
 
 
 
 
 
 
 

 
The Role of ASK1 in Allergen-mediated Mast Cell Signaling and Activation-dependent 

Inflammatory Responses  
 
 
 
 
 

Melissa M. Rouillard, B.Sc. 
 
 
 
 
 
 

Applied Health Sciences 
 

 

Submitted in partial fulfillment of the requirements for the degree of  
Master of Science in Applied Health Sciences 

 

 

Faculty of Applied Health Sciences, Brock University 

St. Catharines, ON 
 
 
 

 

© Melissa M. Rouillard 2022 

 



 

ABSTRACT 

The prevalence of allergies has been increasing at alarming rates and identifying key targets in 

allergen-induced mast cell-mediated inflammation is crucial for therapeutic development. 

Apoptosis signal-regulating kinase 1 (ASK1) is a mitogen-activated protein kinase (MAPK) that 

is involved in various cellular responses, including oxidative stress, high calcium concentrations 

and receptor-mediated inflammation. ASK1 has been known to be a key player in various 

inflammatory-based pathologies, such as liver, kidney, and cardiovascular disease, and has been 

investigated in various immune cells such as neutrophils, macrophages, and dendritic cells. 

However, its role in IgE-FceRI-activated mast cells remains elusive. The purpose of this project 

is to expand on current knowledge of MAPK signaling and the role of ASK1 in mast cell-

mediated allergic inflammation. Bone marrow-derived mast cell and fetal liver-derived mast 

cells were sensitized with TNP-BSA-specific IgE antibodies and stimulated following treatment 

with various GS-444217 treatment concentrations. GS-444217 (ASK1-IN)  is a potent and ATP-

selective ASK1 inhibitor. Following incubation of various inhibitor concentrations,  IgE-

mediated mast cell degranulation responses were significantly reduced in both BMMC and 

FLMC models. Other mast cell signaling responses in BMMCs, such as protein/mRNA 

expression, cytokine/chemokine secretion, receptor expression, and cell viability were also 

investigated. Through western blotting, our results show that GS-444217 does not alter JNK, 

p38, ERK, or ASK1 protein levels. Phosphorylation of ASK1 could not be detected, however the 

presence of ASK1 in mast cells has been identified. qPCR data also shows that there were no 

alterations in TNF-a-, IL-6-, CCL2-, and CCL3 mRNA expression following ASK1-IN 

treatment. Interestingly, contrary to mRNA expression levels,  5µM ASK1-IN treatment caused a 

significant reduction in CCL1, IL-6, and IL-13 secretion. Lastly, two key receptors associated 



 

with IgE-mediated mast cell activation – c-kit and FceRI – showed no changes in expression 

following inhibitor treatment. Cell metabolic activity was also investigated to ensure cell 

viability and no significant changes occurred compared to controls. Our results suggest that 

ASK1 may play a role as an upstream regulator in secretory mechanisms in mast cell-directed 

allergic inflammation and may warrant future consideration as a therapeutic target candidate. 
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CHAPTER ONE 

INTRODUCTION 

The prevalence of allergies has been increasing at alarming rates worldwide, where 

sensitization to one or more allergens affects up to 40-50% of school-aged children [1]. Since 2018, 

this substantial increase has become one of the top 10 leading causes of chronic illnesses in the 

U.S. and has contributed to an economic burden of $18 billion annually [2]. Allergies can present 

themselves in various formats (pathologies, conditions) and be driven by various antigens (foods, 

drugs, insects, various other chemicals), nonetheless, they all pose a risk that could result in 

symptoms ranging from milder (hives/mild inflammation) to more severe (systemic 

anaphylaxis/severe inflammation). Allergies are characterised as hypersensitivity reactions which 

are inappropriate immune responses against a particular antigen. Under normal circumstances, the 

immune system is able to distinguish between harmful and non-harmful stimuli, however, this is 

not always the case. Type 1 hypersensitivity reactions are commonly associated with allergies and 

are mediated by immunoglobulin E (IgE) antibodies that are produced in response to 

environmental antigens that the body misperceives as potentially ‘harmful’[3]. When IgE-

antibodies are produced, they interact and bind to immune cells, such as mast cells or activated 

eosinophils, preparing them to react aggressively following any re-exposures. Upon secondary 

exposure, immune cell activation will initiate inflammatory signaling cascades leading to the 

release of proinflammatory mediators that manifest the symptoms mentioned above [4,5]. 

Individuals can develop allergies throughout life, but early in life is commonly where the stage is 

set; in what is sometimes referred to as the hygiene hypothesis [6]. The hygiene hypothesis was 

initially described in 1989 by Strachan in the UK and suggested that living conditions and factors 

of exposure, while young, contributed significantly towards immune system development. 
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Strachan found that children who lived in clean, dry, dust-free environments led to a decreased 

exposure to microbes and allergens through food and air, causing decreased immune system 

activity when compared to children constantly exposed to less sterile environments [6]. Lack of 

microbial exposure at a young age could potentially contribute to adult-onset allergies when they 

become exposed to changing environments in the future. The likelihood of developing an allergy 

to an allergen that an individual is constantly exposed is less likely, although not impossible. 

Potential causes remain elusive but could be contributed to by exposures and reduced immune 

functions, such as during pregnancy, viral/bacterial infections, or other conditions that compromise 

immune system functions [7]. 

The cellular mechanisms that initiate these responses are complex, not fully characterized, 

and thus require further investigation. The purpose of this research is to further expand on current 

knowledge of MAPK signaling by investigating the role of key uncharacterized players in mast 

cell-mediated inflammation and investigate the role of potential key players in IgE-mediated 

signaling responses. The mitogen-activated protein kinase (MAPK) signaling pathway has been 

well researched in various inflammatory-mediated pathologies, however there are many up- and 

downstream signaling proteins that likely modulate precise aspects of the inflammatory response 

that have yet to be investigated. 

Recently, our lab has identified transforming growth factor-𝛽-activated kinase 1 (TAK1) 

to be a crucial player in mast cell IgE-mediated inflammatory responses including degranulation 

and de novo cytokine secretion [8]. Apoptosis signal-regulating kinase 1 (ASK1) and TAK1 are 

both tier 3 members of the MAPK signaling pathway (MAP3K), and both ASK1 and TAK1, 

activate downstream signaling nodes that are involved in synthesizing and secreting pro-

inflammatory mediators in other cellular contexts. Given the significant role TAK1 plays in the 
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early and late phase of mast cell-mediated allergic inflammation mechanisms, it is of interest to 

investigate whether other MAP3K proteins, such as ASK1, play a role in IgE-mediated 

inflammation and mast cell degranulation. Further research will contribute toward a more 

comprehensive view of the role MAP3K proteins play in mast cell-mediated allergic inflammation 

and potentially elucidate novel therapeutic target candidates for allergic inflammation. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Innate Immune System 

The first line of defense against pathogens in the innate immune response is the epithelium; 

it creates a physical barrier preventing invading pathogens to enter the host. When the epithelial 

barrier becomes injured, this renders the host vulnerable as tissues become exposed and susceptible 

to infection [3]. When invading pathogens cross this barrier, innate defenses are initiated within 

minutes, the first being the complement system. The complement system works by flagging viral 

and/or bacterial particles so that they can be phagocytosed and destroyed [3]. There are three 

different types of complement pathways: alternative, lectin, and classical.  

The alternative complement pathway plays a crucial role in innate immunity as it is the 

first to be initiated at the start of infection. Upon the identification of circulating pathogenic 

particles, complement component 3 (C3), a protein that inactively circulates in the plasma, 

spontaneously undergoes a conformational change exposing the thioester bond and gets 

hydrolyzed forming iC3 [3,9]. iC3 binds to inactive factor B which subsequently gets activated by 

the proteolytic cleavage of factor D causing the production of a small Ba fragment and a large Bb 

fragment [3,9]. The Bb fragment remains bound to iC3, creating an iC3Bb complex which is able 

to cleave C3 into a small C3a fragment and a large C3b fragment [3,9]. Increased levels of C3a leads 

to the recruitment of effector cells to the site of infection and C3b covalently attaches to the surface 

of pathogenic particles. Attachment of these proteins flags them for destruction, a process known 

as opsonization [3].  

Effector cells included in innate immune responses are neutrophils, dendritic cells, 

macrophages, and mast cells. Neutrophils are polymorphonuclear cells that are one of the first 
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responders to epithelial injury-induced inflammation and combats infection through various 

mechanisms, such as phagocytosis and the release of proinflammatory cytokines [10]. Dendritic 

cells are antigen-presenting cells (APC) that capture antigens and present them to adaptive immune 

cells to initiate an adaptive immune response [11]. Lastly, macrophages are largely known for their 

“janitorial” role to clean up cellular debris, however, in the presence of pathogens, they secrete 

cytokines that increase neutrophil recruitment and other effector cells to the site of injury [3]. Mast 

cells are largely known for their role in allergic inflammation and anti-parasitic responses. 

However, they will be described in further detail in section 2.3. 

When opsonization occurs, macrophages possess various complement receptors, such as 

complement receptor 1, -3, and -4, that facilitates the engulfment of flagged pathogenic particles 

by binding to iC3b fragments embedded in microbial surfaces [3]. All innate effector cells have 

receptors expressed on their cell surface that enable them to distinguish self vs non-self; these 

receptors allow them to detect bacteria, viruses, parasites and other infected cells. Another method 

for microbial destruction is the formation of the membrane attack complex (MAC). When C3b is 

bound to pathogen surfaces, it binds to C3 convertase making a C3b2Bb complex [3]. C5 convertase 

is recruited and gets cleaved into two small fragments, a small C5a fragment and a large C5b 

fragment. C5b initiates the recruitment of complement proteins C6, C7, C8, and C9, leading to the 

formation of MAC causing membrane perforation [3].  

The second pathway to act in complement activation is the lectin pathway; mannose-

binding lectin (MBL) binds to carbohydrates on pathogen surfaces [3]. The third and last pathway 

initiated is the classical pathway, which is characterised by the binding of C-reactive proteins 

(CRP), with both liver-derived MBL and CRP acting as initiators of C3 deposition and merging 
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with the faster-acting alternative pathway, described above [3]. When these collective resources 

fail to completely eliminate pathogenic materials, the adaptive immune response is initiated. 

 

2.2 Adaptive Immune System 

Adaptive immunity is a more focused response as it calls upon the power of lymphocytes, 

T and B cells, to initiate a pathogen-specific attack. T cells originate from hematopoietic stem cells 

in the bone marrow and are released into circulation to mature in the thymus [12]. T cells contain T 

cell receptors (TCR) that are antigen-specific, however, they require the help of APCs for receptor 

activation [12]. APCs express surface receptors called major histocompatibility complex (MHC) I 

or II. MHC I is commonly found on most nucleated cells and MHC II is found only on certain 

immune cells, such as APCs and B cells [12]. These classifications provide different responses 

depending on the pathogen that has been identified. Class I MHC present peptides that were 

identified endogenously, which commonly occurs when the cell is infected with pathogens, such 

as viruses [12]. On the contrary, MHC class II acts exogenously, as it binds to peptides that were 

phagocytosed from the surrounding environment, such as bacterial fragments or foreign antigens, 

and are presented to T cells [12]. MHC class-antigen presentation to T cells activates TCR and 

induces cytokine secretion and T cell differentiation. Depending on MHC class I or II, this can 

lead to naïve T cell differentiation into either CD8+ cytotoxic T cells or CD4+ T-helper (Th) cells, 

respectively [12]. CD8+ cells are commonly associated with the destruction of cells that have been 

virally infected. CD4+ cells play an important role in mediating the adaptive immune response by 

regulating the type of immune response required to fight pathogen-specific infections. These cells 

release cytokines that influence the differentiation and activity of surrounding cells [12].  
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Like T cells, B cells originate from the same lineage in the bone marrow and reside there 

until they have reached maturity. In contrast to T cells, B cells are able to directly interact and 

recognize antigens without the help of APCs, as they express specific antigen-binding receptors 

on their cell surface [12]. When B cells become activated, they proliferate and differentiate into 

either plasma cells or memory B cells. Plasma cells are short-lived cells that secrete Ig-specific 

antibodies and memory B cells are long-lived cells that express antigen-specific receptors and can 

rapidly produce antibodies upon antigen re-exposure [12].  

In a relatable example, APCs, B cells and T cells play a very important role in vaccine-

induced responses. Vaccines contain epitopes that allow for bacterial/viral recognition. Antigen 

exposure and presentation to B and T cells respectively leads to the establishment of memory B 

and T cells and the production of Ig-specific plasma cells secreting antibodies [13]. Like the 

antibodies perpetually secreted in response to allergen, these antibodies lead to the identification 

of bacterial particles or virally infected cells in the environment which are subsequently destroyed. 

In addition to the immune cells described, there are further effector cells that are able to contribute 

to both innate and adaptive responses. 

