1500 rpm for 5 minutes at 4° C to 

pellet the cells. The supernatant was aspirated off and the cell pellet was lysed with 30 µL 

of RIPA lysis buffer per 5 x10
6 

cells (473 μL sterile water (Baxter, JF7624), 500 μL 2X 

RIPA buffer (BioBasic, #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), 5μL 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., 
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PB0425). The lysate was vortexed for 10 seconds and then incubated on ice for at least 

20 minutes. Following the incubation, the lysate was vortexed for another 10 seconds and 

subsequently centrifuged at 13,500 rpm for 10 minutes at 4° C in a Labnet International 

Inc. Centrifuge (Prism-R, # C2500-R). Supernatant was isolated from pellets and stored 

in a 1.5 mL tube at -80° C.  

4.6 Protein Quantification 

 

The protein samples were quantified according to the following protocol. Protein 

samples were diluted at 1:20 in sterile water in a separate 1.5 mL tube by adding 2 μL of 

each corresponding protein to 38 μL of sterile water. The dilute samples were then gently 

vortexed, with 10 μL/well added to a 96-well Tissue Culture Plate (Sarstedt, 83.1835) in 

triplicate. BSA protein standards (0.5 mg/mL, 0.25 mg/mL, 0.125 mg/mL and 0.0625 

mg/mL) and a blank containing 2 μL of RIPA (same buffer used for lysis) in 38 μL of 

sterile water were also run in duplicate to ensure accuracy of the assay.  Protein assay dye 

reagent was prepared by mixing one part 5x Protein Assay Dye Reagent Concentrate 

(Bio-Rad, #500-0006) with 4 parts of sterile water in a volume appropriate for 200 μL to 

be added to each well. The absorbance of the protein samples, BSA standards and blanks 

were measured through a spectrophotometer (BIO-TEK, Synergy HT-1, #191356) set at a 

wavelength of 595 nm.  The average absorbance of each blank duplicate was subtracted 

from the average absorbance value across each protein sample triplicate and subsequently 

compared to the standard curve generated by the BSA standards to calculate the actual 

protein concentrations of each sample. From these values the required volume of protein, 

RIPA buffer and 4x SDS buffer (Bio-Rad) needed to create a sample with 30 μg of 

protein were calculated. Each gel loading protein sample was created using the recipe 
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determined by the previous calculations and in newly labeled 1.5 mL tube the appropriate 

volumes of RIPA lysis buffer, protein solution, and SDS buffer were combined. The 

tubes were then placed in an 85
o
C water bath for at least 25 minutes to ensure total 

denaturation of proteins in and the samples were stored at -20
o
C until further analysis.    

4.7 Western Blotting 

 

30 µg samples (~15 µL) in SDS (Bio-Rad) loading buffer were loaded onto a 10% 

TGX FastCast acrylamide gel (Bio-Rad, #161-0173) and electrophoresed for ~20 mins at 

300 V.  Gels were then transferred to PVDF membrane using a Trans-blot Turbo Transfer 

System (Bio-Rad) for 7 mins (using the Mixed MW* setting) using Transfer stacks (Bio-

Rad) and Transfer buffer (Bio-Rad).  Membranes were then blocked in 5% skim milk 

powder (Zehrs) in TBS-Tween (tris-buffered saline with 0.1% tween-20) for 2 hours at 

room temperature on an orbital shaker.  Blocking buffer was then washed away with 

distilled water and membranes were re-equilibrated in TBS-Tween before addition of 

primary antibody (Cell Signaling Technology) at a 1:1000 dilution in a solution of 5% 

BSA (Sigma, #A7906-500G) in TBS-T buffer with 0.2% sodium azide (Sigma, 26628-

22-8).  Primary antibody was applied overnight on a rocking platform at 4° C.  The 

following day, membranes were washed with TBS-Tween three times for 15 mins, and 

subsequently incubated in anti-rabbit or mouse HRP-linked secondary antibody (Cell 

Signaling Technology) at a 1:2000 dilution in 5% skim milk powder in TBS-T buffer. 

Three more washes were performed as above and 2 mL of Clarity ECL substrate (Bio-

Rad, #170-5060) was prepared per membrane and applied in a drop-wise manner to fully 

coat the membrane.  The protein marker was illuminated using the Li-Cor WesternSure 

Pen (Mandel Scientific, #LIC-926-91000).  Membranes were placed face down on a C-
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Digit blot scanner (Li-Cor) and scanned for 6 mins (standard sensitivity).  Images were 

exported as *.tif files and cropped in Photoshop (Adobe). Images from multiple 

experiments were combined and quantitatively analyzed by densitometry (ImageJ). 

Quantified band density values were further analyzed in Microsoft Excel (Microsoft 

Inc.), and statistical significance was determined using a two-tailed t-test with a p ≤ 0.05 

considered significant. 

4.8 RNA Isolation 

 

 

2-3 x10
6
 BMMCs were sensitized, washed and stimulated as described above; 

however time points were altered to 15, 30, 60, 180 and 300 minutes and RNA was 

isolated using the RNeasy Plus kit (Qiagen, 74136). When each subsequent time period 

finished the tubes were centrifuged in a Thermo Electron Corporation Centrifuge 

(CentraCL3R, #3755-1851) at 1500 rpm for 5 minutes at 4° C to pellet the cells. The 

supernatant was aspirated off and the cell pellet was lysed with 350 µL of RLT Plus 

RNeasy Plus lysis buffer with 10 µL/mL 2-mercaptoethanol added. Following lysis the 

homogenous lysate was transferred to a gDNA elimination column, to ensure any 

genomic DNA is removed from the sample and centrifuged in a Labnet International Inc. 

Centrifuge (Prism-R, # C2500-R) for 30 sec at 10,000 rpm. The flow through was kept 

and mixed with 350 µL of 70% ethanol and this entire volume was transferred to the 

RNeasy spin column included in the kit and processed with a series of wash buffers as 

described by the manufacturer. The RNeasy spin column was then moved to a new 1.5 

mL tube and 50 µl of RNase-free water was added directly to the membrane to act as an 
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elution buffer and RNA was eluted by centrifugation for 1 min at 10,000 rpm. RNA 

samples generated were stored at -80°C until future use. 

 

Figure 9: Pictorial schematic of RNA isolation protocol using Qiagen RNeasy kit. 