 

2.3 Mast Cells 

Mast cells were initially described by Paul Ehrlich in 1878 and were identified by their 

unique staining characteristics and localization in tissues closely associated with the external 

environment [14,15]. By the 1970s and 80s, the origin of these cells were established, finding that 

they originated from pluripotent hematopoietic stem cells in the bone marrow [14,16]. Once 

committed progenitors, mast cells are released into systemic circulation as undifferentiated, 

mononuclear cells that sequester into vascularized tissues and will mature under the influence of 



 8 

two main growth factors – stem cell factor (SCF) and interleukin (IL) -3 [16]. Studies have shown 

that withdrawal of SCF and IL-3 from mast cell cultures lead to increased apoptosis, thus 

demonstrating that they play an important role in mast cell survival [14]. Under normal 

circumstances, mast cells play a variety of different physiological roles to ensure homeostasis, 

such as vasodilation, bacterial/ parasitic destruction, wound healing, and angiogenesis [17]. Given 

that mast cells are localized in tissues that closely interact with the external environment, such as 

the skin and mucosa, they are constantly exposed to various antigens and have the ability to 

recognize potentially harmful substances by binding to them directly [18]. Mast cells contain many 

surface receptors dedicated to pathogen recognition, such as toll-like receptors (TLR) and Fc𝜀RI 

receptors, allowing them to interact with external stimuli [19]. Once an antigen or antigen-antibody 

complex is bound to the surface receptor, this initiates the secretion of pre-formed granules 

consisting of various mediators, such as proinflammatory cytokines, tryptases, chemokines, and 

other bioactive materials, that can act to increase vasodilation and the recruitment of effector cells 

to the site of infection [19]. It is also suggested that mast cells secrete anti-viral type 1 interferon 

when virally-stimulated [20]. 

Mast cells are also largely known for anti-parasitic responses when they are sensitized by 

IgE-antibodies. The ability of these cells to manipulate vascular permeability and smooth muscle 

contraction helps eliminate parasites from the host [19]. In addition, mast cells also have the ability 

to present antigens via both MHC I and II and stimulate dendritic cells through the release of IL-

1 and tumor necrosis factor-𝛼 (TNF-𝛼) [19]. These characteristics ultimately define the important 

role of mast cells in both innate and adaptive immunity. However, as mentioned previously, there 

are instances when the immune system has a response towards an antigen that it perceives as 

“harmful” leading to an inappropriate response that is commonly associated with allergic reactions. 
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This leads to the production of IgE antibodies that are antigen-specific and leads to mast cell 

sensitization. 

 

2.4 Allergic Inflammation  

Upon first exposure to an antigen that the host perceives as ‘harmful’, APCs will bind to 

the antigen and present it to naïve T cells in lymph nodes or the surrounding mucosa [21]. Following 

antigen presentation and in the presence of IL-4 and/or IL-13, naïve T cells will differentiate into 

Th2 cell phenotypes [21]. Th2 cells interact with naïve B cells by presenting the antigen to MHC 

class II receptors with stimulation of cluster of differentiation (CD) 40 co-receptors. Antigen 

presentation induces naïve B cell isotype switching from IgM or IgG to IgE, creating IgE-antibody 

secreting plasma cells that are antigen-specific [21,22]. Circulating IgE-antibodies will bind with 

high affinity to the Fc𝜀RI receptor on the surface of mast cells making them sensitized to that 

specific antigen. Upon second exposure of the same antigen, localized mast cells become activated 

as the antigen binding fragment  (Fab) portion of the IgE-antibodies is antigen-specific and the Fc 

region is attached to the Fc𝜀RI receptor, propagating downstream signaling cascades [19] (Figure 

1). When mast cells become activated, they release mediators in a biphasic response which are 

characterized as early- and late phase reactions. 
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2.5 Early Phase – Degranulation 

The early phase of mast cell activation is characterized by the term degranulation, which 

occurs minutes after IgE-mediated Fc𝜀RI activation. Fc𝜀RI is a tetrameric receptor that consists 

of an 𝛼-chain which binds to IgE, a 𝛽-chain that spans the membrane, and two 𝛾-chains that are 

involved in signal propagation [19,23,24]. When an antigen binds to the IgE-Fc𝜀RI complexes, 

crosslinking occurs leading to the transphosphorylation of the immunoreceptor tyrosine-based 

Figure 1. Allergic inflammation. Allergen-mediated responses are initiated when the host is 
exposed to an allergen that it perceives as harmful. Dendritic cells present these antigens to 
naïve T cells, and under the influence of IL-4/ IL-13, will differentiate into Th2 cells. Th2 cells 
will then present the antigen to naïve B cells who will undergo isotype switching and 
differentiate into IgE-secreting plasma cells. Antigen-specific IgE antibodies will bind with 
high affinity to the FceRI receptor on mast cell surfaces. Upon re-exposure, the antigen will 
bind to IgE antibodies on mast cell surfaces and initiate allergic-mediated responses, such as 1) 
effector cell recruitment, 2) inflammatory responses, 3) and vasoconstriction of airways. 
Created using Biorender.com. 
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activation motifs (ITAM) on the 𝛽- and 𝛾-chains by Lyn, a protein kinase that is anchored to the 

plasma membrane [24,25]. Following phosphorylation, activated Lyn attracts spleen tyrosine kinase 

(SYK), which binds to the phosphorylated ITAMs through its src homology domain 2 (SH2). The 

activation of SYK induces a conformational change leading to the phosphorylation of several 

proteins, including the adaptor molecule linker for activation of T cells (LAT), phospholipase C𝛾 

(PLC𝛾), and Vav [26]. LAT phosphorylation sites act as a docking site for SH2 of growth factor 

receptor-bound protein 2 (Grb2). When Grb2 is bound, sons of sevenless (SOS) is then recruited, 

which in turn is activated, and the Grb2-SOS complex migrates towards the cell membrane 

inducing PLC𝛾 activation [19,26]. Following phosphorylation, PLC𝛾 hydrolyzes 

phosphatidylinositol-4,5-bisphosphate, a membrane phospholipid, making inositol-1,4,5-

triphosphate (IP3) and diacylglycerol (DAG) [19,26]. These two molecules act as second messengers 

that propagate downstream signaling cascades and play a crucial role in calcium-dependent 

signaling pathways.   

DAG has the ability to directly activate transient receptor potential cation (TRPC) channels 

located on the plasma membrane and initiate protein kinase C (PKC) activation [26,27]. It is thought 

that TRPC activity plays a role in regulating calcium signaling and histamine release, thus playing 

a role in mast cell degranulation. IP3 on the other hand, is capable of indirectly inducing the 

depletion of intracellular calcium stores through stromal interaction molecule 1 (STIM1), an 

endoplasmic reticulum (ER) membrane protein, in turn activating a highly calcium-selective entry 

channel, Orai1 [27]. STIM1 is a single-pass transmembrane protein that has two homologues; 

however, STIM1, not STIM2, regulates store operated calcium influx and contain ER-lumen 

calcium  binding domains [28,29]. Once stimulated, these binding domains undergo a conformational 

change leading to an extension of a subunit that activates Orai1 expressed on the plasma 
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membrane. This activation initiates calcium influx into the cytosol leading to the amplification of 

cellular functions [28,29] (Figure 2). Calcium plays a vital role in mast cell secretion, a process that 

is highly regulated, and requires soluble N-ethylmaleimide-sensitive fusion protein adaptor protein 

receptor (SNARE) proteins to initiate granular release [30]. 

 

 

Upon mast cell degranulation, there are various mediators released that contribute to 

inflammatory responses, such as eicosinoids, proteases, lysosomal enzymes, biogenic amines, and 

cytokines/chemokines [19]. Although many, common mast cell-associated eicosinoids consist of 

Figure 2. Mast cell degranulation. TNP binds to IgE-Fc𝜀RI complexes leading to crosslinking 
of the receptors. Transphosphorylation occurs and recruits Lyn and SYK kinases. SYK 
phosphorylates LAT which then recruits Grb2 and SOS. Grb2-SOS complex activates PLC𝛾 
which hydrolyzes PIP2 into IP3 and DAG second messengers. DAG activates PKC and TRPC 
located on the plasma membrane causing an increase in intracellular calcium concentrations. IP3 
binds to IP3 receptor on the ER membrane causing an efflux of calcium stores into the cytosol. 
As calcium stores in ER are depleted, this causes STIM1 to undergo a conformation change 
leading to Orai1 channel opening leading to an influx of calcium into the cytosol. All of these 
processes play a role in mast cell degranulation responses. Created using Biorender.com.  
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leukotriene C4 (LTC4), leukotriene B4 (LTB4), and prostaglandin D2 (PGD2); all are de novo 

products of arachidonic acids that require an increase of intracellular calcium and the 

phosphorylation of MAPKs to initiate their activation [31]. Following the phosphorylation of 

MAPK proteins, this leads to the activation of cytosolic phospholipase A2 (cPLA2). Activation of 

cPLA2 leads to its translocation to the nuclear envelope where arachidonic acids are liberated for 

eicosanoid synthesis [31]. Studies have shown that mast cells lacking cPLA2, in comparison to 

controls, are unable to synthesize eicosanoids, thus demonstrating its importance in eicosanoid 

production [31,32]. PGD2 has been found to contribute towards increased smooth muscle 

contraction, vascular leakage, and vasodilation that is commonly associated with allergic reactions 

[31].   

Leukotriene synthesis in mast cells require the translocation of 5-lipoxygenase from the 

nucleoplasm or cytosol to the perinuclear region; this enzyme is required, in tadem with 5-

lipoxygenase-activating protein, to convert arachidonic acids into the final product LTA4 [31]. 

When required, LTA4 can be hydrolyzed by leukotriene A4 hydrolase to form LTB4. Cytosolic 

leukotrienes have been found to be strong contractile agonists in human bronchi [31,33].  

In addition to eicosanoids, proteases, such as chymases and tryptases, are also one of the 

commonly stored proteins in mast cell granules. In most rodent-derived mast cells, tryptases and 

chymases are packed densely in secretory granules and can be used as biogenic markers to measure 

mast cell degranulation. The release of these soluble proteins can either be local or widespread, 

which can determine the severity of anaphylaxis [34]. Studies looking at sheep lung and skin found 

that tryptase has the ability to promote histamine release which may induce degranulation signaling 

responses to surrounding groups of activated mast cells [34,35]. In addition, tryptases also contribute 

to the persistence of local edema by working with heparin to inhibit the formation of fibrin clots 
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[34]. Similarly, chymases have been known to increase vascular permeability and immune cell 

recruitement; a study by Tomimori et al. (2002), showed a biphasic edematous skin reaction in 

mice following intradermal injection of human chymase [34,36]. 

b-hexosaminidase, a lysosomal enzyme, is another very common biomarker used to 

determine mast cell degranulation; 85% of b-hexosaminidase in mast cells are localized within 

secretory granules and are known to be secreted in tandem with histamine, a biogenic amine, 

commonly involved in pro-inflammatory responses [37]. Other than being a biogenic marker for 

mast cell degranulation, the role that b-hexosaminidase plays in allergic responses remains elusive 

[37]. In 2014, a study by Fukuishi et al. investigated the biological role of b-hexosaminidase in MC 

granules. They found that the severity of S. epidermidis infection, in vivo, was inhibited in BMMC- 

WT cells in comparison to b-hexosaminidase-deficient BMMCs, thus suggesting that mast cell 

granules containing b-hexosaminidase aid in the defense against bacterial infections [37]. 

As mentioned previously, histamine is a biogenic amine that acts as a pro-inflammatory 

mediator once secreted from the cell. Histamine has strong effects on vascular permeabiliy which 

allows for increased effector cell recruitment to the site of injury/inflammation [16]. Given 

histamine has the ability to influence the release of leukotrienes, it is also able to increase the 

secretion of cytokines and chemokines in human mast cells [38].  

Although the previously mentioned mediators play a significant role in allergic responses, 

cytokines and chemokines play a crucial role in pro-inflammatory signaling in allergy-mediated 

inflammation. Cytokines are small proteins that act as signaling molecules that regulate 

inflammation and cellular activities, such as differentiation, growth and cell survival [39]. 

Commonly studied cytokines studied in allergic disease are TNF-a, IL-6, and IL-13.  



 15 

 It has been suggested that the function of TNF-a is to promote T-cell activation and 

proliferation, in addition to the recruitment of effector cells to sites of IgE-dependent mast cell 

stimulation in  vivo [40,41]. It has been reported that ovalbumin (OVA)-induced airway inflammation 

in TNF-a-deficient mice was significantly reduced in comparison to wild-type mice [41,42].  

IL-6 is a soluble mediator that plays a role in the synthesis of a large range of acute phase 

proteins, such as C-reactive proteins, which is an inflammatory marker in the body. In addition, 

IL-6 is able to modulate antibody production in B cells and effector-T cell development [43]. 

Conversely, IL-13 increases mucous production, IgE antibody production, and eosinophil 

recruitment [44]. 

Chemokines, such as CCL1, -2, and -3, are secreted proteins whose main function is to 

initiate cell migration, for example, effector cell recruitment to sites of injury [39]. Mast cell-derived 

CCL1 plays an important role in mucosal inflammation and CD4+ T cell recruitment and activation 

[45]. CCL2 is known for its role in regulating macrophage recruitment during inflammatory 

responses and thought to play a role in wound healing [46]. Lastly, CCL3 plays a role in macrophage 

and neutrophil recruitment during inflammatory responses [19]. 

 

2.6 Late Phase – Cell Signaling and Mediator Release  

The late phase of mast cell signaling can occur hours following IgE-Fc𝜀RI activation. In 

conjunction with SYK phosphorylation playing a role in initiating mast cell degranulation, 

activation of this scaffolding protein mediates various cell signaling pathways, including one 

particularly critical contributor, the MAPK pathway. This signaling cascade involves various 

serine/threonine kinases that are involved in relaying extracellular stimuli allowing for the 

regulation of various processes, such as apoptosis, metabolism, and inflammation. As mentioned 
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previously, SYK activation leads to the recruitment of Grb2/SOS complexes to LAT, a scaffolding 

protein. Inactive guanosine diphosphate (GDP) -bound RAS is recruited to the complex and SOS 

catalyzes the exchange of GDP to guanosine-5’-triphosphate (GTP) initiating RAS activation [47]. 

GTP-bound RAS then propagates the activation of downstream MAP3K signaling molecules, 

including TAK1 and—we postulate—ASK1, commonly leading to the activation of pro-

inflammatory signaling nodes: extracellular signal-regulating kinase (ERK), c-Jun N-terminal 

kinase (JNK), and p38 [48,49]. Activation of these signaling proteins leads to the activation of 

various transcription factors, such as activator protein 1 (AP1), nuclear factor-𝜅B (NF-kB), and 

activating transcription factor 2 (ATF2), leading to cytokine synthesis (Figure 3).  

 

Figure 3. Mast cell mediator release. Upon IgE-FceRI receptor activation, SYK becomes 
activated leading to the phosphorylation of LAT, a scaffolding protein. LAT activation leads 
to the recruitment of Grb2-SOS complex, which in turn, catalyzes the exchange of GDP-
bound RAS to active GTP-RAS. RAS activation leads to signaling cascades that 
phosphorylate many MAPK signaling proteins, such as JNK, p38, and ERK, leading to the 
activation of various transcription factors. These transcription factors promote cytokine and 
chemokine synthesis and are then released from the cell. Created using Biorender.com. 



 17 

TAK1 is widely known for its role in inflammatory responses and plays a crucial role in 

the release of pro-inflammatory mediators in immune cells [49]. Recently, it has been identified that 

TAK1 inhibition leads to significant decreases in both mast cell degranulation and 

proinflammatory cytokine secretion in IgE-Fc𝜀RI signaling, suggesting that TAK1 links both the 

early- and late phases of mast cell activation in allergic inflammation [8]. This unique discovery 

raises the question of whether other MAP3K proteins are associated with IgE-mediated mast cell-

dependent inflammation, prompting investigation of ASK1. There are a variety of MAP3K 

proteins, although a definite number of tier three members associated with this pathway is 

inconclusive and always evolving with new discoveries. A study by Cargnello et al. (2011), found 

18 conventional MAP3K proteins in the MAPK signaling pathway[50]. The similarities between 

TAK1 and ASK1, in the context of inflammatory-based pathologies, led to ASK1 inquiry in IgE-

mediated inflammatory responses. 

 

2.7 ASK1 

ASK1 is a ~160 kDa serine/threonine protein kinase that plays an important role in cellular 

stress and immune responses that are activated by oxidative stress, high calcium concentrations, 

and receptor-mediated inflammation [51–53]. In human and mouse models, ASK1 consists of 1,374 

and 1,379 amino acids, respectively [53]. Despite the slight variation in amino acid peptides, the 

location of the kinase domain is conserved in the middle of the molecule in both species [53]. The 

structure of the protein consists of two coiled-coil domains, where suppressive proteins are bound 

to both the N-terminal and C-terminal domains to regulate ASK1 activity [53]. 

Under normal physiological conditions, ASK1 is found in its inactive form bound by 

thioredoxin (TRX), glutaredoxin (GRX), and peroxiredoxin 1 (PRX1), all thiol-containing 
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antioxidant proteins [53–56]. TRX and PRX1 bind to the N-terminal and GRX binds to the C-

terminal portions of ASK1 [56]. TRX plays a crucial role in regulating ASK1 function as in vitro 

studies have shown that mutated cysteine residues (Cys32 and Cys35) on TRX that form disulfide 

bridges with ASK1 were unable to bind or inactivate the protein [53,57]. When subjected to cellular 

stress, these inhibitory proteins undergo reduction/oxidation (redox) reactions with reactive 

oxygen species (ROS) and dissociate from ASK1 [55,58]. Unbound ASK1 then auto-phosphorylates 

and becomes active, recruiting TNF receptor-associated factor (TRAF) 2, TRAF6 and ASK2, 

forming a large complex referred to as the ASK1 signalosome [56].  

The production of intracellular ROS has not been well described in Fc𝜀RI-activated mast 

cells, however there are a few studies that suggest ROS generation is produced through phagocytic 

nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) oxidases, specifically the 

catalytic subunit NADPH oxidase 2 (NOX2) [59]. Upon Fc𝜀RI activation, this propagates a 

signaling response initiating the phosphoinositide 3-kinase (PI3K) signaling cascade. This leads 

to the translocation of Btk kinase towards lipid rafts in the cell membrane and also leads to the 

activation of SYK and Lyn kinases. These intermediate proteins then lead to the activation of 

plasma membrane bound NOX2 leading to cytosolic ROS production [60–62]. It is hypothesized that 

in conjunction with mast cell degranulation, the activation of SYK through IgE-mediated signaling 

leads to the activation of ROS producing responses. NOX2 plays an important role as studies show 

that inhibition of NADPH oxidase decreases the effect of Lyn phosphorylation and other signaling 

cascades, suggestive that NADPH oxidase plays a crucial role in exacerbating allergic responses 

[63].  

  Recent literature states that ASK1 is an upstream regulator of both the p38 and JNK 

signaling pathways and not ERK and NF-𝜅B signaling in kidney, liver, and brain inflammatory 
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pathologies [56]. Although this evidence arises from  studies in tissue-based systems, this 

literature review will focus on the effects of this signaling protein primarily in immune cells. 

  

2.8 The Role of ASK1 in Inflammation 

2.8.1 ASK1 and the MAPK Signaling Pathway 
 

The inflammatory response is mediated by the release of pro-inflammatory mediators. The 

role of ASK1 in mast cells remains elusive, however recent research has shown that ASK1 plays 

a significant role in JNK/p38 signaling and cytokine secretion in various immune cells, such as 

macrophages and dendritic cells. ROS production can be initiated through TLR4/TRAF2 

stimulation which is activated by the binding of lipopolysaccharides (LPS) or TNF-𝛼, respectively. 

It has been identified that stimulation of these receptors initiates ASK1 activity through the 

phosphorylation of MKK3/6, leading to p38 activation in macrophages. However, when cells were 

subjected to berberine treatment, a compound that blocks TLR4/TRAF2 activation, ASK1/p38 

phosphorylation and cytokine secretion (IL-6, TNF-𝛼, and IL-23) were significantly decreased [64]. 

This suggests that ASK1 plays a crucial role in the p38 signaling pathway in macrophages. In a 

population of bone marrow-derived dendritic cells from ASK1-deficient mice, in comparison to a 

wild-type (WT) control, it was observed that there was no difference in LPS-induced JNK 

phosphorylation and NF-𝜅B activity, however, p38 activity was significantly reduced [65]. 

Furthermore, cytokine secretion following p38 activation was observed and a significant decrease 

in IL-6, IL-1𝛽, and TNF-𝛼 secretion in cells from ASK1-deficient mice was detected when 

compared to controls.  

Another downstream signaling node commonly associated with an inflammatory response 

is JNK. In tandem with p38 phosphorylation, ASK1 activation leads to the phosphorylation of 
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MKK4/7 which activates the JNK signaling pathway (Figure 4). NADPH oxidase activity, 

resulting in ROS production when stimulated, showed an increase in ASK1, MKK4 and JNK 

phosphorylation in alveolar macrophages when subjected to adenosine diphosphate (ADP), an 

inflammatory mediator [66]. Lastly, another study used immunoprecipitation in order to investigate 

the ASK1/JNK relationship and found that JNK activity was decreased in a dose-dependent 

manner by ASK1KM, a catalytic inactive form of ASK1[67]. Although the expression of p38 and 

JNK seem to be associated with ROS-mediated pathologies, complete inhibition of these MAPK 

signaling nodes is lethal as they play important roles in cell survival and homeostasis [56], 

suggesting that strategies that modify their activity vs. eliminating it, are required in any 

therapeutic development initiatives targeting MAPK. Another commonly studied inflammatory 

signaling node is ERK. In the context of ASK1 phosphorylation, ERK activity is not induced by 

ASK1; a study using ASK1-deficient mice found no effect on ERK activity when compared to 

controls [68]. 

Like mast cells, macrophages are among the first responders to infection/external antigens 

and are able to secrete pro-inflammatory cytokines, such as IL-6, IL-1𝛽, and TNF-𝛼. While 

investigating the role of ASK1 in diabetic inflammation and insulin resistance, studies found that 

down-regulation of ASK1 led to significant decreases in IL-6, IL-1𝛽, and TNF secretion in 

macrophages. Researchers hypothesized that ASK1 plays a potential role in vesicle migration and 

secretion of pro-inflammatory cytokines [69]. In agreement, another study looking at the effects of 

ASK1 on macrophage function during hypoxic injury showed that ASK1 suppression also led to 

the decrease of those pro-inflammatory mediators but also showed increased levels of IL-10 when 

compared to controls [51]. IL-10 is a potent anti-inflammatory cytokine that helps maintain tissue 
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homeostasis [70]. Therefore, this may be suggestive of a potential ASK1-dependent negative 

feedback mechanism in place to prevent an exacerbated inflammatory response.  

2.8.2 ASK1 and NF-𝜿B Signaling Pathway 
 

Another signaling cascade commonly studied in inflammation-based pathologies is the NF-

𝜅B signaling pathway. Various studies suggest that ASK1 does not directly activate this particular 

pathway [65]. However, ASK1 is able to indirectly influence NF-𝜅B activity by directly interacting 

with TAK1 [71]. The mechanism of interaction between TAK1 and ASK1 was investigated by 

testing a set of ASK1 deletion mutants using a two-hybrid assay. This technique is used to identify 

protein-protein interactions or protein-deoxyribonucleic acid (DNA) interaction through the 

physical interactions between proteins or DNA-binding domains, respectively [72]. The analysis 

consisted of a WT ASK1 full length protein, ASK1 N-terminal, ASK1 C-terminal, and ASK1 

kinase domain and the results found that only the kinase domain would not bind to TAK1, thus 

suggesting that ASK1 can form a complex with TAK1 through its N- and C- terminal non-catalytic 

domains [71].  

Contrary to the study by Mochida et. al, a recent study looking at the effects of ASK1 

signaling in neutrophilic dermatosis found that mice lacking both ASK1 and ASK2 proteins led to 

a significant decrease in both ERK and NF-𝜅B phosphorylation [48]. Since ASK1 is able to 

potentially indirectly activate this signaling cascade, it brings to question whether there is a 

synergistic effect associated with ASK1 activation in these particular signaling pathways. Thus, 

investigation of NF-𝜅B signaling pathway in mast cells, particularly its potential role with ASK1, 

is warranted.  

 

2.8.3 ASK1 and Mast Cell Degranulation Responses 
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Calcium is an important signaling molecule involved in mast cell degranulation as it 

regulates vesicle exocytosis. However, calcium signaling has the ability to activate various 

proteins that can influence multiple responses. According to literature, ASK1 can be activated with 

increases of calcium concentrations through ROS production. As mentioned in section 2.5, IP3 acts 

as a second messenger that leads to the release of intracellular calcium stores in the ER membrane. 

When calcium stores are released into the cytosol, this leads to the activation of NADPH oxidases 

to produce ROS allowing for ASK1 activation (Figure 4) [59].  

In 2006, a study examining the role of TRX, an ASK1 suppressing protein, found that 

histamine secretion, a common biological marker for mast cell degranulation, was significantly 

decreased in bone marrow-derived mast cells in TRX-transgenic (TRX-tg) mice when compared 

to controls [73]. This decrease in mediator release could be associated with its ability to block ROS 

production which influences PLC𝛾-PKC activation and intracellular calcium concentrations. The 

ability of TRX to uptake ROS is thought to contribute towards a host-defence reaction against the 

overproduction of ROS. Interestingly, when looking at cytokine secretion, they found that TRX-

tg samples secreted higher IL-6 at lower concentrations of antigen stimulation when compared to 

controls and no differences were seen with TNF-𝛼.  

In comparison with studies described in section 2.8.1, ASK1 seems to significantly 

suppress IL-6 and TNF-𝛼 secretion. It is suggestive that TRX may play a partial role in IgE-

mediated responses due to its inactivating properties towards ASK1 which has been significantly 

correlated with inflammatory responses of the JNK/p38 signaling pathways. Given that TRX 

overexpression, compared to controls, shows a significant decrease in mast cell degranulation 

through histamine release, this evidence suggests that similar results could be seen with ASK1 

inhibition in mast cells. 
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2.9 ASK1 Inhibitor GS-444217 

GS-444217 is a selective and strongly effective adenosine triphosphate (ATP) -competitive 

inhibitor of ASK1 [74]. This inhibitor works by binding to the ATP-pocket that is localized in the 

kinase domain of ASK1 rendering the protein inactive following its dissociation from thiol-based 

Figure 4. The role of ASK1 in the early- and late phase reactions. In the early phase of mast cell 
activation, the production of second messenger IP3 leads to an increase in intracellular calcium 
concentraction leading to the activation of NADPH oxidase (NOX2). Activation of NOX2 leads to 
the production of ROS which is required for TRX to dissociate from ASK1 allowing for its 
activation and propagates degranulation responses. In the late phase of mast cell activation, SYK 
phosphorylation leads to the activation of NOX2 to create ROS. In tandem with NOX2, SYK also 
leads to a signaling cascade that initiates RAS activation, which in turn leads to the activation of 
downstream MAPK signaling proteins. Activation of ASK1 leads to the phosphorylation of p38 and 
JNK causing the activation of transcription factors that promote cytokine and chemokine synthesis 
and then are released. Created using Biorender.com.  
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proteins [74]. Looking at the ability of GS-444217 to inhibit ASK1 function, previous reports show 

that treatment with this inhibitor led to significant decreases in ASK1 phosphorylation and 

JNK/p38 phosphorylation in a dose-dependent manner; full suppression of ASK1 was shown at 1 

µM concentrations using HEK293 cells with adenoviral overexpression of human ASK1[74]. 