4.9 Cytokine Production: Quantitative Polymerase Chain Reaction (qPCR) and 

ELISA 

 

Following extraction, the RNA content was quantified using the NanoVue Plus 

spectrophotometer (General Electric Healthcare, #28956016). The concentration 

determined by spectrophotometer was used to calculate the appropriate volumes of RNA 

sample and molecular grade water (MgH2O) (Sigma, #W4502) required for cDNA 

generation. The calculated volumes were combined into double-primed EcoDry RNA to 

cDNA reaction tubes (Clontech, #639549) and placed into a SimpliAmp Thermal Cycler 

(Applied Biosystems, #228001548) to facilitate the generation of cDNA. The resultant 

cDNA was diluted to 1:20 in molecular grade H2O (mgH2O).  qPCR reaction solutions 

were made by combining 5 μL of the KAPA SYBR Fast qPCR Master Mix (KAPA 

Biosystems, #KM4103), 0.2 μL of each of the forward and the reverse primers (designed 
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using Primer-BLAST from NCBI and optimized by testing in a serial dilution of cDNA 

to have 90-110% amplification efficiency; stored at -20
o 

C in 10 μM stocks), and 3.6 μL 

of MGH2O. The solution was then distributed into a MicroAmp 96-well plate (Applied 

Biosystems, 4346907) with a volume of 9 μL per well. Subsequently 1 μL of 1:20 diluted 

cDNA generated from each time point was added to each well resulting in each well 

containing a 10 μL final reaction volume. The qPCR reaction plate was then sealed with a 

MicroAmp optical adhesive film (Applied Biosystems, #201602-363) and placed in a 

StepOnePlus Real-Time PCR System (Applied Biosystems, #272004476) and the 

included software was used to run the plate using the following cycling conditions: 3 min 

@ 95
o
C followed by 5 sec @ 95

o
C and 30 sec @ 60

o
C; this protocol was carried out for 

40 cycles, followed by a melting curve stage to test amplicon specificity. The threshold 

value of the amplification plot was adjusted accordingly prior to exporting the threshold 

cycle (Ct) values.  Using the Ct values generated for the primers of interest as well as the 

Ct values for GAPDH housekeeping gene a ∆∆Ct analysis was performed to determine 

the fold change of expression for a given gene of interest. 

Relevant cytokines identified in qPCR were confirmed at the protein level by 

collecting supernatant samples from stimulated BMMCs at various time points were 

stored at -80º C until they were to be analyzed by sandwich ELISA using DuoSet ELISA 

Development System kits (R&D Systems Inc., #990351.03 [Mouse IL-4 for example]). 

Prior to beginning the assay all buffers, antibodies and standards were reconstituted and 

diluted as per manufacturer instructions.  The assay began by diluting the Capture 

Antibody with PBS as per kit instructions and then 50 µL was added to each well on a 

Nunc MaxiSorp flat-bottom 96-well plate (Thermo Fisher Scientific, #44-2404-21). The 
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plate was then sealed and incubated at 4° C overnight. The following day the entire 

volume of liquid in each well was discarded, and the wells were washed three times by 

adding 200-300 µl of wash buffer using a manual plate washer (VWR) followed by the 

full volume being discarded. To ensure all liquid was removed the plate was inverted and 

blotted against a clean paper towel. The plate was then blocked by adding 100 µl of 

blocking buffer and incubated for 1 hour at RT followed by the same discard/wash 

procedure as mentioned above. Following plate preparation 50 µL of sample or standard 

solutions was added to each well and the plate was sealed and incubated overnight at 4° 

C. Following incubation the discard/wash procedure was carried out and 100 µL of 

Detection Antibody was added to each well and the plate was again sealed and incubated 

for 1 hour at RT followed by another discard/wash cycle. 50 µL of Streptavidin-HRP was 

then added to each well and the plate was sealed, covered from direct light and incubated 

for 30 minutes at RT, followed by another discard/wash cycle. Following this final plate 

wash 100 µL of BD OptEIA TMB Substrate (BD Biosciences, #555214) was added to 

each well and the plate was again sealed, covered from direct light and incubated for at 

least 30 minutes at RT. Immediately following this incubation 50 µL of 0.3 M H2SO4 was 

added to each well, the plate was tapped to gently mix and then the optical density was 

measured on a spectrophotometer (BIO-TEK, Synergy HT-1, #191356) at a 450 nm 

wavelength.  
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Figure 10: Pictorial schematic of ELISA using DuoSet ELISA kits. 

4.10 Gel electrophoresis 

 

To generate a qualitative representation of primer specificity, DNA 

electrophoresis was carried out. A 1.8% agarose gel was prepared by dissolving 1.8 g of 

agarose (Sigma, 9012-36-6), into 100 mL of sodium boric acid buffer (8 g NaOH, 

(Sigma, S2770), 47 g Boric Acid (Bio Basic Canada Inc., BB0044), Millipore H2O was 

then added until a final volume of 1L was reached, pH adjusted to 8.0).  The agarose 

solution and flask was weighed before being microwaved for ~2 min until the solution 

became homogenous and all visible agarose particles were dissolved.  Once allowed to 

cool, the total weight was returned to its initial weight before heating with Millipore 
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water (Baxter, JF7624) to ensure the finished gel maintained 1.8% agarose. Once the 

volume was corrected 5 µL of 10 mg/mL ethidium bromide (EtBr, Bio Basic Canada 

Inc., D0197) was added and the solution was poured into the gel mold apparatus with 

appropriate well combs in place.  Visible bubbles were removed with a needle and the gel 

was allowed to solidify for ~30 mins at RT. Once the gel was ready, the combs were 

removed and the gel was placed into the electrophoresis apparatus (Bio-Rad) which was 

pre-filled with sodium boric acid buffer. To prepare the qPCR samples for 

electrophoresis 1.1 μL of 10X DNA load dye (Biobasic, GM303) was added to each well 

and mixed thoroughly. 6 μL of each sample and DNA ladder was then loaded into the 

wells of the gel and it was electrophoresed 15 min at 200V.  Ethidium bromide 

fluorescence was detected on an Alpha GelDoc instrument (FluChem, #5500) 

4.11 -hexosaminidase Assay:  measurement of mast cell degranulation 

 

Preparation of the required solutions was completed: 0.1 M citrate buffer was 

made by dissolving 1.114 g of citric acid (Bio Basic Canada Inc., #C2123) and 1.368 g of 

sodium citrate (Bio Basic Canada Inc., #CB0035) into 100 mL of Millipore water and 

adjusting the pH to 4.5,  for p-NAG, 100 mL of the 0.1 M citrate buffer was added to 

34.2 mg of P-nitrophenyl-N-acetyl-β-D-glucosaminide (p-NAG)(Sigma, #N9376); 0.1 M 

carbonate buffer was made by dissolving 1.060 g of sodium carbonate (Bio Basic Canada 

Inc., #SDB0615) and 0.840 g of sodium bicarbonate (Bio Basic Canada Inc., #SB0482) 

into 100 mL of Millipore water, testing to ensure pH ~10.5. Hanks Balanced Salt 

Solution (HBSS) buffer-BSA was made by dissolving 0.5 g of BSA into 500 mL of 

HBSS (gibco by Life Technologies, #14025-092) and filter sterilizing. 1% Octyl 

Phenoxypolyethoxyethanol-40 (NP-40) solution was made by combining 50 µL of NP-40 
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(Bio Basic Canada Inc., #NDB0385) with 5 mL of HBSS buffer. To begin the experiment 

BMMCs were sensitized with IgE overnight, and washed as described above except cold 