Furthermore, researchers also found that at concentrations of 0.1 µM – 10 µM, no cytotoxic effects 

were found and at least 30 minutes of incubation was required for maximum inhibition [74]. There 

are very little studies that describe the use of GS-444217 in immune cells, however it has been 

used to investigate inflammation in kidney and cardiovascular disease. 

 

2.9.1 GS-444217 – ASK1 Inhibition Leading to Reduced Inflammatory Responses in Kidney 

Disease 

Progressive crescentic glomerulonephritis is a kidney disease that is characterised by 

severe glomerular inflammation [75]. In comparison to normal kidney cells, diseased kidney cells 

show increased levels of p38 and JNK signaling which correlates with the levels of inflammation 

and fibrosis seen in tissue pathologies [54]. Since ASK1 seems to be a direct upstream player of 

these specific signaling cascades, Amos et al. wanted to investigate whether: (i) GS-444217 is able 

to suppress the two pro-inflammatory signaling cascades p38 and JNK; (ii) GS-444217 is able to 

decrease the development of kidney disease. 

Outbred female Sprague-Dawley (SD) and female Wistar kyoto (WTK) rats were utilized 

in this study. Acute nephrotoxic serum nephritis (NTN) was induced in SD rats and crescentic 

NTN was induced in WYK rats. Both rat types were immunized with sheep IgG and then 7 days 

later (day 0) tail vein injections of sheep anti-rat GBM serum. Rats were sacrificed. For both groups 



 25 

(6 SD, 8 WTK rats), GS-444217 (30 mg/kg) was giving orally, twice-daily or were given the 

vehicle alone, 1 hour prior to anti-GBM serum injections. After 14 days the rats were sacrificed.  

On day 1 for NTN-induced SD rats, results showed the activation of both p38 and JNK 

signaling pathways, however the GS-444217 group showed almost complete depletion of p38 

activation and a significant decrease in JNK phosphorylation [54]. Interestingly, Amos et al. also 

found a substantial decrease in TNF-𝛼 and nitric oxide synthase 2 (NOS2) synthesis; NOS2 

possesses enzymatic activity to produce ROS. When looking at NTN-induced WTK rats on day 

14, the researchers found similar results showing suppressed p38 and JNK activation in groups 

treated with GS-444217 when compared to controls. In addition to the signaling cascades, they 

also found that CCL2, IL-2 and NOS2 synthesis was also reduced in drug treated NTN-induced 

WTK rats in comparison to controls. Researchers concluded that ASK1 plays a crucial role in p38 

signaling and, to a lesser degree, JNK signaling pathways. As previously mentioned in section 

2.8.1, TNF-𝛼 secretion is significantly reduced with these signaling pathways, therefore it is 

expected that TNF-𝛼 synthesis would also be affected. The ability of ASK1 inhibition to reduce 

NOS2 synthesis demonstrates that there may be a negative-feedback mechanism that inhibits the 

overproduction of ROS to maintain intracellular homeostatic conditions. 

 

2.9.2 GS-444217 – ASK1 Inhibition in Cardiovascular Disease 
 

Pulmonary arterial hypertension (PAH) is characterised by right ventricle and pulmonary 

vasculature remodeling which is commonly driven by oxidative stress and MAPK signaling [55]. 

As mentioned in section 2.7, both of these factors are key elements that are associated with ASK1-

mediated inflammatory signaling cascades.  
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A study conducted by Budas et al. (2017) investigated whether ASK1 inhibition would 

supress pulmonary vasculature and right ventricle remodeling. SD rats were subjected to 

pulmonary artery banding (PAB) surgery and then 3 weeks following the procedure, cardiac 

fibroblasts were isolated from the right ventricle. Cells were treated with 1 µM GS-444217 for 1 

hour and found ASK1, p38, and JNK phosphorylation to be significantly reduced. The researchers 

did not assess cytokine secretion in this study; however, they did find that ASK1 inhibition had 

the ability to block cell migration and collagen deposition suggesting an anti-fibrotic mechanism 

[55]. They also investigated human pulmonary artery adventitial fibroblasts from lungs of patients 

with PAH and found similar results. In conclusion, they determined that ASK1 does play a role in 

pulmonary artery fibrosis which is associated with inflammatory signaling responses. 

 

2.10 Significance 

The role of ASK1 as a significant player in inflammation orchestrated in various disease 

models, and particularly in immune cells, is suggestive of a role in mast cells. However, ASK1-

dependent contributions in IgE-mediated inflammation directed by mast cells have not been 

described. Therefore, our work will contribute toward a more complete understanding of critical 

MAP3K level signaling events in mast cell IgE-mediated activation. Beyond this, future 

applications of this research include potential therapeutic purposes in allergic inflammation, tissue 

homeostasis, and infection, where interruption of MAPK signaling, particularly in mast cells, has 

been of interest. 

 

2.11 Objectives Statement and Hypotheses 

The following list identifies the objectives of the study. 
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1. Examine the effects of GS-444217 on mast cell receptor expression and cell viability. 

2. Investigate the role of ASK1 in mast cell allergen-mediated degranulation through vesicle 

exocytosis. 

3. Examine the effects of ASK1 inhibition on ERK, JNK, p38.  

4. Determine whether ASK1 inhibition alters mRNA expression of pro-inflammatory 

cytokines in allergen-activated mast cells. 

5. Investigate the role of ASK1 in mast cell allergen-mediated cytokine secretion. 

 

It is hypothesized that ASK1 plays a role in the early- and late phases of IgE-mediated 

inflammation in mast cells. It is expected that ASK1 inhibition will lead to a decrease in mast cell 

degranulation and cytokine secretion. It is also expected that ASK1 plays a role in cell signaling 

pathways that lead to the production of inflammatory cytokines; there will be a decrease in JNK, 

and p38 phosphorylation and cytokine mRNA transcription associated with these pathways when 

subjected to GS-444217 treatment. On the contrary to JNK and p38, we expect that there will be 

no effect on ERK phosphorylation. 
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CHAPTER THREE 

METHODS 

3.1 Mice 

C57BL/6 mice (female; aged ~ 6-10 wks) (Charles River Laboratories) were housed in 

standard living and diet conditions. All experiments utilized C57BL/6 bone marrow-derived mast 

cells (BMMCs) unless otherwise specified and protocols were approved by the Animal Care 

Committee at Brock University.  

 

3.2 Bone Marrow Isolation 

Prior to bone marrow isolation procedures, scissors and forceps were packaged, autoclaved 

and placed into a 50 mL conical tube (Sarstedt, TB50-500) containing 70% ethanol (Commercial 

Alcohols, #P016EA95). Following preparation procedures, mice were anaesthetized with 

isoflurane and then sacrificed using cervical dislocation. Following euthanasia, all procedures were 

conducted in the ThermoForma biological safety cabinet in the Animal Care Facility. Euthanized 

mice were placed in the supine position and sprayed with 70% ethanol to ensure sterile conditions. 

Scissors and forceps were used to make a transverse incision around the middle of the abdomen. 

The tail and feet, just below the ankle joint, were removed allowing for removal of the skin to 

expose the muscles of the hind limbs. Muscle tissues were removed, and scissors were used to 

remove the femur from the hip while making sure the femur is intact. Remaining muscle and 

connective tissues were removed from the femur and tibia and bones were placed in sterile RPMI 

1640 (Sigma, R8758). For bone marrow isolation, the ends of the femur and tibia are removed and 

flushed with BMMC media. BMMC media is prepared with 500 mL of RPMI 1640 media, 10% 

(63 mL) heat-inactivated Serum Plus – II (Sigma, 14009C), 10% (63 mL) WEHI supernatant 
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(WEHI-3B cell line cultures; ATCC), 1% (6.3 mL) Penicillin/Streptomycin (Sigma, P0781), 

0.005% (31.6 µL) 1M β-mercaptoethanol (Sigma, M3148), and 0.002% (12.6 µL) 10 mM 

Prostaglandin E2 (Sigma, P5640). The mixed solution is filtered using a 0.2 µm bottle top filter 

(Filtpour BT50, Sarstedt, 83.1823.101). To remove stem cells from the bone marrow, 30 mL of 

BMMC media was flushed through the bones using a 30 mL syringe (BD, 302832) with a 30-

gauge needle (BD Precisionglide, 305106) into a 50 mL conical tube. Following flushing, the 

mixture was then resuspended using a serological pipette. The solution is then strained through a 

40 µm cell strainer (Falcon, 352340) to remove any unwanted fragments/ debris. The cells are then 

centrifuged at 1300 RPM for 10 minutes at 4°C. Supernatant is discarded, and the cells are 

resuspended with 50 mL BMMC media. The cell culture is transferred into a sterile T75 culture 

flask (Sarstedt, 83.3911.002) and placed into a cell incubator (37°C; 5% CO2) to initiate cell 

differentiation and proliferation.  

 

3.3 Fetal Liver Isolation 

Pregnant female mice were weighed to monitor pregnancy. At +10 g, dams were 

euthanized following the same protocol as the bone marrow isolation. After euthanization, a 

transverse incision was made to expose the uterus. Once exposed, the uterus was cut open and the 

neonatal pups were removed by cutting the umbilical cord. Kim wipes were used to remove 

remaining amniotic fluid on pups. The neonates were sacrificed by decapitation using a razor 

blade. In order to access the liver, three incisions were made. A transverse cut was made below 

the rib cage. The second incision followed the centre of the first cut down to the umbilical cord. 

The third incision was made through the center of the rib cage. Pressure was applied to the side of 

the torso causing the liver to be easily accessible and was removed by cutting the hepatic portal 
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vein and hepatic artery. Livers were homogenized in BMMC media using a 40 µm cell strainer 

and the back of the plunger from a 10 mL syringe (BD, 302995). After homogenization, cells were 

transferred to a 15 mL conical tube (Sarsedt, TB15-500) and centrifuged at 1300 RPM for 10 

minutes at 4°C. Cells were resuspended in 10 mL BMMC media and transferred to a T25 culture 

flask (Sarstedt, 83.3910.002). Following culturing protocol, 30 ng/mL of murine stem cell factor 

(mSCF) (PeproTech Inc., 250-03) was added to each culture prior to being placed in an incubator 

(37°C; 5% CO2) for proliferation and differentiation. 

 

3.4 Bone Marrow-derived Mast Cell (BMMC)/ Fetal Liver-derived Mast Cell (FLMC) 

Culturing  

Culture media was changed twice a week. The cells were transferred from the culture flasks 

to 50 mL conical tubes. The cells were then centrifuged at 1300 RPM for 10 minutes at 4°C. 

Following centrifugation, the supernatant is discarded leaving only the cell pellet. The pellet is 

resuspended in 20 mL BMMC media. Roughly 0.5 mL of resuspended culture was transferred to 

a 1.5 mL tube and 46 µL of the sample is mixed with 4 µL of NucBlue stain (Life Technologies, 

R37605) and incubated for 20 minutes at RT. Following incubation, 15 µL of the sample is placed 

on a hemocytometer slide and placed in a cell counter [Countess II FL (Life Technologies Inc., 

AMQAF1000)]. The number obtained from the cell counter determined the number of cells in 

culture. The resuspended cells were then transferred back into the culture flask along with 

additional BMMC media in order to obtain a cell density of 0.5 million or 1 million cells/mL 

(varied depending on cell requirements for experiments). Cells were placed back into the incubator 

for continued proliferation. The same protocol was followed using the FLMC culture, however 

this culture also required 30 ng/mL of mSCF at the end of each culturing. Studies show that 
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BMMCs and FLMCs have similar properties, although use of FLMC allows for investigation of 

proteins in instances where gene manipulation causes lethal phenotypes [76]. 

 

3.5 Flow Cytometry 

Flow cytometry was used to verify that the bone marrow-derived cells in culture have 

differentiated into mast cells. This was determined by detecting the expression of Fc𝜀RI and c-kit 

receptors on the cell surface. This method of analysis is also able to verify whether the inhibitor 

alters c-kit and Fc𝜀RI expression. Collected from BMMC cultures, 4.5 million cells (0.5 million 

per treatment) were transferred to a 15 mL conical tube and centrifuged at 1300 RPM for 10 

minutes at 4°C. The supernatant was discarded, and cells were resuspended with 6 mL IF buffer 

(1X PBS with 0.2% NaN3 and 1% BSA) and then centrifuged at 1500 RPM for 5 minutes at 4°C. 

The supernatant was discarded and then cells were resuspended at a density of 0.5 million cells/mL 

with IF buffer. Following resuspension, 100 µL of cells for each staining condition was added to 

1.5 mL tubes and placed on ice.  Lights were turned off, and 2 µL of flow antibody and isotype 

controls were added to their respective staining conditions and were gently resuspended. Samples 

were incubated for 1 hour on ice with the box covered. Following incubation, the samples were 

spun at 3500 rpm for 5 minutes at 4°C. Supernatant was discarded and then the cell pellets were 

washed twice with 600 µL of IF buffer, centrifuged at 3500 RPM for 5 minutes for each wash at 

4°C. The cells are then resuspended in 400 µL 1% formalin (99 mL PBS and 1mL 37% 

formaldehyde). Cells were wrapped with foil to avoid exposure to light and then analysed using a 

Sony SH800S cell sorter (Sony Biotechnology). 
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3.6 WST1 Assay 

WST1 assay was used to determine cell viability in the presence of the ASK1 inhibitor. In 

the presence of viable cells, the WST1 reagent is cleaved into a soluble formazan dye – a reduction 

product from tetrazolium salts. The amount of formazan dye produced directly correlates with the 

amount of metabolically active cells in the sample [77]. BMMCs were collected and resuspended 

in RPMI 1640 with 10% FBS and 1% Pen-Strep media. Cells were added to their respective wells 

in a 96-well plate (Sarsedt, 83.1835) (20,000 cells/well); two microlitres of a 1:20 dilution of GS-

444217/ ASK1-IN (Cell Signaling, HY-100844) was added to 1 µM ASK1-IN sample time-points 

and 0.5 µL of GS-444217 was added to 5 µM ASK1-IN time points. The 96-well plate was placed 

in the incubator (37°C; 5% CO2) for 45 minutes. Following incubation, 10 µL of WST1 reagent 

was added to the 3-hour timepoint at 1 hour and the 24-hour timepoint at 22 hours and were left to 

incubate for 2 hours. The plate was read at 460 nm using the spectrophotometer (BIO-TEK, 

Synergy HT-1). Measurements performed in triplicates.  

 

3.7 Mast Cell Sensitization and Stimulation 

Mast cell activation was achieved through synergistic c-kit and Fc𝜀RI signaling pathways 

in tandem. Activation of Fc𝜀RI is initiated through Fc receptor sensitization by the high affinity-

binding of IgE to Fc𝜀RI. BMMC/ FLMCs were incubated overnight with a cell density of 0.5 

million cells/mL in BMMC media containing 25% IgE supernatant (TIB-141 cell line cultures, 

ATCC). The following day, cells are washed twice with RPMI 1640 and then resuspended with 

either RPMI 1640 (10% FBS, 1% Pen/Strep) or HBSS. Resuspended cells are then incubated with 

GS-444217 (concentration varies depending on experiment protocol) for 45 minutes. Following 

inhibitor incubation, sensitized mast cells are activated using a synthetic allergen, trinitrophenyl 
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conjugated to bovine serum albumin (TNP-BSA) (Biosearch Technologies), causing Fc𝜀RI 

receptor activation. In addition, mSCF is also added which binds to c-kit, causing signal 

amplification. Both TNP and mSCF were added at 100 ng/mL. 

 

3.8 Degranulation 

BMMCs or FLMCs per culture were sensitized as previously described.  The following 

day, cells were washed twice with clean hank’s balanced salt solution (HBSS) buffer (Gibco, 

Gaithersburg, MD), and resuspended at 4 million cells/mL. Resuspended cells were separated into 

7 flasks, each flask having different ASK1-IN concentrations (NT, 0.5 µL (0.25 µM), 1 µL (0.5 

µM), 2 µL (1 µM), 5 µL (2.5 µM), 10 µL (5 µM), and 20 µL (10 µM)) and incubated at 37°C for 

45 minutes. Cells were stimulated with 100 ng/mL of each mSCF + TNP-BSA (allergen) and 

placed in the incubator at 37°C for 20 minutes. The cell supernatant was collected, and the cell 

pellets were resuspended with 200 µL 1% Nonidet P-40 (NP-40) buffer (N-3516, Sigma) and 

incubated for 10 minutes at room temperature. Following incubation, 50 µL of each sample were 

transferred to a 96-well plate with the addition of 50 µL of 1mM 4-nitrophenyl N-acetyl-β- D-

glucosaminide (p-NAG, N9376 Sigma) and placed in the incubator at 37°C for 2 hours. β-

hexosaminidase enzyme catalyzes the hydrolysis of p-NAG which induces a color change [78]. To 

neutralize the reaction, 200 µL of 0.1 M carbonate buffer was added to each well. The plate was 

read at 405 nm using a spectrophotometer (BIO-TEK, Synergy HT-1) to measure β-

hexosaminidase release. The same protocol was used using FLMCs. The following equation was 

utilized to determine percent β-hexosaminidase release:  

                                            [O.D. supernatant - O.D.background] 
% Release =        -----------------------------------------------------------------------       * 100 

          [O.D. supernatant - O.D.background] + [O.D. pellet - O.D.background] 
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3.9 Protein Isolation and Quantification 

BMMCs are sensitized, treated and stimulated as previously described. At each time point, 

cells were transferred into pre-chilled 15 mL conical tubes and were spun at 1500 RPM for 5 

minutes at 4°C. Supernatant was aspirated, and the pellet was resuspended in 30 µL RIPA buffer 

(1000 µL 2x RIPA buffer (RB4477, BioBasic), 2 µL (10 µg/mL) leupeptin (LDJ691, BioBasic), 

2 µL (10 µg/mL) pepstatin (PDJ984, BioBasic), 2 µL (10 µg/mL) aprotinin (AD0153, BioBasic), 

4 µL 0.2 mM iodoacetamide (IB0539, BioBasic), 5 µL 1 mM NaF (S-7929, Sigma), 5 µL 1 mM 

Na3VO4 (S-6508, Sigma), 5 µL 0.5 mM PMSF (PB0425, BioBasic), and 10 µL PIC (P8340, 

Sigma)) and incubated for 20 minutes on ice. Following incubation, samples were vortexed for 10 

seconds and then centrifuged at 13500 RPM for 10 minutes at 4°C. Supernatant was collected and 

then stored in -80°C. For protein quantification, 10 µL of 1:20 dilution of protein samples (38 µL 

sterile water and 2 µL protein), BSA standards, and blank was added to a 96-well plate. Following 

the addition of standards and blanks, 200 µL of Bradford reagent (4 mL water with 1 mL 5x Protein 

assay dye reagent concentrate (5000006, Bio-Rad)) was added to each well and was read at 595 

nm using the spectrophotometer (BIO-TEK, Synergy HT-1) to obtain absorbance values to 

determine protein concentrations using the standard curve. Prior to gel electrophoresis, protein 

samples were prepared by diluting 30 µg of protein with RIPA and 3x sodium dodecyl sulfate 

(SDS) buffer. Samples are heated at 85°C for 20 minutes.  

 

3.10 Gel Electrophoresis, Membrane Transfer, and Imaging 

In order to determine protein expression, 10% fast-cast polyacrylamide gels (Bio-Rad, 

Mississauga, ON) were made and polymerized for 35 minutes. Gels were removed from casting 

stands, placed into a gel electrophoresis chamber and suspended in 1X running buffer  (900 mL 
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water and 100 mL 10x running gel buffer). Following gel electrophoresis chamber preparation, 15 

µL of protein marker and prepared protein samples (30 µg) were added to the gel and was run at 

200 V for 35 minutes. The gels were transferred onto PVDF membranes using the Trans-Turbo 

Blot transfer system (Bio-Rad). Membranes were suspended in 5% milk buffer (Compliments) and 

placed on rocker for 2 hours. Blocking solution was discarded and membranes were washed three 

times with millipore water and then washed once with TBS-Tween. Following washing with TBS-

Tween, 20 mL of primary antibody was added and placed on rocker at 4°C overnight. The 

following day, the primary antibody was removed and membranes were washed three times with 

TBS-Tween. Fifteen millilitres of secondary antibody in 5% milk solution was added to the 

membrane and placed on a rocker for 1 hour. Secondary antibody was discarded and washed three 

times with TBS-Tween for 5 minutes. Clarity Western ECL substrate (Bio-Rad) was added to the 

membrane and imaged using the C-Digit blot scanner (Li-Cor, Lincoln, NE). Images were 

quantified using Image J Software (Bio-Rad) . Total p38, -ERK, -JNK, and Vinculin were used as 

loading controls. 

 

3.11 Antibodies and qPCR Primers 

Antibodies phospho-p38 MAPK (4511), p38 MAPK (9218P), ERK1/2 (4695), phospho-

ERK (9926), ASK1 (DC11) (1:1000 dilution, 8662S), phospho-ASK1 (T845) (1:500 dilution, 

3765S), JNK (9252), phospho-JNK (9257S), and HRP-linked secondary anti-rabbit antibodies 

were purchased from Cell Signaling Technology (Danvers, MA, USA). Flow cytometry antibodies 

FitC Rat IgG2b k Isotype Ctrl (0.5 mg/mL; 2603025), FitC anti-mouse CD117 (c-kit) (0.5 mg/mL; 

1129025), PE Armenian Hamster IgG Isotype Ctrl (0.2 mg/mL; 2604535), PE anti-mouse FceRIa 

(0.2 mg/mL; 1271535) were purchased from SONY Biotechnology (San Jose, CA). Primers 
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utilized for qPCR : GAPDH – Forward 5’CAGCTCCCCTCCCCCTATCAGTTCG 3’ Reverse 5’ 

ACCAGGGAGGGCTGCAGTCCGTATT 3’ ; TNF-a – Forward 5’TGAACTTCGGGGTGATC- 

GGTCC 3’ Reverse 5’TCCAGCTGCTCCTCCACTTGGT 3’; IL-6 – Forward 5’AGACAAAGC- 

CAGAGTCCTTCAGAGA 3’ Reverse 5’ TGGTCTTGGTCCTTAGCCACTCC 3’; IL-13 

Forward 5’GCTTGCCTTGGTGGTCTCG 3’ Reverse 5’ TCCATACCATGCTGCCGTTGC 3’; 

CCL1 – Forward 5’ CCAGACATTCGGCGGTTGCT 3’ Reverse 5’ 

CAAGCAGCAGCTATTGGAGACCGT 3’; CCL2 – Forward 

5’CCTCCACCACCATGCAGGTCC 3’ Reverse 5’CAGCAGGTGAGTGGGGCGTTA 3’; CCL3 

– Forward 5’ GGAGCTGACACCCCGACTGC 3’ Reverse 5’ GGGTTCCTCGCTGCCTCCAA 

3’. 

 

3.12 RNA Isolation and Purification  

BMMCs are sensitized, treated and stimulated as previously described. At each time point 

(0, 15, 30, 60, 120, 300 minutes), cells were transferred into pre-chilled 15 mL conical tubes and 

were centrifuged at 1500 RPM for 5 minutes at 4°C. Supernatant was aspirated, and the pellet was 

resuspended in 350 µL RLT lysis buffer (990 µL RLT buffer and 10 µL β-mercaptoethanol) then 

vortexed for 30 seconds. Samples were either stored in -80°C or immediately purified. Purification 

was by RNeasy Plus (74136, Qiagen) and starts by transferring the RLT lysate  to a gDNA 

elimination column and then centrifuged for 30 seconds at 10,000 x g. Flow-through was kept and 

then 350 µL of 70% ethanol was added to the sample having a total of 700 µL. Samples were then 

centrifuged 10,000 x g for 1 minute and flow-through was discarded. The sample was then washed 

with 700 µL RWI buffer and then centrifuged at 10,000 x g for 1 minute and flow-through was 

discarded. Following RWI buffer wash, 500 µL RPE buffer was added to the sample and then 
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centrifuged at 10,000 x g for 2 minutes. Lastly, 30 µL of RNase-free water was dispensed directly 

on the membrane of the new column and samples sat for 5 minutes. Following the 5 minute 

incubation, samples were centrifuged at 10,000 x g for one minute to collect the eluted RNA and 

samples were stored at -80°C until use.  

 

3.13 RT Reaction and qPCR Assay 

 Following RNA purification, RNA dilution was quantified at 80 ng/mL using NanoDrop 

Lite Spectrophotometer (Thermo Scientific). Quantified RNA was then placed into RNA to cDNA 

EcoDryTM Premix (639549, Takara). EcoDry mix and RNA samples were resuspended and then 

placed into the SampliAmpTM Thermocycler (Life Technologies). Stage temperatures were set at 

42°C for 1 hour, followed by 70°C for 1 hour, then cooled to 4°C. To make working cDNA stock, 

purified cDNA samples were subjected to a 1:20 dilution and then put into -20°C. To start, 96-

well qPCR plates (4346907, Life Technologies) were loaded with 9 µL master mix (3.6 µL Mg-

H2O (W4502-1L, Sigma), 5 µL KAPA (KM4113, ThermoFisher), 0.2 µL forward primer, 0.2 µL 

reverse primer (for primer details, see section 3.11) into each well. Following master mix, cDNA 

samples were vortexed and 1 µL of cDNA sample was added to their respective wells. After 

loading the plate an adhesive cover (4360954, Life Technologies) was placed over the 96-well 

plate and sealed. qPCR plates were spun for 5 seconds using the Mini Plate Spinner MPS 1000 

(Labnet). Plates were then placed into StepOnePlus Real-Time PCR System (Applied Biosystems) 

and was analyzed using StepOne Software. Following qPCR plate analysis, gels were run to 

validate primer banding. Gels were made using 1.8 g agarose powder (BP160-100, Fisher 

Bioreagents) and 100 mL 1X sodium boric acid buffer (900 mL milipore water and 100 mL 20X 

sodium boric acid buffer). Flasks were weighed after gel mixture was added and then placed into 
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the microwave for 2 minutes. Flask was heated until solution was clear and then left to cool until 

warm enough to touch. Flask was then topped up with water until  starting flask weight was reached 

prior to microwaving. Gel chamber was set up and then 5 µL of ethidium bromide (D0197, 

Biotech) was placed into flask and then swirled until red color dispersed. Gel solution was placed 

into gel tray and until polymerized (40-45 minutes). Once gels were polymerized, 1.1 µL of 10x 

DNA dye (3.9 mL glycerol, 500 µL 10% (w/v) SDS, 200 µL 0.5M EDTA, 0.025 g xylene cyanol, 

H2O until reach 10 mL total volume) to one row of duplicates and blanks. qPCR plates were re-

sealed and placed into centrifuge to ensure samples were at bottom of plate. Gels were removed 

from cast holders and placed into gel apparatus. Once gels were placed, 1X sodium boric acid 

buffer was used to ensure gels were completely covered in solution. When ready, 3 µL of DNA 

ladder (13525, Norgen) and 5 µL of cDNA samples were added to the gel. Gels were run at 200 V 

for 15 minutes. Bottom and edges were dried using papertowel then placed into the ChemiDocTM 

Imaging System (BioRad). 