HBSS buffer was used instead of RPMI-1640. Following the wash cycles the cells were 

resuspended at a final density of 1~2 x10
6
 cells/ml in HBSS buffer and 100 µL aliquots 

were added to a sterile 1.5 mL tubes in duplicate. TNP-BSA was diluted to a 

concentration of 20 ng/mL and 100 µL was added to each treatment condition, or 100 µL 

for control reactions. The tubes were incubated for 20 mins in the cell culture incubator at 

37°C, 95% humidity and 5% CO2. Following incubation they were centrifuged in a 

Labnet International Inc. Centrifuge (Prism-R, # C2500-R) for 10 min at 1500 rpm to 

pellet cells. The supernatant was then drawn away from the pellet and was transferred to 

a separate 1.5 mL tube and 200 µl of 1% NP-40 buffer was used to resuspend the pellet 

and all tubes were incubated for 10 mins at room temperature. Following incubation 

tubes were centrifuged for 5 mins at 3500 rpm at room temperature and then 50 µL of 

each sample was transferred to a 96-well Tissue Culture Plate (Sarstedt, 83.1835) along 

with 4 wells containing only HBSS to use as blanks. 50 µL of 1mM p-NAG solution was 

then added into each well and the plate was incubated in the cell culture incubator for 2 

hours. Following incubation 200 µL of the 0.1 M carbonate buffer was added to each 

well to stop the reaction and the plate was then analyzed on a spectrophotometer (BIO-

TEK, Synergy HT-1, #191356) at 405 nm wavelength. The absorbance values were used 

in the following equation to determine the percent granule release by the BMMCs. 
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                                           [O.D. supernatant - O.D.background] 

% Release =        ----------------------------------- -----------------------------------       * 

100 

          [O.D. supernatant - O.D.background] + [O.D. pellet - O.D.background] 

 

 

 

4.12 Statistics 

 

 Quantified data of various readouts (band densities for Western blots, fold-change 

values for qPCR and concentration values for ELISA) were analyzed and compared 

between the time point values and the untreated (NT) cells in both uninhibited and 5Z-7-

oxozeaenol inhibited groups.  The difference in values between uninhibited and inhibited 

treatment group data were compared using two-way analysis of variance (ANOVA) with 

a post hoc Bonferroni multiple comparisons test (GraphPad Prism 7.03) and an adjusted p 

≤ 0.05 was considered significant.    
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Chapter 5: Results 
 

5.1 Protein Modulation in the MAPK and NF-κB pathways 

 

In order to determine the effect that TAK1 inhibition has on protein modulation in 

FcεRI and c-kit activated BMMCs, western blotting was carried out. Western blot 

membrane images qualitatively showed significant inhibition in the phosphorylation of 

ERK, JNK and p38 in the 5Z-7-oxozeaenol treated cells when compared to their 

untreated counterparts [See Figures 11, 13, 15]. Quantified band densities were used to 

calculate relative phosphorylation with the phosphorylated protein blots being normalized 

and compared to total  protein blots ran with the same samples. As seen in figures 12, 14 

and 16 the quantified values follow the same trends as seen in the scanned blots with 

significant inhibition, and in some cases total abolishment in the phosphorylation of 

ERK, JNK and p38 being seen at all time points measured, even as early as 5 minutes 

post stimulation. These results suggest that TAK1 does a play a key role in the activation 

of the MAPK pathway following mast cell activation via IgE-FcεRI and SCF-c-kit 

stimulation. 
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Figure 11: Representative western blots used to assess ERK phosphorylation in CD-1 

BMMCs stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF with and without the 

addition of 0.5 µM 5Z-7-oxozeaenol for indicated times. Total protein levels used as a 

loading and analytic control. 
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Figure 12: Relative phosphorylation of ERK as calculated by band densitometry 

measures (ImageJ) in TNP and mSCF activated CD-1 BMMCs comparing samples 

treated with 0.5 µM 5Z-7-oxozeaenol vs control samples with no inhibitor. Data 

expressed as relative phosphorylation +/- SEM *, p < 0.05. **, p < 0.01. ***, p < 0.001. 

Average values of three different WT murine mast cell cultures used to generate graphs. 
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Figure 13: Representative western blots used to assess JNK phosphorylation in CD-1 

BMMCs stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF with and without the 

addition of 0.5 µM 5Z-7-oxozeaenol for indicated times. Total protein levels used as a 

loading and analytic control. 
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Figure 14: Relative phosphorylation of JNK as calculated by band densitometry 

measures (ImageJ) in TNP and mSCF activated CD-1 BMMCs comparing samples 

treated with 0.5 µM 5Z-7-oxozeaenol vs control samples with no inhibitor. Data 

expressed as relative phosphorylation +/- SEM *, p < 0.05. **, p < 0.01. Average values 

of three different WT murine mast cell cultures used to generate graphs. 
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Figure 15: Representative western blots used to assess p38 phosphorylation in CD-1 

BMMCs stimulated with 10 ng/ml TNP-BSA and 100 ng/ml 100 SCF with and without 

the addition of 0.5 µM 5Z-7-oxozeaenol for indicated times. Total protein levels used as 

a loading and analytic control. 
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Figure 16: Relative phosphorylation of p38 as calculated by band densitometry measures 

(ImageJ) in TNP and mSCF activated CD-1 BMMCs comparing samples treated with 0.5 

µM 5Z-7-oxozeaenol vs control samples with no inhibitor. Data expressed as relative 

phosphorylation +/- SEM *, p < 0.05. Average values of three different WT murine mast 

cell cultures used to generate graphs. 
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IκBα protein levels were used as a general indicator of NF-κB activity in allergen 

challenged BMMCs. It is well known that when IκBα undergoes phosphorylation it is 

immediately recognized and degraded   to allow the release of NF-κB.  This degradation 

can only occur following phosphorylation. The total protein blots, as well as the 

quantified total protein data [Figures 17 & 18] provide supporting evidence for the 

reduction of IκBα phosphorylation in the TAK1 inhibited cells. In the uninhibited groups 

represented by the black bars in Figure 18, a drastic reduction of total IκBα levels is 

observed at the 20 minute time point, with a swift increase back up to basal levels by the 

60 minute time point, followed by a further increase into the 360 minute end point. This 

reduction and induction trend is not observed in the TAK1 inhibited cells, represented by 

the grey bars in Figure 18; in this group TAK1 inhibition likely reduced the amount of 

IκBα being phosphorylated and thereby abolished any reduction, and subsequent 

induction of total IκBα protein levels generated in the cells.  
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Figure 17: Representative western blots used to assess total IκBα protein levels in 

C57BL/6 BMMCs stimulated with 100 ng/ml TNP-BSA and 100 ng/ml 100 SCF with 

and without the addition of 0.5 µM 5Z-7-oxozeaenol for indicated times.  
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Figure 18: Relative band intensity of Total IκBα as calculated by band densitometry 

measures (Image Studio (Li-Cor)) in TNP and mSCF activated C57BL/6 BMMCs 

comparing samples treated with 0.5 µM 5Z-7-oxozeaenol vs control samples with no 

inhibitor. Data expressed as band intensity relative to no inhibitor NT +/- SEM *, p < 