 

3.14 Enzyme-Linked Immunosorbent (ELISA) Assay 

BMMCs are sensitized, treated and stimulated as previously described. At each time point, 

cells were spun at 3500 RPM for 10 minutes and supernatant was collected and stored at -80°C. 

Antibodies and standards were obtained from R&D systems (Minneapolis, MN). To start, 50 µL 

of capture antibody was added to PBS then 50 µL of solution was added to each well in a 96-well 

plate stored at -4°C overnight to coat the plates (44-2404-21,Thermo Fisher). The following day, 

the plate was washed with 1X PBS-Tween (1L PBS and 100µL Tween 20). Following washing 

procedures, 100 µL of blocking buffer was added to each well and incubated for 1 hour at room 

temperature. The plate was washed with PBS-Tween and then 50 µL of samples and standards 
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were added to their respective wells. Plate was stored in 4°C overnight. The plate was washed 

three times with PBS-Tween and then 50 µL of secondary antibody was added to each well and 

incubated at room temperature for 1 hour. The 96-well plate was washed four times with PBS-

Tween and 50 µL of HRP was added to each well and incubated for 30 minutes at room 

temperature. Plate was washed five times with PBS-Tween and then 100 µL of TMB substrate 

(BD Biosciences, Franklin Lakes, NJ) was added to each well. The TMB substrate cleaves HRP 

which induces a color change that can be quantified. The reaction was stopped with 50 µL H2SO4 

to neutralize the reaction. The plate was read at 450 nm using the spectrophotometer (BIO-TEK, 

Synergy HT-1) to obtain absorbance values to determine cytokine concentrations using the 

standard curve. Figure 5 anf Figure 6 shows a method overview and timeline of all experiments. 

 

3.15 Statistical Analysis 

 Statistical significance was determined using Analysis of variance (ANOVA). 1-way 

ANOVA was used for flow cytometry. 2-way ANOVA was used for WST1 assay, b-

hexosaminidase, western blot, qPCR, and ELISA assays where inhibitor concentrations and time 

were used as factors of analysis. When data was significant (P < 0.05),  Bonferroni post-hoc test 

was utilized. Data was presented as ± SEM. 
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Figure 5. Methods overview. The first step of experimental procedures is to isolate BMMC and 
FLMC cultures. Prior to experiements, excluding cell viability and receptor expression 
experiments, cells are  sensitized and stimulated. Cell viability was analyzed using WST1 assays to 
ensure that GS-444217 did not induce cell apoptosis or modify proliferation. Receptor expression 
was analyzed using flow cytometry to ensure that GS-444217 did not alter FceRI and c-kit receptor 
expression (critical for activation-dependent experiments). Mast cell degranulation was analyzed 
using b-hexosaminidase assay to quantify b-hexosaminidase release, a degnraulation biomarker. 
MAPK signaling expression was investigated using western blot to determine protein expression 
following ASK1 inhibition. mRNA expression, following ASK1 inhibition, was analyzed using 
qPCR to determine alterations in induced cytokine/chemokine transcript synthesis. Lastly, 
cytokine secretion was determined using ELISA to investigate whether ASK1 inhibition leads to 
alterations in inflammatory mediator secretion. 
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Figure 6. Experiment timeline overview. The following schematic shows the timeline where 
each assay was utilized during mast cell biphasic responses. Following overnight IgE antibody 
incubation, cells were subjected to GS-444217 inhibitor treatment for 45 minutes. Receptor 
expression and cell viability can be assessed after inhibitor treatment. Subsequent experiments are 
conducted following mast cell stimulation. 
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CHAPTER FOUR 

RESULTS 

4.1 ASK1 Protein Levels not Affected by GS-444217 Inhibitor Treatments 

 Bone marrow-derived mast cell (BMMC) cultures were established and cultured as 

described in the Methods above and employed to assess the contributions of ASK1 in mast cell 

activation by pharmacological inhibition. GS-444217 (also ASK1-IN) is characterized as a 

selective and potent ASK1 inhibitor[74]. Following extensive review of concentrations employed 

in literature and to evaluate impact on IgE-mediated mast cell signaling mechanisms, 1 µM and 5 

µM GS-444217 concentrations were utilized to determine the effects of ASK1-IN on ASK1 

protein levels [55,74,79,80]. Our results show that ASK1 protein levels were inconclusive with both 

1 µM and 5 µM GS-444217 inhibitor treatments and will be discussed section 5.3 (Figure 7). 

ASK1 protein levels were normalized to the reference protein vinculin. 
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Figure 7. Relative total ASK1 protein expression in BMMCs. A, Relative ASK1 band 
intensity (tASK1/Vin) following TNP-BSA + mSCF (100 ng/mL) stimulation at various time 
points and treatment concentrations in comparison to controls. B, Western blot images utilized 
to assess total ASK1 band intensities at various times and treatment concentrations. Data 
expressed as relative band intensity (tASK1/Vin) ± SEM of n=3 independent experiments. 
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4.2 GS-444217 Inhibitor Treatment does not Alter FceRI/ c-kit Expression by Flow 

Cytometry or Impact Mast Cell Viability 

 In order to assess cell viability and critical mast cell receptor expression required for 

IgE/c-kit-mediated allergic inflammation, BMMCs were treated with 1 µM and 5 µM 

concentrations for 45 minutes showing no significant difference in FceRI or c-kit expression on 

cell surfaces when compared to untreated controls (Figure 8; A-D). Receptor expression of 

cultures were analyzed to ensure BMMC diffentiation. A representative dot plot (average 92%; 

Appendix 27A) of BMMCs expressing both c-kit and FceRI receptors is presented (Figure 8; E). 

Furthermore, cell viability was evaluated to ensure that GS-444217 treatment conditions did not 

alter cell metabolic activity, as a proxy for viability during our experimental treatment window 

(up to 24 hrs). Our results show that both 1 µM and 5 µM treatment conditions had no effect on 

cell viability at both 3 hours and 24 hours time-points (Figure 8F). We have previously 

conducted a representative range of vehicle control (DMSO) experiments in our hands and 

confirmed no effect on our functional readouts[81]. 
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Figure 8. Mast cell c-kit and FceRI receptor expression and cell viability following GS-444217 (ASK1-
IN) treatment. A, Histogram showing c-kit receptor expression; unstained (light green) in comparison to 
NT (green), 1 µM  ASK1-IN (dark green), and 5 µM ASK1-IN (red)—all 3 conditions completely overlap. 
B, Mean fluorescent intensity (MFI) of antibodies used to detect c-kit receptor expression in NT, 1 µM, and 
5 µM ASK1-IN cells; data shown are means ±SEM for n = 3 indpendent cultures. C, Histogram showing 
FceRI receptor expression; unstained (blue), NT (green) 1 µM (dark green), 5 µM ASK1-IN (red). D, MFI 
of antibodies used to detect FceRI receptor expression in NT, 1 µM, and 5 µM ASK1-IN cells data shown 
are means ±SEM for n = 3 indpendent cultures. E, Dot-plot representing BMMC culture receptor expression 
of c-kit and FceRI. F, Cell viability as % control following 1 µM and 5µM ASK1-IN at 3 hours and 24 
hours. Data shown are means ± SEM for n = 3 indpendent cultures. 
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4.3 BMMC and FLMC Degranulation Analyzed Using b-hexosaminidase Assay 

 To evaluate the role of ASK1 in IgE/c-kit-mediated mast cell degranulation responses, a 

b-hexosaminidase assay was used to determine the amount of b-hexosaminidase released 

following mast cell activation in the presence and absence of GS-444217 treatment in both 

BMMCs and FLMC models. IgE-sensitized cells were incubated with ASK1 inhibitor treatment 

concentrations for 45 minutes then stimulated with TNP-BSA and mSCF (100 ng/mL) prior to 

supernatant and pellet collections. In BMMC models, control samples (no inhibitor) were 

evaluated against ASK1 inhibitor concentrations 0 µM (control), 0.25 µM, 0.5 µM, 1 µM, 2.5 

µM, and 5 µM. Results showed a significant decrease in b-hexosaminidase release at 0.25 µM 

(p= 0.0438), 0.5 µM (p= 0.0475), 1 µM (p= 0.0006), 2.5 µM (p= <0.0001), and 5 µM (p= 

<0.0001) (Figure 9). In FLMC models, ASK1 inhibitor concentrations 0.5 µM, 1 µM, 2,5 µM, 5 

µM, and 10 µM were evaluated and showed significant decreases at 2.5 µM (p= 0.0024), 5 µM 

(p= <0.0001), and 10 µM (p= <0.0001) (Figure 10). 
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Figure 9. b-hexosaminidase released from IgE-FceRI/c-kit activated BMMCs following 
GS-444217 treatment. BMMCs were sensitized with IgE antibodies overnight and then 
incubated with indicated concentrations of GS-444217 (0.25 µM, 0.5 µM, 1 µM, 2.5 µM, and 5 
µM) for 45 minutes. Following incubation, cells were stimulated with TNP-BSA + mSCF (100 
ng/mL) and the amount of b-hexosaminidase released into the supernatant was determined. 
Samples were measured as percent of control ± SEM of n = 3 independent experiments. 
(*,p<0.05; ***,p<0.0002; ****,p<0.0001). 
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Figure 10. b-hexosaminidase released from IgE-FceRI/c-kit activated FLMCs following 
GS-444217 treatment. FLMCs were sensitized with IgE antibodies overnight and then 
incubated with indicated concentrations of GS-444217 (0.5 µM, 1 µM, 2.5 µM, 5 µM, and 10 
µM) for 45 minutes. Following incubation, cells were stimulated with TNP-BSA + mSCF (100 
ng/mL) and the amount of b-hexosaminidase released into the supernatant was determined. 
Samples were measured as percent of control ± SEM of n = 3 independent experiments. **, 
p<0.002; ****,p<0.0001).  
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4.4 Key Pro-inflammatory Signaling Nodes Quantified by Western Blotting 

 In order to investigate protein modulation following ASK1 inhibitor treatment, western 

blotting was employed. IgE-sensitized BMMCs were subjected to 1 µM and 5 µM ASK1-IN pre-

treatment for 45 minutes, then stimulated with TNP-BSA and mSCF (100 ng/mL) for 0, 5, 20, 

and 60 minutes. At each time point, cells were collected by centrifugation, lyzed in RIPA buffer 

with protease/phosphatase inhibitors and protein was isolated, quantified, prepared in SDS 

buffer, and loaded on SDS-PAGE gels at 30 µg/well. The relative band intensities for all three 

key pro-inflammatory MAPK signaling nodes, JNK (p=0.849), p38 (p=0.953), and ERK 

(p=0.579) showed no significant difference amongst both treatment groups, 1 µM and 5 µM 

ASK1-IN, vs time ( 0, 5, 20, 60 mins) in comparison to control conditions (Figures 11-13).To 

obtain relative band intensities, the phosphorylated blots (JNK, p38, ERK) were normalized to 

total protein by dividing their band intensities (phos/total protein). 

 
  



 50 

 

 
Figure 11. JNK protein expression following GS-444217 treatment in BMMCs. A, Relative 
JNK band intensity (phos/total) following TNP-BSA + mSCF (100 ng/mL) stimulation at 
various time points and treatment concentrations in comparison to controls. B, Western blot 
images utilized to assess JNK phosphorylation band intensities at various times and treatment 
concentrations. Total protein levels used as loading control. Data expressed as relative band 
intensity (phos/total) ± SEM of n=3 independent experiments. 
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Figure 12. p38 protein expression following GS-444217 treatment in BMMCs. A, Relative 
p38 band intensity (phos/total) following TNP-BSA + mSCF (100 ng/mL) stimulation at 
various time points and treatment concentrations in comparison to controls. B, Western blot 
images utilized to assess p38 phosphorylation band intensities at various times and treatment 
concentrations. Total protein levels used as loading control.  Data expressed as relative band 
intensity (phos/total) ± SEM of n=3 independent experiments. 
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Figure 13. ERK protein expression following GS-444217 treatment in BMMCs. A, 
Relative ERK band intensity (phos/total) following TNP-BSA + mSCF (100 ng/mL) 
stimulation at various time points and treatment concentrations in comparison to controls. B, 
Western blot images utilized to assess ERK phosphorylation band intensities at various times 
and treatment concentrations. Total protein levels used as loading control. Data expressed as 
relative band intensity (phos/total) ± SEM of n=3 independent experiments. 
 