0.05. **, p < 0.01. ***, p < 0.001. Average values of three different WT murine mast cell 

cultures used to generate graphs. 
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5.2 Gene expression of pro-inflammatory mediators  

 

Considering the significant effect that TAK1 inhibition had at the protein 

modulation level the next step was to determine if these effects were translated to the 

gene expression of downstream pro-inflammatory mediators IL-6, IL-13, TNF, CCL1, 

CCL2, CCL3, CCL9 and transcription factors Egr1, Egr2 and c-Jun.  Following similar 

trends to the protein modulation, TAK1 inhibition caused mRNA expression levels of 

transcription factor c-Jun and Egr2 to be downregulated at time points later than 30 

minutes [See Figures 19 & 21], however Egr1 seemed to be upregulated at the 30 minute 

time point with subsequent reduction and eventual severe downregulation at 120 and 300 

minute time points sharing a similar trend with TNF gene expression levels [Figures 20 & 

33] a relationship that has been demonstrated previously in the literature [103-105].  A 

number of chemokines and cytokines were also affected by TAK1 inhibition; CCL1 and 

CCL3 gene expression levels were heavily downregulated in treated cells when compared 

with their untreated counterparts [Figures 22 & 24], whereas CCL2 showed a somewhat 

erratic trend in the early time points which shifted to an inhibition in the 120 and 300 

minute time points [Figure 23]. It was also shown that TAK1 inhibition had a negligible 

effect on CCL9 mRNA expression levels under these conditions [Figure 26].   
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Figure 19: qPCR quantification of c-Jun mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05, p < 0.05. **, p < 0.01. 
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Figure 20: qPCR quantification of Egr1 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05,. **, p < 0.01. ***, p < 0.001. 
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Figure 21: qPCR quantification of Egr2 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05, **, p < 0.01. 
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Figure 22: qPCR quantification of CCL1 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05.  
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Figure 23: qPCR quantification of CCL2 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05. 
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Figure 24: qPCR quantification of CCL3 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05. 
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Figure 25: qPCR quantification of CCL9 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05. 
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To determine if these expression level changes of downstream mediators were in 

fact caused by TAK1 inhibition and not an intrinsic downregulation in the gene 

expression of TAK1 and its adaptor proteins, further tests were carried out looking 

specifically at TRAF6 as well as TAK1 and TAB1, 2 and 3 mRNA expression levels via 

qPCR. TRAF6 is a signaling protein that is upstream of TAK1 and works alongside the 

TAB proteins to activate TAK1. With regard to TRAF6 gene expression level, TAK1 

inhibition seemed to result in a minor downregulation across all time points compared to 

the untreated samples; however the increasing trend across the times measured was 

followed by both the inhibited and uninhibited cells [Figure 26]. A similar result was 

generated in regards to the expression levels of TAK1 and its associated binding proteins. 

Following treatment, expression levels in TAK1 and all three TAB proteins remained 

essentially the same as the untreated cells [Figures 27-30]. Taken together these results 

suggest that the changes seen in protein modulation and gene expression value are a 

result of the inhibition of TAK1 activation and signaling and not due to an indirect 

downregulation of the gene expression of the protein itself.  Collectively, these data 

demonstrate a predominantly normal gene expression profile for TAK1 and its direct 

modulators following mast cell activation. 
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Figure 26: qPCR quantification of TRAF6 mRNA expression in FcεRI and c-kit 

activated BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data 

expressed as fold change +/- SEM. *, p < 0.05, **, p < 0.01. 
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Figure 27: qPCR quantification of TAK1 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05. 
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Figure 28: qPCR quantification of TAB1 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05, **, p < 0.01. 
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Figure 29: qPCR quantification of TAB2 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05, **, p < 0.01. 
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Figure 30: qPCR quantification of TAB3 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. 
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Further evidence in support of the regulatory role of TAK1 in the NF-κB pathway 

and consistent with the inhibition of phosphorylation of the MAP kinases in allergen 

mediated mast cells can be seen through the expression levels of the IκBα gene, NFKBIA, 

with and without TAK1 inhibition. In normal circumstances IκBα works as an inhibitory 

protein bound to NF- κB, sequestering it in the cytosol and not allowing for its nuclear 

translocation and subsequent induction of gene expression; upon phosphorylation IκBα is 

degraded and thereby releases NF-κB to carry on its activity [82]. In regards to the gene 

expression of NFKBIA seen in the stimulated BMMCs, without TAK1 inhibition it was 

observed that following stimulation with TNP and SCF levels of expression stayed basal 

until around 30 minutes where there was a gradual rise in expression which peaked at 60 

minutes before decreasing to near basal levels at around the 300 minute time point 

[Figure 31]. This trend is exactly what is expected because the IκBα protein is being 

phosphorylated and degraded at around 5 – 20 minutes, meaning the cell needs to 

compensate and increase the gene expression to drive production of new IκBα protein to 

maintain a balance and not allow the NF-κB activity to persist unchecked. Interestingly, 

this effect is not seen in TAK1 inhibited cells, the mRNA expression levels of NFKBIA 

remain at basal levels throughout the entire time course suggesting that no degradation, 

and thereby phosphorylation is occurring under these treatment conditions. These results 

are in direct support of the total IκBα levels seen in Figure 17. 
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Figure 31: qPCR quantification of NFKBIA mRNA expression in FcεRI and c-kit 

activated BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data 

expressed as fold change +/- SEM. *, p < 0.05. 
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The mRNA expression levels of cytokines characteristic of increased 

inflammation and allergic disease such as IL-6, TNF and IL-13 were also investigated 

under TAK1 inhibition conditions to determine if the effect of TAK1 inhibition was in 

fact influencing these mediators as it was the upstream transcription factors and other 

protein expression levels. It was found that inhibition of TAK1 caused a significant 

downregulation of IL-6 and IL-13 gene expression levels at 30, 60, 180 and 360 minute 

time points [Figures 32 & 34] compared to the uninhibited cells. Also as mentioned 

above expression levels of TNF were downregulated at 60, 180 and 360 minute time 

points; however there was an upregulation at the 30 minute time point which coincided 

with a spike in Egr1 gene expression levels at the same time point [Figures 33 & 20]. 
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Figure 32: qPCR quantification of IL-6 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05, **, p < 0.01. 
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Figure 33: qPCR quantification of TNF mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05. 
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Figure 34: qPCR quantification of IL-13 mRNA expression in FcεRI and c-kit activated 

BMMCs (stimulated with 10 ng/ml TNP-BSA and 100 ng/ml SCF). Data expressed as 

fold change +/- SEM. *, p < 0.05, **, p < 0.01. 
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5.3 ELISA cytokine quantification  

 

To determine if the alterations in upstream MAPK phosphorylation and NF-κB 

modulation as well as the cytokine gene expression changes generated by TAK1 

inhibition were also having an effect on cytokine production and release into the 

environment, BMMCs were stimulated with 100 ng/mL TNP-BSA alongside 100 ng/mL 

of SCF for 1, 3, 6, 12 and 24 hour time points. When the time point was reached the cells 

were centrifuged, the cell-free supernatant was collected and the concentration of various 

pro-inflammatory mediators was measured via ELISA assay. The results of these assays 

provided substantial and significant evidence that TAK1 inhibition does in fact have a 

dramatic effect on cytokine production following allergen challenge in mast cells. The 

concentration of IL-6 in the supernatant samples was nearly abolished at all time points, 

at the 24 hour time point specifically the concentration of IL-6 in the TAK1 inhibited 

samples was nearly 1200 times lower than in the uninhibited samples [Figure 35].  

Similarly inhibition of TAK1 also caused the production of TNF, CCL1 and CCL2 to be 

significantly reduced across all time points compared to the untreated samples, as can be 

seen in figures 36, 37 and 38 respectively. These reductions are both statistically and 

physiologically significant with concentrations often 100’s of times lower in the inhibited 

samples compared to the controls, even following a very potent allergen challenge that 

would likely not be experienced in a natural setting.  
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Figure 35: ELISA assay quantification of IL-6 concentration in the supernatant of 2 x 

10
6 

 FcεRI and c-kit activated BMMCs (stimulated with 100 ng/ml TNP-BSA and 100 

ng/ml SCF). Data expressed as cytokine concentration (pg/ml) +/- SEM. *, p < 0.05, 

**, p < 0.01, ***, p < 0.001. 
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Figure 36: ELISA assay quantification of TNF concentration in the supernatant of 2 x 

10
6 

 FcεRI and c-kit activated BMMCs (stimulated with 100 ng/ml TNP-BSA and 100 

ng/ml SCF). Data expressed as cytokine concentration (pg/ml) +/- SEM. *, p < 0.05, 

**, p < 0.01, ***, p < 0.001. 
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Figure 37: ELISA assay quantification of CCL1 concentration in the supernatant of 2 x 

10
6 

 FcεRI and c-kit activated BMMCs (stimulated with 100 ng/ml TNP-BSA and 100 

ng/ml SCF). Data expressed as chemokine concentration (pg/ml) +/- SEM. *, p < 0.05, 

**, p < 0.01, ***, p < 0.001. 
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Figure 38: ELISA assay quantification of CCL2 concentration in the supernatant of 2 x 

10
6 

 FcεRI and c-kit activated BMMCs (stimulated with 100 ng/ml TNP-BSA and 100 

ng/ml SCF). Data expressed as chemokine concentration (pg/ml)  +/- SEM. *, p < 0.05, 

**, p < 0.01, ***, p < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Mast cell inhibition by 5Z-7-oxozeaenol 

88 
 

5.4 β-hexosaminidase Degranulation Assay 

 

Thus far TAK1 inhibition was observed to effect many of the key elements of the 

late phase of allergic inflammation including protein modulation, gene expression and 

cytokine production; however to determine if TAK1 inhibition had effects on the early 

phase of allergic inflammation, β-hexosaminidase degranulation assays were carried out. 

BMMCs were sensitized as normal and stimulated with 100 ng/mL of both TNP-BSA 

and SCF for 20 minutes. Initially, assays were performed using 5Z-7-oxozeaenol 

concentrations ranging from 0.005 - 5 µM increasing in 10 fold increment. As seen in 

Figure 39 the lowest concentrations tested, 0.005 and 0.05 µM, had no effect on mast cell 

degranulation; however when the concentration was increased to 0.5 µM a 3-fold 

decrease in granule release was observed, with nearly complete abolishment of any 

degranulation being seen at 5 µM. Taking these results into consideration it was 

concluded that using a the same 0.5 µM concentration as had been used in all other 

experiments was effective in preventing degranulation as well. Several β-hexosaminidase 

assays were carried out with 6 different WT cell cultures and the results were combined 

to generate a representative cumulative data set presented in Figure 40. The results from 

each assay consistently depicted a drastic inhibition of degranulation in the TAK1 

inhibited cells compared to the untreated cell group. The consistency in the results 

generated by these assays provide clear evidence that support the hypothesis that TAK1 

holds a crucial role in both the early and late phase of an allergic inflammatory episode. 

 



Mast cell inhibition by 5Z-7-oxozeaenol 

89 
 

Figure 39:  β-hexosaminidase assay results showing the percent granule release in 

FcεRI/c-kit-activated BMMCs stimulated with TNP-BSA (100 ng/ml) and mSCF (100 

ng/ml), with and without the addition of 5Z-7-oxozeaenol ranging in concentration from 

0.005 – 5  μM. Data expressed as percentage +/- SEM ***, p < 0.001. 
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Figure 40:  β-hexosaminidase assay results showing the percent granule release in 

FcεRI/c-kit-activated BMMCs stimulated with TNP-BSA (100 ng/ml) with and without 

mSCF (100 ng/ml), with and without the addition of 0.5 µM 5Z-7-oxozeaenol. Data 

expressed as percentage +/- SEM ***, p < 0.001. 
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Chapter 6: Discussion 
 

6.1 TAK1 plays key role in MAPK signaling in IgE-FcεRI mediated mast cell 

activation 

 

The results provide substantial evidence to support the crucial role TAK1 plays in 

allergically activated mast cells. In all of the MAPK constituents investigated, including 

ERK, JNK and p38, phosphorylation following allergen challenge was significantly 

reduced in TAK1 inhibited cells compared to the untreated controls [Figures 11-16]. 

TAK1 inhibition or knockout has been shown to mediate MAPK activation in an 

inflammatory response in various other cell types including primary cortical neurons, 

murine embryonic fibroblasts, HeLa cells, tubular epithelial cells and in vivo renal tissue 

cells [71, 91, 106, 107]. In each of these models, markedly reduced activation of 

primarily JNK, p38 and c-Jun were observed which resulted in reduced production of 

inflammatory mediators and reduction in tissue damage and fibrosis caused by 

inflammation. Although it has been understood that TAK1 is a crucial component of the 

MAPK signaling cascade during an inflammatory response in various cell types, and 

under various stimulation models this project is the first to confirm TAK1’s role in the 

MAPK pathway in allergically activated mast cells, and its potential as a therapeutic 

target in the context of IgE-FcεRI mediated mast cell activation during an allergic 

inflammatory episode.  