 53 

 
4.5 Cytokine Synthesis Quantified using qPCR 

 In order to investigate the role of ASK1 in pro-inflammatory cytokine/chemokine mRNA 

expression, specifically CCL3, CCL2, TNF-a, and IL-6, a qPCR assay was utilized. Sensitized 

BMMCs were pre-treated with 5 µM ASK-IN for 45 minutes and then stimulated with TNP-

BSA and mSCF (100 ng/mL) for 0, 15, 30, 60, 120, and 300 minutes. Following each time point, 

mRNA was isolated, purified, quantified, and then used to create cDNA in reverse transcriptase 

reactions. cDNA was then subjected to pre-optimized (primer efficiency and specificity) qPCR 

assays with SYBR green where mRNA transcripts of pro-inflammatory mediators were 

quantified and fold-change from the controls determined. Amplicon melt curves and ethidium 

bromide-stained agarose gels were utilized as quality controls for primer specificity and single 

amplicon generation (Figures 28A-31A). qPCR analyses for CCL3 (p=0.642), CCL2 (p=0.186), 

TNF-a (p=0.670), and IL-6 (p=0.136) showed no statistically significant changes in mRNA 

expression for 5 µM ASK-IN treated cells vs. time in comparison to controls (Figures 14-17). 

For TNF-a and CCL2, there were significance with time effects following analysis, p=0.0412 

and p=0.0102, respectively. Time effect for IL-6 approached significance at p=0.0562. 
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Figure 14. qPCR analysis of CCL3 following ASK1 inhibitor treatment. A, BMMCs  
stimulated with TNP-BSA + mSCF (100 ng/mL) and quantified at various timepoints with 5 
µM ASK1-IN vs. control. Data expressed as fold change ±SEM of n=3 independent 
experiments. B, Melt curve of CCL3 ensuring single amplicon production during qPCR reaction. 
C, DNA gel electrophoresis shows primer specificity for CCL3 (225 bp). 
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Figure 15. qPCR analysis of CCL2 following ASK1 inhibitor treatment. A, BMMCs  
stimulated with TNP-BSA + mSCF (100 ng/mL) and quantified at various timepoints with 5 
µM ASK1-IN vs. control. Data expressed as fold change ±SEM of n=3 independent 
experiments. B, Melt curve of CCL2 ensuring single amplicon production during qPCR 
reaction. C, DNA gel electrophoresis shows primer specificity for CCL2 (114 bp). 
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Figure 16. qPCR analysis of TNF-a following ASK1 inhibitor treatment. A, BMMCs  
stimulated with TNP-BSA + mSCF (100 ng/mL) and quantified at various timepoints with 5 
µM ASK1-IN vs. control. Data expressed as fold change ±SEM of n=3 independent 
experiments. B, Melt curve of TNF-a ensuring single amplicon production during qPCR 
reaction. C, DNA gel electrophoresis shows primer specificity for TNF-a (117 bp). 
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Figure 17. qPCR analysis of IL-6 following ASK1 inhibitor treatment. A, BMMCs  
stimulated with TNP-BSA + mSCF (100 ng/mL) and quantified at various timepoints with 5 
µM ASK1-IN vs. control. Data expressed as fold change ±SEM of n=3 independent 
experiments. B, Melt curve of IL-6 ensuring single amplicon production during qPCR reaction. 
C, DNA gel electrophoresis shows primer specificity for IL-6 (160 bp). 
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4.6 Cytokine Secretion Quantified using ELISA 

 To investigate the late-phase of allergic inflammation, ELISA assays were utilized to 

examine changes in pro-inflammatory mediator secretion following ASK1 inhibitor treatments. 

Following stimulation with TNP-BSA and mSCF (100 ng/mL), cytokine supernatant was 

collected at 1, 3, 6, 12, and 24 hour time-points. Cytokine concentrations (pg/mL) were 

identified using a standard curve (Figures 32A-37A). Our results show that there are significant 

decreases in CCL1 (3 hrs, p= 0.0307), IL-6 (3 hrs, p= 0.0016; 6 hrs, p= 0.0013; 12 hrs, p= 

0.0015; 24 hrs, p= 0.0029) , and IL-13 (3 hrs, p= 0.0298; 6 hrs, p= 0.0475; 12 hrs, p= 0.0378; 24 

hrs, p= 0.0470) in 5 µM ASK1-IN treatment groups in comparison to controls (Figures 18, 22-

23). No significant differences were detected in TNF-a (p=0.805), CCL2 (p=0.863), and CCL3 

(p=0.448) following 1 µM and 5 µM GS-444217 treatment vs. time (Figures 19-21). However, 

there were significance with time effects for TNF-a, CCL2, and CCL3 (p =<0.0001). 
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Figure 18. ELISA assay analysis of CCL1 following ASK1 inhibitor treatment. BMMCs 
stimulated with TNP-BSA + mSCF (100 ng/mL) following 1 µM and 5 µM GS-444217 
treatments vs. controls. Data expressed as mean CCL1 concentration (pg/mL) ± SEM of n=11 
independent experiments. (*,p<0.05). 
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Figure 19. ELISA assay analysis of CCL2 following ASK1 inhibitor treatment. BMMCs 
stimulated with TNP-BSA + mSCF (100 ng/mL) following 1 µM and 5 µM GS-444217 
treatments vs. controls. Data expressed as mean CCL2 concentration (pg/mL) ± SEM of n=11 
independent experiments. 
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Figure 20. ELISA assay analysis of CCL3 following ASK1 inhibitor treatment. BMMCs 
stimulated with TNP-BSA + mSCF (100 ng/mL) following 1 µM and 5 µM GS-444217 
treatments vs. controls. Data expressed as mean CCL3 concentration (pg/mL) ± SEM of n=5  
independent experiments. 
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Figure 21. ELISA assay analysis of TNF-α following ASK1 inhibitor treatment. BMMCs 
stimulated with TNP-BSA + mSCF (100 ng/mL) following 1 µM and 5 µM GS-444217 
treatments vs. controls. Data expressed as mean TNF-α concentration (pg/mL) ± SEM of n=11  
independent experiments. 
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Figure 22. ELISA assay analysis of IL-6 following ASK1 inhibitor treatment. BMMCs 
stimulated with TNP-BSA + mSCF (100 ng/mL) following 1 µM and 5 µM GS-444217 
treatments vs. controls. Data expressed as mean IL-6 concentration (pg/mL) ± SEM of n=11 
independent experiments. **, p<0.002). 
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Figure 23. ELISA assay analysis of IL-13 following ASK1 inhibitor treatment. BMMCs 
stimulated with TNP-BSA + mSCF (100 ng/mL) following 1 µM and 5 µM GS-444217 
treatments vs. controls. Data expressed as mean IL-13 concentration (pg/mL) ± SEM of n=5  
independent experiments. (*,p<0.05). 
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CHAPTER FIVE 

DISCUSSION 

5.1 GS-444217 does not Alter FceRI and c-kit Expression in BMMCs 

Toward a better understanding of the role of MAP3K proteins in allergen-mediated mast 

cell activation, and this thesis research investigated the role of ASK1 in IgE-mediated mast cell 

activation through the use of GS-444217 pharmacological inhibition, a potent ASK1 inhibitor 

(ASK1-IN)[74]. Prior to proceeding with initial experiments, it was imperative to investigate 

whether our pre-treatment incubation with the inhibitor alters two key receptors involved in 

allergic inflammatory responses, FceRI and c-kit receptors. If ASK1-IN treatment lead to 

significant decreases in receptor expression, for either FceRI or c-kit, this could contribute to a 

lack of signal propogation in subsequent experiments, and would not provide reliable or accurate 

data pertaining to the role of ASK1 in IgE-mediated responses dependent on initiation of those 

signaling events at time zero. The results shown in Figure 8B and D show that there was no 

significant change in FceRI or c-kit receptor expressions in both 1 µM and 5 µM ASK1-IN pre-

treatments vs. controls. Flow cytometry histograms (Figure 8A, and Figure 25A)  show data for 

c-kit receptor, unstained cells (light green), which act as a background control, in comparison to 

NT (blue), 1 µM (dark green), and 5 µM ASK1-IN (red) treatment groups. If decreases in 

receptor expression occurred with treatment groups, the experimental (1 µM or 5 µM ASK1-IN) 

peaks would be shifted towards the left indicating a decrease in c-kit receptor expression on 

BMMC surfaces, however we find that these peaks are completely overlapping. Similar results 

were detected with the FceRI receptor histograms (Figure 8C; and Figure 26A). In order to 

evaluate that cells in culture are indeed BMMCs, flow cytometry was employed and a dot-plot 

was created showing that an average of ~92% of cells per independent culture analyzed 
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expressed both c-kit and FceRI receptors (Figure 8E; and Figure 27A), which serve as key 

molecular identifiers of mast cell characterization [82].  

It was also critical to investigate whether incubation with GS-444217 led to any changes 

in cell viability. Using WST1-assay, we were able to assess cell metabolic activity at 3 hours 

following 1 µM and 5 µM inhibitor treament, then subsequently at 24 hours. Our results show 

that both concentrations did not alter cell metabolic activity levels in comparison to controls 

(Figure 8F), suggesting no impairment in cell viability. Overall, GS-444217 does not lead to any 

downregulation/upregulation of FceRI or c-kit receptors in BMMCs or affect cell viability at the 

indicated concentrations. 

 

5.2 ASK1 Inhibition Impairs IgE-FceRI-mediated Mast Cell Degranulation and Cytokine 

Secretion 

 In order to investigate the role of ASK1 in mast cell degranulation, the amount of b-

hesoxaminidase released from cells following stimulation was investigated. As mentioned in 

Section 2.5, b-hexosaminidase is a common biogenic marker utilized to determine mast cell 

degranulation and is located within a majority of pre-formed granules [37]. Furthermore, its 

enzymatic function facilitates quantification as it is able to cleave p-NAG, a synthetic substrate, 

which induces a color change[78]. For this assay, we had the opportunity to look at two different 

cell models, BMMCs and FLMCs. A study investigating the role of ASK1 in neutrophils 

suggested that 1 µM GS-444217 concentration would be optimal as it shows complete ASK1 

inhibition if incubated for 30 minutes prior to cell stimulation [74]. It was of interest to see 

whether increasing doses of ASK1 inhibitor treatment would lead to any dose-dependent 

changes. Figure 9 shows that with increasing ASK1 inhibitor treatment, 0.25 µM - 5 µM ASK1-
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IN, there is a significant decrease in BMMC degranulation when compared to controls. The same 

trend can be observed in Figure 10, where FLMCs were utilized, seeing dose-dependent 

decreases of b-hexosaminidase release from 2.5 µM -10 µM ASK1-IN. The role of ASK1 in 

mast cell degranulation remains elusive, however, there are some links between ASK1 and 

proteins involved in secretory mechanisms. CAMKII is a serine/threonine kinase regulated by 

Ca2+/calmodulin complexes and is involved in various signaling cascades. A study by Hattori et 

al. (2009) investigated the effects of CAMKII activation in mouse embryonic fibroblasts and 

found that calcium signaling activated ASK1 pathways through CAMKII[83]. Following ASK1 

activation, this leads to subsequent phosphorylation of JNK and p38 proteins in the MAPK 

signaling pathway. Mori et al. (2008), found that in PC12 cells, JNK is able to directly bind and 

phosphorylate synaptotagmin proteins[84]. The role of synaptotagmin is to facilitate formation of 

SNARE complexes that initiate final fusion and release of cell mediators. A study using 

synaptotagmin II-deficient BMMCs found that histamine and b-hexosaminidase release was 

significantly inhibited when compared to controls[30]. Considering the results obtained from this 

study, it is possible that ASK1 contributes as an upstream player in mediator secretion 

mechanisms by impairing SNARE protein function and is a candidate for future evaluation 

(Figure 24). This could potentially be analyzed using co-immunoprecipitation to see whether 

there are any physical interactions between these proteins within our model. 
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 Following mast cell degranulation, it was of interest to see whether ASK1 inhibition 

would also affect the secretion of pro-inflammatory mediators that are released during the late 

phase of mast cell activation. Inhibitor concentrations used for subsequent experiments (and 

indeed experiments presented earlier; i.e., flow cytometry and viability) were determined by our 

degranulation results, showing significance at 1 µM concentration, initially suggested by Liles et 

al. (2018), and a 5 µM concentration[74] . Our results showed a significant decrease in secretion 

for CCL1, IL-6, and IL-13 at 5 µM GS-444217 vs controls[74]; no changes occurred for CCL2, 

CCL3, and TNF-a (Figures 18-23). It was unexpected to see no changes in TNF-a. According to 

the literature, ASK1-JNK/p38 signaling pathways are involved in the activation of transcription 

factors, such as AP-1 and ATF2, that lead to the production of TNF-a [85,86]. It is evident that 

Figure 24. ASK1 schematic of potential role in mast cell degranulation. Following FcεRI 
activation, increased calcium concentrations lead to the activation of CAMKII which then 
influences the activation of ASK1. ASK1 phosphorylation initiates JNK activation which is able 
to bind to synaptotagmin proteins that allow for vesicle fusion and mediator release. 
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there are some discrepencies between our results and the literature with regard to the influence of 

ASK1 inhibition and cytokine secretion and warrants further investigation. Compensatory 

mechanisms in the spectrum of signaling, transcriptional, and secretory events specific to mast 

cell activation by allergen-IgE/c-kit compared to other cell types and model systems may offer 

one possible explanation.   