6.2 Inhibition of TAK1 mediates NF-κB activity through maintenance of IκBα 

protein levels 

 

Along with the understood role TAK1 plays in the MAPK pathway, it is also well 

documented in its role in mediating NF-κB activity in various cell types through the 
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phosphorylation of IKKα/β, which goes on to phosphorylate IκBα thereby releasing NF- 

κB for nuclear translocation and the induction of gene expression of various pro-

inflammatory mediators. The role of TAK1 in the mediation of the NF-κB pathway is 

well documented in the context of various cell types including HeLa, HEK293T, ex vivo 

neurons, and microglia cells for example [79, 97, 100, 108]; however evidence to support 

the conservation of this role in the context of allergen challenged mast cells is non-

existent in the current literature. Protein modulation and gene expression experiments 

were carried out to determine if TAK1 is a regulator of NF-κB activity in mast cells, as it 

is for other cell types.  It is widely understood that IκBα protein is degraded following its 

phosphorylation, and therefore it was expected that if a higher degree of phosphorylation 

was occurring there will in turn be a decrease in total protein levels observed in the mast 

cell lysates following stimulation. With this in mind, it was hypothesized that if there was 

a decrease in the allergen activated mast cells, IκBα was likely being phosphorylated at, 

or just before, the time points where decreases in total protein levels were observed. To 

confirm if TAK1 inhibition had an effect on total IκBα protein levels, western blots were 

performed. The summarized membrane images in Figure 17 show a clear decrease in 

total protein levels at the 20 minute time point, followed by an increase at the 60, 180 and 

360 minute time points in the untreated control cells. This variation is not seen in the 

TAK1 inhibited group, which presented with an essentially constant protein level across 

all time points. This result suggests that TAK1 inhibition is causing a drastic 

downregulation in the amount of IκBα protein that is being phosphorylated thus allowing 

the cell to maintain constant levels without the compensatory increase seen after allergen 

induced phosphorylation in the uninhibited samples. This conclusion is supported further 
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by qPCR data generated looking at NFKBIA, the gene for IκBα protein. Figure 31 shows 

the gene expression level for NFKBIA over a 300 minute time course. In the uninhibited 

group (black bars) levels of expression remain basal until about 30 minutes where they 

begin to increase, with a spike at 60 minutes before returning back to essentially basal 

levels by 300 minute time point. In the 5Z-7-oxozeaenol treated group (grey bars) the 

gene expression levels remain basal across all time points. The protein modulation data, 

as well as the gene expression results taken together lead to the conclusion that that when 

TAK1 is uninhibited, IκBα is quickly phosphorylated following allergen challenge. This 

causes IκBα protein to be degraded, resulting in decreased total protein levels. This 

decrease in protein level causes the cell to compensate by increasing NFKBIA gene 

expression, to restore IκBα protein to an acceptable level [109]. Taking these results into 

account it can be concluded for the first time that TAK1 is a key mediator in the NF-κB 

pathway in the context of allergic inflammation mediated by IgE-FcεRI activated mast 

cells.  

6.3 TAK1 inhibition leads to drastic downregulation in the gene expression of 

various pro-inflammatory mediators following allergen challenge 

 

 Following up on the alterations observed in MAPK phosphorylation and IκBα 

protein levels it was important to determine if these changes would actually have a real 

impact on gene expression levels of downstream pro-inflammatory mediators. Gene 

expression profiles are commonly recognized as a viable predictor in prognosis, severity 

and survival in patients suffering from various inflammatory diseases including 

inflammatory bowel disease [110], multiple myeloma [111] and some cancers including 

esophageal squamous cell carcinoma and HPV associated tumors [112, 113], among 
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many others. Previous research has measured TNF mRNA expression levels specifically 

and related them to allergic inflammation in the airways [114]. Therefore gene expression 

levels of inflammatory mediators including key transcription factors, cytokines and 

chemokines were measured via qPCR to predict whether or not the inhibition of TAK1 

was likely to have an effect on the severity of inflammation during an allergic 

inflammatory response. Figures 19-25 and 31-34 all show a drastic inhibition in the gene 

expression levels of all pro-inflammatory mediators following stimulation with the 

exception of CCL9, CCL2, Egr1, and TNF [Figures 25, 23, 21, and 33]. Taken together, 

these results provide strong evidence to support TAK1 as a prime target for inhibition in 

the attempt to downregulate both the production and the concentration of many 

inflammatory mediators released into the extracellular environment during allergic 

inflammation; however as mentioned above there were some instances where variability 

in the gene expression was seen. These occurrences could be due to a compensatory 

mechanism or the fact that regulation of specific mediators could be affected by each 

other such as TNF and Egr1 [104, 105] or that they are predominantly controlled by 

signaling cascades that work independently of the MAPK or NF-κB pathways. TAK1 has 

long been known to be an important player in various intracellular systems including 

inflammation in other cell types and disease models; however this is the first time 

evidence has been generated to support the importance of TAK1 in the mediation of pro-

inflammatory pathways in mast cells in individuals suffering from allergic inflammatory 

disease. 
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6.4 TAK1 inhibition blocks production and release of pro-inflammatory mediators 

in the late phase of allergic inflammatory response 

 

 Despite the promising results observed at the protein modulation and gene 

expression levels, the true test of an anti-inflammatory mediator is in its ability to 

downregulate the actual production and release of pro-inflammatory cytokines and 

chemokines into the environment during an inflammatory episode. Cytokine and 

chemokine levels are commonly utilized as a measure of general inflammation in various 

systems and models, and can give a relatively accurate depiction of the degree of 

inflammation in any specific inflammatory episode including allergic inflammation [66, 

115]. In our experiments, the inhibition of TAK1 caused near abolishment in the 

supernatant concentration of all the pro-inflammatory mediators measured including IL-

6, TNF, CCL1 and CCL2 at all time points compared to the uninhibited cells [Figures 35-

38]. Inhibition to this degree is clear and strong evidence supporting the potential utility 

of targeting TAK1 activity in an attempt to downregulate allergic inflammation caused by 

stimulated mast cells.   

In order to understand the importance of inhibiting the production of these 

inflammatory mediators it is important to first understand the role they play in the 

inflammatory response.  Under normal circumstances, stimulated mast cells release IL-6, 

which has the ability to cross the blood-brain barrier where it stimulates the production of 

prostaglandins inducing fever. It is also important in the maturation of B cells and 

stimulating an increase in immunoglobulin production [58]. IL-6 is also known to induce 

signalling in tissues that stimulates the recruitment of monocytes to the site, enhancing 

inflammatory symptoms [59]. Specifically inhibiting IL-6 would alleviate fever induced 
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during the late phase of an allergic response, while also downregulating the extent of 

autoimmune injury and tissue damage that could occur from the flood of monocytes, 

lymphocytes, and antibodies that IL-6 is generally responsible for stimulating at the site 

of inflammation; however it is worth noting that based on its metabolic role in the liver 

and epithelial regeneration of the digestive tract it could be potentially dangerous to 

chronically inhibit or block the production and/or function of IL-6 systemically [116].  

TNF is another cytokine measured in this study, it is released during a normal 

allergic response.   Similar to IL-6, TNF also acts as a pyrogen inducing fever and 

stimulating systemic inflammation [60]. TNF has also been shown to up-regulate 

leukocyte adhesion in blood vessels, and promote cytotoxicity in immune cells 

commonly observed during inflammation, such as eosinophils [117, 118]. Inhibition of 

TNF would have similar effects to inhibition of IL-6 in regards to alleviation in the 

severity of the allergic response.  Blockade of TNF specifically would reduce the chance 

of developing a fever as well as reduce the infiltration of various immune cells to the site 

of inflammation and reduce the overall cytotoxic tissue damage occurring at the site as 

well. CCL1 and CCL2 are two of many chemokines released in an allergic response. 

These chemokines are both involved in the recruitment of monocytes and dendritic cells 

to the site; CCL1 also interacts specifically with natural killer cells and immature B cells, 

whereas CCL2 is more involved in the recruitment of memory T cells as well as the cells 

aforementioned [64]. Inhibition of chemokine production would significantly reduce the 

concentration of immune cells at the site of an allergic inflammatory reaction and thereby 

physically reduce the amount of tissue damage occurring by cells that would otherwise 

flood the site with cytotoxicity in an attempt to expel the “threat” that has been perceived. 
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With this understanding in mind, the importance of inhibiting the production of these 

mediators becomes clear. The reduction in concentration of all of these mediators caused 

by TAK1 inhibition would work synergistically to drastically alleviate the symptoms of 

the late phase allergic response including fever, acute local inflammation, and in more 

serious cases life threatening systemic inflammation.  

6.5 Inhibition of TAK1 significantly inhibits mast cell degranulation in early phase 

of allergic inflammatory episode  

 

 Discussion above revolves around mechanisms of the late phase of allergic 

inflammation, primarily focusing on changes in signaling, resultant gene expression, and 

pro-inflammatory mediator release. In light of this, we decided to carry out β-

hexosaminidase assays to determine if TAK1 inhibition would have a similar and 

substantial impact on mast cell degranulation in the early phase of allergic inflammation 

like it had on the gene expression and mediator release during the late phase of an allergic 

inflammatory response. Almost immediately following exposure to an allergen mast cells 

undergo degranulation, releasing pre-formed mediators in an attempt to eliminate the 

perceived threat as quickly as possible [119]. Most literature involving mast cell 

degranulation mechanisms focus primarily on protein kinase C activation and fluctuations 

in intracellular calcium concentration gradients [120-123]; therefore prior to performing 

these assays, we hypothesized that TAK1 inhibition would have minimal, if any, effect 

on mast cell degranulation. Contrary to the initial hypothesis the results actually showed 

that TAK1 inhibition caused a drastic downregulation of mast cell degranulation, which 

was consistent across 6 different BMMC cultures and 2 different treatment groups (100 

ng/ml TNP-BSA and 100 ng/ml TNP-BSA + 100 ng/ml SCF). These results are the first 
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to explore the role TAK1 plays in mast cell degranulation and provide a promising 

starting point to begin an in depth investigation into the role TAK1 plays in the 

mechanism leading to degranulation, and highlights its potential as a therapeutic target 

for treatment of both the early and late phase of allergic inflammation.   
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Chapter 7: Conclusions, Limitations and Future Directions 
 

7.1 Conclusions 

 

The goal of this project was to determine the role TAK1 plays in the initiation and 

propagation of inflammation in IgE-FcεRI mediated mast cell activation; and furthermore 

the effect inhibition of TAK1 would have on the severity of an allergic inflammatory 

episode. 

1. After analyzing all of the data generated it was confirmed that TAK1 is a crucial 

signaling node in two pro-inflammatory pathways, MAPK and NF-κB, in mast 

cells as it is in other cell types more frequently studied. Consistent with our 

hypothesis TAK1 inhibition was observed to downregulate the phosphorylation of 

MAP kinases ERK, JNK and p38 as well as modulate the intracellular levels of 

IκBα. 

2. Inhibiting TAK1 activity had essentially no effect on the expression levels of 

TAK1 itself, or its associated binding protein. This result was consistent with our 

initial hypothesis.  

3. Consistent with our initial hypothesis TAK1 inhibition was observed to 

downregulate both the gene expression and supernatant concentration levels of 

various pro-inflammatory mediators including cytokines, chemokines and 

transcription factors in the late phase of allergic inflammation. 

4. Finally, contrary to our hypothesis TAK1 inhibition was observed to have a 

substantial effect on mast cell degranulation in the early phase of allergic 
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inflammation.  This surprising result warrants future research to dissect the 

mechanistic role of TAK1 in mast cell degranulation. 

 

 In light of the results generated, we conclude for the first time that inhibition of 

TAK1 is a promising strategy in the treatment of allergic inflammatory disease based on 

the fact that it is able to downregulate both the early and late phase mechanisms of 

allergic inflammation. The results generated throughout this project collectively provide a 

strong pool of evidence to support the potential of targeting TAK1 in the treatment of 

allergic inflammation, and provide a strong foundation that warrants further research into 

other models and potential therapeutic interventions.   

7.2 Limitations 

 

This study was the first to explore the role TAK1 plays in the pro-inflammatory 

signaling occurring in IgE-FcεRI-mediated mast cell activation, as well as the effect of its 

inhibition on the allergic inflammatory response. Due to this novelty there are some 

limitations that need to be addressed.  

 First, TAK1 itself is known to participate in processes separate from inflammation 

in many cell types including cell survival and differentiation, therefore inhibiting TAK1 

systemically could have potentially harmful consequences for the organism. For this 

reason developing a safe administration protocol that could target mast cell populations 

specifically is definitely a priority in the development of a safe, but effective therapeutic 

intervention for allergic disease. 

Another potential drawback is the fact that this research was carried out in a 

murine model. Animal research is an important step in the big picture of therapeutic 



Mast cell inhibition by 5Z-7-oxozeaenol 

101 
 

design, however it is important to understand that results observed in an animal model are 

not necessarily going to translate into a human disease, or in this case, mast cell model 

under the same conditions.  

A final limitation of this study design is the total reliance all the conclusions have 

on the selectivity of 5Z-7-oxozeaenol for TAK1 and the fact that there could be potential 

off target effects of the chemical intracellularly that could be contributing to the results 

observed. 

7.3 Future Directions 

 

My main interest lies in the potential development of a safe and efficacious 

therapeutic intervention targeting TAK1 that can one day be used in the treatment of 

allergic diseases globally. The most logical next steps to achieve this goal would be first 

to transition to an in vivo murine model to determine if the in vitro results generated in 

these initial experiments are conserved at the in vivo level as well. If the results are 

confirmed moving into an in vitro model using human mast cells would be important to 

determine if the effects observed in the murine model are species specific or if they are 

generalizable to humans as well. If promising results are generated in human cells, 

research would need to focus on development of administration protocol allowing for the 

TAK1 inhibitor to selectively inhibit TAK1 only in mast cell populations; to avoid 

systemic inhibition and potentially harmful side effects. Further experiments testing 

treatment with 5Z-7-oxozeaenol alongside other commercially available mast cell 

stabilizers will help to determine the efficacy of TAK1 inhibition by 5Z-7-oxozeaenol 

and how it compares to commercially available alternatives. This end point is years of 

research away, however if successful, this research could revolutionize the treatment off 



Mast cell inhibition by 5Z-7-oxozeaenol 

102 
 

allergy, shifting the focus from controlling symptoms to inhibiting the root cause of the 

disease before symptoms occur at all.   
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Appendicies 

Appendix I: Sample Protein Quantification Calculation 

 

 
Subtract Blank Avg from all absorbance values: 

 
Standard values averaged and used to generate Standard Curve: 

 

 

WT-4 NT 5' 20' 60' 180' 360' 0.5µM 5Z-7-Oxo NT5' 20' 60' 180' 360'