 

5.3 ASK1 Inhibition does not Contribute Towards Protein Modulation of ERK, JNK, p38 

or Alter mRNA Expression of Pro-inflammatory Cytokines in IgE-mediated Mast Cell 

Activation 

 The MAPK signaling pathway consists of various proteins, each playing a crucial role in 

propagating specific responses when receiving external stimuli. Commonly studied pro-

inflammatory proteins are ERK, JNK, and p38, all of which have been known to contribute 

towards the activation of transcription factors that lead to synthesis and secretion of pro-

inflammatory mediators. It was of interest to investigate whether ASK1 plays a role in IgE-

mediated MAPK signaling as it has been linked to various inflammatory-based pathologies in 

other contexts, such as kidney, liver, and cardiovascular diseases [56]. As mentioned previously in 

Sections 2.9.1-2.9.2, ASK1 is linked with JNK and p38 activation as both signaling nodes are 

associated with ROS-induced diseases that contribute towards cell death [87,88]. It was 

hypothesized that there would be no change in ERK phosphorylation as ASK1 signaling has not 

been linked to this particular signaling node and these results were supported (Figure 12). In 

contrast to what is shown in the literature, our results show that ASK1 inhibitor treatment led to 

no significant changes in JNK and p38 phosphorylation, at either 1 µM or 5 µM concentrations, 

in comparison to controls which does not agree with our initial hypotheses (Figures 9-10). These 
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results were unexpected, as ASK1 has been known to play a role in JNK and, to a greater extent, 

p38 MAPK signaling responses in other white blood cells [64–66]. Looking at Figure 10A, there is 

a decreasing trend of JNK activation following increased concentration of ASK1-IN treatment. 

This can be further supported looking at p-JNK expression of WT2 and WT3 at 1 µM and 5µM 

concentrations compared to NT (Figure 10B). Similar explanations could be applied to p38 

phosphorylation (Figure 11A-B). It is possible that unexpected variance and small sample sizes 

could be contributing towards statistical insignificance in this data, thus it would be beneficial to 

increase the sample size to reduce variability and obtain a more accurate representation of 

MAPK signaling following inhibitor treatment. Finally, while we were able to identify ASK1 

protein expression in mast cells—a novel finding—, identification of induced phosphorylated 

ASK1 at the purported critical residue (Thr845) has not yet been achieved in our preliminary 

attempt to-date (n=2) and thus characterization of ASK1 activity kinectics in activated mast cells 

remains undetermined and is an ongoing priority in the lab. Technical considerations with both 

the particular samples used (successful induced signaling activation) and confidence in the signal 

detected on the western blots (size and possibility of non-specific binding) remain a work in 

progress that we recognize as critical to advancing this research. In addition, there are other sites 

on ASK1 that could be investigated, such as Ser83 and Ser967 (a dephosphorylation site), 

although other techniques could be used to identify ASK1 (Thr845) activity prior to changing 

antibodies with different activation sites [89,90]. A popular technique known as 

immunoprecipitation could be utilized to further purify our sample with our target protein which 

could help with signal amplification for western blot analyses. Furthermore, we could also assess 

phosphorylation activity by comparing ASK1 and TRX, the suppressive ASK1 protein, in 

samples. 
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 Following the investigation of protein expression and signlaing, it was of interest to 

explore whether protein expression of ERK, JNK, and p38 would lead to altered mRNA 

expression of pro-inflammatory mediators. Inititally, it was hypothesized that following 

treatment, there would be a decrease in cytokine/chemokine synthesis as mulitple sources 

suggest that ASK1 plays a role in reducing IL-6 and TNF-a secretion in macrophages and 

dendritic cells [64,65]. However, our results showed that there were no significant differences in 

CCL3, CCL2, TNF-a, and IL-6 mRNA expression following 5 µM ASK1-IN treatment vs. 

controls (Figures 13-16). These results were somewhat suprising as cytokine secretion of IL-6 

was significantly decreased, thus it was expected that induced IL-6 mRNA expression may also 

be affected. A study investigating mRNA expression of microglia following ASK1 inhibitor 

(NQDI-1) treatment found that IL-6 and TNF mRNA expression was significantly reduced at 0.6 

µM concentrations[91]. In addition, another study by Amos et al. (2018), found a decrease in 

CCL2 mRNA expression in GS-444217 treated NTN-induced WTK rats when investigating 

inflammation in kidney disease[54]. As mentioned for protein expression, the lack of sample size 

could be affecting significance for these results due to variability for the low sample size, n=3. In 

figure 17, the variance detected at the 120 minute mark for NT is large when compared to 5 µM 

treatment at 120 minutes.  

In conclusion, further exploration of ASK1 in mast cell secretory mechanisms is 

warranted as it seems that mediator secretion mechanisms are at least partially affected while  

signaling pathway activation and mRNA expression remain unaffected following ASK1 inhibitor 

treamtment. However, we also contend that signlaing and gene expression results may benefit 

from enhancing our experimental sample size and further delineating the mechanisms driving the 

impairments in mast cell pro-inflammatory mediator production. 
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CHAPTER SIX 

CONCLUSION, LIMITATIONS, AND FUTURE DIRECTIONS 

6.1 Conclusions 

 The purpose of this project was to investigate the role of ASK1 in IgE-FceRI-mediated 

mast cell inflammatory responses. This was achieved through inhibiting ASK1 with GS-444217 

and determining its effects on the early- and late phases of mast cell activation. 

1. Pre-incubating our BMMC cultures with GS-444217 showed no changes to c-kit/ FceRI 

receptor expression or cell viability. These results were consistent with our initial 

hypotheses. 

2. Our hypothesis that ASK1 inhibition would lead to a decrease in mast cell degranulation 

was supported in our results. We found that degranulation was significantly inhibited 

following dose-dependent experiments with ASK1 inhibitor concentrations in both 

BMMC and FLMC models.  

3. In contrast to our initial hypothesis, we found that ASK1 inhibition had no effect on JNK 

and p38 phosphorylation. This was unexpected as previous literature indicates that in 

various models, ASK1 plays a role in these signaling pathways. We hypothesized that 

there would be no effect on ERK activity and this was supported in our results. Lastly, 

ASK1 was expressed in mast cells, however phosphorylated activity was unable to be 

acquired and will be further discussed in Limitations and Future Directions. 

4. Inhibiting ASK1 had no effect on mRNA expression for CCL3, CCL2, TNF-a, and IL-6. 

This did not agree with our hypothesis as we expected there would be a decrease in 

mRNA expression of pro-inflammatory mediators, particularly TNF-a, and IL-6. 
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5. Lastly, we hypothesized that we would see a decrease in cytokine secretion following 

ASK1 inhibition. Our results showed that there was significant decreases of IL-13, IL-6, 

and CCL1. However, there were no changes in CCL2, CCL3, and TNF-a secretion. 

In conclusion, the present study shows that mast cell degranulation and cytokine secretion 

were suppressed following ASK1 inhibition, whereas protein and mRNA expression were not 

affected. Given this, our results suggest that ASK1 may play a role as an upstream regulator in 

secretory mechanisms in mast cell-derected allergic inflammation and may warrant future 

consideration as a therapeutic target candidate, pending further evaluation of the underlying 

mechanisms impaired through ASK1 inhibition. 

 

6.2 Limitations and Future Directions 

 Given this is our first study exploring the role of ASK1 in IgE-FceRI/c-kit activated mast 

cells, some limitations to this project are worth noting.  

The first major limitation of this project was the inability to identify the phosphorylated 

ASK1 protein. Unfortunately, due to time limitations, we were unable to fully confirm ASK1 

activity in wild-type cells. Possible limitations include specificity of the purchased antibody for 

effective identification in western blotting as well as limited sample available in our time 

window for analysis. It would be beneficial in future work to not only identify the 

phosphorylated protein in BMMC cultures, but also to see if there are changes in ASK1 

activation following GS-444217 treatment. We do expect that ASK1 is phosphorylated and 

activated in FcεRI/c-kit-activated mast cells, but evidence remains outstanding until we bypass 

the current technical hurdles. It is evident in our results that inhibitor treatment leads to changes 

in mast cell secretory mechanisms, although it would be imperative to see whether this is caused 
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by decreased ASK1 activity or if it is due to some other potential off-target effect. The use of a 

chemical inhibitor also poses limitations from potentially having affinity to other proteins. GS-

444217 has low-nanomolar potency and is highly selective of ASK1 over other kinases, however 

it is not impossible that it could inhibit other protein functions [74]. Use of knockout and/or 

knockdown models of ASK1 would also add weight to our conclusions.  

The second limitation for this project would be insufficient sample size to accurately 

identify statistical relationship of western blot and qPCR data. It would be beneficial to increase 

the sample size for both experimental methods as results show a decreasing trend occurring with 

increased inhibitor treatment. The limitations of primary-derived cell cultures can lead to 

increased variability between WTs, especially when sample size is lower. Although a sample 

size of three is acceptable, it would be beneficial to increase the sample size of experiments in 

order to obtain fair statistically representative data for JNK, p38, and cytokines/chemokine 

mRNA expression. 

 Lastly, it would be of interest to investigate mRNA expression of CCL1 and IL-13 as 

secretion of these pro-inflammatory mediators were affected following 5 µM GS-444217 

treatment. 

The role of ASK1 in mast cells remains elusive, therefore there is a lack of information 

on this particular topic. Although we were able to hypothesize the role of ASK1 through 

literature of other white blood cells, different cell types have varying cellular functions/roles and 

cannot account for mast cell responses, specifically. Therefore, this clearly identifies gaps in 

prior literature and the need for further development in this area of research. 
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APPENDIX A 

SUPPLEMENTARY FIGURES 

 

 

 

 
 
 
 

Figure 25A. c-kit receptor histograms. Histograms of c-kit expression of three different WT, 
all showing unstained cells (green) , NT (blue), 1 µM (dark green), and 5 µM (red) ASK1-IN 
treatment samples. 

Figure 26A. FceRI receptor histograms. Histograms of c-kit expression of three different 
WT. WT85 and WT88 showing unstained cells (green), NT (blue), 1 µM (dark green), and 5 
µM (red) ASK1-IN treatment samples. WT 87 showing unstained cells (blue), NT (green), 1 
µM (dark green), and 5 µM (red) ASK1-IN treatment samples. 
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Figure 27A. Dot-plot of receptor expression in BMMC cultures. Dot-plot diagram 
representing identification of c-kit and FceRI receptors of three different WT. Y-axis shows 
c-kit identification; x-axis FceRI. 

Figure 28A. qPCR amplification plot for CCL3.  Amplification plot showing the 
accumulation of CCL3 mRNA product over the duration of repeated cycles in qPCR assay. 
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Figure 29A. qPCR amplification plot and ethidium bromide gels for CCL2.  Amplification 
plot showing the accumulation of CCL2 mRNA product over the duration of repeated cycles 
in qPCR assay. Ethidium bromide gels used as quality control to show CCL2 primer 
specificity; gel ladder increases in 50 bp increments (50-500bp). 



 90 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 30A. qPCR amplification plot and ethidium bromide gels for TNF-a.  
Amplification plot showing the accumulation of TNF-a mRNA product over the duration of 
repeated cycles in qPCR assay. Ethidium bromide gels used as quality control to show TNF-
a primer specificity; gel ladder increases in 50 bp increments (50-500bp) 
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Figure 31A. qPCR amplification plot and ethidium bromide gels for IL-6.  Amplification 
plot showing the accumulation of IL-6 mRNA product over the duration of repeated cycles in 
qPCR assay. Ethidium bromide gels used as quality control to show IL-6 primer specificity; 
gel ladder increases in 50 bp increments (50-500bp) 
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Figure 32A. ELISA assay CCL1 standard curve. Fifth order polynomial standard curve 
generated to determine CCL1 concentrations (pg/mL). 
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Figure 33A. ELISA assay CCL2 standard curve. Fifth order polynomial standard curve 
generated to determine CCL2 concentrations (pg/mL). 
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Figure 34A. ELISA assay CCL3 standard curve. Fifth order polynomial standard curve 
generated to determine CCL3 concentrations (pg/mL). 



 95 

 
 

 

StdCurve

<Concentrations/Dilutions>

Bl
an

k 4
50

10.000 100.000 1000.000 10000.000
-0.100

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

Figure 35A. ELISA assay TNF-a standard curve. Fifth order polynomial standard curve 
generated to determine TNF-a concentrations (pg/mL). 
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Figure 36A. ELISA assay IL-6 standard curve. Fifth order polynomial standard curve 
generated to determine IL-6 concentrations (pg/mL). 



 97 

 

 

StdCurve

<Concentrations/Dilutions>

Bl
an

k 4
50

10.000 100.000 1000.000 10000.000
-0.100

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

Figure 37A. ELISA assay IL-13 standard curve. Fifth order polynomial standard curve 
generated to determine IL-13 concentrations (pg/mL). 