0.545 0.532 0.564 0.581 0.537 0.555 0.587 0.569 0.552 0.545 0.537 0.538

0.582 0.568 0.586 0.591 0.543 0.564 0.558 0.553 0.576 0.535 0.551 0.564

0.565 0.544 0.589 0.591 0.539 0.542 0.568 0.576 0.578 0.553 0.538 0.551

0.5 mg/ml 0.25 mg/ml 0.125 mg/ml 0.0625 mg/ml Blank Blank Avg

0.959 0.695 0.509 0.401 0.338 0.338

0.961 0.687 0.509 0.399 0.338

0.207 0.194 0.226 0.243 0.199 0.217 0.249 0.231 0.214 0.207 0.199 0.2

0.244 0.23 0.248 0.253 0.205 0.226 0.22 0.215 0.238 0.197 0.213 0.226

0.227 0.206 0.251 0.253 0.201 0.204 0.23 0.238 0.24 0.215 0.2 0.213

0.621 0.357 0.171 0.063

0.623 0.349 0.171 0.061

BSA  Standard 0.5 mg/ml 0.622

0.25 mg/ml 0.353

0.125 mg/ml 0.171

0.0625 mg/ml 0.062
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Trend line Equation rearranged and sample absorbance values subbed in for y: 

 
Values are averaged across technical replicates and multiplied by 20 to account for dilution factor. Values generated are protein concentration in 

sample (mg/ml or µg/µl): 

 

 

Figure A1: Sample protein quantification standard curve and calculation used to generate samples for western blotting consistently containing 30 

μg of protein per 15 μl loaded.  

y = 1.2589x + 0.007 
R² = 0.99 
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y = 1.2589x + 0.007

x = (y-0.007)/1.2589

                                              X=0.159 0.149 0.174 0.187 0.153 0.167 0.192 0.178 0.164 0.159 0.153 0.153

0.188 0.177 0.191 0.195 0.157 0.174 0.169 0.165 0.183 0.151 0.164 0.174

Avg 0.174 0.163 0.183 0.191 0.155 0.170 0.181 0.172 0.174 0.155 0.158 0.164

x20 CF 3.471 3.257 3.654 3.829 3.098 3.408 3.614 3.432 3.479 3.098 3.161 3.273
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Appendix II: qPCR Melt Curves, Gel electrophoresis and Sample ∆∆Ct 

Calculation 

 

 

 
 

Figure A2: Melt curve and DNA gel electrophoresis image for c-Jun (139 BP) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A3: Melt curve and DNA gel electrophoresis image for Egr1 (114 BP) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A4: Melt curve and DNA gel electrophoresis image for Egr2 (124 BP) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A5: Melt curve and DNA gel electrophoresis image for CCL1 (145 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A6: Melt curve and DNA gel electrophoresis image for CCL2 (114 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A7: Melt curve and DNA gel electrophoresis image for CCL3 (225 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A8: Melt curve and DNA gel electrophoresis image for CCL9 (88 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A9: Melt curve and DNA gel electrophoresis image for TRAF6 (168 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  

 

 

   no Inhibitor        0.5 µM 5Z-7-Oxo 

NT  5    20   60  180 360 NT   5    20  60 180 360         NT   5    20   60  180 360 NT    5    20  60 180 360       mins TNP-BSA & mSCF 

     no Inhibitor     0.5 µM 5Z-7-Oxo 

       no Inhibitor      0.5 µM 5Z-7-Oxo 

NT    5    20   60  180 360 NT   5     20   60  180 360         

300 bp 
250 bp 
200 bp 
150 bp 
100 bp 



Mast cell inhibition by 5Z-7-oxozeaenol 

119 
 

 
 

Figure A10: Melt curve and DNA gel electrophoresis image for TAK1 (117 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A11: Melt curve and DNA gel electrophoresis image for TAB1 (140 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A12: Melt curve and DNA gel electrophoresis image for TAB2 (141 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A13: Melt curve and DNA gel electrophoresis image for TAB3 (146 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A14: Melt curve and DNA gel electrophoresis image for NFKBIA (196 bp) used as 

quality control to ensure single and correct size amplicon produced by primer pair used in qPCR 

reaction.  
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Figure A15: Melt curve and DNA gel electrophoresis image for IL-6 (160 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A16: Melt curve and DNA gel electrophoresis image for TNF (117 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Figure A17: Melt curve and DNA gel electrophoresis image for IL-13 (139 bp) used as quality 

control to ensure single and correct size amplicon produced by primer pair used in qPCR reaction.  
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Treatment Rep 1 (Ct) Rep 2 (Ct) 

AVG Tech 

Reps Diff. Δ CT 

Ref 

AVG Δ Δ CT 

Fold 

Change 

AVG 

Biol 

Reps ST DEV SEM 

NT 1 22.24 22.42 22.33 -0.18 4.69 5.07 -0.39 1.31 1.02 0.25 0.14 

NT 2 22.66 22.89 22.77 -0.23 5.31  0.23 0.85    

NT 3 22.74 22.69 22.71 0.05 5.23  0.15 0.90    

Example ΔΔ CT Calculations: 

AVG Tech Reps = (Rep 1 + Rep 2)/2 

= (22.24 + 22.42) / 2 

= 22.33 

Δ CT = AVG Tech Reps - Reference Gene AVG Tech Reps 

= 22.33 – 17.63 

= 4.69 

Ref AVG = Average Δ CT NT (NT1 + NT2 + NT3) / 3 

= (4.69 + 5.31 + 5.23) / 3 

= 5.07 

ΔΔ CT = Δ CT - Ref AVG 

= 4.69 – 5.07 

= -0.39 

Fold Change = 2^(- ΔΔ CT) 

= 2^(-(-0.39)) 

= 1.31 

AVG Biol Reps = Average Fold Change (NT1 + NT2 + NT3) / 3 

= (1.31 + 0.85 + 0.90) / 3 

= 1.02 

ST DEV = STDEV (Fold Change NT1 + NT2 + NT3) 

= STDEV(1.31 + 0.85 + 0.90) 

= 0.25 

SEM = ST DEV / SQRT(3) 

= 0.14 

Figure A18: Example of ΔΔ CT calculations used in qPCR data generation. 
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Appendix III: ELISA Standard Curve Images 

 

 

 
Figure A19: Fifth order polynomial standard curve used to calculate IL-6 concentrations in pg/ml 

in ELISA assay 
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Figure A20: Fifth order polynomial standard curve used to calculate TNF concentrations in 

pg/ml in ELISA assay 
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Figure A21: Fifth order polynomial standard curve used to calculate CCL1 concentrations in 

pg/ml in ELISA assay 

 

 

 

StdCurve

<Concentrations/Dilutions>

B
la

n
k
 4

5
0

10.000 100.000 1000.000 10000.000

0.000

0.200

0.400

0.600

0.800

1.000

1.200



Mast cell inhibition by 5Z-7-oxozeaenol 

131 
 

 
Figure A22: Fifth order polynomial standard curve used to calculate CCL2 concentrations in 

pg/ml in ELISA assay 
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